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The growth arrest and DNA damage-inducible protein, GADD34, was identified by its interaction with
human inhibitor 1 (I-1), a protein kinase A (PKA)-activated inhibitor of type 1 protein serine/threonine
phosphatase (PP1), in a yeast two-hybrid screen of a human brain ¢cDNA library. Recombinant GADD34
(amino acids 233 to 674) bound both PKA-phosphorylated and unphosphorylated I-1(1-171). Serial trunca-
tions mapped the C terminus of I-1 (amino acids 142 to 171) as essential for GADD34 binding. In contrast,
PKA phosphorylation was required for PP1 binding and inhibition by the N-terminal I-1(1-80) fragment.
Pulldowns of GADD34 proteins expressed in HEK293T cells showed that I-1 bound the central domain of
GADD34 (amino acids 180 to 483). By comparison, affinity isolation of cellular GADD34/PP1 complexes
showed that PP1 bound near the C terminus of GADD34 (amino acids 483 to 619), a region that shows
sequence homology with the virulence factors ICP34.5 of herpes simplex virus and NL-S of avian sarcoma
virus. While GADD34 inhibited PP1-catalyzed dephosphorylation of phosphorylase a, the GADD34-bound PP1
was an active eIF-2« phosphatase. In brain extracts from active ground squirrels, GADD34 bound both I-1 and
PP1 and elF-2« was largely dephosphorylated. In contrast, the I-1/GADD34 and PP1/GADD34 interactions
were disrupted in brain from hibernating animals, in which eIF-2a was highly phosphorylated at serine-51 and
protein synthesis was inhibited. These studies suggested that modification of the I-1/GADD34/PP1 signaling

complex regulates the initiation of protein translation in mammalian tissues.

The type 1 protein serine/threonine phosphatase, first iden-
tified as a regulator of glycogen metabolism in skeletal muscle,
is expressed in all eukaryotic cells and implicated in many
physiological events, including muscle contraction (15), ion
permeability (18), cell division (67), and infection by viruses
(35). These PP1 functions are regulated by the association of a
highly conserved catalytic subunit (four PP1 isoforms are en-
coded by three human genes) with a growing number of pro-
tein regulators or “targeting subunits” that localize the phos-
phatase to specific subcellular compartments and dictate its
substrate specificity. This paradigm, first established with the
skeletal muscle glycogen synthase phosphatase (63), led to the
identification of more than 30 different PP1-binding proteins
that may function as PP1 regulators (2).

Physiological studies established that hormones and growth
factors control PP1 activity in mammalian tissues (6, 60). The
thermostable protein inhibitor 1 (I-1), was the first mechanism
identified for hormonal control of rabbit skeletal muscle PP1
activity (39). Protein kinase A (PKA) phosphorylation on a
specific threonine converted I-1 into a potent PP1 inhibitor
(54). By coordinating PP1 inhibition with the activation of
PKA, I-1 broadened and amplified cyclic AMP (cAMP) signals
to control glycogen metabolism (28, 29, 45). However, I-1 is

* Corresponding author. Mailing address: Department of Pharma-
cology and Cancer Biology, Duke University Medical Center, Box
3813, Durham, NC 27710. Phone: (919) 681-6178. Fax: (919) 681-9567.
E-mail: sheno001@mc.duke.edu.

6841

widely expressed in mammalian tissues, where it most likely
controls other PP1 functions (17, 36, 50). Recent studies
showed that I-1 regulates proliferation in some cells (26). In
the rat hippocampus, I-1 activation prolongs the autophos-
phorylation of CaMKII required for long-term potentiation (5,
8). However, the full scope of I-1’s actions in mammalian tissue
remains to be explored.

Biochemical studies show that I-1 is a more effective inhib-
itor of the isolated PP1 catalytic subunit than PP1 holoenzymes
containing regulatory or targeting subunits. In skeletal muscle,
I-1 phosphorylation is coordinated with that of Gy,, the glyco-
gen-targeting subunit that tethers PP1 to glycogen (41, 42). As
PKA phosphorylates Gy, within the PP1 docking site, it results
in the displacement of PP1 from glycogen, which in turn pro-
motes PP1 inhibition by the phosphorylated I-1. Expression of
human I-1 in the budding yeast Saccharomyces cerevisiae,
which contains an I-1-sensitive PP1 catalytic subunit (12), re-
sulted in only modest deficits in glycogen accumulation and
suggested that I-1 was more effective in regulating other phys-
iological processes, such as gene transcription and mitosis (68).
Whether the disruption of PP1 holoenzymes regulating these
events is also necessary for their inhibition by I-1 remains
unclear.

Biochemical studies showed that the N-terminal 54 amino
acids of I-1 show significant homology to DARPP-32, another
PKA-activated PP1 inhibitor (17), and are sufficient to inhibit
PP1 activity in vitro (19) and in vivo (31). However, analysis of
yeast strains dependent on human I-1 for growth and viability
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(50) suggested that most of the I-1 protein is required for PP1
regulation in cells (S. Li and S. Shenolikar, unpublished data).
In this respect, the C terminus of I-1 shows little or no homol-
ogy to DARPP-32 and may direct its unique functions in the
mammalian brain (53) and kidney (37), where both PP1 inhib-
itors are expressed. Understanding of the function(s) of the
unique C-terminal sequences may also unravel the distinct
phenotypes of mice with disruptions in the I-1 (3, 57) and
DARPP-32 genes (24, 25).

Using a protein interaction screen, we identified GADD34
as a novel I-1-interacting protein that associates with the C
terminus of human I-1. GADD34, whose expression in mam-
malian cells is elevated by growth arrest, DNA damage, and
other forms of cell stress, has structural homology to a region
of the herpes simplex virus (HSV-1) neurovirulence factor
ICP-345, previously shown to bind PP1 (34). We also estab-
lished that GADD34 associates with the PP1 catalytic subunit.
Structure-function studies defined the unique regions of I-1
and GADD34 that associate with each other and with the PP1
catalytic subunit. This suggested the formation of a novel het-
erotrimeric signaling complex that contained multiple PP1 reg-
ulators. Biochemical and cellular studies suggested that the
PP1/GADD34/I-1 complex regulates the dephosphorylation of
the eukaryotic initiation factor eIF-2a and may control protein
translation in the mammalian brain in response to cell stress.

MATERIALS AND METHODS

Materials. Phosphorylase b was purchased from Calzyme, and phosphorylase
kinase was purchased from Sigma. CNBr-activated Sepharose was purchased
from Pharmacia, and Ni-nitrilotriacetic acid (NTA)-agarose was from Qiagen.
Lipofectamine was purchased from Gibco-BRL. Anti-GAL4 and anti-GADD34
antibodies were purchased from Santa Cruz, and anti-PP1 antibody was obtained
from Transduction Laboratories. All other chemicals were obtained from Sigma.
Anti-phospho-eIF-2a (serine-51) antibody was obtained from New England Bio-
labs.

Mammalian GADD34 expression constructs were kindly provided by D. C.
Tkachuk (University of Washington, Seattle, Wash.). Recombinant eIF-2« and
hemin-controlled regulator (HCR) were provided by S. Kimball and L. S. Jef-
ferson (Pennsylvania State University College of Medicine, Hershey, Pa.). Anti-
phospho-DARPP-32 antibody was a kind gift from Gretchen Snyder (Laboratory
for Molecular and Cellular Neuroscience, Rockefeller University, New York,
N.Y.). Glutathione-S-transferase (GST)-Gy(1-240), the PP1-binding fragment
of the skeletal muscle glycogen-targeting subunits, was provided by David L.
Brautigan (University of Virginia, Charlottesville, Va.). Microcystin-LR-Sepha-
rose was made as described (11).

Two-hybrid screen for I-1-binding proteins. The cDNA encoding the entire
coding sequence for human I-1 was inserted into the pAS1 vector to yield an
in-frame fusion of I-1 with the GAL4 DNA-binding domain. pAS1-I-1 was
transformed into S. cerevisiae PJ4A (44) and analyzed for expression of the
GALA4-I-1 fusion protein by immunoblotting the yeast extracts with an anti-
GALA4 antibody (Santa Cruz). The I-1-GALA4-expressing yeast strain was used to
screen a human brain cDNA library in pGBKT?7 (Clontech), a GAL4 activation
domain-containing vector. Positive clones were isolated by growth of yeast cells
on synthetic medium lacking histidine and adenine and a filter lift assay that
estimated GAL4-driven expression of the B-galactosidase (lacZ) reporter gene
visualized by the colorimetric substrate X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside) (44). B-Galactosidase activity was also more accurately quan-
tified using a liquid assay (12, 13). Plasmid DNAs were isolated from lacZ-
positive colonies and transformed into Escherichia coli DH5a by electroporation.
The isolated plasmids were digested with restriction enzymes to establish the
presence of inserts in the pGBKT7 vector and subjected to DNA sequencing at
the Duke University DNA sequence facility.

Expression of recombinant I-1 and GADD34 proteins. The cDNAs encoding
the full-length I-1 (171 amino acids) and N-terminal 80, 123, and 153 amino acids
of human I-1 were subcloned into pRSETB (Invitrogen). The plasmids were
transformed into E. coli BLR(pLYSs) cells to express hexahistidine-tagged I-1
proteins. Briefly, bacteria were grown in Luria-Bertani (LB) medium containing
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ampicillin (50 pwg/ml) at 30°C until the optical density of the culture at 600 nm
(ODgg) was approximately 0.6. Expression of recombinant I-1 proteins was
induced by addition of 0.5 mM IPTG (isopropylthiogalactopyranoside) to the
culture medium and continued growth for 4 h at 30°C. The bacteria were
sedimented at 3,000 X g for 10 min and lysed by sonication. Bacterial lysates were
cleared of cell debris by centrifugation at 20,000 X g for 30 min, and the cleared
lysates were gently shaken with Ni-NTA-agarose beads (Qiagen) for 1 h at 4°C.
The nickel beads were washed five times with phosphate-buffered saline (PBS)
(10 mM potassium phosphate [pH 7.5] containing 150 mM NaCl) containing 20
mM imidazole, and the His-tagged proteins were eluted with PBS containing 150
mM imidazole.

The ¢cDNA encoding a human GADD34 fragment (amino acids 233 to 674)
was excised from pGBKT?7 using Bg/II and subcloned into pRSETB for expres-
sion in E. coli BL21(DE3) cells. As described above, the pRSETB-transformed
bacteria were grown in LB medium containing ampicillin at 30°C until the
culture ODg, was 0.6. Protein expression was initiated by addition of 0.1 mM
IPTG and growth for a further 6 to 12 h at 21°C. The His-tagged GADD34
protein was purified using Ni-NTA-agarose as described above.

GADD34 and PP1 binding to immobilized I-1. Full-length untagged I-1 (10)
and His-tagged I-1 peptides (0.25 mg of total protein) were coupled to CNBr-
activated Sepharose (1 ml) according to the manufacturer’s (Pharmacia) instruc-
tions. Aliquots of the immobilized I-1 peptides were phosphorylated by addition
of purified bovine heart PKA catalytic subunit (50 U) and Mg-ATP (100 pM
ATP and 1 mM MgCl,) and incubated for 8 h at room temperature (20°C) with
gentle rocking. Before use, all I-1-Sepharose beads were washed four times with
TBS (10 mM Tris-HCI [pH 7.5] containing 150 mM NaCl) by repeated centrif-
ugation at 1,000 X g for 10 min.

For the PP1- and GADD34-binding assays, 20 pl (bed volume) of the I-1-
Sepharose beads were incubated with 100 U of purified rabbit skeletal muscle
PP1 catalytic subunit or 2 pg of recombinant GADD34 per ml expressed in E.
coli, respectively. The mixture was shaken gently in 1 ml of TBS at 4°C for 1 h and
washed four times with 1 ml each of TBS. The I-1-Sepharose was then resus-
pended in 25 pl of sodium dodecyl sulfate (SDS) sample buffer, and the eluted
proteins were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) on
a 10% (wt/vol) polyacrylamide gel. The gels were electrophoretically transferred
to polyvinylidene difluoride membranes and blotted with anti-PP1 or anti-
GADD?34 antibody.

GADD34 expressi in lian cells. Human embryonic kidney
HEK293T cells (10°) were grown in six-well dishes containing Dulbecco’s mod-
ified Eagle’s medium (DMEM) with 10% (vol/vol) fetal bovine serum (FBS),
penicillin (10 U/ml), and streptomycin (10 wg/ml). The cells were transfected
with the GADD34 expression vectors using 6 wl of Lipofectamine per pg of
plasmid in DMEM without serum or antibiotics as recommended by the manu-
facturer (Gibco-BRL). Approximately 4 h following the transfections, DMEM
and 20% (vol/vol) FBS were added, and the cells were grown for an additional
12 h prior to analysis.

Preparation of squirrel brain extracts. Brains of active and hibernating
ground squirrels (Spermophilus tridecemlineatus) were rapidly frozen in liquid
nitrogen. The brain tissue was homogenized in 4 volumes of postmitochondrial
supernatant (PMS) buffer (30) using a Dounce homogenizer. The brain homog-
enates were cleared of cell debris by centrifugation at 15,000 X g for 20 min and
stored at —80°C.

Protein phosphatase assays. Protein phosphatase assays using [**P]phospho-
rylase a as the substrate were carried out as previously described (61). Briefly,
purified rabbit skeletal muscle PP1 catalytic subunit (0.02 U) was preincubated
with increasing concentrations of recombinant GADD34 for 5 min at 37°C. The
enzyme assay was initiated by the addition of [*’P]phosphorylase a. In the
competition experiments, fixed concentrations of PP1 and GADD34 were pre-
incubated as above, and increasing amounts of I-1 were added immediately prior
to initiation of the assay with [3P]phosphorylase a.

Recombinant eIF-2a was phosphorylated in vitro with HCR, the reticulocyte
eIF-2a kinase, and [y-*?P]ATP as previously described (46). 3?P-labeled eIF-2«
(10 pg) was incubated with purified rabbit skeletal muscle PP1 catalytic subunit
(0.2 U) in a total reaction volume of 30 pl containing increasing concentrations
of recombinant GADD34. The reactions were terminated by addition of SDS
sample buffer, and aliquots were subjected to SDS-PAGE on 10% (wt/vol)
polyacrylamide gels, which were analyzed by phosphorimager.

Isolation of cellular PP1 complexes. Squirrel brain extract (2 mg total protein)
or extracts of HEK293T cells expressing FLAG-tagged GADD34 (200 p.g of total
protein) were incubated with 20 wl of packed microcystin-LR-Sepharose. Puri-
fied PP1 catalytic subunit (100 U) was used as the control. The mixtures were
rocked gently at 4°C for 1 h, the beads were washed five times with TBS, and the
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FIG. 1. Identification of GADD?34 as a protein interacting with PP1
and I-1. Yeast strains containing pACTII-GADD34 and either pASI-
I-1, pAS-GLC7, or control vector pAS-Gi,, were grown on nonselec-
tive medium lacking Trp and Leu and selective medium lacking Trp,
Leu, Ade, and His as described in the text. The figure shows the
strength of the protein-protein interactions as estimated by a liquid
-galactosidase assay, with standard errors.

bound proteins were eluted with SDS sample buffer. The eluted proteins were
then analyzed by SDS-PAGE and Western immunoblotting as described above.

Immunoprecipitation of I-1. For immunoprecipitation of I-1, squirrel brain
extracts (100 pg total protein) were incubated with affinity-purified anti-human
I-1 antibody (1 pg total protein) at 4°C for 1 h. The immunocomplexes were
sedimented using protein A-Sepharose (Pharmacia) and analyzed for the pres-
ence of GADD34 by Western immunoblotting using the anti-GADD34 antibod-
ies according to the supplier’s instructions.

RESULTS

Isolation of I-1-binding proteins. The two-hybrid screen de-
veloped by James et al. (44) with growth selection on both
adenine and histidine was used to identify I-1-binding proteins
from a human brain cDNA library using human I-1 as the bait.
We screened approximately 100,000 individual clones and iso-
lated more than 40 positive colonies that together yielded eight
distinct cDNAs encoding proteins that interacted with I-1 in
the LacZ filter-lift assay. To exclude the possibility that these
interactions were mediated through the yeast PP1 catalytic
subunit, which has 87% sequence identity with human PP1 and
binds mammalian PP1 regulators (12, 13), we rescreened all I-1
interactors for their binding to yeast PP1 (GLC7). One clone,
termed clone A2, interacted with both I-1 and PP1 (Fig. 1).
Thus, the yeast strain containing pACTII-A2 and pAS-I-1,
pAS-GLC7, or pAS-Gi;, a-subunit (used as the control) grew
normally on nonselective medium at 24°C, but only the yeast
strain containing pACTII-A2 and pAS-I-1 or pAS-GLC7 grew
effectively on the double selection medium (data not shown).
This established that the protein encoded by the A2 cDNA
bound both I-1 and PP1 but did not associate with the a-sub-
unit of the heterotrimeric GTP-binding protein Gi,,. Quanti-
tation of the protein-protein interactions using a liquid assay
for B-galactosidase demonstrated that both I-1 and PP1 bound
avidly to the A2 gene product (Fig. 1), exceeding the binding of
PP1 to I-1, a known regulator, in the same assay 25- to 30-fold.
Sequence analysis established that the A2 cDNA encoded a
fragment of the human growth arrest and DNA damage-in-
ducible protein GADD34.

Association of GADD34 with I-1. GADD34 was originally
identified as an mRNA induced in a hamster cell line by DNA-
damaging agents (27). Since then, several other GADD34-
related gene products have been identified (Fig. 2A). The
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full-length GADD34 contains a highly basic N terminus, a
central domain containing four and a half repeats of approxi-
mately 34 amino acids in length (shown as striped boxes in Fig.
2A), which encompass three predicted PEST sequences, and a
C-terminal region of 60 to 80 amino acids that shows sequence
homology to the HSV-1 neurovirulence factor ICP34.5 (dotted
box in Fig. 2A). ICP34.5 and mouse MYD116 were previously
shown to bind PP1 (35). The cDNA identified in our screen
represented amino acids 233 to 674 of human GADD34 and
contains KVRF, the proposed PP1-binding sequence.

To establish whether PP1 was required to recruit I-1 to
GADD34 or whether the two proteins bound independently to
GADD34, we expressed hexahistidine-tagged GADD34(233—
674) and analyzed its association in vitro with recombinant
human I-1 coupled to CNBr-activated Sepharose. In a cosedi-
mentation assay, GADD34(233-674) bound equally well to
both thiophosphorylated (active) and unphosphorylated (inac-
tive) forms of human I-1 (Fig. 2B). No GADD34 association
was seen with immobilized bovine serum albumin or GST-
G\ (1-240), the PP1-binding fragment of the skeletal muscle
glycogen-targeting subunit. This demonstrated that GADD34
directly bound I-1 and the conformation change that results
from I-1 phosphorylation by PKA to produce a potent PP1
inhibitor does not influence I-1’s association with GADD?34.

Mapping GADD34 binding to I-1. To map the region of I-1
that binds GADD34, serial truncations were made to produce
I-1 polypeptides representing the N-terminal 80, 123, and 142
amino acids and full-length I-1 (171 amino acids) as His-tagged
proteins (Fig. 3A). Following their purification on Ni-NTA-
agarose, the I-1 peptides were covalently coupled to CNBr-
activated Sepharose as described above. As anticipated from
the above experiments, GADD34(233-674) bound equally well
to both thiophosphorylated and unphosphorylated forms of
full-length His-tagged I-1 (Fig. 3B). In contrast, GADD34 did
not bind I-1(1-80), I-1(1-123), or I-1(1-143). This suggested
that the C terminus of I-1, between amino acids 143 and 171,
was essential for GADD34 binding in vitro.

Interestingly, compared to the thiophosphorylated I-1, PP1
bound weakly to the unphosphorylated full-length I-1. How-
ever, none of the other unphosphorylated I-1 peptides bound
PP1 in parallel assays (Fig. 3B). As we have shown previously
(11, 20), PP1 binding was greatly increased by phosphorylation
of I-1. Indeed, following their phosphorylation by PKA, all the
immobilized I-1 peptides bound PP1 (Fig. 3C). Some variabil-
ity in PP1 binding to individual phosphopeptides was noted
and may reflect differences in their relative phosphorylation by
PKA and/or their dephosphorylation by I-1-insensitive phos-
phatases contaminating preparations of the skeletal muscle
PP1 catalytic subunit. Earlier experiments showed that the I-1
phosphopeptide containing the N-terminal 54 amino acids in-
hibited PP1 activity with a 50% inhibitory concentration (ICs)
similar to wild-type (WT) full-length I-1 (19). This suggested
not only that the weak PP1 interaction seen with full-length
unphosphorylated I-1 was further strengthened by I-1 phos-
phorylation, but also that PKA phosphorylation generates a
stable PP1-binding site within an N-terminal domain that in-
cludes the KIQF PP1-binding sequence and the PKA-phos-
phorylated threonine-35.

Mapping I-1 and PP1 binding in GADD34. To define the
region of GADD34 required for PP1 binding instead of infer-
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FIG. 2. I-1 associates directly with GADD34. (A) GADD34-related proteins, shown schematically with regions of structural and functional
homology. These proteins also show structural homology with two viral proteins, HSV-1 ICP34.5 and ASV NL-S, specifically in the C-terminal
domains containing putative KIXF PP1-binding motifs. (B) Association of recombinant His-GADD34(230-674) with thiophosphorylated (thio-I-1)
and unphosphorylated I-1 covalently linked to Sepharose. Controls included albumin and GST-G,,(1-240), the PP1-binding fragment of the
skeletal muscle glycogen-targeting subunit, which were also covalently linked to Sepharose. Input shows that almost all GADD34 was bound by
immobilized I-1. GADD34 binding was visualized using both Coomassie blue protein stain and Western immunoblotting with anti-GADD34

antibody.

ring this information from sequence conservation between
Myd116 and ICP34.5 and ability of the conserved Mydl116
region to complement the loss of function of the y1;, 5 gene,
which encodes ICP34.5, in HSV-1 (34, 35), we expressed sev-
eral HA-tagged GADD34 proteins in HEK293T cells (Fig.
4A). This also addressed the potential requirement for cova-
lent modification of GADD34 for its association with I-1 and
PP1. Full-length GADD34, which possesses significant apopto-
tic activity (1), was poorly expressed in HEK293T cells. By
comparison, the three truncated proteins, GADD34(180-674),
GADD34(180-483), and GADD34(180-610), were well ex-
pressed in HEK293T cells (Fig. 4B).

Affinity isolation of endogenous PP1 complexes on the
immobilized cyclic peptide microcystin-LR, a potent phos-
phatase inhibitor, has been used previously to identify PP1-
associated proteins (14). Extracts from HEK293T cells ex-
pressing the GADD?34 polypeptides were adsorbed to
microcystin-LR-Sepharose. Immunoblotting with an anti-
FLAG antibody showed that the affinity chromatography suc-
cessfully isolated PP1 complexes containing GADD34(180-

674) and GADD34(180-610) (Fig. 4C). However, PP1 complexes
associated with either full-length GADD34 or GADD34(180-
483) were not observed The lack of PP1 association with full-
length GADD34 was somewhat unexpected and may reflect its
low expression or weaker affinity for PP1 due to covalent mod-
ification, as GADD34 is phosphorylated in HEK293T cells
(J. H. Connor and S. Shenolikar, unpublished observation).
The data suggested that PP1 bound GADD34 in the HEK293T
cells through the ICP34.5 homology domain (amino acids 483
to 610), which contained the proposed PP1-binding motif,
KVRF.

As HEK293T cells express no detectable levels of I-1, the
presence of a cellular GADD34/I-1 complex could not be
analyzed. Thus, we undertook pulldowns of GADD34 from
extracts of transfected HEK293T cells using human I-1 immo-
bilized to Sepharose, as in Fig. 2. Immunoblotting the I-1-
bound proteins with an anti-FLAG antibody established that
all GADD34 polypeptides, including the full-length protein,
were concentrated by the I-1 beads (Fig. 4D). This defined the
I-1 binding to the common central region between amino acids
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FIG. 3. Mapping GADD34 binding to I-1. (A) Schematic of I-1
structure, with the N-terminal 54 residues (cross-hatched) previously
shown to bind PP1 and the PKA-phosphorylated threonine (TsP)
required for PP1 inhibition marked. Polypeptides representing C-ter-
minal truncations of I-1 were expressed in bacteria as hexahistidine-
tagged proteins and purified by affinity chromatography on Ni-NTA-
agarose. Purity of I-1 proteins is shown by SDS-PAGE on a 10%
(wt/vol) polyacrylamide gel stained with Coomassie blue. The I-1 pro-
teins were covalently linked to CNBr-activated Sepharose and used in
pulldowns of recombinant His-GADD34(230-674) (B). Pulldowns of
PP1 catalytic subunits purified from rabbit skeletal muscle were also
undertaken using the immobilized unphosphorylated (B) and phos-
phorylated I-1 (C). The results are compared with thiophosphorylated
I-1 immobilized to Sepharose. I-1-bound proteins were analyzed by
SDS-PAGE and Western immunoblotting (WB) with anti-GADD34
and anti-PP1 antibodies.

180 and 483 present in all the GADD34 peptides. The rela-
tive concentration of full-length GADD34 by the I-1 beads
compared to other GADD34 peptides suggested that WT
GADD34 possessed a higher affinity for I-1 than the shorter
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FIG. 4. Mapping PP1 and I-1 binding to GADD34. FLAG-tagged
GADD34 proteins (schematically shown in panel A with FLAG tag
and PP1-binding sites highlighted) were expressed in HEK293T cells.
Immunoblotting of total cell extracts with anti-FLAG antibody estab-
lished relative expression of the GADD34 polypeptides in cells (B).
HEK?293T cell extracts were incubated with microcystin-LR-Sepharose
(labeled Mcyst pulldown) to isolate cellular PP1/GADD34 complexes,
and GADD34 was detected by Western immunoblotting (WB) (C).
I-1-Sepharose was used to isolate GADD34 from HEK293T cell ex-
tracts, and the bound proteins in the “I-1 pulldown” were analyzed by
immunoblotting with the anti-HA antibody (D).
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FIG. 5. Modulation of PP1 activity by GADD34. (A) PP1 catalytic
subunit isolated from rabbit skeletal muscle was assayed using *2P-
labeled phosphorylase a and elF-2« as substrates in the presence of
increasing concentrations of recombinant His-tagged GADD34(230-
674). A representative assay from three independent experiments that
varied by less than 5% is shown. (B) Effects of increasing concentra-
tions of recombinant human GADD34(230-674) and human GST-
Gp\(1-240) on the in vitro dephosphorylation of eIF-2a by skeletal
muscle PP1 catalytic subunit are shown, with standard error bars. The
results represent the sum of three independent experiments carried
out in duplicate.

GADD34 peptides that lacked the highly basic N-terminal 180
amino acids. This provided support for an I-1/GADD34 com-
plex in mammalian cells and also suggested that I-1 binding
was not sensitive to potential cellular modifications that may
have prevented PP1 binding to full-length GADD34 in
HEK293T cells. The presence of independent, nonoverlapping
sites in GADD34 for I-1 and PP1 argued for a potential het-
erotrimeric complex that contains both PP1 and I-1 bound to
GADD34.

Functional effects of GADD34 on PP1 activity. Many PP1-
binding proteins modify substrate recognition by the PP1 cat-
alytic subunit. This has been assessed in vitro as the inhibition
of phosphorylase phosphatase activity of PP1 by PP1-binding
proteins, such as the smooth muscle myosin-targeting subunit
MYPT1 (24), the neuronal PP1-binding proteins neurabin I
(51) and neurofilament-L (65), and the PKA-anchoring pro-
tein AKAP220 (56). To assess whether GADD34 also dis-
played this property, we analyzed the in vitro dephosphoryla-
tion of phosphorylase a by PP1 catalytic subunit isolated from
rabbit skeletal muscle in the presence of increasing concentra-
tions of recombinant GADD34(230-674). The GADD34 pep-
tide inhibited PP1 activity with an ICs, of approximately 200
nM (Fig. 5A), demonstrating a potency equal to or better than
that of many known PP1-regulatory subunits.

Myd116 and structurally related GADD34 proteins show
limited structural homology with HSV-1 ICP34.5, which binds
PP1 and generates a phosphatase complex that preferentially
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dephosphorylates the eukaryotic translation initiation factor
elF-2a (34, 35). Thus, we also analyzed the effects of GADD34
on the PP1-catalyzed dephosphorylation of recombinant elF-
2a. *?P-labeled elF-2a, phosphorylated on the regulatory site,
serine-51, using recombinant HCR, was dephosphorylated by
PP1 catalytic subunit in a time- and concentration-dependent
manner. In contrast to the inhibition of phosphorylase a phos-
phatase activity, increasing concentrations of GADD34(230-
674) up to 6 pM had no deleterious effect on elF-2a dephos-
phorylation by PP1 (Fig. SA). Based on similar studies with the
Gy-bound glycogen synthase phosphatase (38, 63) and the
myosin-bound phosphatase (15), this suggests that the
GADD34-bound PP1 may function as an elF-2a phosphatase
in mammalian tissues.

Interestingly, when the effects of His-GADD34(230-674) on
elF-2a dephosphorylation were compared with those of GST-
Gum(1-240), a known regulator of PP1 activity as a glycogen
synthase phosphatase (38, 63), eIF-2a dephosphorylation,
which was unaffected by concentrations of GADD34(230-674)
up to 100 nM, was inhibited by GST-G,,(1-240) (Fig. 5B). This
clearly demonstrated that the correct combination of substrate
(eIF-2a) and regulator (GADD34) is required to generate an
effective elF-2a phosphatase.

GADD34 does not impair PP1 inhibition by I-1. Structure-
function studies showed that the KIQF PP1-binding sequence
in I-1 was essential for its efficacy as a PP1 inhibitor (15).
However, both I-1 and GADD34 contained a highly homolo-
gous PP1-binding motif. This predicted that two PP1 regula-
tors might compete for association at the hydrophobic site on
the PP1 catalytic subunit that accommodates the KIXF pep-
tide. Thus, the GADD34-bound PP1, like the glycogen syn-
thase phosphatase formed by PP1 binding to Gy, the skeletal
muscle glycogen-targeting subunit, might be more resistant to
inhibition by I-1 than the isolated PP1 catalytic subunit (38,
63). On the other hand, GADD34 contains independent dock-
ing sites for both PP1 and I-1 and may recruit the two proteins
to permit or even facilitate PP1 regulation by I-1.

To analyze the role of GADD34 on PP1 regulation by I-1,
we compared PP1 inhibition by thiophosphorylated I-1 in the
presence of GST-Gy,(1-240), which binds PP1 (see Fig. 2), and
His-GADD34(230-674), which binds both PP1 and I-1. At
high concentrations, I-1 displaced GADD34 from PP1 bound
to microcystin-LR-Sepharose (data not shown), perhaps favor-
ing the formation of dimeric I-1/GADD34 and/or I-1/PP1 com-
plexes. However, at the lower concentrations of the PP1-bind-
ing proteins used in a standard phosphorylase phosphatase
assay, 50 nM GST-G,, (1-240) by itself had no effect on PP1
activity but caused an 8- to 10-fold right shift in dose-response
for PP1 inhibition by I-1 (Fig. 6A). By comparison, similar
concentrations of His-GADD34(230-674) had no effect on
PP1 activity or its inhibition by I-1 (Fig. 6B). The phosphory-
lase phosphatase activity of rabbit skeletal muscle PP1 catalytic
subunit was inhibited by I-1 with an ICs, of 1 nM in the
presence and absence of 30 nM His-GADD34(230-674). As
the PP1 concentration in the standard phosphatase assay is
approximately 1 nM, this suggested that the thiophosphorylated
I-1 was a very effective inhibitor of the His-GADD34(230-
674)-bound PP1. Similar results were obtained using eIF-2a
as the substrate (Fig. 6C). The presence of excess His-
GADD34(230-674) had little or no effect on the inhibition of
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FIG. 6. Effect of GADD34 on PP1 inhibition by I-1. The dose-
dependent inhibition of phosphorylase phosphatase activity of the
skeletal muscle PP1 catalytic subunit was analyzed in the presence
(triangles) and absence (diamonds) of 50 nM recombinant GST-
Gy((1-240) (A) and 30 nM His-GADD34(230-674) (B). Representa-
tive curves from three independent experiments that varied by less
than 5% are shown. (C) Inhibition of eIF-2a phosphatase activity of
the PP1 catalytic subunit by I-1 in the absence and presence of 50 nM
His-GADD34(230-674). Results are the sum of three different exper-
iments carried out in duplicate and are shown with standard error bars.

elF-2a dephosphorylation by PP1 at two different concentra-
tions of I-1. This suggested that hormones that elevate cAMP
and activate I-1 may effectively regulate the phosphatase ac-
tivity associated with the I-1/GADD34/PP1 complex.
Physiological regulation of the I-1/GADD34/PP1 complex.
Our in vitro studies suggested that PP1 bound to GADD34,
encoded by a human brain cDNA, functions as an elF-2«a
phosphatase. In this regard, cell stress, such as ischemia and
nutrient starvation, has been linked to reduction in elF-2a
phosphatase activity that is sensitive to PP1 inhibitors (52).
Thus, ischemia increased elF-2a phosphorylation and inhib-
ited protein synthesis in nerve growth factor-differentiated
PC12 cells (52). In contrast to such tissue culture models,
hibernating ground squirrels provide an excellent model for
analyzing the reversible biochemical changes associated with
ischemia. Protein synthesis in the brains of hibernating squir-
rels is essentially shut off due in part to the persistent phos-
phorylation of eIF-2a (30). It was speculated that hibernation
might result in changes in eIF-2a kinase activity or diminished
elF-2a phosphatase. In any case, this provided an excellent and
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FIG. 7. Physiological regulation of PP1/GADD34 and I-1/
GADD?34 complexes. (A) Comparison of total amounts of PP1 cata-
lytic subunit, I-1, elF-2a, and GADD?34 in extracts from brains of
active and hibernating squirrel assessed by Western immunoblotting
with the appropriate antibodies. (B) Levels of I-1 phosphorylated on
threonine-35 and eIF-2a phosphorylated on serine-51 in brain extracts
by immunoblotting with the relevant phosphospecific antibodies. (C)
I-1 was immunoprecipitated from squirrel brain extracts using a poly-
clonal anti-human I-1 antibody. The immunoprecipitates were sub-
jected to SDS-PAGE and blotted with an anti-GADD?34 antibody. (D)
Microcystin-LR-Sepharose was used to isolate PP1 complexes from
squirrel brain extracts. The presence of PP1 and GADD34 in micro-
cystin-LR-bound complexes from brain extracts from active (left lanes)
and hibernating (right lanes) ground squirrels was analyzed by immu-
noblotting with anti-PP1 and anti-GADD?34 antibodies, respectively.

stable setting in which to analyze the role of the I-1/GADD34/
PP1 complex in regulating protein synthesis.

We first compared the steady-state levels of PP1, I-1, eIF-2a
and GADD?34 in brain extracts from active and hibernating
squirrels by Western immunoblotting (Fig. 7A). This showed
that the levels of PP1, I-1, and eIF-2« were not altered in the
squirrel brain tissue by hibernation or activity. Consistent with
cell stress such as serum starvation, UV irradiation, and DNA
damage, which induced GADD34 in tissue culture cells, hiber-
nation resulted in an 8- to 10-fold increase in brain GADD34
levels. Using phosphospecific antibodies, we observed that the
reduced metabolic activity in brain tissue from hibernating
animals resulted in nearly complete elimination of phosphor-
ylated I-1 (Fig. 7B). As reported previously (30), eIF-2a phos-
phorylation was increased in the brain tissue from hibernating
squirrels.

To address whether the hyperphosphorylation of eIF-2a in
the hibernating squirrel brain arose from modifications to the
proposed elF-2a phosphatase complex, we analyzed the asso-
ciation of GADD34 with I-1 in brain extracts by coimmuno-
precipitation (Fig. 7C). Equivalent amounts of I-1 were immu-
noprecipitated from active and hibernating brain extracts using
a polyclonal anti-human I-1 antibody. Western blotting showed
that GADD34 was associated with I-1 in active brain samples,
but despite greatly elevated levels of GADD34 in the hiber-
nating brain samples, no detectable GADD34 association with
I-1 was observed. As the anti-human GADD34 antibody failed
to immunoprecipitate squirrel GADD34, we were unable to
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analyze the interaction of I-1 (or PP1) with GADD34 in the
reverse direction.

To analyze the GADD34/PP1 complex in active versus hiber-
nating brain samples, we used affinity isolation of PP1 complexes
from equivalent amounts of brain extracts using microcystin-LR-
Sepharose. Western immunoblotting of the microcystin-LR-
bound proteins showed that equivalent amounts of PP1 catalytic
subunits were adsorbed from active and hibernating brain extracts
(Fig. 7D). Moreover, immunoblotting the microcystin-LR-bound
PP1 complexes with an anti-GADD34 antibody demonstrated the
presence of a GADD34/PP1 complex in brains of active animals.
However, no detectable association of GADD34 with PP1 was
observed in the brain extracts from hibernating squirrels. All
efforts to detect I-1 in neuronal PP1 complexes from several
species by affinity chromatography on microcystin-LR-Sepharose
have been unsuccessful (S. Endo and S. Shenolikar, unpublished
studies). This may imply that a small subset of GADD34/PP1
complexes in active brain extracts binds I-1 or that affinity isola-
tion of cellular PP1 complexes on microcystin-LR excludes PP1
complexes containing I-1. Microcystin-LR has been shown to
compete with I-1 and other endogenous inhibitors for binding to
the PP1 catalytic subunit (11). Finally, the reduced affinity of the
anti-human GADD34, PP1, and I-1 antibodies for relevant squir-
rel proteins may also contribute to this result. In any case, the
studies provided the first experimental evidence for the reversible
association of I-1 and PP1 with GADD34 in mammalian tissues
and suggested that, in addition to changes in I-1 phosphorylation/
activity, the assembly and disassembly of the proposed elF-2a
phosphatase complex may represent a physiological mechanism
for regulating eIF-2a phosphorylation and protein synthesis in the
mammalian brain.

DISCUSSION

The known mammalian PP1 regulators fall into two catego-
ries, targeting subunits and inhibitor proteins. Many members
of these two groups of proteins possess a conserved KIXF
motif, a pivotal binding site for the PP1 catalytic subunit (16).
Consistent with the competition among these protein regula-
tors for binding the KIXF docking pocket in the PP1 catalytic
subunit, PP1 bound to the prototypic PP1-targeting subunit
Gy and its structural homologue PTG (protein targeting to
glycogen) and shows decreased sensitivity to the inhibitors I-1
(38, 63) and DARPP-32 (7), and dissociation of the PP1 cat-
alytic subunit from these targeting subunits enhances PP1 reg-
ulation by these inhibitors. Thus, endogenous PP1 inhibitors
such as CPI-17 (48), which lacks a KIXF motif, are considered
more viable mechanisms for regulating PP1 holoenzymes, such
as the smooth muscle myosin phosphatase (58). However, re-
cent studies (23) have identified two PP1 holoenzyme inhibi-
tors (PHIs). PHI-I, although structurally related to CPI-17,
contains a putative RVXF motif and inhibits the glycogen-
bound and myosin-bound PP1 complexes. This suggests novel
mechanisms of PP1 regulation that can circumvent the poten-
tial competition between targeting subunits and inhibitors for
the KIXF binding pocket on the PP1 catalytic subunit.

I-1 activity as a PP1 inhibitor is increased more than 25,000-
fold following its phosphorylation by PKA (19), making I-1 a
remarkable signal transduction switch or gate that amplifies
cAMP signals in many mammalian cells. Structure-function
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studies of I-1 (19) and its structural and functional homologue
DARPP-32 have established that the key elements for PP1
regulation are localized in the highly homologous N-terminal
50 amino acids, which contain not only the PKA-phosphory-
lated threonine but also the KIXF motif required for PP1
inhibition by these proteins. The role of their unique C-termi-
nal sequences remains largely unknown. The finding that I-1
forms a stable association, at least in vitro, with the growth
arrest and DNA damage-inducible protein GADD34 provided
the first evidence for a novel function of the I-1 C terminus,
namely, to recruit cellular proteins that modulate the PP1
catalytic subunit. Thus, GADD34 established a new regulatory
paradigm that brings two distinct KIXF-containing PP1 regu-
lators, a targeting subunit and an inhibitor, to the same PP1
complex.

Structure-function analysis of I-1 showed that the C-termi-
nal 30 amino acids of I-1 were not essential for PP1 binding or
inhibition but were required for GADD34 binding. Con-
versely, analysis of GADD34 suggested that PP1 and I-1 may
bind different regions of this protein, with PP1 binding to a
C-terminal domain that is conserved in the viral proteins
HSV-1 ICP34.5 and avian sarcoma virus (ASV) NL-S, which
harbor a KIXF PP1-binding motif (34), and I-1 binding to the
central domain of GADD34, which contains multiple 34-ami-
no-acid repeats. Finally, enzymatic studies showed that, unlike
PP1 bound to Gy,, the prototypic PP1 targeting subunit, which
displays a reduced sensitivity to I-1 (38, 63), the presence of
excess GADD34 did not preclude PP1 inhibition by PKA-
phosphorylated I-1. Together, these studies pointed to inde-
pendent interactions of I-1, PP1, and GADD34 through adja-
cent but separable sites on the individual proteins, with the
potential to form a heterotrimeric I-1/GADD34/PP1 complex.
This raised the intriguing possibility that by scaffolding of PP1
and I-1 together, the requirement for the KIQF sequence in I-1
for PP1 inhibition may be eliminated, as the two key elements
necessary for PP1 inhibition (19), the phosphorylated threo-
nine and the KIXF motif, are provided by two different closely
associated PP1 regulators, I-1 and GADD34, respectively. Al-
ternately, the GADD34-bound I-1 may be subject to the phys-
iological phosphorylation at serine-67 catalyzed by the neuro-
nal protein kinase Cdk5 (4, 40), which regulates neuronal
differentiation and development.

Early studies used reticulocyte lysates as a model system for
protein synthesis and showed that phosphorylated I-1 (and I-2,
another PP1-specific inhibitor) inhibited protein synthesis, spe-
cifically the formation of the translation initiation complex, by
increasing eIF-2a phosphorylation (22). As PP1 inhibitors did
not alter eIF-2a kinase activity (55), this identified eIF-2a as
the PP1 substrate. Genetic antagonism between GLC7, the
gene encoding the yeast PP1 catalytic subunit, and GCN2, the
elF-2a kinase, also pointed to a conserved function for PP1 as
an elF-2a phosphatase (66). In reticulocyte lysates (21, 47),
increases in cAMP activated PKA and inhibited the assembly
of the translation initiation complex. PKA did not directly
phosphorylate eIF-2a or hemin-regulated inhibitor (also
known as HCR), the eIF-2a kinase present in reticulocytes and
other cells. Thus, it was speculated that cAMP may mediate its
effects through a reduction in elF-2a phosphatase activity.
However, the precise mechanism by which cAMP inhibited
elF-2a phosphatase has not been resolved. Thus, it is tempting
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to speculate that PKA phosphorylates the GADD34-bound I-1
to suppress the eIF-2a phosphatase activity of the PP1 catalytic
subunit bound at the neighboring site on GADD34 and rep-
resents a mechanism for cAMP inhibition of protein synthesis
in mammalian tissues.

In pursuing the physiological role of GADD34, overexpres-
sion of full-length GADD34 (1) has been shown to promote
apoptosis in tissue culture cells. Similarly, nutrient deprivation,
UV and gamma irradiation, anticancer drugs (43), and other
inducers of GADD34 transcription have varied and damaging
effects on cultured cells. Thus, we used the experimental model
of hibernating ground squirrels, which demonstrate a revers-
ible shutoff of global protein synthesis associated with hyper-
phosphorylation of eIF-2a (30). Our studies showed that hi-
bernation is another cell stress that induces GADD34 levels in
brain tissue. While the reduced metabolic activity and blood
flow in the hibernating squirrel brain resulted in dephosphor-
ylation of threonine-35 and inactivated I-1, eIF-2a phosphor-
ylation was greatly increased. Analysis of I-1/GADD34 and
PP1/GADD34 interactions showed that both PP1 and I-1
bound GADD34 in brain tissue from active animals, which
demonstrated low steady-state phosphorylation of elF-2a. In
contrast, despite the elevated expression of GADD?34 in hiber-
nating brain tissue, its associations with both PP1 and I-1 were
disrupted. Coincident with the loss of these protein-protein
interactions, eIF-2a phosphorylation was elevated and protein
synthesis was inhibited in the hibernating squirrel brain. This
argued that the GADD34-bound phosphatase complex played
a key role in the control of protein translation and suggested
that changes in I-1 phosphorylation/activity, altered GADD34
expression, and coordinated recruitment of I-1 and PP1 to the
GADD34 protein may represent distinct mechanisms for con-
trolling protein synthesis in the mammalian brain following
various forms of cell stress.

Studies of the mechanisms underlying host cell infection by
HSV-1 pointed to a key role for ICP34.5, the product of the
vl5,5 gene, in viral infectivity of neuronal cells. Analysis of
extracts from cells infected with HSV-1 expressing a functional
v154 5 gene showed that its gene product, ICP34.5, bound PP1
and increased eIF-2a phosphatase activity by nearly 3,000-fold
(35) compared to uninfected cells or cells infected with HSV-1
containing a mutant yls, s gene. Thus, the expression of
ICP34.5 represented a mechanism by which HSV-1 precluded
host cell-mediated shutoff of protein synthesis. Structural ho-
mology between HSV-1 ICP34.5 and the C-terminal region of
GADD34 and the ability of this region of the mouse GADD34
homologue, Myd116 (49), to complement the loss of the viral
v34.5 gene argued that PP1 bound to the GADD34 C terminus
may also function as an eIF-2« phosphatase. In this regard, our
biochemical studies established that GADD34(230-674) had
the hallmarks of a regulatory or targeting subunit that reduced
or abolished PP1 activity against phosphorylase a but was an
active elF-2a phosphatase. This provided experimental sup-
port for the notion that the cellular GADD34/PP1 complex,
like the ICP34.5/PP1 complex, may also regulate protein syn-
thesis.

However, ICP34.5 differs from GADD34 in that it does not
induce apoptosis but rather favors cell survival in mammalian
cells. Whether this represents differences in the recruitment of
other proteins by the viral and cellular PP1-binding proteins or
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differences in biochemical properties of the eIF-2a phospha-
tases assembled by these proteins is currently unknown. For
example, the C-terminal domain of ICP34.5 that recruits PP1
also binds the cell cycle protein PCNA (9). In contrast, PCNA
binding to GADD?34 has not been demonstrated. Interestingly,
ICP34.5 expression inhibits apoptosis induced by GADD34
(59), possibly suggesting that they compete for common cellu-
lar targets. In this regard, differences in PP1 binding and reg-
ulation by ICP34.5 and GADD34, which may contain both
positive and negative regulatory elements, may also account
for their different cellular effects. While increases in elF-2a
phosphorylation have been linked to programmed cell death
(62), it is also possible that the apoptotic effects of GADD34
reflect other protein interactions or differences in turnover of
elF-2a phosphorylation at serine-51 by the GADD34-bound
PP1 compared to the ICP34.5-bound PP1. A clear distinction
between these two proteins is the unique ability of GADD34 to
recruit I-1, a known PP1 regulator. Understanding the func-
tional interactions between PP1 and I-1 within the GADD34
signaling complex and their regulation by physiological signals
should yield new insights into the physiological role of the
complex in the control of protein synthesis and the choice
between apoptosis and cell survival.

In addition to PP1 and I-1, several other GADD34-binding
proteins have been identified, including the transcription fac-
tor BFCOL1, which binds to the promoter of the gene encod-
ing the p21°?* inhibitor (32), KIF1A kinesin (33) and the prod-
uct of the HRX gene that is translocated in many human
leukemias (1). All of these proteins associate with the central
region of GADD34 that also binds I-1. This raises the possi-
bility that I-1 also competes with cellular proteins for
GADD34 binding and suggests a complex regulation of the
GADD34-bound phosphatase. As HRX association attenuates
GADD34’s ability to induce apoptosis, and it may displace I-1
or other GADD34-bound proteins that participate in apoptotic
signaling. Finally, rat cell lines express a proliferation marker,
PEGS3, with sequence homology to the N terminus and central
domain of GADD34 but does not contain a PP1-binding do-
main (64). Whether PEG3 is expressed in other species and
contributes to regulation of the I-1/GADD34/PP1 complex
requires further investigation.

Identification of numerous GADD34-binding proteins sug-
gests a wider role for GADD34 than simply the regulation of
protein translation. In this regard, analysis of genetically mod-
ified mice, such as the I-1-null mice (3), which display a com-
plex neuronal phenotype, may provide insights into the specific
contribution of I-1, and perhaps PP1, in eIF-2«a dephosphory-
lation and protein translation. In summary, we have identified
the first PP1 complex that may contain more than one PP1
regulator, and the challenge for future studies is to elucidate
the cell signaling events that modify the assembly and activity
of this signaling complex to control protein synthesis, cell sur-
vival, and apoptosis.
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