
Methods for Identification of Substrates/Inhibitors of FCP/SCP Type Protein
Ser/Thr Phosphatases

Authors: 

Masataka Mizunuma, Atsushi Kaneko, Shunta Imai, Kazuhiro Furukawa, Yoshiro Chuman

Date Submitted: 2021-07-13

Keywords: substrate identification, peptide phage display, protein Ser/Thr phosphatase, Scp1

Abstract: 

Protein phosphorylation is the most widespread type of post-translational modification and is properly controlled by protein kinases and
phosphatases. Regarding the phosphorylation of serine (Ser) and threonine (Thr) residues, relatively few protein Ser/Thr phosphatases
control the specific dephosphorylation of numerous substrates, in contrast with Ser/Thr kinases. Recently, protein Ser/Thr
phosphatases were reported to have rigid substrate recognition and exert various biological functions. Therefore, identification of
targeted proteins by individual protein Ser/Thr phosphatases is crucial to clarify their own biological functions. However, to date,
information on the development of methods for identification of the substrates of protein Ser/Thr phosphatases remains scarce. In turn,
substrate-trapping mutants are powerful tools to search the individual substrates of protein tyrosine (Tyr) phosphatases. This review
focuses on the development of novel methods for the identification of Ser/Thr phosphatases, especially small C-terminal domain
phosphatase 1 (Scp1), using peptide-displayed phage library with AlF4?/BeF3?, and discusses the identification of putative inhibitors.

Record Type: Published Article

Submitted To: LAPSE (Living Archive for Process Systems Engineering)

Citation (overall record, always the latest version): LAPSE:2021.0603
Citation (this specific file, latest version): LAPSE:2021.0603-1
Citation (this specific file, this version): LAPSE:2021.0603-1v1

DOI of Published Version:  https://doi.org/10.3390/pr8121598

License: Creative Commons Attribution 4.0 International (CC BY 4.0)

Powered by TCPDF (www.tcpdf.org)



processes

Review

Methods for Identification of Substrates/Inhibitors of
FCP/SCP Type Protein Ser/Thr Phosphatases

Masataka Mizunuma †, Atsushi Kaneko †, Shunta Imai, Kazuhiro Furukawa and
Yoshiro Chuman *

Department of Chemistry, Faculty of Science, Niigata University, 8050 2-no-cho, Ikarashi, Nishi-ku,
Niigata 950-2181, Japan; f19a501g@mail.cc.niigata-u.ac.jp (M.M.); f18j005b@mail.cc.niigata-u.ac.jp (A.K.);
f19a033c@mail.cc.niigata-u.ac.jp (S.I.); furukawa@chem.sc.niigata-u.ac.jp (K.F.)
* Correspondence: chuman@chem.sc.niigata-u.ac.jp; Tel./Fax: +81-25-262-6160
† These authors contributed equally to this work.

Received: 29 October 2020; Accepted: 2 December 2020; Published: 4 December 2020
����������
�������

Abstract: Protein phosphorylation is the most widespread type of post-translational modification
and is properly controlled by protein kinases and phosphatases. Regarding the phosphorylation
of serine (Ser) and threonine (Thr) residues, relatively few protein Ser/Thr phosphatases control
the specific dephosphorylation of numerous substrates, in contrast with Ser/Thr kinases. Recently,
protein Ser/Thr phosphatases were reported to have rigid substrate recognition and exert various
biological functions. Therefore, identification of targeted proteins by individual protein Ser/Thr
phosphatases is crucial to clarify their own biological functions. However, to date, information on the
development of methods for identification of the substrates of protein Ser/Thr phosphatases remains
scarce. In turn, substrate-trapping mutants are powerful tools to search the individual substrates
of protein tyrosine (Tyr) phosphatases. This review focuses on the development of novel methods
for the identification of Ser/Thr phosphatases, especially small C-terminal domain phosphatase 1
(Scp1), using peptide-displayed phage library with AlF4

−/BeF3
−, and discusses the identification of

putative inhibitors.
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1. Introduction

Protein phosphorylation is strictly regulated by protein kinases and phosphatases, with more
than 95% of phosphorylation affecting serine (Ser) and threonine (Thr) residues [1–3]. Protein
dephosphorylation is mainly regulated by protein Ser/Thr phosphatases (PSPs) and protein tyrosine
(Tyr) phosphatases (PTPs), and disorder of these enzymes contributes to several illnesses, including
cancer and neurological disorders [4–8]. Therefore, it is important to identify substrates and
inhibitors for individual protein Ser/Thr phosphatases to disclose their signaling pathways and
disease-associated mechanisms.

PSPs comprise phosphoprotein phosphatases (PPP), metal-dependent protein phosphatases (PPM),
and TFIIF-associating component of RNA polymerase II C-terminal domain (CTD) phosphatases/small
CTD phosphatases (FCP/SCP) [2]. Most of PPP family members such as PP1, PP2A, and PP2B, act as
holoenzymes by forming heterodimers or heterotrimers, in which highly conserved catalytic subunits
interact with a variety of regulatory subunits to exert their unique functions in substrate preference,
subcellular localization, and catalytic regulation [9–11]. Bimetallic centers of Mn2+ and Fe2+ are located
in the active site of catalytic subunit in PPP type phosphatase PP1, and these two metal ions are
coordinated by the highly conserved active center residues, such as histidines, asparatic acids, and
asparagine, among the PPP family. These facts suggest that the catalytic mechanism is also conserved
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in these PPP type phosphatases. In contrast to the PPP family, PPM family members have additional
domains and conserved motifs that may help substrate specificity instead of regulatory subunits
in the PPP family. The PPM family contains Mg2+/Mn2+ ions in their active center, and work as
monomeric enzymes with individual unique loops/inserts in each catalytic domain [12–14]. Although
the sequences of PPMs differ from those of the PPP subfamily, their crystal structures reveal great
structural similarity between them [15].

There are eight FCP/SCP phosphatases in humans that share the equivalent catalytic domain,
with a DXDX(T/V) motif. Mg2+ is necessary for FCP/SCP phosphatase activity and the catalytic
pocket makes a negatively charged surface, due to the conserved aspartic acid residues for Mg2+

coordination and catalysis [16]. This divalent metal-ion coordination site is in accord with the signature
sequence observed in a family of metal-dependent phosphohydrolases and haloacid dehalogenases [17].
The small C-terminal domain (CTD) phosphatase 1 (Scp1), which is also known as Nuclear LIM
interactor-interacting factor 3 (NLI-IF) or CTDSP1, belongs to the FCP/SCP type phosphatase and was
originally identified as a protein Ser/Thr phosphatase targeting the CTD of the largest subunit of the RNA
polymerase II (RNAPII), which includes tandem heptapeptide repeats of the sequence Y1S2P3T4S5P6S7.
In particular, Scp1 preferentially dephosphorylates the modified Ser5 of CTD in RNA polymerase II
(RNAPII) [2,18,19]. Recently, several proteins including Myc proto-oncogene protein (c-Myc), Twist
related protein 1 (Twist1), small mothers against decapentaplegic protein (Smad), promyelocytic
leukemia protein (PML), RAC-alpha serine/threonine-protein kinase (Akt), retinoblastoma protein (Rb),
among other proteins, were also identified as Scp1 substrates, suggesting that this phosphatase plays
important roles in the tumor suppression and BMB/TGF-β signaling pathways [20–24]. In addition to
the regulation of the function of RNAPII, Scp1 has shown the recognition preference for the PX(S/T)P
sequence in the substrates, involving the CTD of RNAPII. However, several substrates do not include
this sequence in their Scp1-targeted sites. Indeed, experimental data collected over the last decade
about Scp1 and its substrates suggest that Scp1 dephosphorylates various substrates and is involved in
a variety of processes [25–27]. To further understand the biological functions of Scp1, novel approaches
to explore its substrate motifs or sequences must be developed.

Among its many functions, Scp1 can support tumor suppression. However, recent studies have
shown that Scp1 is expressed in neuroglioma cells and that its downregulation inhibits neuroglioma
cell migration [28,29]. These data suggest that Scp1 may represent a potential drug target and
Scp1-specific inhibitors may represent valuable therapeutics for preventing the spreading of particular
tumors. To date, some studies have reported specific inhibitors for FCP/SCP-type PSPs, including for
Scp1 [30,31]. It is reported that rabeprazole, which is a drug for gastroesophageal reflux disease, can
function as a specific inhibitor for Scp phosphatases including Scp1, but it did not show the inhibitory
activity against other FCP/SCP type phosphatase, Fcp1 and Dullard, or bacteriophage λ Ser/Thr
phosphatases [30,32]. Recently, a structure-based drug design approach has been one of the successful
strategies to explore molecular targets. Park and colleagues discovered both competitive and allosteric
inhibitors for Scp1 by two-track virtual screening procedure [33]. Furthermore, some modifications of
the inhibitors to improve the biochemical potency were advocated on the basis of the binding modes
with docking simulations. Thus far, several chemical inhibitors for Scp1 have been reported, and
these compounds can be used for therapeutic purposes or as tools to further explore Scp1 biological
roles. Additionally, PP1, which belongs to the PPP subfamily, is controlled by several endogenous
inhibitory proteins, including inhibitor-1 (I-1), inhibitor-2 (I-2), KEPI, and CPI-17 [34–37]. This further
suggests that the identification of small compound inhibitors and of endogenous inhibitors derived
from proteins and peptides may help to elucidate the biological functions of PSPs, including Scp1.

In order to isolate the endogenous substrates/inhibitors bound to the active site of the interested
enzyme, it is necessary to realize the catalytic mechanisms. Substrate-trapping mutants for protein
Tyr phosphatase have been designed based on the mutation of the cysteine (Cys) residue in the active
site, which makes a covalent intermediate between the substrate and the enzyme [38–40]. No such
substrate-trapping strategy has been identified in the PSPs, since they hydrolyze phosphate esters in a
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single step without covalent intermediate [41]. Nevertheless, our group and other researchers have
recently reported novel methods to identify substrates/inhibitors derived from endogenous proteins or
peptide motifs for PSPs [42–44]. One strategy uses the hypoactive fusions of PP1 and the regulatory
subunits for PPP-type PSPs, and other is the phosphorylation mimic phage display (PMPD) method
for FCP/SCP-type PSPs. This review introduces the classical strategies that can be used to identify the
substrates of Scp1, and also explores novel methods for substrates/inhibitors identification for the PSPs.

2. Substrate Identification Methods Using Expression Screening Strategy, Functional Analysis,
and Proteomic Screening

Recent investigations on Scp1 revealed that it dephosphorylates various substrates associated with
several signaling pathways, including cell cycle regulation, neuronal gene silencing, and osteoblast
differentiation. Most of these substrates were identified using an expression screening strategy for
protein phosphatases (Table 1).

Table 1. Scp1 substrates and their dephosphorylation sites.

Proteins Target Sites Sequences Methods References

RNAPII CTD pS5 YSPTpSPS Functional analyses [2]
c-Myc pS62 LLPTPPLpSPSRRSGL Expression screening [20]
Twist1 pS68 GGGDEPGpSPAQGKRG Expression screening [21]
PML pS518 PSTSKAVpSPPHLDGP Expression screening [22]

RB
pS807 * NIYIpSPLKS Functional analyses [24]
pS811 * SPLKpSPYKI

Akt
pS473 RPHFPQFpSYSASGTA Functional analyses [25]
pT308 KDGATMKpTFCGTPEY

Smad2
pS245 * NQSMDTGpSPAELSPT

Expression screening [26]pS250 * TGSPAELpSPTTLSPV
pS255 * ELSPTTLpSPVNHSLD

Snail1

pS96 * TSLSDEDpSGKGSQPP

Expression screening [27]

pS100 * DEDSGKGpSQPPSPPS
pS107 * SQPPSPPpSPAPSSFS
pS111 * SPPSPAPpSSFSSTSV
pS115 * PAPSSFSpSTSVSSLE
pS119 * SFSSTSVpSSLEAEAY

REST
pS861 SVSTEDLpSPPSPPLP Functional analyses [45]
pS864 TEDLSPPpSPPLPKEN

CdcA3
pS29 ADPRpSPSAG Proteomic screening [46]
pS68 SDPRpSPTLG

UTF1
pS18 PAPPpSPASP Proteomic screening [46]

pS245 VRGPGpSPPPPP

CTD: C-terminal domain; pS: phosphorylated serine; pT: phosphorylated threonine; PML: promyelocytic leukemia
protein; RB: retinoblastoma protein; Akt: RAC-alpha serine/threonine-protein kinase; REST: RE1-silencing
transcription factor; CdcA3: cell division cycle-associated protein; UTF1: undifferentiated embryonic cell
transcription factor 1. Asterisk (*) indicates the Scp1-targeting sites that are not identified by the individual
site-specific mutation analyses or anti-phosphospecific antibodies.

c-Myc and Twist1 were identified as targeted proteins of Scp1 by analyzing their phosphorylation
levels in the presence of 40 and 39 protein phosphatases, respectively, in HEK293T cells [20,21].
Phosphorylation of c-Myc at Ser62 affects the protein stability in cancer cells; therefore, Scp1 may act
as a tumor suppressor through the dephosphorylation of c-Myc Ser62 in liver cancers [18]. Scp1 was
also reported to hold tumor suppressor functions through the dephosphorylation of Ser68 of Twist1,
which is a transcription factor and promotes epithelial-to-mesenchymal transition (EMT), invasion,
and migration of cancer cells [21]. PML and Smad were also reported to be targets of Scp1, but also
of its isoforms Scp2 and 3, by co-expression analyses of these proteins in HEK293 cells [22,26,47].
Smad proteins function as important signal transducers in the TGF-β/bone morphogenetic protein
(BMP) signaling pathway. RNA interference-mediated knockdown of Scp1 further revealed that Scp1
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dephosphorylates Smad proteins, resulting in the attenuation of BMP signaling. Wu et al. reported that
Snail is also a target protein of Scp1 by analyzing the stabilization of Snail protein upon co-expression
with 11 protein phosphatases. In this study, Scp1 dephosphorylated GSK-3β motifs on Snail, regulating
the stability and localization of Snail in cells. The stabilization of Snail by Scp1 enhanced the activity of
the protein, which in turn inhibited E-cadherin and increased cell migration [27]. Thus, a variety of
targeted Scp1 proteins have been identified using the expression screening strategy.

Several proteins were also identified as Scp1-targeted proteins through functional analyses.
RE1-silencing transcription factor (REST) was originally reported to be regulated by Scp1 through the
parallel expression pattern of REST and Scps, including Scp1, in non-neuronal tissues but not in neural
cells [48]. Ser861 residue of REST was reported to be directly dephosphorylated by Scp1, resulting
in its activation and the regulation of neural gene silencing through the expression of REST-targeted
genes [45,49]. Moreover, Peng et al. reported that Scp1 localizes not only in the nucleus but also
in the plasma membrane through palmitoylation, and regulates angiogenesis and tumorigenesis by
the dephosphorylation of Akt at Ser473 [25]. More recently, Rb was also reported as a Scp1-targeted
protein; thereby, the tumor-suppressive activity of Scp1 can achieved by increasing the proportion of
the active form of Rb protein dephosphorylated at Ser807/811, Ser780, and Ser795 [24].

Kim and colleagues reported that Scp1 dephosphorylates cell division cycle-associated protein
(CdcA3, also designated as TOME1), which was identified as a binding partner and substrate of Scp1
by proteomic screening of co-immunoprecipitation with Scp1 expressed in NIH/3T3 and HEK293T
cells [46]. CdcA3 is correlated with the ubiquitination and degradation of Wee1 kinase, suggesting that
Scp1 might be involved in cell cycle regulation through the dephosphorylation of CdcA3 [50]. Thus,
in the last decade, several Scp1-targeted proteins were identified mainly by expression screening and
functional strategy (Table 1).

3. Substrate Identification Method by Fusion Proteins of Hypoactive PP1 Mutant the Regulatory
Interactors of Protein Phosphatase One (RIPPO)

Substrate-trapping mutants against enzymes of interest are powerful tools to identify their
individual substrates and clarify their biological functions. Several substrate trapping mutants were
reported for the PTP family, whereas for the PSP family have not [38–40]. This is due to differences in
the catalytic mechanism of their phosphates, since PTPs have a cysteine residue in a catalytic site that
makes a covalent intermediate with the substrate in a first step, and then hydrolyzes the substrate in a
second step. Therefore, mutants of the active-site cysteine in PTPs play a role in substrate trapping.
In contrast, PSPs catalyze the hydrolysis of their substrates without covalent intermediate. These facts
justify the development of methods for the identification of substrates for PSPs.

Recently, Wu and colleagues reported the identification strategy of substrates for protein Ser/Thr
phosphatase PP1 by an easy-to-use tool. This novel approach used a fusion protein resulting from
the combination of a PP1 mutant of aspartic acid residue at the catalytic site with the RIPPOs [42].
In this study, they focused on the hetero-oligomerization of the catalytic subunit of PPP-type PSPs with
non-catalytic subunits that have low binding sites for substrates and contribute to substrate recognition.
Fusions of a hypoactive point mutant of PP1 at the catalytic site and one of the four RIPPOs, either
NIPP1, RepoMan, PNUTS, or MYPT1, were expressed in the cells to identify their individual substrates
by co-immunoprecipitation. These experiments revealed that the interaction of inactive PP1 and
RIPPOs with their substrates remains intact during the treatment of immunoprecipitation, allowing the
identification of their individual substrates by using immunoblotting or mass spectrometry analysis.
Thus, the fusion proteins of inactive catalytic subunit and RIPPOs may represent powerful tools for
substrate-trapping methods for PPP-type PSPs.

4. Phosphorylation Mimic Phage Display (PMPD) Method for Scp1

So far, eight putative CTD phosphatases, including Scp1, have been identified in the human
genome [16]. Results from co-crystallizations of enzymes with metal fluorides have revealed that
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AlF4
− and BeF3

− mimic either a phosphoryl or a phosphate group in several enzymes, including
kinases, phosphatases, mutases, phosphohydrolases, GTPases, and ATPases [51,52]. Recently, several
crystal structures of FCP/SCP phosphatase have been resolved with AlF4

−/AlF3 or BeF3
− [16,51,53,54].

These crystal structures clarified that both AlF4
−/AlF3 and BeF3

− make a complex with Mg2+ in the
catalytic center in FCP/SCP phosphatases, and that the Mg2+-AlF4

−/AlF3 mimics the transition state
of the hydrolysis step, whereas the Mg2+-BeF3

− mimics the phosphoaspartate intermediate. Thus,
we recently developed a novel method, termed the phosphorylation mimic phage display (PMPD)
method, to identify substrates/inhibitors of Scp1 using phage-displayed peptide library with AlF4

− or
BeF3

− (Figure 1).
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Figure 1. Phosphorylation mimic phage display (PMPD) method to identify the specific peptides
derived from substrates/inhibitors for TFIIF-associating component of RNA polymerase II C-terminal
domain (CTD) phosphatases/small CTD phosphatases (FCP/SCP type protein Ser/Thr phosphatases).

4.1. Scp1 Substrate Identification by PMPD Method with AlF4
−

Crystal structures of FCP/SCP phosphatase were solved with AlF4
−, in which the AlF4

− complex
acts as a phosphate analogue, inducing the proposed pentacoordinate phosphorane transition state
of the hydrolysis reaction [51,53]. Enzymes recognize their substrates with high affinity, as an
antibody to their haptens, which have been exhibited by X-ray crystallography [55,56]. In fact,
we demonstrated that the phosphatase activities of FCP/SCP family phosphatases such as Fcp1 and
Scp1 were strongly inhibited by AlF4

−. This feature supports our contention that the transition state
of the Scp1-Mg2+-AlF4

− complex may interact with unphosphorylated peptides with high affinity to
function as phosphorylated-substrate mimics. We have focused on the role of AlF4

− as a phosphate
mimic and developed the PMPD method using AlF4

− and the phage-displayed peptide library to
potentially identify substrate candidate peptides for Scp1 [43].

In this study, peptide-displayed phage libraries were incubated in a Scp1-immobilized
enzyme-linked immunosorbent assay (ELISA) plate with addition of AlF4

−. After washing, phages that
bound to Scp1 in AlF4

−-dependent manner were eluted and subjected to sequence and binding analyses.
Sequence analyses revealed that several peptides, including AlM12-1 and Dep-3, were identified as
convergent sequences with several frequencies (Table 2).
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Table 2. Peptides identified by PMPD methods for substrates/inhibitors of Scp1.

Name Sequence

<PMPD method with AlF4
− [43]>

Dep-3 C R G A T P M S C
AlM12-1 D Y H D P S L P T L R K

<PMPD method with BeF3
− [44]>

BeM12-1 T A K Y L P M R P G P L
AlM12-1 D Y H D P S L P T L R K

Moreover, binding analysis showed that each phage displayed these peptides bound to Scp1 in
AlF4

−-dependent manner, showing that endogenous proteins containing phosphorylated sequence
derived from these phages may be targeted by Scp1. In particular, the identified Dep-3 peptide
includes a Thr-Pro-Met-Ser sequence that shows the similarity to the Ser2-Pro3-Thr4-Ser5 sequence
of RNAPII CTD, known as endogenous Scp1-substrate. Crystallographic analysis of Scp1 with a
phosphorylated peptide revealed that the Ser2-Pro3-Thr4-Ser5 derived from RNAPII CTD sequence
binds to the groove in the active site of Scp1, resulting in the dephosphorylation of Ser5 residue [16].
These observations suggest that our PMPD method with AlF4

− could successfully isolate the substrate
candidates of FCP/SCP phosphatases, such as Scp1. Contrasting with Dep-3, AlM12-1 did not show
any homology to CTD sequence; however, further analysis using protein database demonstrated
that the Pro-Ser-Leu-Pro sequence in AlM12-1 was similar with the sequence of Pro-Ser-Ala-Pro in
Hrs, which is zinc finger protein and involved in intracellular signal transduction [57]. Bouanmr and
colleagues showed that the sequence of Pro-Ser-Xxx-Pro in Hrs is a well-defined motif that associates
with the protein-protein interactions, also detected in other protein [58]. These observations support
the intention that the phosphorylated Pro-Ser-Leu-Pro sequence derived from AlM12-1 peptide may
be recognized by Scp1. Furthermore, AlM12-1 shows that the similar sequence is also observed in
spectrin and TRIM46, whereas phosphorylation of the similar sequence in these proteins has not been
reported [59,60]. However, both of these proteins play significant roles in neurological pathways,
and disorders of these proteins are expected to cause neurological diseases, suggesting that these
proteins may be targeted and controlled by Scp1 through the enzymatic activity against these proteins.
In addition, we have confirmed that AlF4

− inhibited not only Scp1 but also other FCP/SCP type
phosphatase Fcp1. These facts strongly suggest that the PMPD method using AlF4

− may be applicable
for screening of the substrate-peptide motifs for FCP/SCP type phosphatases. Further analyses using
other FCP/SCP type phosphatases will support the usefulness of PMPD methods for the research of
substrate screening.

4.2. Scp1 Substrates/Inhibitors Identification by PMPD Method with BeF3
−

BeF3
− has been known to mimic a phosphate group and form a stable tetrahedral adduct with

catalytic aspartic acids, mimicking a phosphoaspartate intermediate in a family of metal-dependent
phosphohydrolases and haloacid dehalogenases [51,52,61]. Crystallographic analysis of Scp1 with
BeF3

− also clarified that BeF3
− plays as a phosphate mimic and depresses the enzymatic activity [53].

Kamenski and colleagues also showed that the enzymatic activity of both Scp1 and Fcp1 were inhibited
by BeF3

−, although the inhibition by AlF4
− was less serious [51]. These observations suggest that

BeF3
− may show stronger binding to Scp1 than AlF4

−, and that the identification of peptides by
PMPD method using BeF3

− may help to isolate new substrate/inhibitor candidates for Scp1, giving
new insights on the biological functions for Scp1. In PMPD method using BeF3

−, several sequences,
including BeM12-1 and AlM12-1, were determined as Scp1-binding peptides in a BeF3

−-dependent
manner (Table 2). Interestingly, phosphatase analysis using synthetic phosphorylated peptides derived
from BeM12-1 and AlM12-1 revealed that phosphorylated AlM12-1 at Ser6 acted as a substrate for Scp1,
whereas phosphorylated BeM12-1 at Thr1 was as an inhibitor for Scp1. These observations indicate that
the PMPD method using BeF3

− may be useful to identify not only substrates but also inhibitors of the
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FCP/SCP type phosphatase. Furthermore, we confirmed that phosphorylated BeM12-1(1pS) peptide,
in which Ser1 was substituted for Thr1 in BeM12-1(1pT) peptide, was dephosphorylated by Scp1 (data
not shown). These data indicated that the Thr1 residue but not Ser1 is critical for the inhibitory function
of phosphorylated BeM12-1(1pT) peptide against Scp1. These facts give us new insight on the different
effects between Ser and Thr residues to evaluate the peptide-derived inhibitors/substrates for protein
Ser/Thr phosphatases.

4.3. Methods

4.3.1. Isolation of Putative Peptides Derived from Substrates/Inhibitors of Scp1 by PMPD Methods

Recombinant Scp1 dissolved in maleate buffer (20 mM Na-maleate (Fuji-film Wako, Tokyo, Japan)
pH 5.5, 150 mM NaCl (Fuji-film Wako, Tokyo, Japan)) was immobilized on ELISA plate overnight at 4 ◦C.
After the blocking treatment with blocking buffer including BSA, the wells were washed using washing
buffer (maleate buffer with 5 mM MgCl2 (Nacalai Tesque, Kyoto, Japan), 0.05 mM AlCl3 (Fuji-film
Wako, Tokyo, Japan) or BeSO4 (Fuji-film Wako, Tokyo, Japan), and 1 mM NaF (Nacalai Tesque, Kyoto,
Japan)). 1010 phages (New England BioLabs, Beverly, MA, USA) was added to Scp1-immobilized plate
and incubated at room temperature. After washing with washing buffer including AlF4

− or BeF3
−,

Scp1-binding phages in AlF4
− or BeF3

−-dependent manner were recovered by elution with washing
buffer without AlF4

−/BeF3
−. After amplification of the eluted phages, the phages were subjected to the

next panning. After the 3rd or 4th round of panning, the recovered phages were counted and their
sequences were analyzed (Figure 2).
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4.3.2. Binding Analysis of Recovered Phages against Scp1 with AlF4
−/BeF3

− in ELISA

Recombinant Scp1 was coated to ELISA plate overnight at 4 ◦C in washing buffer including
AlF4

−/BeF3
−. After that, blocking buffer was added and incubated for 3 h at 4 ◦C. Then,

108~10 phages in washing buffer were added to each well and incubated for 1 h at room
temperature. After wells were washed more than 20× with washing buffer, anti-M13 phage
antibody was incubated at room temperature. Then, anti-rabbit antibody-conjugated HRP was
added and incubated at room temperature. After washing, Scp1-binding phages were detected
with ABTS (2,2’-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid)-diammonium salt)/H2O2 solution
(Sigma-Aldrich, Saint Louis, MO, USA), and quantified by measuring the absorbance at 405 nm [43,44].

4.3.3. In Vitro Phosphatase Assay for Phosphorylated Peptides Derived from Isolated Clones by
PMPD Methods

Scp1 phosphatase activity to phosphorylated peptides derived from identified sequence by
PMPD methods were measured in reaction buffer (20 mM Na-maleate pH 5.5, 10 mM MgCl2) with
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10 nM of Scp1 for 10 min at 37 ◦C. Phosphatase reactions were quenched by addition of malachite
green reagent (Enzo Life Science, Plymouth, PA, USA). The release of free inorganic phosphate
from the phosphorylated peptide was measured with the absorbance at 620 nm. To examine the
inhibitory activity of phosphorylated peptide identified by PMPD method against Scp1, pNPP
(p-Nitrophenylphosphate) and phosphorylated peptide of CTD at Ser5 were used as substrate.
Inhibitory activity of phosphorylated peptides using pNPP as substrate was measured with the
absorbance at 410 nm after the reaction with 10 nM Scp1 for 7 min at 37 ◦C. In the case of inhibitory
activity analysis using peptide substrates, 10 nM of Scp1 was incubated with phosphorylated peptide
identified by PMPD methods in the reaction buffer for 10 min, then the released free inorganic
phosphate was quantified with the absorbance at 620 nm [43,44].

5. Conclusions

Phosphorylation sites on Ser and Thr residues are known to occupy more than 95% of
phosphorylated amino acids in humans. PSPs dephosphorylate these residues and play important roles
in numerous signaling pathways, such as cell proliferation, cell differentiation, and cell development,
through the regulation of the catalytic activity and subcellular localization of the targeted proteins.
PSPs dephosphorylate a number of endogenous substrates/inhibitors, thus exerting their various
biological functions, but their binding to targets is strictly restricted. In this review, we summarize
novel screening methods, such as the PMPD, to identify substrates/inhibitors of the FCP/SCP-type
Scp1, in addition to other classical strategies including the substrate-trapping method by the fusion
proteins of inactive catalytic subunits of PP1 and RIPPOs. These methods are powerful tools to clarify
the complicated biological functions of PSPs, as well as to develop novel therapeutic drugs for treated
human illnesses, including cancer.
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