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Protein Phosphatase Type-1 and Glycogen Bind to a Domain in the Skeletal Muscle
Regulatory Subunit Containing Conserved Hydrophobic Sequence Motifs

Jun Wu, Ute Kleiner, and David L. Brautigan*
Center for Cell Signaling, Un#rsity of Virginia, Health Sciences Center, Box 577, Charleities Virginia 22908
Receied July 9, 1996; Resed Manuscript Receéd September 10, 1996

ABSTRACT. This study identifies a 100-residue domain within the rabbit skeletal muscle regulatory subunit
(PP1G) that binds both type-1 protein phosphatase (PP1C) and glycogen. An N-terminal portion of PP1G
was cloned by RT-PCR, and different sized fragments were expressed in bacteria as gluftlaiosierase

(GST) fusion proteins. A GSTPP1G fusion containing residues-5240 bound both PP1C and glycogen,
whereas GST alone or fusions containing residues1®D or 241360 bound neither PP1C nor glycogen.

The PP1C in whole cell lysates or partially purified PP1C from skeletal muscle, or a complex of-PP1C
MCLR—Dbiotin, all bound more effectively than Mh-activated, recombinant PP1C purified from bacteria.
Binding was enhanced by increasing the ionic strength and was disrupted by ethylene glycol, consistent
with hydrophobic interactions being critical for stable association. Phosphorylation of the FFSIIG

fusion by cAMP-dependent protein kinase prevented completely association of PP1C. This domain of
PP1G, from residues 14240, contains two sequence motifs of hydrophobic residuesFEx; W

and DxFxFxIxL, that are conserved among the known glycogen-binding PP1 regulatory subunits. These
segments are predicted to form anhelix and af sheet, and we propose that they are the sites for
association with PP1C and glycogen, respectively.

Protein phosphatase 1 (PPig one of the major serine/  subunits calledsds22and NIPP [see reviews by DePaoli-
threonine protein phosphatases in mammalian cells. BasedRoach et al. (1994) and Wera and Hemmings (1995)]. How
on genetic, pharmacological, and biochemical data, PP1 hasPP1C is distributed among the various regulatory subunits
a variety of functions including regulating glycogen me- is not understood. The PP1 regulatory subunits listed all
tabolism and progression through mitosis [see reviews by are phosphorylated, and this is reported to influence their
Shenolikar (1994) and Wera and Hemmings (1995)]. The interaction with PP1C (Hiraga & Cohen, 1986; Ichikawa et
catalytic subunit of PP1 (PP1C) is a 37 kDa protein produced al., 1996; Endo et al., 1996; Jagiello et al., 1995; DePaoli-
in isoforms termedy, y1, y2, andd (Sasaki et al., 1990).  Roach et al., 1994). Phosphorylation of PP1C itself may
The o and ¢ isoforms are abundant and widely distributed regulate its interaction with different proteins. Phosphory-
in mammalian tissues. The protein sequences from cDNA |ation of Thr or Tyr in PP1C changed activity and substrate
of these PP1C isoforms revealed that they were nearly specificity in different assays (Johansen & Ingebritsen, 1986;
identical, with most differences near the C-terminus. There vjlla-Moruzzi et al., 1991; Belandia et al., 1994; Dohadwala
are no distinctive differences between PP1C isoforms in et al., 1994; Yamano et al., 1994).

biochemical assays for activity and susceptibility to inhibitors The glycogen-bound regulatory subunit PP1G was first

(Zhang et al., 1993). . _ identified by Cohen and colleagues (Stralfors et al., 1985)
It ha_s been _proposed that for a parhculgr function the 54 5 protein that copurified with PP1C from glycogen
catalytllc Subunit of PP1 needs 1o Interact W'th.a regulatory particles. Molecular cloning of full-length cDNA of PP1G
subunit to target thg enzyme to a specific Ioc_:auon (Hu_bbard revealed an open reading frame encoding 1109 amino acids
& Cohen, 1993). Different regulatory/targeting subunits of Tang et al., 1991). The PP1G mRNA was expressed most
PPIC have been_ cloned and sequenced: a glyC(?gen'bounérominently in skeletal muscle and was not detected in liver
regulatory subunit (PI_?’lG_) fr_om huma_n and rabbit skeletal (Tang et al., 1991). However, a protein with the same size,
;F(;Jricgeai?flgrser?t ?i%siéns'b'rndg]g diiuoaurlgtIDifC:SS?r?gsththrguhseC;- similar properties, and even immuno-cross-reactivity with
>Nt SPECIes. S PP1G was purified from liver, but the sequence, and therefore
stable proteins inhibitor-1 and inhibitor-2, and nuclear ;. identity, was not established (Wera et al., 1991; Zhao et
al., 1996). Recently, a cDNA for a 33 kDa glycogen-bound
T This research was supported by Grant MCB9507357 from the ppq regulatory subunit from liver (PP)Gwas cloned

National Science Foundation and used facilities provided in part by . ; .
the University of Virginia and the Lucille P. Markey Charitable Trust.  (Doherty et al., 1995). The predicted amino acid sequence

* Corresponding author. Phone: 804-924-1235. Fax: 804-924-1236. of PP1G showed little identity with that of muscle PP1G,
€ Abstract published idvance ACS Abstract€ctober 15, 1996. consistent with it being a separate gene product. The GAC1

1 Abbreviations: PP1, protein phosphatase 1; PP1C, catalytic subunit : -
of protein phosphatase 1; PP1G, glycogen-binding regulatory subunit p,rOtem’ a, yeast homologue of PP1G (Francois et al.,'1992),
of PP1C; PP1G liver glycogen-binding regulatory subunit of PP1C; ~ diverges in sequence from both PP1G and RP1Bespite

AKAPs, A kinase anchoring proteins; GST, glutathidgsitansferase; the lack of identity among the entire sequence of these
PKA, cAMP-dependent protein kinase; SBBAGE, sodium dodecyl = proteins, all three associate with PP1C and bind to glycogen,

sulfate-polyacrylamide gel electrophoresis; RT-PCR, reverse transcrip- ! . .
tion polymerase chain reaction; DTT, dithiothreitol; HRP, horseradish Stdgesting that they might share common motifs for these

peroxidase; MCLR, microcystin-LR. interactions, but these sites have not been identified.
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There are multiple phosphorylation sites in PP1G. Ser48 RNase H, double-stranded cDNA was synthesized using the
(site 1) and Ser67 (site 2) can be phosphorylated by PKA, forward primer, and the cDNA was amplified in the presence
and glycogen synthase kinase 3 (GSK-3) can also phospho-of forward and backward primers by PCR using the cycle
rylate Ser40 and Serduh vitro but only after prior phos-  of 95 °C 1 min, 55°C 1 min, and 72°C 1.5 min for 30
phorylation at site 1 (Dent et al., 1989). It was shown that cycles. DNA was purified and digested, and cloned into the
injection of adrenalinén vivo or phosphorylation of PP1G  BanHI and EcaRl sites of pGEX-4T-2. This fragment was
in vitro by PKA promoted dissociation of PP1C from the used for subsequent PCR to make other fragments using
glycogen-protein particles, which was thought to be causedprimers 5 CGC GGA TCC ATG GAG CCT TCT GAAA
by site 2 phosphorylation (Hiraga & Cohen, 1986; Mac- G 3 as forward and 5CGG AAT TCC ATT CAA AAC
Kintosh et al., 1988; Hubbard & Cohen, 1989). TCG AAT ACC 3 as backward for PP1Ga, the same forward

PP1G is extremely susceptible to digestion by endogenousPrimer and a backward primer of 8GG AAT TCC TGG
proteases during purification as it was recovered from muscle CTC AGG TTC CTT CTT 3for PP1Gb, and'SCGC GGA
as a mixture of the intact protein and a set of fragments of TCC GAG CCT GGA AAG CCA TTG 3as forward and
various sizes. Analysis of individual fractions from gel 5 CGG AAT TCC CTT CTG TAA CTC CTC AGG 3as
filtration chromatography showed that a fragment of PP1G backward for PP1Gc. Fragments were cloned into pGEX-
as small as 40 kDa was able to bind PP1C and glycogen4T-2 and primary structures determined to match PP1G by
(Hiraga et al., 1987). Far-Western blotting with PP1C and DNA sequencing. However, we found that instead of
anti-PP1C antibodies in concert with an immunoblot with annealing to the’send of the open reading frame, the forward
anti-PP1G antibody also supported the conclusion that thePrimer annealed to a CTTCTGAAG sequence 150 nucle-
PP1C interaction site is in an N-terminal fragment of about otides into the coding sequence and gave rise to DNA
40 kDa of PP1G (Ch| and Brautigan’ unpub"shed observa- enCOding a PP1G with deletion from amino acids 6 to 52.
tions). Here we used different GST fusion proteins and a Because residues 4 and 5 are identical to residues 51 and
solid-phase binding assay to identify a 100 residue domain 52, the final amino acid sequences of the GST fusion proteins
within PP1G that binds PP1C and glycogen. This domain have residues 1, 2, and 3 and then start from residue 51 of

contains a putative. helix and ag sheet that is conserved
in all different PP1 glycogen-bound regulatory subunits.

MATERIALS AND METHODS

Materials. Restriction enzymes were from Promega Life
Science, Madison, WI. The kits for reverse-transcription
(Preamplification System for First Strand cDNA Synthesis)
and for PCR were from Life Technologies and Stratagene,
respectively. pGEX vector was from Pharmacia. Glu-
tathione-Agarose and glutathione were from Sigma Chemi-
cal Co., St. Louis, MO. All the oligonucleotides used for
this research were synthesized by ITD (Coralville, 1A). The
rabbit polyclonal antibodies against RPtatalytic subunit
were from Upstate Biotechnology, Inc. (Lake Placid, NY).
The rabbit polyclonal antibodies against GST were provided
by Dr. S. Shenolikar (Duke University, Durham, NC). The
Vistra Fluorescence Western blotting kit was from Amer-
sham Life Science, Inc., and the ECL Western Blotting kit
was from DuPont NEN (Boston, MA). The DNA sequenc-
ing kit was from United States Biochemical (Cleveland, OH).
The catalytic subunit of PP1 was partially purified by
extraction from rabbit skeletal muscle and gradient elution
from DEAE—Agarose (Brautigan et al., 1985). Homoge-
neous PP1C was purified from pig bladder as microcystin
LR—biotin complex and generously provided by Dr. T. A.
J. Haystead, University of Virginia (Haystead et al., 1995).
Recombinant PRi expressed in bacteria was purified to

PP1G. Sequencing the pGEX inserts also revealed that
nucleotides TAC at the'3®nd of the forward primer were
missing from the constructs. Although the products of the
PCR were not the ones expected, they were tested for binding
to PP1C and glycogen.

Expression of GST Fusion Proteins in E. colihe pGEX-
4T-2 vectors containing fragments of interest were introduced
into E. coli strain BL21. After overnight culture at 37C
in LB medium containing 5@g/mL ampicillin, the culture
was inoculated 1:10 into fresh medium, cooled, and grown
overnight at 30°C in the presence of 0.1 mM isopropyl
1-thio3-p-galactopyranoside (IPTG) to induce protein ex-
pression. The bacteria were harvested by centrifugation at
600Qy for 15 min at 4°C and resuspended in 10 mM Tris,
pH 8.0, 150 mM NacCl, and 1 mM EDTA. Bacteria lysis
was performed by application of 0.1% (w/v) lysozyme
followed by 0.1% (v/v) NP-40, and then freezing and thawing
and subsequent DNase | treatmentg8ymL). The protease
inhibitors 1 mM phenylmethanesulfonyl fluoride (PMSF),
10 ug/mL leupeptin, 10ug/mL aprotinin, and 1 mM
benzamidine were added prior to lysis. The lysate was
centrifuged at 150afor 20 min at 4°C, and the supernatant
was mixed with glutathioneAgarose beads (0.2 mL/mL)
at room temperature for 30 min. The beads were collected
by centrifugation, washed 3 times with phosphate-buffered
saline (20 mM PQ@ pH 7.4, 0.15 M NaCl), and then boiled
in 1 x sample buffer. Proteins were separated by SDS
PAGE and stained by Coomassie Blue, and the molecular

homogeneity (Zhang et al., 1992) and provided by Dr. Ermest sizes were determined by comparison with prestained

Y. C. Lee, University of Miami School of Medicine.
RT-PCR of Rabbit PP1G cDNATo clone the cDNA

standards from Sigma.
Mammalian Cell Lysis.Swiss 3T3 cells, 10T1/2, or IV5

encoding the N-terminal 360 amino acids of PP1G, we usedcells (a transformed 10T1/2 cell line with high expression

5'-CGC GGA TCC ATG GAG CCT TCT GAA GTAC-3

as forward primer and’8CGG AAT TCC CTT CTG TAA
CTC CTC AGG-3 as bhackward primer. These were
designed to give '5BanHI and 3 EcaRl sites to facilitate
subcloning. First-strand cDNA synthesis usingdgof total
RNA from rabbit skeletal muscle was done according to the
protocol provided by the manufacturer. After digestion with

of v-src protein) were grown to confluence and scraped off
the dishes in cell lysis buffer (50 mM Hepes, pH 7.5, 0.15
M NacCl, 1.5 mM MgC}, 1 mM MnCl,, 10% glycerol, 1%
Triton X-100, 1 mM PMSF, 1Q«g/mL aprotinin, and 10
ug/mL leupeptin) with or without the phosphatase inhibitors
1.0 mM sodium vanadate and /M microcystin. After
trituration and subsequent incubation in ice for 5 min, lysates
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were centrifuged at 110@0for 30 min at 4°C. The 1 360 1109
supernatant was stored frozen-&t0 °C and used for further PPIG [ A B C D E F G H I |
experiments. GST

PP1C Binding AssayA GST fusion protein “pull down” ]
previously described (Blaikie et al., 1994) was modified and GsT— EPIGh |
used to perform the PP1C binding assay. Briefly2lug GST

.Of GST fus_lon proteins -on glqtg’[hm%garose was Ficure 1: Expression of PP1G fragments as GST fusion proteins.
incubated with cell lysates, or purified forms of PP1C in @ The muscle PP1G protein of 1109 amino acids is depicted as the
binding buffer (20 mM Hepes, pH 7.5, 0.15 M NaCl, 0.1 box in the top line, and the position of predictechelices within

mM MnCl,, 60 mM 2-mercaptoethanol, 0.1 mg/mL BSA, the N-terminal 360 residues is shown by upper case letters A
10% glycerol, 0.01% NP-40, 1 mM PMSF, 1@y/mL Fragments encoding PP1Ga (residues 540), PP1Gb (residues

e . . . 51—-240), and PP1Gc (residues 24360) were produced as GST
aprotinin, ar_1d 1Qg/mL Ieu_p.eptln.) for 90 min gt ac. T,h's_ fusion proteins which are depicted in the bottom portion of the
was determined to be sufficient time to establish equilibrium figure. Residues 141240 of PP1G contain only one putative helix
binding. There was at least a 2-fold molar excess of PP1C (E) and only appear in the fusion protein that bound both PP1C
over fusion protein in the assay, and this was determined toand glycogen.

be sufficient to achieve saturation under conditions of the Western Blot and Fluorimage AssayBor immunoblot-

assay. . ) . ting after SDS-PAGE, the gel was subjected to overnight
The suspension of beads was transferred into a Wizardtransfer to a nitrocellulose membrane in a buffer containing
miniprep column and the liquid removed by filtration on a 25 mMm Tris-base, 192 mM glycine, and 20% methanol. The
ProMega Vac-Man vacuum manifold. The beads were pjtrocellulose membrane was air-dried and viewed after
washed 3 times with 1.0 mL of buffer containing 20 mM  ponceau S staining, and then washed with TBST buffer (25
Hepes, pH 7.5, 1.0 M NaCl plus 10% glycerol. Some mM Tris, pH 7.5, 0.15 M NaCl, and 0.1% Tween 20). After
preliminary experiments also used a wash buffer of 20 MM peing blocked in TBST containing 0.1% each bovine serum
Hepes, pH 7.5, 0.15 M NaCl, 10% glycerol, and 0.1% Triton albumin and chicken egg albumin for 2 h at room temper-
X-100. Laemmli sample buffer was heated to T@and  atyre, the membrane was incubated with the desired antibody
then added to the column, and the column was heated forfor 2 h and washed 5 times, 5 min each, with TBST. The
1.5 min in a microwave oven. The column was placed on membrane was then incubated with a HRP-conjugated
a microcentrifuge tube and centrifuged to collect the sample. secondary antibody (Pierce Chemical Co., Rockford, IL) and
The elution step was repeated twice, and the samples weresypjected to ECL reaction, followed by exposure to Fuii-
pooled. The binding of PP1C was analyzed by Western Rx X-ray film and film development. For Fluorimage
blotting using ECL or Fluorimaging as described below.  analysis, proteins were transferred to a PVDF membrane.
Chemical Modification of GSTPP1Gb. For lysine After blocking and subsequent blotting with primary anti-
modification, the fusion protein was incubated with 1.0 mM bodies as described, the membrane was incubated with
succinic anhydride at pH 9.0 for 15 min at room temperature. fluorescein-linked anti-species antibody according to the
For carboxylic acid modification, the fusion protein was protocol of the kit. The membrane was then incubated in
incubated with 1 mM 1-ethyl-3-[3-(dimethylamino)propyl]-  anti-fluorescein antibody conjugated to alkaline phosphatase
carbodiimide (EDC) at pH 4.5 for 15 min at room temper- and developed with the AttoPhos substrate. The filter was
ature, followed by addition of 0.1 M Tris, pH 8.5. After then subjected to scanning on a Molecular Dynamics
the beads were washed with binding buffer, the binding of Fluorimager for data analysis using ImageQuant software.
PP1C from a 3T3 cell lysate was assayed. As a control,
beads with GSFPP1Gb bound were incubated in the pH RESULTS
4.5 and 9.0 buffers, without modification agents. Binding  Expression of GSTPP1G Fusion Proteins.Our initial
of PP1C was measured using Western blotting. EXposuregpjective was to express and purify a GST fusion protein
of the fusion protein to pH 4.5 did reduce binding of PP1C, containing the entire 40 kDa N-terminus of PP1G (residues
but the reaction with EDC produced no additional effect.  1_360) and to analyze its binding to PP1C and glycogen.
In Vitro Phosphorylation by PKA.Phosphorylation of  Using RT-PCR with rabbit skeletal muscle RNA, a DNA
GST fusion protein of PP1G by PKA was performed fragment ofca. 1 kb was amplified and subcloned into
according to Ron and Dressler (1992) with the following pGEX-4T-2. However, expression i coliand purification
modifications. GSTPP1G (5«g) on glutathione-Agarose by glutathione-Agarose affinity chromatography yielded
beads was shaken constantly in the reaction buffer containinga protein of only 30 kDa by SDSPAGE, essentially the
0.1 mM ATP, 50 mM potassium phosphate, pH 7.15, 10 same size as GST. No protein near the expected size of 68
mM MgCl,, 5 mM NaF, 4.5 mM DTT, and 25 units of PKA  kDa was detected, even with different cell lysis protocols
(Sigma) for 30 min at room temperature. Parallel experi- and inclusion of multiple protease inhibitors in the extrac-
ments using 0.1 mM+[-*2P]ATP (1000 dpm/pmol) were tions. As an alternative, the DNA recovered with primers
performed under the same reaction conditions to monitor thefor residues +360 was used as template with three ad-
extent of phosphorylation. The reaction was stopped by ditional primers designed to amplify-1140, 1-240, and
dilution and washing by centrifugation with cold PBS 241—-360 fragments. These were subcloned in pGEX-4T-2
containing 1 mM DTT. The stoichiometry of phosphory- and expressed as separate GST fusion proteins, calleedt GST
lation was calculated from the amount of protein, estimated PP1Ga, GSTPP1Gb, GSTPP1Gc (Figure 1). When
from Coomassie staining of a gel that also contained dilutions purified by glutathione-Agarose affinity chromatography
of BSA as a standard curve, andP, determined by and analyzed by SDSPAGE, the apparent sizes of GST
scintillation counting. PP1Ga, -b, and -c were 40, 49, and 45 kDa, respectively
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FiIGure 2: GST-PP1G fusion proteins and binding of PP1C.
Different regions of the N-terminal of PP1G were expressed as
GST fusion proteins: GSTPP1Ga, GSTPP1Gb, and GST
PP1Gc (see Figure 1). Panel A: The fusion proteins were purified
by affinity chromatography, and 4g of each was subjected to
SDS-PAGE and Coomassie staining (panel A). Their apparent
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Ficure 3: Sedimentation of GSTPP1G proteins with glycogen.
Different GST-PP1G proteins were purified and incubated in a
2% glycogen solution. Following centrifugation at 100906f the
supernatant (S) and resuspended pellet fractions (P) were subjected
to Western blotting with an anti-GST antibody and Fluorimage
detection. The GSTPP1Ga, GSTPP1Gb, and GSTPP1Gc
fusion proteins are detected in the lanes labeled a, b, and c,
respectively. Only the GSTPP1Gb protein sedimented with
glycogen.

The GSTPP1G fusion proteins were also tested for their

molecular sizes were calculated based on migration relative to ability to bind glycogen (Figure 3). The fusion proteins were

prestained standards (shown on the left): lane a,-&H1Ga, 40
kDa; lane b, GSFPP1Gb, 49 kDa; lane ¢, GSPP1Gc, 45 kDa.
Panel B: Different GST fusion proteins (1:8) were bound to
glutathione-Agarose beads and were incubated with Z&0of
3T3 cell lysate plus 35@L of binding buffer. PP1C was detected
by Western blotting with ECL detection. The fusion proteins used
were GSFPP1Ga (lane a), GSTPP1Gb (lane b), and GST

PP1Gc (lane c). GST alone was included as an additional negative

control (lane C). Reblotting of the filter with anti-GST antibody

purified on glutathione Agarose and eluted with 10 mM
glutathione, and 3.0g of each was incubated with 2% oyster
glycogen in a total volume of 35@L. After 20 min
incubation, the samples were centrifuged at 109000 25

min in a Beckman Airfuge and the supernatant and pellets
analyzed by SDSPAGE and Western blotting with anti-
GST antibodies. The GSTPP1Ga and GSTPP1Gc were

showed the same amount of fusion protein present in each lanereécovered entirely in the supernatant fractions, and none was

(not shown).

detected with glycogen in the pellets. In contrast, 40% of
the GSTPP1Gb fusion protein was sedimented with

(Figure 2A), compared to the expected sizes of 43, 54, andglycogen in the high-speed pellet. The results were repli-

41 kDa. There were two proteins in the GSPP1Gc

cated in three independent experiments. From the binding

preparation, presumably because of limited proteolysis of activities of these GST fusion proteins, we propose that the

the C-terminus. The basis for GSPP1Ga and GST

region of PP1G from residues 14240 binds glycogen as

PP1Gb both being smaller than expected was discovered inwell as PP1C.

the course of confirming the DNA sequence of the inserts
in the pGEX-4T-2 vector. Instead of fusion with the
N-terminus of PP1G, the GST fortuitously was fused in-
frame starting at residue 51 of PP1G, so G¥P1Ga and
GST—PP1Gb contained residues-5140 and 5% 240.
Binding of GSTPP1Gb to PP1C and GlycogenThe
GST—PP1G fusion proteins bound to glutathienkgarose
beads were incubated with 3T3 cell lysates. After washing
and elution, Western blot analysis using anti-P&Hatibody
showed that PP1C was bound only to GEAP1Gb (Figure

Binding of Different PP1C to GSTPP1Gb. We com-
pared the binding of three different preparations of PP1C to
GST-PP1Gb. First, PP1C was partially purified from rabbit
skeletal muscle extracts by DEAE-Agarose chromatogra-
phy. Second, PP1C was purified from pig bladder by ethanol
precipitation and binding to MCLRbiotin. The complex
was recovered using streptavidiAgarose. The PP1E€
MCLR—biotin was eluted and separated from PP2A
MCLR—biotin by ion-exchange chromatography. Third,
rabbit PP1@ was expressed in bacteria and purified as a

2B). This result showed that fusion of a segment of PP1G Mn?*-activated phosphatase. Similar to the results in Figure

containing residues 51240 to GST yielded a functional
protein capable of binding PP1C from a cell lysate. Protein

2B, none of these PP1C preparations bound to GST alone
or to the GSFPP1Ga or GSFPP1Gc fusion proteins.

staining of the samples revealed the fusion protein itself as Binding was specific for the GSTPP1Gb protein containing

the major component, indicating there was a low level of
nonspecific protein adsorption. Neither GST alone nor
fusion proteins containing residues-5140 or 241360 of

residues 53240. These results also allow the conclusion
that binding was a direct interaction between PP1C and
GST-PP1Gb, because the homogeneous proteins were the

PP1G bound detectable amounts of PP1C (Figure 2B). Theonly components in the binding assay. In the binding assay

results were replicated several times with different lysates.

with equivalent amounts of PPd(added (based on Western

The other fusion proteins probably lack the sequences blotting), the GSTPP1Gb bound a higher proportion of

necessary for binding PP1C. Binding was specific, for in

added PP1EMCLR—biotin complex relative to PP1C

the GSTPP1Gb samples no PP2A was detected by Westernpartially purified from muscle or recombinant PRL&om

blotting (not shown), even though it is closely related in

bacteria (Figure 4). The PP2A catalytic subutMCLR—

sequence to PP1C and binds many of the same inhibitors.biotin complex did not bind at all to GSTPP1Gb. Fur-
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rPP1C Ficure 6: Elution of PP1C from GSFTPP1Gb by ethylene glycol.
Samples of GSFPP1Gb were incubated with purified PP1C in
o ) ) buffer containing 2 M (NH),SO.. Complexes were recovered and
Ficure 4: Binding of different PP1C preparations to GSFP1Gb. incubated in 25% ethylene glycoit} or buffer alone ) for 15
Different preparations of PP1C described in the text were adjusted min at room temperature. Western blotting and quantitative
to the same PP1Cconcentration and used in a binding assay with  Fluorimage analysis (upper panel) showed that 50% of the PP1C
the same amount of GSTPP1Gb. The bound PP1C was detected was eluted by ethylene glycol. Reprobing with an anti-GST antibody

by Western blotting with the Fluorimage assay. The amount of (lower panel) showed the same amount of G®P1Gb in both
PP1C bound was different, with PPE®ICLR—biotin > PP1C samples.

from rabbit muscle> recombinant PP1& (rPP1C).

the amount of PP1C bound to the-5240 PP1G domain
a b c d (Figure 5, lane d). Increased binding with increased NaCl
was observed with homogeneous PPMICLR—biotin
—M <PP1Ca (Figure 5) as well as with PP1C in cell lysates or the partially
purified PP1C from rabbit skeletal muscle (not shown). The
results have been replicated in several independent experi-
D.' #| ~GST-PP1Gb ments.
These results suggested that binding involved hydrophobic
FiGurRe 5: Increased ionic strength enhanced binding of 6ST  interactions between PP1C and the-240 domain of PP1G.
K’A%ll_%b g_n?_ F’E’ll(sl B)inding of GSEF_’l(gbff(l-&tg)ttQ PPl(()}l " Parallel samples of the PP1C complex with GFIP1Gb
—piotin .o ug) was assayed In purrer containing 0. H
NaCl (lane a), 0.5 M Nacl (lane b), 1.0 M NaCl (lane ¢), and 2 M ;V:;?isfov:/r:reedr:encg\]/eer%?iilnggn(z:ifﬁga?i/logmbg%é aslg?ngllg was
(NH4)2S0Oy (lane d). PP1C was quantitatively detected by Western | SN ,'
blotting in the Fluorimage assay, shown in Upper panel. Reprobing incubated for 15 min in binding buffer without NaCl. The
of the same membrane with an anti-GST antibody showed the sameother sample was incubated in the same buffer, except with
amount of GSTPP1Gb present in the samples (lower panel). The 2504 (v/v) ethylene glycol. The samples were assayed for
results were replicated in three independent experiments, and similar, g ;nq PP1@, and we found that addition of ethylene glycol
results were obtained with other PP1C preparations. resulted in elution of about 50% of the PP1C bound to 6ST
thermore, it is interesting that occupancy of the PP1C active PP1Gb (Figure 6, upper panel). Blotting of the same filter
site by the MCLR-biotin conjugate did not interfere with  with anti-GST showed that the amount of fusion protein was
interaction between PP1C and the PP1Gb domain. Theabout the same in both samples (Figure 6, lower panel). This
active site of PP1C must not be occluded by binding to PP1G demonstrated that ethylene glycol eluted PP1C from 6ST
because the heterodimer actively dephosphorylates proteing®P1Gb, and did not simply elute the fusion protein from the
and the PP1EPP1G dimer binds to MCLR beads (Moor-  glutathione-Agarose beads. Additional evidence for a
head et al., 1994). The relatively poor binding of recom- hydrophobic interaction was obtained by comparing binding
binant PP1@. isoform to GST-PP1Gb is significant because at 4 and 24°C. There was up to a 2-fold increase in the
it indicates the conformation of the Mhactivated PP1Cis  binding of PP1C from cell lysates but no difference in
different from native PP1C. binding of the purified PP1C (not shown).

Hydrophobic Interaction Is Imolved in the Binding of Phosphorylation of PP1Gb Eliminates Binding of PP1C.
PP1C to PP1G.To investigate the nature of the protein It is known from previous work that PP1G is phosphorylated
protein interactions between PP1C and PP1G, we carried outy PKA on Ser48 and Ser67. The Ser67 phosphorylation
chemical modification of lysine-amino groups or carboxylic ~ has been reported to disrupt the binding of PP1C to PP1G
acid side chains of the GSTPP1Gb bound to glutathione (Hubbard & Cohen, 1989). We phosphorylated GST
Agarose (see Materials and Methods). There was no PP1Gb with purified PKA, and as controls incubated parallel
discernible effect of either chemical modification on the samples with buffer alone or with reaction buffer containing
binding of PP1C by GSF¥PP1Gb (not shown). These MgATP, without PKA. The GSTPP1Gb was phosphory-
results, though negative, led us to suspect that ionic interac-lated by PKA, as determined by incorporation3&®. The
tions might not have a significant role in stabilizing associa- stoichiometry was calculated as 1.7 and 2.2 mo*Bfmol
tion. As a next step, we examined the effects of ionic of protein in separate experiments. It should be noted that
strength. The binding buffer was adjusted to 0.1 M, 0.5 M, GST-PP1Gb fusion included only residues-5240, so
and 1.0 M NaCl, and the beads were washed with the sameSer67 was the only expected site for phosphorylation by
buffers. The amount of PP1C bound to GHP1Gb PKA. The location of other site(s) is not known. The
increased with increasing salt concentration (Figure 5, upperphosphorylation of GSFPP1Gb completely prevented the
panel, lanes a, b, and c). As a control for the amount of binding of PP1C from cell lysate (Figure 7, top panel). There
GST-PP1Gb in the samples, the same filter was reprobedwas no change in PP1C binding to the control samples
with anti-GST antibodies (Figure 5, lower panel). Increasing incubated without PKA. The results reinforced the conclu-
the ionic strength even further, by adjusting the solutions to sion that the binding interaction was specific, rather than
2.0 M (NH,).SO,, caused a significant further increase in just indiscriminant hydrophobic association. The filter was
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- + 20 h incubation at0.2 mg/mL at 4£°C, and these may have
b4 been more important than the ionic strength. Another PP1C
= <PP1Ca interacting protein called p53BP2 (Helps et al., 1995) formed

a complex with PP1C that was stable in 1 M NaCl. In
contrast, p53 binding to p53BP2 was disrupted at 0.5 M NaCl

H or higher. An interesting possibility is that PP1G and
~GST-PP1Gb p53PB2 bind the same hydrophobic site on PP1C.
FiIGure 7: Phosphorylation by PKA prevents binding of GST Targeting of PKA by an anchoring protein involves

PP1Gb to PP1C. Binding of PP1C from 3T3 cell lysate was assayedbinding of the R regulatory subunit with nanomolar affinity
with phosphorylated ) or unphosphorylated—) GST fusion. via an amphipathic helix (Coghlan et al., 1995), and we

Western blotting with the Fluorimage assay showed binding to the therefore originally suspected a helix in PP1G as a potential
unphosphorylated, not the phosphorylated, GEP1Gb (upper - jte for binding PP1C. The N-terminal domain of PP1G

panel). Reprobing of the filter with an anti-GST antibody showed . . . . . .
the amount of GSFPP1Gb in the two samples. The result was (féSidues £360) contains nine regions of putatiuehelix

replicated in an independent experiment, with a different preparation (S€€ Figure 1), as predicted by the Chdétasman algorithm
of GST-PP1Gb. for secondary structure (Chou & Fasman, 1978). However,

. ) i . only one helix (E) lies in the region 14240, at residues
reprobed with anti-GST to show the amount of fusion protein 146-169. Searching the protein database with the sequence
in the binding assay (Figure 7, bottom panel). In the qf helix E using the BLASTp algorithm (Altshul et al., 1990),
experiment shown, there was no PP1C binding detected, eveRye uncovered a motif conserved in the four PP1G proteins
though there was significantly more phosphorylated than ynown to date (human and rabbit PP1G, yeast GAC1 protein,
unphosphorylated fusion protein in the binding assays. and liver PP1@, which is only 33 kDa). The motif is

characterized by a conserved FEK sequence, with a G residue
DISCUSSION N-terminal and a W residue C-terminal with the spacing:

Our results map PP1C and glycogen binding sites to a GxsFEKx;0W. Another segment of conserved residues
100 residue region of PP1G. The GST fusion proteins of within the 141-240 region of PP1G is at residues 188
different regions of the N-terminal third of PP1G were 196. This has a sequence motif DxFxFxXIXL that is predicted
expressed and usél zitro to bind PP1C in an assay using to have & sheet structure. We propose that these conserved
cell lysates or various preparations of PP1C. The associationmotifs are sites for PP1C and glycogen binding, respectively.
with PP1C was observed for GSPP1Gb (residues 51 A point mutation in yeast PP1C changed R to C at position
240) but not for GST alone or GSTPP1Ga (residues 51 75 (mammalian PP1C numbering) and prevented association
140) and GSTPP1Gc (residues 241B60). We conclude  with GAC1, the yeast PP1G homologue. From the 3D
that a site necessary for stable association of PP1C withstructure, R75 lies in the middle of helix B which has the
PP1G lies between residues 141 and 240, and bindingsequencé®QYYDLLRLFEY 7 and is located on the “upper
involved a direct proteirprotein interaction between PP1C back” of the PP1C when facing the active site (Goldberg et
and PP1G. The same region of PP1G (residues-240) al.,, 1995). We speculate that binding of PP1C to PP1G
has the binding site for glycogen as well, shown by selective involves association of the hydrophobic faces of helix B in
cosedimentation. PP1C and helix E at 146169 in PP1G.

It is interesting to note that recombinant PP1C purified It has been proposed that phosphorylation of PP1G has
from bacteria showed less binding compared with PP1C an important role in regulating the binding to PPibCivo
proteins purified from tissues or PP1C in cell lysates. It has (Dent et al., 1990). Experiments with yeast also suggested
been suggested that the conformation of recombinant PP1Cthat PP1C might preferentially associate with un- or under-
differs from the native protein (Egloff et al., 1995). There phosphorylated forms of GAC1 protein (Stuart et al., 1994).
may also be reduced binding to PP1G because the recomin our experiments, the phosphorylation of PP1G by PKA
binant PP1C protein lacks phosphorylation of Ser and/or Tyr probably was at site 2 (Ser67), because site 1 (Ser48) was
residues. The phosphorylation of PP1C on Ser and Tyr wasmissing in the fusion protein. The other PKA phosphory-
observed in v-src transformag parental 3T3 cells (Villa- lation site in GSTFPP1Gb is not known, and sequence
Moruzzi & Puntoni, 1996). We observed that GSFP1Gb analysis does not predict other sites for PKA. It seems that
binds more PP1C from lysates of v-src transformed cells, phosphorylation prevented association between PP1C and
compared to lysates of parental 10T1/2 cells, when the sameresidues 141240 of PP1G. How this happens is still an
amount of total protein was used in the assays (unpublishedunanswered question.
observation). Thus, phosphorylation of PP1C is a potential The PP1C-PP1G heterodimer is involved in the regulation
mechanism that might increase binding of PP1C to PP1G. of glycogen synthesis by activation of glycogen synthase,
Increasing evidence has shown that phosphorylation of PP1Cthe rate-limiting enzyme in glycogen deposition in muscle
regulates its function, including substrate selection (Belandia and liver. We might expect some patients with non-insulin-
et al., 1994), enzyme activity (Dohadwala et al., 1994), and dependent diabetes mellitus (NIDDM) to carry PP1G muta-
cellular distribution (Villa-Moruzzi & Puntoni, 1996). tions which alter PP1C binding or activity of the heterodimer.

Our results are consistent with a hydrophobic protein  Analysis of cDNA from 30 insulin-resistant NIDDM patients
protein interaction between PP1G and PP1C. Indeed, thereshowed a C to A transversion at nucleotide 2792 that caused
was enhanced binding even up to 2 M (N$0O,, which an alanine to glutamic acid substitution (Chen et al., 1994).
provided an ionic strength equivalent to 5 M NaCl. This However, whether this point mutation affects association of
seems opposite from first reports of properties of the PP1G PP1G and PP1C in NIDDM patients has not been reported,
PP1C dimer, which was dissociated in 1 M NaCl (Stralfors and this mutation seems far removed in the sequence from
et al., 1985). However, the conditions reported also specified the region implicated here.
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The mechanisms for PP1C to regulate its interactions with Coghlan, V. M., Lester, L. B., & Scott, J. D. (1998)v. Protein
a variety of different regulatory/targeting subunits might be _ Phosphatases,$1.
more complicated than first thought. It seems likely that DegéB%'ngmgfgg*? D. G., Hubbard, M. J., & Cohen, P. (1989)
d|fferent proteins bind to different surface regions of PPlC.. Dent, P., Lavionne, A., Nakielny, S., Caudwell, F. B., Watt, P., &
This seems the case at least for yeast PP1C, where point’ cohen, p. (1990Nature 348 302.
mutations in the yeast PP1C (called GLC7) interfere with pepaoli-Roach, A. A., Park, 1.-K., Cerovsky, V., Csortos, C.,
binding to different partners. Ttgc7-R73Cmutant protein Durbin, S. D., Kuntz, M. J., Sitikov, A., Tang, P. M., Verin, A,
does not bindSAC1protein (Stuart et al., 1994). Thyc7- & Zolnierowicz, S. (1994Adv. Enzyme Regul. 3499.
T152Kmutant protein shows reduced binding with REG1 Dohadwala, M., DaCruz E Silva, E. F., Hall, F. L., Williams, R.
protein (Tu & Carlson, 1995). Some questions raised by I‘ (Cl%g’%n}frrgé'__'ﬁlgt:?ﬁ'éyaggi’.Atj_gzﬁgegfggrd’ P., & Berndt,
the targeting hypotheS|s are hOV\{ PP1C selects bmdmg amonGoherty, M. J., Moorhead, G., Morrice, N., Cohen, P., & Cohen,
different proteins, and once it binds to one protein, whether  p. T. (1995)FEBS Lett. 375294.
it still has the ability to bind other regulatory proteins. Egloff, M.-P., Cohen, P. T. W., Reinemer, P., & Barford, D. (1995)
Experiments to answer these questions would help us J- Mol. Biol. 254 942.
understand more about the mechanisms to regulate theEndo, S., Zhou, X., Connor, J., Wang, B., & Shenalikar, S. (1996)
cellular functions of PP1. Biochemistry 355220.

After thi int leted d . d Francois, J. M., Thompson-Jaeger, S., Skroch, J., Zellenka, U.,
er this manuscript was completed ana reviewed, we Spevak, W., & Tatchell, K. (1992EMBO J. 11 87.

found a report (Johnson et al, 1996) that assigned a PP1Cgoldberg, J., Huang, H.-B., Kwon, Y., Greengard, P., Nairn, A.

interaction site in PP1G to the N-terminal 118 residues. Using  C., & Kuriyan, J. (1995Nature 376 745.

a Far Western analysis against GHHP1G fusion proteins  Haystead, C. M. M., Galilly, P., Somlyo, A. P., Somlyo, A. V., &

with digoxygenin-labeled PP%Cas probe, residues-218 Haystead, T. A. J. (1995EBS Lett. 377123.

and 2-243, but not 106-350, showed an interaction. In HeIps,lS\I., Ba”éer';g- M., Elledge, S. J., & Cohen, P. T. W. (1995)

the Far Western assay, the binding of a hy_drophobic segmenii_ngzgl AL”eg. szen’sb_ (19865ur. J. Biochem. 161763.

to thg filter, or the necessary renaturation of the fusion Hiraga, A., Kemp, B. E., & Cohen, P. (198Bur. J. Biochem.

protein, or even the modification of the PP1€ould have 163 253.

contributed to the lack of binding between PP1C and ST  Hubbard, J. M., & Cohen, P. (198®ur. J. Biochem. 186701.

PP1G(106-350). A peptide corresponding to conserved Hubbard, M. J., & Cohen, P. (1993)ends Biochem. Sci. 1&872.

residues 6393 enhanced phosphorylase phosphatase activitylchikawa, K., Ito, M., & Hartshorne, D. J. (1998) Biol. Chem.

of PP1G-PP1G in a dose-dependent manner, but without _ 271 4733.

causing dissociation of PP1C. The authors propose thattadiello, I, Buellens, M., Stalmans, W., & Bollen, M. (1995)

besides 6693 there might be another site in PP1G for Biol. Chem. 27017257. :
- . . o . Johansen, J. W., & Ingebritsen, T. S. (1988pc. Natl. Acad. Sci.

binding PP1C, but it was not identified. We did not see . sA. 83207.

binding of PP1C to GSTPP1Ga (residues 51141) perhaps  Johnson, D. F., Moorhead, G., Caudwell, F. B., Cohen, P., Chen,

because this region by itself does not afford stable associa- Y. H., Chen, M. X., & Cohen, P. T. W. (199@ur. J. Biochem.

tion. The GSFPP1Gb (residues 51240) that did bind 239, 317-325. _

PP1C could contain two separate sites that contact PPlCM""‘:Cgérgofht'tcz-éﬁ‘%pbe”’ D. G., Hiraga, A., & Cohen, P. (1988)

An inviting synthesis of results is a two-site model for PP1C et o :

- ) . . . Moorhead, G., MacKintosh, R. W., Morrice, N., Gallagher, T., &
binding to PP1G: an interaction with the-693 region that MacKintosh, C. (1994FEBS Lett. 35646—50. g

is disrupted by_phosphory_lation_ of Ser67, as proposed by Ron, D., & Dressler, H. (1992BioTechniques 13366.
Johnson et al., in conjugation with binding to the +4&9 Sasaki, K., Shima, H., Kitagawa, Y., Irino, S., Sugimara, T., &

hydrophobic helix region as we suggest here. Nagao, M. (1990)pn. J. Cancer Res. 81272.
Shenolikar, S. (1994Annu. Re. Cell Biol. 1Q 55.
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