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ABSTRACT: Protein Ser/Thr phosphatase-1 (PP1) associates with a host of proteins to form substrate-
specific holoenzymes. Sds22 and Inhibitor-3 (I3) are two independently described ancient interactors of
PP1. We show here by various approaches that Sds22 and 13 form a heterotrimeric complex with PP1,
both in cell lysates and after purification. The stability of the complex depended on functional PP1
interaction sites in Sds22 and 13, indicating that PP1 is sandwiched between Sds22 and 13. Intriguingly,
I3 could not be replaced in this complex by another PP1 interactor with the same PP1 binding motif. In
vitro, Sds22 and I3 were potent inhibitors of PP1, but with only some substrates. The inhibition by Sds22
could be reproduced with synthetic Sds22 fragments comprising leucine-rich repeats (LRR) 2 and 5.
Sds22 and LRR5 also slowly converted PP1 into a conformation that was inactive with all tested substrates.
Cell lysates that were prepared under conditions that prevented the Sds22-induced inactivation of PP1
contained a catalytically inactive complex of Sds22, PP1, and 13, indicating that this complex exists in
vivo. Therefore, our studies show that a pool of PP1 is complexly controlled by both Sds22 and I3.

Protein phosphatase-1 (PPIjanks among the most dephosphorylation of key regulatory proteins. Mammalian
conserved eukaryotic proteins. It is a major protein Ser/Thr genomes harbor only three genes that encode isoforms of
phosphatase that controls numerous cellular processes by théhe catalytic subunit of PP1. However, these catalytic
subunits interact with dozens of structurally unrelated
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phosphatase acts. On the other hand, protein Ser/Thr kinase: A.

appear to have used a different diversification strategy, ,  soo

largely based on a gradual increase in the number of catalytic & £ 4.

subunits. Thus, in spite of the huge difference in the number § > 4001

of catalytic subunits of mammalian protein Ser/Thr kinases < £

(ca. 400) and phosphatases (ca. 30), the number of holoen-‘ig il

zymes for these two classes of enzymes may be more or b

less balanced]( 2). . . LexA LexA-Sds22  LexA-Sds22

There are already close to 100 mammalian proteins known + GAD-I3 + GAD +GAD-I13

to interact with PP1. These PP1-interacting proteins function B,

as inhibitors, substrate specifiers, and/or substrate-targeting

proteins. Sometimes, PP1 interactors are themselves sub-§%‘ 200

strates for associated PPIL).( The two most ancient 23

interactors of PP1 are Sds22 and Inhibitor-3 (I13), which f_:f% s

originated during the divergence of the four supertaxa that ? 2

constitute the eukaryotic crowrd)( Sds22 and I3 are PR

expressed in virtually all eukaryotes, includisgaccharo- ok e e e

myces cerasiae, where the orthologues are known as Sds22 + GAD-PP1a +GAD  +GAD-PP1a + GAD-PP1u

(5, 6) and Ypil (7), respectively. The conservation of Sds22 +HA +HA-I3

and I3 over such a long evolutionary distance strongly C.

indicates that these proteins fulfill an essential function in 8z 9%

one or several basic cellular processes. Consistent with thisg i 400+

notion, it was reported that the conditional loss of either 3 & 3001

Sds22 or Ypil in yeast is associated with an alteration of w',“ﬁ 2004 .

the nuclear localization of PP1 and cell growth arrest in =~ ,,,

midmitosis with an aberrant mitotic spindlg, (9). These

results suggested a common role of these two proteins in LexA LexA-I3 LexA-I3 LexA-I3

the regulation of yeast PP1 (Glc7) nuclear function. Since a +GAD-PPla  +GAD  +GAD-PPla +GAD-PP1a
+HA-Sds22 +HA-Sds22 +HA +HA-Sds22

loss-of-function mutation of the Aurora-related yeast protein Fieure 11 Two-hybrid interactions among Sds22, PP1, and 13. (A)
klnase Ipl1 could be re"e".ed by the expression of mutant TAT7 yeast cells were transformed with pACT2, pACT2-13,
versions of Sds22 or PP1, it has been proposed that Sds22pgTM116, and/or pBTM-Sds22, encoding GAD, GAD-I3, LexA,
associated PP1 acts antagonistically to IBl110). However, and LexA-Sds22, respectively. Transformants were grown in
this contrasts with a more recent study that identified Sds22 selective SC medium with 2% glucose until an £§of 0.5 was

as an Ipl1 dosage suppressb)( These paradoxal findings reached. The interaction between the expressed proteins was derived

- - . . from the assay of-galactosidase activities. The values represent
can be rationalized by a putative function of Sds22 as a meanst the standard erron(= 4—6). (B) TAT7 cells containing

chaperon_e for PP1. According to this view, a loss of SdsZ? plasmid pBTM116 or pBTM-Sds22 were transformed with pACT2,
would relieve the Ipl1 mutant phenotype because Sds22 iSpACT2-PPL, pWS93, and/or pWS-13, encoding GAD, GAD-

required in producing somehow functional PP1, which PPXy HA, and HA-I3, respectively. Transformants were analyzed

s described above. (C) TAT7 cells containing plasmid pPBTM116
dephosphorylates Ipll substrates, and the loss of Sds22 Woul%‘Ir DBTM-I3 were transformed with pACT2, pACT-PRIDWS93,

therefore keep Ipll substrates phosphorylated. Cor]Versmy’and/or pWS-Sds22. The latter plasmid encodes HA-Sds22. Trans-
an excess of Sds22 would suppress the Ipl1 mutant phenotypgormants were analyzed as indicated for panel A. The expression
because it titrates PP1 away from its Ipl1 substrates. Recentlyof all constructs was verified by immunoblotting (not illustrated).

Pedelini et al. 9) have also described that the overexpression o
of Ypil is able to rescue the Ipl1 mutant phenotype. heterotrimeric complex. We have recently found that Sds22

Sds22 largely consists of 11 leucine-rich repeats (LRR), and Ypil_indeed form a heterotrimeric complex with Glc7,
each of which forms a hairpinlike conformation and as- the budding yeast orthologue of PPJ).(Here, we report
sembles into a curved superhelix. The C-terminus of Sdszz_the characterization of a similar, but not |dent|_qal, complex
was proposed to function as a LRR cap structure that shieldsi mammals and show that Sds22 has the ability to convert
the hydrophobic core of the LRRs from solvent. A bipartite PP1 into an inactive conformation.
interaction site for PP1 was mapped to the concave site of
the LRR superhelix. Sds22 binds to the so-cat@dx5/0.6 EXPERIMENTAL PROCEDURES
triangle of PP1, which is close to the catalytic sitd)( In Plasmids.Full-length human 13 and 13-(84125) were
contrast, 13 is a small, heat-stable inhibitor which contains introduced between th¥hd and Xmd sites of pEGFP-C1
a degenerate, so-called RVxF motif that is present in a (Clontech) and between tli&eoR| andBanH| sites of RFP-
majority of PP1 interactors and binds to a hydrophobic C1, yielding expression vectors for EGFP-I3, EGFP-I13-(84
channel of PP1 that is remote from the catalytic sliel@). 125), and RFP-I3. I3 was also introduced betweerEtaR|
The RVxF motif functions as an anchor for PP1 and thereby andSal sites of the pWS93 and pBTM116 yeast expression
enables the interaction of secondary, lower-affinity binding vectors {) to generate HA13 and LexA-13 fusion proteins,
sites that control the activity and substrate specificity of PP1 respectively. ABanmHI—Sal fragment from pBTM-I3 was
(13). subcloned into plasmid pACTZ) to generate a GABI3

Since Sds22 and I3 interact with different sites of PP1, it fusion protein. NIPP1-(143224), human I3, and human
is possible that they can interact simultaneously and form a Sds22 were also subcloned in the pGMEX-T1 vector (Amrad
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Ficure 2: GST pulldown experiments confirm the interaction
among Sds22, PP1, and 13. (A) Purified GST-tagged Sds22
(240 nM) was incubated for 60 min at 1 with the same
concentration of either purified His-I3 or His-NIPP1-(14324),

in the absence or presence of 200 nM purified PP1. Following the
pulldown of the GST fusion with glutathione agarose, the washed
beads were screened for the presence of €83522, His-tagged
proteins, and PP1 by immunoblotting. (B) COS1 cells were
transfected with GST, GSTSds22, GSFNIPP1-(143-224), or
GST-13. The GST fusions were pulled down with glutathione
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protocol (Stratagene), with the appropriate primers and
templates. To generate EGFB-(1—-54), EGFP-13-(1—84),

and FLAG-Sds22-(1332), stop codons were introduced
into codons 55 and 85 of EGF#3 and codon 333 of
FLAG—Sds22. All constructs and mutants were verified by
DNA sequencing.

Antibodies, Recombinant Proteins, and Peptidegly-
histidine-tagged 13 and NIPP1-(14224) were expressed
in bacteria and purified on Ri-Sepharose, as described
previously (4). GST-tagged human Sds22 was expressed
in yeast and purified as described previousdy. Human
recombinant polyhistidine-tagged 13 was used to raise
antibodies in rabbits. The anti-13 antibodies were affinity-
purified on His-I3 linked to CNBr-activated Sepharose 4B
(GE Healthcare). A monoclonal anti-FLAG antibody (Strat-
agene), polyclonal anti-GST (Santa Cruz Biotechnology), and
anti-HIS antibodies (Qiagen) were purchased. The digoxy-
genin-labeled anti-Sds22 antibody was prepared as described
previously (5), using the digoxygenin protein labeling kit
from Roche Molecular Biochemicals. Anti-digoxygenin
antibodies linked to alkaline phosphatase were delivered by
Roche Applied Science. Monoclonal anti-PP1 antibodies
were purified on protein A-Sepharose CL-4B (GE Health-
care). The hybridoma clone producing these antibodies was
a gift from J. Vandenheede (University of Leuven). Peptides
were synthesized on a Milligen 9050 instrument, using the
N-(9-fluorenyl)methoxycarbonyl method.

Preparation of Phosphosubstrates and Assays phos-
phosubstrates glycogen phosphorylaseasein, myelin basic
protein, and histone 2A were prepared as described previ-
ously (L6). GST-tagged human Sds22, expressed in yeast,
bacterially expressed His-tagged 13, or the indicated synthetic
peptides were assayed as inhibitors of PP1. Protein phos-
phatase activities were determined at’80from the rate of
dephosphorylation of the substrates. The extent of dephos-
phorylation was assessed from the released acid-soluble
radioactivity. The phosphorylase phosphatase activity was
assayed either as such (“spontaneous” activity) or after
preincubation with trypsin (0.1 mg/mL) for 5 min at 3C
(“trypsin-revealed” activity). The action of trypsin was
arrested by the addition of soybean trypsin inhibitor (1 mg/
mL, Sigma). Prior to the addition of the phosphosubstrate,
the putative inhibitory proteins or fragments were preincu-

agarose, and the pellets were analyzed for the presence of GSThated with PP1 for the indicated periods of time.

and Sds22 by immunoblotting.
Pharmacia Biotech), downstream of the glutathioBe

Cell Cultures, Immunoprecipitations, GST Pulldowns, and
Gel Filtration. COS1 cells were grown in Dulbecco’s

transferase (GST) encoding cassette. In this vector, themodified Eagle’s medium with 10% fetal calf serum.

BanHI—Xmad sites were used for the cloning of Sds22 and
I3 and theXmd—Not sites for NIPP1-(143224). Sds22
was further subcloned in thEcoRl and BanHI sites of
pPEGFP-C1 vector and in tHganH| site of the pSG5 vector
(Stratagene), with a triple FLAG-tag cassette inserted in its
EcoRlI site and between th&cdRl and Sal sites of the

Transfection with the indicated plasmids was carried out
using polyethylenimine (PEI) obtained from Sigma-Aldrich.
Cell transfection experiments with PEI were performed in
DMEM with 5% fetal calf serum. One day after transfection,
the medium was replaced with fresh DMEM, supplemented
with 10% fetal calf serum. Forty-eight hours after transfec-

pWS93, pWS-GST, and pBTM116 yeast expression vectorstion, the cells were washed twice with PBS [1.8 mM KH

(7) to generate HA-Sds22, GS+Sds22, and LexA Sds22
fusion proteins. ABanHI—Sal fragment from pBTM-Sds22
was subcloned into plasmid pACT?2) (o generate a GAB
Sds22 fusion protein. I3 was subcloned with tkkd—
BanHl fragment into the pET-16b vector (Novagen) for
expression in bacteria as a polyhistidine-tagged protein. All
the indicated mutants of the Flagds22 and EGFPI3
fusion proteins were made according to the QuikChange

POy, 8.1 mM NaHPO,, and 150 mM NaCl (pH 7.4)] and
harvested in a lysis buffer containing 50 mM Tris-HCI (pH
7.4), 0.3 M NacCl, 0.5% Triton X-100, 0.5 mM phenyl-
methanesulfonyl fluoride, 1 mM dithiothreitol, 0.5 mM
benzamidine, and BM leupeptin. Following centrifugation
(10 min at 6009), the supernatants (cell lysates) were used
either for the immunoprecipitation with anti-EGFP, anti-Flag,
or anti-I13 antibodies and protein A-TSK-Sepharose (Affiland)
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A & A line of an argon laser and the 543 nm line of a helkum
. & < & neon laser, respectively. The emission from each fluoro-

o chrome was detected using 50530 nm (fluorescein

13 thiocyanate) and 560615 nm (TRITC) band-pass filters.

RESULTS
Pr1 BN R T L .

' Characterization of a Heterotrimeric Complex of Sds22,

Sds22 e PP1, and Inhibitor-3To test whether human Inhibitor-3 (I13)

and Sds22, like their yeast orthologues, interact with each
other as well as with PP1, we first performed yeast two-
hybrid assays. For this purpose, we prepared a GFKD
fusion protein containing the activating domain of the Gal4
transcription factor and a LexASds22 fusion protein,
containing the DNA-binding domain of the bacterial LexA
transcription factor. As shown in Figure 1A, GAB3 and
LexA—Sds22 proteins did indeed interact strongly in two-
hybrid assays, and this interaction was not mediated by the
GAD and LexA tags (Figure 1A). The LexASds22 protein
also interacted with the GABPPXx fusion protein, and
interestingly, the strength of this interaction was increased
~15-fold by the coexpression of HAI3 (Figure 1B).
Likewise, the strength of the interaction between Lex3

and GAD-PPIn was increased by some 50% following the
coexpression of HASds22 (Figure 1C). Thus, these two-
hybrid data revealed that the strength of the interaction
between PP1 and either Sds22 or 13 was increased by the
overexpression of I3 or Sds22, respectively. We have recently
reported similar results with the corresponding yeast ortho-
logues Sds22, Glc7, and Ypi®)( suggesting that the most
stable complex comprises all three components.

To explore the interaction among Sds22, 13, and PP1 in
further detail, we performed reconstitution experiments with
the purified recombinant components. Interestingly, pulldown
experiments with GS¥Sds22 showed only cosedimentation

FiGure 3: Sds22 interacts with I3 via PP1. (A) COS1 cell lysates with His-tagged I3 when PP1 was added to the mixture,

were used for the immunoprecipitation of endogenous NIPP1 or indicating that the interaction between Sds22 and I3 is
I3. EGFP antibody was added under the control condition. The mediated by PP1 (Figure 2A). Since the RVxF-binding
Qj?;;%pr?;igbaggzlg\{gge GFB%méfgglf%reﬁgewréfgstergzifgztzg%Nit’stlﬂdchannel of Sds22-associated PP1 is expected to be accessible
indicatedyEGFP fusions ogf]I3 or EGFP alone. The EGR3¥usions g&),Fone t.(]:couldldert;VIsa?e. thgltbart]%/ PSP dls_zlrétgrlactor v;”th an
were immunoprecipitated, and the pellets were analyzed by X motr could be retained by the complex.
immunoblotting with anti-EGFP, anti-Sds22, and anti-PP1 antibod- TO test this possibility, we examined the ability of the
ies. (C) Flag fusions of the indicated Sds22 (mutants) or the Flag Sds22-PP1 complex to bind His-tagged NIPP1-(34224),
]Eﬁgi :Agnsvéﬂr/gffm%&?ﬁgii?t acggjsflmcrﬁ'|fhesggﬁelqgg?;2/,;r?§ chEQNhich is structurally unrelated to 13 but is similar in size
immunoprecipitates wgre l?sed for Western bIott)i/ng using anti- and also has a functional RVxF mOtle However, NIPPl'
FLAG, anti-I3, and anti-PP1 antibodies. (143—224) could not be pulled down with GST5ds22, in
the absence or presence of PP1, reinforcing the specificity

or for the pulldown of GST constructs with glutathione of the interaction between the Sds22P1 complex and 13.
agarose (Sigma). Before being immunoblotted, the precipi- The weaker binding of PP1 to GSBds22 in the presence
tates were washed once with PBS containing 0.1% NP40of His-NIPP1-(143-224) can be readily explained by
and 0.1 M LiCl and twice with PBS with 0.1% NP40. competition between GS1Sds22 and NIPP1-(143224) for
Finally, the precipitates were analyzed by immunoblotting the binding of PP1. To further examine whether other RVxF
or assayed with glycogen phosphorylases substratel). interactors can form a complex with Sds2RP1, we

A Hela cell lysate was applied to a Superdex-200 gel performed pulldown experiments in cell lysates from COS1
filtration column (24 mL) (Amersham Pharmacia Biotech), cells that overexpressed GS8ds22, GSTNIPP1-(143-
equilibrated with TBS. Fractions of 0.25 mL were collected 224), or GST-I3. Figure 2B shows that GSTSds22 and
and assayed for immunodetectable Sds22, 13, and PP1. endogenous Sds22 were present in pulldowns of-&&1522

Confocal MicroscopyConfocal images were obtained with and GSTF13, respectively. However, Sds22 could not be
a Zeiss (Jena, Germany) LSM-510 laser-scanning confocaldetected in pulldowns of GSINIPP1-(143-224), confirm-
microscope equipped with the Zeiss Axiovert 100 M (Plan ing the specificity of the interaction of I3 with the Sds22
Apochromat 40x 1.30 NA oil immersion objective). For  complex.
the simultaneous imaging of EGFP and RFP fluorescence, We have subsequently explored the interaction among
both labels were excited in different tracks with the 488 nm endogenous I3, Sds22, and PP1 in COS1 cell lysates, using
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Ficure 4: Sds22 and 13 comigrate during gel filtration and colocalize in intact cells. (A) Extracts from HeLa cells were loaded on a FPLC
Superdex 200 gel filtration column. Aliquots were analyzed by SBAGE and immunodetected with either Sds22, 13, or PP1 antibodies.
(B) Four pools of eight fractions (18, 28-36, 44-52, and 66-68) were used for immunoprecipitation of endogenous 13. The
immunoprecipitates were examined for the presence of 13 and Sds22 by immunoblotting. (C) Localization efS€SEP and RFPI3

in transiently transfected Hela cells. The middle panel shows the localization of E&#R22 in live HelLa cells, with the RFP-13 image

in the left panel and the two images merged in the right panel.

anti-13 antibodies. The immunoprecipitation of endogenous PP1, confirming that the 3Sds22 interaction is mediated
I3 resulted in the coprecipitation of both PP1 and Sds22 by PP1. Sds22 and PP1 did not co-immunoprecipitate with
(Figure 3A). In contrast, immunoprecipitates of endogenous EGFP, EGFP-13-(84—125), or EGFP-13-(1—54). The lack
NIPP1 contained PP1 but no Sds22. Finally, neither 13, PP1, of co-immunoprecipitation of EGFHA3-(1-54) and PP1 was
nor Sds22 was immunoprecipitated with a control antibody unexpected since this 13 fragment harbors the RVxF motif.
(anti-EGFP). Since PP1 did, however, interact with EGFB-(1—84),

To further map the sites of interaction of Sds22, 13, and these data suggest that the high-affinity binding of 13 to PP1
PP1, we studied their interaction in cell lysates prepared from requires, in addition to the RVxF motif, residues-38B of
COSl1 cells that overexpressed Flag-tagged Sds22 (mutants)3.

EGFP-tagged I3 (mutants), or the tags alone. As observed Endogenous PP1 and I3 co-immunoprecipitated with Flag-
for endogenous 13 (Figure 3A), EGFP-tagged I3 interacted Sds22, but not with the Flag tag alone (Figure 3C). However,
with both endogenous Sds22 and PP1 in immunoprecipitationneither PP1 nor 13 co-immunoprecipitated with Flag-Sds22
experiments (Figure 3B). EGFP-13-(84), which comprises  that was mutated (W302A or E192A) in its previously
the N-terminal two-thirds of I3, also bound to both Sds22 established PP1-binding sitel), consistent with the notion
and PP1. Importantly, mutation of the PP1-binding RVxF that the binding of I3 is mediated by PP1. Finally, the binding
motif of 13, as in EGFP-13-K40A/W43A or EGFP-13-(1— of PP1 and I3 was also abolished by deletion of the
84)-K40A/W43A, abolished the binding to both Sds22 and C-terminus of Sds22. This deletion is expected to cause major
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FiIGURe 5: Sds22 and I3 are substrate-dependent inhibitors of PP1. (A) The phosphorylase phosphatase activity of 1 nM PP1 was measured
with the indicated concentrations of Sds22, as such (control) or after the additionudfl 8aPP1-(197206) (RVTF) or NIPP1-(197
206)-V201A/F203A (RATA) decapeptides. (B) Like panel A but with 13 as an inhibitor. (C) Effect of the indicated concentrations of Sds22

on the activity of PP1, using myelin basic protein (MBP), histone H2A, casein, or phosphamdasesubstrate. (D) Like panel C but with

I3 as an inhibitor. The results represent meanthe standard errom(= 3).

conformational changes since the deleted fragment corre-inhibited PP1 with a similar potency (Figure 5B). However,
sponds to the LRR cap structure, necessary for the shieldingthe combination of Sds22 and I3 did not increase their
of the hydrophobic core of Sds22 from solvemf), inhibitory concentration (not illustrated), showing that these
Finally, to examine whether a free pool of Sds22 or I3 inhibitors do not act synergistically. The inhibition of PP1
also exists, we performed gel filtration with a HeLa cell by 13 was alleviated by competition with the synthetic
lysate on Sephadex G200 (Figure 4A). Immunoblot analysis decapeptide NIPP1-(197206), containing the RVxF motif
revealed that Sds22, I3, and a considerable fraction of PP1of NIPP1 (RVTF peptide, Figure 5B). No competition was
comigrated during gel filtration. An additional band was obtained when the Val and Phe of the RVxF motif in this
detected with the anti-I3 antibodies in later fractions. decapeptide were replaced with an Ala (RATA peptide). The
However, the latter band migrated with a size smaller than inhibition of PP1 by Sds22 was not affected by the addition
that expected from 13 and is therefore likely to represent a of either the RVTF or RATA peptide (Figure 5A), consistent
degradation product or a nonspecific interaction. We have with the notion that Sds22 does not bind to PP1 via an RVxF
also confirmed the Sds223 interaction following gel motif (11).
filtration by co-immunoprecipitation of Sds22 and 13 Some interactors of PP1 function as substrate specifiers,
(Figure 4B). implying that their effect on PP1 varies with the substrate
We have also explored the subcellular distribution of the used (). To examine whether this also applies to Sds22 and
Sds22-13 complex (Figure 4C). Since the available antibod- 13, we compared their inhibitory potency using glycogen
ies were not suited for immunohistochemistry, we have phosphorylase, casein, myelin basic protein, and histone H2A
performed live imaging of HelLa cells following the transient as substrates of purified PP1. Both Sds22 and I3 inhibited
expression of RFP-tagged 13 and EGFP-tagged Sds22. Thehe dephosphorylation of glycogen phosphorylase and casein
data show that RFPI3 is enriched in the nucleus and that with an 1G5, of 25—100 nM, but they did not have major
EGFP-Sds22 is both nuclear and cytoplasmic. Thus, 13 and effects on the dephosphorylation of myelin basic protein and
Sds22 colocalize mostly in the nucleus. histone H2A by PP1 (Figure 5C,D). These data clearly show
Sds22 and I3 Are Substrate-Dependent Inhibitors of PP1. that the inhibition of PP1 by Sds22 and I3 is substrate-
I3 (12) and a fragment of Sds2218) were previously dependent.
demonstrated to inhibit PP1. Here we show that human GST- Sds22 largely consists of 11 LRRs, and these mediate the
tagged Sds22, expressed in yeast and affinity-purified oninteraction with PP112). We have examined whether the
gluthatione agarose, inhibited the phosphorylase phosphatas@hibition of PP1 by Sds22 could be reproduced by one or
activity of PP1 with an I of ~50 nM (Figure 5A). 13 several of its 11 LLRs. We found that only two of the
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o Residues trypsin. We have also examined whether any of the synthetic
3 ALRR 1: 77-98 LRRs of Sds22 could inactivate PP1. While most LRRs had
s 1 OLRR 2: 99-120 a slight inactivating effect, LRR5, which is also the most
8 _ gl ¢ LRR 3: 121142 inhibitory LRR of Sds22 (Figure 5A), was by far the best
238 B LRR 4: 143164 PP1 inactivator (Figure 6D). LRR5 caused a 50% inactivation
§ § 60 I;LRR 5: 165-186 in 60 min.
u— LRR 6: 187-208
gg w0 % LRR 7: 209230 Using mass spectrometry analysis, we identifjed Lys26
T VLRR 8: 231-252 and Arg74 as the major sites of trypsinolysis in Sds22-
< 0l ALRR 9: 253-274 inactivated PP1 (not illustrated). Sds22 was mainly proteo-
g . VLRR 10: 275-296 lyzed in this experiment after Lys134, Lys179, Lys223, and
0- | I O LRR 11: 297-318 Arg341. 13, on the other hand, did not affect the sensitivity
o 08  af 1280 200 of the catalytic core of PP1 to trypsin.

peptide (kM) The inactivation of PP1 by 12 is realized at concentrations

of 12 much lower than those that are required for the
B. 801 o control inhibition of PP1 (9). Figure 8 shows that this also applies
to Sds22. Indeed, the igfor the trypsin-revealed inactivation
of PP1 amounted te-10 nM Sds22, which is at least 1 order
of magnitude lower than that required for the inhibition of

1 @LRR5: 3.1uM
601 wiRRS5:6.2 uM

2 40+ PP1. These data suggest that the inactivation and inhibition
1 of PP1 by Sds22 are distinct phenonema and stem from the
20+ interaction of Sds22 with high-affinity and low-affinity
ZM binding sites, respectively. The different concentrations of
- - . s . . ) Sds22 needed to inhibit and inactivate PP1 also enabled us
7 01 0z 03 04 to examine whether the Sds22-induced inactivation is
18] substrate-dependent. Incubation of PP1 with a concentration

FiGURE 6: Inhibition of PP1 by the synthetic LLRs of Sds22. (A) of Sds22 (8 nM) that was not inhibitory (see Figure 8)
The phosphorylase phosphatase activity of 1 nM PP1 was measureqeagylted after 60 min at 30C in a loss of the PP1 activity

in the presence of the indicated concentrations of each of the 11 _¢ ¢ ; ;
synthetic LRRs of Sds22. The results represent meanthe of ~50%, as measured with phosphorylase (not illustrated).

standard errom(= 3). (B) PP1 was assayed as such (control) orin | N€ same inactivation was obtained using casein, myelin
the presence of the indicated concentrations of LLR5 at various basic protein, and histone H2A as substrates. The latter
concentrations of the substrate phosphorylaseShown is a  activities were measured without prior trypsinolysis and can
Linew_eavetﬁ B”Trr']‘ pllqt withhmea?h&t tge ft??dard eror Ot‘; thlr_ee thus not be ascribed to proteolysis of PP1, clearly showing
experiments. e lines show e best 1t compute Inear . . .
regression analysis. The results represent maam?se stan)élard that the Sdszz_"”dlﬁceq confor_matlon_al cha_nge In PP1
error (0 = 3). represents an inactivation. A similar incubation without
Sds22 did not measurably affect these activities of PP1. Thus,
the Sds22-induced inactivation of PP1, in contrast to its

inhibition of PP1 (Figure 5C), is substrate-independent.

synthetic LRRs, i.e., repeats 2 and 5, inhibited the phospho-
rylase phosphatase activity of PP1 withsd@alues of~10
and ~2 uM, respectively (Figure 6A). LineweaveBurk ) o
plots identified the LRR5 peptide as a noncompetitive  1Nhe inactivation of PP1 by 12 can be reversed by
inhibitor (Figure 6B). trypsinolysis in the presence of I‘?I‘nor. by the transient
Sds22 Slowly Carerts PP1 into an Inactie Conforma- ~ Phosphorylation of 12 with protein kinase GSK39.
tion. It is well-established that the PP1 interactor Inhibitor-2 However, these treatments did not reactivate Sds22-
(12) not only instantaneously inhibits the activity of PP1 but inactivated PP1 (not shown), and Sds22-inactivated PP1
also slowly converts PP1 into an inactive conformatib®) ( could not be reactivated by addition of an excess of 12 in
The “inhibition” of PP1 by 12 can be reversed by trypsi- the presence of GSK3 and MgATP. We have previously
nolysis, which destroys 12 and hydrolyzes the C-terminus estabh;hegi experimental conditions, i.e., an incubation at pH
of PP1, thereby releasing the fully active catalytic core of 8 or with either 150 mM KCl or 0.3 mM NaF, that hamper
PP1 (Figure 7A). In contrast, the “inactivation” of PP1 cannot the 12-mediated inactivation of PP2q). Of these conditions,
be reversed by proteolysis since inactivated PP1 is destroyed®nly the addition of KCl also prevented the time-dependent
by trypsin. We have found that purified Sds22 also converts inactivation of PP1 by Sds22 (Figure 9A and data not shown)
PP1 into a trypsin-sensitive conformation in a time-dependent @nd by the synthetic LRRS peptide of Sds22 (not illustrated).
manner, as evidenced by the gradual loss of the trypsin_Consstent _Wlth these. .flndllngs, KCI also |nh|b|t¢d thg
revealed phosphorylase phosphatase activity [Figure®jB ( Sds22-med|ated sensitization of PP1 to trypsinolysis
An activity loss by 50% was obtained within Q5 min at (Figure 9B).
30 °C. I3 had an only moderate inactivating effea) @nd We have subsequently used the anti-inactivation effect of
the Sds22-induced inactivation was not affected by the KCI to examine whether the Sds2PP1-13 complex is
addition of I3 0). However, the inactivation of PP1 by Sds22 inactive in vivo or wether the inactivation occurs gradually
did reduce the affinity of the complex for 13, as indicated after cell fractionation, as appears to be the case for the 12-
by the reduced level of sedimentation (ca. 80%) of 13 by induced inactivation 20). For this purpose, we used cell
the inactive complex of GSTSd22 and PP1 (not illustrated). lysates that were freshly prepared from COS1 cells in the
Figure 7C confirmed by immunoblotting that PP1 that had presence of 300 mM KCI. Immunoprecipitates of endogenous
been preincubated with Sds22 was indeed destroyed byl3 and NIPP1 from these lysates contained similar amounts



8916 Biochemistry, Vol. 46, No. 31, 2007 Lesage et al.

COOH
COOH N
A. JHARAL L
iku! | + trypsin i, ()
inhibited active
/\/COOH
A COOH
S +
+ trypsin
inactivated inactive
.. 100+
=
& 80 C g %b@f{”
@ : - el
2 S E oP
© 5 & ¥ g
T 607 o % LK
£s RISl
2 c q Q Q Q
g_§ 40
& .© Al3 ' -'
o
8 ® Sds22
il
S A 13 + Sds22
E- O control
8 L i ; ; : .
T 0 15 30 45 60
Time at 30 °C (min) el
D. A LRR 1: 77-98
= Rl —— O LRR 2: 99-120
.*8 # LRR 3: 121142
(o] 80
2 mLRR 4: 143-164
[
® 3 ® LRR 5: 165-186
25 60
FE O LRR 6: 187-208
Q
£ % LRR 7: 209-230
Qg 401
L s v LRR 8: 231-252
S
= 20 A LRR 9: 253274
.g_ v LRR 10: 275-296
8 o ¢ LRR 11 : 297-318
i 0 15 30 45 60

Time at 30 °C (min)

FIGURe 7: Sds22 slowly converts PP1 into a trypsin-sensitive conformation. (A) Scheme illustrating the difference between inhibition and
inactivation of PP1. The inhibition is reversed by trypsinolysis of the inhibitor (I). Trypsin also hydrolyzes the C-terminus of PP1, yielding
a fully active phosphatase. Inactivated PP1 is completely destroyed by trypsin. (B) PP1 (2 nM) was incubaf&ti ¢ 80ch®), in the
presence of either 78 nM GST5ds22 @) or 30 nM His-I3 (), or in the presence of both GSBds22 and His-134). At the indicated

time points, aliquots were assayed for trypsin-revealed phosphorylase phosphatase activity. The results repres¢énthmetzsdard

error (0 = 3). (C) PP1 was incubated for 60 min at 3D in the absence or presence of G&ds22 and/or His-13. Subsequently, an aliquot

was subjected to trypsinolysis and the trypsin-resistant core of PP1 was quantified by immunoblotting with an anti-PP1 antibody. (D)
Time-dependent effect of the synthetic LRRs of Sds22.(¥ on the trypsin-revealed phosphorylase phosphatase activity of PP1 (2 nM).

of PP1, as determined by immunoblotting (Figure 10A). DISCUSSION

However, the trypsin-revealed phosphorylase phosphatase o

activity associated with 13-associated PP1 wés-10 fold A Navel PP1 Holoenzyme Containing Sds22 andA8.
lower than that associated with NIPP1 (Figure 10B). emerging theme in _the PP1 field is that thg catalytic subgmt
Similarly, pulldowns of GST Sds22, GSTNIPP1-(143- forms complexes with two regulatory proteins, one of which

224), or GSF13 from COSL1 cells that overexpressed these functlons_as an inhibitor or chgperone of PP1. The best
) . L . characterized holoenzymes of this nature are PP1 complexed
fusions all resulted in the coprecipitation of immunodetect-

: ) , to (1) Inhibitor-1 and the growth arrest and DNA damage-
able PP1 (Figure 10C). quyever, n spite of the fact that inducible protein GADD3421), (2) Inhibitor-2 and protein
much less PP1 was coprecipitated with G3WIPP1-(143- kinase NEK2 22), and (3) CPI17 and the myosin targeting
224) than with GSFSds22 or GSF13, the trypsin-revealed  gypunit MYPT1 23). We describe here a novel mammalian
phosphorylase phosphatase activity that was associateteterotrimeric PP1 holoenzyme that contains the ancient PP1
with  GST-NIPP1-(143-225) was many-fold higher interactors Sds22 and 13. This complex resembles the
(Figure 10D). Collectively, these data indicate that PP1 is MYPT—PP1CPI17 holoenzyme in that it also contains two
largely present in an inactive conformation in the Sds22 interactors with distinct PP1-binding motifs. From another
PP1-13 complex in vivo. perspective, the Sds2PP1-13 complex resembles the
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analysis, GST pulldown experiments with purified compo-
nents, reciprocal immunoprecipations from cell lysates,
subcellular localization studies, and gel filtration analysis.
Our data show that PP1 is sandwiched between Sds22 and
13. Indeed, purified Sds22 and 13 formed a complex only
when PP1 was added (Figure 2A), and mutation of the PP1-
binding sites of either Sds22 or 13 abolished the formation
of the heterotrimeric complex (Figure 3B,C). This differs
from the corresponding complex in yeast where mutation of
the PP1-binding site of Ypil did not hamper the interaction
1 @ inhibition with Sds22 ).
A Inactivation While our data strongly suggest that PP1 mediates the
od interaction between Sds22 and 13, we cannot rule out the
S possibility that Sds22 also interacts directly with I3 once both
proteins are recruited to their high-affinity binding sites on
Sds22 (nM) PP1. Such secondary interactions could explain why I3
FIGURE 8: Inhibition and inactivation of PP1 occur at different cannot be replaced by another PP1 interactor, such as NIPP1-
concentrations of Sds22. The figure shows the effect of the indicated (143-224), with a similar size and PP1-binding motif (Figure
concentrations of GS¥Sds22 on the spontaneous and trypsin- 2A.B). In any case, the latter finding demonstrates that the

revealed phosphorylase phosphatase activity of 6 nM PP1. The. - . - i
trypsin-revealed activity was assayed after a preincubation of pp1interaction of I3 with the Sds22PP1 complex is specific.

with Sds22 for 60 min at 36C. The results represent meahshe Finally, confocal microscopy revealed at least a partial
standard errorn(= 3). colocalization EGFP-Sds22 and RFPI3 in HelLa cells
(Figure 4C).

A. Inhibition versus Inactiation of PP1.Both Sds22 and 13
instantaneously inhibit the activity of PP1 toward selected
substrates (Figure 5C,D). This is consistent with previous
findings that Sds22-associated PP1 can dephosphorylate
histones but not glycogen phosphorylagd)( These data
suggest that Sds22 and 13 may not be true PP1 inhibitors
but rather function as substrate specifiers, as is the case for
numerous PP1-interacting proteiris 2). The inhibition of
PP1 by Sds22 could be reproduced with synthetic LRR2 and
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® Sds22
| a c.._,itm. LRR5 (Figure 6), in agreement with previous data implicating

© Sds22 + 150 mM KCI the LRRs of Sds22 in its interaction with PPI1( 18, 24).
A Control + 150 mM KCl Unexpectedly, Sds22 also slowly converted PP1 into an
. s s . . inactive, trypsin-sensitive conformation (Figure 7), and this

Phosphorylase phosphatase activity
8

0 15 30 45 60 inactivation occurred at concentrations of Sds22 much lower
Time at 30 °C (min) than those required for the inhibition of PP1 (Figure 8). This
could imply that the Sds22-mediated inactivation of PP1 may
& S o be physiologically more relevant than its inhibition by Sds22.
B & 2 9&@? Importantly, an inactive complex of Sds22, PP1, and I3 could
' S & S also be identified in cell lysates (Figure 10), even when the
lysates were freshly prepared in the presence of KCI, which
blocks the Sds22-mediated inactivation (Figure 9). This is
““ clear evidence that the inactive complex also exists in vivo
and implies that previous estimates of the spontaneous and
Ficure 9: KCI prevents the Sds22-mediated inactivation of PP1. trypsin-revealed Sds22-associated PP1 activity grossly un-
(A) PP1 (2 nM) was incubated at 3€ in the absence or presence  derestimate the amount of PP1 that is present in the complex
of GST-Sds22 (78 nM), with or withour 150 mM KCI, as (19).

indicated. At the indicated time points, aliquots were assayed for . .
trypsin-revealed phosphorylase phosphatase activities. The results. P0Ssible Functions of the Sds22P1—13 Complex.Our

represent means the standard erron(= 3). (B) Aliquots of the  finding that Sds22, PP1, and I3 are present in the cell as a
samples at 60 min were also analyzed by immunoblotting with an catalytically inactive complex is not in contrast with the

anti-PP1 antibody. recent proposal that Sds22 functions as a chaperone and a
NEK2—-PP1-12 complex in that they both contain a protein, positive regulator of PP18(10). Sds22 possibly plays a role
i.e., Sds22 or 12, which slowly converts PP1 into an inactive, in the regulation of PP1 activity, for example, by converting
trypsin-sensitive conformation, yet the conformational changesnewly synthetized PP1 into an active conformation and/or
induced by Sds22 and 12 appear to be different since only delivering it to specific targeting subunits. This hypothesis
the 12-mediated inactivation is blocked by an alkaline pH implies that a mechanism for activating Sds22-associated PP1
and by NaF and is reversed by trypsinolysis in the presencemust exist. By analogy with the mechanism of activation of
of Mn?* (20). I2-associated PP1, we speculate that the activation of Sds22-
We have studied the Sds2PP1-13 complex using a  and I3-associated PP1 is regulated by the phosphorylation
combination of different techniques such as yeast two-hybrid of Sds22 and/or I13. As far as I3 is concerned, at present we
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Ficure 10: Freshly prepared lysates contain an inactive complex of Sds22, PP1, and 13. (A) COS1 cell lysates, prepared in the presence
of 300 mM KCI to freeze the activation state of Sds22-associated PP1, were immediately used for immunoprecipitation with antibodies
against NIPP1 or I3 and protein A-TSK. An EGFP antibody was added under the control condition. The immunoprecipitates were examined
for the presence of PP1 by immunaoblotting. (B) Aliquots of the same samples were used for the assay of the trypsin-revealed phosphorylase
phosphatase activity. (C) COS1 cells were transfected with GST,-&8%22, GSTFNIPP1-(143-224), or GSFI3. The GST fusions

were pulled down from the cell lysates with glutathione agarose, and the pellets were analyzed for PP1 by immunoblotting. (D) The pellets
were also assayed for trypsin-revealed phosphorylase phosphatase activity. The results in panels B and D repredethierstandard

error H = 3).

can only speculate about its function. Perhaps I3 acts as an 3.

inhibitor of PP1 until it is transferred to its final destination.
Alternatively, I3 may play a role in the nuclear targeting of
PP1. Consistent with this notion, we have reported that PP1
has no functional nuclear localization signal and that its
nuclear targeting is mediated by interactors with an RVxF
motif (15). Indeed, unlike Sds22, 13 was able to target PP1
to the nucleus?b). Finally, we cannot exclude the possibility
that 13 stabilizes the complex between Sds22 and PP1, as
suggested by the much stronger interaction between Sds22
and PP1 in two-hybrid assays, following the coexpression
of I3 (Figure 1B).

In conclusion, we have identified and characterized a
mammalian complex of catalytically inactive PP1 that is
sandwiched between the regulators Sds22 and I3. Our study
paves the way for directed efforts aimed at elucidating the
role and regulation of this ancient holoenzyme.
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