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ABSTRACT: Control of protein phosphatases is now understood to depend on binding to a variety of
regulatory or targeting subunits to form holoenzymes with restricted localization and substrate specificity.
In addition, the catalytic subunits of both type-1 and type-2 phosphatases bind specific inhibitor proteins.
Here, we report discovery of a new inhibitor protein called PHI-1 that is specific for type-1 protein
phosphatase (PP1). Recombinant tagged PHI-1 was phosphorylated by protein kinase C at two sites, one
a Ser and one a Thr; phosphorylation enhanced inhibitory potency 50-fold. Mutation of Thr57 to Ala
gave a protein phosphorylated only on Ser, without change in inhibitory activity, indicating that
phosphorylation of Thr57 was required for full activity. Immunoblotting showed that PHI-1 was expressed

in most animal tissues and several cell lines, and a second larger protein called PHI-2 was present in
different muscles, especially cardiac muscle. Unlike any other known inhibitor, PHI-1 inhibited the myosin-
and glycogen-associated holoenzyme versions of PP1 as well as the monomeric catalytic subunit of PP1.
Discovery of PHI-1 and PHI-2 opens new possibilities for regulation of PP1 via phosphorylation-dependent
signaling pathways.

Inhibitor proteins for protein phosphatases have been This would limit the physiological action of the inhibitor
known for almost 25 yeardl and have proved useful as a proteins to conditions when PP1C dissociates from the
means of distinguishing type-1 from type-2 Ser/Thr phos- holoenzymes.
phatasesq). Until recently, three heat-stable proteins specific  nore recently, three additional PP1 inhibitor proteins have
for protein type-1 phosphatase (PPajere known: inhibi-  peen discovered and characterized. There is one report of a
tor-1 (I-1), dopamine and cAMP-regulated phosphoprotein stein called inhibitor-3 (Inh-3)9). Inh-3 is in mammals,
of 32 kDa (DARPP-32), and inhibitor-2 (Inh2). I-1 and i proteins of related sequences $mccharomyces cer-
DARPP-32 are present in various animal tissues and enrichedy sjae and Caenorhabditis eleganghis potent inhibitor
in specific regions of the brair8). Phosphorylation of a Thr 545 not require phosphorylation, and is specific for PP1

_resjdpe by cAMP-dependent prqtein kinase increaseg thecompared to PP2A, but was not tested against holoenzymes
inhibitory po_tency of these proteins by 1000'f9|d’ making of PP1. Another protein, exclusively expressed in brain, is
fhﬁ.rg. eff;c;l_vz aépslub-nalno_molal; Cpnclzaegiréltloﬂsh 9. phosphorylated by cGMP-dependent protein kinase, and the
nn |tor-_ pinas =t _cgtaync subunit ( ) with nano- phosphorylated protein functions as an inhibitor of PP1. This
molar afﬁmty,land .|nh|b|ts, then slowly converts the phps- phosphorylation-dependent inhibitor has been called G-
phatase to an inactive fo_rrﬁ)( The Inh2 und(_argoes muI'qsﬂe substrate 10). Another new PP1 inhibitor is called CPI-17,
phosphorylatlon, |n'part|cular at a Thr residue th"?‘t triggers for PKC-dependent phosphatase inhibitor of 17 kDa. CPI-
rever3|b!e conversion (_)f the PP1C to an active form. 17 was purified from and is only expressed in smooth muscle
Expression and localization of Inh2 fluctuates during the cell (11, 12. It inhibits PP1C with sub-nanomolar potency, but
growth cycle, peaking at the S phase and mitog)sapd only after phosphorylation of a single Thr residue by PKC.

going from cytoplasmic during G1 p.has_e. to nuclear d“F'”g Most striking, CPI-17 inhibits myosin-associated PP1, which
S phaseg). However, none of these inhibitors are effective . .
is bound to a regulatory M subunit, a property heretofor not

against PP1 bound to regulatory/targeting subunits, though > : ’
extended prncubaton of he phospratase inder cerarl“Peld 07 ) PP TN D, Thovole
conditions can render it sensitive to the inhibitors. There is (>1/4 15, suggesting that it might have an important role in
an abundance of regulatory subunits, and it is now thought Ca2’+ 'n it?zg tion gf mooth ?n | P
that essentially all the PP1 in cells is present in holoenzymes. -sensitization of s O_O _ _USC e
Because CPI-17 could inhibit a holoenzyme form of PP1,
* Corresponding author. Telephone: (804) 924-5892. Fax: (804) We reasoned that inhibition of PP1 holoenzymes occurred
243-2829. E-mail: db8g@svirginia.edu. in cells as a fundamental facet of signaling processes. If so,
I iggfg\;}:ﬁogg g?;jﬂsp%gntpfo'\tﬂéaeﬁﬁgg %. L(.ZPBI.- 17 the PKC. then a protein resembling CPI-17 must be present in tissues
dependent phosphatase-1 inhibitor of 17 kDa; H6[44]PHI-1, a fusion other than smooth muscle. Here, we r_eport finding & DNA_
protein of mouse PHI-1 with a 44 residue N-terminal extension Sequence that encodes an open reading frame for a protein
including a Hig tag; PNG, phospholipasefheighboring gene; PHI- resembling CPI-17, called PHI. PHI requires phosphorylation
1, phosphatase holoenzyme inhibitor starting with the second Met 5 4 Thr residue for full potency, and it inhibits forms of
encoded by PNG; PHI-2, phosphatase holoenzyme inhibitor starting '
with the first Met encoded by PNG; ORF, open reading frame; pP1, PP1 that are holoenzmes composed of members of the M

protein type-1 phosphatase; PP1C, catalytic subunit of PP1. subunit and G subunit families. Thus, PHI is the first protein
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A of Sephadex G-75 Superfine (Pharmacia). Gel filtration was
NG (mouso) § L 0L PP GAPAAAL - - - RRCAARNGARELT G carried out at flow rate of 5 mL/h with 50 mM ammonium
LM L QP PCREAAALAREPRCAD T AGELTR bicarbonate including 0.1% 2-mercaptoethanol, and 1 mL

2 ASSREPAGGRPGGGGAGRGPSANUVARAR :ém fractions were collected. Pr_otein. elution was monitored by
------------------------------ absorbance at 280 nm. Typical yield was about 3 mg of H6-
58 ADSGPAGGAALARPAPGPGSGS gg@ggg(al) [44]-PHI-1 from a 500 mL culture. A point mutation at Thr57
Lommmmmmmmm e e s nmarorgxry LS K was carried out using QuickChange Site-Directed Murtagen-
8 SPPGAAGEGPGGADDEGEYV ii% Cxvaveroct esis Kit (Stratagene), with wild-type pET30b-PHI-1 as a
14 LQSPSRARGPG G‘S;G ¢re-xpEARVIVELD template. A pair of primers including mismatch bases (in
il DQ J 8] SE 2‘9“ italics), GTCGTACTTGACG&GAGCTTCCCTTG and
N CAAGGGAAGGTCOGCCGTCAAGTACGAC were used.
}32gig%gvg:ihgﬂ!}SiDDTRiAARVKELLVDcz(IZI) R _ _ g .
E- _BV DYDELLDMESDDARAARYK g; gT T57A-H6[44]-PHI-1 was purified as de_spnbed above. The
178 2@;@;% s gF EEE: R H6[44] .tag was removed from /g of punf!ed H6[44]—PHI—
PSR FI e ] Pty E Bl ] N B! g 1 by digestion with 0.02 U of recombinant enterokinase
107 - - :@3 ggg x (147) (quagene) for .16 h .at' '30(3. Enterokinase cleaves 2
132 pGslLs/PrRODRARTAD P residues N-terminal to initial Met of PHI-1.

Preparation of Phospho-H6[44]-PHI-1Phosphorylation

was carried out for 120 min under condition of 0.2 mg/mL
B H6[44]-PHI-1, 2ug/mL PKC delta, 0.1 mM ATP, 10 mM
M' M; magnesium acetate M microcystin LR, 1 mM benzami-

. .UCCGCAUthCUG ...... CCGCCAUeéGCG. . dine, 1mM dltththreltOl, and 25 mM MOPS-NaOH pH 7.0,

= - = - at 30°C. The reaction was terminated by incubation for 5

Ficure 1: (A) Amino acid sequence alignment of phospholipase-C  min at 100°C, prior to loading onto Sephadex G-50 column

neighboring gene (PNG) product with CPI-17. Deduced amino acid .
sequence of PNG from mous&7 and humanZ5) were aligned (1 mL) to exchange the protein into 10 mM MOPS-NaOH

with that of porcine CPI-171(). Residues conserved among three PH 7.0. Stoichiometric phosphorylation was confirmed by
sequences are enclosed in boxes. Hyphens indicate insertions tarea-PAGE.

give maximum matching. An asterisk is put over Thr-38 position  Other ProteinsMyosin-bound phosphatase was prepared
of CPI-17 that is phosphorylated to increase potency of inhibition. fom pig aorta as described previoush). The glycogen-

A broken line indicates the RVxF motif common to PP1C binding
proteins. Single and double arrowheads indicate probable initiation bound phosphatase, PP1C and phosphorylase b all were

Met for translation of PHI-2 and PHI-1, and residue numbers from Pprepared from rabbit skeletal muscl&8(-20). PP2A and
both Met are indicated to the left and right sides, respectively. (B) PP2B was prepared from human red blood cells and pig
mRNA sequence around potential initiation codon of PNG. Single prain, respectivelyl(2, 21). Phosphorylated smooth muscle

and double arrowheads indicate initiation Met of PHI-2 and PHI-1 : :
in panel A, respectively. The bases at positiert&and+4 (double myosin LC20 and phosphorylase a were prepared using

and single underlines) determine preference for initiatation of [V'SZP]ATR (13). A truncated form of protein kinase C delta
translation. (PKC), which loses phorbol ester dependency, was isolated

S . _ from pig aorta (Eto, M. unpublished).

that inhibits multiple holoenzyme forms of PP1, and its  |mmunoblottingTotal proteins of rat tissues were extracted
phosphorylation may link various signaling pathways to wjith 5 vol of 20 mM Tris-HCI pH 7.4, including 2% SDS,
regulation of PP1. 10% 2-mercaptoethanol, 5% glycerol, 0.2 mM Pefabloc
(Boerhinger-Mannheim), and 1 mM benzamidine. Cultured
EXPERIMENTAL PROCEDURES cells in a 100 mm dish were lysed with 0.5 mL of 50 mM

Recombinant PHI-1 Protein® PNG cDNA clone from Tris-HCI, pH 8.0, including 1% IGEPAL CA-630, 0.1 M
mouse embryo EST library was purchased from American NaCl, 1 mM EDTA, 1 mM EGTA, 0.2 mM Pefabloc, &g/
Type Culture Collection (GenBank Accession #W33783). mL leupeptin, and 0.1% 2-mercaptoethanol, and thendlO
The cDNA sequence was verified by dideoxy sequencing of proteins in the supernatant were resolved by SDS-PAGE,
(16), showing this was identical to mouse PNG cDNA within carried out according to Porzio and Pears28).(Proteins
the PHI-1 region (Figure 1)1(). PHI-1 segment was excised in the gel were transferred onto a nitrocellulose filter (0.2
by digestion withNcd and BanHl and was ligated at «m BioRad), and nonspecific sites were blocked with 5%
corresponding sites of pET30b (Novagen) vector. The vector nonfat milk. Anti-PHI-1 antibody was produced in rabbits
introduces 44-residues N-terminal tag, including a 6x His with H6[44]-PHI-1 fusion protein as an antigen and was
segment (H6[44]). H6[44]-PHI-1 was prepared as described purified using affinity resin conjugated with PHI-1 purified
previously, with minor modificationsl). Briefly, H6[44]- after enterokinase cleavage. Anti-CPI-17 antibotl§) (vas
PHI-1 was induced by addition of 1 mM isopropyl-1-thio- further purified with resin conjugated with CPI-17 recovered
pB-p-galactoside (IPTG) in 500 mL oEscherichia coli after cleavage by enterokinase. Specific proteins were
BL21(DE3) pLysS culture that was transformed with pET30b- visualized by use of chemiluminescence reagent (NEN). Both
PHI-1. Bacterial extract was obtained by a freeze-and-thaw PHI-1 and PHI-2 staining was completely blocked by
method. The extract was incubated for 10 min in boiling preincubation of anti PHI-1 antibody with 0@ H6[44]-
water and centrifuged to remove coagulated protein. H6- PHI-1 (data not shown).
[44]-PHI-1 in the supernatant of the boiled extract was bound Other Methods.Phosphatase assay was performed as
to Ni?*-NTA resin. The eluate from Ri-NTA resin was described previouslyl@, 13. Conditions used were 25 mM
concentrated to about 1 mL by an ultrafilter membrane unit
(Centricon 10), prior to loading onto a 1:442 cm column

2 Eto, M., unpublished results.
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MOPS-NaOH pH 7.0 including 5% glycerol, 0.1 mM EDTA,

1 mM dithiothreitol, and 0.4 mM Pefabloc, for 10 min at 30
°C. Okadaic acid (1 nM) was added to PP1C and PP2B assay
mixtures. PP2B assay was carried out in the presence of 0.2
mM CaCh, 20 ug/mL calmodulin and 1 mM MnGl
Reaction was initiated by addition of the phosphatase
preparation. Urea-PAGE was done by the method described
by Perrie and Perry2@). Protein concentration was deter-
mined by the improved method of Bradfor@4j, using
bovine serum albumin as a standard.

RESULTS

Putative PP1 Inhibitor ProteinsWe searched databases
for sequences related to CPI-17, a phosphorylation-dependent B
inhibitor of protein type-1 phosphatase (PP1) that is exclu-
sively expressed in smooth muscle. Human and mouse
sequences called phospholipager@ighboring gene (PNG) 66-' i
“« 2

(kDa) 43 14 Vit
v v

Hé6[44]-
PHI-1

i |

Absorbance at 280 nm 3

0 20 40 60
Elution Volume (ml)

are open reading frames that show close similarity to CPI-
17. Though the wide tissue distribution of mMRNA for PNG 31-
had been studied1y, 29, nothing was known of the 22- = & PHI-1
corresponding protein. No closely related sequences were
found in Drosophilg C. elegansor S. cereisiae genomes. 3

Proteins encoded by both the human and mouse PNG have == H6[44]

significant sequence identity (29%) to the pig CPI-17 protein Ficure2: Purification of H6[44]-PHI-1 fusion protein. (A) Elution
(Figure 1A), including a completely conserved segment profile of H6[44]-PHI-1 from Sephadex G-75 superfine column.

R-Xs V-T-VK-Y-D-R containing the Thr that s phospho-  ErgRec B e e iution the relaive molocular Tnass
rylated to activate CPI-17. The alignment matched amino H6[44]-PHI-1 is 46 kDa. (B) Analysis of purification by SDS-

acid sequences between CPI-17 and only the last 3/4 of thepAGE. Samples of bacteria lysate before induction (lane 1), lysate
predicted PNG proteins. We noticed that there were two after induction with IPTG (lane 2), eluate from AiNTA resin
possible initiation sites for translation, one at the beginning (lane 3), eluate from Sephadex G-75 gel filtration (lane 4), and
of the PNG open reading frame, and the second at a Metenterokinase digests of H6[44]-PHI-1 (lane 5) were subject to SDS-
. . . ._PAGE on Phastgel 20 and proteins were stained by Coomassie blue.
FO.O_'OY_‘ abo‘,ﬂ 1/4 into the coding region. The second pOtentIaIOn the basis of migration in this gel, the relative molecular masses
initiation site fully conformed to the Kozak concensus of H6[44]-PHI-1 and PHI-1 are 30 and 23 kDa, respectively.
sequence preferred for initiatio2§, 27), whereas the first
site had C instead of G at both the3 and+4 positions antibodies were affinity purified with immobilized PHI-1
(Figure 1B). This analysis predicts that initiation would be prepared by cleavage of the fusion protein.
preferred from the second Met in the PNG open reading Distribution of PHI-1, PHI-2, and CPI-17 in Tissues and
frame, producing a 147-residue protein that more closely Cell Lines.The expression of PHI-1 and PHI-2 in tissues
resembles CPI-17. Accordingly, we named the shorter andand cell lines was examined by immunoblotting (Figure 3).
longer putative proteins encoded by the PNG as PHI-1 andProteins corresponding to PHI-1 (23 kDa) and PHI-2 (26
PHI-2 (phosphatase holoenzyme inhibitor, see below). kDa) were detected in multiple tissues, with a clearly
Production and Purification of Recombinant Proteilie different pattern of distribution. Staining of both these
obtained a mouse embryo DNA for an EST clone of PHI-1 proteins was completely blocked by preincubating the
and inserted it into an inducible expression vector to produce antibodies with recombinant H6[44]-PHI-1 (not shown).
a fusion protein with an N-terminal 44 residues, including a PHI-1 was detected in all the tissues tested, with highest
His6 tag and an enterokinase cleavage site. This protein,concentrations in aorta, bladder, and liver. PHI-2 was
called H6[44]-PHI-1, was expressedHn coli and purified detected almost exclusively in muscles, with highest con-
by affinity chromatography and gel filtration (Figure 2). In  centrations in heart, aorta, and skeletal muscle. Only PHI-1,
addition, a mutated H6[44]-PHI-1 protein was purified, with not PHI-2, was detected in spleen, thymus, and lung. The
Ala substituted for Thr57, which corresponds to the phos- concentration of PHI-1 was estimated as 1M in aorta
phorylated residue in CPI-17. The H6[44]-PHI-1 fusion and 108 M in brain based on staining by Western blotting.
protein eluted in gel filtration as a single symmetrical peak The calculation assumes that the protein is present in all cells
with a M, of 46 kDa (Figure 2A), consistent with either a of the tissue, and 40% of the wet weight of tissues are cells.
stable dimer, or an extended polypeptide that exhibits an The concentration of PHI-1 in aorta is the same as that of
anomalous size in solution. The H6[44]-PHI-1 preparation CPI-17 in pig aorta 13). By comparison, immunoblotting
migrated in SDS-PAGE as a single band with an apparentfor CPI-17 (Figure 3) showed its restricted expression in the
M, of 30 kDa (Figure 2B). Cleavage with enterokinase smooth muscles of aorta, bladder, and lung, with low levels
yielded a recombinant PHI-1 protein with a predicted mass in brain and liver, presumably from arterial smooth muscles
of 16 kDa that appeared as 23 kDa in SDS-PAGE (Figure in these tissues. In tissue culture cell lines, PHI-1 was
2B, lane 5). Thus, both the fusion protein and the cleaved predominant over PHI-2 (Figure 3B) and CPI-17 was absent
PHI-1 protein itself migrated less than proteins of these sizes.(not shown). The results show broad but differential expres-
Rabbits were immunized with the purified fusion protein and sion of PHI-1 and PHI-2 in various tissues and cell lines.
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FIGURE 3: Expression of PHI-1, PHI-2, and CPI-17 in rat tissues Urea gel
and cultured cells. Samples of extracts from rat brain (lane 1), spleen
(lane 2), thymus (lane 3), skeletal muscle (lane 4), cardiac muscle
(lane 5), aorta (lane 6), bladder (lane 7), lung (lane 8), and liver c WT T57A
(lane 9), or COS7 (lane a), NIH3T3 (lane b), and 10T1/2 (lane c)
were subjected to immunoblotting using anti-PHI-1 (panel A, top P-Ser | @ .
frame and panel B), and anti-CPI-17 (panel A, bottom) antibodies. P-Thr!| «
C denotes control lane where enterokinase-digested H6[44]-PHI-1
(5 ng) was loaded.
P-Amino Acid

Phosphorylation of Wild-Type and T57A Versions of H6- . oo
- . Ficure 4: Phosphorylation of H6[44]-PHI-1 by protein kinase C.
[44]-PHI-1. The HE[44]-PHI-1 fusion protein was phospho- (A) Time-dependent phosphorylation monitored by Coomassie stain

rylated at two sites by purified delta isoform of protein kinase and autoradiography of urea gel. Phosphorylation was initiated by
C (PKC) (Figure 4). We used PKC, because it effectively addition of 0.1 mM §-32P]JATP (7.4uCi), and at indicated time,

phosphorylates CPI-17 at a site that potentiates inhibitory 20 uL aliquot was taken into a tube including 10 mg of urea to

i e cita i ; ; ; . ; terminate phosphorylation. Bands of un-, single-, and double-
activity, and this site is nearly identical in PHI-1. Reaction phosphoryiated PHI-1 were indicated as OP, 1P, and 2P, at right.

of H6[44]-PHI-1 with PKC plus radiolabeled ATP showed (B) Phosphorylation of H6[44]-PHI-1 (WT) and T57A mutant.

a time-dependent increase®P-labeling of the protein and  Recombinant proteins were phosphorylated for 120 min under the
a coincident shift in the mobility of the protein on urea- conditions used in panel A, in the presence or absence of ATP.

PAGE (Figure 4A). Products were identified as singly or Reaction products were analyzed by urea-PAGE and Coomassie

; ; _staining. (C) Phospho-amino acid analysis of PHI-1. H6[44]-PHI-
doubly phosphorylated by the stepwise change in electro 1 (WT) and T57A mutant were phosphorylated in the presence of

phoretic mobility and_ their.specific radioact_ivity. During the [y-32P]ATP were partially hydrolyzed for 60 min wit6 N HCI at
first 30 min of reaction with PKC, the major product was 110°C. 32P-labeled amino acids were subjected to electrophoresis
singly phosphorylated, and at longer reaction times there wason a cellulose-thin layer sheet according to the method of Cooper
progressive accumulation of a doubly phosphorylated prod- et al. 89).
uct. Mutation of Thr57 to Ala eliminated one site of PKC . o . )
phosphorylation in H6[44]-PHI-1 (Figure 4B). The kinetics proteins, H6[44]-PHI-1 inhibited both myosm—asspmated '
of reaction indicated that the T57A fusion protein was only Phosphatase and glycogen-bound phosphatase, using myosin
one-tenth as reactive with PKC relative to the wild-type H6- light chains and phosphorylase, respectively, as substrates
[44]-PHI-1. Even with extensive incubation only a singly (Figure 5B, closed symbols). Thed{of phosphorylated H6-
phosphorylated product was formed with the T57A protein. [44]-PHI-1 for these holoenzyme forms of PP1 was 30 nM,
These results make it likely that Thr57 is the first site of More than an order of magnitude higher than with PP1C.
PKC phosphorylation in the wild-type protein. Phosphoamino A9ain, the phosphorylation of H6[44]-PHI-1 significantly
acid analysis showed that wild-type H6[44]-PHI-1 was enhanced mhlbltory potency, by about 50-fold. The unphos-
phosphorylated on both a Thr and Ser residue, whereas thé®horylated wild-type and mono-phosphorylated (T57A)H6-
T57A protein was only phosphorylated on a Ser residue [44]—PHI—1 |nh|p|ted myosm—assouatpd phosphatase identi-
(Figure 4C). The site of Ser phosphorylation has not yet beencally, in the micromolar concentration range. The results
determined. showed that phosphorylation of the Ser site in H6[44]-PHI-
Inhibitory Properties of H6[44]-PHI-1The protein prod- 1 did not aff_ect inhibitory potency in this assay, and suppqrts
uct of the PNG open reading frame exhibited unusual ourconcluglon .tha.t phospho_ry_latlon of Thr57 was responsible
properties that distinguish it from all known phosphatase for €nhancing inhibitory activity.
inhibitor proteins, leading us to name it phosphatase ho-
loenzyme inhibitor (PHI). The fusion protein H6[44]-PHI-1 DISCUSSION
specifically inhibited PP1, not PP2A or PP2B (Figure 5A). Inhibition of protein Ser/Thr phosphatases is an important
Unphosphorylated H6[44]-PHI-1 inhibited the PP1 catalytic facet of signal transduction that has garnered significant
subunit with an 1G, of 100 nM, and phosphorylation with  attention recently. Phosphatases are abundant enzymes that
PKC enhanced inhibitory potency 50-fold, giving ansdC  have high catalytic activity, posing formidable opposition
of 2 nM (Figure 5A). However, unlike other PP1 inhibitor to signaling via protein kinases. Inhibiting phosphatase
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Ficure5: Inhibition of protein type-1 phosphatase catalytic subunit

Eto et al.

structure and function in other tissues because CPI-17 was
only detected in smooth muscle, not in other tissues or cell
types. This prediction prompted us to search for proteins
resembling CPI-17. We discovered related sequences from
an open reading frame (ORF) that was found in the course
of sequencing a genomic region implicated in endocrine
tumors. This ORF was named PNG, for phospholipage C
neighboring gene2b). Northern analysis and in situ hybrid-
ization showed that the PNG mRNA was widely distributed
in human and mouse tissues and was present in different
regions of the brain, showing a developmental program of
expression7, 25. Interestingly, the PNG sequence seems
to be exclusively in vertebrates, or complex higher eucary-
otes, because related sequences were not found in flies,
nematodes, or yeast. This may be an example of a protein
that appeared late in evolution. However, the protein encoded
by PNG has not been studied and nothing was known about
its function. We aligned the predicted amino acid sequence
of PNG with that of CPI-17 and found 29% identity over
the entire CPI-17 sequence. But, CPI-17 did not overlap at
all with the 8 end of the ORF. As we report here, there are
two possible translation initiation sites, one conforming, one
not, to the Kozak concensus sequence. We named these two

and holoenzymes by PHI-1. Phosphatase activity was assayed inPutative proteins PHI-1 and PHI-2.

the presence of phosphorylated (filled symbols and X) or unphos-
phorylated (open circles) H6[44]-PHI-1 at indicated concentration.
(A) Inhibition of PP1C (circles), PP2A (triangle) and PP2B (square)

by PHI-1. Data shown are averages from duplicate experiments.

(B) Inhibition of myosin-bound PP1 (circles and X) and glycogen-
bound PP1 (triangle) by PHI-1. Myosin-bound PP1 and glycogen-
bound PP1 activities were measured usingvl3?P-LC20 and 0.3

Recombinant PHI-1 was expressed and purified as a fusion
protein, and its properties were explored. The fusion protein
eluted as a single peak during gel filtration at double the
expected size, indicating that it may form a stable dimer.
Alternatively, like other PP1 inhibitor proteins, the H6[44]-
PHI-1 may assume an elongated shape with high frictional

mg/mL 3P-phosphorylase a as substrates, respectively. The X'scoefficient and elute early from gel filtration. We do not yet

indicate myosin-bound PP1 activity in the presence of singly
phosphorylated H6[44]-PHI-1 (T57A) mutant. Unphosphorylated
H6[44]-PHI-1 (T57A) mutant gave the same results (data not
shown).

activity is an efficient means to promote and prolong
signaling events within cells. Curiously, inhibition of phos-
phatases is produced in different ways by phosphorylation.
Inhibition can be achieved by direct phosphorylation of

have evidence to distinguish between these possibilities. The
H6[44]-PHI-1 was phosphorylated on one Ser and one Thr
by purified PKC. Mutation of Thr57 to Ala, which lies within

a segment of sequence strictly conserved among human and
mouse PHI and pig CPI-17, eliminated the Thr phosphory-
lation site, but this protein was still phosphorylated on one
Ser. Although CPI-17 also has a Ser-phosphorylation site,
the Ser phosphorylated in H6[44]-PHI-1 need not be same.

phosphatase catalytic subunits, and this occurs in cells forRegardless, there are only a few possibilities for the

PP1 and PP2A 28—31, also see 32). Alternatively,

phosphorylated Ser in PHI, and we speculate that because

regulatory subunits of PP1 and PP2A are phosphorylated toof the basic residues at6, —2, and+4 it may be the

modulate activity (see ref83—36). Inhibition of myosin-

C-terminal K-L-S-T-P-Q-K-K. Using antibody affinity puri-

associated PP1 uses this mechanism, especially involvingfied with the recombinant PHI-1, proteins of sizes matching
Rho-activated kinases87). Another route to inhibition of  both PHI-1 and PHI-2 were detected in various tissues. The
PP1 is through phosphorylation of separate inhibitor proteins. PHI-1 was expressed to varying levels in all tissues and all
Phosphorylation-dependent inhibitors for PP1, namely, I-1 cell lines tested, and therefore, it may be the widely
and DARPP-32, have been known and studied for years (seddistributed phosphoinhibitor orthologue of CPI-17 we were
ref 38)). However, these inhibitor proteins are essentially seeking. PHI-2 also was intriguing because its expression
ineffective with holoenzyme forms of PP1, wherein the was restricted to various muscles and was especially
catalytic subunit is complexed with regulatory subunits. One prominent in heart, implying a possible role in control of
exception to this is the protein CPI-17, purified from pig cardiac function through inhibition of PP1.

aorta as a phosphorylation-dependent inhibitor of myosin-
associated PP111). Phospho-CPI-17 potently inhibits

Most important, our results reveal the novel functional
activity of H6[44]-PHI-1. Like CPI-17, the PHI-1 fusion

myosin phosphatase activity and promotes contraction of protein was a specific inhibitor of PP1C compared to PP2A

skinned smooth muscle at submaximal {Jaarguing for
its physiological importance 14). CPI-17 could be a

and PP2B. Like other PP1 inhibitor proteins such as I-1,
DARPP-32, and CPI-17, phosphorylation of one site in the

component of Rho-activated signaling or be in a separate,inhibitor greatly enhanced inhibitory potency. For the other
parallel pathway that would converge on inhibition of myosin inhibitors, enhancement is 1000- to 2000-fold, converting
phosphatase and sensitization of smooth muscle contractility.proteins with micromolar binding affinity into inhibitors with
However, if CPI-17 was to represent a general mechanismnanomolar potency. With the PHI-1 fusion protein, there was
for regulation of PP1, then there must be proteins close in only a 50-fold increase in the inhibitory potency. It is at least
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possible that the PHI proteins may bind and/or inhibit PP1 8.
in cells even without being phosphorylated. In this scenario,
phosphorylation of a bound PHI might serve to further reduce
phosphatase activity. However, because the concentration of
PHI-1 in muscle was estimated as 10, it is likely that
inhibition of PP1 by PHI-1 is controlled by its phosphory-
lation. This would establish a novel link between activation ;4
of PKC and inhibition of PP1. Unlike any other PP1 inhibitor
protein, including CPI-17, the PHI-1 fusion protein inhibited
the phosphorylase phosphatase activity of glycogen-bound
PP1. This implies a new mode of inhibition that obviates
interference by bound regulatory subunits. Though CPI-17
can inhibit PP1C bound to the myosin binding subunit, it is
not able to inhibit glycogen-bound PPITherefore, the
MYPT subunit and G subunits ¢Sor PTG) must occlude
different regions of the PP1C surface, one allowing access
for CPI-17, the other preventing access. At the very least
the MYPT subunit must use contact sites on PP1C distinct
from those used by CPI-17, which inhibits the holoenzyme
containing MYPT. Now, the PHI proteins present yet another
variation, because neither the myosin-binding or glycogen-
binding subunits of PP1 prevent inhibition by PHI. All the
more curious, both PHI-1 and PHI-2 have a R-V-Y-F
sequence (see Figure 1) that is thought to be a motif common
to all PP1C binding proteins. If indeed this motif mediates
binding to PP1C, then PHI and regulatory subunits would
need to use the same site, without mutual exclusion or
dissociation. Alternatively, other motifs in PHI might be used
to interact with PP1C at sites not yet recognized. This would
require rethinking the prevailing R-V-X-F paradigm for PP1
subunit association. Regardless, the PHI proteins present us 3.
with new possibilities to link phosphorylation pathways to 24
inhibition of PP1 holoenzymes in cells. While increasing
complexity by increasing the number and types of signaling
components, this new information may well lead us to a more
detailed and comprehensive model for intracellular networks
that respond to multiple, simultaneous signals.
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