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ABSTRACT. The phosphorylase phosphatase activity of protein phosphatase 1 (PP1) catalytic subunit from
freshly purified rabbit skeletal muscle was inhibited by MaCProlonged storage or inhibition by
nonspecific phosphatase inhibitors ATP, sodium pyrophosphate, and NaF converted the muscle PP1 to a
form that required M#" for enzyme activity. Recombinant PP1 catalytic subunit expresseddherichia

coli was also a Mfir-dependent enzyme. While native PP1 was inhibited by the phosphoprotein inhibitor

1 (I-1), with an 1G of 1 nM, 40-50-fold higher concentrations of I-1 were required to inhibit the?’Mn
dependent PP1 enzymes. Conversion to thé"Miependent state was accompanied by a 20-fold increase

in PP1’s ability to dephosphorylate and inactivate I-1. Inhibition by thiophosphorylated I-1 established
that dephosphorylation does not play a significant role in I-1's reduced potency as an inhibito?'af Mn
dependent PP1. The Mirdependent PP1 enzymes were poorly inhibited by N-terminal phosphopeptides
of I-1, indicating their impaired interaction with the I-1 functional domain. Mutation of a residue conserved
in I-1 and DARPP-32, a structurally related PP1 inhibitor, preferentially attenuated I-1's activity as an
inhibitor of Mn?™-dependent PP1. These data showed that, in addition to changes in its catalytic properties,
Mn2"-dependent PP1 was modified in its interaction with I-1 at a site that was distinct from its catalytic
domain. Our studies suggest that conversion to &Miependent state alters multiple structural elements

in PP1 catalytic subunit that together define its regulation by I-1.

Protein phosphatase 1 (PP1) is a major eukaryotic proteinassociated protein kinase (Alessi et al., 1993) or PKA (Zhao
serine/threonine phosphatase (Cohen, 1989; Shenolikar &et al., 1994). Interestingly, the native PP1 also require$"Mn
Nairn, 1991: Bollen & Stalmans, 1992; Shenolikar, 1994) for efficient dephosphorylation of these substrates (Silberman
that is characterized by preferential dephosphorylation of the et al., 1984). Treatments that convert native PP1 into a
f-subunit of phosphorylase kinase and inhibition by two Mn2+-dependent enzymes elevate its activity toward histone
endogenous proteins, inhibitor 1 (I-1) and inhibitor 2 (I-2). H1 and PNPP (Cohen, 1989; Shenolikar & Nairn, 1991;
Molecular cloning has identified four distinct PP1 cDNAs  Bgjlen & Stalmans, 1992). It has been postulated that loss
(Sasaki et al., 1990). The recombinant PP1 isoenzymes shargf metals from the substrate-binding site converts PP1 into

similar substrate specificity toward several phosphoprotein 5 Mr?+-dependent enzyme and alters the recognition of some
substrates, association with regulatory subunits, and inhibition g, ctrates (Egloff et al., 1995).

by toxins (Zhang et al., 1992, 1993a,b, 1994a,b; Alessi et
al., 1993; Zhao et al., 1994). The three-dimensional struc- Native and recombinant PP1 show similar sensitivity to
tures of two recombinant PP1 isoenzymes have been solvednany toxins and I-2, which inhibit their activity. In contrast,
(Goldberg et al., 1995; Egloff et al., 1995), opening the way the recombinant PP1 is 106®00-fold less sensitive to
for a better understanding of the structure, function, and inhibition by I-1. Conversion of native PP1 to a Ktn
regulation of PP1. dependent enzyme is also accompanied by a 500-fold
Unlike PP1 purified from mammalian tissues, recombinant reduction in its sensitivity to I-1 (Alessi et al., 1993). The
PP1 catalytic subunits are inactive in the absence of divalentmolecular basis for this defect in regulation by I-1 remains
cations. Following reactivation by Mh, the recombinant  unknown. Our recent studies suggest that multiple regions
PP1 enzymes show higher activity toward some substratesof I-1 interact with the PP1 catalytic subunit to mediate
than native PP1. These substrates inclpegitrophenyl  enzyme inhibition (Endo et al., 1996). Alterations in one
phosphate and histone H1 phosphorylated by a growth-or more of these PP1/I-1 interactions may contribute to the
impaired regulation of the Mri-dependent PP1.
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defect in regulation, we analyzed Rmdependent and
-independent forms of rabbit skeletal muscle PP1 catalytic
subunits and recombinant Riefor inhibition by I-1 proteins
and peptides under well-defined conditions. #dependent
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(lysis buffer) at 4°C and the extract was gently shaken with
glutathione-Sepharose equilibrated with 20 mM Tris-HCI,
pH 7.5, containing 0.15 M NaCl (TBS) at°€. The affinity

matrix was washed with lysis buffer followed by TBS

PP1 enzymes were uniformly less sensitive than native PP1containing 1% Nonidet P-40. The GST-hl-1 was eluted with

to I-1 proteins and peptides. Moreover, the3Vhdependent
PP1 was also more effective in dephosphorylating and
inactivating I-1 than native PP1. Using thiophosphorylated
I-1, we established that the decreased sensitivity of th&Mn

dependent PP1 did not result from extensive dephosphoryl-

ation of I-1. Mutation of human I-1 that uniquely impaired
its ability to inhibit the Mr#*-dependent PP1 provided further

evidence for its altered structure. Our studies suggest that

50 mM Tris-HCI, pH 8.5, containing 10 mM glutathione and
dialyzed against 0.5 mM Tris-HCI, pH 7.5, containing
0.005% (w/v) Brij 35. The GST-hl-1 was further purified
to homogeneity by preparative SB8% (w/v) PAGE at 50
mA for 17 h using Prep-Cell 490 (Bio-Rad). Fractions
containing GST-hl-1 were pooled and dialyzed against 0.5
mM Tris-HCI, pH 7.5, containing 0.005% Brij 35 at°L.
Purified GST-hl-1 (apparent molecular mass 47 kDa) was

changes in PP1 structure associated with its conversion to adigested with thrombin (0:51.0 NIH unit/mL) in 50 mM

Mn?*-dependent state abrogate its regulation by I-1. De-
lineating these changes may provide new insight into the
mechanism of PP1 inhibition by I-1.

MATERIALS AND METHODS

Restriction enzymes, isopropyl 1-thibp-galactopyrano-
side (IPTG), and human thrombin were purchased from
Boehringer Mannheim. Glutathione-Sepharose was pur-
chased from Pharmacia. Phosphorylased phosphorylase
kinase were obtained from Gibco-BRLy-f2P]JATP (>4000
Ci/mmol) was purchased from ICN. The PP1 catalytic
subunit (DeGuzman & Lee, 1988), I-1 (Connor et al., 1997),
and the PKA catalytic subunit (Beavo et al., 1974) were
purified from rabbit skeletal muscle. Recombinant BRis
expressed ift. coli and purified to homogeneity as described
by Zhang et al. (1992). Protein concentration was deter-
mined by the method of Bradford (1976) using BSA as
standard E%,g0 = 6.54).

Site-Directed Mutagenesis of Human .I-Bite-directed

Tris-HCI, pH 8.5, containing 5 mM Caght 30°C and the
digest was subjected to preparative SEFAGE to obtain a
single 28 kDa polypeptide representing purified hi-1.

Isolation of Recombinant hl-1 Peptide$vVhen GST-h1-1
was expressed ik. coli DH5a, a 37 kDa fusion protein
was obtained. Thrombin cleavage of this fusion protein
yielded two I-1 peptides with apparent molecular masses 12
and 14 kDa. Each peptide was purified by preparative SDS
14% (w/v) PAGE (described above) and reversed-phase
HPLC on a GguBondapak column (30& 7.5 mm, Waters)
in 0.1% trifluoroacetic acid using a gradient of-&5%
acetonitrile. The HPLC fractions were dried and redissolved
in 1.0 mM Tris-HCI, pH 7.5, containing 0.005% Brij 35. N-
and C-terminal sequence determination and mass spectrom-
etry defined the two peptides as I-181) and 1-1(9-61)
(Endo et al., 1996).

Phosphorylation of I-1 by PKAGST-hlI-1 as well as the
I-1 proteins and peptides were phosphorylated with the
catalytic subunit of PKA in 50 mM Tris-HCI, pH 7.5,
containing 10«M ATP and 1 mM MgC} at 30°C for 1-4

mutagenesis to substitute an asparagine in place of isoleuy, (Shenolikar & Ingebritsen, 1984). Phosphorylation was

ciney in human I-1 was undertaken by PCR using human
I-1 cDNA subcloned into pPGEM-3Z{() as template (Prome-
ga). The forward primer,'S2CGAAAGAACCAGTTCACG-

3, and the SP6 primer were used in one amplification
reaction, while the backward primer6GTGAACTGGT-
TCTTTCGG-3, and the T7 primer were used in another.
The amplifications were carried out for 30 s at@2, 1 min

at 55°C, and 1 min at 72C for 35 cycles. The PCR

monitored using trace/F*?P]JATP in the reaction. Incorpo-
ration of 32P-phosphate into I-1 was followed by SBS
PAGE/autoradiography or 15% (w/v) trichloroacetic acid
precipitation. Concentration of activated I-1 was determined
by incorporation of 1 mol of?P-phosphate into 1 mol of
I-1.

Thiophosphorylation of rabbit skeletal muscle 1-1 was
undertaken essentially as described above except that 0.2 mM

products were purified by electrophoresis in 1% (w/v) ATP-y-S and 2 mM MgCi were used in place of ATP-Mg
agarose. Equimolar amounts of the two PCR products weregnq the reaction was incubated at 30 for 24 h. The

mixed and further amplified using the T7 and SP6 primers.
The product of the second PCR amplification was digested
with Ncd andEcarl and subcloned into pGEM-32f(). The
mutation, kN, was verified by double-stranded sequencing
with Sequenase Il (U.S. Biochemical Corp.).

Expression of Recombinant Human.Il-The hl-1 cDNA

incubation mixture was desalted on Sephadex G25 or through
Centricon-30 to remove ATR-S. A small aliquot of the
incubation mixture was analyzed by SBBAGE for pos-
sible I-1 degradation. Another aliquot of thiophosphorylated
I-1 was “back-phosphorylated” in the presence#f-ATP

as described above. A parallel reaction containing unphos-

was subcloned into pGEX-2T (Pharmacia) and expressed aghorylated I-1 was used as control. Maximal radiolabeling

a fusion protein with glutathione S-transferase (GSTIin
coli BL21 (Novagen) as described by Endo et al. (1996).
Briefly described, the transformed bacteria were grown
at 37°C in 250 mL of Terrific Broth (Tartof & Hobbs, 1987)
containing ampicillin (5Q:g/mL) unit Asgo Of the culture was
0.6. The culture was cooled and incubated at’@5until
Asooreached 0.8. GST-hl-1 was induced &h at 25°C by
the addition of 1 mM isopropyl 1-thig-p-galactopyranoside
(IPTG). The bacteria were sonicated in 20 mL of 50 mM
Tris-HCI, pH 7.5, containing 1% Nonidet P-40, 5 mM
EDTA, 5 mM EGTA, 5 mM benzamidine, and 1 mM PMSF

or back-phosphorylation of the thiophosphorylated I-1 did
not exceed 5% of that incorporated into control I-1. This
demonstrated that the thiophosphorylated I-1 w&5%
covalently modified.

Protein Phosphatase AssayP1 was routinely assayed
using *?P-phosphorylasea phosphorylatedin zitro with
phosphorylase kinase (Shenolikar & Ingebritsen, 1984). PP1
was incubated with 1@M 32P-phosphorylasa in 50 mM
Tris-HCI, pH 7.0, 1 mg/mL BSA, 1 mM EDTA, and 0.3%
(v/v) 2-mercaptoethanol (total volume Q) at 30°C. The
reaction was terminated after 10 min by the addition of 0.1
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A et al., 1992, 1993a,b, 1994a,b; Alessi et al., 1993; Zhao et

100 al., 1994), recombinant PRIcatalytic subunit expressed in
g E. coli was inactive in the absence of metal ions. The
2 concentration curve for reactivation of recombinant P1
'% by MnCl, was essentially identical to that for PP1b (Figure
s 50 1A).

E The time course for the activation of PP1b (Figure 1B) or

PPXx (data not shown) by 1 mM Mnglat 4 °C was
complex. MnCjinitially increased PP1b (and Pé&flactivity
0.01 0.1 1 10 to the level of the native PP1a assayed in the absence of
MnCl,(mM) divalent cations. Continued incubation with Ma@sulted
in a slow loss of PP1b activity, which stabilized after-60
90 min to a level equivalent to that of PP1la assayed in 1
mM MnCl; (Figure 1B). There was no further change in
the phosphorylase phosphatase activity of PP1b andPP1
on continued incubation for 3 h. Thus, we defined the
preincubation with 1 mM MnGlat 4 °C for 60 min as the
most stable conditions for studying the regulation of?¥n
dependent PP1 by I-1.
Inhibition of Mr?*-Dependent and -Independent PP1 by
0 fomrmrmbre el I-1 Proteins and PeptidesPP1a from rabbit skeletal muscle
0 2 49rim6:(,,:2) 100120 was inhibited by I-1 only after it had been phosphorylated
on a threonine by PKA. The kg for PP1a inhibition by

Ficure 1: Effects of MnC} on PP1 activity. (Panel A) Native . -
PP1a purified from rabbit muscle)( solid line), Mr?*-dependent ~ Skeletal muscle I-1 was approximately 1 nM, in the absence

muscle PP1bm, bold line) and recombinant PRI 4, dotted line) of divalent cations (Table 1). Although 1 mM MngCl
were preincubated in assay buffer containing varying concentrationsreduced PP1a activity by nearly 50%, it had little effect on
of MnCl; for 10 min at 37°C and assayed for phosphorylase the apparent I for I-1 (Table 1 and Figure 2). However,

phosphatase activity. (Panel B) Native PP1a was incubated in the : S .
presenceM, bold line) and absenca( dotted line) of 1 mM MnGl MnCl; induced a significant change in the shape of the dose

for increasing periods of time prior to assaying for phosphorylase fesponse curve for I-1. The sigmoidal desesponse curve
phosphatase. Time course for activation of PP1b by 1 mM MnCI for I-1 seen in the absence of divalent cations was noticeably
is also shown 4, solid line). biphasic when 1 mM MnGlwas included in the assay
i ) . (Figure 2). By comparison, PP1b following its activation
mL of 20% (w/v) tr!chloroac_etlc a_C|d and 0.1 mL of _BSA with 1 mM MnCl, (60 min at 4°C) was inhibited by I-1
(6 mg/mL). Following centrifugation at 1508Gor 5 min, with an I1Cs of 46 nM (Table 1). MA*-activated recom-
the supernatant (200L) was analyzed fof?P-phosphate  pinant PP# also required 40 nM phospho-I-1 for half-
release by liquid scintillation counting. Phosphatase assaysyaximal inhibition.
were also undertaken using the recombinant hl-19) Recombinant human I-1 (hl-1) was a potent PP1a inhibitor.
phosphorylated with PKA as substrate. N-Terminal fusion of hl-1 to GST, however, reduced its
RESULTS inhibitory potency by nearly 30-fold (Table 1). The presence
of 1 mM MnCl, in these assays had little effect on thedC
Effect of MiR* on Phosphorylase Phosphatase Aityi of for GST-hl-1. Surprisingly, GST-hI-1 was only-3}-fold
Native and Recombinant PP1 Catalytic Subuni®he PP1 less effective in inhibiting the Mii-dependent enzymes,
catalytic subunit freshly purified from rabbit skeletal muscle, PP1b and PRL Thrombin cleavage of GST-hl-1 yielded
termed PP1a, showed maximal phosphorylase phosphataséee hi-1, increasing its efficacy as a PP1 inhibitor. Recom-
activity in the absence of divalent cations. PPla was binant hl-1, like the rabbit muscle I-1, inhibited PP1a with
inhibited by Mrf* concentrations above 0.1 mM (Figure 1A). an 1G; of 1 nM in the presence or absence of ¥n In
An approximately 50% reduction in PP1 activity was contrast, hl-1 inhibited Mtfr-dependent PP1b with an €
observed with 1 mM MnGl Prolonged storage of PPlaat of 35 nM. Thus, I-1 discriminated between the #n
—20°C or incubation with nonspecific phosphatase inhibitors dependent and M#i-independent PP1 much better when it
ATP (1 mM), NaF (50 mM), and sodium pyrophosphate (10 was not fused to GST.
mM) for 30 min at 37°C resulted in the complete loss of The primary structural determinants for PP1 inhibition are
phosphorylase phosphatase activity. This enzyme, termedocalized to a N-terminal domain in hl-1 that contains the
PP1b, was not reactivated by dialysis or desalting on SepadeXPKA phosphorylation site (Endo et al., 1996). N-Terminal
G50 to remove the low molecular weight inhibitors (data peptides of hl-1;-3 to 61 and 9 to 61, were potent inhibitors
not shown). Instead, incubation with MnGhas used to  of native PPla (Table 1). By contrast, 50-fold higher
restore PP1b activity. Maximal PP1b activity was observed concentrations of the phosphopeptides were required to
when the enzyme was incubated with 230 mM MnCk inhibit PP1b. 1Gy's for PP1b inhibition by hl-1 peptides
for 10 min at 37°C (Figure 1A). MnC} concentrations  exceeded 200 nM. These data suggest that the altered
above 3 mM progressively decreased PP1b activity. The regulation of Mi3*-dependent PP1b results from its defective
dose-response curves for reactivation by MaGhere interaction with the N-terminal domain of I-1.
essentially the same whether PP1b was produced by pro- |-1 Dephosphorylation and Inactation by Natve and
longed storage or inactivation with NaF, ATP, or pyrophos- Recombinant PP1Nimmo and Cohen (1978) showed that
phate (data not shown). As reported in earlier studies (ZhangPP1 purified from rabbit muscle required &tnto dephos-

B 100 f.
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PP1 activity (%)
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Table 1: PP1 Inhibition by I-1 Proteins and Peptides

ICso (nM)
PPla
—Mn +Mn PP1b+ Mn PPl + Mn

rabbit skeletal muscle inhibitor 1

phosphorylated 1.£0.2P 0.9+0.20 46+ 3.8 40+ 2.3

thiophosphorylated 1.30.23 1.1+ 0.31 35+ 2.6 33+ 2.6
recombinant human inhibitor 1

GST-hl-1 (phosphorylated) 3P 2.4 26+4.3 85+ 16 82+ 13

hl-1 (-3-171, phosphorylated) 0.980.1% 1.0+0.3 ND 35+ 2.7

hl-1 (-3-61, phosphorylated) 3F%0.14 35+27 200+ 18 ND

hl-1 (9-61, phosphorylated) 45052 ND 230+ 21 ND

a|-1 purified from rabbit skeletal muscle was phosphorylated by PKA catalytic subunit using ATP oy ATBs described in Materials and
Methods. Recombinant hl-1 was expressed as a GST fusi@h @oli. Following thrombin cleavage, hl-1 and two N-terminal peptides were
purified by preparative SDSPAGE and HPLC. The hl-1 proteins and peptides, phosphorylated by PKA, were analyzed for PP1 inhibition. Native
Mn?*-independent PP1a was purified from rabbit skeletal muscle and assayed in the presence or absence of 1,mMi¥ir@ependent muscle
PP1b was generated by long-term storage 20 °C or by inhibition with 1 mM ATP or 50 mM NaF. PP1b and recombinant &@Rgpressed in
E. coli were incubated in buffer containing 1 mM MnGbr 60 min at 4°C prior to assaying for phosphorylase phosphatase activity in the presence
of 1 mM MnCl,. 1Cs values for I-1 proteins and peptides were obtained-ib 3ndependent experiments (shown with standard errors). Values
not determined are indicated as NDI'aken from Endo et al. (1996).
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Ficure 2: Inhibition of skeletal muscle PP1 catalytic subunit by o 70r
I-1. Phosphorylasa phosphatase activity of native muscle PP1a 2
was assayed in the presence of increasing concentrations of PKA- 2
phosphorylated rabbit skeletal muscle I-1. The PP1 inhibitor assays a 60 : ; :
were carried out in the absencs) or presencel) of 1 mM MnCl. 0 10 20 30 40 50
Time (min)
phorylate I-1. Thus, the dephosphorylation and inactivation
of I-1 by the Mr#*-dependent PP1 enzymes could represent 120
B

a mechanism for their reduced sensitivity to I-1 (Alessi et
al., 1993). Therefore, we compared PP1a, PP1b, and PP1
for their ability to dephosphorylat&#P-labeled hl-1. Con-
centrations of the PPl enzymes were set so that they
dephosphorylated phosphorylasat nearly equivalent rates
(Figure 3A). In the absence of Mh PPla was an
ineffective 1-1 phosphatase, removing less than 3% of the
protein-bound phosphate in 40 min at 3Z (Figure 3B).
Addition of 1 mM MnCk increased its I-1 phosphatase
activity by approximately 2-fold. In contrast, PP1b and
PP, which were active only in the presence of 1 mM
MnClI,, were 20-fold more efficient in dephosphorylating I-1.

Nearly 70% of phospho-I-1 was hydrolyzed by PP1b and 2% 1o 20 30 20 50
PPX in 40 min at 37°C. This rate was nearly twice that

seen with phosphorylasa as substrate under the same . i
FiGURe 3: Substrate specificity of native and Krdependent PP1.

conditions. . ;
N . . . Native PP1la was assayed in the absergeafid presencea() of
Inhibition of Nate and Recombinant PP1 by Thiophos- 1 mm MnCl, using either phosphorylase(panel A) or hi-1 (panel
phorylated I-1 Earlier studies showed that I-1 dephosphor- B) as substrate. Mri-dependent PP11#8) and recombinant PRl

ylation by PP1 was not inhibited by phosphorylag@immo (m) were also assayed for dephosphorylation of these substrates.
& Cohen, 1978). Thus, extensive dephosphorylation and

inactivation of I-1 could occur even in the presence of the °C for 24 h (data not shown). The thiophosphorylated I-1
competing substrate, phosphorylaseand be seen as the was functionally indistinguishable from phospho-I-1 and
reduced sensitivity of Mit-dependent PP1 to I-1. To inhibited PP1a with an 1§ of 1 nM (Table 1). As with all
address this, we utilized thiophosphorylated I-1 that was not the I-1 proteins and peptides examined, Mnidlduced a
dephosphorylated by either Mrdependent PP1b, P&lor pronounced biphasic doseesponse curve for PP1a inhibi-
PP2A, an I-1-insensitive phosphatase, when incubated at 37%ion by thiophosphorylated I-1 without changing its apparent

100

@
(=]

(% control)
3

201

Dephosphorylation of Inhibitor-1

Time (min)
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DISCUSSION

Protein phosphatase 1 (PP1) is a ubiquitous eukaryotic
protein serine/threonine phosphatase that dephosphorylates
a broad range of phosphoprotein substrates. Long-term
storage inactivates PP1, converting it to a form that requires
divalent cations for activity. This conversion was accelerated
by PP1 inhibition by the reversible inhibitors NaF (Burchell
. ) . & Cohen, 1978), ATP, and sodium pyrophosphate (Hsiao
0.1 1 10 100 1000 et al., 1978; Brautigan et al., 1982; Yan & Graves, 1982).
With the cloning of PP1 cDNAs, the recombinant isoenzymes
were expressed in bacteria and found to be exclusiveR/ Mn
dependent (Zhang et al., 1992, 1993a,b, 1994a,b; Alessi et
al., 1993; Zhao et al., 1994). Indeed, poor yields of PP1
were reported when Mnglwas not added to the bacterial
growth medium (Zhang et al., 1992; Alessi et al., 1993). Site-
directed mutagenesis and analysis of mutant enzymes has
begun to shed new light on the structufenction relation-
ship for the PP1 catalytic subunit (Zhang et al., 1993b,
1994a,b, 1996a,b). Three-dimensional structures of two PP1
, : ; isoenzymes also offer new opportunities for understanding
01 1 10 100 1000 the function and regulation of PP1 (Goldberg et al., 1995;

GST--1 (nM) Egloff et al., 1995).
EIIG;FEE)AH Vg"d-t)t/petahf}dlf&m)a?t.l)-l as PP1 inhibitgr%- Wi||,d-type In these studies, we established that the phosphorylase

i and mutant ni-1go'y) (W) were expressed Ik ol as phosphatase activity of PPla catalytic subunit, freshly
GST fusion proteins. The affinity-purified GST-hlI-1 proteins were s . -
phosphorylart)ed with PKA and an)rgll?/zed for inhibition gf native PPla pu”f'e_d from rabbit skeletal muscle, was independent of
assayed in the absence of divalent cations (panel A) and recom-metal ions and was unaffected by addition of chelator to the
binant PP& assayed in the presence of 1 mM Mp@banel B) assay. Indeed, Mnglabove 0.1 mM inhibited the native
with phosphorylase as substrate. enzyme. In contrast, the recombinant BRihd the Mi@*-

dependent muscle enzyme, PP1b, were absolutely dependent
ICso (data not shown). The key finding, however, was that on divalent cations for enzyme activity. In examining the
more than 30-fold higher concentrations of thiophosphoryl- time and concentration dependency of reactivation of re-
ated I-1 were required to inhibit PP1b and BP1This combinant PPd and PP1b by M#, we saw that their
argued against the dephosphorylation of I-1 as the basis foractivity was maximal after 10 min in 1 mM Mngl On
decreased sensitivity of Mh-dependent PP1 to I-1. continued incubation, this activity slowly declined to reach

An N-Terminal Mutation of I-1 Attenuates Inhibition of & N€w steady-state level, equivalent to that of the native
Mn2*t-Dependent PP1N-Terminal phosphopeptides of I-1, e”i{me in the presence of ¥n T_hese_ data suggest tha_t
which failed to inhibit PP1 at nanomolar concentrations, Mn |_nduces multiple cc_)nformatlons n the PP1 catalyu_c
identified a KIQF sequence that acts in concert with the subunit that are reflected in these changes in enzyme activity.

phosphorylation of threonigeto inhibit PP1 activity (Aitken Additipnal evidenqe sugges.ting structural alter_ayions in _the
& Cohen, 1984: Endo et al., 1996). Serial deletions in a recombinant PP1 includes its enhanced activity against

: : lected substrates, PNPP and histone H1, when compared
synthetic peptide of DARPP-32, a structurally related PP1 Se . L ) '
inhibitor, showed the most significant loss in PP1 inhibitor \r']‘”th bnauve PPll (flgiﬁ' te:hallly 199?’ Zhao et al,, 1394)' It
activity with the loss of the isoleucine in the KIQF sequence mﬁé{é?&g‘;ﬁg aPTD 1 tc? a 'gm%s; Oen%gif rerr?Zorr(ra]:r:Ni?rg]]e;ous
(Hemmings et al., 1990). To define the functional role of P Y

this conserved isoleuine, we substituted a neutral amino acid more relaxed catalytic site that allows access to otherwise
’ ‘poor substrates like the phosphotyrosine analog, PNPP

asparagine, in place of isoleucigen hl-1 and expressed (Egloff et al., 1995). Our data showed that the An

the mutant GST-hl-1 protein iB. coli. GST-hl-1(kN)was  genendent phosphatases were also modified in their ability
phosphorylated by PKA at rates similar to Wlld—ty_pe_G_ST- to dephosphorylate I-1. Native PPla was a poor I-1
-1 _(data not_ shown). The Wlld-type GST-hl-1 inhibited phosphatase even in the presence of?Mm potentially
native PP1a in the absence of Miwith an IGxo of 32 1M important factor in determining I-1's potency as a PP1
(Flgure 4, panel A). In contrast, the mutant GST-hizd\) inhibitor. In contrast, MA*-dependent PP1b and recombi-
was slightly less potent as a PP1a inhibitor with an apparentnant PP were excellent I-1 phosphatases, preferring I-1
ICso of 45 nM. The mutant hl-1 was most notably to phosphorylasa by nearly 2:1. So the proposed relaxation
compromised in its ability to inhibit PP1a activity when of catalytic site that occurs in PRIand PP1b also increases
analyzed at concentrations below 10 nM. The most striking access to a phosphothreonine-containing substrate, like I-1.
finding was that GST-hI-1{iN) was severely impaired in PP1a was characterized by its potent inhibition by rabbit
its ability to inhibit the recombinant Plelcompared to wild- and human I-1 in the presence or absence of MnChe
type GST-hI-1 (Figure 4, panel B). Thedévalues for PP& Mn2* ions did not change the apparentd®r I-1 proteins
inhibition by wild-type and mutant GST-hl-1 were 82 nM and peptides but clearly modified their desesponse
and 675 nM, respectively. This suggested that the defect incurves. As MnGl did not perturb the secondary structure
interaction of PP& with the N-terminal functional domain  of I-1 proteins and peptides, as judged by circular dichroism
of I-1 was further exacerbated by mutation of isoleugine  (data not shown), its primary interaction is most likely with
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the PP1a catalytic site, where it also enhanced the dephos-
phorylation of I-1 and several other substrates. Alessi et al.
(1993) reported that 168600-fold higher concentrations of

I-1 were required to inhibit recombinant PP1. Tissue-derived
PP1 catalytic subunit was impaired in its regulation by I-1
only following its conversion to a Mif-dependent enzyme.

Determining the structural basis for the altered regulation independent . Mndependent
of recombinant PP1 by I-1 was a key goal of our studies. L. . PP
When we saw that PRl and PP1b preferred I-1 as a

substrate over phosphorylasgit raised the possibility that ICso 1nM ICs0 50-500 nM

dephosphory|ati0n and inactivation of I-1 in the assay Ficure 5: Model for PP1 association with 1-1. PPla, freshly

accounted for the apparent reduced sensitivity of thesepurified from mammalian tissues, contains as yet unidentified

- endogenous metals (M) and does not require additional cations for
enzymes fo I-1. Thus, we used thiophosphorylated I-1, enzyme activity. PPla was inhibited by phospho-I-1 witlg,|C

which was resistant to dephosphorylation by cellular phos- nm.” Three-dimensional structure of PP1 catalytic subunit (Gold-
phatases and inhibited PP1 in living cells (Mulkey et al., berg et al., 1995; Egloff et al., 1995) shows that the two metals in
1994; Endo et al., 1995). Our finding that thiophosphory- the catalytic site (site 1) coordinate phosphate binding (shown as
lated 1-1 was indistinguishable from phospho-I-1 as an T-Pin|-1). Conversion to a Mif-dependent enzyme may displace

Sy a metal from the M1 site (Egloff et al., 1995) and result in the loss
inhibitor of PP1a, PP1b, and P&nade a strong argument of enzyme activity. This can be restored by incubation witi?Mn

against the dephosphorylation of the I-1 proteins and peptidesyowever, there is a resultant change in site 1 that enhances I-1
as the basis for their reduced potency as inhibitors of'Mn  dephosphorylation. Requirement for higher concentrations of
dependent PP1. Nanomolar concentrations of I-1 were usedhiophosphorylated 1-1 to inhibit the Mh-dependent PP1 and
the PP1 inhibitor assay, which should also preclude its mﬁ_ttz)a_tti_on Ogtirf_O'eUCi“@ in hl-1 fthat pr%f(‘ji‘_;?nti?gpi?lfigates “’t‘_e
significant dephosphorylation during the course of these 'M1PMHON OTIS Enzyme argue 1or an additional =4/1- Interaction
assays. The 3050-fold reduction of I-1 potency against site (site 2) that recognizes the KIQF sequence in I-1

PPX as seen in our studies was much less than the-100  jnnibitor-1

L
600-fold decrease reported by Alessi et al. (1993). We can DARPP-32 P
only speculate about the contributions of different assay g o ((SL?\;GT)“SC'G) ¢
conditions and PP1 preparations, but one explanation may M(10)-subunit (Sm. muscle) v
come from our observation that recombinant &Pdtored Shicing factor &
at high protein concentrations=0.5 mg/mL in 1.0 mM Rb 110 s

MnCl;), shows further changes in its 4€for I-1. In
preliminary studies, we have seen a time-dependent increase
in ICs for I-1 from 46 + 3.8 nM as reported in Table 1 to  Ficure 6: KIQF-like motifs in PP1-binding proteins. The KIQF
580 4 24 nM (H. Quan, J. H. Connor, and S. Shenolikar, sequence conserved in I-1 and DARPP-32 was aligned with the

unpublished observations), a value close to that reported by?%?utigcglfelcgt;fnldgg;gigg ddl?vrgsgiciggz:db% d(iLZSiSduubeusnﬁé "
: v , ) .
Alessi et al. (1993). Under these conditions, BBl (residues %38), the large subunit of the smooth muscle myosin-

sensitivity to other inhibitors, toxins and 1-2, was not pinding complex; the region of splicing factor (residues-3480)
changed. This suggests that regulation by I-1 may be a verythat was encoded in a partial cDNA cloned by PP1 interaction in

useful monitor of the structural integrity of the PP1 catalytic a yeast two-hybrid screen; NIPP-1 (residues-1235), an inhibitory
subunit. fragment of the nuclear PP1 inhibitor; and the C-terminal PP1-

. . binding domain of RBy, (residues 773928), the retinoblastoma
The first and foremost among the structural determinants gene product. This defined a consensus that was preceded by a

in I-1 that mediate PP1 inhibition is its phosphorylation on preponderance of basic residues in many PP1-binding proteins. One
threonings. Modeling a dodecapeptide, representing the or more acidic residues were also present C-terminal to the
phosphorylation site conserved in I-1 and DARPP-32, into consensus in some proteins.

the three-dimensional structure of RPHighlights its excel-

lent fit in the catalytic site containing two metals (labeled -1 was not mediated exclusively by isoleucigeand in its

site 1 in Figure 5; Goldberg et al., 1995). However, this absence, other residues in I-1 formed an effective PP1-
dodecapeptide does not inhibit PP1 activity (Nimmo & binding domain. A small right shift in 1§ was observed
Cohen, 1978), suggesting that additional interactions arefor PP1a inhibition by GST-hI-1{§N), particularly at low
necessary for PP1 inhibition. Biosensor studies showed thatconcentrations. However, the most remarkable finding was
the PP1 catalytic subunit also associated with the dephos-that hi-1(koN) was much weaker than wild-type hi-1 as an
phorylated and inactive I-1 (Endo et al., 1996). This clearly inhibitor of a Mr?*-dependent enzyme, P&Xand PP1b;
pointed to interactions of PP1 with I-1 that may not be solely data not shown), providing support for isoleugin@nd
mediated by the catalytic site. Inability of several |-1 surrounding residues in I-1 as a potential site for association
phosphopeptides to inhibit PP1 (Aitken & Cohen, 1984; Endo With the PP1 catalytic subunit.

et al., 1996) identified a N-terminal tetrapeptide sequence, Additional support for the KIQF sequence as a potential
KIQF, in I-1 that was essential for its potency as a PP1 PP1-binding domain comes from comparing its primary
inhibitor. N-Terminal truncation of a DARPP-32 peptide sequence with that of proposed PP1-binding domains in other
that removed the isoleucine present in this sequence resultedegulatory proteins (Figure 6). A 12-residue peptidg{G

in a 1000-fold reduction in its PP1 inhibitor activity 63—75) prevents PP1 regulation byyGthe skeletal muscle
(Hemmings et al., 1990). Our studies used site-directed glycogen-targeting subunit, and, Gthe liver glycogen-
mutagenesis to substitute this isoleucine in hl-1 with aspar- binding subunit (Johnson et al., 1996). This has identified
agine. The mutant hl-1{N) was nearly equivalent to wild-  a putative PP1-binding domain that is highly conserved in
type hl-1 as a PP1a inhibitor. Thus, PPla association withthe two glycogen-binding subunits (Doherty et al., 1995).

CONSENSUS
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Gu63—75 sequence shows homology with the I-1 functional Burchell, A., & Cohen, P. (1978Biochem Soc Trans 6, 220
domain, particularly the KIQF sequence. Interestingly, PP1- _ 222. .
binding domains identified in Mo the myosin-binding ~ Sohen. P. (1989hnnu Rev. Biochem 58, 453-508.

subunit (Gallly et al., 1996), NIPP-1, a nuclear PP1 inhibitor Co,clg?r:bjs' I\%I égigﬁn(inl—é).ée(s)gl)\./er, C., & Shenolikar, S. (1997)

(Van Eynde et al., 1995), a splicing factor (Hirano et al., peGuzman, A., & Lee, E. Y. C. (1988)lethods EnzymolL59,
1996), and RB,q, the retinoblastoma gene product (Durfee  356-368.
et al., 1993) also contain KIQF-like sequences. Thus, the Doherty, M. J., Moorhead, G., Morrice, N., Cohen, P., & Cohen,
KIQF sequence may represent a widely utilized PP1 recogni- _ P: T- W. (1995)FEBS Lett 375 294-298. .
tion motif. The lack of KIQF-like sequences in other PP1- PUe: T BEiset g Ol B by oo o T Y ager ™
binding proteins also points to other modes of association g5gg
with the PP1 catalytic subunit, such as the leucine-rich repeatggloff, M. P., Cohen, P. T. W., Reinemer, P., & Bartford, D. (1995)
found in sd2 (Stone et al.,, 1993). The presence of a J. Mol. Biol. 254, 942—959.
common binding motif may have important implications for Egloff, M. P., Johnson, D. F., Moorhead, G., Cohen, P. T. W.,
physiological regulation of cellular PP1 complexes via I-1. _ ¢ohen, P., & Barford, D. (1997MBO J. 16 1876-1887.
Gy, Gl M and RByo also possess an additional PP1- Endo, S., Critz, S. D., Byrne, J. H., & Shenolikar, S. (1995)

M, AL, 11110 10 Neurochem64, 1833-1840.
binding site, which could also determine to the inhibition of gngo, S., Zhou, X., Connor, J., Wang, B., & Shenolikar, S. (1996)
an associated phosphatase by I-1. Wu et al. (1996) reported Biochemistry 355220-5228.
that rabbit muscle PP1 but not recombinant @@&sociated ~ Gailly, P., Wu, X., Haystead, T. A. J., Somlyo, A. P., Cohen, P. T.
with a fragment of recombinant,Gin a solid-phase assay. W, Cohen, P., & Somlyo, A. V. (199@ur. J. Biochem 239
This suggests that _st_ructural modification(s) in recombinant GO?SS;%?%_, Huang, H., Kwon, Y., Greengard, P., Nairn, A. C.,
PP1 reduces its affinity not only for I-1 but also perhaps for g 'kyriyan, J. (1995)Nature 376 745-753.
other PP1 regulators. We have proposed a model for PP1Hemmings, H. C., Nairn, A. C., Elliot, J. I., & Greengard, P. (1990)
regulation by I-1 that indicates I-1’s association with two J. Biol. Chem 265, 20369-20376.
sites on PP1 (Figure 5), both of which may be modified in Hirano, K., Erdodi, F., Patton, J. G., & Hartshorne, D. J. (1996)

i . e FEBS Lett 389 191-194.
Egel_rfcombmant PP1 to account for its decreased SenSItIVItstiaO, K. J., Sandberg, A. R., & Li, H. C. (1978) Biol. Chem

253 6901-6907.

In summary, expression of PP1 catalytic subunits in Johngon, D. F., Moorhead, G., Caudwell, F. B., Cohen, P., Chen,
bacteria modifies its structure. The requirement for divalent Y. H., Chen, M. X., & Cohen, P. T. W. (199@ur. J. Biochem
cations for enzyme activity, the enhanced dephosphorylation 239 317-325.
of I-1 (and other substrates), and impaired regulation by M”&ﬁetﬁ’reR'sgﬂg’Egi’gz” Shenolikar, S., & Malenka, R. C. (1994)
phospho-I-1 all argue for a change in the catalytic site of . y .
the recombinant PP1. New evidence has been presented fo'r\“mmo’ G. A, & Cohen, P. (1978Fur. J. Biochem 87, 353
a second modification in the PP1 catalytic subunit that is sasaki. K., Shima, H., Kitagawa, Y., Irino, S., Sugimura, T. &
uniquely sensitive to the mutation of I-1 at isoleugine Nagao, M. (1990)pn J. Cancer Res81, 1272-1280.
Identifying the structural defects in the recombinant PP1 Shenolikar, S. (1994A\nnu Rev. Cell Biol. 10, 55-86.
catalytic subunit may provide new insight into the mechanism Shfgf"'i% S., &Ingebritsen, T. S. (1984thods Enzymol07,
underlying its conversion to a d|valent. cation-dependent Shenolikar, S., & Naim, A. C. (1991Adv. Second Messenger
enzyme and also aid in our understanding of the mode of Phosphoprotein Re®3, 1-121.
action of I-1, which regulates PP1 activty in response t0 sjberman, S. R., Speth, M., Nemani, R., Ganapathi, M. K.,

hormones. Dombradi, V., Paris, H., & Lee, E. Y. (1984) Biol. Chem
259 2913-2922.
NOTE ADDED IN PROOF Stone, E. M., Yamano, H., Kinoshita, N., & Yanagida, M. (1993)

Direct evidence in support of the proposed second binding Ta(r:tg][r'KB'g' 1}43&)%2' C. A. (1987BRL Focus 92), 12-14

site for_l-l_and other PP1 regul_ators is _pro_vided by recent \/5p, Eynde, A., Wera, S., Beullens, M., Torrekens, S., Van Leuven,
crystallization of the PP1 catalytic subunit with thg(@&3— F., Stalmans, W., & Bollen, M. (1995). Biol. Chem 270,

75) peptide (Egloff et al., 1997). These data show that the 28068-28074.

two residues I/V and F conserved in all putative PP1-binding Wu, J., Kleiner, U., & Brautigan, D. L. (199&iochemistry 35
sites (shown in Figure 6) make direct contact with the PP1 13858-13864.

catalytic subunit at a site distinct from the catalytic domain. Ya;i_sz'gc_:' B., & Graves, D. J. (1983ol. Cell. Biochem 42,
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