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Abstract: PPM1D, a protein Ser/Thr phosphatase, is overexpressed in various cancers and functions
as an oncogenic protein by inactivating the p53 pathway. Therefore, molecules that bind PPM1D
are expected to be useful anti-cancer agents. In this study, we constructed a phage display library
based on the antibody-like small molecule protein adnectin and screened for PPM1D-specific binding
molecules. We identified two adnectins, PMDB-1 and PMD-24, that bind PPM1D specific B-loop
and PPM1D430 as targets, respectively. Specificity analyses of these recombinant proteins using
other Ser/Thr protein phosphatases showed that these molecules bind to only PPM1D. Expression of
PMDB-1 in breast cancer-derived MCF-7 cells overexpressing endogenous PPM1D stabilized p53,
indicating that PMDB-1 functions as an inhibitor of PPM1D. Furthermore, MTT assay exhibited that
MCF-7 cells expressing PMDB-1 showed inhibition of cell proliferation. These data suggest that the
adnectin PMDB-1 identified in this study can be used as a lead compound for anti-cancer drugs
targeting intracellular PPM1D.
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1. Introduction

PPM1D is a phosphatase belonging to the PPM-type Serine/Threonine (Ser/Thr)
protein phosphatase family, which requires Mg2+ and Mn2+ for enzymatic activity [1,2].
PPM1D inactivates proteins in the p53 pathway and functions as a tumor suppressor. When
DNA is damaged by genotoxic stress, the tumor suppressor protein p53 is activated either
directly by ATM [3], ATR [4], and p38 mitogen-activated protein kinase (MAPK) [5] or
indirectly by checkpoint kinase 1 (Chk1) [6] or checkpoint kinase 2 (Chk2) [7]. Activated
p53 maintains DNA integrity by modulating cell cycle arrest, apoptosis, and DNA repair [8].
In addition, p53 directly induces the transcription of PPM1D, and PPM1D terminates the
DNA damage response pathway by dephosphorylating and negatively regulating proteins
in the p53 pathway [9]. Termination of the DNA damage response pathway by PPM1D
is a key step in the cell cycle after DNA damage, and PPM1D plays an important role in
maintaining cellular homeostasis [10]. Gene amplification or overexpression of PPM1D
induces excessive dephosphorylation and inactivation of p53 pathway-related proteins,
resulting in carcinogenesis. Indeed, gene amplification and overexpression of PPM1D
have been observed in many cancers, including breast and ovarian cancers [10–12]. In
addition, PPM1D knockout mice are resistant to carcinogenesis. These findings indicate
that PPM1D-specific inhibitors would be useful anti-cancer drugs. PPM-type Ser/Thr
protein phosphatases, including PPM1D, function as monomers. The scaffold of PPM-type
phosphatases is highly conserved in both sequence and structure, although each protein
has unique loops and N- and C-terminal flanking regions. These unique regions contribute
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to substrate specificity and subcellular localization [13–15]. Based on the sequence and
structural information of PPM-type proteins, we previously reported that PPM1D contains
a characteristic basic residue-rich loop, designated as the B-loop, and a Proline-rich loop,
known as the P-loop [13]. The B-loop, which is located near the active center, has been
reported to play an important role in substrate recognition and subcellular localization.
Therefore, the B-loop of PPM1D is expected to be a useful target for the development
of PPM1D-specific inhibitors. We also reported the existence of PPM1D430, a splicing
variant lacking the C-terminus, in addition to another variant, PPM1D605, which was
originally identified as PPM1D containing 605 amino acid residues [9]. PPM1D605 and
PPM1D430 contain the catalytic domain; however, PPM1D430 has higher p53 dephospho-
rylation activity than PPM1D605 [16]. C-terminal deletion mutants derived from PPM1D
with mutations in exon 6 are frequently identified in patients with breast, ovarian, and
blood cancers [17–21]. These PPM1D C-terminal deletion mutants maintain normal phos-
phatase activity while escaping proteasomal degradation, resulting in increased stability
and enhanced PPM1D phosphatase activity. These findings suggest that PPM1D430, which
lacks the C-terminus, may have strong p53 pathway inhibition; therefore, molecules that
bind PPM1D430 are expected to be more effective anti-cancer drugs compared to binding
molecules or inhibitors targeting PPM1D605.

Several PPM1D-targeted inhibitors based on small-molecule compounds and peptides
have been reported [13,21–26]. Cyclic peptide bearing the pSXpY motif (FpSIpYEEC) binds
to the active center and inhibits its phosphatase activity [24,25]. GSK2830371, identified
in a compound library with an amino acid-like structure in the core region, has been
reported to increase the phosphorylation level of p53 and inhibit tumor hyperplasia when
administered to carcinoma-bearing mice [26]. These low-molecular-weight inhibitors are
thought to inhibit activity by fitting into the substrate binding site or cleft on the surface
of PPM1D. However, because the substrate pocket of PPM1D is highly conserved among
PPM-type isoforms, there is a risk of side effects due to inhibition of other PPM isoforms.

Antibody and antibody mimic proteins are useful as binding molecules because of
their wide interaction surface in target proteins containing naturally degenerate regions
or loops without a specific structure [27–29]. Therefore, when targeting the B- or P-loop
of PPM1D, a molecule with a wide binding surface, such as an antibody, should be more
useful than small molecules. Over the past few decades, antibody-mimetic proteins, such
as adnectins and affibodies, have been broadly applied as platforms to isolate binding
molecules against intracellular proteins, since it may be difficult for the antibodies to
maintain their structure in the reductive environment in cells [30]. These facts support the
potential for the screening of PPM1D-specific inhibitors targeting the B- and P-loops from
libraries of antibody-mimetic proteins.

Several scaffold proteins, including adnectins, nanobodies, affibodies, and designed
ankyrin repeat proteins (DARPins), have been used as antibody-mimetic molecules [31–34].
Compared to small molecule compounds, which are often restricted to binding substrate
pockets and cell surface clefts, antibody-mimetic molecules have a wider binding sur-
face, allowing them to interact with not only cell surface clefts but also protein–protein
interaction (PPI) interfaces with smooth surfaces. Adnectin, also known as monobody, is
one of the most promising antibody mimetics; it is derived from the human fibronectin
type III domain, which forms a β-sandwich structure consisting of seven β-strands. The
structure of adnectin is similar to that of the target recognition site of antibodies [35–37].
Various libraries have been constructed using adnectin as a scaffold by introducing random
sequences into the BC, DE, and FG loops, which correspond to the hypervariable region
of antibodies that binds to target proteins. These have been used with phage, yeast, and
mRNA display methods to create scaffold proteins for various target molecules [38–40].
The FG loop of adnectin, which corresponds to complementarity determining region 3
(CDR3) and plays an important role in substrate recognition by antibody, is tolerant to
changes in length and sequence. The FG loop is particularly important for target recogni-
tion, and the DE loop helps stabilize the adnectin scaffold [41–43]. Recently, it has been
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reported that a vascular endothelial growth factor receptor-2 (VEGFR2)-binding adnectin,
CT-322, was evaluated in phase II clinical trials [44,45]. SARS-CoV-2-specific binding pro-
teins were isolated from an adnectin-based library with randomized BC and FG loops
using transcription–translation coupled with the association of the PuL (TRAP) display
method [40]. These results suggest that an adnectin scaffold protein can be used to isolate
molecules that bind to the characteristic loop structures of PPM1D, such as the B-loop.

In this study, we constructed an adnectin-derived phage display library containing
randomized sequences of seven residues in the BC and FG loops. We screened the library
for PPM1D binding and identified several molecules. Recombinant adnectins derived
from the isolated phage clones specifically interacted with PPM1D. PMDB-1, a B-loop-
specific adnectin, functioned as a PPM1D inhibitor in MCF-7 cells, which are PPM1D-
overexpressing cells, suggesting that this molecule may serve as a lead molecule for PPM1D-
targeted anti-cancer drugs.

2. Materials and Methods
2.1. Materials

E. coli TG-1 cells and M13KO7 helper phage for constructing the adnectin-derived
phage display library were purchased from Lucigen Co. (Middleton, WI, USA) and New
England Biolabs (Ipswich, MA, USA), respectively. ABTS (2,2′-Azinobis [3-ethylbenzothiazoline-
6-sulfonic acid]-diammonium salt) and p-nitrophenyl phosphate (pNPP) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Adriamycin was purchased from Wako (Tokyo,
Japan). Anti-fd bacteriophage antibody and anti-FLAG M2 antibody were from Sigma-
Aldrich (St. Louis, MO, USA). Bovine serum albumin (BSA) was purchased from FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan). Dulbecco’s minimum essential medium
(DMEM) was purchased from Nacalai Tesque (Kyoto, Japan). Fetal bovine serum (FBS) was
purchased from Cosmo Bio (Tokyo, Japan). Anti-His antibody and anti-mouse antibody
conjugated horseradish peroxidase(HRP) were purchased from Cell Signaling Technology
(Danvers, MA, USA) and Cytiva (Marlborough, MA, USA), respectively. Anti-p53 (DO-1)
antibody, anti-p21, anti-GAPDH, and anti-rabbit-HRP were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA); cDNA of human fibronectin type III domain for Adnectin
construct was obtained from Kazusa DNA Research Institute (Chiba, Japan). MTT assay kit
for cell proliferation analysis was from Promega (Madison, WI, USA).

2.2. Preparation of an Adnectin-Derived Phage Display Library

To construct a library containing randomized sequences of 7 residues in the BC and FG
loops of adnectin, 2 DNA fragments, fragment I containing randomized BC loop and frag-
ment II containing randomized FG loop were created using adnectin cDNA as a template. DNA
fragment I was amplified using primers BC7-fw(5′-TGCTCCTCGCGGCCCAGCCGGCCAT
GGCTCAGGTTTCTGATGTTCC-3′) and BC7-rev: 5′-GTAAGTGATCCTGTAATA-MNNMN
NMNNMNNMNNMNNMNN-ATCCCAGCTGATCAGTAG-3′). DNA fragment II was am-
plified using primers FG7-fw (5′-GCTGTCACTCTGTCGACA-NNKNNKNNKN
NKNNKNNKNNK-TCTAGAAGCAAGCCAATTTC-3′) and FG7-rev: (5′-CTCCAAACTAG
TTCTAGCGAATTCAAGC-TTATCG-3′). DNA fragment encoding full-length adnectin
randomizing 7 residues in each of the BC and FG loops was prepared by PCR using a
mix of DNA fragments I and II as templates with primers BC7-fw and FG7-rev. The PCR
products were purified by agarose gel electrophoresis, digested with Sfi I and Spe I (TOY-
OBO, Osaka, Japan), and ligated to the linearized pKSTV-02 phagemid vector which was
kindly provied by Prof. Y. Ito (Kagoshima University, Japan). The DNA was purified by
phenol/chloroform treatment and ethanol precipitation and used for electro-transformation
into E. coli TG-1 cells (Lucigen Co., Middleton, WI, USA). Titer analysis of the transforma-
tion revealed 2.2 × 108 cfu. Transformed log-phase TG-1 cells were infected with M13KO7
helper phage (New England Biolabs, Ipswich, MA, USA) and cultured. To the culture
supernatant collected by centrifugation, one fifth the volume of 20% polyethylene glycol
8000 solution containing 2.5 M NaCl was added. Phages were precipitated at 4 ◦C for 4 h
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and collected by centrifugation. The pellet was resuspended in PBS with 40% glycerol, and
it was used for following biopanning against PPM1D430.

2.3. Biopaning of Adnectins against PPM1D430 Using Adnectin-Derived Phage Display Library

Adnectin-derived phage display library (2 × 1010 cfu/well) in binding buffer (25 mM
HEPES (pH 7.6), 150 mM NaCl, 30 mM MgCl2, 0.5% BSA) was added to the BSA-coated
ELISA plates to remove nonspecific binding phages to BSA. Wells of 96-well ELISA plates
were coated with 100 µL of 1 µg/well recombinant PPM1D430 at 4 ◦C overnight. After
wells were blocked with BSA, the precleared phage library was added to the wells and
incubated at 4 ◦C for 3 h. The wells were then washed six times with 200 µL of wash
buffer (25 mM HEPES (pH 7.6), 150 mM NaCl, 30 mM MgCl2, 0.05% Tween20). To isolate
PPM1D-specific phages targeting full length PPM1D430, bound phages were eluted with
100 µL 0.2 M Glysine-HCl (Gly-HCl) (pH 2.2) or 5 µg/well recombinant PPM1D430 in
binding buffer for each well. Acid-eluted phages were neutralization by the addition of
15 µL 1.5 M Tris-HCl (pH 9.1). For isolating of B-loop-specific phages, the constructed
phage display library (2 × 1010 cfu/well) preincubated with excessive SubB (recombinant
PPM1D430 without B-loop) was added to the PPM1D430-coated wells to remove phages
binding to the outside of the B-loop in PPM1D. Then the phages bound to the B-loop were
eluted with acidic solution or exess PPM1D430. Isolated phages were used to infect E. coli
TG1 and cloned.

2.4. Expression and Purification of Recombinant PPM1D-Specific Adnectins

Recombinant PPM1D430 and SubB were expressed in E. coli and purified as previously
described [13]. DNA fragments coding PPM1D-specific phages were amplified by PCR
using isolated clones as templates. The DNA fragments modified at the 3′-terminus by
adding a nucleotide sequence encoding the 2 × Flag tag (2 × DYKDDDDK) were purified
by agarose gel electrophoresis and ligated into pCold I vector (TaKaRa, Shiga, Japan) with
Nde I and EcoR I sites. The expression vector encoding the recombinant adnectins were
transfected into E. coli strain Rosetta (Novagen, Madison, WI, USA). The expressed proteins
were purified with Talon affinity beads (TaKaRa, Shiga, Japan) as reported previously [13].

2.5. Binding Analysis of Adnectin-Derived Phages

Wells of 96-well plates were coated with 100 µL of 0.5 µg/well recombinant PPM1D430
or SubB. After blocking with 0.5% BSA, isolated phages (2 × 1010 cfu/well) were added,
and the plates were incubated at 4 ◦C for 3 h. After six times of wash with 200 µL of wash
buffer, anti-fd phage antibody (Sigma-Aldrich, St. Louis, MO, USA) followed by anti-rabbit
HRP (Santa Cruz, Dallas, TX, USA) was employed. To detect bound phages, 100 µL of ABTS
(2,2′-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt)/H2O2 solution
was added to each well, and the absorbance at 405 nm was measured using microplate
reader ChroMate4300 (Awareness Technology Chromate, Palm City, FL, USA).

2.6. Binding Analysis of Recombinant Adnectins to Ser/The Protein Phosphatases

A total of 0.5 µg/well of recombinant Ser/Thr protein phosphatases were coated on
the wells of 96-well plates. After blocking with 0.5% BSA, 1.5 µg/well of recombinant
adnectins PMD-24 or PMDB-1 was added to the well and incubated at 4 ◦C for 3 h. After
10 times of wash with 200 µL of wash buffer, anti-FLAG M2 antibody (Sigma-Aldrich,
St. Louis, MO, USA) followed by anti-mouse-HRP (Cytiva, Marlborough, MA, USA) was
employed. After the addition of ABTS as substrate, bound adnectin was measured as the
absorbance at 405 nm using the microplate reader ChroMate4300.

2.7. Biolayer Interferometry BLItz System Assay

To analyze the binding affinity between PMDB-1 and PPM1D, the SARSTORIUS’s
streptavidin biosensors were prehydrated for 10 min. The biotinylated PMDB-1 by Biotin
Labeling Kit-NH2 (Biotin Labeling Kit-NH2, Chemical Dojin Co., Ltd., Tokyo, Japan)
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were loaded onto the biosensors, which were equilibrated in 25 mM HEPES (pH 7.6)
buffer with 150 mM NaCl, 30 mM MgCl2, and 0.1% BSA for 120 s and then exposed to
solutions containing PPM1D for 120 s as the association step. The biosensors were then
transferred to HEPES buffer for a 120 s dissociation step. Data were analyzed using the
data analysis software BLItz Pro Software (Fortebio, Inc., Menlo Park, CA, USA), and the
KD value between PPM1D and PMDB-1 was also calculated using a standard 1:1 Langmuir
binding model.

2.8. Binding Analysis of Peptide-Conjugated Bacterial Alkaline Phosphatase

Bacterial alkaline phosphatase (BAP) chimeras containing a peptide sequence of BC
loop or FG loop in PMDB-1 adnectin were generated by cloning synthetic oligonucleotides
into pMY101 kindly provdied by Dr. J. Rubin (National Institutes of Health) [46]. E. coli
(DH5α) transformed with the peptide/BAP chimera constructs were grown in Luria broth
(containing 100 µg/mL ampicillin). Bacterial broth normalized with their BAP activity were
added to the PPM1D430-coated wells, and the binding of the chimeras to the PPM1D430
was measured with p-nitrophenyl phosphate (pNPP) (Sigma-Aldrich, St. Louis, MO, USA)
as substrate using microplate reader ChroMate4300.

2.9. Subcellular Localization Analysis in Living Cells

Transfection of MCF-7 cells in a 35 mm dish with 2 µg of each expression construct
using X-tremeGENE HP DNA Transfection Reagent (Roche, Basel, Switzerland) was per-
formed according to the manufacturer’s instructions. Exactly 48 h after the transfection,
the cell culture medium was exchanged to phenol red free DMEM medium including
Hoechst33342 (Thermo Fisher, Waltham, MA, USA) and incubated at 37 ◦C under 5% CO2
for 1 h. Then subcellular localization of EGFP-PPM1D430 and PMDB-1 adnectin-mCherry
was analyzed using fluorescence microscope BZ-X800 (Keyence, Osaka, Japan).

2.10. Antibodies and Western Blotting

Next, 1.5 × 105 cells of MCF-7 cells were plated in a 35 mm dish with 2 mL of
medium and incubated for 48 h. Then His-tagged PMDB-1 adnectin was transfected to
MCF-7 cells and incubated at 37 ◦C under 5% CO2 for 48 h. Adriamycin (Wako, Tokyo,
Japan) was added to cultures at a final concentration of 345 nM and remained in the
cultures until they were harvested 12 h later. Cell lysate was prepared from cultured cells
using (1 × phosphatase inhibitor (Nacalai Tesque, Kyoto, Japan), 50 mM Tris-HCl (pH 7.5),
500 mM NaCl, 1% TritonX-100) with a 1% protease inhibitor cocktail (Nakarai Tesque,
Kyoto, Japan). Normalized protein extracts were used for analysis by SDS–PAGE and
immunoblotting with Immobilon-P membranes (Millipore, Burlington, MA, USA). Anti-
His antibody (Cell Signaling Technology, Danvers, MA, USA), anti-p53 (DO-1) antibody
(Santa Cruz, Dallas, TX, USA), anti-p21 (F5) antibody (Santa Cruz, Dallas, TX, USA), and
anti-GAPDH antibody (Santa Cruz, Dallas, TX, USA) were used as primary antibodies
and incubated with the transferred membranes at 4 ◦C overnight. After washing the
membranes, the solutions of anti-mouse-HRP (Cytiva, Marlborough, MA, USA) or anti-
rabbit-HRP (Santa Cruz Biotechnology, Dallas, TX, USA) were added to the membranes
and incubated at room temperature for 30 min. The membranes were visualized with ECL
reagent (GE healthcare, Chicago, IL, USA) using C-Digit blot scanner (MS Techno Systems
Inc., Tokyo, Japan).

2.11. Cell Proliferation Assay

The effects of PMDB-1 adnectin on cell proliferation were evaluated by MTT assay
according to the manufacturer’s protocol (Promega, Madison, WI, USA). 5× 103 MCF-7 and
A549 cells were grown in DMEM containing 10% FBS in 96-well plates for 2 days. Then these
cells were transfected with PMDB-1 or pCMV 3B original vector at a final concentration of
0.05, 0.1 µg/well. Adriamycin was added to cultures at a final concentration of 345 nM and
remained in the cultures until they were analyzed 12 h later. At 2 days after transfection,
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15 µL of Dye Solution was added to each well. One hour after incubation with the MTT,
the formazan precipitates were dissolved in 100 µL of Solubilization/Stop Solution. The
solutions were measured using microplate reader ChroMate4300 (Awareness Technology
Inc., Palm City, USA) at 570 nm.

3. Results
3.1. Construction of an Adnectin-Derived Phage Display Library with Randomized BC and FG Loops

Adnectin, an artificial protein derived from the type III domain of human fibronectin
that is also known as monobody, has been used as an antibody-mimetic molecule to explore
various target-binding molecules. Because the DE loop is known to contribute to the
stabilization of the adnectin structure, we designed an adnectin library with randomized
BC and FG loops to screen for PPM1D-binding molecules. These adnectins in the library
are expected to bind to PPM1D via the BC and FG loops; therefore, the library is expected
to be suitable for targeting the B-loop, which is expected to have a flexible structure
(Figure 1a) [35]. In this experiment, the adnectins were generated using a randomized
codon design (NNK7; N = A, T, G, or C; K = T or G) for each of the seven amino acids in
BC and FG loops, and they were fused to the N-terminus of the M13 minor coat protein
gIIIp. The constructed phagemid vector was introduced into E. coli TG1 competent cells by
electroporation to prepare the library. Sequencing analyses of the E. coli library showed
that randomized sequences were introduced into the BC and FG loops (Figure 1b). Phage
rescue was performed using M13KO7 helper phage to construct an adnectin-derived phage
display library. Titer analysis of the transformation revealed 2.2 × 108 cfu, and this phage
library was screened for PPM1D-specific adnectins.
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3.2. Screening of PPM1D-Specific Adnectins from the Constructed Phage Display Library

To isolate PPM1D-binding adnectins from the generated phage library, two screenings
were performed: a screening against full-length PPM1D430 and a screening targeting the
PPM1D-specific B-loop. First, to identify adnectins targeting full-length PPM1D430, four
rounds of screening were performed using PPM1D coated on ELISA plates. PPM1D-specific
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adnectin-presenting phages were eluted by adding a large excess of PPM1D. Acid extraction
with 0.2 M Gly-HCl (pH 2.2) was used to extract PPM1D-binding phages with slower
binding and dissociation kinetics than PPM1D. The number of recovered phages increased
in both the excess PPM1D elution and the acidic extraction, suggesting convergence of
PPM1D-binding clones (Figure 2a). Therefore, the phages obtained in each round were
evaluated for their ability to bind PPM1D430. Phages isolated with excess PPM1D showed
increased binding capacity as screening progressed, suggesting the accumulation of clones
that specifically bind PPM1D (Figure 2b). In contrast, the acid-extracted phages had similar
binding capacity to PPM1D, and BSA was used as a negative control, suggesting that the
isolated phages had low specificity for PPM1D (Figure 2b). Sequence analysis of 14 clones
from rounds 3 and 4 showed that the PMD-24 sequence was detected with the highest
frequency, and two clones were detected only once (Table 1). Based on these results,
PMD-24, which was isolated by excess PPM1D extraction, was identified as a candidate for
PPM1D-binding adnectin.
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Figure 2. Isolation of PPM1D-specific adnectin using a randomized adnectin-derived phage display
library: (a) the process of phage screening for binding to full-length PPM1D430; (b) binding ability of
PPM1D-binding phage to full-length PPM1D430 isolated in each round was evaluated by PPM1D-
coated ELISA; (c) the process of searching for B-loop-binding phage. Binding of phages to PPM1D430
was performed in the presence of an excess B-loop-deficient mutant of PPM1D430 (SubB) to isolate
phage that could bind specifically to B-loop; (d) B-loop-binding phages isolated by elution with
excess PPM1D430 in each round were evaluated for their binding abilities against PPM1D430 and
SubB mutant by ELISA.
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Table 1. Adnectins obtained by the BC-FG randomized adnectin-derived phage display library
against PPM1D. The adnectin-displayed phage library in which NNK codons was introduced at
seven constitutive residues in the BC and FG loops. Sequence analyses were performed on clones
isolated after the screening against full length or B-loop of PPM1D430 using a constructed adnectin-
derived phage display library. The sequences of isolated clones and their frequencies were shown.
The numbers with asterisks (*) indicate clones identified by PCR with PMDB-1-specific primers.

Targets Name
Sequence

Frequency
BC FG

PPM1D430
PMD-24 AREQAIY GQGWKML 12
PMD-42 SWTHQAT ELHSWGS 1
PMD-3 MLLDNPK RGNGAQP 1

Total 14

B-loop
PMDB-1 NMGWSQG KGLDFLC 9(43 *)
PMDB-2 NESLRTL NQRSIYF 1

Other (28 *)

Total 10(71 *)

Next, we screened for B-loop-binding adnectins. In this screening, a preclearing
step was performed by mixing an excess amount of a PPM1D B-loop deficient mutant
(SubB) with the phage library in the second and subsequent rounds of biopanning to
eliminate clones that bind outside of the B-loop. To isolate phages that bind to B loop
of PPM1D430, excess PPM1D and acid extraction were also performed. A trend of an
increasing number of recovered phages in each round was observed for both methods,
suggesting an accumulation of B-loop-binding clones. Therefore, we evaluated the binding
ability of PPM1D430 and SubB using phage clones recovered in rounds 3 and 5, as well
as the original phage library. The phages recovered in round 5, which were obtained by
extraction with excess PPM1D, had higher binding to PPM1D430 than SubB, suggesting
an accumulation of clones that specifically bind to the B-loop (Figure 2c). In contrast, the
acid-extracted phage showed similar binding to PPM1D430 and SubB, indicating a lack of
specific binding to the B-loop (data not shown). Therefore, we selected 10 clones recovered
by excess PPM1D extraction that bound strongly to PPM1D by ELISA and sequenced them.
One clone was detected at high frequency, and this clone was named PMDB-1 (Table 1).
PMDB-1-specific primers were designed, and the rate of PMDB-1 was assessed by PCR. In
the fourth round, 24 of 52 clones (46%) were PMDB-1, and in the fifth round, 19 of 19 clones
(100%) were PMDB-1. Therefore, 52 of 81 clones (64%) were PMDB-1. These data suggest
that PMDB-1 is a strong candidate for B-loop-binding adnectin.

3.3. Analysis of Recombinant PPM1D-Specific Adnectin Binding

PMD-24 and PMDB-1, which are PPM1D-binding and B-loop-binding candidates,
respectively, were evaluated for their ability to bind to PPM1D430. These adnectins were
expressed in E. coli, and affinity-purified proteins were analyzed by SDS-PAGE to confirm
high purity (>90%; Figure 3a). Binding analyses revealed that purified PMD-24 adnectin
interacted more strongly with PPM1D430 and SubB than the negative control (BSA). How-
ever, there was no difference in binding ability between PPM1D and SubB, suggesting that
its binding site in PPM1D is outside of the B-loop (Figure 3b). In contrast, PMDB-1 bound
to PPM1D430 significantly more strongly than SubB, suggesting that the binding site was
in the B-loop of PPM1D (Figure 3b).
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Figure 3. Evaluation of PPM1D binding ability of identified adnectins: (a) SDS-PAGE of recombinant
proteins of PMD-24 identified against full length PPM1D430 and PMDB-1 identified targeting the
B-loop; the recombinant proteins expressed by E. coli system were recovered with high purity
(>90%); (b) verification of the binding sites of PMD-24 and PMDB-1 recombinant proteins in PPM1D.
In the SubB, the B-loop was substituted by the corresponding sequences in the PPM1A protein;
(c) confirmation of the binding site of PMD-24 and PMDB-1 recombinant proteins in PPM1D. Two
kinds of Ser/Thr protein phosphatases, one is PPM1A, a PPM-type Ser/Thr protein phosphatase at
the same type of phosphatase with PPM1D, and another is Scp1, a FCP/SCP type Ser/Thr protein
phosphatase, were used in the binding assay in addition to PPM1D. ****: p < 0.001; (d) binding assays
of PMDB-1 to PPM1D by biolayer interferometry. PPM1D430 (300 nM) were measured in the presence
(3 µM) or absence of biotinylated PMDB-1 adnectin in 25 mM HEPES (pH 7.6) buffer with 150 mM
NaCl, 30 mM MgCl2, and 0.1% BSA. The measurement was performed in the Advanced Kinetics
mode of the BLItz system using streptavidin biosensor chips.

PMDB-1 and PMD-24 adnectins were screened from a phage library with two ran-
domized regions in the BC and FG loops. To evaluate the binding properties of peptides in
the BC and FG loops in PMDB-1 separately, peptide sequences derived from the BC and
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FG loops of PMDB-1 were separately fused with bacterial alkaline phosphatase (BAP) and
used in a PPM1D430 binding analysis. The binding analyses showed that neither of the
peptides derived from the BC and FG loops alone showed specific binding to PPM1D (data
not shown), suggesting that both the BC and FG loops are required for binding to PPM1D.

Next, to evaluate the binding specificity of each adnectin, we evaluated binding to
PPM1A, which like PPM1D is a PPM-type Ser/Thr phosphatase, and Scp1, an FCP/SCP
type Ser/Thr phosphatase. Both PMD-24 and PMDB-1 adnectins showed significantly
higher binding ability to PPM1D (Figure 3c). These results indicate that PMD-24 and
PMDB-1 adnectins have high binding specificity for PPM1D.

To further analyze the binding ability of the identified adnectin to PPM1D, the dissoci-
ation constant of PMDB-1, which was found to recognize the PPM1D-specific B-loop, was
calculated using the BLItz system. Biotin-labeled PMDB-1 was fixed on a streptavidin chip,
and the dissociation constant for PPM1D was calculated as KD = 2.06 ± 0.50 nM (Figure 3d).
This data strongly indicated that PMDB-1 binds specifically to PPM1D.

3.4. Inhibitory Activity of PMDB-1 Adnectin in Cancer Cells

PMDB-1 recognizes the PPM1D-specific B-loop, which is a characteristic loop in
PPM1D, although PMD-24 recognizes outside of the B-loop. PMD-24 may interact with
other PPM family in the cells because the scaffold sequence and structure of the catalytic
domain of PPM1D are highly conserved among PPM type phosphatases. Therefore, we
carried out analyses on the PPM1D inhibition and cell proliferation by PMDB-1, which
is considered to be more specific to PPM1D in the cells. Since PPM1D is overexpressed
in many cancers, including breast and ovarian cancers, PPM1D-binding molecules are
expected to exhibit anti-cancer activity. Therefore, we analyzed the effect of PMDB-1 ad-
nectin, which recognizes the PPM1D-specific B-loop, on breast cancer-derived MCF-7 cells,
which overexpress endogenous PPM1D. First, PMDB-1-mCherry was co-expressed with
EGFP-PPM1D430 in MCF-7 cells, and its subcellular localization was analyzed. Fluores-
cence microscopy showed that PMDB-1 was localized throughout the cell, including in
the nucleus where PPM1D-EGFP was expressed (Figure 4a). This suggested that PMDB-1
expressed in breast cancer cells may interact with intracellular PPM1D.

Since intracellularly expressed PMDB-1 may act on intracellular PPM1D, we analyzed
the effects of PMDB-1 expression on endogenous PPM1D activity. In breast-cancer-derived
MCF-7 cells overexpressing endogenous PPM1D, p53, a tumor suppressor protein and a
substrate of PPM1D is maintained at low levels through dephosphorylation and destabi-
lization [16]. Expression of PMDB-1 in the MCF-7 cells led to an increase in p53 protein
levels compared to that in the control cells (Figure 4b,c). Furthermore, PMDB-1-treated
MCF-7 cells showed an increase in p21, a target gene of p53 and involved in cell cycle arrest
(Figure 4b,d). These results indicate that PMDB-1 adnectin causes stabilization and activa-
tion of p53 and a subsequent increase in p21 in MCF-7 cells overexpressing PPM1D. These
data also suggested that PMDB-1 induces cell proliferation inhibition by cell cycle arrest.
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Figure 4. Biochemical function of B-loop-binding adnectin PMDB-1 in breast cancer-derived MCF-
7 cells: (a) subcellular localization analysis of PMDB-1 adnectin and PPM1D in MCF-7 cells; PMDB-
1 adnectin and PPM1D in MCF-7 cells were analyzed with PMDB-1-mCherry (red) and EGFP-
PPM1D430 (green). Nuclei are shown in blue fluorescence by Hoechst33342; (b) Western blotting 
analysis of MCF-7 cells expressing PMDB-1 was performed using anti-His antibody to detect 
PMDB-1, and the inhibitory effect of PMDB-1 on PPM1D was evaluated by stabilization of p53 
which is dephosphorylated and destabilized by PPM1D. GAPDH was detected by the anti-GAPDH 
antibody as an internal control protein. These experiments were performed as three independent 
experiments to confirm reproducibility; (c) quantitative evaluation of Western blotting analysis on 
p53 from three independent experiments; bar graphs show the means ± SDs; (d) quantitative eval-
uation of Western blotting analysis on p21 from three independent experiments. Bar graphs show 
the means ± SDs. 
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experiments were carried out. Bar graphs show the means ± SDs. *: p < 0.05, ***: p <0.005. 

Figure 4. Biochemical function of B-loop-binding adnectin PMDB-1 in breast cancer-derived MCF-7
cells: (a) subcellular localization analysis of PMDB-1 adnectin and PPM1D in MCF-7 cells; PMDB-
1 adnectin and PPM1D in MCF-7 cells were analyzed with PMDB-1-mCherry (red) and EGFP-
PPM1D430 (green). Nuclei are shown in blue fluorescence by Hoechst33342; (b) Western blotting
analysis of MCF-7 cells expressing PMDB-1 was performed using anti-His antibody to detect PMDB-
1, and the inhibitory effect of PMDB-1 on PPM1D was evaluated by stabilization of p53 which is
dephosphorylated and destabilized by PPM1D. GAPDH was detected by the anti-GAPDH antibody
as an internal control protein. These experiments were performed as three independent experiments
to confirm reproducibility; (c) quantitative evaluation of Western blotting analysis on p53 from three
independent experiments; bar graphs show the means ± SDs; (d) quantitative evaluation of Western
blotting analysis on p21 from three independent experiments. Bar graphs show the means ± SDs.

We next evaluated the effects of PMDB-1 expression on cell proliferation in MCF-7 cells.
MTT analysis revealed that PMDB-1 expression suppressed cell proliferation in MCF-7
cells compared to MCF-7 cells transfected with a control vector (Figure 5). On the other
hand, inhibitory effects on cell proliferation by PMDB-1 were barely detectable in lung
cancer-derived A549 cells, which are known to express almost no endogenous PPM1D
(Figure 5) [47]. These results suggested that PMDB-1 inhibits the activity of overexpressed
endogenous PPM1D and suppresses cancer cell proliferation through p53 activation and
p21 upregulation, while the adnectin has little effect on cells with low PPM1D expression.
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These results indicate that intracellularly expressed PMDB-1 adnectin interacts with
and inhibits the activity of overexpressed endogenous PPM1D, thereby enhancing and
stabilizing the phosphorylation of p53. Taken together, these data suggest that PMDB-1,
which is specific for the B-loop, may be a useful inhibitor of PPM1D.

4. Discussion

PPM1D, which encodes a Ser/Thr protein phosphatase, is amplified and overex-
pressed in many cancers, including breast and ovarian cancers, and has been reported
to function as an oncogenic protein. Many inhibitors of PPM1D have been reported as
lead compounds for anti-cancer drugs [21–23,48]. Although PPM1D-specific inhibitors
show anti-cancer activity, some issues remain to be resolved. GSK2830371, which is widely
used as a PPM1D-specific inhibitor, has been shown to inhibit the proliferation of breast
cancer, neuroblastoma, and blood cancer cell lines. However, low stability in blood has
been reported [26,49]. CCT-007093 inhibited the proliferation of PPM1D-overexpressing
cells. However, it also inhibited c-Jun N-terminal kinase (JNK) activity and prevented
apoptosis in skin keratinocytes, suggesting low specificity in vivo [21,49]. One of the
reasons why many enzyme inhibitors have off-target effects is that small molecules and
peptide inhibitors bind to the active center or grooves in the protein surface, which are
highly conserved among enzymes. Most PPM1D inhibitors reported thus far target the
active site or cleft on the surface of PPM1D, and few inhibitors targeting the flexible loop
regions or smooth surfaces of PPM1D have been reported. In this study, we constructed
an adnectin-derived phage display library by introducing randomized sequences into the
target binding loops to develop PPM1D-specific inhibitors.

Adnectin, an antibody mimic molecule, has been reported to be stable in vivo and, ow-
ing to its lack of disulfide bonds, derivatives can be used as intracellular and extracellular
binding molecules. The half-lives of the VEGFR-2-binding adnectin CT-322 and the propro-
tein convertase subtilisin/kexin type 9 (PCSK9)-binding adnectin BMS-962476 in serum,
which have advanced to clinical trials, are 50 ± 20 h and 74–108 h, respectively [39,44,45].
The BC and FG loops of adnectin were confirmed to maintain a stable structure even
when the lengths of the loops were extended [50]. In this study, we developed PMD-24, a
PPM1D-binding molecule that targets full length PPM1D, and PMDB-1, which targets a
PPM1D-specific B-loop, using a BC-FG loops randomized adnectin-derived phage display
library. When the BC and FG loops of PMDB-1 were independently expressed as fusion
proteins with BAP, they showed no binding to PPM1D. The method for evaluating protein-
binding sequences expressed as fusion proteins with BAP is simple and inexpensive [51].
The fact that neither the BC loop nor the FG loop of PMDB-1 alone showed significant
binding to PPM1D indicates that the sequence and spatial arrangement of the BC and
FG loops in adnectin are essential for PPM1D B-loop recognition. Thus, the BC and FG
loop randomized phage library is a useful tool for the identification of binding molecules
targeting the flexible regions in target proteins such as loops.

To identify adnectins that recognize the B-loop, we eliminated phages that bind
outside of the B-loop by mixing in an excess SubB, a B-loop-deficient PPM1D mutant,
during screening. The addition of this step increased the ratio of phage specific for the
B-loop in PPM1D, depending on the amount of excess SubB during screening (data not
shown). These results indicate that screening with an excess amount of target region-
defective PPM1D in the mixture was useful for isolating molecules that bind to a specific
target region.

PPM1D is a member of the PPM-type Ser/Thr protein phosphatase family, which
includes 20 isoforms. However, only four have been successfully crystallized: PPM1A,
B, K, and H. PPM1H, the most recently crystallized, has a unique long loop region in the
same position as PPM1D, whereas the other three crystallized PPM-type phosphatases
possess a short loop region [52,53]. Crystallization of PPM1H was achieved by removing
the N-terminal flanking region, which is an unstable structure, and by mutating D288A,
the third metal-binding site in the loop region [54]. It is known that crystallization can
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be achieved by binding a flexible structure, such as a loop region, to an antibody or other
molecule, forming a stable complex. Nagarathinam et al. reported the co-crystallization of
a Fab antibody fragment with a structurally unknown outward-facing drug/H+ antiporter
MdfA [55]. In this study, we reported that PMDB-1 adnectin binds specifically to the B-loop
of PPM1D and functions as a PPM1D inhibitor in the cells. Since PMDB-1 binds to the
B-loop of PPM1D, it may be used as a crystal-stabilizing molecule for PPM1D. Furthermore,
as the B-loop of PPM1D contributes not only to its subcellular localization but also to
substrate recognition, crystallization of PPM1D with the PMDB-1 may provide important
insights into substrate recognition.

In this study, the cultured cells analyses suggested that PMDB-1 inhibited PPM1D
followed by the activation of the p53 pathway and resulted in cell growth inhibition. We
have determined the binding affinity, binding site identification, and binding specificity of
PMDB-1 to PPM1D by ELISA and BLItz analysis in vitro; however, the direct interaction
between PMDB-1 and PPM1D in the cells has not been detected to date. This may be
due to the low expression of endogenous PPM1D430 for Immunoprecipitation assay (IP)
analysis although C-terminal deletion variants of PPM1D, including PPM1D430, show
high oncogenic activity through gain-of-function as described previously [16,19]. Direct
interaction analyses in vivo using IP or Proximity Ligation Assay (PLA) under optimum
conditions will give us useful information to clarify the molecular mechanism of the
inhibitory effect of PMDB-1 on cell proliferation via PPM1D inhibition.

PMD-24 was identified as a molecule that recognizes outside of the B-loop in PPM1D.
Although we did not identify the specific binding site of PMD-24 in PPM1D, a sequence
similar to that of the FG loop in PMD-24 is present in the mitogen-activated protein
kinase kinase 4 (MKK4) and MKK7, which have been reported as PPM1D substrates [56].
MKK4 and MKK7 are kinases that specifically phosphorylate JNK and have a conserved
protein kinase domain. A sequence similar to the FG loop in PMD-24 is in the second
β-strand of the protein kinase domains of MKK4 and MKK7, suggesting that PPM1D
may interact with MKK4 and MKK7 through their second β-strands. Thus, the adnectin-
derived phage display library constructed in this study may be useful for predicting the
interaction sites of PPM1D with known substrates and elucidating novel intracellular signal
transduction pathways.

To develop anti-cancer drugs, attaching PMDB-1 to a membrane-permeating peptide,
such as an Arginine-rich sequence, may be useful to administer the molecule to various
cancer cells at the appropriate time and dose.

5. Conclusions

In this study, we constructed an adnectin-derived phage display library containing
randomized BC and FG loops. Expression of PMDB-1, an adnectin that specifically recog-
nizing the B-loop of PPM1D, stabilizes p53 in MCF-7 cells, suggesting that it functions as a
PPM1D inhibitor. PMDB-1, which recognizes the characteristic B-loop in PPM1D, may be
used not only as an anti-cancer drug for cancer cells but also as a stabilizing agent for the
crystallization of PPM1D. Furthermore, the construction of peptidic small molecules that
can mimic the spatial arrangement of the BC and FG loops of PMDB-1 is expected to lead
to more useful PPM1D inhibitors.
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