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Introduction

The proto-oncogene c-myc has been widely implicated in human cancer'. One of
the major cellular targets of c-myc is the stress-induced gene GADD34. GADD34 is a
potent apoptotic-inducer, but c-myc expression potently inhibits GADD34 expression,
indicating that GADD34 may be an important target of c-myc-mediated oncogenesis2 .
GADD34 is a scaffolding protein that interacts with several proteins including Protein
Phosphatase 1 (PP1) and a PP1 inhibitor, Inhibitor-I (1-1)3. GADD34 binds and targets
PPl to the eukaryotic initation factor 2 alpha (eIF2 alpha) and promotes its
dephosphorylation. The reversible phosphorylation of eIF2 alpha is a critical step in the
control of translation by stress signaling and is the target of several kinases. Interestingly,
the anti-cancer drug methylselenocysteine (MSC or Avemar) both promotes apoptosis
and GADD34 expression in human cancer cells 4. Another drug, salubrinal, inhibits the
GADD34-PP1 complex, and inhibits apoptosis in mammalian cells 5. This indicates that
GADD34 could prove to be an important target for anticancer therapies.

Body:
I proposed to study the mechanism of action of GADD34 in stress signaling,

translational control and apoptosis. A better understanding of the molecular mechanism
of GADD34 could lead to new avenues of research into anti-cancer therapy. During the
first year of this project I began generating GADD34-specific antibodies. I also
performed a systematic deletion and mutatgenesis experiment with human GADD34 to
determine the domains required for stress-signaling and apoptosis. I identified an N-
terminal domain required for proper subcellular localization of GADD34 and a bipartite
C-terminal domain required for PP1 binding. This domain consists of a canonical RVXF,
PPl-binding motif and a novel Arg-Ala rich domain, both of which were required for
PPl binding. This work was published6 and reported in previous annual summaries.

In the second year of study, I undertook experiments in to the regulation of eIF2a
dephosphorylation by inhibitor-i a GADD34 binding protein. Expression of I-1 in
human cell lines or heterologus expression in yeast, results in increased eIF2 alpha
phosphorylation, indicating an inhibition of PP1-mediated eIF2alpha dephosphorylation.
To better understand the mechanism of I-1 action, I performed systematic deletion
analysis and identified a novel C-terminal domain of I-1, which is required for full
inhibition of PP1 function in cells. Interestingly, this domain is deleted in two alternate
splice forms of I-1, I-1 alpha and I-1 beta, both of which are weaker inhibitors of PP1
than I-1. This work was published7 in the third year of the project and is attached
(appendix 1) and listed as reportable outcomes.

Key Research Accomplishments:

In the thirds year of study, I collaborated with other members of the lab and
generated mutant forms of PP1 missing important surface residues involved in
recognizing PPl-targeting proteins, including GADD34 and I-1. We identified several
residues of PP1 involved in the specificity of interaction with PPl-targets. See the
attached manuscript for a more detailed analysis of the data8 . Also, I undertook a
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collaboration not directly related to this fellowship, involving the regulation of cardiac
physiology by PP1 and I-19.

Finally, in the third year of the fellowship I wrote and defended my thesis,
"Regulation of Protein Phosphatase 1" My thesis included the experiments involved in
this proposal as well as additional work into PP1 function. In my thesis, I focused on the
PPl-targeting subunit, GADD34 (Growth Arrest and DNA Damage Inducible Gene 34),
and the PPl-inhibitory subunit, Inhibitor-I (I-i). GADD34 and I-I form a trimeric
complex with PPI, the first example of this mechanism of PPl regulation. This led us to
examine other examples of multimeric PP1 complexes, including the neurabin-PPl-1-2
complex and CDC25-PP1-14-3-3 complex.

I divided my thesis into 7 chapters. This first chapter describes the background
and importance of reversible protein phosphorylation. Specifically, it focused on the
regulation of protein dephosphorylation with emphasis on the control of translation
initiation by reversible protein phosphorylation. Chapter 2 contains the methods used in
the study. Chapter 3 examines the role of GADD34 in the regulation of protein synthesis
and PP16 . Chapter 4 is a characterization of the trimeric GADD34-PP1-I-1 complex3.
Chapter 5 details my work with 1-1 which established that three domains of I-1 interact
with PP1 and that I-1 specifically regulates eIF2alpha dephosphorylation7 . Chapter 6 is an
examination of another multimeric PP1 complex, Neurabin-PPl-I-2'°. Chapter 7
explores future directions for this research. The Appendices discuss collaborative projects
I engaged in, including the identification of a CDC25-PP1-14-3-3 complex that regulates
entry in itosis" and an analysis of the importance of I-1 in control phospholamban
dephosphorylation which regulates cardiac contractility9 .

The work in my thesis played an important part in the understanding of
phosphatase regulation by multimeric complex. The GADD34 I-1, PP1 complex was the
first complex of multiple PP1 regulators to be studied. Since, this work multiple such
complexes have been identified and has led to a better understanding of the combinatorial
control of PP1. Also, my work helped elucidate the regulation translation by stress-
signaling by elucidating the mechanism of PP1 regulation by GADD34 and I-1.

Reportable Outcomes:

The following publications were published between July 2004-July 2005 (note:
Weiser et al., 2004 was listed in the 2004 annual summary as in press):

Jennifer B. Gibbons, Douglas C. Weiser, Shirish Shenolikar. "Importance of a Surface
Hydrophobic Pocket on Protein Phosphatase-1 Catalytic Subunit in Recognizing Cellular
Regulators". (2004) Journal of Biological Chemistry. (2005) 280:15903-11. (appendix
2)

Anand Pathak, Federica del Monte, Wen Zhao, Jo-El Schultz, John N. Lorenz, Ilona
Bodi 1, Douglas C. Weiser, Harvey Hahn, Andrew Carr, Faisal Syed, Nirmala Mavila,
Leena Jha, Jiang Qian, Yehia Marreez, Guoli Chen, Dennis W. McGraw, E. Kevin Heist,
J. Luis Guerrero, Anna A. DePaoli-Roach, Roger J. Hajjar and Evangelia G. Kranias.
"Enhancement of Cardiac Function and Suppression of Heart Failure Progression by
Inhibition of Protein Phosphatase 1". Circulation Research (2005) 96:756-66.
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Douglas C. Weiser, Suzanne Sikes, Shi Li, Shirish Shenolikar. "The Inhibitor-I C-
Terminus Facilitates Hormonal Regulation of Cellular Protein Phosphatase-1: Functional
Implications for Inhibitor-I Isoforms". (2004) Journal of Biological Chemistry.
279:48904-14. (appendix 1)

The following meeting posters were presented:
Regulation of Stress Response Signaling by Inhibition of Eukaryotic Initiation Factor 2
alpha Phosphatase Activity. Douglas C Weiser. American Society for Cell Biology
Meeting, Washington D.C., Dec 2004.

Regulation of the Dephosphorylation of eIF2 alpha by Inhibitor- I. Douglas C Weiser,
Shirish Shenolikar. Department of Pharmacology and Cancer Biology Retreat, Sept,
2004.

The following thesis was written:
"Regulation of Protein Phosphatase 1", Douglas C Weiser, 2004, Ph.D. Duke Univeristy

Conclusions:
GADD34 is a stress-regulated protein involved in the control of translation and

apoptosis during stress signaling. In the tree years of this fellowship, I examined the role
of GADD34 in stress signaling, demonstrating that PP1 binding, allosteric regulation and
subcelllar targeting were required for GADD34 function. I also examined the GADD34-
binding protein I-I and its role in elF2alpah dephosphorylation. I demonstrated that I-I
inhibits PP1-mediated eIF2alpha dephosphoryaltion in a variety of systems, and that
multiple domains of I-1 are required for in vivo activity. I also examined the structure-
function of the PP1 catalytic subunit, I examined the role of several surface residues of
PP1 in the specificity of interactions with targeting and inhibitory usubunits, including
GADD34 and I-1. Finally, the training oportunites made ossible by this fellowship
allowed me to present a poster at the ASCB meeting and successfully defend my thesis in
Dec 2004.
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Inhibitor-1 (I-1) is a selective inhibitor of protein the cell cycle, cardiac contractility, and neuronal signaling (1).
phosphatase-1 (PP1) and regulates several PPl-depend- Regulation of these diverse PP1 functions in mammalian tis-
ent signaling pathways, including cardiac contractility sues is mediated by the interaction of the PP1 catalytic subunit
and regulation of learning and memory. The human I-1 with a number of targeting subunits and endogenous protein
gene has been spliced to generate two alternative inhibitors (2). The prototypic mammalian PP1 regulator, Inhib-
mRNAs, termed I-la and I-1l3, encoding polypeptides itor-1 (I-1), requires phosphorylation by protein kinase A (PKA)
that differ from I-1 in their C-terminal sequences. Re- to inhibit PP1. I-1 is widely expressed in mammalian tissues
verse transcription-PCR established that I-la and I-10 and is a critical regulator of PP1 function in many cAMP-
mRNAs are expressed in a developmental and tissue- regulated physiological processes, including cardiac contractil-
specific manner. Functional analysis of I-1 in a Saccha- ity (3) and neuronal signaling (4). The 1-1 homolog DARPP-32
romyces cerevisiae strain dependent on human I-1 (dopamine- and cAMP-regulated hosphoprotein of apparent
viability established that a novel domain encompassing 32 0i rmin A ntlye xpresed in ons.pIarend
amino acids 77-110 is necessary for PP1 inhibition in Mr 32,000) is predominantly expressed in neurons. 1-1 and

yeast. Expression of human I-i in S. cerevisiae with a DARPP-32 share extensive sequence homology within an N-

partial loss-of-function eukaryotic initiation factor-2a terminal domain that encompasses the threonine residue phos-
(eIF2a) kinase (Gcn2p) mutation permitted growth dur- phorylated by PKA. N-terminal fragments of I-1 and
ing amino acid starvation, consistent with the inhibition DARPP-32 including the phosphorylated threonine inhibit PP1
of Glc7pIPP1, the yeast eIF2a phosphatase. In contrast, in vitro (5, 6). Such studies also highlighted a conserved tet-
human I-la, which lacks amino acids 83-134, and I-1 rapeptide sequence (KIQF) that is critical for PP1 inhibition by
with C-terminal deletions were significantly less effec- I-1 and DARPP-32. Subsequent studies that noted the presence
tive in promoting yeast growth under starvation condi- of homologous sequences in several PP1 regulators as well as
tions. These data suggest that C-terminal sequences of co-crystallization of the PP1 catalytic subunit with a peptide
I-1 enhance regulation of the eukaryotic eIF2a phospha- containing an (R/K)(I/V)XF sequence established that this do-
tase. In vitro studies established that C-terminal se- main represents a conserved PP1-binding motif found in many
quences, deleted in both I-la and I-il3, enhance PPI PP1 regulators (7).
binding and inhibition. Expression of full-length and Although the N-terminal PP1 inhibitory domains of
C-terminally truncated I-1 in H1EK293T cells established DARPP-32 and I-1 are nearly identical, the C-terminal se-
the importance of the I-1 C terminus in transducing
cAMP signals that promote eIF2a phosphorylation. This quences are highly divergent, and the precise role of these
study demonstrates that multiple domains in I-1 target sequences is largely unknown. Both I-i and DARPP-32 are
cellular PPI complexes and establishes I-1 as a cellular phosphorylated at serine residues in their C-terminal domains
regulator of eIF2a phosphorylation. and studies of DARPP-32 have provided the clearest insights

into the function of these covalent modifications. Serine phos-
phorylation of DARPP-32 by casein kinases I and II modulates

Protein phosphatase-1 (PP1)1 is a major eukaryotic serine/ the phosphorylation and dephosphorylation of DARPP-32 at

threonine protein phosphatase that controls numerous physio- Thr34 and thereby regulates DARPP-32 function as a PP1

logical processes, including protein synthesis, gene expression, inhibitor (8, 9). In contrast, our studies of I-i showed that the
C terminus plays an important role in binding other cellular
proteins, specifically GADD34, a scaffolding protein that also

This work was supported in part by National Institutes of Health binds PP1; this generates a heterotrimeric complex with eu-
Grant RO1-DK52054 (to S. S.). The costs of publication of this article karyotic initiation factor-2a (eIF2a) phosphatase activity (10).
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked "advertisement" in accordance with 18 We speculated that the C terminus targets I-i to specific cel-
U.S.C. Section 1734 solely to indicate this fact. lular PP1 complexes, such as GADD34.PP1, and that, following

± Supported by Predoctoral Fellowship DAMD17-02-1-0378 from the PKA phosphorylation, I-i inhibits eIF2a phosphatase activity.
United States Department of Defense Breast Cancer Program. In this manner, the GADD34.PPl.I-1 complex represents a

§ To whom correspondence should be addressed: Dept. of Pharmacol- mechanism by which cAMP could regulate mammalian protein
ogy and Cancer Biology, Duke University Medical Center, LSRC C315,
Research Dr., Durham, NC 27710. Tel.: 919-681-6178/9; Fax: 919-681- synthesis.
9567; E-mail: sheno001@mc.duke.edu. The human I-1 gene is alternatively spliced to generate two

'The abbreviations used are: PP1, protein phosphatase-1; I-1, Inhib- additional mRNAs, termed I-la and I-13 (11). Full-length I-1
itor-1; hi-l, human Inhibitor-i; PKA, protein kinase A; eIF2a, eukary- differs from the I-la and I-l polypeptides in their C-terminal
otic initiation factor-2a; WT, wild-type; 3-AT, 3-aminotriazole; GST,
glutathione S-transferase; RT, reverse transcription; P, postnatal day; sequences. I-la contains a deletion of amino acids 83-134,
Gm, glycogen targeting subunit from skeletal muscle, whereas I-l results from a frameshift at amino acid 61 and
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PP1 Regulation by I-1 Isoforms 48905

possesses a unique C terminus. Until this work, the functions Tu3LE I

of these novel I-1 isoforms as PP1 inhibitors, specifically the Plasmids used in this work

holoenzymes found in eukaryotic cells, have not been analyzed. Name Description Source/Ref.
Biochemical studies show that human I-1 inhibits the yeast p2168 2ju URA3 GLC7-(1-207) 13

PP1 catalytic subunit, Glc7p, in an indistinguishable manner pJZ203 2pt ADE3 LEU2 Gpdlp-hI-1 13
from human PP1 (12) and that expression of I-1 impacts only pJZ205 CEN URA3 Gpdlp-hI-1 13
select PPl-dependent signaling pathways (13). Moreover, in pJZ206 211 URA3 Gpdlp-hI-1 13

pJZ208 CEN. URA3 Gpdlp-hI-1(T35A) 13
Saccharomyces cerevisiae strain JC1007-97, expression of ac- pRS426 2p URA3 13
tive human 1-1 is essential for growth and viability (13). This pSE1 pGEX-2T hI-1 5
provides a novel cell-based assay for examining the structure- YEp195 2tL URA3 13
function of I-1 as a regulator of PP1 holoenzymes. Our work YCp33 CEN URA3 13
validates the use of yeast as a model eukaryotic system for pDWl CEN URA3 hI-I(F12A) This study

y pDW2 CEN URA3 hI-1(T35D) This study
analyzing the function of human I-1 and shows, for the first pDW3 CEN URA3 hl-1-(1-142) This study
time, that selected C-terminal residues in human I-1 are re- pDW4 CEN URA3 hI-1-(1-142)(T35A) This study
quired for effective PP1 inhibition in yeast. Analysis of tissues pDW5 CEN URA3 hI-1-(1-142)(T35D) This study

from wild-type (WT) 1-1 and I-i-null mice established that pDWc6 CEN URA3 hi-1-(1-123) This study
pDW7 CEN URA3 hI-1-(1-123)(T35A) This study

three distinct mRNAs are transcribed from a single mouse 1-1 pDW8 CEN URA3 hI-1-(1-123)(T35D) This study
gene and confirmed that alternative splicing yields the two pDW9 CEN URA3 hI-1-(14-97) This study
additional transcripts, I-la and 1-1p, in many mouse tissues. pDW10 CEN URA3 hI-1-(1-97)(T35A) This study

Utilizing S. cerevisiae strain Y27, in which Glc7p was previ- pDWll CEN URA3 hI-1-(1-97)(T35D) This study
pDW12 CEN URA3 hi-1-(1-77) This study

ously shown to dephosphorylate eIF2a to allow the recovery of pDW13 CEN URA3 h-1-(1-77)(T35A) This study
yeast from amino acid starvation (14), we established that pDW14 CEN URA3 hI-l-(1-77)(T35D) This study
human I-la, which lacks C-terminal residues present in full- pDW15 CEN URA3 hI-1-(1-54) This study

length I-1, is a less effective inhibitor of phosphatase activity. pDW16 CEN URA3 hI-1-(1-54)(T35A) This study
pDW17 CEN URA3 hI-1-(1-54)(T35D) This study

In vitro biochemical experiments demonstrated that the C- pDW18 CEN URA3 hl-1-(A77-97) This study
terminal region of I-1 enhances binding to the PP1 catalytic pDW19 CEN URA3 hI-1-(A77-97)(T35A) This study
subunit and inhibition of phosphatase activity. Expression of pDW20 CEN URA3 hI-l-(A77-97)(T35D) This study
I-1 in HEK293T cells demonstrated that the I-1 C terminus pDW21 CEN URA3 hI-1-(A97-110) This study

pDW22 CEN URA3 hI-l-(A97-110)(T35A) This study
facilitated cAMP signals that inhibit protein translation in pDW23 CEN URA3 hI-1-(A97-110)(T35D) This study
mammalian cells and suggested distinct roles for the newly pDW24 CEN URA3 hI-1-(Ml10-123) This study
defined isoforms, I-la and 1-103, in regulating cellular PP1 pDW25 CEN URA3 hI-l-(A10--123)(T35A) This study
activity. pDW26 CEN URA3 hI-l-(A110-123)(T35D) This study

pDW27 CEN URA3 hI-la This study
pDW28 2jr URA3 hI-1(T35A) This study

MATERIALS AND METHODS pDW29 2tt URA3 hi-1-(1-77) This study
Antibodies-Anti-PP1 monoclonal antibody (1:1000 dilution) was ob- pDW30 pGEX-4T hi-1-(1-80) This study

tained from BD Biosciences. Anti-I-1 (1:1000) and anti-I-l(T35-P) (1: pDW31 pGEX-4T hl-1-(81-171) This study
2000) polyclonal antibodies were generated in this laboratory and used pDW32 pGEX-2T hI-l-(A77-110) This study
as described previously (10). Anti-eIF2a polyclonal antibody (1:500) was pDW33 pGEX-2T hI-la This study
from Santa Cruz Biotechnology Inc. Anti-phospho-Ser"' eIF2a antibody pDW34 pFLAG-CMV-2 hI-1 This study
(1:1000) was from BIOSOURCE. Anti-FLAG monoclonal antibody (1: pDW35 pFLAG-CMV-2 hI-1(T35A) This study
1000) was obtained from Sigma. pDW36 pFLAG-CMV-2 hi-1-(1-77) This study

Yeast Strains-The following yeast strains were used in this work:
Y27, MATa gcn2-507 ura3-52 leu2-3 leu2-112 inol HIS4-lacZ; H1402,
MATu ura3-52 leu2-3 leu2-112 inol HIS4-1acZ; H1149, MATa control medium lacking uracil. Growth was monitored as formation of
gcn2::LEU2 ura3-52 leu2.3 leu2-112 inol HIS4-lacZ; and JC1007-97, yeast colonies.
MATa gfa1-97 ade2 ade3 leu2 ura3 lys2 can 1. Sectoring Assay in S. cerevisiae gfa1-97-Yeast sectoring assays were

Human I-1 Expression Plasmids-All plasmids used in this study are performed as described (13). Briefly, the yeast strain JC1007-97 con-
listed in Table I. Deletions of human I-1 were generated using JZ205 as taining JZ203 was transformed with competing hI-l-expressing plas-
template. With the QuikChange site-directed mutagenesis kit (Strat- mids, and yeast cells were grown on synthetic medium lacking uracil
agene), stop codons were added at amino acids 142, 123, 97, 77, and 54 and reduced adenine (6 jig/ml). The red-and-white sectoring colonies
of human I-1 (hi-1). The region encoding C-terminal amino acids 81- were counted after 4 days of growth at 30 'C. Deletions of hI-1 were
171 was excised from pGEM3ZF/I-1 using Sacd and HindIII and ligated generated using gap repair. PCR primers were designed that included
into pGEX-4T using EcoRI and XhoI. The N-terminal region of I-1 the GDP promoter and various 5-regions of hI-l cDNA from JZ205. The
cDNA (encoding amino acids 1-80) was excised from pGEM3ZF/I-1 PCR-amplified cDNAs in the linearized plasmids YEpl95 (2tt URA3)
using NcoI and SacI and ligated into pRSET-B, which was then digested and YCp33 (CEN URA3) were transformed into JC1007-97, and yeast
with BglII and Sall, and the resulting cDNA was inserted into pGEX-4T cells were grown as described (13).
using BamHI and Sall. Expression constructs for I-la were generated Immunoblotting of Yeast Lysates-Yeast cells were grown on nonse-
from the hI-1 cDNA by introducing NheI sites at codons 83 and 134. lective medium at 30 'C to A6 0o = 0.6. The cells were centrifuged at
Following digestion with NheI, the cDNA was religated to produce a 5000 × g for 5 min. The pellet was resuspended in 500 Al of ice-cold lysis
cDNA encoding hI-la with one exception, with an alanine substitution buffer (50 mm Tris-HC1 (pH 7.5), 150 mm NaCl, 1 mm EDTA, 1 mM
at residue 84. Mammalian expression plasmids were generated using EGTA, 0,1% (v/v) 6-mercaptoethanol, 0.5% (w/v) Triton X-100, 1 mm
PCR primers that added BglII and Sall restriction sites to the hI-1 benzamidine, 1 mm phenylmethylsulfonyl fluoride, 2 pg/ml leupeptin, 1
cDNA. The PCR product was digested with BglII and Sall and ligated pg/ml aprotinin, and 1 ttg/ml pepstatin), mixed with an equal volume of
into pCMV-FLAG-2 (Sigma) digested with BamHI and SaIl. All cDNAs glass beads, and vortexed at full speed for five bursts of 20 s. The lysate
were confirmed by sequencing at the Duke Comprehensive Cancer was then cleared by centrifugation at 20,000 x g for 10 min. The lysate
Center DNA Sequencing Facility. was analyzed by immunoblotting.

Yeast Assay for Amino Acid Starvation-The ability of hI-1 to sup- Expression of Recombinant hi-i-The pGEX-4T constructs encoding
press the phenotype of the gcn2-507 allele was assayed as described (14, glutathione S-transferase (GST) fused to I-1-(1-171), I-1-(1-80), and
15). Briefly, strains Y27, H1402, and H1149 were transformed with I-1-(81-171) were transformed into Escherichia coli BL21(DE3) RIL
plasmids expressing hI-1 or dominant-negative GLC7. Cultures were cells, and bacteria were grown overnight in 50 ml of LB medium
grown at 30 °C on synthetic medium lacking uracil and histidine and containing ampicillin (100 pg/ml) and chloramphenicol (33 pg/ml) at
containing 40 mrvI leucine and 30 mm 3-aminotriazole (3-AT) or on 30 'C. Cultures were grown at 30 °C to A6 oo = 0.5, cooled to 18 'C, and
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induced with 0.1 mm isopropyl 1-thio-p-D-galactopyranoside for 12 h. GAG CCC CGA CAA CAG CCC ACG-3' (sense) and 5'-ATC CCC GGA
Bacteria were sedimented by centrifugation at 3000 × g for 10 min and TAC CAA CTT CTG-3' (antisense)) or P-actin transcripts (5'-G TGG
resuspended in 10 ml of ice-cold buffer containing 10 mmi Tris-HCl (pH GCC GCC CTA GGC ACC AG-3' (sense) and 5'-CTC TTT GAT GTC
7.5), 150 mm NaCI, 1 mm EDTA, 1 mm EGTA, 0.1% (v/v) f-mercapto- ACG CAC GAT TTC-3' (antisense)). The I-la and 1-13 splice variants
ethanol, 0.1% (w/v) Triton X-100, 1 mu benzamidine, 1 mm phenylmeth- were selectively amplified using sense primers that spanned the alter-
ylsulfonyl fluoride, 2 gg/ml leupeptin, 1 Ag/ml aprotinin, and 1 gg/ml native splice junctions (where the underlined nucleotides represent the
pepstatin. The resuspended cultures were lysed by sonication, and cell exon 6 splice acceptor site): I-1l, 5'-GAC CAC ACC CAC CAT GAA AGA
debris was removed by centrifugation at 25,000 X g for 10 min. G-3 and the 1-1 antisense primer; and 1-13, 5'-TCC CCA ACT CAC TTC

Bacterial lysates were incubated with glutathione-Sepharose (Amer- TCA AGA G-3' and the I-1 antisense primer. All amplifications were
sham Biosciences) for 1 h at 4 'C. Beads were rinsed three times with 50 conducted in 50 gl of 10 mm Tris-HCl (pH 8.3), 50 maM KC1, 2 mm MgCl2,
ml each of lysis buffer, followed by 10 mm Tris-HCl (pH 7.5), 150 mm 200 pM dNTPs, and Taq polymerase (1 unit). Reactions to amplify I-1
NaC1, 0.1% (v/v) P-mercaptoethanol, 1 mm EDTA, and 1 nim EGTA. GST and P3-actin cDNAs were carried out for 24 cycles of 94 °C for 30 s, 55 'C
fusion proteins were eluted with 100 mMi Tris-HC1 (pH 8.0), 150 mm for 30 s, and 72 'C for 45 s. Annealing temperatures for I-1n and I-1p
NaC1, and 10 mm glutathione. Eluted proteins were dialyzed into 50 mm were 58 'C for 35 cycles and 63 'C for 40 cycles, respectively. The
Tris-HCl (pH 7.5), 0.1% (v/v) 13-mercaptoethanol, and 0.005% (w/v) Brij cDNAs were separated by electrophoresis on 2% (w/v) agarose gels,
35. GST-I-la and GST-I-l-(A77-110) were expressed as described transferred to ZetaProbe membrane, and hybridized to radiolabeled
above, with the exception that protein induction was carried out for 3 h oligonucleotides specific for exon 4 (5'-CGG AAG AAG ATG ACA AGG
at 37 'C. ACC-3'), exon 5 (5'-GAG CCA CTG AGA GCA CAG GG-3), exon 6

PP1 Sedimentation-Glutathione-Sepharose beads (25-p1 bed vol- (5'-GCA GAA TCC AAC CCC AAG AC-3), and (-actin (5'-CAG GCA
ume) were washed twice with Tris-buffered saline (10 mm Tris-HC1 (pH TTG TGA TGG ACT C-3').
7.5) and 150 mm NaC1). GST fusion proteins were incubated with
washed beads in Tris-buffered saline (total volume of 300 td) for 1 h at RESULTS

4 'C. Protein-bound beads were sedimented by centrifugation at 500 X Numerous PPI complexes have been identified in eukaryotic
g and rinsed twice with Tris-buffered saline. HEK293T cell lysate (300 cells and are composed of PP1 catalytic subunits associated
pcg of total protein) in Tris-buffered saline, 1 mm EDTA, 1 mm EGTA, with regulatory subunits (17). The regulatory subunits target
and 0.1% (w/v) Triton X-100 was incubated with the GST fusion protein-
bound beads for 1 h at 4 *C. Beads were washed five times with 1 ml PP1 to subcellular organelles and/or direct the dephosphoryl-

each of the same buffer, resuspended in SDS-PAGE sample buffer, and ation of selected phosphoproteins. The PP1 catalytic subunit is

analyzed by SDS-PAGE. PP1 was detected by Western immunoblotting also inhibited by several PPl-selective inhibitor proteins, such
with anti-PP1 antibody. All PP1 sedimentation assays were performed as I-1 (18). Biochemical studies show that nanomolar concen-
three times with two independent preparations of recombinant 1-1 trations of PKA-phosphorylated I-1 inhibit the PP1 catalytic
protein.sAssay--.Phosphorylase hbt as- subunit isolated from rabbit skeletal muscle, but are less effec-

says were performed in 50 mu Tris-HCl (pH 7.5), 1 mm EDTA, and 0.1% tive in inhibiting the glycogen-bound complex composed of PP1

(v/v) P-mercaptoethanol with PP1 catalytic subunit (0.02 units) purified bound to GM (19). Analysis of I-i-null mice suggests that I-1
from rabbit skeletal muscle and hI-1 proteins. I-1 was phosphorylated preferentially regulates a subset of PP1 complexes that control
using purified bovine cardiac PKA catalytic subunit (16). Two independ- vascular and cardiac muscle contractility (3) and neuronal sig-
ent preparations of each I-1 fusion peptide were phosphorylated. The naling (20), whereas other PP1 functions, such as glycogen
stoichiometry of phosphorylation was established by "back-phosphory- metabolism (21), are essentially unaffected in the mutant
lation" of all phosphorylated I-1 polypeptides using fresh PKA and
[P

2
P]ATP and analysis of `sP incorporation to ensure 1 mol/mol phos- mouse. The molecular basis for I-1 selectivity for specific PP1

phorylation of all GST-I-1 proteins. complexes remains unknown in part because of the lack of
The assays were initiated by [

32
P]phosphorylase (final concentration suitable cellular assays to investigate the structure-function of

of 2 mg/ml), and the mixture was incubated for 30 min at 37 'C. Assays I-1 as an inhibitor of PP1 function in eukaryotic cells.
were terminated by addition of 200 pl of 20% (w/v) trichloroacetic acid Structure-Function of I-1 in Yeast-Our previous studies
and 50 pl of bovine serum albumin (10 mg/ml) and subjected to centrif- showed that hI-1 potently inhibits Glc7p, the budding yeast
ugation at 15,000 X g for 10 min. [

32
PlPhosphate release was analyzed

by liquid scintillation counting. All assays were performed at least three PP1 catalytic subunit, in vitro (12). Moreover, the overexpres-

times in triplicate. sion of hi-1 in yeast showed that some Glc7p-regulated path-
Expression of I-1 in Cultured Mammalian Cells-HEK293T cells ways, such as mitosis and gene transcription, are inhibited,

(grown to near confluency in 6-well plates) were transfected with 2.0 pg whereas others, such as glycogen metabolism and meiosis, are
of FLAG-hI-1 DNA, 2.0 gg of FLAG-hI-l(T35A) DNA, 2.0 pg of FLAG- essentially unaffected (13). This raised the possibility that I-1
hi-1-(1-77) DNA, or 2.0 pg of vector control (pCMV-FLAG-2) and 4 Al of expression in yeast could be used to define the molecular basis
LipofectAMINE (Invitrogen) according to the manufacturer's instruc-
tions. Cells were then treated with 0.1% MeSO or 5 pm forskolin. After by which I-1 targets cellular PP1 complexes. I-1 dependence in

6 h, cells were washed with phosphate-buffered saline and lysed in 500 yeast was also used in a genetic screen to identify novel Glc7p
gl of radioimmune precipitation assay buffer (10 mm sodium phosphate (PP1)-regulated pathways and yielded strain JC1007-97, in
(pH 7.5), 150 mu NaCl, 1% (w/v) Nonidet P-40, 0.5% (w/v) deoxycholate, which the presence of active hI-1 is required for transcription of
and 0.1% (w/v) SDS) for 15 min on ice. Cells were scraped, and the the GFA1 (glutamine-fructose-6-phosphate transaminase-1)
lysates were cleared by centrifugation at 20,000 X g for 3 min. The gene and yeast growth (13). This provided a novel assay for
cleared lysates were then run on SDS-polyacrylamide gels and analyzed
by immunoblotting. Immunoblots were quantified using Scion Image evaluating the mechanism of action of I-1 as a regulator of

Beta 4.0.2. 1-1 phosphorylation was normalized to total I-1 and then eukaryotic PP1 complexes since only an expression vector car-
reported as -fold increase relative to control MeSO-treated cells (n = 4). rying a hI-1 construct with full PP1 inhibitory activity could
Phosphorylation of eIF2a was normalized to total eIF2a and reported complement the loss of existing WT hi-1. To analyze the struc-
as -fold change relative to cells expressing the vector control (n = 4). ture-function of I-1, yeast containing JZ203 (ADE3 hI-i) was

Reverse Transcription (RT)-PCR for I-1 niRNAs-Total cellular RNA transformed with various I-1 constructs (pDW series). The loss
was harvested using TRIzol (Invitrogen). mRNA was isolated from 50
pLg of total RNA using Oligotex mRNA purification resin (QIAGEN Inc., of the plasmid-borne ADE3 marker, which maintains the

Valencia, CA) and resuspended in a final volume of 40 pl. Reaction gfal-97 yeast as red colonies, occurs only when pDW plasmids
mixtures (20 1l) consisting of mRNA (10 1d), dNTPs (250 gm), oligo(dT) express functional PP1 inhibitors, and this results in the con-
primers (5 pmol), dithiothreitol (8.75 nm), and RNasin (20 units; Pro- version of red-to-white colonies (Fig. 1). Counting the white
mega) were preincubated at 75 °C for 5 min to denature RNA and cooled and/or red-and-white sectoring colonies provided a measure of
rapidly to 42 *C. Reverse transcription was initiated by immediate relative PP1 inhibitory activity of the replacement 1-1 polypep-
addition of Moloney murine leukemia virus reverse transcriptase (100
units; Promega). Reactions were incubated at 42 °C for 60 min and then tide. In this regard, the plasmid expressing hI-i-(1-171)

heat-inactivated at 95 'C for 5 min. The resulting cDNAs (3 1A) were (JZ205) resulted in significant red-to-white conversion, with
amplified with oligonucleotide primers (1 pmol) specific for I-1 (5'-ATG >70% white colonies. I-1(T35A), expressing full-length hI-1
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FIG. 1. C-terminal sequences in hi-1 are required for effective PP1 inhibition in gfal-97 yeast. Serial C-terminal truncations of hi-1
in URA3 plasmids were transformed into gfa1-97 carrying the ADE3 hi-I plasmid, allowing yeast growth and viability. The sectoring assay was
scored for the conversion of red ADE3 hi-i-expressing yeast to white colonies carrying URA3 hi-1 as described under "Materials and Methods." Left
panel, the ADE3 I-1 plasmid (JZ203) displayed red sectors (upper). Yeast colonies sectoring for both ADE3 hI-1 and URA3 hi-1 plasmids displayed
red and white sectors (middle). Finally, complete functional replacement of ADE3 hi-1 yielded white colonies (lower). Center panel, the schematic
shows hI-1 sequences analyzed by the yeast sectoring assay. Sequences in the plasmids that functionally complemented ADE3 hi-1 are shown as
open bars, whereas those lacking the ability to suppress PP1 function in gfal-97 are shown as closed bars. Right panel, the table shows the
semiquantitative analysis of several independent experiments in which the individual I-1 sequences were analyzed with either Thr3 5 or
substitutions T35A and T35D. Sectoring efficiency was defined as 70-100% (+ +), 20-70% (+), and 0-20% (-).

lacking Thr", whose phosphorylation by PKA is required for phosphorylation of GST-I-1-(A77-110) also enhanced the sedi-
PP1 inhibition, failed to complement the loss of ADE3 hI-l, and mentation of purified rabbit skeletal muscle PP1 catalytic sub-
all colonies remained red. The C-terminal truncations I-1-(1- units, and very little PP1 bound to unphosphorylated hi-1-(1-
142) and I-1-(1-123) were also less effective inhibitors of the 171) (data not shown). Under identical conditions,
PP1 holoenzyme, which regulates GFA1 transcription, and phosphorylated GST-I-1-(A77-110) consistently depleted less
showed significantly reduced red-and-white sectoring. In con- (-22%) PP1 activity than phosphorylated GST-I-1-(1-171),
trast, I-1-(1-97), I-1-(1-77), and I-1-(1-54) failed to comple- which at 5 [g of total protein sedimented >50% PP1 activity
ment hi-l, and largely red colonies were observed, consistent (Fig. 2B). These data suggest that C-terminal amino acids
with the retention of the ADE3 hi-1 plasmid. Internal deletions 77-110 enhance the interaction of hI-1 with the PP1 catalytic
that eliminated amino acids 77-97 and 97-110 also failed to subunit.
complement hi-i, indicating a lack of PP1 inhibition. In con- PKA-phosphorylated GST-I-1-(1-171) also inhibited the de-
trast, hI-1 with the deletion of amino acids 110-124 was active phosphorylation of phosphorylase by purified PP1 catalytic
as a PP1 inhibitor, as determined by the sectoring assay. None subunits (IC50o -- 55 nm). Phosphorylated GST-I-1-(A77-110)
of the aforementioned I-1 polypeptides were functional when also inhibited the PP1 catalytic subunit in a dose-dependent
Thrs5 was substituted with alanine (T35A), consistent with the manner in this assay (Fig. 2C). However, GST-I-1-(A77-110)
absolute requirement of this phosphorylated threonine for PP1 showed - 10-fold reduced activity as a PP1 inhibitor compared
inhibition. Interestingly, substitution of Thr350 with aspartic with WT GST-I-1. Neither unphosphorylated GST-I-1-(1-171)
acid (T35D) to mimic threonine phosphorylation also failed to nor unphosphorylated GST-I-1-(A77-110) inhibited PP1 activ-
support the function of I-1 polypeptides in yeast (Fig. 1, table). ity at concentrations exceeding 1 /IM. Differences in dose
These data suggest that, in contrast to in vitro studies in which responses for GST-I-1-(1-171) and GST-I-1-(A77-110) were
PKA-phosphorylated I-1-(1-54) and I-1-(1-54)(T35D) inhibited particularly notable at the higher protein concentrations
the PP1 catalytic subunit (5), C-terminal amino acids 77-110 (data not shown). This suggest that the N terminus of I-1 may
are required for effective inhibition of the PP1 complex(es) that represent a high affinity binding site for PP1 and contribute
regulate GFA1 expression in the budding yeast. to phosphatase inhibition at low protein concentrations and

In Vitro Analysis of hI-1-(A77-110)--To assess the functional that amino acids 77-110 represent a low affinity PPi-binding
role of the C-terminal region encompassed by amino acids site that enhances PP1 binding and inhibition at higher I-1
77-110, GST-I-1-(1-171) and GST-I-1-(A77-110) were ex- concentrations.
pressed in bacteria and purified on glutathione-Sepharose. In Analysis of I-i mRNAs in Mouse Tissues-Recent studies
pull-down assays with HEK293T cell lysates, stoichiometri- identified three hI-1 mRNAs in human brain and liver (11). In
cally phosphorylated GST-I-1-(A77-110) sedimented signifi- addition to the major transcript encoding full-length hI-l-(1-
cantly less PP1 than phosphorylated GST-I-1-(1-171) (Fig. 2A). 171), two additional mRNAs, termed I-la and 1-113, were noted.
This was particularly notable at low protein concentrations I-la, which lacks exon 5, was predicted to generate a shorter
(e.g. 1 jig) and suggests that amino acids 77-110 facilitate 1-1 I-1 polypeptide (a total of 120 residues) lacking C-terminal
binding to human PP1 complexes. Like hI-1-(1-171) (5), PKA residues 83-134. The I-13 mRNA lacks exons 4 and 5 and
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FiG. 2. A novel C-terminal domain enhances I-1 association with PP1. A, increasing amounts (micrograms of total protein) of stoichio-
metrically PKA-phosphorylated full-length GST-I-1 and phosphorylated GST-1-1 lacking amino acids 77-110 (GST-A77-110-P) were incubated
with glutathione-Sepharose as described under "Materials and Methods" and used to sediment PP1 from HEK293T cell lysates. Bound PP1 was
eluted with SDS-PAGE loading buffer and detected by immunoblotting (IB) with anti-PP1 antibody. The results from control pull-down assays with
50 gzg of GST and input lysates (5% of the total) are also shown. B, 5 Ag of unphosphorylated GST-I-1-(A77-1 10) (A77-110), phosphorylated
GST-I-1-(A77-110) (Ai77-110-P), and phosphorylated GST-I-1 (1-1-P) were used to deplete purified PP1 catalytic subunits. PP1 activity remaining
in solution was assayed using phosphorylase a as substrate. C, increasing concentrations ofWT I-1-P (OC) and phosphorylated GST-I-1-(A77-110)
(*) were used to inhibit the purified PP1 catalytic subunit using a phosphorylase phosphatase assay. Error bars indicate S.E. values for each
experiment.

resulted in a frameshift, yielding a 132-amino acid polypeptide sive decrease in I-1 and I-la mRNAs in heart during develop-
whose C terminus following amino acid 61 completely differs ment, I-1- mRNA levels increased from barely detected levels
from those of 1-1 and I1-a (Fig. 3A). To confirm and extend in P7 heart to much higher levels in P14 and adult heart. This
these findings, we analyzed mRNAs from tissues of WT I-1 and suggests that, although derived from a single gene, alternative
1-1-null mice. Oligo(dT)-primed mRNAs from mouse tissues splicing of I-lov and I-13 mRNAs is regulated in both a devel-
were amplified and hybridized with probes specific for exons opmental and tissue-specific manner.
4-6 (Fig. 3B). The specificity of these probes was established as Regulation of Yeast Protein Translation by hi-I-Although
the exon 6 probe detected all three I-1 mRNAs, the exon 5 probe the experiments using S. cerevisiae strain JC 1007-97 identified
detected in only I-1 mRNA, and the exon 4 probe detected in a novel functional domain in the hI-1 C terminus required for
both I-1 and I-la mRNAs. At the exposure shown in Fig. 3B, Glc7p (PPM) inhibition, the biochemical pathway required for
the mRNA levels of 1-1 far exceeded those of I-la and I-13 GFA1 gene transcription and yeast growth has not been de-
(which were more clearly seen at longer exposures). The signal fined. Thus, the number and nature of PP1 complexes inhibited
on this Southern blot depended on the amount of mRNA ana- by hI-1 protein to promote GFA1 gene expression are unknown.
lyzed (Fig. 3B, lanes 28-30). Interestingly, expression of all By comparison, numerous studies have established that both
three mRNAs was decreased in adult testes compared with the Gcn2p protein kinase and Glc7p phosphatase control the
postnatal (P) days P7 and P14 and was detectable only at phosphorylation state of the yeast translation initiation factor
exposures longer than those shown in Fig. 3. Finally, the exon eIF2a (Sui2p). This pathway is particularly interesting because
6 probe showed a low signal in mouse liver, seen only by not only does it provide useful tools to study 1-1 function in
increasing the amplification cycles, as noted in rat liver (22). yeast, but PP1 regulation of eIF2a phosphorylation is also

Southern blotting using the exon 6 probe showed that the highly conserved in mammals (10, 23, 24). Under conditions of
three 1-1 mRNAs were expressed in mouse at embryonic days 9 amino acid starvation, the Gcn2p kinase is activated and phos-
and 15. All three mRNAs were also observed in tissues from P7, phorylates eIF2a to inhibit general protein translation and
P14, and adult mice (Fig. 3B). Careful analysis showed that, in subsequently activates genes, such as that encoding the GCN4
some tissues, e.g. heart, the 1-1 mRNA levels were developmen- transcription factor, which promotes the expression of amino
tally regulated, progressively decreasing from P7 to P14 to acid biosynthetic genes such as HIS4 (14). The allele gcn2-507
adult heart (Fig. 3C). Comparison of cortex and hippocampal resulted in a partial loss-of-function Gcn2p and reduced eIF2a
mRNAs from WT 1-1 and I-1-null mice established that all kinase activity and compromised the expression of GCN4 and
three mRNAs were derived from a single gene and were pres- HIS4 genes, therefore inhibiting the recovery from amino acid
ent in WT animals but absent in all tissues from I-1-1- mice. starvation (Fig. 4A). Thus, strain Y27 failed to grow on starva-
Amplification of (3-actin confirmed that equivalent amounts of tion medium (containing 3-AT). We anticipated that inhibition
total mRNA from all tissues were analyzed. of yeast PP1 by phospho-hI-1 would enhance the function of the

To establish the presence of I-la and I-13 in mouse tissues, mutant eIF2a kinase and reinstate the growth of Y27 on star-
specific PCR products were amplified using primers that vation medium (14, 15).
spanned the splice junctions (Fig. 3E). This demonstrated that The hI-1 expression plasmid (CEN I-1), like the control (CEN
I-la and I-1p3 mRNAs were present in all tissues, with much URA3), had no effect on the growth of strain H1402, which
lower but detectable levels in testes (at P7 and P14). However, expresses wild-type Gcn2p, in the presence of 3-AT (Fig. 4A). In
both I-1 mRNAs appeared to be absent in adult testes and liver contrast, hI-l, but not the vector control, partially restored the
at all stages of mouse development. In contrast to the progres- growth of Y27, which contains a partial loss-of-function muta-
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X. starved for 6 h werc immunroblotted for phosphorylated eJF2a
(Fig. 4D). These data show that I-1 expression in yeast resulted

. j in increased phosphorylation of eJF2a, consistent with the in-
hibition of the yeast eIF2a phosphatase (Fig. 4D). In contrast,

RNA expression of hl-1(T35A) or the N-terminal fragment hI-1-(1-
77) had no effect on I-1 phosphorylation, which essentially
resembled that seen in vector control cells. These data suggest
that, in addition to the KIQF PP1-binding sequence and phos-

-~ phorylated threonine, C-terminal sequences between amino
s acids 97 and 123 are essential for inhibition of the yeast eIF2cyii. phosphatase.

Lysates from transformed yeast cells were iminunoblotted
with anti-I-i antibody to confirm equivalent expression of I-1
polypeptides (Fig. 5A). Expression of 1-1 on a high copy plasmid

r' Dý (2/_k) resulted in an --10-fold higher concentration of I-1 relative
~ ~' ~to a low copy plasmid (CEN) (Fig. 5B). Expression of a high

copy 1-1 N-terminal fragment (2tt 1-77) also resulted in a
10-fold increase in expression relative to a low copy fragment

~ (CEN 1-77) (Fig. 5B); however, even at this higher concentra-
-~ .- tion, PP1 was insufficiently inhibited to allow Y27 growth (data

not shown), indicating that truncated 1-1 proteins have at least

a 10-fold reduction in PP1 inhibitory activity relative to full-

~ ,, Imonitored by blotting with anti-I-1(T35-P) antibody (Fig. 50),
- confirming that N-terminal fragments of h11-1 were phosphoryl-

2,34 5 1, ~5ICit''415 IC M ý : .' ated similarly to full-length hI-i, indicating that the loss of
FIG. 3. Expression of 1-1 mRNAs in mouse tissues. A, the sche- function caused by truncation of 1-1 does not stem from lower

matic represents the structure of the mouse 1-1 gene. Exons (Ex) are exrsinordud hpoyltnbtfmterdcd
shown as boxes, and introns are shown as lines. The bars over exons exrsinordudphpoyatnbtfmterdcd
4-6 represent positions of radiolabeled exon-specific oligonucleotides PP1 inhibition activity of N-terminal fragments.
described under "Materials and Methods." Alternative splicing of the Regulation of Yeast PP1 by HI-la-Splicing of the hI-i gene
I-1 gene results in I-1, 1-1a, and 1-1(3 mRNAs as shown. IHalf-arrows .partially deleted the C-terminal domain identified in Fig. 1 to
indicate the oligonucleotides used for splice variant-specific PCRs. B, yiel I-lin. To evaluate the function of I-la as a PP1 inhibitor,
semiqoantitative RT-POR was used to amplify I-1 cDNAs from totalyil
RNA harvested from mouse embryos at embryonic days 9 (E9) and 15 hI-la was expressed in yeast strain Y27 grown on 3-AT plates
(E15) as well as from cerebral cortex (CX), hippocampus (HP), cerebel- (Fig. 6A). Although WT hI-i effectively promoted growth on
lurn (CB), kidney (K), testes (2), heart (FIT), skeletal muscle (M), and starvation medium plates, the inactive mutant I-1(T35A) failed
liver (LV) of C5 7131/6 mice at P7, P14, and adulthood (A). 1-1 amplifica- to facilitate yeast growth on starvation medium. Compared
tion products were hybridized with oligonucleotides reco gnizing exon 4,
5, or 6. Amplification and hybridization with the f3-actin probe estab- with hII-i, hI-la permitted much slower growth on starvation
lished that equivalent amounts of mRNA from all mouse tissues were nmedium. The I-la-expressing colonies required additional 2
analyzed. Linearity of RT-PCR was established by serial dilution (lanes days (total of 6 days at 30 *C) of growth compared with hI-i-
28-30) of the cortex P7 sample. Graphical representation of I-1 titra- (1-171) to be visible (Fig. 6A). This indicates that hI-la is a
tions is shown to the right. C, RT-PCR showed a progressive decrease in
I-1 mRNA in P7, P15, and adult heart. D, I-1 mRNAs were amplified weaker PP1 inhibitor than WT hI-i in yeast. Equal expression
from the cortex and hippocampus of WT I-l"' and I-1` mice. E, I-la- of I-1 peptides was confirmed by immunoblotting for 1-1
and 1-1(3-specific amplifications were undertaken using RT-PCR as (Fig. 6A).
described under "Materials and Methods" and hybridized with the exon For in vitro biochemical studies, reconibinant GST-I-la was
6 oligonucleotide. Amplification of (3-actin mRNA established that
equivalent amounts of mRNA from all mouse tissues were analyzed. expressed in bacteria, purified on glutathione-Sepharose, and

stoichiometrically phosphorylated with PKA. In pull-down as-

tion of GCN2, on starvation medium (at 30 "C for 2 days). says with HEK293T cell lysates, GST-I-la sedimented PP1 in
Neither plasmid permitted the growth of H1149, in which the a dose-dependent manner. Compared with GST-I-1-(1-171),
GCN2 gene is disrupted, on 3-AT plates. This suggests that, by similar concentrations of GST-I-la bound significantly less
inhibiting the yeast eIF2a phosphatase (PP1), hI-i facilitates PP1 (Fig. 6B). This suggests that C-terminal amino acids 84-
the actions of the partially active mutant Gcn2p kinase and 134 also facilitate I-1 association with mammualian PP1 com-
allows the recovery of yeast strain Y27 from amino acid plexes. PKA phosphorylation of GST-I-la, as noted for hI-i,
starvation, was necessary for effective sedimentation of purified PP1 cat-

Expression of hI-i using either low copy (CEN) or high copy alytic subunits (Fig. 6CQ, and unphosphorylated I-la failed to
(2 tc) expression or expression of dominant-negative GLC7A bind a significant amount of PP1 catalytic subunit.
(encoding amino acids 1-207 of Glc7p) (14) rescued Y27 growth Finally, like GST-I-1, phosphorylated GST-I-la inhibited the
on 3-AT plates at 30 'C for 4 days (Fig. 4B). Substitution of the phosphorylase phosphatase activity of the purified PP1 cata-
phenylalanine in the core PP1-binding sequence (KIQF) with lytic subunit (Fig. 6D). In this assay, I-la showed a 3-old
alanine to yield KIQA or alanine substitution of Thr55' (T35A) reduced activity as a PP1 inhibitor. Unphosphorylated I-la did
abolished I-1 function as a PP1 inhibitor. Both KIQA and T35A, not inhibit PPl even at concentrations exceeding 1 /mM (data not
like the control plasmid, failed to rescue Y27 growth on 3-AT- shown). These data suggest that hI-laz is a weaker PP1 inhib-
containing medium. Serial deletions of C-terminal sequences in itor than hI-i both in vitro and in yeast.
hI-i showed that 1-1-41-171), 1-1-(1-142), and 1-1-(1-123) al- Role of the I-1 C Terminus in PPl Binding and Inhibition-
lowed growth on starvation medium, but shorter I-1 polypep- hII-ill mRNA encodes a polypeptide that shares only the N-
tides, 1-1-41-97), 1-14(1-77), and 1-1-(1-54), failed to support terminal 61 amino acids with hI-1-(1-171). The frameshift
growth on 3-AT plates (Fig. 4C). Yeast lysates from Y27 cells introduced by excision of exons 4 and 5 incorporates an addi-
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CnFro FG. 5. Expression and phosphorylation of hI- in yeast. A, T
hI-l; the truncated proteins I-1-(1-123), 1-1-(1-97), and I-1-(1-77); and

i-7 J-ý54 mutants I-1(T35A), I-I(KIQA), and I-1(T35D) were expressed in Y27
yeast grown on nonselective medium. The yeast cells were lysed, and I-1

1-,7 expression was analyzed by immunoblotting (IB). B, high copy (
2

g) and
low copy (CEN) expression of hI-1 and hi-1-(1-77) was similarly ana-

l 1197 lyzed. C, phosphorylation at Thr
3 5 

in full-length hi-1 and truncated
hi-1(1-97) was analyzed by immunoblotting with anti-phospho-I-1 an-
tibody. The specificity of the phospho-specific antibody was demon-
strated by the lack of cross-reactivity with lysates of Y27 cells express-

Control Vector T35A 1-1 1-77 ing I-1(T35A).

that bacterial expression of recombinant GST-I-1 polypeptides
containing <80 N-terminal amino acids was extremely low.

11$: Anti-Phospho-elF2a Thus, we expressed GST-I-1-(1-171), GST-I-1-(1-80), and
FIG. 4. PP1 inhibition promotes growth of gcn2-507 on starva- GST-I-1-(81-171) in bacteria to evaluate the functional impact

tion medium. The ability of I-1 to inhibit Glc7p and allow the growth of eliminating hi-1 C-terminal sequences on 1-1p3. GST-I-1-(1-
of gcn2-507 yeast on starvation medium (lacking histidine and contain- 171) and GST-I-1-(1-80) were phosphorylated using PKA, and
ing 3-AT) was analyzed as described under "Materials and Methods."A, the phosphorylated I-1 proteins (20 [ig) along with GST-I-1-
I-1 (CEN I-1) and control CEN URA3 were expressed in WT strains
H1402 (GCN2), Y27 (gcn2-507), and H1149 (gcn2::LEU2); plated on (81-171) were used to sediment PP1 from HEK293T cell ly-
either selection medium (3-AT) or control medium; and evaluated for sates. Unphosphorylated I-1-(14-171), I-1-(1-80), and I-1-(81-
growth for 2 days at 30 'C. B, the requirement for PPI inhibition was 171) failed to bind PP1 (Fig. 7A). Under comparable conditions,
analyzed by expression of the two inactive I-1 proteins (CEN 1-l(T35A) phosphorylated I-1-(1-171) and I-1-(1-80) bound PP1 effec-
and CEN I-I(KIQA)). The control empty vector (2 g URA3) was also
expressed. In addition, growth in the presence of high copy (2 A hi-1) tively (Fig. 7A). Quantitative analysis of these data showed
and low copy (CEN hi-1) expression was analyzed. PP1 inhibition by that phosphorylated I-1-(1-80) bound PP1 less effectively than
dominant-negative GLC7 (2 tk GLC7A) was also assessed. Transformed phosphorylated I-1-(1-171), a difference that was most clearly
yeast cells were grown on starvation medium at 30 °C for 4 days. C, WT seen at 1 and 5 jig of total protein (Fig. 7B). This observation
h-l-(1-171) and the serial C-terminal truncations of hi-1, hi-1-(1-142),
hi-1(1-124), hi-1-(1-97), hi-1-(1-77), and hIi-1(1-54), were expressed was confirmed using thiophosphorylated 1-1 and I-1-(1-80)
in Y27 yeast grown on control and selection (3-AT) media. D, the impact (data not shown). These data suggest that, whereas the C
of I-1 expression on eIF2a phosphorylation was directly measured using terminus of I-1 in isolation may not bind PP1, its presence
anti-phospho-Ser' eIF2a antibody. The vector control, I-l(T35A), WT I-1, increases the affinity of full-length phosphorylated l- 1 for bind-
and truncated I-1-(1-77) were expressed in strain H1402, starved, lysed, ing cellular PP1 complexes.
and immunoblotted (IB). The control was an okadaic acid-treated
HEK293T cell lysate (23). Consistent with previous studies (10), unphosphorylated I-1

showed weak PP1 binding. High concentrations of unphospho-
tional 71 amino acids at the C terminus unique to 1-1p3. Molec- rylated I-1 sedimented small amounts of purified PP1 catalytic
ular cloning and in vitro synthesis of a cDNA encoding I-1f3 has subunit (Fig. 7C). By contrast, unphosphorylated GST-I-1-(1-
also not yet been achieved. Finally, the prior studies showed 80) failed to bind PP1 even at much higher concentrations. This
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suggests that the C terminus of I-1 is required for low affinity 5.6 t 1.5-fold, respectively) relative to untreated I-i-expressing
PP1 binding by unphosphorylated hI-1. cells (Fig. 8A; quantified in Fig. 8Q). Forskolin treatment of

In vitro phosphorylase phosphatase assays using purified hI-l-expressing cells resulted in an -70% increase in eIF2a
rabbit skeletal muscle PP1 showed that phosphorylated GST- phosphorylation. In contrast, forskolin had no effect on eIF2a
l-1-(14-171) and GST-I-I-(1-80) inhibited PP1 activity in a dose- phosphorylation in cells expressing either the N-terminal frag-
dependent manner (Fig. 7D). Phosphorylated GST-I-1-(1-80) ment I-1-(1-77) or the inactive mutant I-1(T35A) (Fig. 8, A and
was nearly 10-fold weaker than phosphorylated GST-I-1-(1- B). These data indicate that full-length I-1 is required for
171) as a PP1 inhibitor. The C-terminal fragment GST-I-1-(81- cAMP-induced eIF2a phosphorylation in mammalian cells and
171) showed no measurable activity as a PP1 inhibitor, consist- suggest that deletion of C-terminal sequences greatly impairs
ent with its inability to directly bind PP1 (data not shown). the ability of I-1 to inhibit the mammalian eIF2a phosphatase.
These data suggest that PP1 inhibition is mediated primarily
through the N-terminal domain of I-1, which contains the PP1- DISCUSSION
binding motif KIQF and PKA-phosphorylated Thr35 , but that PP1, a serine/threonine protein phosphatase, is ubiquitously
the presence of the C-terminal 90 amino acids greatly enhances expressed in mammalian tissues and displays broad in vitro
the activity of I-1 as a PP1 inhibitor. In the absence of sufficient substrate specificity. In cells, however, PP1 shows considerable
purified GST-I-1-(1-61) protein to undertake similar studies, specificity that is dictated by the presence of >40 regulatory or
the above data suggest that hI-1P3 is likely to be a weaker PP1 targeting subunits, which direct its subcellular localization
inhibitor than either I-la or full-length hi-l-(1-171). and/or substrate recognition (2). In addition, a number of PP1-

Regulation of eIF2a Dephosphorylation by I-1 in Mammalian specific inhibitors have been identified (18). Growing evidence
Cells-To demonstrate the necessity of the C terminus of I-1 to suggests that, -although the PP1 inhibitors potently inhibit the
regulate PPl-dependent signaling in mammalian cells, we ex- activity of isolated PPI catalytic subunits, they show greater
pressed I-1 fragments in HEK293T cells, a cell line that does selectivity for PP1 holoenzymes containing various targeting
not express detectable I-1, and monitored the phosphorylation subunits (10, 25, 26). PKA-phosphorylated I-1 inhibits the PP1
state of eIF2a. Expression of I-1 had little effect on eIF2a catalytic subunit with an IC5o of 1 nM, but even higher concen-
phosphorylation in untreated cells (Fig. 8A; quantified in Fig. trations of phospho-I-1 have little effect of the activity of the
8B). However, when cells were treated with forskolin, which glycogen-bound phosphatase, a complex of PP1 and GM, the
elevates intracellular cAMP, phosphorylation of I-1 and I-1-(1- skeletal muscle glycogen-targeting subunit (19), suggesting
77), but not I-1(T35A), was greatly increased (7.9 -+ 1.6- and that this complex is unlikely to be regulated by I-1 under
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FIG. 7. Role of the C-terminal sequences in PP1 binding and 0
inhibition. A, isolated GST, phosphorylated (I-1-P) and unphosphoryl- 1-1 I+F T35A T35A+F 1-77 1-77+F
ated (I-1) GST-I-1, phosphorylated (1-80-P) and unphosphorylated (1- FIG. 8. The C terminus of I-1 is required for inhibition of PP1
80) GST-I-1-(1-80), and GST-I-1-(81-171) (81-171) were bound to glu- activity in mammalian cells. A, full-length I-1, the nonfunctional
tathione-Sepharose and used to sediment PP1 from HEK293T cell mutant I-1(T35A), and an N-terminal fragment, 1-1-(1-77), were ex-
lysates. Bound PP1 was eluted with SDS-PAGE sample buffer, and PP1 pressed in HEK293T cells. Cells were treated with either 5 gLm forskolin
was detected by immunoblotting (IB) with anti-PP1 antibody. B, in- (FSK, F) for 6 h (+) or 0.1% Me2 SO (-). The cells were then lysed and
creasing concentrations of phosphorylated GST-I-1 and phosphorylated immunoblotted for total protein expression (anti-FLAG antibody), phos-
GST-I-1-(1-80) were used to sediment PP1 from HEK293T cell lysates, pho-I-1, total eIF2a, and phospho-eIF2a. B, quantification of eIF2a
and bound PP1 was analyzed by immunoblotting with anti-PP1 anti- phosphorylation was normalized to total eIF2a content and is shown as
body. C, increasing concentrations of unphosphorylated GST-I-141- fold change compared with cells expressing the empty vector. *,p < 0.05
171) (I-1) and unphosphorylated GST-I-1-(1-80) (1-80) were used to for several independent experiments (n = 4) analyzed using Student's t
deplete purified PP1 catalytic subunits from solution. Residual phos- test; NS, not significant. C, I-1 phosphorylation was also quantitated
phatase activity was assayed using phosphorylase a as substrate. D, and normalized to total I-1 content and is shown as -fold change com-
increasing concentrations ofphosphorylated GST-I-l-(1-171) (I-1-P; 0>) pared with untreated cells expressing full-length I-1. **, p < 0.01 for
and phosphorylated GST-I-I-(1-80) (1-80-P; 0) were used to inhibit the several independent experiments (n = 4) analyzed using Student's t
purified PP1 catalytic subunit analyzed as phosphorylase a phospha- test.
tase. Error bars indicate S.E.

termini is still poorly understood. In vitro biochemical evidence
physiological conditions. In contrast, I-1 can inhibit the suggests that covalent modification of the unique DARPP-32
GADD34-PP1 complex in vitro with the same IC,, as the free C-terminal domain allows for modulation of the phosphoryla-
catalytic subunit (10), suggesting that eIF2a phosphorylation tion and dephosphorylation of the critical threonine and thus
is a potential physiological target of I-1 regulation. The PKC- fine tunes the activity of DARPP-32 as a PP1 inhibitor (8, 9,
activated inhibitors PHI-1 and PHI-2 (PP1 holoenzyme inhib- 29). In contrast, our previous work suggests that the I-1 C
itor) show equivalent activity in vitro against the PP1 catalytic terminus, which is dispensable for binding to the isolated PP1
subunit and the glycogen- and smooth muscle myosin-bound catalytic subunit in vitro, associates with a number of other
phosphatases (26). CPI-17, another PKC-activated PP1 inhib- cellular proteins, including GADD34 (10). Recent studies sug-
itor, potently inhibits the myosin-bound phosphatase, but is gest that the specificity of some PP1 inhibitors may be dictated
essentially ineffective as an inhibitor of the glycogen-bound by their ability to bind both PP1 catalytic and targeting or
phosphatase (27). The molecular basis by which endogenous regulatory subunits. Formation of such heterotrimeric com-
PP1 inhibitors target some and not other PP1 complexes re- plexes may dictate the specificity of CPI-17 for the myosin
mains unknown. phosphatase (27), inhibitor-2 for the PPl-neurabin-I (25) and

The sequence homology between the PP1 inhibitors I-1 (a PP1.Nek2 complexes (30), and I-1 for the GADD34.PP1 com-
total of 171 amino acids) and DARPP-32 (a total of 204 amino plex (10). These studies suggest that distinct domains of these
acids) resides in their N-terminal 50 amino acids, which con- PP1 inhibitors bind the PP1 catalytic subunit and the targeting
tain a conserved KIQF PPl-binding motif and the PKA-phos- or regulatory subunit.
phorylated threonine (5, 28). The precise role of their diverse C Recent studies suggest that alternative splicing of the hI-1
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gene generates three distinct mRNAs that encode PP1 inhibi- substitution fails to activate full-length 1-1 as a PP1 inhibitor
tors with different C-terminal sequences (11). Alternative splic- (5), and deletion of the C terminus in hI-1-(1-54)(T35D) is
ing that excises exon 5 generates I-la, which differs from required to inhibit PP1, albeit with a much reduced IC,, (-150
full-length I-1-(1-171) by the deletion of amino acids 83-134. nM). These studies suggest a conformational cross-talk between
Splicing of exons 4 and 5 yields I-1f, which retains the N- the N- and C-terminal sequences of I-1 that is modulated by
terminal 61 amino acids of I-1, but also has an additional 72 Thr3'" phosphorylation to enhance PP1 inhibition. It should be
amino acids that share no homology with any known protein, noted, however, that the constitutively active I-1-(1-54)(T35D)
The conservation of this splicing event was not examined. We peptide has been utilized to inhibit PP1 activity in mammalian
observed the same splicing pattern in mice (Fig. 3) and cloned cells (35) and tissues (3). Our studies suggest that high levels of
I-1a from a Xenopus embryo cDNA library.2 As all three I-1 expression of this weak PP1 inhibitor may overcome its re-
isoforms retain the sequences previously shown to represent duced affinity for the PP1 catalytic subunit, and lacking C-
the minimal PP1 inhibitory domain (11), but both splice vari- terminal sequences that target specific PP1 complexes, the
ants lacked the novel C-terminal domain identified in our yeast I-1-(1-54)(T35D) peptide may be more pleiotropic than WT I-1
experiments. The novel variants were predicted to inhibit PP1 and inhibit a wider range of PP1 complexes. Analysis of I-1
activity, but the precise physiological role of I-1 isoforms re- structure-function in gfal-97 yeast also highlighted the critical
mains unknown. role for the I-1 C terminus, specifically amino acids 77-110, in

We analyzed mRNAs from tissues of WT I-1+"' and I-1- the inhibition of the PP1 complex that activates GFA1 gene
mice and established the presence of three distinct mRNAs transcription in yeast. These findings are unlikely to result
encoding 1-1, I-lo, and I-10 in most WT mouse tissues except from gross changes in protein folding, as previous studies used
liver, where very little I-1 mRNA was detected, consistent with circular dichroism (5) and NMR (36) to show that I-1 is largely
previous studies that required extensive RT-PCR to visualize disordered. Yet other studies established that the PP1 inhibi-
the very low levels of I-1 mRNA in rat liver (22). Previous tory activity of I-1 is resistant to boiling and acid treatment
immunoblotting studies also showed that, in contrast to other (16). Finally, synthetic peptides derived from DARPP-32 also
tissues, rat and mouse livers express undetectable amounts of retain potent PP1 inhibitory activity (28). Additional biochem-
1-1 protein (31). No I-1 mRNAs were amplified from tissues of ical studies suggest that region 77-110 stabilizes 1-1 binding to
1-1-null mice, confirming that all three mRNAs are from a the isolated PP1 catalytic subunit and selected human PP1
single I-1 gene. Previous work showed that both 1-1 mRNA (32) complexes and thereby enhances PP1 inhibition.
and protein (33) are postnatally expressed in rat brain, with The biochemical pathway regulating GFA1 gene expression
low expression seen at P0, increasing thereafter to peak at P7 has not been defined. Thus, the number and types of PP1
and finally declining to low steady-state levels in adult brain. complexes inhibited by hi-1 in the GFA1 pathway remain un-
In contrast, our studies showed a significant amount of all comlx inhibited hIn the a f path remaiuknown. On the other hand, the ability of Glc7p to regulate
three I-1 mRNAs in mouse embryos at embryonic days 9 and protein translation in yeast Ls been clearly defined, and in the
15. This was consistent with immunohistochemistry of whole Y27 strain, which contains an impaired eIF2a kinase (Gcn2p),
mouse embryos that showed the presence of I-1 protein in many Glc7p inhibition by a truncated dominant-negative GLC7 cat-
embryonic tissues, including high level expression in the mouse alytic subunit permits yeast growth on amino acid starvation
mesothelium (34). Analysis of mouse heart showed that I-1 and medium. hi-1 also allowed growth on starvation medium. Our
I-la mRNA levels progressively decreased from P7 to adult, results show that I-1 C-terminal sequences play a critical role
whereas 1-1h mRNA levels increased over the same period, in PP1 inhibition in yeast, but suggest that hI-la, which lacks
suggesting that I-1 mRNA expression and splicing may be amino acids 83-134, is a weaker PP1 inhibitor. Pull-down
regulated in both a developmental and tissue-specific manner.

In vitro structure-function studies have thus far failed to assays with recombinant GST-I-la also confirmed its weaker
define a role of I-1 C-terminal sequences in the inhibition of the bidindg to human PP1 complexes from HEK293T lysates and
PP1 catalytic subunit (5). Thus, current studies have focused re inhibition of the isolatedhPt1 catalytic suni.C
on a cell-based assay to define the functional differences be- terminal truncation of I-n also suggest that I-1l, which shares
tween three hI-1 isoforms as PP1 inhibitors. hI-1 is phospho- only the N-terminal 61 amino acids with I-la and I-i, is an
rylated (at Thr3 5 ) when expressed in yeast (13). Moreover, hI-1 even weaker PP1 inhibitor. These data suggest that the I-i
protein effectively binds and inhibits the single yeast PP1 C-terminal sequences, while not showing direct PP1 binding,

catalytic subunit (12). Overexpression of hi-1 inhibits some may contribute to the enhanced I-i binding to the target phos-

PPl-regulated events while having little effect on other events phatase complexes.

(13), suggesting that hi-1 protein targets selected yeast PP1 Expression of I-1 in human HEK293T cells showed that I-1

complexes. Finally, consistent with PP1 inhibition, the func- enhanced phosphorylation of eIF2a in mammalian cells. Fors-

tional effects of I-1 expression are suppressed by overexpres- kolin treatment of I-l-expressing cells activated I-1 via Thr3 5

sion of yeast protein kinases (13). This opened the way for a phosphorylation and led to increased eIF2a phosphorylation.

novel genetic screen to identify new I-1- and PPl-regulated Cells expressing the inactive I-l(T35A) mutant or the vector

pathways. One such hi-l-dependent strain, JC1007-97, was control failed to respond to forskolin, and no significant change

used to evaluate the structural requirements for PP1 inhibition in eIF2a phosphorylation was observed. Interestingly, the abil-
in yeast. A sectoring assay established that the phosphorylated ity of cAMP to promote eIF2a phosphorylation and thereby

threonine is essential for growth of gfal-97 suggesting a re- inhibit translation has been recognized for several decades

quirement for Glc7p inhibition and growth in the absence of (37). Insulin induces the simultaneous dephosphorylation of I-1

glucosamine (13). The inactive T35A mutant failed to support (38) and eIF2a (39), whereas hormones, such as glucagon (40)

gfal-97 growth in the sectoring assay. Surprisingly, I-1 and vasopressin (41), simultaneously increase cellular cAMP
polypeptides containing a T35D substitution to mimic phospho- and eIF2a phosphorylation. As PKA does not directly phospho-
rylation also failed to complement the loss of WT hi-1 in rylate eIF2a or activate eIF2a kinases, the mechanism by

gfal-97 yeast. Previous in vitro studies showed that the T35D which cAMP increases eIF2a phosphorylation remains un-
known. Our studies suggest a mechanism by which hormones
that increase intracellular cAMP may activate I-1 and suppress

2 S. S. Margolis and D. C. Weiser, unpublished data. the cellular eIF2a phosphatase. As seen in yeast, deletion of
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are targeted by I-1 and suggest a role fbr I-1 in transducing the 22. Aleem, E, A., Flohr, T., Hunziker, A., Mayer, D., Bannasch, P.. and Thielmann,
H. W. (2001) Mol. Cell. Biochem. 217, 1-12

cAMP signals that inhibit protein translation in mammalian 23. Brush, M. H., Weiser, D. C., and Shenolikar, S. (2003) Mol. Cell. Biol. 23,

cells. Further work is clearly needed to identify additional 1292-1303
24. Jousse, C., Oyadomari, S., Novoa, I., Lu, P., Zhang, Y., Harding, H. P., and

cellular PP1 complexes targeted by I-1 and to establish the Ron, D. (2003) J. Cell Biol. 163, 767-775
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mental expression and the alternative splicing of the I-1 gene 16952-16957

to generate three distinct I-1 isoforms differing in their C- 27. Kovama, M., Ito, M., Feng, J., Seko, T., Shiraki, K., Takase, K., Hartshorne,
D. J., and Nakano, T. (2000) FEBS Lett. 475, 197-200
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Cellular functions of protein phosphatase-1 (PP1), a (I-1)1 and inhibitor-2 (1-2). Type-I protein serine/threonine
major eukaryotic serine/threonine phosphatase, are phosphatase or protein phosphatase-1 (PP1), displays unique
defined by the association of PP1 catalytic subunits and potent inhibition by nanomolar concentrations of I-1 and
with endogenous protein inhibitors and regulatory 1-2. In contrast, PP2A and other type-2 protein phosphatases
subunits. Many PP1 regulators share a consensus are essentially resistant to these inhibitor proteins. To date,
RVXF motif, which docks within a hydrophobic pocket more than 50 PPl-interacting proteins have been identified (3).
on the surface of the PP1 catalytic subunit. Although Some, like I-1 and 1-2, function as PP1 inhibitors, whereas
these regulatory proteins also possess additional PP1- others represent targeting subunits that direct subcellular lo-
binding sites, mutations of the RVXF sequence estab- calization and substrate recognition by multiprotein complexes
lished a key role of this PPl-binding sequence in the containing PP1 catalytic subunits. Remarkably, PP1 and PP2A
function of PP1 regulators. WT PPla, the C-terminal catalytic subunits share nearly 50% primary sequence identity,
truncated PPla-(1-306), a chimeric PP1a containing which may account for their overlapping substrate specificity
C-terminal sequences from PP2A, another phospha- ma accun for theirerlappin sustrates ec
tase, PP1a-(1-306) with the RVXF-binding pocket sub- in vitro (1). However, all PP1 regulators thus far analyzed
stitutions L289R, M290K, and C291R, and PP2A were demonstrate the unique ability displayed by I-1 and 1-2 to
analyzed for their regulation by several mammalian selectively associate with PP1 and modify its catalytic function.

proteins. These studies established that modifications Detailed structure-function analyses of 1-1 (4) and its neuro-

of the RVXF-binding pocket had modest effects on the nal homologue, DARPP-32 (5), first highlighted the tetrapep-
catalytic activity of PP1, as judged by recognition of tide sequence KIQF, which acts in conjunction with PKA phos-
substrates and sensitivity to toxins. However, the se- phorylation at a conserved threonine to inhibit PP1 activity.
lected modifications impaired the sensitivity of PP1 to Subsequent studies noted a homologous sequence, RVSF, in
the inhibitor proteins, inhibitor-1 and inhibitor-2. In the skeletal muscle glycogen targeting subunit, Gm, that was
addition, they impaired the ability of PP1 to bind also required for PP1 binding (6). Cocrystallization of PP1 with
neurabin-I, the neuronal regulatory subunit, and GM, a synthetic dodecapeptide encompassing the RVSF sequence
the skeletal muscle glycogen-targeting subunit. These from GM established the RVXF motif as a conserved PP1-
data suggested that differences in RVXF interactions binding sequence that associates with a hydrophobic pocket on
with the hydrophobic pocket dictate the affinity of the surface of the PP1 catalytic subunit (7).
PP1 for cellular regulators. Substitution of a distinct There are extensive surface interactions between PPi and
RVXF sequence in inhibitor-1 that enhanced its bind- regulatory subunits, as demonstrated by alanine-scanning mu-
ing and potency as a PPi inhibitor emphasized the tagenesis of yeast PP1 (8) and the recently resolved structure of
importance of the RVXF sequence in defining the func- PP1 catalytic subunit complexed with the myosin-targeting
tion of this and other PP1 regulators. Our studies sug- subunit, MYPT1 (9). However, the ability of RVXF-containing
gest that the diversity of RVXF sequences provides fordynamic physiological regulation of PP1 functions in peptides derived from several PP1 regulatory subunits to dis-
eukaryotic cells, place GM from the glycogen-bound PP1 complex suggested a

critical role for the RVXF sequence in PP1 binding (7). Single
amino acid substitutions (e.g. Phe to Ala) in the RVXF motif

Early studies by Ingebritsen and Cohen (1, 2) classified severely impaired or abolished the ability of PP1 regulatory

mammalian protein serine/threonine phosphatases into two subunits (10) and inhibitors (4) to bind and regulate PP1. This

major groups, type-i and type-2, based in large part on their emphasized the pivotal role played by the RVXF motif in PPi
sensitivity to two endogenous protein inhibitors, inhibitor-1 binding and regulation. Several studies have identified RVXF-containing PP1-binding proteins using an overlay or far-West-

ern with an isolated PP1 catalytic subunit (11, 12). Although
this technique successfully identified many regulators, the pro-
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totypic PP1 regulators I-1 and 1-2 were either weakly or not Honkanen (University of South Alabama). The expression plasmid
detected using this technique. This suggested that not all pTACTAC for full-length human PPla (18) was obtained from Ernest
RVXF sequences were equivalent in PP1 binding. Direct bind- Y.C. Lee (New York Medical College). Purified PP2A catalytic subunit

(19) was provided by Brian Wadzinski (Vanderbilt University). Theing studies also indicated that the unphosphorylated forms of plasmid pGEX-2T containing the cDNA-encoding GST-I-1 was previ-
I-1 (4) and DARPP-32 (5) bind PP1 very weakly. Although PKA ously described (4), and GST-I- 1R..r (12) was from Mathieu Bollen
phosphorylation activates these proteins as nanomolar inhibi- (Katholieke Universiteit. Leuven). The pET8d-inhibitor-2 plasmid
tors of PP1, the covalent modification only modestly increased (20) was from Anna DePaoli-Roach (Indiana University). The expres-
their affinity for the PP1 catalytic subunit. Comparison of sion plasmid encoding GST-GM-(1-240) (10) was provided by David L.
RVXF-containing synthetic peptides modeled on I-1 and GM in Brautigan (University of Virginia), and GST-neurabin I-(374-516) was
their ability to disrupt neuronal PP1 complexes (13) also high-. previously described (21).

Mutation of the PP1306 Catalytic Subunit-Point mutations L289R,
lighted their differing affinities for PP1. Substituting the PP1- M290K, and C291R were created in human PP1306 using the QuikC-
binding motif from nuclear inhibitor of PP1, RVTF, in place of hange site-directed mutagenesis kit (Stratagene). For L289R, the
the KIQF sequence normally found in I-1 enhanced its potency following primers, 5'-GAGTGTGGACGAGACCAGAATGTGCTCTTTC-
as a PP1 inhibitor, and emphasized the key role played by the CAGATCCTC and 5'-GAGGATCTGGAAAGAGCACATTCTGGTCTCG-
RVXF sequence in defining the function of PP1 regulators (12). TCCACACTC, for M290K, 5'-GTGGACGAGACCCTCAAGTGCTCTTT-

CCAGATCC and 5'-GGATCTGGAAAGAGCACTTGAGGGTCTCGT-
These studies suggested that the differences in the association CCAC and for C291R, 5'-GTGGACGAGACCCTCATGAGATCTTTCCA-
of this conserved sequence with the common binding site on the GATCC and 5ý-GGATCTGGAAAGATCTCATGAGGGTCTCGTCCAC
PP1 catalytic subunit defined its physiological regulation of were utilized. All mutations were verified by sequence analysis.
cellular PP1 regulators. Purification of Recombinant PPla Catalytic Subunits-All PPla cat-

Our earlier studies (14) that substituted C-terminal se- alytic subunits were expressed in Escherichia coli BL21 grown over-
quences from PP2A in PPla highlighted the diminished ability night in Luria Broth containing 1 mm MnCl 2 and 50 Ag/ml ampicillin

(Sigma). Protein expression was induced by addition of 50 Am isopropyl-of the chimeric phosphatase, CHRM2, to bind I-1, 1-2, nuclear P-D-thiogalactopyranoside (Gold Technologies), with continued growth
inhibitor of PP1, and Gas. Later studies (15) showed similar of the bacteria at 18 'C until A6,1 of culture was 0.6-0.8. Bacteria were
deficits in CHRM2 binding to two other PP1 regulators, PP1 sedimented at 4,000 x g for 10 min and resuspended in 50 mm Tris-HC1,
nuclear targeting subunit and spinophilin. Together, these pH 7.5, containing 0.1% (v/v) 2-mercaptoethanol, 1 mm EDTA, 1 mm
studies suggested that the C-terminal sequences unique to MnCl2 , and 10% (v/v) glycerol (Buffer A) containing the protease inhib-
PPla played a key role in PP1 binding and regulation by itors mam phenylmethylsulfonyl fluoride, 1 mm benzamidine, 1 gg/ml

aprotinin, 1 Ag/ml leupeptin, 1 Ag/ml pepstatin A. Bacteria were lysedcellular proteins. Attempts to reverse these regulatory defects using French press (-19,000 p.s.i.), and cell debris was removed by
in CHRM2 by systematic substitution of PP1-specific se- centrifugation at 30,000 X g for 30 min. The cleared lysates were
quences in the PP2A-derived C terminus highlighted a PP1- subjected to chromatography on either heparin-agarose or MCLR-
specific sequence, 2 90 MC2 9 1, that enhanced the potency of Sepharose to isolate PP1 catalytic subunits.
DARPP-32 as an inhibitor of the modified CHRM2 (15). These For purification on heparin-agarose, bacterial extract was applied to
and other data suggested that Met2 9" and Cys 291 , which line the matrix in Buffer A and washed extensively with Buffer A containing

0. 1 m NaC1. PP1 catalytic subunits were eluted with Buffer A containingthe hydrophobic RVXF-binding pocket and interact with the 0.5 m NaC1. Fractions were collected and assayed for PP1 activity.
RVXF sequences in GM (7) and MYPTI (9), played a key role in Fractions were pooled, dialyzed overnight against Buffer A, concen-
PP1 regulation by cellular regulators. However, substitution of trated using Centricon-10 (Pall Life Sciences), and dialyzed extensively2 9 0

MC 29
1 in CHRM2 had little effect on its decreased inhibition against Buffer A containing 55% (v/v) glycerol prior to storage at

by 1-2. This suggested that the hydrophobic pocket on the PP1 -20 *C. Purification of PP1 catalytic subunits on MCLR-Sepharose was
catalytic subunit could distinguish RVXF motifs present in undertaken essentially as described by Moorhead et al. (16), and stored

as described above.different regulators and thereby differentiate the ability of Preparation of Recombinant PP1 Regulators-GST-I-1 fusion pro-
these proteins to regulate PP1 activity. teins were expressed, and phosphorylated as described (22), with the

Current studies deleted or substituted C-terminal sequences following modifications: bacteria were lysed by two passages through
in PPIcy as well as specifically modifying selected amino acids French press at ---19,000 p.s.i. The fusion proteins were purified via
in the hydrophobic pocket of PPla to define the role of the glutathione-Sepharose according to manufacturer's instructions (Amer-
surface hydrophobic pocket in the recognition of RVXF-contain- sham Biosciences). GST-neurabin-I-(374-516) and GST-GM-(1-240)

were expressed and purified as described (21). I-1 (23) and 1-2 (12) wereing proteins. Our studies provided the first direct experimental expressed and purified as previously described.
evidence that the affinity of cellular regulators for the PP1 "P-Phosphoprotein Substrates-For phosphorylase a, phosphorylase
catalytic subunit is dictated by the RVXF sequence present in kinase (0.25 mg) was added to a solution of phosphorylase b (10 mg/ml)
these proteins, and that the docking of this RVXF sequence in in 100 mm p-glycerol phosphate and 100 mm Tris-HCl, pH 8.2, contain-
the surface hydrophobic pocket is conserved in all PP1 iso- ing 1 mM MgC12, 100 Am ATP, 0.2 mm CaCl2 , 0.1% (vlv) 2-mercaptoeth-
forms. Implications of these findings for the physiological reg- anol, and 250-300 ACi of [y-3 P]ATP, and incubated at 37 *C. At 30-mm

intervals, aliquots (10 Al) of the reaction mixture were removed andulation of PP1 in eukaryotic cells will be discussed. added to 200 1A of 20% (v/v) trichloroacetic acid and 50 Al of bovine

serum albumin (10 mg/ml). The sample was placed on ice for 2 min,EXPERIMENTAL PROCEDURES then centrifuged at 15,000 X g for 10 min. The pellet was repeatedly
Materials-Phosphorylase b was purchased from Calzyme, and phos- washed with 20% (w/v) trichloroacetic acid prior to Cerenkov counting.

phorylase kinase was obtained from Invitrogen. Anti-PP1 monoclonal Once the 12P incorporation reached a plateau (-90 min), the reaction
antibody was obtained from Santa Cruz Biotechnology, and horseradish was stopped by the addition of an equal volume of 90% saturated
peroxidase-conjugated anti-digoxigenin antibody was from US Biologi- ammonium sulfate and placed on ice for 20 min. The mixture was
cal. [y-32P]ATP (3000 Ci/mmol) was purchased from Amersham Bio- centrifuged at 20,000 X g for 20 min, and the sedimented protein was
sciences. Heparin-agarose was purchased from Bio-Rad. Digoxigenin- washed twice with ice-cold 45% saturated ammonium sulfate. The
NHS (N-hydroxysuccinimide) was obtained fiom Roche Applied pellet was then resuspended in 50 mm Tris-HC1, pH 7.5, 1 mu EDTA,
Science. N-Hydroxysuccinimide-activated Sepharose (Amersham Bio- and 0.1% (v/v) 2-mercaptoethanol, and dialyzed extensively against the
sciences) was used to make microcystin-LR-Sepharose (MCLR-Sepha- same buffer.
rose) (16), and glutathione-Sepharose was obtained from Amersham For myelin basic protein (MBP), 200 Ag of MBP was added to a
Biosciences. MCLR and okadaic acid were purchased fiom Alexis Corp. solution of 1 ma ATP, 10 mM MgCI 2, 10-20 ACi of [-Y-32 P]ATP, and 50
Bacterial expression vector, pKK223-3, containing a cDNA encoding mu Tris-HC1, pH 7.5. Then, 10-20 Al of purified PKA was added to the
human PPla-(1-306) (PP1306) with additional seven C-terminal resi- reaction and incubated at 37 'C. •P incorporation was examined in the
dues derived from the plasmid sequences, and the PP1aJPP2ACa same manner as phosphorylase a, and as the 12 P incorporation reached
chimeric catalytic subunit, CHRM2 (17), were provided by Richard a plateau, the reaction was placed in dialysis buffer (50 ma Tris-HCl,
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FIG. 1. Isolation of recombinant human PP1a catalytic subunits. A, the C-terminal sequences of WT human PPIa, PP1306, CHRM2, and
bovine PP2A are shown via ClustalW alignment (50). Amino acid identities are shown as white letters against a black background, and homologous
residues are against a gray background. The arrows point at three residues in PP1306, Leu2 s9 , Met"'5 , and Cys29' that were mutated and analyzed
in this study. The closed arrowheads indicate C-terminal deletions of PPla that yielded active phosphatases. PP1a-(1-306) was analyzed in this
study, whereas -(1-297) was previously analyzed (31). The C-terminal truncated PP1-(1-276), shown by the open arrowhead, was inactive. PP1306
also contained additional residues (underlined) derived from the plasmid pKK223-2. B, representative purification of a PP1 mutant, CHRM2, is
shown using SDS-PAGE. Lane 1, crude bacterial extract; lane 2, CHRM2 purified on heparin-agarose; and lane 3, CHRM2 purified on
MCLR-Sepharose.

pH 7.5, 1 mM EDTA, and 0.1% (v/v) 2-mercaptoethanol), with frequent nonspecific and subtracted from that bound to GST fusion proteins con-
changes until background "2P diminished, taining known PP1 regulators. Protein concentration was determined

Protein Phosphatase Assays--PP1 catalytic subunits diluted in 50 using the Bio-Rad protein assay with BSA (Pierce) as the standard.
mm Tris-HCl, pH 7.5, containing 1 mm MnCI2 , 0.1% (v/v) 2-mercapto- Analysis of PP1 Structure-The program Rasmol 2.6 (24) was used
ethanol, and 1 mg/ml bovine serum albumin were incubated with to generate the PP1 structure, as well as the programs Mage and
[3 2P]phosphorylase a (2 mg/ml) at 37 *C for 10 min (total reaction Prekin (25), and interaction dots were generated with Molprobity (26)
volume of 60 1l). Reaction was terminated by addition of 200 PL1 of 20% and Probe (27). The latter four programs were obtained from
(v/v) trichloroacetic acid and 50 1A of bovine serum albumin (10 mg/ml), kinemage.biochem.duke.edu.
and the mixture was centrifuged at 15,000 X g for 5 min. [(2 P]Phos-
phate released into the supernatant was measured by liquid scintilla- RESULTS
tion counting. Assays using MBP as substrate were performed in the
same manner, using 10 AM MBP per reaction. Purification of Recombinant PP1 Catalytic Subunits-

To assay PP1 inhibition by I-1, recombinant I-1 was first incubated Emerging studies (21, 28, 29) showed that PP1 regulators dis-
with 0.3 mg/ml PKA, 50 mM Tris-HC1, pH 7.5, 0.2 mm ATPyS, and 2 mM played selectivity for distinct PP1 isoforms, which differed
MgCI2 at 30 'C for 72 h. The thiophosphorylated I-1 was dialyzed into largely in their C-terminal sequences. Prior studies (30, 31) sug-
50 mM Tris-HC1, pH 7.5, 0.005% (v/v) Brij-35, and 0.1% 2-mercaptoeth- gested that extensive deletions of C-terminal sequences impaired
anol. Thiophosphorylated I-1 was briefly incubated with PP1 before the
addition of phosphorylase a. In assays for PP1 inhibition by 1-2, the 1-2 or destabilized PPla activity. Although recombinant PPlc-(1-
protein was preincubated with PP1 for 20 min at 37 'C, and targeting 297) demonstrated phosphorylase phosphatase activity equiva-
subunits were preincubated with PP1 for 5 min at 37 °C prior the lent to that of full-length PPla, PP1a-(1-276) was not expressed
initiation of the phosphatase assay. in bacteria. To focus on the role of the RVXF-binding site con-

PP1 Sedimentation-GST fusions of PP1 inhibitors and/or targeting served in all PP1 isoforms, we expressed PPla-(1-306) (PP1306),
subunits were incubated with glutathione-Sepharose (2 5-il bed vol- which eliminated the majority of C-terminal residues unique to
ume) equilibrated in Tris-buffered saline (TBS) (50 mm Tris-HC1, pH this PP1 isoform. We also analyzed PPla and CHRM2, which
7.5, 150 nm NaCl) for 1 h at 4 *C. The beads were washed twice with
TBS, and incubated for 1 h at 4 'C with bovine serum albumin (1 contains PP1a-(1-273) fused to the C-terminal 43 amino acids
mg/ml). They were then washed twice with TBS, and recombinant PP1 from bovine PP2Aa catalytic subunit, previously shown to gen-
was added for 1 h at 4 *C. The beads were washed four times with erate an active phosphorylase phosphatase that was resistant to
NETN-250 (250 mM NaCl, 1 mm EDTA, 10 mm Tris-HC1, pH 7.5, and many PP1 regulators (14). In addition, we expressed PP1306
0.5% (v/v) Nonidet P-40). Bound proteins were eluted with SDS sample with the single amino acid substitutions L289R, M290K, and
buffer, and subjected to SDS-PAGE on 12% (w/v) polyacrylamide gels. C291R to modify the RVXF-binding pocket, which introduced
Proteins were electrophoretically transferred to polyvinylidene difluo-
ride membranes, which were stained with Ponceau S to visualize the residues more commonly found in type-2 phosphatases.
proteins. Membranes were blocked in 4% milk (w/v) in TBS plus 0.05% Previous studies utilized heparin-agarose to separate PP1
Tween, and PP1 detected by immunoblotting with an anti-PP1 anti- from type-2 protein serine/threonine phosphatases (32) and
body. The protein bands were quantified by scanning using Quantity purify recombinant PP1 catalytic subunit expressed in E. coli
One software (Bio-Rad). (18). Complete purification of PP1, however, required multiple

PP1 Far-Western Blots-PP1 overlays were performed as described chromatographic steps and reduced the yields of this protein
(11), with the following modifications. Protein staining using Ponceau S
verified equivalent protein loading. The bound digoxigenin-labeled PP1 (18). Comparison of a recombinant PP1 catalytic subunit, such
was detected by immunoblotting with an anti-digoxigenin antibody as CHRM2 (Fig. 1B), purified from bacterial extracts using
(horseradish peroxidase-linked) and ECL reaction (PerkinElmer Life either heparin-agarose or affinity chromatography with MCLR
Sciences). To ensure linearity of the overlay assays in each case, the immobilized on Sepharose (16), demonstrated that MCLR-
ECL reaction was exposed to film for 2, 15, and 30 s. Sepharose yielded an essentially single polypeptide (>95% pu-

For these assays, GST-I-1 was phosphorylated using PKA (0.2 pg/ml), rity) as judged by SDS-PAGE (Fig. 1B, lane 3). By comparison,
100 gm ATP, 1 mM MgC12, at 37 'C for 90 min. Phospho-GST-I-1 was
dialyzed into 50 omu Tris-HC1, pH 7.5, 0.005% (v/v) Brij-35, and 0.1% (v/v) chromatography on heparin-agarose (Fig. 1B, lane 2), although
2-mercaptoethanol. GST was similarly phosphorylated using PKA for eliminating >90% of bacterial proteins, yielded a preparation
control pull-down assays. PP1 binding to GST alone was defined as of CHRM2 that still contained other proteins. MCLR (ICao < 1
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TABLE I

Biochemical properties of WT and mutant PPla catalytic subunits
All PP1 catalytic subunits were expressed in E. coli and purified using affinity chromatography on MCLR-Sepharose. All assays were carried out

in duplicate and undertaken at least 3 times, except those in footnote a, which were only carried out once in duplicate. The values obtained are
shown with standard errors.

IC5° Phosphorylase a MBP

Okadaic acid 1-1 1-2 Nrb

11M %

PPla 157 t 11 25" 2 ± 0.1 1.75 ± 0.1 39 ± 1 28 ± 0.5
PP1306 133 ± 23 29 ± 5 4.3 t 0.5 7.3 ± 0.6 100 100
L289R 84 ± 31 66 ± 13 19 ± 6 380 120 72 ± 4 40 ± 3
M290K 69 ± 21 52 ± 2 11 ± 0.5 115± 15 117 ± 5 76±3
C291R 971± 29 285 ± 5 54 ± 11 >1 JM 71 ± 6 28 ± 1
CHRM2 18 ± 1 380' 1,375 ± 675 >1 •M 158 ± 7 103'

"Assay was carried out once in duplicate.

nM) bound PP1 tightly, requiring strong chaotropic agents (e.g. A 120
3 M NaSCN) to elute the phosphatase. However, following • 100-
dialysis, PP1 preparations purified by either MCLR-Sepharose
or heparin-agarose displayed similar phosphorylase phospha-
tase activity; their specific activities reflected the relative con- • 60"
tent of the 37-kDa polypeptide representing PP1 catalytic sub-
unit identified by anti-PP1 inmunoblots (data not shown). This 4
was consistent with previous findings of Campos et al. (33), 20
which demonstrated that chromatography on MCLR-Sepha-
rose provided preparations of purified recombinant PP1 cata- 1010 109 108 107 106
lytic subunits with excellent specific activity. Okadaic Acid [M]

Using MCLR-Sepharose, we purified recombinant PPla and B_ _2o

several PP1 mutants to near homogeneity. We first assessed 120"
the relative enzymatic activity of the purified phosphatases .• 1001
using two different substrates, phosphorylase a and MBP (Ta- 8
ble I). Compared with PP1306, PPIa showed slightly reduced 04
activity against both substrates. In contrast, CHRM2 showed 0 60
either similar or slightly increased activity. These findings may • 40
be consistent with earlier observations (34) that the extreme
C-terminal sequences specific to PPla partially inhibited or • 20

suppressed its enzymatic activity. Thus, the deletion of amino 0 0 "
acids 306-330 in PP1306 or substitution of PP2A C-terminal 1010 109 108 107 106

sequences in CHRM2 may increase the intrinsic activity of Inhibitor-1 [M]
these PP1 catalytic subunits. Further introduction of the point
mutations L289R, M290K, or C291R resulted in a slight reduc- C • 120
tion of activity when compared with PP1306, but the activity of . 100
these mutant catalytic subunits was either equal to or higher
than that of PPla against both phosphoprotein substrates. 80

Toxin Sensitivity of WT and Mutant PPls Catalytic Sub- 60
units-Most xenobiotic inhibitors bound at the catalytic site of • 40
the PP1 catalytic subunit (35-37). Thus, sensitivity of mutant 06

PPla subunits to one or more toxins provided evidence of struc- a 20

tural alterations at or near the catalytic site. Compared with " 0 1
PPla (MCLR IC1 o = 1.1 ± 0.2 nM), deletion of PPla-specific 109 108 107 106

C-terminal sequences in PP1306 (MCLR IC50 = 0.7 -+ 0.1 me) Inhibitor-2 [M]
had no discernable effect on its sensitivity to either MCLR or FIG. 2. The C-terminal substitution, C291R, renders PP1306
okadaic acid. By comparison, CHRM2, which showed a similar resistant to protein inhibitors. Inhibition of phosphorylase phos-
IC5 0 for MCLR (38), was much more sensitive to okadaic acid phatase activity by okadaic acid (A), inhibitor-1 (B), and inhibitor-2 (C)
than PPla or PP1306 (Table I and Fig. 2A). MCLR is an equipo- was analyzed as described under "Experimental Procedures." Repre-

sentative curves demonstrating the dose-dependent inhibition of
tent inhibitor of PP1 and PP2A. In contrast, okadaic acid dem- PP1306 (open circles), CHRM2 (closed circles), and PP1306 C291R (open
onstrates an ICso for PP2A, which is -100-fold lower than that triangles) are shown.
for PP1 (38). These data confirmed that the 012-313 loop played
a key role in defining the sensitivity of PP1 to okadaic acid (14). PP1 catalytic subunits purified on heparin-agarose (data not
Thus, PP1306, which retains the P12-313 loop of PPla, was shown), demonstrating that the potentially harsh conditions
inhibited by okadaic acid in a manner indistinguishable from used to elute PP1 from MCLR-Sepharose did not modify the
PPla (Fig. 2A). By comparison, CHRM2, which incorporates the catalytic sites of these phosphatases.
P312-P313 loop of PP2A, displayed nearly 10-fold greater sensitiv- Inhibition of WT and Mutant PPla Catalytic Subunits by
ity to okadaic acid compared with either PPla or PP1306. Fur- Inhibitor Proteins-PP1 is characterized by its unique sensi-
ther introduction of L289R, M290K, or C291R in PP1306 had tivity to the mammalian proteins I-1 and 1-2. Although nano-
only a modest impact on the sensitivity of PP1 catalytic subunits molar concentrations of 1-2 or PKA-phosphorylated I-1 inhibit
to okadaic acid. Essentially identical results were obtained with PP1 activity (38), high micromolar concentrations of these pro-
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teins have no effect on PP2A activity (4). In this regard, sensi- A no. . .
tivity of PP1306 to I-1 and 1-2 was essentially identical to that
of PPla, indicating that the deletion of the C-terminal 24 ''"' .
amino acids had no effect on PP1 recognition by these protein L S B . S N J Sri)

I ýtg N,°b 5 pý Nrb 10 ýt Nrb

regulators. However, as noted in previous studies (14), CHRM2
with the PP2A C terminus showed more than a 10-fold reduc- .
tion in its IC 50 for I-1 and a nearly 500-fold reduced IC., for 1-2 uerPit . ..... -
compared with either PPIa or PP1306 (Table I). This defect L S B L. S k L S h
could result from the altered 012-313 loop, previously shown to I P-x lý 5 Y.I - I'S

dictate sensitivity from PP1 to I-1 and 1-2, or the absence of B 25w
critical amino acids constituting the surface hydrophobic
pocket that binds RVXF motifs present in I-1 (14, 23) and : A 150
1-2 (39). 9

Although some modifications of the RVXF-binding pocket, I 16 100
L289R and M290K, showed modest decrements in IC5 o values o
for 1-1 and 1-2, C291R showed a dramatic loss in its sensitivity 2 6
for 1-1. The nearly 10-fold decrease in ICso for I-1 was almost 0 2 Pg
equal to that seen with CHRM2 (Table I and Fig. 2B). This
suggested that the substitution of a single amino acid, C291R, C 250
in PP1306 attenuated PP1 regulation by I-1 to the same extent 200)
as removal of 53 amino acids from the PPla C terminus and
their replacement by 42 amino acids of the PP2A C terminus, 150

which generated CHRM2. This highlighted the critical impor- • •100
tance of the surface hydrophobic pocket for PP1 regulation 50
by 1-1.

All three mutants also showed modest reductions in their 0 2 4 6 8 l{g~
sensitivity to 1-2. In contrast to M290K and L289R, which Nrb
showed a reduction of -3- and 5-fold IC5 0 for 1-2, C291R dem- FIG. 3. The C-terminal substitutions L289R, M290K, and C291R
onstrated a >10-fold decrease in IC 50 for 1-2. On the other modify PP1306 binding to regulatory subunits. Sedimentation of
hand, the reduction in 1-2 sensitivity in all PP1306 mutants WT and mutant PP1306 catalytic subunits was undertaken using the

GST-tagged targeting subunits GM and Nrb. A shows a representative
was significantly less than that seen in CHRM2 (Table I and PP1306 pull-down, using increasing concentrations of GST-Nrb (top
Fig. 2C). This suggested differences in the mode of action of I-1 panel) and GST-GM (bottom pan el). Protein staining using Ponceau S is
and 1-2 as PP1 inhibitors. Although the fusion of PP2A C shown along with anti-PP1 immunoblots. L, PP1 load; S, supernatant;
terminus significantly reduced the inhibition of CHRM2 by 1-2 and B, PP1 bound to GST-proteins sedimented using glutathione-

Sepharose. B compares WT and mutant PP1306 binding to GST-GM.
(IC5 0 1.35 Am), the chimeric phosphatase still retained sonic 1-2 Dose-dependent binding of PP1306 (open circles), L289R (open trian-
binding, consistent with previous studies that suggested that gles), M290K (open squares), C291R (closed triangles), and CHRM2
multiple regions of 1-2 mediated PP1 binding (39). In contrast, (closed circles) is shown. Binding was assessed using densitometry,
the activity of PP2A was unaffected by 1 jiM 1-2 (Fig. 2C). subtracting nonspecific binding to GST alone, and was expressed in

arbitary units. C shows the binding of PP1 mutants to GST-Nrb, and
Association of W4T and Mutant PPMa Catalytic Subunits with was analyzed in a similar manner.

Regulatory Subunits-The diversity of RVXF sequences in PP1
regulators (3) and differences in various RVXF-containing pep- than PP1306, particularly at low concentrations (1 jig) of the
tides to disrupt cellular PP1 complexes (13) suggested that GST fusion protein (data not shown). Prior studies (14) sug-
RVXF-containing PP1 regulators differ in their association gested that CHRM2 bound more weakly than PPla to GST-
with the surface hydrophobic pocket on PP1. To investigate GM-(1- 2 15 ). This difference was greatly magnified in our as-
PP1 binding to regulatory or targeting subunits with different says, with CHRM2 showing little or no binding to GST-GM-(1-
RVXF sequences, we analyzed a recombinant Gm, which con- 240). All three point mutants, L289R, M290K, and C291R,
tains the sequence RVSF (10), and a neurabin-I (Nrb) (21) were compromised in their ability to bind GST-GM. Although
polypeptide with the sequence KIKF; both sequences are re- M290K and L289R bound GST-GM weakly, C291R, like
quired for PP1 binding. Full-length polypeptides, representing CHRM2, failed to bind this fusion protein at all concentrations
GNs (1109 amino acids) and Nrb (1150 amino acids), are either analyzed (Fig. 2B). This suggested that, as noted with I-1, the
poorly or not expressed in bacteria. Thus, we expressed GST- hydrophobic pocket, particularly the amino acid C291, played a
GM-(1-240) and GST-Nrb-(374-516), which contain the key critical role in PP1 binding by GM.
elements required for PP1 binding. Surprisingly, under conditions that GST-GM failed to bind

The binding of WT and mutant PP1 catalytic subunits to CHRM2, GST-Nrb bound CHRM2 weakly, requiring 10 jig of
GST-Nrb and GST-GM was analyzed by sedimentation of these GST-Nrb to visualize significant CHRM2 binding (Fig. 3B).
complexes bound to glutathione-Sepharose. The presence of This was unexpected as prior studies (15) had demonstrated no
GST fusion proteins was analyzed by protein staining with binding of CHRM2 to much higher concentrations of GST-
Ponceau S, and PP1 was detected by immunoblotting with an spinophilin, a structural homologue of neurabin. This could
anti-PP1 antibody. PP1306 binding to GST-Nrb and GST-GM is reflect the use of a different fragment of spinophilin/neurabin-
shown in Fig. 3A. With increasing concentrations of targeting II, namely amino acids 298-817, compared with residues 374-
subunit, increased amounts of PP1306 were sedimented. Bind- 516 of neurabin-I used in this study. Alternately, these differ-
ing to CHRM2, L289R, M290K, and C291R was analyzed in a ences could be attributed to the different assay conditions or
similar manner, and the bound PP1 catalytic subunits were some differences in the primary sequences of the PP1-binding
quantified by densitometry. Under the conditions of this assay, site. Remarkably, unlike GST-GM, GST-Nrb bound both L289R
binding to PP1306 was essentially saturated at 5 and 10 jig of and M290K almost as effectively as PP1306, indicating that
GST-GM (Fig. 3B). PPla showed greater binding to GST-GM these mutations did not totally disrupt the RVXF-binding
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•, -'CI~.M2 digoxigenin-conjogated PP1 catalytic subunits were undertaken as de-

S 0 C291Ij scribed under "Experimental Procedures." The panels show a represent-

120,

Aative overlay demonstrating PP1306 binding to increasing concentra-
b i tions of GST-Nrb, GST-G 1-i, -PKA-phosphorylated GST-I-1, and PKA-

Nnswabln [Ml control. The upper panel shows protein staining with Ponceau S, and
the lower panels shows immunoreactivity to anti-digoxigenin on filmFIG. 4. The C-terminal substitution C291R renders PP1306 bexposed for 30 s. Similar experiments wre undertaken using other PP1

sensitive to inhibition by neurabin-I. The dose-dependent inhibi- catalytic subunits and the results are summarized in Table II.
tion of phosphorylase phosphatase activity of PP1306 and mutant phos-
phatases by GST-Nrb is shown. Representative curves for tihe inhibition
of PP1306 (open circles), CHRM2 (closed circles), PP1306 C291R (open 1-P) bound PP1306 very weakly, requiring 10-fold higher pro-
triangles), and PP2A (closed triangles) are shown. tno for detectable PP1 binding. At similar exposures as Nrb

and GM,~ PP1306 binding to GST-I-1-P was undetectable. Sub-pocket. By comparison, C291R showed little binding to GST- stitution of the RVTF sequence in GST-J-1 increased PP1306
Nrb. These data suggested that Cys291 is essential for binding binding to GST-I-1mvla -P, albeit the mutant I-1 still bound

to both GST-GM and GST-Nrb, but Lou2 s9 and Met 290 play a PP1306 100-fold weaker than GST-GM. The unphosphorylated
less critical role in binding of Nrb compared with GM. GST-I-1 and GS--1~F like GST alone, failed to bind any of

Many PP1 targeting subunits, although promoting PP1 ac- the PP1 catalytic subunits (data not shown).
tivity against "relevant" substrate(s), inhibited its phosphoryl- The binding of PP1a and mutant PP1 catalytic subunits to
ase phosphatase activity. This provides an alternate assay for several regulators is summarized in Table II. These data
evaluating the functional effects of PP1 binding by regulators. showed that, in overlays, PP1306 bound more effectively than
In contrast to GM, which only partially inhibits the phospho- PPl to all regulators analyzed. As noted in pull-down assays,
rylase phosphatase activity of the PP1 catalytic subunit (10), compared with PP1306, all three mutants, L289R, M290K, and
Nrb is a potent PP1 inhibitor in the same assay (21). Thus, C291R, showed reduced binding to GST-Gai. C291R also bound
GST-Nrb inhibited PPIS with an IC5bu of -2 nd (Fig. 4 and GST-Nrb more weakly than either L289R or M290K. The al-
Table I). By comparison, PP2A was essentially insensitive to ready weak PP1 binding to GST-I-1-P was essentially abolished
GST-Nrb at concentrations up to 1 /bM (Fig. 4). PP1306 was by all three mutations in the RVXF-binding pocket. However,
inhibited by GST-Nrb with a modestly reduced ICs 7 .3 + 0.6 substitution of the RVTF sequence in I-c allowed low but do-
nM. In contrast, neither CHRM2 nor C291R were inhibited by tectable binding by M290K. In general, results obtained with
GST-Nrb at up to 1 i.M concentration (Fig. 4). L289R and overlays (Table II) paralleled those seen with pull-down assays
M290K showed -50-fold and 15-fold reductions in IC 0s for (Fig. 3). Together, these data suggested that not only the con-
GST-Nrb, respectively (Table I). Although these experiments text, namely the parent PP1 regulator, but also the actual
emphasized that changes in PP1 binding were not quantita- RVXF sequence played key roles in defining the affinity of PP1
tively linked to the altered enzyme activity, mutations of the for cellular regulators.
RVXF-binding pocket had generally similar effects on both func-
tions. For example, the weakened binding displayed by GST-Nrb DISCUSSION

for L289R and M290R led to 50- and 15-fold reduction in PP1 The primry structure of PP1 demonstrates >80% sequence
inhibitory activity. By contrast, C291R, which failed to bind GST- identity from plants to animals, making PP1 one of the most
Nrb in pull-down assays, was unable to inhibit phosphorylase highly conserved proteins in evolution (40). Consistent with its
phosphatase activity of PP1 at concentrations up to 1ICM. evolutionary conservation, PP1 regulates many critical func-

Role of the RVXF Sequence in I-1 Function-The above stud- tions in eukaryotic cells, including transcription, translation,
ies suggested that RVXF sequences in various PP1 regulators metabolism, cell growth, and differentiation. Regardless of its
bound differently within the surface hydrophobic pocket, and species origin, PP1 can be readily distinguished from other

thus, were influenced variably by substitutions of different protein serine/threonine phosphatases by its unique ability to
amino acids in the RVXF-binding pocket. To further test this be inhibited by the mammalian inhibitor proteins I-1 and 1-2.
hypothesis, we analyzed WT I-1KQF and a mutant I-1RWcF. The Both of these PP1 regulators utilize multiple domains to bind
mutant ory was created by substitution of the RVTF so- and regulate PP1 activity. For example, in addition to the
quence derived from nuclear inhibitor of PP1, a PPl-binding N-terminal KIQF sequence, PKA phosphorylation at threo-
protein that can be visualized readily by overlays (12). We nine-35 is critical for PP1 inhibition by I- c (4). More recent
utilized an overlay assay in which PPv-binding proteins were studies suggested that C-terminal sequences in I-R also played
subjected to SDS-PAGE, and following electrophoretic transfer a role in PP1 binding and regulation (41). Up to five different
to polyvinylidene difluoride membranes, partially renatured. regions of the I-2 protein are thought to participate in PP1
Incubation of membranes with soluble digoxigenin-conjugated regulation (39, 42). These and other studies have fostered the
PP1 catalytic subunits, followed by immunoblotting with anti- hypothesis that cellular regulators have evolved a combinato-
digoxigenin antibody, allowed for direct comparison of PP1 rial mechanism, utilizing multiple interaction domains, some
binding to several different target proteins. However, due to of which are common to a subset of regulators, to modulate
the denaturation-renaturation involved in PP1 overlays, this cellular PP1 functions.

assay favored the detection of PP1 regulators containing RVXF Our prior studies utilized a number of different ways to
motifs (21). identify the structural determinants on the PP1 catalytic sub-

GST-Nrb and GST-Gmas both showed dose-dependent binding unit that defined its regulation by cellular proteins. Such stud-
by digoxigenin-coupled PP1306 (Fig. 5). By comparison to GST- ies included the analysis of random mutations (23), surface
Nrb and GST-GM, the PKA-phosphorylated GST-I-1 (GST-I- "charged-to-alanine" substitutions (42), a "core" PP1 catalytic
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Tu.BLa II
Comparison of WT and mutant PP1 catalytic subunits binding to mammalian PP1 regulators

PP1 binding was analyzed using overlays as described under "Experimental Procedures," and binding was assessed by chemiluminescence. In
three independent experiments, PP1 binding as seen by chemiluminescence was analyzed by exposure of the overlays to film for 2, 15, and 30 s.

GST-Nrb GST-G, GST-I-1-P GST-I-1aR-F-P GST-P

PPla ++a ++ +/-
PP1306 ± + + 4-+ +/- +
L289R + ++/
M290K + +±+-
C291R +/- +!.
CHRM2 +/- +/-

++ denotes a dark band seen in 15 s; +++ denotes a dark band seen within 2 s; + indicates a dark band in 30 s; +:- denotes a faint band
seen in 30 s; and - denotes no bands seen after prolonged exposure.

..............

/,2ý

FIG. 6. Association of the RVXF sequence with the hydrophobic pocket on the PP1 catalytic subunit. The structure of PP1Y1 bound
to a synthetic peptide (representing amino acids 63-75) encompassing the RVSF sequence from the skeletal muscle glycogen-targeting subunit GM
is shown (7). A, PP1 is shown in space-fill model using Rasmol. The GM peptide is shown as a stick model in red. The amino acids that comprise
the RVXF-binding pocket are shown in blue, with residues modified in this study (L289, M290, and C291) shown in cyan. B shows the interactions
of Leu... (red), Met290 (green), and Cys..' (purple) with the GM peptide using the Mage program. The GM peptide is shown in red, and the amino
acids lining the RVXF-binding pocket are shown in gray with cyan side chains. The strength of interactions of the RVSF sequence is displayed as
dots generated using the Probe program and illustrate associations with Leu5 s9 (red), Met5 9o (green), and Cys"5 9 (purple).

subunit (amino acids 41-269) that lacked the N- and C-termi- ily contained PP1yI (21, 29). While the mechanism underlying
nal sequences unique to specific PP1 isoforms and a chimeric PP1 isoform selectivity of regulators is not fully understood, it
PPla (CHRM2), in which the C-terminal PP1 sequences were most likely reflects the divergent C-terminal sequences found
substituted with those from PP2A (14). Together, these studies in the different PP1 isoforms. To specifically focus on the func-
highlighted the 312-313 loop (amino acids 269-282) overhang- tional analysis of the RVXF-binding pocket that is conserved in
ing the catalytic site as a key determinant defining the sensi- all PP1 isoforms, we undertook a limited C-terminal deletion of
tivity of PP1 to selected toxins and endogenous PP1 inhibitors, human PPla to yield PP1306, which lacked the PPla-specific
specifically I-1 and 1-2. Comparative studies of PPlm and sequences. PP1306 was efficiently expressed in E. coli, and
CHRM2 also suggested that the C terminus played a role in the rapidly purified using one-step affinity chromatography with
affinity of PP1 for targeting subunits such as GM (14), PP1 MCLR-Sepharose. The purified PP1306 showed increased en-
nuclear targeting subunit and spinophilin (15), all of which zyme activity against both phosphorylase a and MBP when
either bound poorly or failed to bind CHRM2. These results compared with PPls. This was consistent with earlier studies,
were confirmed in the current studies, which emphasized the which showed that limited proteolysis of the 37-kDa PP1 cat-
significant decrements in CHRM2 binding to not only Gm but alytic subunit yielded a 35-kDa polypeptide with increased
also neurabin and I-1. phosphorylase phosphatase activity (43). These studies sug-

The C-terminal residues of the PP1 catalytic subunit also gested that the extreme C terminus of PPla modulated its
contribute to the formation of a surface hydrophobic pocket enzymatic activity.
that binds the RVXF motif conserved in many PP1 regulators Previous studies (44) that undertook modifications of the
(7). Prior studies noted that substitution of the sequence surface hydrophobic pocket in the single yeast PP1 catalytic
29°MC299, which lines the hydrophobic pocket, impaired PP1 subunit showed that alanine substitutions of two or more
regulation by DARPP-32 and to a much lesser extent, 1-2 (15). amino acids in this pocket induced lethality in yeast. Many of
Some PP1 regulators also displayed a remarkable selectivity the 'lethal" PP1 catalytic subunits, assayed as immunoprecipi-
for distinct PP1 isoforms. Thus, Gm selectively bound PP1I3 in tates, displayed significant MBP phosphatase activity. Inter-
skeletal muscle (29) and neuronal neurabin complexes primar- estingly, yeast lethality correlated with near complete loss of
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phosphorylase phosphatase activity of the mutant PP1 cata- I-lnrF showed a >10-fold increased binding to PP1306 (Fig. 5)
lytic subunits. As regulatory subunits modify the substrate and was also a 3- to 5-fold more potent inhibitor than WT I-1
specificity of the bound PP1 (3), these data suggested the in- (12). The identity of the RVXF motif in 1-2 remains controver-
ability of mutant PP1 catalytic subunits to bind one or more sial, but a similar substitution of RVTF in place of the proposed
regulators required for PPl-catalyzed events essential for yeast PPl-binding sequence, KLHY, abolished the ability of 1-2 to
viability. To investigate the role of the hydrophobic pocket in inhibit PP1 holoenzymes. This demonstrated that the substi-
recognition of PP1 regulators, we introduced single substitu- tution of the same RVXF motif has opposing functional effects
tions in the 2

8
9LMC2 9

1 sequence that lined the RVXF-binding on I-1 and 1-2 and further hinted that, compared with the
pocket in PP1306, substituting amino acids more commonly known RVXF-containing regulators, Gm, Nrb, and I-1, 1-2 uti-
found in type-2 phosphatases (40). Specifically, Leu2 89 was lized a distinct mode of PP1 binding. On other hand, our pre-
replaced with Arg found in a plant PP2A (45), Met 2 90 was vious studies (42) showed that an IKGI sequence in 1-2 bound
substituted with Lys present in mammalian PP2A and C291 at a site adjacent to the hydrophobic pocket and, thus, 1-2
with Arg found in PP2B and several PP2A-like phosphatases. binding was indirectly influenced by the substitutions L289R,
The high phosphorylase a and MBP phosphatase activity of all M290K, and C291R. None of the pocket mutants elicited the
mutant PP1306 enzymes showed that these substitutions did dramatic loss in 1-2 sensitivity seen in CHRM2, which was at
not alter their catalytic function. This was further verified by least 200-fold less sensitive. This also provided evidence that
demonstrating that the toxin sensitivity of the PP1306 mu- 1-2 differed from G,, Nrb, and I-1 in its association with PP1.
tants was similar to that of PPla. The current studies demonstrated the critical role played by

C291R resulted in deficits in PP1 inhibition by I-1 and Nrb the surface hydrophobic pocket in PP1 association with the
(Table I and Fig. 4) comparable to those seen in CHRM2, in three cellular regulators Gm, Nrb, and I-1. They also high-
which 53 PPla-specific C-terminal residues were replaced by lighted the differing affinities of RVXF-containing PP1 regula-
42 amino acids from the PP2A C terminus. In contrast, L289R tors for the PPmI catalytic subunit, which may result from
and M290K had intermediate effects on PP1306 regulation by differences in the binding of distinct RVXF sequences with the
the same proteins. Direct binding analyses using either PP1 surface hydrophobic pocket on the PP1 catalytic subunit. This
pull-down assays or overlays confirmed the critical importance diversity in PP1 interactions with different RVXF-containing
of Cys2 9 1 in binding Nrb, I-1, and Gm. PP1 pull-down assays regulators may be an important evolutionary strategy that

also showed that, whereas both L289R and M290K had modest allows further regulation of PP1 by physiological signals. Thus,
effects on Nrb binding, M290K, and particularly L289R, were the weak PP1 binding displayed by I-1, although enhanced by

significantly impaired in their ability to bind GM. Interestingly, its phosphorylation by PKA, may be insufficient to displace

in yeast (44), the substitution C290A, corresponding to human more tightly bound PP1 regulatory subunits, such as GM and
Cys291', bound GAC1, the yeast homologue of GM effectively, Nrb, and thus in the absence of other modifications, I-1 is

and accumulated WT levels of glycogen. In contrast, L288A unable to inhibit PP1 complexes containing these regulators. In

bound GAC1 poorly, and displayed a low glycogen phenotype. this regard, it is worth noting that PKA also phosphorylates

Whether these differences reflect the distinct RVXF motifs serines within or adjacent to the RVXF motifs in Gm (47) and

present in mammalian GM (RVSF) and yeast GAC1 (KNVRF), Nrb (48) to attenuate their association with the PP1 catalytic

or the differing amino acid substitutions analyzed, remains subunit. This in turn may facilitate the regulation of these

unknown, but both L288A and C290A bound other yeast P1 cellular PP1 complexes by I-1 in response to hormones that
regulators, Regl and Sds22, like WT Glc7 (44). These data elevate cAMP. Alternately, additional interactions between I-1rointegu todiffers, cs Rg iand Sd as2, ikation ofvarious regula- and regulatory subunits, such as the growth arrest and DNA
pointed to differences in the association of various PP1 regula- damage-inducible protein GADD34 (49), may be required to
tors with the RVXF-binding pocket. circumvent the competition of these two RVXF-containing pro-

Our data highlighted three C-terminal amino acids, L288, teins for a common site on the surface of the PP1 catalytic
M290, and C291, which bind the highly extended RVXF se- subunit and still permit I-1 to transduce the hormonal signals
quences (Fig. 6). Cys2 9 ' and Leu 2c 9 are particularly important, that regulate the PP1/GADD34 complex and eukaryotic protein

thatuise cnserv aed dinnearect all contactsw ith thephenyla ine translation (41, 49). In conclusion, further studies are clearlythat is conserved in nearly all RVXF-containing PPl-binding needed to investigate the contribution of all residues that make
proteins, and Leu2 89 interacts with the valine or isoleucine also up the RVXF-binding pocket, and thus gain a full understand-
found in most PP1 regulators. Interestingly, x-ray crystallog- ing of the role of the hydrophobic pocket in the binding of
raphy of p53bp2, a known PPl-binding protein, suggested that cellular regulators to distinct PP1 isoforms. However, our data
the region encompassing the PPl-binding sequence, RVKF, is point to a novel experimental strategy directed at modifying or
highly extended or linear (46), and is ideally suited for binding eliminating PP1 association with selected proteins and thereby
the surface hydrophobic pocket in a manner similar to that elucidate the physiological role of specific PP1 complexes.
demonstrated by the synthetic GM peptide (7). Cocrystalliza-
tion of PP1 with the targeting subunit MYPT1 confirmed the Acknowledgment-We thank Jane Richardson (Duke University) for
extended nature of the KVKF sequence bound in the surface helpful comments in creating Fig. 6.
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Abnormal calcium cycling, characteristic of experimental and human heart failure, is associated

with impaired sarcoplasmic reticulum calcium uptake activity. This reflects decreases in the

cAMP-pathway signaling and increases in type 1 phosphatase activity. The increased protein

phosphatase 1 activity is partially due to dephosphorylation and inactivation of its inhibitor-1,

promoting dephosphorylation of phospholamban and inhibition of the sarcoplasmic reticulum
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calcium-pump. Indeed, cardiac-specific expression of a constitutively active inhibitor-I results in
selective enhancement of phospholamban phosphorylation and augmented cardiac contractility at
the cellular and intact animal levels. Furthermore, the 13-adrenergic response is enhanced in the
transgenic hearts compared with wild types. On aortic constriction, the hypercontractile cardiac

function is maintained, hypertrophy is attenuated and there is no decompensation in the
transgenics compared with wild-type controls. Notably, acute adenoviral gene delivery of the

active inhibitor-1, completely restores function and partially reverses remodeling, including
normalization of the hyperactivated p38, in the setting of pre-existing heart failure. Thus, the
inhibitor 1 of the type 1 phosphatase may represent an attractive new therapeutic target.

Key Words: protein phosphatase 1 • protein phosphatase 1 inhibitor 1 heart failure•
hypertrophy • phospholamban • gene therapy
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