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General Introduction 

 

1.1 Metal-dependent protein phosphatase PPM 

PPM is a Ser/Thr phosphatase with Mn2+/Mg2+-dependent dephosphorylation activity. It is a 

monomeric enzyme that does not require a regulatory subunit for target-specific dephosphorylation (1,2). 

The catalytic domain of PPM is conserved in both prokaryotes and eukaryotes. There are 20 isoforms in 

humans, and each isoform has a highly conserved catalytic domain and isoform-specific N-terminal, C-

terminal, and loop regions (Figure 1-1). These isoform-specific regions have important roles for substrate 

recognition and functional regulation in cells. PPM phosphatase is activated by the chelation of Mn2+ or Mg2+ 

to essential acidic residues in the active center (Figure 1-2). In TAB1, the metal-chelating residues 

corresponding to Asp60, Asp146, Asp239, Asp243, and Asp282 of PPM1A are not conserved, and it is 

reported that TAB1 is a pseudo-phosphatase (3). The crystal structures of human PPM1A, PPM1B, PPM1K, 

PPM1H, and TAB1 have been reported, and the 3D structure of the catalytic domain is highly conserved (4–

7) (Figure 1-3).  

 PPM phosphatases are involved in various and important cellular processes including proliferation, 

differentiation, metabolism, and immune response (1,8,9) (Table 1-1). In addition, it is reported that the 

abnormal functions of PPM cause various diseases such as cancer. PPM1D is reported to suppress the 

pathways of p53 tumor suppressor protein, and the overexpression of PPM1D is reported in many cancers 

including breast cancer and astrocytoma (10–12). Because PPM1D is a promising target for cancer therapy, 

many specific inhibitors for PPM1D have been developed (1,13–15). It is also reported that PPM1D is 

involved in the differentiation and lipid droplet formation of adipocytes and the differentiation and the 

maturation of neutrophils and T-cells (16–18). Our laboratory reported that the overexpression of PPM1D 

increases the size and number of nucleoli (19). PPM1F mRNA levels in human blood are lower in cases 

with symptoms of comorbid PTSD and depression (20). PPM1K promotes branched-chain amino acid 

catabolism via the dephosphorylation of the branched-chain α-keto acid dehydrogenase complex (BCKD) 
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(21). Expression of the inactive truncated mutant of PPM1K is reported in patients with maple syrup urine 

disease (22). ILKAP suppresses the anchorage-independent growth of prostate carcinoma cells via the 

dephosphorylation of GSK3β (23). However, the physiological functions of some PPM isoforms remain 

unknown, including that of PPM1J, although it is reported that PPM1J interacts with the ubiquitin-

conjugating enzyme 9 (UBC9) (24). The function of PP2D1 has also not yet been clarified. 

 Elucidation of the physiological function of PPM is crucial for understanding the molecular 

mechanism of various intracellular processes. However, only a few of the cellular substrates of most PPM 

isoforms have been identified (Table 1-2). This is a major bottleneck for understanding the roles of PPM in 

cells. 

 

1.2 Substrate trapping method 

The comprehensive identification of substrates is a big challenge in the study of various enzymes. 

One of the simplest methods is to purify the stable enzyme–substrate complexes from cell lysates. In histone 

deacetylase (HDAC), a substrate trapping method is reported in which an inactive mutant is complexed with 

substrates (25). In the Tyr phosphatase PTP family, a substrate trapping method with an inactive mutant in 

which Cys or Asp in the active center is substituted was developed (26,27). This substrate trapping method 

has strongly promoted studies on PTP phosphatases. In addition, it is possible to identify the substrates of 

enzymes containing a regulatory subunit for substrate recognition by pull-down with the regulatory subunit. 

Furthermore, a substrate identification method for the ubiquitin ligase Skp1−Cul1−F-box protein (SCF) 

complex was reported in which the substrates are identified as proteins specifically bound to a regulatory 

subunit that has been mutated to inhibit binding with the catalytic subunit (28). For Ser/Thr phosphatase 

PP1, a substrate trapping method with the fusion protein of inactive mutant and regulatory subunit was 

developed (29).
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Figure 1-1. Schematic of human PPM isoform structures.  

Each domain is colored as indicated. The metal-chelating residues are indicated by triangles. 

 

 

 

  



4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2. Sequence alignment of the human PPM isoforms.  

Alignments were prepared by MEGA software and by visual inspection according to the crystal structure of 

PPM1A, PPM1B, PPM1K, PDP1 (Rattus norvegicus), and TAB1. The α-helices and β-strands of human 

PPM1A (PDB: 4RA2) are indicated in each region. The metal-chelating residues are indicated by triangles. 
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Table 1-1. Functions of PPM isoforms 

PPM Reports* Physiological function KO mouse phenotype 

PPM1A 69 angiogenesis, macrophage and nerve cell 

differentiation, inflammation, antiviral response 

re-epithelialization defet 

increased angiogenesis 

PPM1B 27 embryonic development, necrooptosis, senescence, 

adipogenesis, antiviral response 

embryonic lethal 

PPM1D 304 immune response, metabolism, cell cycle regulation, 

tumorigenesis 

decreased proliferation of lymphocytes 

testicular atrophy 

PPM1E 15 tumorigenesis - 

PPM1F 32 oxidative stress response, apoptosis promotion embryonic lethal 

PPM1G 22 regulation of RNA splicing and translation, 

neural development 

embryonic lethal 

PPM1H 12 tumor suppression loss of primary cilia 

PPM1J 1 unknown - 

PPM1K 9 branched-chain amino acid metabolism amino acid metabolism defect 

PPM1L 9 adipocyte maturation, brain development motor defect 

altered forebrain morphology 

PPM1M 1 unknown - 

PPM1N 0 unknown - 

ILKAP 12 inhibition of anchorage-independent growth, 

apoptosis promotion 

enhanced motor coordination 

PDP1 7 pyruvate conversion to acetyl-CoA - 

PDP2 1 pyruvate conversion to acetyl-CoA - 

PHLPP1 97 light-induced resetting of the circadian clock circadian rhythm disorder 

PHLPP2 65 light-induced resetting of the circadian clock - 

PP2D1 0 unknown - 

PPTC7 2 CoQ10 biosynthesis - 

TAB1 85 (pseudo-phosphatase) - 

* Number of articles in Pubmed that include PPM and its alternative name in the title is shown (1/31/2022). 
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Table 1-2. Cellular substrates of PPM isoforms 

PPM Cellular substrates 

PPM1A 
eEF2, ERK, p38, IKKB, YAP1, CDK9, CDK6, CDK2, Moesin, PAK1, PKC, mGlu3, 

SMAD1/2/3, AXIN1, CDC42BPA, CDC42BPB, Centrin1, PIK3R1 
 

PPM1B IKKB, ARHGDIA, BAD, MAP3K7, CDK9, CDK6, CDK2, Centrin1/2 

PPM1D 
p53, p38, CDC25C, ATM, MDM2, CHK1/2, Histon H2AX, RSK2, RBM38, RUNX2, 

UNG1, PPAR, NF-B 

PPM1E CaMKI/II/IV, AMPK, PAK1 

PPM1F CaMKI/II/IV, AMPK, PAK1 

PPM1G DDX20, SMN1, H2AFX, HIST1H2BM, HIST1H2AG, COIL 

PPM1H CDKN1B, CSE1L 

PPM1J unknown 

PPM1K BCKDHA 

PPM1L TAK1, MEKK5, COL4A3BP 

PPM1M IKKB 

PPM1N unknown 

ILKAP HIF-1 

PDP1 PDHA1, PDHA2, SMAD1 

PDP2 PDHA1, PDHA2, SMAD1 

PHLPP1 AKT1/2/3, PRKCA, PRKCB, STK4, RPS6KB1 

PHLPP2 AKT1/2/3, PRKCA, PRKCB, STK4, RPS6KB1 

PP2D1 unknown 

PPTC7 unknown 

TAB1 (pseudo-phosphatase) 
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However, in PPM phosphatases, substitution at essential residues for activity affects the structure and electric 

charge of the active center because the active center is shallower than that of PTP and HDAC (Figure 1-3). 

In addition, PPM does not require a regulatory subunit for substrate recognition, and the methods for SCF 

complex or PP1 cannot be applied for PPM. For these reasons, there has been no report on the substrate 

identification method for PPM phosphatases. 

The association between PPM and substrates has often been revealed through the identification of 

PPM as a phosphatase for protein (30,31). For example, Zhou et al. identified PPM1A as the phosphatase 

that downregulates the phosphorylation of Yes-associated protein (YAP) by comprehensively analyzing 

phosphatases, and a subsequent detailed study revealed that YAP Ser127 is the target site of PPM1A (32). 

The previously reported substrates of PPM were identified through this strategy but candidate substrates are 

limited, and it is essential to comprehensively identify the substrates of PPM for understanding the cellular 

functions of PPM phosphatases.  

 

1.3 Ser/Thr phosphatase PPM1A 

PPM1A is the most studied PPM isoform and is ubiquitously expressed in human tissues, whereby it is 

localized to the nuclei and cytoplasm in cells. It was reported that Ppm1a KO mice had impaired re-

epithelialization process upon wounding and showed increased angiogenesis (33,34). PPM1A is well known 

to suppress the stimulus response through dephosphorylation of p38, ERK, and JNK related to the MAPK 

pathway. (35,36). Furthermore, overexpression of PPM1A in HEK293 cells causes cell cycle arrest in G2/M 

phase (37), suggesting that PPM1A is also involved in cell cycle regulation. PPM1A has been reported to 

have a tumor-suppressing role in breast and pancreatic duct adenocarcinoma (38,39). Inactivation of NF-κB 

by dephosphorylation of RelA at Ser276 and Ser536 has been proposed as a tumor-suppressing mechanism 

of PPM1A (40). PPM1A is also involved in the immune system, and it is reported that PPM1A suppresses 

monocyte-to-macrophage differentiation and reduces JNK phosphorylation levels to suppress apoptosis of 



8 

 

M. tuberculosis-infected macrophages (41,42). In T-cells, PPM1A suppresses the replication of the human 

immunodeficiency virus (HIV) gene via inhibition of CDK9 T-loop phosphorylation, which is the catalytic 

subunit of P-TEFb complex (43). PPM1A has also been reported to be involved in neuronal maturation (44). 

Many reports have shown that PPM1A is involved in various cellular processes, but only a few have revealed 

substrates of PPM1A. 

PPM1A is the PPM isoform for which the most intracellular substrates have been identified. In 

1993, eEF2 was identified as a substrate of PPM1A for the first time, and Thr57 and Thr59 were shown to 

be dephosphorylated by PPM1A (45). The phosphorylation of eEF2 at Thr57 is catalyzed by eEF2K, 

resulting in inhibition of the interaction between eEF2 and ribosomes and the suppression of translation (46). 

p38 and ERK are dephosphorylated by PPM1A at the pT-X-pY motif (Thr180 in p38 and Thr202 in ERK) 

(35,36,47). In HL-60 human acute myeloid leukemia cells, treatment with the PPM1A inhibitor sanguinatine 

increases the phosphorylation of p38 at Thr180 and promotes apoptosis (48). In addition, PPM1A suppresses 

the expression of TGF-β, MMP9, and VEGF via the dephosphorylation of p38 at Thr180 (34). The C-

terminal SXS motif of SMAD2/3 is also a substrate of PPM1A, and the dephosphorylation of this SXS motif 

leads to inactivation of the TGF-β pathway (49). PPM1A can recognize various sequences as the substrate 

(Table 1-3), but the mechanism by which it does this is unclear. 

 

1.4 Structure of PPM1A 

In 1996, the crystal structure of PPM1A was reported, which was the first revealed structure of human PPM 

phosphatase (4). The catalytic domain of PPM1A consists of two β-sandwiches with four α-helices 

surrounding this β-sandwich. The catalytic center is located on the apex of the β-sandwiches and there is a 

structure called the FLAP domain near the active center, which is important for substrate recognition. The 

PPM1A-specific structure consisting of three α-helices exists at the C-terminus, but its function is unknown. 

At least two Mn2+ or Mg2+ coordinate in the active center. A reaction mechanism for the dephosphorylation 
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of PPM1A has been proposed in which water molecules trapped in these Mn2+/Mg2+ molecules serve as 

nucleophiles in hydrolysis (4) (Figure 1-4). Tanoue et al. suggested that PPM1A chelates the third metal ion 

in the active center (50). The crystal structure of PPM1A shows that there are three grooves in the catalytic 

center, indicating that PPM1A binds to substrates in several different modes. Debnath et al. reported the 

crystal structure of the catalytic domain of PPM1A D146E mutant complexed with cyclic phosphopeptide 

(51), revealing one of the binding modes of PPM1A with its substrate. One part of PPM1A is myristoylated 

at the N-terminus in cells, and this modification is involved in specific substrate recognition (52). 
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Figure 1-3. Crystal structures of the catalytic domains of PPM family members.  

Ribbon model structures of PPM1A (PDB ID: 1A6Q) (A), PPM1B (PDB ID: 2P8E) (B), PPM1K (PDB ID: 

4DA1) (C), and PPM1H (PDB ID: 7L4J) (D) are shown (E). These structures are superimposed. 
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Table 1-3. Sequences of the target sites of PPM1A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

substrates 
residue position 

references 
-5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5 

p38(180pT) T D D E M pT G pY V A T (35) 

ERK(175pT) H T G F L pT E pY V A T (36) 

PAK1(198pS) P E H T K pS V Y T R S (53) 

CDK9(186pT) Q P N R Y pT N R V V T (54) 

CDK2(160pT) P V R T Y pT H E V V T (55) 

CDK6(177pT) F Q M A L pT S V V V T (55) 

mGluR3(845pS) H L N R F pS V S G T G (56) 

PAK1(57pS) D R F Y R pS I L A G D (53) 

eEF2(57pT) G E T R F pT D T R K D (45) 

YAP1(127pS) H V R A H pS S P A S L (32) 

Moesin(558pT) R D K Y K pT L R Q I R (57) 

IKKB(181pS) G S L C T pS F V G T L (58) 

PKC(507pT) E S R A S pT F C G T P (59) 
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Figure 1-4. Active center of PPM1A.  

The protein structure of PPM1A is shown as a surface model, and the acidic and basic regions are shown in 

red and blue, respectively. 
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1.5 Aim of this study 

Only a few cellular substrates of PPM family members have been identified despite PPM having various 

crucial roles. The known substrates demonstrate that PPM can recognize the various sequences of the 

substrates. Therefore, it is essential to reveal the mechanism by which PPM recognizes substrates and to 

comprehensively identify these substrates to enable understanding of the physiological functions of PPM. 

Unlike the substrate trapping method with inactive PTP and PP1 family mutants, development of a substrate 

identification method with wild-type enzyme that does not affect its ability to recognize native substrates is 

required. In this study, PPM1A that was stable as a recombinant protein was selected as the model 

phosphatase. The aim of this study was to reveal the role of two arginine residues in the active center of 

PPM1A and to develop a novel substrate identification method that can be applied for other PPM 

phosphatases. 
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2. Recognition of the substrate phosphate group in the active center of PPM1A 

 

2.1 Abstract 

The PPM family are Ser/Thr phosphatases that have various important functions in cells. Unlike 

many other Ser/Thr phosphatases, PPM recognizes these substrates as a monomeric enzyme. PPM1A can 

recognize substrates with different substrate motifs, but the detailed mechanism is unclear. 

 PPM1A recognizes the substrate by its active center because it does not contain an isoform-specific 

loop in it catalytic domain. In this study, Arg33 and Arg186 located in the vicinity of the active center were 

found to be involved in the dephosphorylation activity of PPM1A. Gln substitution at Arg33 reduced the 

PPM1A activity for the artificial substrate pNPP, whereas Gln substitution at Arg186 had little effect. 

However, in the dephosphorylation of the three-residue phosphopeptide Ac-Gly-pThr-Gly-NH2, substitution 

at both Arg33 and Arg186 significantly reduced PPM1A activity. In addition, the effect of substitution at 

Arg33 and Arg186 on PPM1A activity differed depending on the sequence of the phosphopeptide. Docking 

model analysis revealed that Arg186 can interact with the phosphate of the substrate. These results suggested 

that both Arg33 and Arg186 can interact with the phosphate of the substrate and that the contribution of these 

arginine residues differs depending on the sequence of the substrates. Given that Arg33 and Arg186 are highly 

conserved in the PPM family, these findings provide new insights into the mechanism of substrate recognition 

by PPM. 
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2.2 Introduction 

The PPM family consists of Mn2+/Mg2+-dependent Ser/Thr phosphatases and is involved in various 

cellular processes including proliferation, differentiation, metabolism, and immune response. The abnormal 

functions of PPM family proteins are reported to cause many diseases such as cancer (1,2). PPM family 

members are associated with many signaling pathway in cells. The PPM family does not require a regulatory 

subunit for substrate recognition and functions as a monomer, unlike other Ser/Thr phosphatases (1,3). 

PPM1A is a PPM isoform that is highly conserved from prokaryotes to eukaryotes. PPM1A is expressed in 

almost all tissues in humans and is located in the nuclei and cytoplasm of cells. It is reported that PPM1A 

has roles in angiogenesis and cell differentiation and that it functions as a tumor suppressor protein in many 

tumors such as breast cancer and pancreatic ductal adenocarcinoma (4–8). PPM1A dephosphorylates ERK, 

which regulates the mitogen-activated protein kinase (MAPK) pathway, SMAD, which responds to TGF-β 

signals, and IKKβ, which regulates the NF-κB pathway (9–11). PPM1A can recognize different sequences, 

similar to those reported for PPM1D (12). However, the mechanism by which PPM1A dephosphorylates 

various sequences is unclear. 

 The primary sequence of the catalytic domain that plays a role in the recognition and hydrolysis of 

the phosphate group of substrates is highly conserved in the PPM family. It was revealed by crystal structure 

analysis that PPM1A contains an isoform-specific region composed of three α-helixes in the C-terminus and 

has no loop regions in the catalytic domain, indicating that the catalytic center of PPM1A recognizes the 

substrate phosphate and the adjacent sequence (13). The crystal structure revealed that two divalent cations 

are coordinated by the acidic residues in the catalytic center. In addition to these acidic residues, two arginine 

residues (Arg33 and Arg186) are located in the vicinity of the divalent cations. The crystal structures of many 

phosphatases shows that Arg residues for the interaction with phosphate are located in the active site (14–

16). In this study, the role of Arg33 and Arg186 in PPM1A was analyzed by in vitro phosphatase assay using 

Gln-substituted variants at Arg33 and Arg186 and docking model analysis. 
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2.3 Experimental procedures 

2.3.1 Peptide synthesis and purification 

Phosphorylated peptides from p38 (residues 176–186, 180pT, 182pY) (Ac-

DDE(Nle)(pT)G(pY)VATR-NH2), p53 (residues 15–28, 20pT) (Ac-SQETF(pT)DLWKLLPE-NH2), and 

CaMKII (residues 282–292, 287pT) (Ac-WG(Nle)HRQE(pT)VE(Abu)LR-NH2), Ac-Gly-pThr-Gly-NH2 

were synthesized using standard Fmoc solid-phase chemistry. Met179 of p38 and Cys282 of CaMKII were 

substituted with Nle and Abu, respectively, to avoid oxidation. Cleavage and deprotection of the side chain-

protecting groups were accomplished with reagent K (TFA/water/phenol/thioanisole/ethanedithiol, 

82.5:5:5:5:2.5). The crude peptides were purified by reversed-phase HPLC on a C8 column (VYDAC, 

Hsperia, CA) using a linear gradient of 0.05% TFA and acetonitrile, and peptide identity was confirmed by 

MALDI-TOF-MS (BRUKER, autoflex speed). Peptide concentrations were determined at an absorbance of 

280 nm for tryptophan (molecular coefficient = 5,600) and tyrosine (molecular coefficient = 1,490) residues 

in the peptides. 

 

2.3.2 Protein purification 

His-tagged wild-type and Gln-substituted PPM1A were constructed using pCold I (TAKARA). 

His-PPM1A proteins (WT, R33Q, R186Q, R33Q/R186Q) were expressed in E.coli BL21(DE3) pLysS cells. 

The cell pellets were lysed by French press in lysis buffer (25 mM HEPES-NaOH pH7.5, 200 mM NaCl, 1 

mM MgCl2, and 10% glycerol). Cell debris was removed by ultracentrifugation, followed by affinity 

purification using TALON resin (Clontech) equilibrated in lysis buffer. His-PPM1A was eluted from the resin 

with an elution buffer (25 mM HEPES-NaOH pH7.5, 200 mM NaCl, 1 mM MgCl2, 10% glycerol, and 150 

mM imidazole), and further purified using a HiTrap Q FF (GE Healthcare) column and eluted with IEX start 

buffer (25 mM HEPES-NaOH pH8.0, 1 mM MgCl2, 10% glycerol, and 0.005% TritonX-100) and IEX elution 

buffer (start buffer containing 1 M NaCl). Peak fractions were confirmed by monitoring the 
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dephosphorylation activity of pNPP, and a pool of fractions showing higher activity was applied to Superdex 

75 (GE Healthcare) column and eluted with SEC buffer (25 mM HEPES-NaOH pH8.0, 100 mM NaCl, 1 

mM MgCl2, 10% glycerol, and 0.005% TritonX-100). 

 

2.3.3 In vitro phosphatase assay 

Assay of pNPP was performed in 50 mM Tris-HCl pH7.4, 0.1 mM EGTA, 0.02% 2-

mercaptoethanol, 10 mM MnCl2, and 0–20 mM pNPP with10 nM His-PPM1A mutants. All assays using 

phospho-peptides as substrate were performed in 50 mM Tris-HCl pH7.4, 0.1 mM EGTA, 0.02% 2-

mercaptoethanol, 30 mM MgCl2, 2.5–150 µM substrate peptide, and 10 nM His-PPM1A variants. Km and kcat 

values were calculated by fitting data points with KaleidaGraph (HULINKS) or Prism5 software (Graph Pad 

Software). 

 

2.3.4 Circular Dichroism (CD) spectroscopy 

Analysis was performed with 1 mM PPM1A in 10 mM HEPES-NaOH, 40 mM NaCl, 0.4 mM 

MgCl2, and 10% glycerol at 4°C. Continuous scans were recorded by a Jasco-805 spectropolarimeter 

equipped with a 1-mm path length quartz cell. Spectra were obtained as the average of six different scans. 

 

2.3.5 Computation model of PPM1A–substrate complexes 

The docking modeling calculation of wild-type PPM1A complexed with the model peptide (Ac-

Gly-pThr-Gly-NH2) was performed by MOE 2011 software (Chemical Computing Group Inc.; Montreal, 

Canada). All salt and phosphate ions from the solvent were removed from the crystal structure of PPM1A 

(PDB ID: 1A6Q). The optimization of the structure with hydrogen atoms was performed with an 

Amber12:EHT force field. The structural model of the model peptide with the lowest energy was obtained 

by means of LowMode Molecular Dynamics (MD). Site Finder program was used to search for interaction 
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sites between PPM1A and the model peptides. The structure of the complex was obtained so that the energy 

was the lowest using the ASEDock program. 

 

2.4 Results 

2.4.1 Effect of R33Q and R186Q substitution on PPM1A structure and dephosphorylation activity of 

pNPP 

Arg33 and Arg186 at the catalytic center of PPM1A were replaced with Gln, which minimized the 

effect of the substitution on the size and hydrophilicity of the side chain to examine the role of these arginine 

residues on substrate recognition. The CD spectra of three PPM1A variants, R33Q, R186Q, and 

R33Q/R186Q, were almost identical to that of wild-type PPM1A, indicating that these substitutions did not 

alter the structure (Figure 2-1). The effect of R33Q and R186Q substitution on the dephosphorylation activity 

of the artificial substrate p-nitrophenyl phosphate (pNPP) was examined. The Km value of WT PPM1A for 

pNPP was 721 mM. This result was almost same as the previously reported value, 740 mM (17). R33Q and 

R33Q/R186Q substitution affected both the Km and kcat values and decreased the kcat/Km values by 13.5-fold 

compared with the WT (Figure 2-2, Table 2-1). The kcat/Km value of R186Q was 0.31 × 104 s-1M-1, which 

was virtually identical to the value of the WT. These results suggested that Arg33 has an important role in the 

recognition of pNPP. 
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Figure 2-1. CD spectra of PPM1A variants.  

The CD spectra of wild-type PPM1A, PPM1A (R33Q), PPM1A (R186Q), and PPM1A (R33Q/R186Q) are 

shown in blue, red, green, and magenta, respectively. 
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Figure 2-2. PPM1A dephosphorylation activity of p-nitrophenol (pNPP).  

The velocity at each concentration of substrate was plotted. The data points were fitted to the Michaelis–

Menten equation v = Vmax S/(Km + S) by Prism5 software (Graph Pad Software). The activity of wild-type 

PPM1A (A), R33Q mutant (B), R186Q mutant (C), and R33Q/R186Q mutant (D) is shown. 
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Table 2-1. Kinetic parameters of PPM1A for pNPP 

 

 

 

 

 

 

 

 

  

PPM1A 
Km 

(M) 

kcat 

(s-1) 

kcat/Km 

(x104, s-1M-1) 

WT 721 1.98 0.27 

R33Q 3257 0.63 0.02 

R186Q 848 2.77 0.31 

R33Q/R186Q 1684 0.37 0.02 
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2.4.2 Effect of R33Q and R186Q substitution on dephosphorylation activity of Ac-Gly-pThr-Gly-NH2 

peptide 

To examine the role of Arg33 and Arg186 on the dephosphorylation of peptide substrates, the model 

peptide Ac-Gly-pThr-Gly-NH2, which was designed to eliminate the effect of the side chains around the 

phosphorylated residue, was prepared. In the dephosphorylation of the model peptide, the Km value of WT 

PPM1A was 28.0 µM, which was 28.5-fold lower than that of pNPP (Figure 2-3, Table 2-2). In addition, the 

kcat/Km value of WT PPM1A for the model peptide was 64.8-fold better than that of pNPP (Table 2-2). These 

results showed that the model peptide was much better than pNPP as a substrate for analyzing the 

dephosphorylation of PPM1A. Both R33Q and R186Q substitution reduced the kcat/Km values of the model 

peptide by 35.0-fold and 87.5-fold, respectively. The reduced kcat/Km values were due to the significant 

decrease in the kcat values, and there was little effect on the Km values. The dephosphorylation activity of 

R33Q/R186Q for the model peptide was not detected. These results suggested that both Arg33 and Arg186 

have important roles in the dephosphorylation of the model peptide. 

 

 

2.4.3 Effect of the sequence around the dephosphorylation site 

To examine the effect of the sequence around the phosphorylated residue, PPM1A phosphatase 

activity for three different phosphopeptide substrates derived from p38, CaMKII, and p53 was analyzed. The 

Km and kcat values of CaMKII and p53 peptide were comparable to p38 peptide, which is often used as the 

peptide substrate of PPM1A (Figure 2-4, Table 2-3). The turnover of WT PPM1A was 4.40 s−1 for p38 

peptide at 150 M substrate, whereas the turnover of R33Q and R186Q was 0.05 s−1 and 0.01 s−1, respectively 

(Table 2-3). The effect of the single substitution of Gln at Arg33 or Arg186 on the dephosphorylation of 

CaMKII and p53 peptide was moderate, although these substitutions abolished PPM1A activity in the 

dephosphorylation of p38 peptide. R33Q substitution had a greater effect on PPM1A activity than R186Q in 
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the dephosphorylation of CaMKII peptide, whereas R186Q substitution had a greater effect on the 

dephosphorylation of p53 peptide. 

 

2.4.4 Docking model structure of the complex of PPM1A and Ac-Gly-pThr-Gly-NH2 peptide 

The structure of PPM1A complexed with the model peptide was obtained by docking model 

analysis. In the docking model structure, the distance between the Nh atom of Arg33 and the closest O atom 

was 4.13 Å, and the distance between the Nh atom of Arg186 and the closest O atom was 2.62 Å (Figure 2-

5A and C). The phosphate group of the model peptide was positioned closer to Arg186 than to Arg33, 

consistent with the observation that R186Q showed a lower kcat/Km value than R33Q. In the reported crystal 

structure of the catalytic domain of PPM1A(D146E) mutant complexed with cyclic peptide containing pS-

X-pY sequence, the distance between the Nh atom of Arg33 and the closest O atom was 2.61 Å, and the 

distance between the Nh atom of Arg186 and the closest O atom was 7.69 Å (Figure 2-5B and D). The 

distance from the Nh atom of Arg186 to the closest O atom of the model peptide in the docking model 

structure was almost the same as the distance from the Nh atom of Arg33 to the closest O atom of the cyclic 

peptide, indicating that Arg186 also interacted with the phosphate group of the substrate. In addition, it was 

suggested that Arg186 played a more significant role in the dephosphorylation of the model peptide than 

Arg33. 
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Figure 2-3. PPM1A dephosphorylation activity for Ac-Gly-pThr-Gly-NH2.  

The velocity at each concentration of substrate was plotted. The data points were fitted to the Michaelis–

Menten equation v = Vmax S/(Km + S) by Prism5 software (Graph Pad Software). The activity of wild-type 

PPM1A (A), R33Q mutant (B), and R186Q mutant (C) is shown. 
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Table 2-2. Kinetic parameters of PPM1A for the model peptide Ac-Gly-pThr-Gly-NH2 

PPM1A 
Km 

(M) 

kcat 

(s-1) 

kcat/Km 

(x104, s-1M-1) 

WT 28.0 4.90 17.5 

R33Q 44.4 0.20 0.50 

R186Q 29.9 0.06 0.20 

R33Q/R186Q NAa NAa NAa 

 a NA, not active. Unable to determine kinetic parameters. 
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Figure 2-4. Dephosphorylation activity of WT PPM1A peptide substrates.  

The velocity at each concentration of substrate is plotted. The data points were fitted to the Michaelis–Menten 

equation v = Vmax S/(Km + S) by Prism5 software (Graph Pad Software). The activity for p38(180pT, 182pY) 

peptide (A), CaMKII peptide (B), and p53 peptide (C) is shown. 
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Table 2-3. Kinetic parameters of WT PPM1A for peptide substrates 

Phosphopeptide 
Km 

(M) 

kcat 

(s-1) 

kcat/Km 

(x104, s-1M-1) 

p38(180pT,182pY) 50.58 5.86 11.59 

CaMKII(287pT) 52.52 3.10 5.90 

p53(20pT) 78.14 11.80 15.10 
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Table 2-4. Dephosphorylation of PPM1A for peptide substrates 

Dephosphorylation activity is shown as the turnover at a substrate concentration of 150 µM. 

Phosphopeptide 
PPM1A 

WT R33Q R186Q R33Q/R186Q 

p38(180pT,182pY) 4.4 0.01 0.05 0.003 

CaMKII(287pT) 2.33 0.22 0.31 0 

p53(20pT) 7.66 0.38 0.11 0 
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Figure 2-5. Distance from Arg33 and Arg186 to the substrate phosphate group.  

(A) Docking model structure of the complex of PPM1A and Ac-Gly-pThr-Gly-NH2 peptide. (B) Crystal 

structure of the D146E mutant PPM1A catalytic domain with a cyclic peptide, c(M(pS)I(pY)VA), which was 

designed according to the p38 sequence (PDB: 6B67). (C) The side chains of Arg33 and Arg186 from the 

docking model structure are shown with pThr of Ac-Gly-pThr-Gly-NH2 peptide and a water molecule. (D) 

The side chains of Arg33 and Arg186 in the PPM1AcatD146E-c(M(pS)I(pY)VA) complex are shown with 

pSer of the cyclic peptide. 
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2.5 Discussion 

pNPP showed much higher Km and lower kcat/Km values than the model peptide, and only Arg33 

was important for pNPP dephosphorylation. Therefore, we propose that pNPP, which is often used in the 

study of phosphatases, is not a good substrate of PPM. 

R33Q and R186Q substitution significantly reduced the kcat/Km values for the model peptide 

compared with the WT. The effect of the decrease in the kcat values was greater than the increase in the Km 

values. It is possible that Arg33 and Arg186 interact with the phosphate group of the substrate and increase 

enzymatic turnover because the model peptide had no side chain adjacent to the phospho-Thr for the 

interaction with PPM1A. 

 In the dephosphorylation of the model peptide, Gln substitution at Arg186 reduced the kcat/Km value 

more significantly than Arg33. The phosphate group of the model peptide was positioned closer to Arg186 

than Arg33. These results indicated that Arg186 had a more important role than Arg33 in the 

dephosphorylation of the model peptide. In the dephosphorylation of CaMKII and p53 peptide, the effect of 

Gln substitution at Arg33 or Arg186 were different, indicating that the contribution of the two Arg residues 

at the catalytic center differed for these peptides. 

Both Arg33 and Arg186 are highly conserved in PPM1 isoforms (Figure 2-6). The residue 

corresponding to Arg33 in PPM1H, PPM1J, and PPM1M is Ser, and Arg33 is conserved in other isoforms. 

The residue corresponding to Arg186 in PPM1K is His, and Arg186 is conserved in other isoforms, showing 

that Arg186 is conserved more strictly than Arg33. These findings suggested that the interaction of Arg186 

with the phosphate group of the substrate is a critical mechanism in substrate recognition. PPM1H, PPM1J, 

and PPM1M have basic residues adjacent to the position corresponding to Arg33 of PPM1A. It is possible 

that these basic residues contribute to the interaction with the phosphate group in PPM1H, PPM1J, and 

PPM1M. 

 Here, it was shown in the analysis using variants with Gln substitution that both Arg33 and Arg186 
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play important roles in the dephosphorylation of PPM1A via the interaction with the phosphate group of the 

substrate. It was suggested that the contribution of these two arginine residues to dephosphorylation is 

dependent on the sequence of the substrate. This provides new insights into the mechanism by which PPM1A 

recognizes the various sequences of the substrates. 
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Figure 2-6. Sequence alignment of PPM1 isoforms.  

Alignments were obtained using either the MEGA software or by visual inspection according to the crystal 

structure of PPM1A, PPM1B, and PPM1K. The residues corresponding to Arg33 and Arg186 in each PPM1 

isoform are shown in bold and basic residues are colored. 
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3. Development of the novel substrate identification method “Metal-dependent Substrate Trapping” 

 

3.1 Abstract 

Each PPM phosphatase isoform has varied and very important roles in cells, and the abnormal 

functions of PPMs cause many diseases such as cancer. However, little is known about their intracellular 

substrates. This is a large bottleneck for the elucidation of the cellular functions of PPM. To clarify the various 

functions of PPM, it is necessary to comprehensively identify the cellular substrates of PPM. In this study, 

we report the development of the novel substrate identification method “Metal-dependent Substrate Trapping” 

for wild-type PPM. This method is based on the novel principle that PPM activity is lost, while its ability to 

recognize substrates is retained by the replacement of Mg2+ with inactive divalent cations at the active center, 

resulting in the formation of stable enzyme–substrate complexes. 

Here, it was shown that the substrates of PPM1A are specifically trapped by MdST with Zn2+. 

Endogenous elongation factor 2 (eEF2), a reported substrate of PPM1A, was trapped by this method, 

indicating that this method is effective in identifying the cellular substrates of PPM. The nuclear lamina 

protein, lamin A/C, was identified by mass spectrometry as being among the proteins trapped by PPM1A. 

The phosphopeptides derived from lamin A/C were dephosphorylated by PPM1A, and the phosphorylation 

state of lamin C expressed in HeLa cells was altered by the expression of WT PPM1A. Therefore, we 

identified lamin A/C as a novel substrate of PPM1A. Thus, the MdST method may be quite an effective 

technique for discovering the cellular functions of PPM. 
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3.2 Introduction 

PPMs are Mn2+-/Mg2+-dependent Ser/Thr phosphatases that have 20 isoforms in humans (1). Unlike other 

Ser/Thr phosphatases, PPM phosphatases do not require a regulatory subunit to recognize their substrates. 

The sequence of the catalytic domain and the metal chelating residues are highly conserved. The crystal 

structure of human PPM1A, PPM1B, and PPM1K have been reported and indicate that the 3D structure of 

the catalytic domain is highly conserved in PPM isoforms (2–4). The active center of PPM is negatively 

charged by conserved acidic residues, implying that the charge of the active center needs to be neutralized 

by the coordination of metal ions for the negatively charged substrate phosphate groups to be close to each 

other. Consequently, the coordination of divalent metal ions in the active center of PPM is important for 

substrate recognition. In addition, two Arg residues in the catalytic center of PPM1A interact with the 

substrate phosphate group, and the contribution of these Arg residues differs dependent on the substrate 

sequence. This provides new insights into the mechanism by which PPM1A recognizes a wide range of 

substrate sequences as a monomer. Because these Arg residues are highly conserved in other PPM isoforms, 

it is suggested that all PPM family members can recognize multiple substrate sequences. 

PPM phosphatases are involved in various and important cellular processes such as proliferation, 

differentiation, immune response, and metabolism, and the abnormal functions of PPM cause many diseases 

including cancer (1,5). It is reported that PPM1A and ILKAP have tumor suppressor roles, whereas PPM1D 

functions in tumor progression (6–9). PPM1A is located in the nuclei and cytoplasm of cells, whereas 

PPM1L and PPM1K are localized in the ER and mitochondria. This indicates that each PPM family member 

has different roles in cells, suggesting that they dephosphorylate their specific substrates. However, little is 

known about the substrates of most PPM family members. In the study of signaling pathways that are 

activated by PPM, the identification of their substrates is a major bottleneck. 

It is reported that the pT-X-pY motif is a substrate of PPM1A and PPM1D, and the pS/pT-Q motif is a 

substrate of PPM1D (10–12). However, PPM1A and PPM1D are known to dephosphorylate different 
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sequences to these motifs. There is no report on the substrate motifs of other PPM isoforms. Therefore, it is 

currently difficult to comprehensively search for substrate candidates by database analysis according to 

substrate motif. 

Substrate-trapping methods using inactive mutants of the Tyr phosphatase PTP family and the Ser/Thr 

phosphatase PP1 family were reported as substrate identification methods for phosphatases (13–15). 

However, the active center of PPM is shallower than that of PTP and is involved in catalysis and substrate 

recognition, unlike PP1, which has a regulatory subunit to recognize its specific substrates. It is difficult to 

form PPM–substrate complexes with inactive mutants that change the structure and electric charge of the 

active center, and there has been no report on a substrate identification method for PPM phosphatase. 

Therefore, a substrate identification method for PPM phosphatase to detect the formation of stable complexes 

of PPM and substrate without changes in the electric charge and structure of the active center is required. 

In this study, we report the development of a novel substrate identification method for wild-type PPM, 

“Metal-dependent Substrate Trapping” (MdST). In this method, Mn2+/Mg2+ at the active center of PPM is 

replaced by an inactive divalent metal ion to inhibit its dephosphorylation activity and retain its ability to 

recognize specific substrates, resulting in the formation of stable PPM–substrate complexes. We show that 

the MdST method with Zn2+ is highly specific to the substrate sequence and can trap proteins from cell lysates 

using the active center of PPM1A. This method is an extremely effective method for comprehensively 

identifying the substrates of PPM, which have only been partially discovered to date. 
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3.3 Experimental procedures 

3.3.1 Cell culture and materials 

Human embryonic kidney 293 (HEK293) cells were obtained from ATCC (Rockville, MD) and 

HeLa cells were obtained from ATCC (Rockville, MD). Cells were cultured in Dulbecco’s modified Eagles 

medium with 10% v/v fetal bovine serum, 100 units/mL penicillin, and 100 µg/mL streptomycin in a 

humidified atmosphere of 5% CO2. Primary antibodies used were anti-eEF2 (#2332; Cell Signaling), anti-

FLAG (F1804; Sigma–Aldrich), and anti-HA (H6908; Sigma–Aldrich). Secondary antibodies for western 

blotting and immunocytochemistry were anti-mouse IgG HRP (NA931V; GE Healthcare), anti-rabbit IgG 

HRP (7074S; Cell Signaling), Alexa fluor 488 goat anti-mouse IgG, and Alexa fluor 568 goat anti-rabbit IgG 

(both Invitrogen). 

 

3.3.2 GST-PPM1A pull-downs of phosphopeptides 

A premixed solution of H-eEF2(57pT), H-CaMKII(287pT), H-p38(180pT, 182pY), H-p38(180pT, 

182Y), H-p38(180pS, 182pY), H-p53(15pS), and H-p53(315pS) was prepared in buffer (50 mM Tris HCl 

pH 7.5, 50 mM NaCl, and 0.1% TritonX-100). A total of 50 µL premixed solution was mixed with 50 µL 

Zn2+ solution (0.4 mM ZnCl2, 50 mM Tris HCl pH 7.5, and 50 mM NaCl) followed by incubation with 5 µL 

glutathione Sepharose 4B beads that were fully occupied with GST-PPM1A for 1 h at 4°C. The beads were 

washed four times with 100 µL wash buffer (0.2 mM ZnCl2, 50 mM Tris HCl pH 7.5, and 50 mM NaCl). 

Phosphopeptides trapped by PPM1A were eluted three times with 20 µL elution buffer (10 mM EDTA, 50 

mM Tris HCl pH 7.5, and 50 mM NaCl). AcOH was added to the sample to a final concentration of 10%. 

 

3.3.3 Metal-dependent Substrate Trapping in cell lysates 

HEK293 cells were plated onto 10-cm dishes with 8 mL medium. Cell were washed with 5 mL cell 

wash buffer (50 mM Tris HCl pH 7.5, and 150 mM NaCl) and harvested from six confluent dishes with 900 
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µL lysis buffer. ZnCl2 solution was added to the cell lysate to a final concentration of 0.2 mM and incubated 

for 1 h at 4°C. Ultracentrifugation was performed and the supernatant was mixed with 10 µL glutathione 

Sepharose 4B beads that were fully occupied with GST-PPM1A. After incubation for 1 h at 4°C, beads were 

washed five times with 200 µL beads wash buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, and 0.2 mM 

ZnCl2). Proteins trapped by PPM1A were eluted with elution buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 

and 10 mM EDTA). Depletion of the eluted samples was performed with 5 µL glutathione Sepharose 4B 

beads that were fully occupied with GST. The supernatant of the depleted samples was analyzed by hyper-

sensitive CBB staining or nLC-MS/MS. 

 

3.3.4 Western blotting analysis 

MdST elute after depletion and cell lysates were mixed with 2× sample buffer (100 mM Tris-HCl 

pH6.8, 20% glycerol, 4% SDS, and 12% 2-mercaptoethanol). Proteins in these samples were separated by 

SDS-PAGE or Phos-tag SDS-PAGE, transferred to polyvinylidene difluoride membranes, and detected with 

the antibodies described above by enhanced chemiluminescence. 

 

3.3.5 Immunocytochemistry 

Cells were cultured on glass coverslips and fixed with 3.5% formalin/PBS at 15 min, washed with 

PBS three times, and treated with 0.2% TritonX-100/PBS. To suppress non-specific signals, cells were 

incubated with 10% FBS/PBS. Immunostaining was performed with the antibodies described above. Nuclei 

were stained with DAPI and cells were then observed by fluorescence microscopy (BZ-9000; Keyence). 
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3.4 Results 

3.4.1 Effect of divalent metal ions on PPM1A activity 

To examine the effect of Mn2+ and Mg2+ on the activation of PPM1A, in vitro phosphatase assay 

was performed in the presence of Mn2+ or Mg2+. In the dephosphorylation of eEF2(57pT) and p38(180pT, 

182Y), Mg2+ activated PPM1A more significantly than Mn2+ (Figure 3-1). The effect of stable 4th period 

divalent metal ions (Ca2+, Co2+, Ni2+, Zn2+) on PPM1A activation by Mg2+ was analyzed. In conditions of 

sufficiently high concentrations of phosphopeptide substrate p38(180pT, 182pY), 0.2 mM Zn2+ completely 

inhibited the activation of PPM1A by 30 mM Mg2+ (Figure 3-2A). Furthermore, 0.2 mM Ca2+ had no effect 

on PPM1A activity. In addition, 0.2 mM Co2+ and 0.2 mM Ni2+ reduced PPM1A activity to 88.6% and 71.3%, 

respectively, indicating that the inhibition by Co2+ and Ni2+ was weaker than that of Zn2+. To examine the 

inhibition mode of Zn2+, which showed the strongest inhibition on PPM1A activity, PPM1A activity with 2–

10 mM Mg2+ in the presence of Zn2+ was evaluated. This showed that Zn2+ competitively inhibited PPM1A 

and that the Ki value was 13.25 nM. These results demonstrated that Mg2+ ions in the active center of PPM1A 

were replaced by Zn2+, resulting in the inactivation of PPM1A. To analyze the effect of Zn2+ coordination at 

the active center of the PPM1A structure, CD spectra in the presence of Zn2+ were measured. The results 

showed that CD in the presence of Zn2+ was almost same as the CD without Zn2+, indicating that the 

coordination of Zn2+ at the active center did not change the PPM1A structure (Figure 3-3). Therefore, the 

structure and charge of the active center of PPM1A inactivated by Zn2+ were likely to be close to that of the 

active PPM1A with Mg2+, and that PPM1A bound to Zn2+ recognized the native substrate and formed a 

complex with the substrate. Here, we designed a novel substrate identification method, the MdST method, in 

which the substrate was identified by purifying the complex of PPM1A inactivated by Zn2+ and the substrates 

derived from the cell lysates. PPM phosphatase activated by Mg2+ recognizes its substrate and releases the 

dephosphorylated product. However, in the MdST method, PPM phosphatase inactivated by Zn2+ retains the 

ability to recognize the substrate, resulting in the formation of stable complexes with the substrates (Figure 
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3-4). 
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Figure 3-1. Effect of Mn2+ and Mg2+ on the activation of PPM1A.  

The catalytic activity of PPMM1A was measured with (A) H-eEF2(62–64:57pT) and (B) H-p38(176–

186:180pT, 182Y). The activity with 10 mM Mn2+ is shown as squares, and the activity with 30 mM Mg2+ 

is shown as circles. Experiments were performed in 50 mM Tris HCl pH 7.4, 0.02% 2-mercaptoethanol, 

and 0.1 mM EGTA at 30°C with 10–150 µM peptide. The data points were fitted to the Michaelis–Menten 

equation v = Vmax S/(Km + S) by Prism5 software (Graph Pad Software). 
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Figure 3-2. Inhibition of PPM1A activity by divalent metal ions.  

(A) The catalytic activity of PPM1A for H-p38(176–186: 180pT, 182pY) was measured at a substrate 

concentration of 150 µM with 30 mM Mg2+ and 0.2 mM of each metal ion. Experiments were performed in 

50 mM Tris HCl pH 7.4, 0.02% 2-mercaptoethanol, and 0.1 mM EGTA at 30°C. (B) Double-reciprocal plot 

(1/v vs. 1/(Mg2+]) of the effect of Zn2+ on PPM1A activity for H-p38(176–186: 180pT, 182Y). Zn2+ was the 

inhibitor (0, 10, and 30 nM are shown as circles, triangles, and squares, respectively), and Mg2+ was the 

variable substrate. Experiments were performed in 50 mM Tris HCl pH 7.4. The Ki value was determined 

by global fitting with Prism5 software (Graph Pad Software). 
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Figure 3-3. CD spectra of PPM1A in the presence of Mg2+ and/or Zn2+.  

Spectra for 0 mM Mg2+ (blue), 5 µM Zn2+ (red), and 10 mM Mg2+ and 5 µM Zn2+ (green) are shown. 
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Figure 3-4. Schematic of the Metal-dependent Substrate Trapping model.  

PPM phosphatase recognizes its substrate and releases the dephosphorylated product in the presence of 

Mg2+. PPM phosphatase bound to inactivating metal ions loses its activity but retains the ability to 

recognize the substrate, resulting in the formation of stable complexes with its substrates. 
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3.4.2 Target-specific binding of MdST with Zn2+ 

The Km value of PPM1A for H-p38(180pT, 182pY) and H-p38(180pT, 182Y) was 80.51 µM and 

24.32 µM, respectively. Substitution of Tyr for phospho-Tyr in H-p38(180pT, 182pY) peptide decreased the 

Km value, as previously reported (Km: 63 µM for p38(180pT, 182pY). The kinetic parameters of H-p38(180pS, 

182pY) could not be determined due to the high Km. These results suggested that H-p38(180pT, 182Y) had 

the highest affinity to PPM1A among these p38 peptides, while H-p38(180pS, 182pY) had the lowest affinity. 

The Km value for H-CaMKII(287pT) was 1.4-fold lower than for H-p38(180pT, 182pY). The Km and kcat 

values of H-p53(315pS) could not be determined because of the low activity even at a substrate concentration 

of 150 µM (Figure 3-5, Table 3-1). GST-PPM1A pull-downs for the mixture containing H-CaMKII(287pT), 

H-p38(180pT, 182pY), H-p38(180pT, 182Y), H-p38(180pS, 182pY), and H-p53(315pS) were performed in 

the presence of Zn2+. Standard curves of the intensity of nLC-MS/MS against the amount of each peptide 

trapped by PPM1A were obtained (Figure 3-6). The peptides trapped by PPM1A were quantified with these 

standard curves (Table 3-2). It was shown that H-CaMKII(287pT), H-p38(180pT, 182pY), H-p38(180pT, 

182pY), and H-p38(180pS, 182pY) were trapped by PPM1A 17–163 times more than H-p53(315pS). 

Although the dephosphorylation activity of PPM1A for H-p38(180pS, 182pY) was low, H-p38(180pS, 

182pY) was pulled down by PPM1A to almost the same amount as H-p38(180pT, 182pY). These results 

showed that MdST with Zn2+ is highly specific to the substrate sequence. The crystal structure of AgaP, the 

PPM phosphatase of Anopheles gambiae, has been reported in a bound state with Zn2+. The homology model 

structure of PPM1A constructed using the AgaP crystal structure as the template was prepared. The overall 

crystal structure and homology model of PPM1A were the same (Figure 3-7A). The homology model of 

AgaP constructed using PPM1A crystal structure as the template was the same as the AgaP crystal structure 

(Figure 3-7B). In addition, the positions of the Asp side chains of the active center of PPM1A and AgaP were 

found to be in the same position as the Asp side chains in their homology model structures (Figure 3-7C, D). 

These findings suggest that the Mg2+ in the PPM1A active center was replaced by Zn2+ and that the overall 
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structure and Asp position of PPM1A remained unchanged. It was shown that PPM1A was inactivated by the 

replacement of Mn2+/Mg2+ with Zn2+ at the active center and that the replacement did not change the PPM1A 

structure. 

 Avidin-biotinylated peptide complex was prepared as a mimic of the substrate protein. GST-

PPM1A pull-down for avidin-biotinylated peptide complexes was performed in the presence of Zn2+ (Figure 

3-8A). The complex trapped by PPM1A was eluted by EDTA and detected by silver staining. The complex 

with CaMKII(287pT) peptide, which was dephosphorylated by PPM1A, was trapped more than the complex 

with p53(15pS) or p53(315pS) (Figure 3-8B). These results showed that the substrate proteins can be trapped 

by MdST with Zn2+. 

3.4.3 Pull-down of the cellular substrate of PPM1A 

To confirm that cellular proteins were specifically trapped by the MdST method, GST-PPM1A pull-

down of lysates from HEK293 cells was performed. The proteins bound to the catalytic center of PPM1A in 

a Zn2+-dependent manner were eluted by EDTA. Non-specific proteins were removed by depletion with 

glutathione beads occupied by GST. Phos-tag SDS-PAGE for cells stimulated by nocodazole and western 

blotting with anti-eEF2 antibody showed that eEF2 was phosphorylated in cells and that the phosphorylation 

of eEF2 was decreased (Figure 3-9A). Western blotting with anti-eEF2 antibody for proteins trapped by the 

MdST method clearly showed that eEF2 was specifically trapped by PPM1A in the presence of Zn2+ (Figure 

3-9B). In the silver-stained gel, PPM1A-specific bands were observed when the pull-down was performed 

with Zn2+, whereas these PPM1A-specific bands were not observed when the pull-down was performed with 

Mn2+ or Ca2+ (Figure 3-10A and B). These results showed that the MdST method is Zn2+-dependent and that 

the endogenous cellular substrates of PPM1A can be trapped by this method. 

 

3.4.4 Identification of candidate novel cellular substrates of PPM1A 

To identify the novel substrates of PPM1A, MdST with Zn2+ for lysates from HEK293 cells was 
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performed and the sample was analyzed by hyper-sensitive CBB staining. Because the detection sensitivity 

of hyper-sensitive CBB is lower than that of silver staining, the bands observed in Figure 11 were fewer than 

those in Figure 10A but the pattern of the bands was the same. PPM1A-specific bands, bands A–C (indicated 

by arrow heads), were trypsinized and analyzed by nLC-MS/MS. In addition, bands D and E found in both 

PPM1A and GST were also analyzed by nLC-MS/MS. In each band, several proteins were identified. Forty 

proteins were listed in the order of the nLC-MS/MS score, which indicated the confidence of the 

identification (Tables 3-3 – 3-7). For band B, which showed the strongest signal by CBB staining, PPM1A 

was detected as the protein with the highest score, suggesting that part of GST-PPM1A for MdST was eluted 

(Table 3-4). In bands B and C, lamin A and lamin C, the splice variants encoded by LMNA gene, were 

identified as the proteins with the highest scores (Table 3-3, 3-5). In bands D and E, α-actin was identified 

as the protein with the highest score, indicating that band D was mainly non-specific protein. However, eEF2, 

the reported substrate of PPM1A, was detected only in band D, but not in band E (Table 3-6, 3-7). This result 

showed that substrates of PPM1A can be identified by this in-gel digestion method. The shotgun method for 

MdST samples was performed, and lamin A/C was detected as having the highest score with a coverage of 

94% (Table 3-8). PPM1A was identified as the second highest scoring protein, suggesting that GST-PPM1A 

used for MdST was also detected by the shotgun method. Cortactin was detected as the third highest scoring 

protein. Cortactin was also detected in band A by in-gel digestion (Table 3-3). In addition, eEF2 was also 

detected by the shotgun method (Table 3-8). Eight phospho-Ser/Thr sites in lamin A/C and six phospho-

Ser/Thr sites in cortactin were detected by the shotgun method (Figure 3-12, 3-13). In summary, 

phosphorylated substrates are trapped by the MdST method in principle. Therefore, it is possible that these 

phospho-Ser/Thr residues are substrates of PPM1A. 
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Figure 3-5 PPM1A dephosphorylation activity of phosphopeptides. 

Catalytic activity was measured with (A) H-eEF2(62–64: 57pT), (B) H-CaMKIIg(287pT), (C) H-p38(176–

186: 180pT, 182pY), (D) H-p38(176–186: 180pT, 182Y), (E) H-p38(176–186: 180pS, 182pY), (F) H-

p53(15pS), and (G) H-p53(315pS). Experiments were performed in 50 mM Tris HCl pH 7.4, 30 mM MgCl2, 

0.02% 2-mercaptoethanol, and 0.1 mM EGTA at 30°C. The data points were fitted to the Michaelis–Menten 

equation v = Vmax S/(Km + S) by Prism5 software (Graph Pad Software). (A) and (C) are the same data as the 

plots with Mg2+ of Figure 1A and B, respectively. 
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Table 3-1. Kinetic parameters of the dephosphorylation activity of PPM1A for phosphopeptides 

a NA, not active. Unable to determine kinetic parameters. 

 

 

  

peptide sequence 
Km 

(µM) 

kcat 

(s-1) 

kcat/Km 

(x104,s-1M-1) 

H-eEF2(52-64:57pT) H-WG-GETRF(pT)DTRKDEQ-NH2 78.88 3.13  3.97 

H-CaMKII(282-292:287pT) H-WG(Nle)HRQE(pT)VE(Abu)LR-NH2 58.34 3.92  6.72  

H-p38(176-186:180pT,182pY) H-DDE(Nle)(pT)G(pY)VATR-NH2 80.51 5.98  7.43  

H-p38(176-186:180pT,180Y) H-DDE(Nle)(pT)GYVATR-NH2 24.32 4.32  17.76 

H-p38(176-186:180pS,182pY) H-DDE(Nle)(pS)G(pY)VATR-NH2 NAa NAa NAa 

H-p53(10-24:15pS) H-VEPPL(pS)QETFSDLWK-NH2 NAa NAa NAa 

H-p53(309-323:315pS) H-WNNTSS(pS)PQPKKKPL-NH2 NAa NAa NAa 
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Figure 3-6. Standard curves for nLC-MS/MS intensity of phosphopeptides.  

The standard curves of (A) H-CaMKII(287pT), (B) H-p38(176-186:180pT, 182pY), (C) H-p38(176–

186:180pT, 182Y), (D) H-p38(176–186:180pS, 182pY), and (E) H-p53(315pS) are shown. 
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Table 3-2. GST-PPM1A pull-down of phosphopeptides 

Phosphopeptides trapped by PPM1A in the presence of Zn2+ were quantified by nLC-MS/MS intensity and 

standard curves 

peptide sequence trapped (pmol) 

H-CaMKII(282-292:287pT) H-WG(Nle)HRQE(pT)VE(Abu)LR-NH2 1.47 ± 0.98 

H-p38(176-186:180pT,182pY) H-DDE(Nle)(pT)G(pY)VATR-NH2 0.192 ± 0.033 

H-p38(176-186:180pT,180Y) H-DDE(Nle)(pT)GYVATR-NH2 0.303 ± 0.014 

H-p38(176-186:180pS,182pY) H-DDE(Nle)(pS)G(pY)VATR-NH2 0.153 ± 0.017 

H-p53(309-323:315pS) H-WNNTSS(pS)PQPKKKPL-NH2 0.009 ± 0.0006 
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Figure 3-7. Three-dimensional structure of PPM1A and AgaP. 

(A) Crystal structure of human PPM1A with Mn2+ (PDB ID: 1A6Q) and a homology model structure of 

PPM1A constructed using the crystal structure of Zn2+-bound AgaP (PDB ID: 2I0O) as a template. Mn2+ is 

indicated by gray balls. (B) Crystal structure of human AgaP with Zn2+ (PDB ID: 2I0O) and a homology 

model structure of AgaP constructed using the crystal structure of Mn2+-bound PPM1A (PDB ID: 1A6Q) as 

a template. Zn2+ is indicated by green balls. The active center of the super imposed structure of PPM1A (C) 

and AgaP (D). 
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Figure 3-8. GST-PPM1A pull-down with Zn2+ for avidin-biotinylated peptide complexes 

(A) Schematic of GST-PPM1A pull-down of the complexes. (B) Avidin protein eluted by EDTA was detected 

by silver staining. 
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Figure 3-9. PPM1A-specific trapping of the reported substrate, eEF2.  

(A) Phos-tag SDS-PAGE for HEK293 cell lysates. Western blotting was performed with anti-eEF2 antibody. 

(B) SDS-PAGE and western blotting was performed with anti-eEF2 antibody for the MdST samples. 
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Figure 3-10. Zn2+-dependent trapping of cellular proteins.  

MdST experiments were performed with Zn2+, Mn2+, and Ca2+. Trapped proteins were analyzed by silver 

staining. 
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Figure 3-11. Hyper-sensitive CBB staining for MdST samples. 

In-gel digestion and nLC-MS/MS analysis were performed for the bands indicated by arrow heads. 
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Table 3-3. nLC-MS/MS-detected proteins in band A (top 30) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Protein Score Coverage 

Prelamin-A/C 372.95 63.86 

Isoform ADelta10 of Prelamin-A/C 355.54 64.51 

Isoform 6 of Prelamin-A/C 346.39 61.89 

Isoform C of Prelamin-A/C 334.67 64.16 

Isoform 5 of Prelamin-A/C 308.62 64.25 

Isoform 4 of Prelamin-A/C 308.62 63.24 

Endoplasmic reticulum chaperone BiP 86.17 35.17 

Src substrate cortactin 76.13 37.09 

Keratin, type II cytoskeletal 1 75.57 24.69 

Isoform 3 of Src substrate cortactin 70.31 35.87 

Isoform 2 of Src substrate cortactin 66.81 27.13 

Keratin, type I cytoskeletal 10 61.90 20.03 

Keratin, type II cytoskeletal 2 epidermal 50.82 25.20 

BAG family molecular chaperone regulator 3 39.87 32.17 

Septin-9 31.03 16.89 

Isoform 2 of Septin-9 31.03 17.43 

Isoform 5 of Septin-9 31.03 17.10 

Isoform 7 of Septin-9 31.03 17.46 

Isoform 3 of Septin-9 20.82 17.06 

Alpha-actinin-1 15.89 5.72 

Alpha-actinin-4 15.89 5.60 

Isoform 4 of Alpha-actinin-1 15.89 5.48 

Isoform 2 of Alpha-actinin-1 15.89 5.75 

Isoform 3 of Alpha-actinin-1 15.89 5.58 

Isoform 4 of Septin-9 12.07 12.54 

Isoform 8 of Septin-9 12.07 8.86 

Isoform 9 of Septin-9 12.07 11.60 

Isoform ACTN4ISO of Alpha-actinin-4 11.88 5.64 

Keratin, type II cytoskeletal 6B 11.80 5.14 

Keratin, type I cytoskeletal 14 11.24 3.81 
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Table 3-4. nLC-MS/MS-detected proteins in band B (top 30) 

Protein Score Coverage 

Protein phosphatase 1A 424.70 79.84 

Isoform 3 of Protein phosphatase 1A 424.70 67.03 

Isoform Alpha-2 of Protein phosphatase 1A 308.02 75.31 

PDZ and LIM domain protein 5 180.34 47.82 

Isoform 7 of PDZ and LIM domain protein 5 151.88 42.44 

Isoform 4 of PDZ and LIM domain protein 5 151.88 42.09 

Isoform 6 of PDZ and LIM domain protein 5 132.61 29.76 

Keratin, type II cytoskeletal 1 88.57 31.52 

Lamin-B1 85.00 33.62 

Keratin, type II cytoskeletal 2 epidermal 76.76 22.38 

Heat shock cognate 71 kDa protein 73.61 29.41 

Prelamin-A/C 70.33 27.56 

Isoform C of Prelamin-A/C 70.33 31.99 

Isoform 6 of Prelamin-A/C 70.33 29.80 

Keratin, type I cytoskeletal 10 69.65 25.68 

Src substrate cortactin 66.47 27.27 

Isoform 3 of Src substrate cortactin 66.47 27.88 

Isoform ADelta10 of Prelamin-A/C 65.85 26.66 

Isoform 2 of Heat shock cognate 71 kDa 

protein 

61.49 30.02 

Isoform 3 of PDZ and LIM domain protein 5 61.33 51.87 

Lamin B1, isoform CRA_a 61.15 47.72 

Isoform 2 of Src substrate cortactin 59.46 20.66 

Isoform 2 of PDZ and LIM domain protein 5 58.68 41.45 

Protein phosphatase 1B 57.98 6.89 

Isoform Beta-2 of Protein phosphatase 1B 57.98 8.53 

Isoform 4 of Protein phosphatase 1B 57.98 8.68 

Isoform 5 of Protein phosphatase 1B 57.98 10.09 

Uncharacterized protein 57.98 8.59 

Isoform 5 of Prelamin-A/C 48.08 24.07 

Isoform 4 of Prelamin-A/C 48.08 23.69 
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Table 3-5. nLC-MS/MS-detected proteins in band C (top 30) 

Protein Score Coverage 

Isoform C of Prelamin-A/C 466.36 77.62 

Prelamin-A/C 444.90 62.95 

Isoform 6 of Prelamin-A/C 444.90 68.08 

Isoform ADelta10 of Prelamin-A/C 418.59 63.56 

Isoform 5 of Prelamin-A/C 344.90 58.76 

Isoform 4 of Prelamin-A/C 344.90 57.84 

Keratin, type II cytoskeletal 1 279.24 54.97 

Protein phosphatase 1A 197.50 63.09 

Isoform 3 of Protein phosphatase 1A 197.50 52.97 

Keratin, type I cytoskeletal 10 192.39 58.56 

Isoform Alpha-2 of Protein phosphatase 1A 156.58 61.11 

Keratin, type II cytoskeletal 2 epidermal 145.08 51.49 

Stress-induced-phosphoprotein 1 143.60 44.75 

Isoform 2 of Stress-induced-phosphoprotein 1 143.60 41.19 

Isoform 3 of Stress-induced-phosphoprotein 1 130.39 45.47 

Keratin, type I cytoskeletal 9 79.01 26.97 

Paraspeckle component 1 55.96 24.47 

PDZ and LIM domain protein 5 53.10 34.56 

Isoform 2 of Paraspeckle component 1 46.19 25.70 

Keratin, type II cytoskeletal 5 34.77 15.59 

Isoform 7 of PDZ and LIM domain protein 5 32.42 27.54 

Isoform 4 of PDZ and LIM domain protein 5 32.42 27.31 

Isoform 6 of PDZ and LIM domain protein 5 27.32 18.24 

Keratin, type I cytoskeletal 14 24.50 13.14 

Keratin, type II cytoskeletal 6B 23.96 10.11 

Keratin, type II cytoskeletal 2 oral 23.51 7.37 

Keratin, type I cytoskeletal 16 21.97 10.99 

Protein phosphatase 1B 21.68 6.47 

Isoform Beta-2 of Protein phosphatase 1B 21.68 8.01 

Isoform 4 of Protein phosphatase 1B 21.68 8.16 
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Table 3-6. nLC-MS/MS-detected proteins in band D (top 30) 

Protein Score Coverage 

Alpha-actinin-4 406.57 72.34 

Isoform ACTN4ISO of Alpha-actinin-4 299.07 68.35 

Alpha-actinin-1 251.95 57.06 

Isoform 3 of Alpha-actinin-1 251.95 55.69 

Isoform 2 of Alpha-actinin-1 237.61 55.13 

Isoform 4 of Alpha-actinin-1 230.86 50.97 

Isoform 3 of Alpha-actinin-4 219.77 66.03 

Alpha-actinin-2 105.53 16.44 

Isoform 2 of Alpha-actinin-2 105.53 16.44 

Splicing factor, proline- and glutamine-rich 95.55 28.85 

Keratin, type II cytoskeletal 1 92.52 24.53 

Isoform Short of Splicing factor, proline- and 

glutamine-rich 

82.10 26.46 

Targeting protein for Xklp2 64.96 27.98 

Keratin, type II cytoskeletal 2 epidermal 59.76 23.47 

Isoform 2 of Targeting protein for Xklp2 57.46 23.63 

Keratin, type I cytoskeletal 10 53.34 24.32 

Alpha-actinin-3 52.02 11.54 

Elongation factor 2 38.75 15.73 

DNA replication licensing factor MCM3 22.04 10.27 

Isoform 2 of DNA replication licensing factor 

MCM3 

22.04 9.73 

Serum albumin 18.12 4.43 

Albumin, isoform CRA_k 18.12 6.47 

Isoform 2 of Serum albumin 18.12 6.47 

Isoform 3 of Serum albumin 15.76 3.79 

Keratin, type I cytoskeletal 14 14.15 7.63 

Keratin, type I cytoskeletal 16 10.65 4.86 

Endoplasmin 9.89 4.11 

Keratin, type II cytoskeletal 6B 9.76 5.32 

Keratin, type II cytoskeletal 1b 9.29 2.08 

Keratin, type I cytoskeletal 28 8.35 3.45 
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Table 3-7. nLC-MS/MS-detected proteins in band E (top 30) 

Protein Score Coverage 

Alpha-actinin-4 348.43 73.22 

Keratin, type II cytoskeletal 1 319.73 53.57 

Isoform ACTN4ISO of Alpha-actinin-4 245.27 69.51 

Keratin, type I cytoskeletal 9 223.36 55.06 

Keratin, type II cytoskeletal 2 epidermal 223.15 64.48 

Keratin, type I cytoskeletal 10 216.60 51.71 

Isoform 3 of Alpha-actinin-4 161.91 65.83 

Alpha-actinin-1 144.67 30.27 

Isoform 4 of Alpha-actinin-1 144.67 29.03 

Isoform 2 of Alpha-actinin-1 144.67 30.44 

Isoform 3 of Alpha-actinin-1 144.67 29.54 

Keratin, type II cytoskeletal 5 117.67 44.41 

Alpha-actinin-2 106.28 13.53 

Isoform 2 of Alpha-actinin-2 106.28 13.53 

Keratin, type I cytoskeletal 14 103.98 48.52 

Keratin, type II cytoskeletal 6B 57.10 21.28 

Keratin, type II cytoskeletal 6A 55.18 22.87 

Keratin, type II cytoskeletal 6C 55.18 22.87 

Alpha-actinin-3 52.19 10.43 

Hornerin 47.14 14.18 

Keratin, type I cytoskeletal 16 46.66 17.97 

Splicing factor, proline- and glutamine-rich 46.60 17.68 

Keratin, type II cytoskeletal 2 oral 37.32 9.87 

Keratin, type II cytoskeletal 75 36.67 13.25 

Keratin, type I cytoskeletal 17 35.63 16.44 

Isoform Short of Splicing factor, proline- and 

glutamine-rich 

33.28 14.65 

Keratin, type II cytoskeletal 3 31.56 7.32 

Keratin, type II cytoskeletal 1b 29.00 3.63 

Keratin, type II cytoskeletal 8 26.38 7.66 

Isoform 2 of Keratin, type II cytoskeletal 8 26.38 7.24 
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Table 3-8. Genes detected by the shotgun method (top 50) 

Ranking Gene Score Coverage  Ranking Gene Score Coverage 

1 LMNA 676.95 93.98  26 FAM136A 53.60 80.43 

2 PPM1A 429.62 87.43  27 PPM1B 52.19 6.89 

3 CTTN 357.62 74.73  28 CALU 51.94 47.94 

4 SERBP1 310.59 64.22  29 DHX15 47.99 17.74 

5 CLIP2 176.67 57.07  30 SEPTIN7 47.45 37.07 

6 PPIA 131.60 84.24  31 MYL6 46.02 83.44 

7 ACTB 127.84 50.67  32 RANBP1 45.27 62.19 

8 ACTG1 127.84 50.67  33 CLIP1 44.02 15.44 

9 ACTN4 118.06 27.44  34 SEPTIN2 43.36 47.37 

10 FSCN1 117.90 46.45  35 LMNB1 41.28 20.48 

11 ACTA1 95.13 31.03  36 HNRNPA1P48 38.80 38.55 

12 ACTC1 95.13 31.03  37 PDLIM5 38.45 16.78 

13 ACTA2 93.14 28.12  38 PRDX1 37.46 53.77 

14 ACTG2 93.14 28.19  39 RPS12 37.03 67.42 

15 CFL1 84.78 79.52  40 HNRNPA3 36.75 24.87 

16 CCDC50 84.54 67.32  41 CBR1 36.15 36.10 

17 STIP1 82.76 39.96  42 ANXA2 34.55 24.78 

18 PKM 79.11 43.13  43 ALDOA 34.12 42.58 

19 SEPTIN9 75.96 60.24  44 MYH9 33.85 7.45 

20 HNRNPA1 70.88 56.25  45 ACTN2 31.69 7.27 

21 WDR1 59.18 46.53  46 TPM3 30.24 43.55 

22 ACTN1 55.43 13.34  47 EEF2 28.88 21.21 

23 SMAP 55.14 28.42  48 SF3A1 28.67 18.03 

24 C11orf58 55.14 33.12  49 SFPQ 27.64 17.11 

25 CPOX 55.06 41.63  50 CSRP1 27.30 45.60 
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Figure 3-12. Sequence of lamin A/C homologous region (amino acids 1–566). 

Eight phospho-Ser and phospho-Thr residues were found in this region (indicated by arrowheads). 
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Figure 3-13. Sequence of cortactin.  

Six phospho-Ser and phospho-Thr residues were identified in this region (indicated by arrowheads). 
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3.4.5 Identification of the dephosphorylation site of lamin A/C by PPM1A 

To examine the dephosphorylation of phospho-Ser/Thr of lamin A/C and cortactin identified by the 

shotgun method, in vitro phosphatase assay of PPM1A for tri- or di-phosphopeptides containing these 

phospho-Ser/Thr residues was performed. Lamin A/C(17–32: 22pS, 24pT, 27pT) was highly 

dephosphorylated, although lamin A/C(385–397: 390pS, 392pS) and lamin A/C (398–411:403pS, 404pS, 

406pS) were not dephosphorylated by PPM1A (Figure 3-14A). It was also shown that PPM1A 

dephosphorylates cortactin(394–410: 399pT, 401pT, 405pS) and cortactin(406–423:411pT, 417pS, 418pS). 

These results showed that lamin A/C and cortactin are candidate novel substrates of PPM1A. Here, we 

focused on lamin A/C and performed an in vitro phosphatase assay for mono-phosphopeptides containing 

phospho-Ser22, phospho-Thr24 or phospho-Thr27 to examine the dephosphorylation of lamin A/C by 

PPM1A in detail. Although GST-tagged PPM1A showed no dephosphorylation activity for lamin A/C(17–

32: 22pS) at a substrate concentration of 250 µM, lamin A/C(17–32: 24pT) and lamin A/C(17–32: 27pT) 

were highly dephosphorylated by PPM1A. The kcat/Km values of PPM1A for lamin A/C(17–32: 24pT) and 

lamin A/C(17–32: 27pT) were 4.88 × 104 s-1M-1 and 2.45 × 104 s-1M-1, respectively, which were higher than 

that of H-p38(176–186: 180pT, 182pY) (kcat/Km: 2.34 × 104 s-1M-1) (Figure 3-14B). These results suggested 

that lamin A/C is dephosphorylated by PPM1A at Thr24 and Thr27. 

 

3.4.6 Dephosphorylation of lamin A/C by PPM1A in cells 

In this study, we focused on lamin C as a candidate PPM1A substrate. Because MdST for cell 

lysates showed that the signal of the lamin C band was higher than that of lamin A, even though both lamin 

A and lamin C were trapped, one can assume that PPM1A affected lamin C more strongly than lamin A. To 

confirm lamin A/C dephosphorylation by PPM1A in cells, FLAG3-lamin C was overexpressed in HEK293 

cells and phosphorylation of lamin C was evaluated by Phos-tag SDS-PAGE. Lamin C showed various 

phosphorylation states (Figure 3-15). There was less hyperphosphorylated lamin C when PPM1A(WT) was 
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co-expressed than when PPM1A(D239N) was co-expressed, and the hyperphosphorylation of lamin 

C(T24A/T27A) was similar in PPM1A(WT) and PPM1A(D239N). This result indicates that PPM1A 

dephosphorylates lamin C at Thr24 and Thr27 in cells. The phosphorylation state of lamin C in M phase-

arrested HeLa cells by nocodazole and in cells after nocodazole release was evaluated because the 

phosphorylation of lamin A/C is known to be affected by the cell cycle. The signal of the relevant band 

increased after nocodazole release in lamin C(WT), although no alternative was found in lamin 

C(T24A/T27A) (Figure 3-16). This result suggested that the phosphorylation of Thr24 and Thr27 has roles 

in mitosis. 

 

3.4.7 Colocalization of lamin C and PPM1A in cells 

To examine the role of dephosphorylation of lamin A/C at Thr24 and Thr27, the localization of 

overexpressed FLAG3-lamin C and PPM1A-HA was observed in HeLa cells. Lamin C was located in the 

nucleus, and a ring-shaped structure of lamin C was observed in telophase nuclei. PPM1A was located in the 

nucleus and cytoplasm, and in cells that contained ring-shaped lamin C, PPM1A was accumulated inside the 

ring. Lamin C(T24A/T27A) and the phospho-mimetic mutant at Thr24 and Thr27, lamin C(T24D/T27D), 

did not show formation of the ring-shaped structure. PPM1A accumulation was not evident in cells expressing 

lamin C(T24A/T27A) or lamin C (T24D/T27D) (Figure 3-17). The ring-shaped structure of lamin C(WT) 

was also observed when PPM1A(D239N) was expressed, and PPM1A(D239N) was accumulated inside the 

lamin C ring similarly to PPM1A(WT) (Figure 3-18). These results suggested that the nuclear localization 

of PPM1A is strongly associated with the localization of lamin C, and that the accumulation of PPM1A inside 

the ring-shaped structure is independent of its activity. 
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3.5 Discussion 

In this study, PPM1A was selected as the model phosphatase for the development of the MdST 

method. PPM1A has many roles including in immune response, cell differentiation, and cell cycle regulation 

(16–19). We proposed a model in which PPM1A recognized various substrate sequences using two Arg 

residues to interact with the substrate phosphate in Section 2 of this thesis. This suggests that the substrates 

identified to date are PPM1A substrates. 

 Here, as a method that can comprehensively identify the substrate of PPM phosphatase, we 

designed the MdST method in which a stable PPM–substrate complex is formed through the replacement of 

Mg2+ with Zn2+ at the active center. In vitro phosphatase assay showed that the Km value of PPM1A was 

lowest for H-p38(180T, 182pY) and largest for H-p38(180T, 182pY) in three p38 peptides. In GST-PPM1A 

pull-down with Zn2+, H-p38(180T, 182Y) was the most frequently trapped peptide, while H-p38(180pS, 

182pY) was the least frequently trapped among the three p38 peptides. Therefore, it was suggested that MdST 

with Zn2+ is a system that reflects the Km value for substrates that have the same binding mode. Although the 

CaMKII peptide had a larger Km value than H-p38(180pT, 182Y), a larger amount was trapped than H-

p38(180pT,182Y). This suggests that CaMKII and p38 have different binding modes. 

 eEF2, the reported substrate of PPM1A, was trapped in a PPM1A-scpecific manner by MdST from 

HEK293 cell lysates, indicating that MdST with Zn2+ is an effective method for identifying cellular substrates. 

A large number of proteins previously unknown as substrates for PPM1A were detected by in-gel digestion 

and the shotgun method. In this study, we focused on lamin A/C, which had the highest nLC-MS/MS score, 

and identified Thr24 and Thr27 in lamin A/C as substrates of PPM1A. 

 The band indicated by the arrowhead in Figure 16 did not have the fastest migration and was 

increased by the overexpression of PPM1A(WT), indicating that this lamin C species was phosphorylated at 

sites other than Thr24 and Thr27. This suggested that dephosphorylation of lamin C at Thr24 and Thr27 by 

PPM1A induced the phosphorylation of other lamin C sites. Phosphorylation of these sites was increased by 
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stimulation of G2/M cell cycle arrest with nocodazole. It has been reported that lamin C is phosphorylated at 

multiple sites including Ser22 and Ser392 during G2/M phase and at Thr27 by PLK1. Therefore, it was 

suggested that the role of PPM1A in lamin C is to promote the phosphorylation of other sites through the 

dephosphorylation of Thr24 and Thr27. PPM1A is located inside the ring-shaped structure of lamin C in 

telophase cells. It has been reported that lamin A/C(1–431), which does not contain an Ig fold domain, forms 

an "intranucleoplasmic ring" in the nuclei of HeLa cells, which is similar to the nuclear structure observed 

this study (20), but the formation mechanism and functions are unknown. The formation of the ring-shaped 

structure of lamin C in HeLa cells was independent of PPM1A activity, and the accumulation of PPM1A as 

bright spots in the nucleus was not shown when lamin C(T24A/T27A) and lamin C(T24D/T27D) were 

expressed with PPM1A. These findings suggested that the accumulation of PPM1A was induced in a lamin 

C(WT)-dependent manner and that the phosphorylation of lamin C at either Thr24 or Thr27 is important for 

the formation of the ring-shaped structure. It is possible that lamin C phosphorylated at either Thr24 or Thr27 

accumulates with PPM1A in the ring-shaped structure in telophase and its dephosphorylation by PPM1A 

occurs after the disruption of the ring-shaped structure. More detailed experiments are needed to clarify the 

role of PPM1A for lamin C. 
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Figure 3-14. Catalytic activity of PPM1A for lamin A/C and cortactin phospho-peptides.  

(A) PPM1A activity for tri- or di-phosphorylated peptides of lamin A/C and cortactin. (B) PPM1A activity 

for mono-phosphorylated peptides derived from lamin A/C 17–32. Experiments were performed in 50 mM 

Tris HCl pH 7.4, 30 mM MgCl2, 0.02% 2-mercaptoethanol, and 0.1 mM EGTA at 30°C. The data points were 

fitted to the Michaelis–Menten equation v = Vmax S/(Km + S) by Prism5 software (Graph Pad Software). 
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Figure 3-15. Effect of PPM1A on the phosphorylation state of lamin C.  

Phos-tag SDS-PGE for FLAG-tagged lamin C(WT) and (T24A/T27A) overexpressed with WT or inactive 

mutant PPM1A in HEK293 cells was performed, and lamin C proteins were detected by anti-FLAG antibody. 

The cells were stimulated with nocodazole for 16 h. 
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Figure 3-16. Effect of nocodazole release on the phosphorylation of lamin C.  

Phos-tag SDS-PGE for FLAG-tagged lamin C(WT) and (T24A/T27A) overexpressed in HeLa cells was 

performed, and lamin C proteins were detected by anti-FLAG antibody. 
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Figure 3-17. Localization of lamin C mutants expressed with wild-type PPM1A in HeLa cells.  

FLAG-tagged lamin C and HA-tagged PPM1A were expressed and stained with anti-FLAG antibody and 

anti-HA antibody, respectively. Nuclei were stained with DAPI. 
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Figure 3-18 Localization of PPM1A mutants expressed with wild-type lamin C in HeLa cells.  

FLAG-tagged lamin C and HA-tagged PPM1A were expressed and stained with anti-FLAG antibody and 

anti-HA antibody, respectively. Nuclei were stained with DAPI. 
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4. Conclusions 

 

Ser/Thr phosphatase PPM family proteins function as monomeric enzymes, unlike other Ser/Thr 

phosphatase family members. PPMs have various crucial roles including in proliferation, differentiation, 

metabolism, and immune response, and the abnormal functions of PPMs are reported to cause many diseases 

such as cancer. However, the substrates of many PPM isoforms are still unknown. This is a major bottleneck 

in the understanding of the physiological functions of the PPM family. Each PPM phosphatase has an isoform 

specific N-terminal region, C-terminal region, and loop region, and these isoform-specific regions are 

important for the regulation of the cellular functions of PPM and for the interaction with their targets. The 

catalytic domain, whose primary sequence is highly conserved, is important for the recognition of the 

substrate phosphate group and the adjacent sequences. In the case of PPM1A, substrates with different 

sequence motifs can be dephosphorylated by PPM1A, but the mechanism of this substrate recognition is 

unclear. In this study, we revealed the role of two arginine residues in the vicinity of the active center of 

PPM1A. Furthermore, we developed a novel substrate identification method, “Metal-dependent Substrate 

Trapping,” based on the metal-dependent regulation of PPM activity and identified the nuclear lamina protein 

lamin C as the PPM1A substrate. 

 In Chapter 2, we investigated the effect of Arg33 and Arg186 on PPM1A dephosphorylation activity. 

Gln substitution at Arg33 increased the Km value and decreased the kcat value of PPM1A for pNPP, whereas 

substitution at Arg186 had little effect. However, both Gln substitutions at Arg33 and Arg186 significantly 

decreased the kcat value of PPM1A for the model phosphopeptide Ac-Gly-pThr-Gly-NH2. Docking model 

analysis showed that the phosphate group of Ac-Gly-pThr-Gly-NH2 can be positioned at a distance capable 

of interacting with Arg186. The substitution at Arg33 and Arg186 showed different effects on PPM1A activity 

depending on the sequence of the substrate. These observations suggested that both Arg33 and Arg186 

interact with the phosphate group of the substrate and that the contribution of these arginine residues on this 

recognition is different depending on the nature of the substrate. PPM1A has three grooves around the active 
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center (Figure 4-1). In the crystal structure of PPM1A complexed with peptide with the (pT)I(pY) sequence, 

the side chain of Ile is located at hydrophobic Cleft 1. The residue at P+1 position of p53(20pT) peptide is 

Asp, and R186Q substitution had a greater effect on activity than R33Q substitution, as with the Ac-GlpThr-

Gly-NH2 peptide. Here, we propose a model in which PPM1A uses these grooves and Arg33 and Arg186, 

depending on the substrate, to recognize a variety of substrate sequences. 

 In Chapter 3, we developed a novel substrate identification method for WT PPM and identified 

lamin C as a novel substrate of PPM1A. In this chapter, we designed the novel substrate identification method 

“Metal-dependent Substrate Trapping” based on the new principle that Mg2+ in the active center of PPM is 

replaced by inactivating metal ions, resulting in inactive PPM that retains its ability to recognize the substrate 

to form stable enzyme–substrate complexes. MdST with Zn2+ for the phosphopeptide mixture and cell lysate 

showed that MdST is a highly specific method for the target sequence and that the endogenous substrate can 

be obtained by this method. In addition, lamin C was identified as a novel substrate of PPM1A. PPM1A 

dephosphorylated phosphopeptides containing the lamin C sequence with phospho-Thr24 or phospho-Thr27, 

and the phosphorylation state of WT lamin C in cell was induced to be similar to that of the non-

phosphorylated mutant lamin C by overexpression of PPM1A. We found that lamin C forms a ring-shaped 

structure in cells and that PPM1A is strongly localized in the ring-shaped structure. These results suggested 

that PPM1A and lamin C interact in M phase cells. 

 In summary, we revealed the role of two arginine residues that are highly conserved in the PPM 

family and succeeded in developing a novel substrate identification method that can be applied to all PPM 

isoforms. This study provides new insights into the mechanism by which PPM proteins recognize their 

substrates and promotes the elucidation of PPM functions through the comprehensive identification of their 

substrates. 
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Figure 4-1 Three clefts around the active center of PPM1A. 

The surface model of PPM1A (PDB: 6B67) is shown. The three clefts are indicated by the labels. 
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