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Abstract

Inhibitor-3 is a potent inhibitor of protein phosphatase-1, with an 1Csq in the nanomolar range for
the inhibition of the dephosphorylation of phosphorylase a. Human Inhibitor-3 possesses a putative
protein phosphatase-1 binding motif, KK VEW43. We provide direct evidence that this sequence
is involved in PP1 interaction by examining the effects of site-directed mutations of Inhibitor-3 on
its ability to inhibit protein phosphatase-1. A second interaction site whose deletion led to loss of
inhibitory potency was identified between residues 65-77. The existence of two interaction sites is
consistent with the high inhibitory potency of Inhibitor-3, and with current models for other inhibitor
and targeting proteins that interact with protein phosphatase-1 with high affinity.
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Human Inhibitor-3 (Inh3) is a small protein of 126 amino acids that inhibits protein
phosphatase-1 (PP1) activity with an 1Csq in the nanomolar range [1]. We identified homologs
of Inh3 in C. elegans, S. pombe and S. cerevisiae, so that it is likely to have evolutionarily
conserved functions [1]. Inh3 is a nuclear protein, and is localized to the nucleoli and
centrosomes and to the mitotic apparatus in mitotic cells [2]. Inh3 has a well-defined nuclear
localization sequence located at its N-terminus, as well as a separate nucleolar targeting
sequence at its C-terminus [2]. Inh3 may also have a role in apoptosis, as it is a caspase-3
substrate, and is rapidly cleaved during the course of actinomycin-mediated apoptosis [3]. Inh3
demonstrates a specificity for association with the PP1a and PP1y 1 isoforms, and does not
interact with PP1p [3]. Significant fractions of the cellular pools of PP1a and PP1y 1 are
associated with Inh3, suggesting that it may play a role in the modulation of their cellular pools
as well as their subcellular localization [3]. The cellular functions of Inh3 are still uncertain,
but these are likely to be associated with PP1 regulation in nuclear processes and in the
regulation of cell division. Inh3 is essential in yeast and is associated with PP1 as well as with
the Sds22 protein, a PP1 regulatory protein that is involved in regulation of mitosis and
chromosome segregation [4]. Mammalian Sds22, PP1 and Inh3 are able to form a ternary
complex in which PP1 bridges Sds22 and Inh3 [5].
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The mammalian PP1 catalytic subunit is a protein of ca. 37 kDa in size that has been extensively
studied as a phosphorylase phosphatase [6,7]. The PP1 catalytic subunit is associated with a
large number of regulatory or targeting subunits, which allow PP1 to function in the regulation
of a diverse range of cellular processes [8]. These non-catalytic subunits function as targeting
proteins, which serve to specify the substrates that are acted on by PP1. In addition to the
targeting subunits, there exist inhibitor proteins that inhibit the phosphorylase phosphatase
activity of PP1 with 1Cgq’s in the nanomolar range. These were originally identified as heat-
stable and trypsin-sensitive proteins [9,10]. The best known of these inhibitor proteins are
Inhibitor-1 [11], its neuronal homolog, DARPP-32 [12], and inhibitor-2 [13-15]. These
inhibitors generally share the properties of being hydrophilic proteins that exhibit anomalous
behavior on SDS-PAGE and gel filtration, suggesting that they have disordered or highly
asymmetric structures. Inh3 is similar to these inhibitors in that it migrates on SDS-PAGE as
a 23kDa protein, and elutes on gel filtration with an apparent M, of 55,000, despite an estimated
molecular mass of 14 kDa [1].

PP1 possesses a hydrophobic pocket which binds a peptide motif of the type RVXF that is
present in most of the known PP1 targeting/regulatory subunits [16]. This binding site is distal
from the catalytic site on PP1. Analysis of the peptide specificity of the hydrophobic pocket
of PP1 by random peptide library panning has shown that the bulk of the peptides conformed
to the motif [K,R]-[R,H]-V-[H,R,S]-[F,W] [17]. The inhibitor proteins, Inhibitor-1,
DARPP-32 and inhibitor-2 also interact with the hydrophobic pocket. Current models for their
interaction with PP1 are ones in which they bind to PP1 via the hydrophobic pocket as well as
to the PP1 active site through a second interaction domain [15,18,19]. A further increase in
binding interaction may be provided by the connecting sequence between these two sites which
could interact with PP1 along grooves in the PP1 surface [15,19].

We have used site-directed and deletion mutagenesis to determine the regions of Inh3 that are
required for the inhibition of PP1 activity. These experiments establish the identity of the
sequence 39KKVEWA3 as an interaction site for PP1 that conforms to the RVXF motif. In
addition, we identified a second region between residues 6577 as being required for PP1
inhibition. Thus, Inh3 has two domains that are required for its interaction with PP1.

Materials and Methods

Proteins

Recombinant PP1a was expressed in E. coil and purified to near-homogeneity as previously
described [20]. Inhibitor-3 was expressed in E. coli and purified to near-homogeneity as
previously described [1].

Assay of PP1 Activity

PP1 activity was assayed using [32P]-labeled phosphorylase a as the substrate. Assays for
inhibition of PP1 activity were performed in triplicate, essentially as described by Zhang et
al. [21]. Data were plotted as percentage inhibition against Inh3 concentration and the 1Csg
values were determined by graphical extrapolation.

Construction of inhibitor-3 mutants

The mutants were constructed using the Altered Site 11 in vitro Mutagenesis System (Promega).
The correctness of the mutant and deletion mutants cDNAs were confirmed by DNA
sequencing. The mutant cDNAs were cloned into the pET3a vector [1]. Examples of the primers
that were used are as follows: KKVEW/AAAAA, 5'-
CACAGTGTCACTTGTCGCTGCTGCGTTGTTCTCTGGCTTCCG-3'; RAF/AAA, 5'-
GGAGCTCTCGCCAGCGGCCGCAGGTTTCTCATA-3"; VEW/AAA, 5'-
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GTGTCACTTGTCGCTGCTTCCTTTTTCTCTGG-3'; D46A, 5'-
ATTGTCACAGTGGCACTTGTCCA-3’; W43Y, “5'-
AGTGTCACTTGTGTATTCTACCTT-3'; W43F, 5'-
AGTGTCACTTGTGAATTCTACCTT-3'; W43A:, 5'-
AGTGTCACTTGTCGCTTCTACCTTTTTCTC-3'; W43R, 5'-
GTCACTTGTCCATCGTACCTTTTTCTC-3'; E42T, 5'-
GTCACTTGTCCATGTTACCTTTTTCTC-3'; E42A, 5'-
CACTTGTCCATGCTACCTTTTTCTC-3'; V41A, 5'-
CTTGTCCATTCTGCCTTTTTCTC-3'. The deletion mutants were constructed by PCR
amplification from the wild type Inh3 in the pET3a vector. The 5’-primers were 5'-G-
ATCGATATGGCCGAGGCAGGGGCTGGGC 3’ for Inh3(1-47), Inh3(1-64), and Inh3(1-
77), respectively. The 3’ primers were 5'-
GATGGGATCCTTAAGTGTCACTTGTCCATTCATCCTTTTTC-3, 5'-
GATCGGATCCTTAATAAATACAGCAGCATTTGGATGAGGGGC-3', 5'-
CTTCCTCCTCCTAACTTTGCGTG for Inh3(1-47), Inh3(1-64), and Inh3(1-77),
respectively. The primers for Inh3(38-126) were 5' —
GATCCATATGGAGAAAAAGGTAGAATGGACAAGTGACAC-3 and 5'-
GATCGGATCCTTAGTGCTGCATTGGCCCTGG-3'. The PCR conditions used were 94°C/
2 min, 42°C/2 min, and 72°C/2 min, for 30 cycles. The PCR products were purified and ligated
into the Ned 1/BamH | treated pET3a vector. The correctness of the mutations were confirmed
by DNA sequencing.

Results and Discussion

Characterization of the PP1 binding motif of Inh3

Inspection of the Inh3 sequence shows that it harbors a putative PP1-binding

motif, 3¥KKVEW43 [1]. We examined the inhibitory properties of a series of site-directed
mutants of the residues in this motif. Mutants of Inh3 were expressed in E. coli and were
purified to homogeneity. They were then tested for their ability to inhibit PP1 using 32P-labeled
rabbit muscle phosphorylase a as the substrate. Data were plotted as percentage inhibition
against Inh3 concentration on a log scale to obtain the ICgq’s, as shown in Fig. 1 for the V41D,
WA43A and E42C mutants (Fig. 1). The results for the analysis of a series of twelve mutations
are shown in Table 1. Mutation of residues 41-43 to alanine (KKAAA) resulted in an increase
in ICsg from 0.46 nM to 7.8 uM, i.e., a >10* fold loss in inhibitory potency. This establishes
that the KKVEW sequence is a variant of the RVXF type of PP1-binding motif. Further
mutations were examined to determine the importance of residues within the motif. The Inh3-
V41D and Inh3-W43A mutants had severely reduced abilities to inhibit PP1, as shown by their
ICs0’s which were 900 and 500 fold greater than that for the wild type Inh3, respectively.
Mutation of V41 by a conservative replacement with alanine caused a 50-fold increase in
ICs (Fig. 1,Table 1). Replacement of tryptophan with either phenylalanine or tyrosine was
well tolerated as shown by the W43F and W43Y mutants (Table 1). The E42A, E42C, and
E42T mutants (Table 1) exhibited only small changes in ICgq (<5 fold). Mutation of the two
basic residues (3?°KK*0/NN) resulted in a 47 fold increase in 1Csp, showing that these residues
are important for PP1 interaction (Table 1). Overall, the results are consistent with other studies
that show the conservation of the valine and aromatic residues of this motif, as well as with
structural studies of PP1 complexes [16,17].

The Inh3 motif conforms to the RVXF matif, but exhibits two uncommon features. The first
is the presence of tryptophan rather than phenylalanine as is found in most naturally occurring
PP1 binding motifs [16,17]. Analysis of the sequence specificity of PP1 by panning of arandom
peptide library has shown that tryptophan occurs as frequently as phenylalanine [17]. We tested
two Inh3 mutants containing the VRF and VHY sequences that were identified by peptide
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library panning [17]. These exhibited inhibitory potencies similar that of wild type Inh3 (Table
1), showing that these motifs were functional in the context of their location in a protein. PP1-
binding motifs containing tryptophan (KSVTW or KSVSW) have been found in p99 [22] and
in four members of the metabotropic glutamate receptor family [23].

The second feature of note is that Inh3 contains a negatively charged glutamate residue
(KKVEW). This is unusual, in that phosphorylation of PP1-binding proteins with the RVSF
motif have been shown to lead to their dissociation; structural analysis of the RVSF-PP1
complex indicates that the introduction of a phosphoserine could cause steric hindrance and
charge repulsion [16]. Although this suggests that a charged residue such as glutamate might
not be observed in a PP1 binding peptide, our data indicate otherwise. Since the side chain of
glutamate is more extended than that of serine, it may be able to adopt a conformation that
would not interfere with binding.

Identification of a second Inh3 domain that is required for inhibition of PP1

We analyzed a series of deletion mutants of Inh3 by determination of their ICsy’s for the
inhibition of PP1 (Fig. 2A, Fig. 2B). This analysis focused on the region between residues 39
to 77, which is very highly conserved in the C. elegans and yeast homologs of Inh3 [1]. This
analysis revealed the existence of a second PP1 interacting domain (Fig. 2A). Inh3(1-77), in
which the C-terminal 49 residues were deleted, inhibited PP1 as effectively as wild type Inh3.
The Inh3(1-64) mutant in which an additional thirteen residues were removed exhibited a sharp
(604-fold) increase in ICsg. A further truncation to the Inh3(1-47) produced a further 3.5 fold
increase in ICsq. This indicates that the sequence between residues 65 and 77 is also involved
in Inh3 inhibition of PP1. Thus, Inh3 possess two domains that are required for interaction with
PP1 (Fig. 2B). We mutated residues R68 and F70 to alanines; this did not result in a significant
effect on the ICsq (Fig. 3). However, the double mutation R68A/F70A caused a ca. 500 fold
increase in 1Csg compared to wild type Inh3 (Fig. 2A, Table 1). These results demonstrate that
there is a second region between residues 65 and 77 that is required for potent inhibition of
PP1 activity. The existence of two interaction sites would greatly increase the binding affinity
between Inh3 and PP1, and is consistent with the nanomolar efficiency of inhibition of PP1 by
Inh3.

We propose that Inh3 may conform to current models for the interaction of PP1 with its
inhibitor/regulatory proteins, viz. that it does so via the binding of the KKVEW sequence to
the hydrophobic groove of PP1, while the region between residues 65-77 harbors an inhibitory
domain that binds at or in the vicinity of the active site (Fig. 2B). This model is one that has
been proposed for Inhibitor-1, DARPP-32, Inhibitor-2, and the MYPT1 subunit of myosin
phosphatase [15,18,19]. While the structure of an Inhibitor-1-PP1 complex has not been
determined, Barford et al. [18] have modeled a two site binding interaction between Inhibitor-1
and PP1. In this model, binding of the °KIQF12 sequence of Inhibitor-1 to the PP1 hydrophobic
pocket that interacts with RVxF motifs serves as one point of attachment, while phospho-Thr35
interacts with the active site. The connector sequence of 22 residues between the two sites was
modeled to take a path along the acidic groove of PP1 [18]. The latter is one of two major
grooves that intersect with the active site groove [18]. Thus, it is noteworthy that the distance
between the 3°KKVEW43 motif of Inh3 to the inhibitory site between residues 65-77 is of
similar length. The first structural evidence for a two-site interaction for PP1 came from the
structure of the N-terminal 299 residues of the myosin phosphatase targeting subunit MYPT1
complexed to PP1 [19]. The binding of MYP1 is anchored by binding of a RVXF matif to the
hydrophobic pocket, and by a region that interacts with the active site region to augment
substrate specificity. The latter is located 34 residues N-terminal to the RVXF motif, and the
connector sequence follows a path that follows the C-terminal groove of PP1, providing
additional protein-protein interactions. It was also noted that several other proteins, NIPP1,
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neurabin and spinophilin, also have N-terminal sequences that interact with PP1, and are
separated from their RVXF motifs by similar spacings of ca. 34 residues; it was suggested that
the connector sequences traverse a common route over the surface of PP1 [19]. In the model
of Barford et al. [18] for Inhibitor-1, the connector sequence takes an alternative route across
the surface of PP1 that accommodates the shorter connector sequence of 22 residues. The
recently solved crystal structure of Inhibitor-2 in complex with PP1 has revealed a more
complex set of interactions, with three sites of interaction. Nevertheless, Inhibitor-2 interacts
with PP1 with the common elements of a site that binds to the hydrophobic pocket by a non-
canonical motif, and a second site that inserts into active site and which has an adjacent
sequence that interacts with the acid groove of PP1 [15].
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Figure 1. Effects of mutations of the KKVEW sequence of Inh3 on the inhibition of PP1 activity
The V41D, E42C, W43A mutants of Inh3 were purified to near-homogeneity and their abilities
to inhibit PP1 activity were determined as a function of concentration (Experimental
Procedures). Results were plotted as percentage of inhibition of phosphorylase phosphatase
activity: wild type Inh3, circles; Inh3-E42C, squares; Inh3-WA43A, triangles; Inh3-V41D,
inverted triangles.

Inhibition of PP1 (%
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Figure 2. Identification of a second domain required for Inh3 inhibition of PP1 activity

A. Deletion mutants of Inh3 containing residues 1-77, 1-64 and 1-47 were assayed for their
abilities to inhibit PP1 activity as described for Fig. 1. Data for wild type Inh3 are shown as
circles; Inh3(1-77), triangles; Inh3(1-64), squares, Inh3(1-47), diamonds. B. B. Model for the
interaction domains of Inh3. The sequence of the region between residues 39 and 77 is shown
at the top. The underlined sequences are residues 39-43 and 65—77. The shaded bars below
represent wild type Inh3, Inh3(1-77), Inh3(1-64) and Inh3(1-47) mutants drawn to
approximate scale. The binding regions are shown as the black bars, and the connector regions
as the striped bars. The ratios for the increases in 1Csq, expressed as the 1Csq of the mutant
divided by the ICgq of wild type Inh3, are shown at the left of each mutant.
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Figure 3. Effects of mutation of R68 and F70 on the inhibition of PP1 activity by Inh3

The inhibition of PP1 activity by the R68A, F70A and the R68A/F70A mutants of Inh3 was
determined as described in Fig. 1. Data for Inh3-R68A are shown as circles; Inh3-F70A,
triangles; R68A/F70A, squares. The 1Csq’s for R68A, F70A and R68A/F70A were 0.6, 0.7
and 240 nM respectively.
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Mutant 1C5, (NM) ICSOMutant
IC5oWT
WT KKVEW 0.46 1
“aaa® KKAAA 7,820 17,000
V41A KKAEW 23 50
V41D KKDEW 400 870
W43A KKVEA 230 500
W43F KKVEF 15 3
k% KKVEY 15 3
E42A KKVAW 1 2
E42C KKVCW 2.3 5
E42T KKVTW 0.5 1
CEWSIRF KKVRF 0.7 2
LEWSHY KKVHY 14 3
3IKK*INN NNVEW 22 47

aThe IC50’s were determined by inhibition of PP1 activity as described in Fig. 1. Mutated residues are shown in bold.
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