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Abstract: Identification of specific protein phosphatase-1 (PP1) inhibitors is of special importance
regarding the study of its cellular functions and may have therapeutic values in diseases coupled to
signaling processes. In this study, we prove that a phosphorylated peptide of the inhibitory region
of myosin phosphatase (MP) target subunit (MYPT1), R®QSRRS(pT696)QGVTL™ (P-Thr696-
MYPT16%0-701), interacts with and inhibits the PP1 catalytic subunit (PP1c, ICs0=3.84 pM) and the MP
holoenzyme (Flag-MYPT1-PP1c, ICs0=3.84 uM). Saturation transfer difference NMR measurements
established binding of hydrophobic and basic regions of P-Thr696-MYPT1%07! to PP1c, suggesting
interactions with the hydrophobic and acidic substrate binding grooves. P-Thr696-MYPT1¢0701 was
dephosphorylated by PP1c slowly (ti2=81.6-87.9 min), which was further impeded (ti2=103 min)
in the presence of the phosphorylated 20 kDa myosin light chain (P-MLC20). In contrast, P-Thr696-
MYPT160-701 (10-500 pM) slowed down the dephosphorylation of P-MLC20 (ti2=1.69 min) signifi-
cantly (t12=2.49-10.06 min). These data are compatible with an unfair competition mechanism be-
tween the inhibitory phosphopeptide and the phosphosubstrate. Docking simulations of the PP1c-
P-MYPT1¢0-701 complexes with phosphothreonine (PP1c-P-Thr696-MYPT1%0701) or phosphoserine
(PP1c-P-Ser696-MYPT1¢%0-701) suggested their distinct poses on the surface of PP1c. In addition, the
arrangements and distances of the surrounding coordinating residues of PP1c around the phos-
phothreonine or phosphoserine at the active site were distinct, which may account for their different
hydrolysis rate. It is presumed that P-Thr696-MYPT1%0701 binds tightly at the active center but the
phosphoester hydrolysis is less preferable compared to P-Ser696-MYPT19070! or phosphoserine
substrates. Moreover, the inhibitory phosphopeptide may serve as a template to synthesize cell per-
meable PP1-specific peptide inhibitors.

Keywords: protein phosphatase-1 (PP1); myosin phosphatase (MP); myosin phosphatase target
subunit-1 (MYPT1); MYPT1 inhibitory peptide (P-Thr696-MYPT16%0-701); molecular docking; satura-
tion transfer difference NMR

1. Introduction

Phosphorylation of proteins on serine/threonine (Ser/Thr) residues is an important
posttranslational regulatory mechanism in many cellular processes [1]. The phosphoryla-
tion level of proteins at distinct physiological challenges reflects the balance of the activi-
ties of the phosphorylating protein kinases and the dephosphorylating protein phospha-
tases. A plethora of protein kinases and phosphatases accomplish these regulatory
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functions in cells; therefore, identification of the specific enzymes involved in distinct sig-
naling pathways is of special importance [2]. Moreover, finding effectors of possible phar-
macological relevance to influence the activities of these interconverting enzymes is also
an important issue. To this end, protein kinases received more attention than protein
phosphatases at the beginning of the “phosphorylation era”; however, this trend has been
changed during the past few decades, as phosphatases have also been considered as
“druggable” targets [3].

Protein phosphatase-1 (PP1) is a major phospho-Ser/Thr (P-Ser/Thr)-specific enzyme
that plays important roles in the regulation of many metabolic and other cellular processes
[4]. PP1 occurs in cells in holoenzyme forms in which one of the PP1 catalytic subunit
(PP1c) isoforms (PP1lca, PP1cf3/0 or PP1cy) is associated with regulatory subunits and/or
inhibitory protein(s) [5]. The 3D structure of PP1c in complex with tungstate [6], inhibitory
toxins [7-9] or regulatory subunit peptides [10,11] were determined. These studies iden-
tified the major surfaces for binding substrates [7] and regulatory proteins [10,11] as well
as describing the structure of the catalytic center where the hydrolysis of the phosphoester
occurs with the help of two metal ions coordinated by several PP1c amino acid side chains
[6,7]. PP1c includes three substrate-binding surfaces: the hydrophobic, acidic and C-ter-
minal grooves, which form a Y-shape with the active site at the bifurcation point. Inhibi-
tory toxins (microcystin, okadaic acid) exert their suppressive effect on PP1 activity via
interacting with the hydrophobic groove and part of the catalytic center [7,8] counteract-
ing with substrate binding and hydrolysis. Physiological inhibitor proteins, such as inhib-
itor-1, dopamine and cAMP-regulated 32 kDa phosphoprotein (DARPP-32) and C-kinase
activated phosphatase inhibitor of 17 kDa (CPI17), require phosphorylation for inhibition
and they include hydrophobic and basic amino acids stretches N- and C-terminal to a
phosphothreonine similar to as in some of the substrates, thereby blocking the substrate
binding hydrophobic and acidic grooves as well as the active site of PP1c [11,12]. It has
been established that phospho-CPI17 is also a substrate for PP1, but its dephosphorylation
proceeds slower than that of the physiological phosphosubstrates; therefore, the inhibi-
tion is due to an “unfair competition” between the inhibitor and the substrate [13].

PP1cisoforms have limited substrate specificities; however, under cellular conditions
PP1c regulatory/interacting proteins (PIPs) may ensure specific substrate recognition by
targeting PP1c to different directions [5,14]. The interacting proteins bind to PP1 surfaces
via a few short linear sequences of which the general (R/K)(V/)X(F/W) motif (defined
briefly as RVxF) is the best characterized with respect to the structure of PP1c-PIP com-
plexes [10,11]. The binding surface in PP1c for RVxF motifs is distant from the catalytic
center and from the substrate binding grooves. Stringent sequence search identified more
than one hundred possible PIPs among mammalian proteins. These PIPs could be phos-
phosubstrates themselves, or they may function via specific domains targeting PP1c to-
ward the phosphosubstrates, subcellular compartments or macromolecular complexes
[15].

Inhibition or activation of protein phosphatases often result in opposite physiological
outcomes: for examples, these influences may decrease [16] or increase [17] chemosensi-
tivity of leukemic cells as shown by our earlier experiments. Compounds of natural ori-
gins such as several polyphenols [18] and ellagitannins [19] were also identified as potent
inhibitors of PP1, but they were less effective on protein phosphatase-2A (PP2A). On the
other hand, synthesized selenoglycosides in acetylated forms proved to be effective acti-
vators of both PP1c and PP2Ac [20]. These data are promising with respect to finding
further possible physiological effectors of PP1. With these regards synthesized peptides
including the RVxF motif, and several RVxFs mimic molecules have been shown to acti-
vate PP1 [21,22]. Inhibitory phosphopeptides, however, have not been probed as possible
pharmacological effectors of PP1c.

Dissection of phosphorylated peptide regions from the inhibitory proteins (i.e.,
DARP-32 or inhibitor-1) may result in less effective inhibitors compared to the original
proteins themselves [23]. Inhibitory phosphorylated regions are also present in regulatory
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subunits of PP1c, and myosin phosphatase (MP) holoenzyme (Figure 1) is an appropriate
model for demonstrating the possible ways of the interactions and the regulatory role of
the phosphorylation of the targeting subunit in the mediation of the phosphatase activity
[24,25].
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Figure 1. The structure of myosin phosphatase holoenzyme depicting interactions between PPlc,
phosphorylated MYPT1 and M20 subunits.

MP consists of PP1cd, myosin phosphatase target subunit-1 (MYPT1) and a 20 kDa
protein (M20) of little knowledge of its function. M20 binds to the C-terminal region of
MYPT], and it has no influence on the phosphatase activity. Moreover, M20 is present in
distinct smooth muscles, but it is not detected in brain or skeletal muscle [24], for example,
and its presence in different cell lines is not established either. These are the reasons why
MP holoenzyme is often considered as a complex of PP1c and MYPT1 only in most of the
studies as the presence of the M20 subunit is not revealed. In MYPT1, the RVxF motif is
positioned at the N-terminal part (K3VKE?®*) and its presence is essential for interaction
with PPlc. However, binding of the RVxXF motif exposes further binding regions in
MYPTT1 in the N-terminal (MyPhone)-, ankyrin repeat- and acidic regions [26]. In addition,
phosphorylation dependent binding sites for the 20 kDa myosin light chain (MLC20) and
for the myosin heavy chains were also identified at the N-terminal ankyrin repeats [27]
and at the C-terminal region [28], respectively. The C-terminal half of dephosphorylated
MYPT1 does not interact with PP1c in the active MP holoenzyme. However, phosphory-
lation of MYPT1 at Thr696 (and at Thr853) by Rho-kinase in the C-terminal half of the
protein results in inhibition of the activity of MP [29]. It is assumed that this inhibition is
due to the interaction of the phosphorylated peptide region of MYPT1 (see Figure 1) with
the substrate-binding grooves and the catalytic center of PP1c. Phosphorylated protein
fragments of the C-terminal regions of MYPT1 have been characterized as possible PP1c
[30] and MP [31] inhibitors before with conflicting results, but short phosphorylated pep-
tides synthesized based on inhibitory phosphorylation sequences have not been investi-
gated yet. The phosphorylated peptide (P-Thr696-MYPT1¢070) from MYPT1 (sequence is
highlighted in Figure 1) appears to be a good candidate for testing as a PP1 inhibitor.

Our present study shows that P-Thr696-MYPT160-701 interacts with and inhibits PP1c
and the MP holoenzyme with similar effectiveness at micromolar concentration. It is
shown that P-Thr696-MYPT16%-701 is a substrate for PP1, but its dephosphorylation
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proceeds much slower than the phosphorylated 20 kDa myosin light chain (P-MLC20)
substrate suggesting an “unfair competition mechanism” for the inhibition established
earlier [13].

2. Results
2.1. Inhibition and Interaction of PP1 with P-Thr696-MYPT15%-701 Peptide

We probed synthesized MYPT1 peptide —non-phosphorylated (MYPT160-701) or
phosphorylated —at Thr696 (P-Thr696-MYPT16%0-701) on the activity of PP1c, PP2Ac and
Flag-MYPT1-PP1c complex (Figure 2A). MYPT1¢0-701 was without effect while P-Thr696-
MYPT1¢0701 inhibited the activity of PP1c in a concentration dependent manner with an
ICso0 value of 3.84 uM. In contrast, P-Thr696-MYPT16%-71 had no influence on the activity
PP2Ac. P-Thr696-MYPT160-701 also inhibited Flag-MYPT1-PP1c, overexpressed and iso-
lated from tsa201 cells [32] with an ICso of 12.16 uM (Figure 2A) slightly higher than that
of PPlc. The interaction between PP1lc and P-Thr696-MYPT1¢0-701 was quantified using
microscale thermophoresis (MST) and isothermal titration calorimetry (ITC) measure-
ments (Figure 2B,C). MST provided a Ko of 33.21 + 5.12 uM for the formation of the PP1c-
P-Thr696-MYPT160-701 complex (Figure 2B), while with ITC a Kb of 0.39 + 0.18 uM was
determined (Figure 2C). An attempt was also made to quantify the interaction of PP1c
with MYPT16%-701, but in these cases, no MST or ITC signals suitable for quantitative eval-
uation were obtained. These data confirm a reasonable stable association between PP1c
and P-Thr696-MYPT160-701; however, the Kb values determined by the two methods for
the interaction differ significantly. The reasons for this discrepancy are not yet clear.
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Figure 2. Effects of a phosphorylated peptide from MYPT1 on the activity of PP1c, PP2Ac and my-
osin phosphatase holoenzyme (Flag-MYPT1-PP1c). (A): The native catalytic subunit of PP1 (PP1c;
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v,e) or PP2A (PP2Ac; A) purified from rabbit skeletal muscle or Flag-MYPT1-PP1c overexpressed
and isolated from tsa201 cells (o) was assayed in the presence of dephosphorylated (¥) or phos-
phorylated (o,e,A) MYPT1 peptide of R®’QSRRS(pT696)QGVTL™! (P-Thr696-MYPT160-701) with 32P-
MLC20 substrate as described in Materials and Methods. Values are mean + SD (n = 4). Phosphatase
activity in the absence of peptide was taken 100%. (B): Interaction of recombinant PP1ca with the
phosphorylated peptide assessed by microscale thermophoresis (MST) or (C): with isotherm titra-
tion calorimetry (ITC) as described in Materials and Methods.

2.2. Interaction of P-Thr696-MYPT16%0-701 with PP1c Revealed by Saturation Transfer Difference
NMR Measurements

To further characterize the PP1c-P-Thr696-MYPT1¢0-701 interaction saturation trans-
fer difference (STD) [33,34], NMR measurements were performed. This technique is suit-
able for the identification of amino acid residues of P-Thr696-MYPT1690-701 which are in-
volved in the interaction with PP1c. lTH-NMR spectra of P-Thr696-MYPT16%0-701 was rec-
orded in the absence of recombinant PP1cax (Figure 3A, lower panel) identifying the pro-
ton resonance signals associated with each amino acid of the peptide (see the sequence on
Figure 3A, upper panel). Figure 3A (middle panel) illustrates the STD NMR spectrum of
P-Thr696-MYPT16%0-701 obtained in the presence of recombinant PP1ca. Strong STD signals
were detected with the hydrophobic residues (Val699, Leu701) as well as Thr700, while
the basic Arg and GIn residues provided weaker signals. STD 'H-NMR spectra of P-
Thr696-MYPT1¢0-701 (1.3 mM) also recorded in the absence recombinant PP1c (Figure S1).
The lack of signals in the control STD spectrum (Figure S1A) confirms that selective irra-
diation applied at -650 Hz (-1.3 ppm) has no partial saturation effect on the P-T696-
MYPT160-7 signal intensities. Thus, the STD signals in spectrum (Figure S1B) are solely
due to saturation transferred from the protein upon binding interaction. Due to the severe
overlap of proton resonances (Figure 3A) and the relatively poor signal-to-noise ratio
(S/N) of the STD spectrum, no quantitative assessment of STD intensities was attempted.
Thus, the STD signals were used only for qualitative epitope mapping.

These data confirmed that the hydrophobic and basic regions of P-Thr696-
MYPT1¢0-70 interacted with PP1c suggesting a “substrate-like” binding to the hydropho-
bic and acidic grooves of the enzyme as a major cause of the inhibition.
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Figure 3. NMR spectroscopic investigations on the binding of P-Thr696-MYPT1%070! to PP1c. (A):
The structure of P-Thr696-MYPT1%0701 peptide is depicted (upper panel) and its "H-NMR spectrum
in D20 is shown (lower panel). Saturation transfer difference (STD) '"H-NMR spectrum of P-Thr696-
MYPT1¢0701 (1.3 mM) in the presence of 13.3 uM recombinant PP1c (middle panel). PPlca and
PP1cd expressed in E. coli and purified from the bacterial lysate were used with similar results. The
representative data presented here were obtained with PPlca and P-Thr696-MYPT1%0701, (B):
Dephosphorylation of P-Thr696-MYPT16%070! followed by real-time 'H-NMR experiment. Left:
changes of the signal intensity of P-Thr696 and Thr700 as a function of time. Right: the signal inten-
sity of P-Thr696 plotted against the time allows the determination of the half-life (ti2) for the
dephosphorylation of P-Thr696-MYPT16°0-701,

The dephosphorylation of P-Thr696-MYPT16%0-701 was followed by real-time time-de-
pendent 'H-NMR measurement. A gradual decrease in the signal intensity of the methyl
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protons (Hy) of P-Thr696 with a parallel increase in the corresponding signal of Thr700
was observed in the 'H-NMR spectrum as a function of time (Figure 3B, left), indicating
dephosphorylation of the peptide during the measurement. The signal intensity of the
Thr700 methyl protons was increased because the methyl proton resonance signal of
Thr696 in the dephosphorylated peptide appeared at the same 'H chemical shift than that
of Thr700. Plotting the integrated signal intensity of P-Thr696 as a function of time (Figure
3B, right) the half-life (t2=82 min) of the dephosphorylation of P-Thr696-MYPT16%-701 was
determined indicating a rather slow dephosphorylation of the phosphopeptide by PP1c
even at the same high concentration of the enzyme that used for the STD measurement.

2.3. Dephosphorylation of P-Thr696-MYPT16%0-701 32P-MLC20 and Their Combination by PP1c

To further confirm that P-Thr-MYPT1¢0-701is a substrate for PP1c phosphatase assays
were carried out at relatively high PP1c (100 nM) and P-Thr696-MYPT1¢%0-701 (100 uM) con-
centrations to mimic similar conditions regarding the enzyme/substrate ratio as in the
NMR analysis. The phosphate (Pi) released from the peptide was determined by malachite
green reagent [35,36]. Figure 4A illustrates that the dephosphorylation of P-Thr696-
MYPT190-701 proceeded slowly under these conditions and a half-life for the dephosphor-
ylation (t12=87.9 min) extrapolated from the measured data was apparently similar to the
value obtained from the NMR experiment. It was also of interest that how the presence of
a phosphosubstrate (P-MLC20) may influence the dephosphorylation of the P-Thr696-
MYPT160-701 inhibitory peptide. In these experiments, the dephosphorylation of the P-Thr-
MYPT1¢0-7" was determined by the decreased immunoreactivity of the phosphopeptide
with anti-MYPT1rT% antibody on dot blots (Figure 4B) in the presence of 10 uM P-
MLC20. It is seen that P-Thr696-MYPT16070 was dephosphorylated by PPlc slightly
slower in the presence of P-MLC20 (ti2~ 103.4 min) compared to that of its absence (Figure
4A, ti2~ 87.9 min), presumably due to the mutual competition between the P-Thr696-
MYPT160-701 peptide and P-MLC20 substrate for binding at the substrate binding grooves
at the catalytic site of PP1c. This presumed competition was further confirmed when the
effect of P-Thr696-MYPT1%07" was probed on the dephosphorylation of 2P-MLC20 (Fig-
ure 3C). The upper part of Figure 4C illustrates similarities in the amino acid sequences
surrounding the phosphoserine and phosphothreonine residues in 3?P-MLC20 and P-
Thr696-MYPT16%0-701, respectively. In the absence of P-Thr696-MYPT16%-701322P-MLC20 was
dephosphorylated with a half-life of 101.6 + 8.7 s (~1.7 min) while in the presence of 10,
100 and 500 uM P-Thr696-MYPT16%-701 the half-life of the reaction increased to 149.7 + 56.7
(~2.5 min), 227.9 + 5.8 (~3.8 min) and 604.06 + 0.02 (~10 min) seconds (Figure 4C). These
results indicate that PPlc dephosphorylates 32P-MLC20 much faster than P-Thr696-
MYPT160-701; however, the latter competes with the substrates resulting in significant in-
hibition of 32P-MLC20 dephosphorylation reflected in the increasing half-life of the sub-
strate. These data are in accordance with an “unfair competition” mechanism described
previously for the inhibition of PP1 by phospho-CPI-17 [13].
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Figure 4. Dephosphorylation of P-Thr696-MYPT1¢7 and 32P-MLC20 by PP1c. (A): Phosphatase
assays were carried out in the presence of 100 uM P-Thr696-MYPT1¢°71 and 100 nM of rabbit skel-
etal muscle PP1c as described in Materials and Methods. Dephosphorylation of the peptide was
assessed by measuring the released Pi by malachite green assay. Data are mean + SEM, n =3 (three
independent measurements with three parallels for each). (B): The dephosphorylation of 100 uM P-
Thr696-MYPT190701 by 100 nM rabbit skeletal muscle PP1c was carried out in the presence of 10 uM
P-MLC20 and the amount of P-Thr696-MYPT1%0-70! was quantified on dot blots at different intervals
using anti-MYPT1p™%% antibody. Immunoreactions were detected using enhanced chemilumines-
cence, and signals were analyzed with Image] software as described in Materials and Methods. Data
are mean = SD (n =5). The mean values of data were fitted to the equations (sigmoidal curve, four-
parameter Hill equation) using GraphPad Prism software and the curve was extrapolated to esti-
mate the half-life of P-Thr696-MYPT1%070! dephosphorylation. (C): Competition of P-Thr696-
MYPT16%0-701 with 2P-MLC20 substrate during dephosphorylation by PP1c. The peptide sequences
of P-Thr696-MYPT1¢070! and 32P-MLC20 around the phosphorylation sites (pT696 and pS19) are
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aligned to emphasize similarities in the basic and hydrophobic stretches (orange and gray back-
ground, respectively) N-terminal and C-terminal to the phosphorylation sites. Rabbit skeletal mus-
cle PP1c (100 nM) was preincubated in the absence or presence of P-Thr696-MYPT160701 at 30 °C for
1 min in the concentrations indicated in the inset of the figure; then, the reaction was started by the
addition of 10 uM of 3P-MLC20. Aliquots were removed at different intervals and the released 2P
was determined as described in Materials and Methods. The released 3?Pi was used to calculate the
amount of ¥P-MLC20 and the percent decrease in 3?P-MLC20 was plotted to determine the half-life
for dephosphorylation.

2.4. PP1c-Peptide Docking

Multiple docking runs were performed with the P-Thr696-MYPT1 peptide or in
which the phosphorylated threonine was replaced by phosphoserine (P-Ser696-MYPT1)
(Figure 5). The lowest energy PPlc-peptide complexes were selected based on the best
HADDOCK scores. The HADDOCK scores and the energies calculated are shown for the
poses of peptides in the structure of the PP1c-peptide complexes in Supplementary Mate-
rials (Table S1). For the scoring, the software uses the OPLS force field (electrostatics and
van der Waals energies), with additional empirical terms. Because of the different terms
in the scoring function, HADDOCK uses arbitrary units, which are not suitable to predict
binding affinity, only to compare different solutions for given complexes [37]. Based on
the scores (Table S1) the pattern of stabilization forces are similar for the P-Thr696-
MYPT1-PP1c and the P-Ser696-MYPT1-PP1c complexes.

It was apparent that the docking poses for P-Thr696-MYPT1 (Figure 5A) and P-
Ser696-MYPT1 (Figure 5B) differed. In accord with the STD NMR results residues in the
hydrophobic tail (Leu701, Thr700, and Val699) of both peptides docked to the hydropho-
bic groove of PPlc (Figure 5C,D). The P-Thr696-MYPT1 peptide (Figure 5C) contacted
Arg96, Tyr134, 1le133, Argl32, Alal28, Asn131, Ile130 and Gly222, while the P-Ser696-
MYPT1 peptide (Figure 5D) interacted with Tyr134, Ile133, Argl32, Aspl194, Vall95,
Pro196, Alal28, Ser129 and Gly222 residues via van der Waals interactions, indicating
quite similar binding fashion of the two peptides in the hydrophobic groove. The basic
amino acid residues docked to the canonical substrate binding acidic groove of PP1c in
case of P-Ser696-MYPT1 (Figure 5F). However, the docking pattern appeared to be differ-
ent for P-Thr-MYPT1 with regards of the basic residues as they were docked to another
acidic grove (Figure 5E) distinct from the substrate binding one. In this pose P-Thr696-
MYPT1 managed to interact with PP1c forming several H-bonds (Figure 5E) with residues
of Asp220, Arg221, Asn219, Glu218, GIn198, Gly217, Thr226, Asp208, Val213, Asp210. In
contrast, a different interaction profile in case of P-5er696-MYPT1 (Figure 5F) was identi-
fied where binding of the basic residues to Cys273, Glu218, Asp277 and Glu252 in PP1c
were apparent.

The distances between the metal ions and the coordinating amino acid residues at
the catalytic center were estimated in the docked complexes and compared to the ones
derived from the crystal structure of PP1c with tungstate [6]. The data obtained from the
docked structures and the crystal structure (see Table 1) were quite similar and there were
only subtle differences except for a 0.9 A difference in the distance of His173 to Mn:?* in
P-Thr-MYPT16%-701 (2.7 A) and P-Ser696-MYPT16%0-701 (1.8 A).
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P-Thr696-MYPT1690-701 P-Ser696-MYPT1690-701

Figure 5. Poses of P-Thr696-MYPT1%%7°! and P-Ser696-MYPT1%07%! peptide on the surface of PP1c
derived from molecular docking simulations. Poses of P-Thr696-MYPT1%0-71 (A) and P-Ser696-
MYPT1¢%0-701 (B) peptides on PP1c. Enlarged images of the binding of hydrophobic residues of P-
Thr696-MYPT190-701 (C) and P-Ser696-MYPT1¢0-701 (D) at the hydrophobic groove of PP1c. Enlarged
images for the binding of basic residues of P-Thr696-MYPT16%0-701 (E) and P-Ser696-MYPT16%0-701 (F)
to PP1c. Distances of the PP1c amino acid side chains from the coordinated phosphoryl residue of
the substrate in the docked complexes of PPlc-P-Thr696-MYPT1¢070! (G) and PPlc-P-Ser696-
MYPT160-701 (H).
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Table 1. Distances between the metal ions and their coordinating amino acid residues in docked
PPlc—peptide complexes and in crystal structure.

Distance (A)

Metal  Coordinating PP1c PP1c-P-Thr696- PP1c-P-Ser696-
Ions * Residues ** Crystal MYPT16%-701 MYPT16%-701
Mni?* Asp92 2.3 2.3 2.1

Mni? Asnl24 2.1 1.9 2.0
Mni? His173 2.1 2.7 1.8
Mni# His248 2.3 2.4 2.9

Mn2?* Asp64 2.0 1.5 1.6

Mno* His66 2.3 2.4 3.0

Mn»?* Asp92 2.3 1.9 1.6

* Both of the metal ions are Mn?* in the crystal structure of PP1cy used for docking [8]. ** Distances
between metal ions (Zn? and Fe?") in PP1c crystal with tungstate and coordinating residues are from
Egloff et al. [6].

The binding distances of other amino acid residues with suggested roles in catalysis
[6,7], however, showed more pronounced differences between the PPlc-P-Thr696-
MYPT160-701 and PP1c-P-Ser696-MYPT16%-701 complexes (Figure 5G,H). Residues Arg96,
Tyr272, His125 and Arg221 were closer to the phosphoryl residue in PP1c-P-Ser696-
MYPT160-701 (Figure 5H) than in PP1c-P-Thr696-MYPT160-701 (Figure 5G), represented by
the following differences of distances: Tyr272, 5.7 A vs. 155 A, His125, 4.5 A vs. 11.1 A,
Arg221, 4.0 A vs. 5.5 A, respectively. There were only subtle differences in the distances
of Asn124 (3.2 A vs. 3.4 A), and Arg96 (11.0 A vs. 12.0 A) to the phosphosubstrates in the
two complexes. The distinct coordination pattern at the catalytic center and the stronger
binding profile at a novel acidic groove of P-Thr696-MYPT16%-701 on the surface of PP1c
might cause the slower dephosphorylation and dissociation of the peptide from PPlc
causing inhibition of the binding and dephosphorylation of the phosphoserine substrate.

3. Discussion

In recent years, finding molecules or peptides to inhibit or activate PP1 has been re-
garded to possess important pharmacological relevancies as influencing the cellular ac-
tivity of PP1 is a major regulatory factor in numerous signaling processes under normal
or diseased conditions. Our present studies establish that a phosphorylated peptide
(ROQSRRS(pT696)QGVTL1) from the MYPT1 regulatory subunit of MP is an effective
and selective inhibitor of both PP1c and the MP holoenzyme (PP1c-MYPT1) with ICso val-
ues (3-12 uM) at the lower micromolar range. These data are in accordance with previous
results showing that the C-terminal fragment of a recombinant His-tagged MYPT1514-%3
phosphorylated at Thr654 (corresponding to Thr696 in the longer MYPT1 isoform) inhib-
ited PP1c with an ICso of about 100 nM [30]. In contrast, GST-MYPT165-8% fragment phos-
phorylated at Thr696 inhibited MP holoenzyme potently in nanomolar concentrations but
were without effect on PP1c [31]. The above discrepancies might be due to the differently
tagged protein fragments. Our present results confirm that a short peptide representing
the inhibitory regions of phosphorylated MYPT1 (without any tags) still remains inhibi-
tory for PP1c. P-Thr696-MYPT160-701 exhibits decreased inhibitory effectiveness compared
to His-tagged MYPT154-93 or GST-MYPT164+8%0, indicating that in the longer fragments
presumably other regions beside the inhibitory sequence may also contribute to the stabi-
lization of the interactions. Nevertheless, the shorter peptide, even with moderate inhibi-
tory effectiveness, may be a good candidate as a template to design intracellular peptide
inhibitors for PP1.

The P-Thr696-MYPT16%0-701 peptide forms strong interaction with PP1c as assessed us-
ing MST (Kp=33.2 uM) and ITC (0.39 uM) measurements although the dissociation con-
stant determined by the two methods are quite different. The reasons for these
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discrepancies are not fully understood; however, it might be due to the fact that during
the measurements targeting the interaction of PP1c with P-Thr696-MYPT160-701, the phos-
phopeptide is dephosphorylated at least partially; thus, the combined effect of the inter-
action and the dephosphorylation processes are determined. The dephosphorylation of P-
Thr696-MYPT1¢0-701 peptide by PP1c is established by 'H NMR experiments as well as in
phosphatase assays with dephosphorylation half-life of t12=82-103 min compared to that
of t12~1.7 min for P-MLC20 substrate (see Figure 4). These experiments are in accordance
with the conclusion that the dephosphorylation of the inhibitory peptide is also catalyzed
by PPlc, although with significantly slower rate than the natural substrate, P-MLC20.
These data imply that the P-Thr696-MYPT16¢0-701 peptide inhibits PP1c by a so called “un-
fair competition with the substrate”, a mechanism established earlier for the inhibition of
PP1c by CPI-17 against the P-MLC20 substrate [13].

Determination of the structure of PPlc-P-Thr696-MYPT160-701 complex is compli-
cated by the fact that dephosphorylation of the peptide occurs in time during the period
of investigation. Therefore, docking simulations for the possible structures for PP1c with
the inhibitory peptide has been completed to clarify the hypothetical structure of PP1c-P-
Thr696-MYPT160-701 complex. To understand the possible differences caused by the phos-
phorylated residues, simulations with both P-Thr696-MYPT1%0-701 and P-Ser696-
MYPT160701 were carried out (Figure 5). These molecular models obtained by docking
simulations were similar with respect to binding the peptide in the hydrophobic groove
in approximately the same fashion; however, the structure predicted at the catalytic center
and the binding patterns of the basic sequences were distinct. First, the basic sequences of
the P-Ser696-MYPT1¢0-701 peptide bound to the canonical acidic groove of PP1c while the
same sequence of P-Thr696-MYPT16%-701 occupied another acidic region in which the in-
teraction with PP1c was stabilized with numerous hydrogen bonds. Second, the coordi-
nation distances of the phosphoresidues of the P-Ser or P-Thr peptides with the PP1c side
chains were also distinct, as Tyr272, His125 and Arg221 were farther away from the phos-
phate and the phosphoester bond in P-Thr696-MYPT1 compared to P-Ser696-MYPT1.
Among these residues, His125 has special importance in the catalysis of dephosphoryla-
tion, as it serves as an acid in protonation of the leaving group oxygen atom, thereby ac-
celerating the hydrolysis process [6,7]. The above data, therefore, are compatible with a
mechanism in which the P-Thr696-MYPT1%#0701 inhibitory peptide presumably is
dephosphorylated at much slower rate than the P-Ser peptide (or the P-Ser containing P-
MLC20) and dissociation of the dephosphorylated peptide from the enzyme is also ham-
pered by the relatively strong interaction via its basic sequences.

These compact structural features of the interaction between P-Thr696-MYPT16%-701
and PPlc are also supported by the relatively high enthalpy and a negative entropy
change of the interaction determined by ITC (Figure 2C). These results are also consistent
with the conclusion that PP1c prefers P-Ser over P-Thr in protein or peptide substrates.
This view is supported by the facts that all protein inhibitors (inhibitor-1, DARPP-32, CPI-
17) of PP1c includes P-Thr at the inhibitory sites and they are presumably dephosphory-
lated slowly hindering the binding of the physiological substrates. Consistent with these
views, the well-known physiological substrates of PP1 (e.g., glycogen phosphorylase, P-
MLC20) are P-Ser proteins. The above data appear to support the preference of P-Ser over
P-Thr in dephosphorylation of substrates by PP1. However, a recent study has proven
that both PP1 and PP2A prefer P-Thr over P-Ser in dephosphorylation of a large set of P-
Thr- and P-Ser-containing peptides [38]. Nevertheless, in case of the model system as-
sayed in our present study comparison of the P-Thr-phosphorylated MYPT1 inhibitory
peptide with the P-Ser-phosphorylated MLC20 substrate with similar sequences in both
peptides around the phosphoresidues, a P-Ser preference over P-Thr appears to be obvi-
ous.
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4. Materials and Methods
4.1. Materials

Reagents were purchased from the following sources: MYPT160-701 and P-Thr696-
MYPT160-701 peptides were from Pepmic (Gusu District, Suzhou, China); bovine serum
albumin (BSA), malachite oxalate, (NH4)2Mo0Os and horseradish-peroxidase conjugated
anti-rabbit antibody, anti-Flag-M2 Affinity-Matrix and Flag-peptide from Sigma-Aldrich
(St. Louis, MO, USA); the potassium—phosphate standard was from Promega (Madison,
WI, USA); Ser/Thr phosphatase assay kit, anti-MYPT1rT6% antibody from Millipore (Milli-
poreSigma, Burlington, MA, USA); Microcystin-LR was a kind gift from Dr. Csaba Mathé
(Department of Botany, University of Debrecen).

All other reagents and materials were of the highest purity available from commer-
cial sources.

4.2. Proteins

The native catalytic subunits of protein phosphatase-1 and -2A (PP1c and PP2Ac)
were purified from rabbit skeletal muscle [18]. The 20 kDa light chain of smooth muscle
myosin (MLC20) was purified from turkey gizzard and phosphorylated as described pre-
viously [39]. Recombinant PP1ca [40] and PP1cd [18] were expressed in E. coli and purified
as described in the respective reference. Flag-MYPT1-PP1c was obtained by overexpress-
ing Flag-MYPTT1 in tsa201 cells [32], then immobilizing the Flag-MYPT1-PP1c complex on
anti-Flag-M2 Affinity-Matrix. After extensive washing of the gel matrix 3 times with Tris-
buferred saline (TBS), the Flag-MYPT1-PP1c was eluted by Flag-peptide in TBS.

4.3. Phosphatase Assays

Skeletal muscle PP1c (1.5-2.2 nM), PP2Ac (1.5 nM) or Flag-MYPT1-PP1c (2.5 nM) was
assayed with 1 uM 32P-labelled MLC20 (*2P-MLC20) in the presence or absence of non-
phosphorylated (MYPT16%-701) or phosphorylated (P-Thr696-MYPT1¢0-701) MYPT1 pep-
tide in 20 mM Tris/HCI (pH 7.4), 0.1% 2-mercaptoethanol at 30 °C. The 32Pi released from
32P-MLC20 substrate were determined as previously described [19]. The assay (80 uL) to
determine the half-life of dephoshorylation for 32P-MLC20 (10 uM) in the presence of var-
ious concentration of P-Thr696-MYPT1¢0-701 (10-500 uM) was carried out in a similar fash-
ion except that 5 pL aliquots were removed from the reaction mixture at different intervals
for radioactivity measurements.

4.4. Microscale Thermophoresis (MST) Experiments

The interaction of P-Thr696-MYPT16%-701 and the recombinant PP1ca (rPP1lca) was
studied by Monolith™ NT.LabelFree (MST power: 40%; LED Power: 10%) instrument
(NanoTemper Technologies GmbH, Munich, Germany). A 16-point two-fold P-Thr696-
MYPT160-701 peptide dilution series was generated (9.16 nM-300 uM) in 25 mM Tris/HCl,
100 mM NaCl, 1 mM DTT, 0.1% PEG 8000, pH 8.0 and mixed with rPPlca (2 uM). The
mixtures were loaded into NT.LabelFree standard capillaries. The capillaries on the capil-
lary tray were scanned and intrinsic fluorescence change of rPPlca upon ligand binding
was recorded. The data were analyzed by MO.Affinity Analysis v2.3 software.

4.5. Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry (ITC) experiments were carried out with MicroCal
ITC200 instrument. rPPlca was dialyzed in 25 mM Tris/HCl (pH 8.0), 150 mM NaCl, 1
mM TCEP (assay buffer) for 3 h first, then 16 h with a fresh batch of solution. Prior to
measurements, rPP1lca (0.5-2 uM) was transferred into the sample cell of the calorimeter
while the reference cell was filled with the assay buffer. P-Thr696-MYPT160-701 (5-20 uM)
in the assay was applied to the syringe and 2 uL aliquot (19 times) was injected into the
cell at a stirring rate of 300 rpm at 25 °C. The reference power was 5 pical/sec. The titration
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data were analyzed with MicroCal ITC-Origin software using one set of site model to ob-
tain binding parameters of protein-ligand interaction.

4.6. Saturation Transfer Difference NMR

NMR experiments were performed with a Bruker Avance II 500 spectrometer oper-
ating at 500 MHz 'H frequency and equipped with a 5 mm z-gradient TXI probe head and
carried out as previously described [18]. Both 'H-NMR and STD spectra were recorded
with watergate-type residual water suppression scheme at 293 K on samples containing
1.3-1.5 mM P-(Thr696)MYPT160-701 dissolved in 500 puL D20 containing 10 mM imidazole
(pH=6.5) and 150 mM NaCl. The samples for STD measurements contained 13.3-14.4 uM
rPPlca or rPP1cd (14-15 uM, 600 uL) purified from E. coli expression and dialyzed against
100 mL of D20 containing 10 mM imidazole (pH = 6.5) and 150 mM NaCl with two
changes of the dialyzing solution. The '"H STD spectra were recorded with 3 s semi-selec-
tive irradiation of the PP1c up-field resonances at -650 Hz (-1.3 ppm) by a train of Eburp
90° pulses of 50 ms each. In the reference experiment, the off-resonance frequency was set
to-13 500 Hz (-27.0 ppm). The duration of the hard 90° proton pulse was 10.25 us. Classical
2D NMR (*H-"H COSY, TOCSY, ROESY and 'H-*C HSQC) spectra were also recorded to
achieve unambiguous resonance assignment of P-Thr696-MYPT16%0-701, All spectra were
processed and analyzed with Topspin 2.1 software of Bruker Biospin.

4.7. Malachite Green Assay

The malachite green reagent was generated as follows: malachite oxalate and
(NH4)2MoOs were dissolved in 1.2 M HCI solution with the final concentrations of 2 mM
and 100 mM, respectively. The solutions were mixed in 1:1 ratio and swirled for 20 min
then filtered with Filtropure S 0.45. Tween 20 was added to the reagent (0.08%(V/V)) prior
to use [35,36]. The reagent is stable for 3 weeks in the absence of detergent. The
dephosphorylation of P-Thr696-MYPT1¢%0-701 by PP1c was assessed using the malachite
green assay to measure the Pi released from the peptide. A quantity of 100 nM nPP1c was
preincubated in 20 mM Tris/HCI (pH 7.4), 0.02% 2-mecaptoethanol and 0.1% TritonX-100
(assay buffer) for 1 min at 30 °C then the reaction was initiated by the addition of P-Thr696-
MYPT160701 (100 uM). Samples (15 pL) were removed from the reaction mixture 0.33, 0.66,
1, 2, 5,10, 20, 30, 60 min and mixed with 3.4 M HCI (3 pL) solution. Control samples rep-
resenting the initial conditions were generated by adding all the components into 3.4 M
HCI solution. The malachite green assay was performed on a 384-well plate. The samples
(18 puL) were complemented to 30 pL with assay buffer, then added to 30 pL malachite
green reagent solution (1 mM malachite oxalate, 50 mM (NH4)2MoOs and 0.08% (V/V)
Tween-20 in 1.2 M HCl solution) on the plate. After 20 min incubation, the absorbance of
the samples at 630 nm due to the color intensity changes of the liberated Pi from the sub-
strate was determined by Thermo Multiscan go plate reader instrument. The liberated Ps
contents (pmol) were subtracted from P-Thr696-MYPT1¢0-701 and the residual values plot-
ted as the function of time. A calibration curve with potassium phosphate standard (250
to 1500 pmol range) was also established for the exact determination of the released Pi.

4.8. Dot Blot Assay

The dephosphorylation of 100 uM P-Thr696-MYPT16%-70 by PP1c (100 nM) in the
presence of 10 uM P-MLC20 was followed using a dot blot assay. PP1c was mixed with
P-MLC20 at 30 °C in 20 mM Tris/HCl (pH 7.4), 0.1% 2-mercaptoethanol and then P-
Thr696-MYPT16%0-701 was added. Aliquots were removed at different intervals, mixed with
1 pM Microcystin-LR (1 pL) to inactivate PP1c; then, these samples were dripped to nitro-
cellulose membrane. The membrane was blocked with 5% BSA in Tris-buffered saline plus
Tween-20 (TBST) at room temperature for 2.5 h. Then membrane was incubated with rab-
bit anti-MYPT1r™% antibody in (1000-fold dilution in 5% BSA in TBST) for 16 h at 4 °C.
After washing the membrane was incubated with horseradish—peroxidase-conjugated
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anti-rabbit antibody (7000-fold dilution in 5% BSA in TBST) for 2 h at room temperature;
then, after washing, the immunoreactions were developed with enhanced chemilumines-
cence reagent, recorded with BIO-RAD ChemiDock™ Touch imaging system and the data
were analyzed with Image] 1.53c software.

4.9. Peptide Docking

For molecular docking the structure of PP1lcy isoform bound to okadaic acid was
used (PDB ID: 1JK7; [8]) as a starting point. For peptide docking analysis and to determine
the best overall structure of the P-Thr696-MYPT160-701-PP1y complex, HADDOCK 2.4
web portal was used [37,41]. The docking was carried out as a standard protein—peptide
docking according to the web portal. The docking interface (active amino acids in the in-
teraction) was defined by selecting residues in a 10 A radius from the okadaic acid bound
at the catalytic center of PP1y. These residues were defined as fully flexible. The His125
residue was fully protonated according to a proposed reaction mechanism [6], the rest of
the histidine residue protonation states were determined by HADDOCK. We defined the
whole peptide (12 residues) as active. The peptides were fully flexible during docking,
enabling the software to find the best overall pose for the peptide. For docking, distance
restraints (surface contact restraint, and center of mass restraint) were used to maintain
proximity between the peptides and PPlc. Every other parameter remained as default
inside HADDOCK, except for the analysis mode, which was set to full. Molecular
graphics, distance measurements, H-bond, and van der Waals contact analyses were per-
formed with UCSF ChimeraX software [42].

5. Conclusions

Our present results imply, based on in vitro assays, that P-Thr696-MYPT16%-701 pep-
tide may serve as a good pharmacophore model for designing peptide inhibitors of PP1
for possible cellular application. The advantage of P-Thr696-MYPT1¢0-70 being used as a
cellular PP1 inhibitor is that this peptide inhibits not only PP1c, but PP1 holoenzyme, too.
These data imply that the peptide does not compete with the regulatory proteins for bind-
ing to PP1c. However, the peptide may need modification to be able to permeate cell mem-
branes to apply as an intracellular inhibitor of PP1. The latter may be achieved by adding
a few more basic residues at the N-terminus of the peptide to the existing basic sequence
creating a basic stretch reminiscent of the HIV-TAT membrane-penetrating sequence [43].
In addition, retro-inverso peptide could be synthesized to avoid proteolytic degradation
[44], increasing the intracellular lifetime of the inhibitory peptide. These experiments may
provide further perspectives in examining the possibilities for application of peptides in
pharmacological influences of P-Ser/Thr-specific protein phosphatases.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms24054789/s1.

Author Contributions: Conceptualization: F.E., K.E.K. and B.L.; methodology: Z.K., B.B., M.R. and
LT. (Istvan Timari); formal analysis: Z.K., M.R. and LT. (Istvan Tamas); investigation: Z.K., B.B.,
MR, LT. (Istvan Tamas) and I.T. (Istvan Timari); data curation: Z.K., K.E.K. and L.T. (Istvan Tamas);
writing —original draft: Z.K,, F.E. and L.T. (Istvan Tamas); supervision: F.E., KE.K. and B.L.; writ-
ing—review and editing: F.E. and K.E.K,; funding acquisition: F.E., K.E.K. and B.L.; All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from by the National Research, Development and
Innovation Office of Hungary, K129104 (to F.E.), NN128368 to (K.E.K.) and K143533 to (B.L.). L.T.
acknowledges the support of the Janos Bolyai Research Scholarship (BO/00372/20/7) of the Hungar-
ian Academy of Sciences.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available on request.



Int. |. Mol. Sci. 2023, 24, 4789 16 of 17

Acknowledgments: The authors express grateful thanks to Agota Szanté Kelmenné and Andrea
Docsa for their excellent technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Sharma, K.; D’Souza, R.C.; Tyanova, S.; Schaab, C.; Wisniewski, J.R.; Cox, J.; Mann, M. Ultradeep human phosphoproteome
reveals a distinct regulatory nature of Tyr and Ser/Thr-based signaling. Cell Rep. 2014, 8, 1583-1594.
https://doi.org/10.1016/j.celrep.2014.07.036.

Brautigan, D.L.; Shenolikar, S. Protein Serine/Threonine Phosphatases: Keys to Unlocking Regulators and Substrates. Annu. Rev.
Biochem. 2018, 87, 921-964. https://doi.org/10.1146/annurev-biochem-062917-012332.

Chatterjee, J.; Kohn, M. Targeting the untargetable: Recent advances in the selective chemical modulation of protein
phosphatase-1 activity. Curr. Opin. Chem. Biol. 2013, 17, 361-368. https://doi.org/10.1016/j.cbpa.2013.04.008.

Ceulemans, H.; Bollen, M. Functional diversity of protein phosphatase-1, a cellular economizer and reset button. Physiol. Rev.
2004, 84, 1-39. https://doi.org/10.1152/physrev.00013.2003.

Cohen, P.T. Protein phosphatase 1--targeted in many directions. J. Cell Sci. 2002, 115 Pt 2, 241-256.
https://doi.org/10.1242/jcs.115.2.241.

Egloff, M.P.; Cohen, P.T.; Reinemer, P.; Barford, D. Crystal structure of the catalytic subunit of human protein phosphatase 1
and its complex with tungstate. J. Mol. Biol. 1995, 254, 942-959. https://doi.org/10.1006/jmbi.1995.0667.

Goldberg, J.; Huang, H.B.; Kwon, Y.G.; Greengard, P.; Nairn, A.C.; Kuriyan, J. Three-dimensional structure of the catalytic
subunit of protein serine/threonine phosphatase-1. Nature 1995, 376, 745-753. https://doi.org/10.1038/376745a0.

Maynes, ].T.; Bateman, K.S.; Cherney, M.M.; Das, A.K.; Luu, H.A.; Holmes, C.F.; James, M.N. Crystal structure of the tumor-
promoter okadaic acid bound to protein phosphatase-1. J. Biol. Chem. 2001, 276, 44078-44082.
https://doi.org/10.1074/jbc.M107656200.

Choy, M.S.; Swingle, M.; D’Arcy, B.; Abney, K, Rusin, S.F.; Kettenbach, A.N.; Page, R, Honkanen, R.E., Peti, W.
PP1:Tautomycetin Complex Reveals a Path toward the Development of PP1-Specific Inhibitors. J. Am. Chem. Soc. 2017, 139,
17703-17706. https://doi.org/10.1021/jacs.7b09368.

Egloff, M.P.; Johnson, D.F.; Moorhead, G.; Cohen, P.T.; Cohen, P.; Barford, D. Structural basis for the recognition of regulatory
subunits by the catalytic subunit of protein phosphatase 1. EMBO ]. 1997, 16, 1876-1887. https://doi.org/10.1093/emboj/16.8.1876.
Terrak, M.; Kerff, F.; Langsetmo, K.; Tao, T.; Dominguez, R. Structural basis of protein phosphatase 1 regulation. Nature 2004,
429, 780-784. https://doi.org/10.1038/nature02582.

Eto, M. Regulation of cellular protein phosphatase-1 (PP1) by phosphorylation of the CPI-17 family, C-kinase-activated PP1
inhibitors. J. Biol. Chem. 2009, 284, 35273-35277. https://doi.org/10.1074/jbc.R109.059972.

Filter, ].J.; Williams, B.C.; Eto, M.; Shalloway, D.; Goldberg, M.L. Unfair competition governs the interaction of pCPI-17 with
myosin phosphatase (PP1-MYPT1). Elife 2017, 6, e24665. https://doi.org/10.7554/eLife.24665.

Bollen, M. Combinatorial control of protein phosphatase-1. Trends Biochem. Sci. 2001, 26, 426—431. https://doi.org/10.1016/s0968-
0004(01)01836-9.

Bollen, M.; Peti, W.; Ragusa, M.].; Beullens, M. The extended PP1 toolkit: Designed to create specificity. Trends Biochem. Sci. 2010,
35, 450-458. https://doi.org/10.1016/j.tibs.2010.03.002.

Kiss, A.; Lontay, B.; Bécsi, B.; Markasz, L.; Olah, E.; Gergely, P.; Erdédi, F. Myosin phosphatase interacts with and
dephosphorylates the retinoblastoma protein in THP-1 leukemic cells: Its inhibition is involved in the attenuation of
daunorubicin-induced cell death by calyculin-A. Cell. Signal. 2008, 20, 2059-2070. https://doi.org/10.1016/j.cellsig.2008.07.018.
Toth, E.; Erdédj, F.; Kiss, A. Activation of Myosin Phosphatase by Epigallocatechin-Gallate Sensitizes THP-1 Leukemic Cells to
Daunorubicin. Anticancer Agents Med. Chem. 2021, 21, 1092-1098. https://doi.org/10.2174/1871520620666200717142315.

Kiss, A.; Bécsi, B.; Kolozsvari, B.; Komaromi, I.; Kévér, K.E.; Erdédi, F. Epigallocatechin-3-gallate and penta-O-galloyl-beta-D-
glucose inhibit protein phosphatase-1. FEBS ]. 2013, 280, 612-626. https://doi.org/10.1111/j.1742-4658.2012.08498 x.

Konya, Z.; Bécsi, B.; Kiss, A; Horvath, D.; Raics, M.; Kévér, K.E.; Lontay, B.; Erdédi, F. Inhibition of protein phosphatase-1 and
-2A by ellagitannins: Structure-inhibitory potency relationships and influences on cellular systems. J. Enzym. Inhib. Med. Chem.
2019, 34, 500-509. https://doi.org/10.1080/14756366.2018.1557653.

Kénya, Z.; Bécsi, B.; Kiss, A.; Tamas, I; Lontay, B.; Szilagyi, L.; Kévér, K.E.; Erdddi, F. Aralkyl selenoglycosides and related
selenosugars in acetylated form activate protein phosphatase-1 and -2A. Bioorg. Med. Chem. 2018, 26, 1875-1884.
https://doi.org/10.1016/j.bmc.2018.02.039.

Tappan, E.; Chamberlin, A.R. Activation of protein phosphatase 1 by a small molecule designed to bind to the enzyme’s
regulatory site. Chem. Biol. 2008, 15, 167-174. https://doi.org/10.1016/j.chembiol.2008.01.005.

Chatterjee, J.; Beullens, M.; Sukackaite, R.; Qian, J.; Lesage, B.; Hart, D.].; Bollen, M.; Kéhn, M. Development of a peptide that
selectively activates protein phosphatase-1 in living cells. Angew. Chem. Int. Ed. Engl. 2012, 51, 10054-10059.
https://doi.org/10.1002/anie.201204308.

Huang, H.B.; Horiuchi, A.; Watanabe, T.; Shih, S.R.; Tsay, H.J.; Li, H.C.; Greengard, P.; Nairn, A.C. Characterization of the
inhibition of protein phosphatase-l by DARPP-32 and inhibitor-2. . Biol. Chem. 1999, 274, 7870-7878.
https://doi.org/10.1074/jbc.274.12.7870.



Int. J. Mol. Sci. 2023, 24, 4789 17 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hartshorne, D.J.; Ito, M.; Erdédi, F. Role of protein phosphatase type 1 in contractile functions: Myosin phosphatase. . Biol.
Chem. 2004, 279, 37211-37214. https://doi.org/10.1074/jbc.R400018200.

Kiss, A.; Erdédi, F.; Lontay, B. Myosin phosphatase: Unexpected functions of a long-known enzyme. Biochim. Biophys. Acta Mol.
Cell Res. 2019, 1866, 2-15. https://doi.org/10.1016/j.bbamcr.2018.07.023.

Toth, A.; Kiss, E.; Herberg, FW.; Gergely, P.; Hartshorne, D.J.; Erdédi, F. Study of the subunit interactions in myosin
phosphatase by surface plasmon resonance. Eur. ]. Biochem. 2000, 267, 1687-1697. https://doi.org/10.1046/j.1432-
1327.2000.01158.x.

Toéth, A.; Kiss, E.; Gergely, P.; Walsh, M.P.; Hartshorne, D.J.; Erdédi, F. Phosphorylation of MYPT1 by protein kinase C
attenuates interaction with PP1 catalytic subunit and the 20 kDa light chain of myosin. FEBS Lett. 2000, 484, 113-117.
https://doi.org/10.1016/s0014-5793(00)02138-4.

Velasco, G.; Armstrong, C.; Morrice, N.; Frame, S.; Cohen, P. Phosphorylation of the regulatory subunit of smooth muscle
protein phosphatase 1M at Thr850 induces its dissociation from myosin. FEBS Lett. 2002, 527, 101-104.
https://doi.org/10.1016/s0014-5793(02)03175-7.

Muranyi, A.; Derkach, D.; Erdédi, F.; Kiss, A.; Ito, M.; Hartshorne, D.]. Phosphorylation of Thr695 and Thr850 on the myosin
phosphatase target subunit: Inhibitory effects and occurrence in A7r5 cells. FEBS Lett. 2005, 579, 6611-6615.
https://doi.org/10.1016/j.febslet.2005.10.055.

Muranyi, A.; MacDonald, J.A.; Deng, ].T.; Wilson, D.P.; Haystead, T.A.; Walsh, M.P.; Erdédi, F.; Kiss, E.; Wu, Y.; Hartshorne,
D.J. Phosphorylation of the myosin phosphatase target subunit by integrin-linked kinase. Biochem. ]. 2002, 366 Pt 1, 211-216.
https://doi.org/10.1042/BJ20020401.

Khromov, A.; Choudhury, N.; Stevenson, A.S.; Somlyo, A.V.; Eto, M. Phosphorylation-dependent autoinhibition of myosin
light chain phosphatase accounts for Ca2+ sensitization force of smooth muscle contraction. J. Biol. Chem. 2009, 284, 21569-21579.
https://doi.org/10.1074/jbc.M109.019729.

Batori, R.; Bécsi, B.; Nagy, D.; Konya, Z.; Hegedis, C.; Bordan, Z.; Verin, A,; Lontay, B.; Erdédi, F. Interplay of myosin
phosphatase and protein phosphatase-2A in the regulation of endothelial nitric-oxide synthase phosphorylation and nitric oxide
production. Sci. Rep. 2017, 7, 44698. https://doi.org/10.1038/srep44698.

Mayer, M.; Meyer, B. Group epitope mapping by saturation transfer difference NMR to identify segments of a ligand in direct
contact with a protein receptor. J. Am. Chem. Soc. 2001, 123, 6108-6117. https://doi.org/10.1021/ja0100120.

Groves, P.; Kovér, K.E.; André, S.; Bandorowicz-Pikula, J.; Batta, G.; Bruix, M.; Buchet, R.; Canales, A.; Canada, F.].; Gabius, H.J.;
et al. Temperature dependence of ligand-protein complex formation as reflected by saturation transfer difference NMR
experiments. Magn. Reson. Chem. 2007, 45, 745-748. https://doi.org/10.1002/mrc.2041.

Itaya, K.; Ui, M. A new micromethod for the colorimetric determination of inorganic phosphate. Clin. Chim. Acta 1966, 14, 361
366. https://doi.org/10.1016/0009-8981(66)90114-8.

Veloria, ].; Shin, M.; Devkota, A.K; Payne, S.M.; Cho, E.J.; Dalby, K.N. Developing Colorimetric and Luminescence-Based High-
Throughput Screening Platforms for Monitoring the GTPase Activity of Ferrous Iron Transport Protein B (FeoB). SLAS Discov.
2019, 24, 597-605. https://doi.org/10.1177/2472555219844572.

van Zundert, G.C.P.; Rodrigues, J.; Trellet, M.; Schmitz, C.; Kastritis, P.L.; Karaca, E.; Melquiond, A.S.J.; van Dijk, M.; de Vries,
S.J.; Bonvin, A. The HADDOCK?2.2 Web Server: User-Friendly Integrative Modeling of Biomolecular Complexes. ]. Mol. Biol.
2016, 428, 720-725. https://doi.org/10.1016/j.jmb.2015.09.014.

Hoermann, B.; Kokot, T.; Helm, D.; Heinzlmeir, S.; Chojnacki, J.E.; Schubert, T.; Ludwig, C.; Berteotti, A.; Kurzawa, N.; Kuster,
B.; et al. Dissecting the sequence determinants for dephosphorylation by the catalytic subunits of phosphatases PP1 and PP2A.
Nat. Commun. 2020, 11, 3583. https://doi.org/10.1038/s41467-020-17334-x.

Erdddi, F.; Téth, B.; Hirano, K.; Hirano, M.; Hartshorne, D.J.; Gergely, P. Endothall thioanhydride inhibits protein phosphatases-
1 and -2A in vivo. Am. J. Physiol. 1995, 269 Pt 1, C1176—C1184. https://doi.org/10.1152/ajpcell.1995.269.5.C1176.

Hirschi, A.; Cecchini, M.; Steinhardt, R.C.; Schamber, M.R,; Dick, F.A.; Rubin, S.M. An overlapping kinase and phosphatase
docking site regulates activity of the retinoblastoma protein. Nat. Struct. Mol. Biol. 2010, 17, 1051-1057.
https://doi.org/10.1038/nsmb.1868.

Honorato, R.V.; Koukos, P.I; Jimenez-Garcia, B.; Tsaregorodtsev, A.; Verlato, M.; Giachetti, A.; Rosato, A.; Bonvin, A. Structural
Biology in the Clouds: The WeNMR-EOSC Ecosystem. Front.  Mol.  Biosci. 2021, 8, 729513.
https://doi.org/10.3389/fmolb.2021.729513.

Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Meng, E.C.; Couch, G.S.; Croll, T.L; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX:
Structure visualization for researchers, educators, and developers. Protein Sci. 2021, 30, 70-82. https://doi.org/10.1002/pro.3943.
Reissmann, S. Cell penetration: Scope and limitations by the application of cell-penetrating peptides. J. Pept. Sci. 2014, 20, 760—
784. https://doi.org/10.1002/psc.2672.

Lucana, M.C.; Arruga, Y.; Petrachi, E.; Roig, A.; Lucchi, R.; Oller-Salvia, B. Protease-Resistant Peptides for Targeting and
Intracellular Delivery of Therapeutics. Pharmaceutics 2021, 13, 2065. https://doi.org/10.3390/pharmaceutics13122065.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



