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Abstract

:

Protein phosphorylation is a prevalent translational modification, and its dysregulation has been implicated in various diseases, including cancer. Despite its significance, there is a lack of specific inhibitors of the FCP/SCP-type Ser/Thr protein phosphatase Scp1, characterized by high specificity and affinity. In this study, we focused on adnectin, an antibody-mimetic protein, aiming to identify Scp1-specific binding molecules with a broad binding surface that target the substrate-recognition site of Scp1. Biopanning of Scp1 was performed using an adnectin-presenting phage library with a randomized FG loop. We succeeded in identifying FG-1Adn, which showed high affinity and specificity for Scp1. Ala scanning analysis of the Scp1-binding sequence in relation to the FG-1 peptide revealed that hydrophobic residues, including aromatic amino acids, play important roles in Scp1 recognition. Furthermore, FG-1Adn was found to co-localize with Scp1 in cells, especially on the plasma membrane. In addition, Western blotting analysis showed that FG-1Adn increased the phosphorylation level of the target protein of Scp1 in cells, indicating that FG-1Adn can inhibit the function of Scp1. These results suggest that FG-1Adn can be used as a specific inhibitor of Scp1.
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1. Introduction


Protein phosphorylation is a reversible process tightly controlled by protein kinases and phosphatases. The phosphorylation of Ser or Thr residues in proteins accounts for 98% of total phosphorylation, and this process is reversed by Ser/Thr protein phosphatases through dephosphorylation [1]. Ser/Thr phosphatases are broadly classified into the following three families: phosphorylated protein phosphatases (PPP), metal-dependent protein phosphatases (PPM), and aspartate-based catalytic phosphatases (FCP/SCP) [2]. Scp1 is a member of the FCP/SCP family and contains a DxDxT/V motif and a hydrophobic pocket at the substrate-binding site [3]. The phosphorylated Ser5 (CTDpS5) of the C-terminal domain (CTD) tandem heptad repeat Y1S2P3T4S5P6S7 in RNA polymerase II (RNAPII) is known as the Scp1-targeting site, and its phosphorylation status is involved in its transcriptional activity [4]. Although CTDpS5 is known as the representative substrate of Scp1, it has recently been shown that Scp1 plays an important role in various biological activities, such as cell cycle regulation, signal transduction, and neuronal gene silencing, through the dephosphorylation of various substrates [5,6,7,8,9]. RAC-alpha Ser/Thr-protein kinase (Akt) has been reported to be a Scp1 substrate and is involved in signaling that activates angiogenesis [10]. In addition, the RE1-silencing transcription factor (REST) complex, also known as Scp1 substrate, which acts as a molecular switch for neuronal differentiation, is involved in neuronal gene silencing [8,9,11]. The dysregulation of REST has also been implicated in several neurological diseases, including Alzheimer’s disease, suggesting that Scp1 dysfunction is associated with these diseases [12,13,14,15]. Furthermore, Snail, a known inducer of epithelial–mesenchymal transition that promotes cancer metastasis and invasion, has also been reported to be a substrate of Scp1 [16,17]. These findings suggest that inhibitors targeting Scp1 may serve as lead compounds for nerve regeneration and as anticancer agents by inhibiting the dephosphorylation activity of Scp1 [18,19,20,21,22].



The development of inhibitors targeting Scp1 has been vigorously pursued, and several laboratories have reported the use of Scp1 inhibitors [23,24]. We also successfully developed peptide inhibitors targeting Scp1 using the phosphorylation mimic phage display (PMPD) method derived from the substrate recognition mechanism [25,26,27]. Peptide inhibitors are required to improve structural stability by introducing non-natural amino acids or structural restrictions for in vivo use, although they have been confirmed to specifically inhibit Scp1. On the other hand, rabeprazole is the only commercially available specific inhibitor of Scp1 [23]. However, its low inhibitory activity, on the order of μM against Scp1, as well as its low specificity for Scp1, since it also inhibits H+⁄K+ ATPase, raises concerns about the risk of side effects due to different target binding [28]. Several Scp isoforms (Scps) have been reported, including Scp1–Scp3, with similar structures and sequences in the substrate recognition pocket [23]. This suggests that it is difficult to develop small-molecule drugs, including rabeprazole, as isoform-specific inhibitors because of their narrow binding area to the common binding pocket of the isoforms. Therefore, the development of strong inhibitors with a broad binding surface for Scp1, as well as high affinity and specificity, is highly desired.



Recently, antibody drugs have been widely used as therapeutic and detection agents for various diseases owing to their high affinity and specificity for their targets [29]. However, the disadvantages of antibody drugs with high molecular weights and high production costs have facilitated the development of artificial binding proteins, such as adnectin, nanobody, DARPin, and Anticalin, which have been investigated as alternative target-binding proteins [30,31,32,33,34]. Adnectin, also known as a monobody, is a target-binding macromolecule derived from the 10th type III domain of human fibronectin [35,36]. Adnectin is a small protein of approximately 10 kDa, with a molecular size of approximately 1/15 that of an antibody. The scaffold of adnectin, which resembles the target recognition site of antibodies, consists of a stable β-sandwich structure comprising seven β-strands, and it shows high thermal stability [37]. There are three target recognition loop regions, called the BC, DE, and FG loops, which can adopt various binding modes (Figure 1a,b) [38]. In particular, the FG loop, which is the longest and most flexible of the three loops, has been reported to contribute the most to target recognition and is used to fit into pocket structures or sandwich the target between two other loops [39,40]. These loop sequences have been incorporated into libraries, and many adnectin-derived binding molecules targeting proteins such as human αvβ3 integrin and Src SH3 have been reported thus far [41,42]. Our laboratory has also identified an adnectin-based molecule that binds to the breast cancer-associated protein PPM1D, a metal-dependent protein phosphatase [43]. Unlike antibodies, adnectin does not contain disulfide bonds, suggesting that it allows for expression and function in the cytoplasm, which is a reductive environment [44,45,46]. Taken together, the antibody-mimetic molecule adnectin can be used to recognize intracellular targets, unlike antibodies, and may be useful for the development of lead compounds as diagnostic and therapeutic agents, not only in vitro but also in vivo.




2. Results


2.1. Construction of an Adnectin-Derived Phage Display Library with a Randomized FG Loop


We generated adnectins using a randomized codon design {(NNK)7; N = A, T, G, or C; K = T or G} for each of the seven amino acids in the FG loop and fused them to the N-terminus of the M13 minor coat protein gIIIp. The constructed phagemid vector was introduced into Escherichia coli TG1-competent cells via electroporation to prepare the library. The sequence analysis of the E. coli library revealed that randomized sequences were introduced into the FG loop sequence (Figure 1c). Phage rescue was performed using the M13KO7 helper phages to construct an adnectin-derived phage display library. This phage library was screened for Scp1-specific adnectins.




2.2. Screening of Scp1-Specific Adnectin from the Constructed Phage Display Library


To identify Scp1-binding adnectin from the adnectin-derived phage library, four rounds of biopanning were performed using Scp1-coated ELISA plates. The Scp1-specific adnectin-presenting phage was eluted by adding an excess of Scp1. The number of recovered phages increased in every round, suggesting the convergence of Scp1-binding clones (Figure 2a).



Twenty-one adnectin-derived phage clones from rounds three and four were isolated and subjected to sequencing analysis. Sequence analysis of the 13 clones showed that the adnectin-derived phage clone with the FG-1 sequence was detected with the highest frequency, and FG-2 was also detected five times; however, FG-3 to FG-5 were detected only once (Table 1). These results indicate that FG-1 is the most promising candidate for the Scp1-binding sequence. Interestingly, sequence comparison of FG loops from isolated adnectin-derived phage clones revealed that Pro residues, followed by acidic amino acids on the C-terminal side, were highly conserved among the isolated phage clones, suggesting that Pro and acidic amino acids contribute to Scp1 binding.



Bacterial alkaline phosphatase (BAP) chimeras with a peptide sequence of the FG loop were generated to evaluate the binding ability of FG-1 to FG-5 peptides for Scp1. Expression analysis of BAP with FG peptides using an E. coli expression system showed that FG-1, 2, 4, and 5 displayed BAP expression, but FG-3 did not. This suggests that the FG-3 sequence may have an inhibitory effect on BAP expression in E. coli; therefore, we performed binding analysis without FG-3. Binding analysis using peptide-conjugated BAP showed that FG-1 peptide bound to Scp1 with the highest affinity, although FG-2 and FG-5 also showed weak binding, suggesting that these peptide sequences could recognize Scp1 (Figure 2b).



To determine the contribution of a specific residue to the binding of Scp1, we performed Ala scanning of the FG-1 sequence. Ala scanning analysis showed that all Ala mutants decreased the binding ability, especially the Ala mutants of Phe1, Val2, Phe3, and Pro5, which completely cleared binding to Scp1 (Figure 2c). These results strongly support the results that FG-1 or FG-5 BAP within the (V/L)FxP motif, followed by acidic residues, binds to Scp1 and that hydrophobic and aromatic rings are important for binding to Scp1.




2.3. In Vitro Functional Analysis of Recombinant Scp1-Specific Adnectin


Next, we evaluated the ability of FG-1Adn, wherein the FG-1 peptide sequence was introduced into the FG loop of adnectin. FG-1Adn was expressed using an E. coli expression system, and the proteins were purified through the use of affinity chromatography. Recombinant FG-1Adn was analyzed using SDS-PAGE and confirmed to be highly purified (Figure 3a). Purified FG-1Adn was subjected to ELISA to analyze its binding to Scp1. This binding analysis showed that FG-1Adn bound significantly to Scp1 in comparison with wt adnectin (wtAdn), suggesting that the FG-1 peptide sequence binds to Scp1 (Figure 3b).



Then, we performed target specificity analysis using other phosphatases belonging to the FCP/SCP-type Ser/Thr phosphatase family. In this analysis, FG-1Adn showed the strongest binding to Scp1; however, it showed weak binding to Scp2 and Scp3, and no binding to Fcp1 was detected among the FCP/SCP family (Figure 3c). The Scps showed high homology, especially in the catalytic domain, where 81.1–84.9% of the residues in the FCP homology domain were conserved. However, Fcp1 showed low homology with all the Scp isoforms, maintaining a conserved sequence of around 19.9–22.8%. These results suggest that FG-1Adn binds to the highly conserved catalytic domain of Scps. In addition, the difference in binding affinity among Scps may be due to the contribution of the N-terminal region, which exhibits a unique sequence between Scps.



To further analyze the ability of the identified adnectin to bind Scp1, the dissociation constant of FG-1 was calculated using the BLItz system. Biotin-labeled FG-1 was fixed on a streptavidin chip, and the dissociation constant for Scp1 was calculated as KD = 48.7 ± 0.09 nM (Figure 3d). These data strongly indicate that FG-1Adn binds to Scp1 with high affinity.



Next, the enzyme specificity of FG-1Adn was analyzed in relation to the inhibitory effects against FCP/SCP type Ser/Thr protein phosphatases. The analysis of the inhibition concentration dependence of FG-1Adn using pNPP, which is widely used for phosphatase assays as a substrate, showed that the IC50 values for Scps were 96 ± 28, 161 ± 48, and 230 ± 84 nM, respectively, while no inhibitory activity was observed against Fcp1. Therefore, FG-1Adn showed the highest inhibitory activity against Scp1 among the FCP/SCP phosphatases as in the binding test (Figure 4a). These results suggested that the inhibitory effect of FG-1Adn occurs via direct binding by Scp1.



Then, to confirm the importance of the FG sequence of FG-1Adn in the inhibitory activity, inhibitory activity was compared with CtrlAdn using pNPP, and the CTDpS5 peptide, the phosphorylated Ser5 of the CTD in RNAPII, which is an endogenous substrate of Scp1. In the pNPP assay, FG-1Adn inhibited the dephosphorylation activity of Scp1 in a concentration-dependent manner and exhibited an inhibition ability with 112 ± 17 nM of IC50, pNPP while CtrlAdn showed no inhibitory activity against Scp1 (Figure 4b). Inhibitory analysis of FG-1Adn to Scp1 using CTDpS5 as a substrate also showed a strong inhibitory effect with 152 ± 26 nM of IC50, CTDpS5, but not CtrlAdn (Figure 4c). These results suggest that FG-1Adn inhibited Scp1 through its own FG loop.



In addition, to explore the binding site of FG-1Adn to Scp1, a binding competition analysis was conducted with rabeprazole, which is known to bind to the hydrophobic region in the vicinity of the active center of Scp1. The results showed that rabeprazole almost completely inhibited the binding of FG-1Adn to Scp1 (Figure 4d). These data strongly suggest that FG-1Adn binds to the hydrophobic pocket of Scp1, similar to rabeprazole.



To further investigate the inhibition mode of FG-1Adn on Scp1, Lineweaver–Burk plot analysis was performed using pNPP as a substrate. The straight lines obtained from the inverse plot of each of the FG-1Adn concentrations almost intersect each other on the x-axis. (Figure 4e). These results suggest that FG-1Adn inhibits Scp1 in a manner similar to non-competitive inhibition. The binding of FG-1Adn to Scp1 is inhibited by rabeprazole, which binds to the hydrophobic region near the active center of Scp1, and by the non-competitive inhibitory binding of FG-1Adn to Scp1, strongly suggesting that FG-1Adn binds to the hydrophobic region near the active center of Scp1.




2.4. Biological Functions of FG-1Adn in Cells


Next, we assessed the intracellular regulation of Scp1 by FG-1Adn. The subcellular localization of EGFP-fused FG-1Adn and mCherry-fused Scp1 was analyzed in lung cancer-derived H1299 cells. A strong Scp1-mCherry signal was observed on the plasma membrane, as well as throughout the cell (Figure 5a). This result is consistent with previous reports showing that Scp1 is palmitoylated intracellularly and localizes to the plasma membrane [10]. FG-1Adn-EGFP co-localized with Scp1-mCherry on the plasma membrane when FG-1Adn-EGFP was co-expressed in Scp1-mCherry-expressing cells. In contrast, when EGFP was co-expressed with Scp1-mCherry, EGFP was dispersed throughout the cell, and no co-localization with Scp1-mCherry on the plasma membrane was observed (Figure 5a). To perform a more detailed localization analysis of both molecules, the signal intensity was quantified. The results showed that FG-1Adn-EGFP co-localized with Scp1-mCherry on the plasma membrane, whereas EGFP did not (Figure 5b). These results strongly suggest that FG-1Adn interacts with Scp1 in cells.



To assess the physiological effects of FG-1Adn on Scp1, we analyzed the endogenous substrate response of Scp1 in cells transfected with FG-1Adn-EGFP. The phosphorylation level of CTDpS5 in RNAPII, a widely known endogenous substrate of Scp1, showed a marked increase in FG-1Adn-expressing H1299 cells compared to that in control cells in which EGFP was transfected (Figure 5c,d). Furthermore, the phosphorylation level of Ser473 of Akt (AktpS473), which is known to play a crucial role in nerve regeneration and is also an endogenous substrate of Scp1, showed a marked increase in FG-1Adn-expressing cells, as well as in CTDpS5, compared to that in control cells (Figure 5c,e). These results strongly suggest that FG-1Adn functions as an Scp1 inhibitor not only in vitro but also in cells.





3. Discussion


Scp1, which belongs to the FCP/SCP-type Ser/Thr protein phosphatase family, has been reported to play important roles in various biological processes, such as cell cycle regulation, signal transduction regulation, nerve gene silencing, and carcinogenesis [3,47]. Therefore, Scp1 inhibitors are expected to serve as anticancer agents and drugs for treating neurological diseases. The hydrophobic pocket of Scp1 is a promising target site for the development of Scp1-specific inhibitors [24,48]. Rabeprazole, a commercially available inhibitor targeting Scp1, has been reported to inhibit Scp isoforms by binding to these hydrophobic pockets close to the active center [24]. On the other hand, since rabeprazole was initially developed as a therapeutic agent for gastroesophageal reflux disease targeting the H+⁄K+ ATPase, the risk of side effects is a concern, as it is a molecule that acts on different targets. Therefore, the development of Scp1-specific inhibitors with high affinity and specificity is desirable for targeting the hydrophobic pocket of Scp1.



In this study, we constructed a phage library containing the antibody-mimetic protein adnectin and identified Scp1-specific binding molecules using the library. In the adnectin-derived phage library, the FG loop of adnectin contained randomized amino acid residues, and this loop is known to contribute the most to sequence tolerance and binding to the target molecule [40,49]. Biopanning revealed that the FG loop peptide sequence from FG-1Adn, which was detected at the highest frequency when Scp1 bound to adnectin, showed the highest binding ability to Scp1. Ala scanning analysis of the heptad peptide (Phe1-Val2-Phe3-Gly4-Pro5-Asp6-Ala7) derived from the FG loop of FG-1Adn showed that Phe1-Val2-Phe3 and Pro5 play important roles in Scp1 binding (Figure 4a). CTDpS5-containing peptide (Tyr1-Ser2-Pro3-Thr4-pSer5-Pro6-Ser7) derived from RNAPII, known as an Scp1 substrate, has been reported to bind to the groove of the Scp1 active site through its Ser2-Pro3-Thr4-Ser5 residues in the sequence [23]. In particular, the hydrophobic interaction between Pro3 and the Scp1 hydrophobic pocket is important for the binding of CTDpS5 to Scp1. The fact that the Pro3 residues of FG-1Adn were highly conserved, even within the FG loop sequence of the Scp1-binding adnectin candidates identified in this study, also supports the notion that hydrophobic residues, including the Pro3 residues of FG-1, bind to the hydrophobic pocket close to the active center. In addition, the acidic residue Asp6 of FG-1Adn in the C-terminal region of the FG-1 peptide sequence may interact with basic residues located in the substrate-binding pocket of Scp1. Several basic residues were located around the substrate-binding hydrophobic pocket near the active center of Scp1 (Figure 6). These data suggest that electrostatic interactions through residues near these hydrophobic regions may also play important roles in the binding between FG-1Adn and Scp1. In addition, the Lineweaver–Burk plot analysis and the results of the competition study with rabeprazole supported that FG-1Adn binds to the hydrophobic region near the active center. In the Lineweaver–Burk plot analysis, the lines for the addition of different concentrations of FG-1Adn did not intersect on the x-axis but in the second quadrant. These results suggested that FG-1Adn functions as a non-competitive-like inhibitor and that FG-1Adn is an inhibitor with a higher affinity for the enzyme alone than for the substrate-enzyme complex.



Recently, it was reported that Scp1 dephosphorylates REST, c-Myc, and Akt as Scp1 substrates in cells [8,10,50]. The abnormal expression of REST is involved not only in carcinogenesis but also in neurological diseases, such as Parkinson’s disease and Huntington’s disease [13,14,51]. Therefore, specific inhibitors of Scp1 with high affinity and specificity may elucidate disease mechanisms and improve clinical therapy [52,53]. Rabeprazole is a commercially available Scp1 inhibitor; however, its affinity was relatively low, with IC50 values of 4 ± 0.7 μM and 9 ± 3 μM for pNPP and CTDpS5 as substrates, respectively [23]. We also reported on BeM12-1 as a peptidyl inhibitor for Scp1; however, it also failed to show strong inhibitory effects for Scp1, with an IC50 value of 100.4 μM for CTDpS5 as a substrate [26]. In contrast, FG-1Adn identified in this study exhibited high inhibitory activity against Scp1, with IC50 values of 112 ± 17 nM and 152 ± 26 nM for pNPP and CTDpS5, respectively. Thus, the inhibitory activity of FG-1Adn against Scp1 was 40–60 times higher than that of rabeprazole, even though they both bound to the hydrophobic pocket of the substrate binding site of Scp1 (Figure 4c,d). This may be attributed to the broad binding surface of FG-1Adn to Scp1 and the presence of multiple interaction sites between the enzyme and inhibitors compared with rabeprazole. It has also been reported that the cyclization of linear target-binding peptides or their presentation on stable scaffolds induces binding ability and selectivity toward the target [54,55]. Interestingly, FG-1Adn showed specific binding to Scp1; however, it showed weak binding to Scp2 and Scp3, and no binding to Fcp1 was observed among the FCP/SCP family members despite similar sequences and active center structures (Figure 3c). Thus, the high affinity and selectivity of FG-1Adn for Scp1 in this study suggest that the introduction of binding peptides for target proteins into adnectin molecules may be useful for improving their affinity and selectivity for the target molecules. In fact, the dissociation constant of FG-1Adn was comparable to Adnectin CT-322 (which binds to VEGFR-2) and Adnectin BMS-962476 (which binds to proprotein convertase subtilisin/kexin type 9), both of which are undergoing clinical trials [56,57,58]. This suggests that FG-1Adn possesses sufficient affinity to serve as an inhibitor with potential clinical applications. Thus, biopanning using a secondary library derived from FG-1Adn, in which a randomized sequence is introduced in the BC loop or the flanking region of the FG loop, could be applicable to identify further improved Scp1-specific inhibitors. Evaluation of the anti-tumor suppressive effects of FG-1Adn and its derivatives using endogenous Scp1-overexpressed cancer cells may demonstrate their usefulness as anti-tumor agents in the future.



One of the advantages of adnectin over antibodies is that it can function in reduced conditions, such as in cells, because adnectin contains no cysteine residue to form intramolecular disulfide bonds [43,44,45,59]. Scp1 is known to act as an intercellular protein phosphatase and has been reported to localize to the plasma membrane and Golgi apparatus through palmitoylation, a posttranslational lipid modification. In the present study, the expression of Scp1 in lung cancer-derived H1299 cells appeared not only in the cell but also in the plasma membrane, with a strong signal, indicating that Scp1 localizes to the plasma membrane, as previously reported [10]. Interestingly, FG-1Adn-EGFP was co-localized with Scp1 on the plasma membrane in H1299 cells, whereas EGFP alone was detected throughout the cell. These data strongly suggest that FG-1Adn interacts with Scp1 not only in vitro but also in cells. Furthermore, Western blotting analysis showed that the phosphorylation levels of CTDpS5 of RNAPII and AktpS473, both of which are endogenous substrates for Scp1, were enhanced in FG-1Adn-expressing cells compared to control cells, indicating that FG-1Adn has inhibitory activity against Scp1 in the cell. Further quantitative evaluation of phosphorylation levels of target proteins of Scp1 compared to the total protein in FG-1Adn treated cells will support and enhance the usefulness of FG-1Adn as an intracellular Scp1 inhibitor. In addition, it is expected that the introduction of cell-penetration peptide sequences, such as polyarginine, into FG-1Adn, will enable it to function as an Scp1 inhibitor that can spatiotemporally control cellular introduction [60,61].



Regarding the relationship between Scp1 and diseases, it has been reported that Scp1 contributes to the suppression of kidney and liver cancers via the dephosphorylation and stabilization of promyelocytic leukemia (PML) and c-myc [50,62,63]. On the other hand, it was recently reported that Scp1 stabilizes the zinc-finger type transcription factor SNAI1 (Snail), a known inducer of the epithelial–mesenchymal transition that promotes cancer metastasis and invasion in gastric cancer [22]. These findings suggest that Scp1-specific inhibitors may function as anticancer agents in gastric cancer. The detailed mechanisms underlying the opposing effects of Scp1 on carcinogenesis, that is, enhancement and suppression, have not yet been elucidated; however, FG-1Adn may be used as a molecular tool to clarify the function of Scp1 in carcinogenesis. Scp1 is also known to play an important role in gene silencing in neurons via the dephosphorylation and stabilization of REST. In addition, REST dysregulation has been implicated in several neurological diseases, including Huntington’s disease, Parkinson’s disease, and epilepsy [18,51]. Recently, it has also been reported that a decrease in the phosphorylation level of AktpS473, an Scp1 substrate, was observed in the area of nerve damage in mice, while an increase in its phosphorylation level was detected in the area of nerve regeneration [64]. These facts suggest that Scp1 inhibitors, including FG-1Adn, may be applied not only as anticancer agents but also as a novel approach for the treatment of neurological diseases and as an adjuvant molecule for nerve regeneration.



In summary, we constructed a phage library of antibody-mimetic adnectin-presenting molecules and identified FG-1Adn as an Scp1 inhibitor with high affinity and specificity. Binding and inhibition of Scp1 were observed not only in vitro but also in cells. Purified FG-1Adn is expected to be developed as a lead compound for the treatment of carcinogenesis and neurological diseases caused by the dysregulation of Scp1 through the development of a Drug Delivery System (DDS) in specific tissues and the establishment of a membrane permeation method.




4. Materials and Methods


4.1. Preparation of an Adnectin-Derived Phage Library


To construct a library containing randomized sequences of seven residues in the FG loops of adnectin, fragments containing randomized FG loops were created using adnectin cDNA as a template. The DNA fragments were amplified using primers FG7-fw: (5′-GCTGTCACTCTGTCGACA-NNKNNKNNKNNKNNKNNKNNK-TCTAGAAGCAAGCCAATTTC-3′) and FG7-rev: (5′-CTCCAAACTAGTTCTAGCGAATTCAAGC-TTATCG-3′). A DNA fragment encoding full-length adnectin randomizing seven residues in FG loops was prepared via PCR using a mix of DNA fragments as templates with primer FG7-rev. The PCR products were purified via agarose gel electrophoresis, digested with Sfi I and Spe I (TOYOBO, Osaka, Japan), and ligated to the linearized pKSTV-02 phagemid vector, which was kindly provided by Prof. Y. Ito (Kagoshima University, Kagoshima, Japan). The DNA was purified via 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 transformation revealed 0.83 × 107 diversity. 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 of the volume of 20% polyethylene glycol 8000 solution containing 2.5 M NaCl was added. Phages were precipitated at 4 °C for 4 h and collected by centrifugation. The pellet was resuspended in PBS, and it was used following biopanning against Scp1.




4.2. Screening of Adnectins against Scp1 Using FG loop Randomized Adnectin-Derived Phage Display Library


FG loop randomized adnectin-derived phage display library in binding buffer (20 mM Na-maleate (pH 5.5), 150 mM NaCl, 10 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 2 µg/well recombinant Scp1 at 4 °C overnight. After the wells were blocked with BSA, the precleared phage library (2 × 1010 cfu/well) was added to the wells and incubated at R.T. for 1 h. The wells were then washed six times with 200 µL of wash buffer (20 mM Na-maleate (pH 5.5), 150 mM NaCl, 10 mM MgCl2). To isolate Scp1-specific phages, bound phages were eluted with 10 µg/well Scp1 in binding buffer to the well.




4.3. Expression and Purification of Recombinant Adnectins


DNA fragment coding FG-1Adn phage was amplified via PCR using isolated clones as templates. The DNA fragment modified at the 3′-terminus by adding a nucleotide sequence encoding the 2 × Flag tag (2 × DYKDDDDK) was purified via agarose gel electrophoresis and ligated into pCold I vector (TaKaRa, Shiga, Japan) with Sal I and Xba I sites. The expression vector encoding the recombinant adnectins and Scp1 were transfected into the E. coli strain Rosetta (Novagen, Madison, WI, USA). The expressed proteins were purified with Talon affinity beads (TaKaRa, Shiga, Japan), as reported previously.




4.4. Binding Analysis of Adnectin-Derived Phages


Wells of 96-well plates were coated with 100 μL of 0.2 or 0.5 μg/well Scp1. After blocking with 0.5% BSA, isolated phages (1 × 1010 cfu/well) were added and incubated at R.T. for 1 h. After the washing steps with 200 μL of wash buffer (20 mM Na-maleate (pH 5.5), 150 mM NaCl, 10 mM MgCl2), 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 a ChroMate4300 microplate reader (Awareness Technology Chromate, Palm City, FL, USA).




4.5. Binding Analysis of Peptide-Conjugated Bacterial Alkaline Phosphatase


Bacterial alkaline phosphatase (BAP) chimeras with a peptide sequence identified as Scp1 specific FG loop of adnectin were generated by cloning synthetic oligonucleotides into pMY101, which was kindly provided by Dr. J. Rubin (National Institutes of Health, Bethesda, MD, USA). E. coli (DH5α) transformed with the peptide/BAP chimera constructs were grown in Luria broth (containing 100 mg/mL ampicillin). Bacterial broth normalized to BAP activity was added to the Scp1-coated wells, and the binding of chimeras to the Scp1 was measured with p-nitrophenyl phosphate (pNPP) (Sigma-Aldrich, St. Louis, MO, USA) as a substrate using a ChroMate4300 microplate reader.




4.6. Binding Analysis of Recombinant Adnectins


A total of 0.5 μg/well of recombinant target proteins was coated on the wells of the 96-well plates. After blocking with 0.5% BSA, 0.05 μg/well of adnectins FG-1Adn and wtAdn, which was the original adnectin, were added to the well and incubated at R.T. for 1 h [35]. After 5 washes 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/H2O2 as substrate, bound adnectin was measured at an absorbance of 405 nm using the ChroMate4300 microplate reader. For competition analysis, 100 µL of rabeprazole buffer (20 mM Na-maleate (pH 5.5), 150 mM NaCl, 10 mM MgCl2, 100 µM rabeprazole) was added to the well before adnectin binding.




4.7. pNPP Phosphatase Assay


In enzyme specificity analysis of FG-1Adn against FCP/SCP-type protein phosphatases, reaction buffer (20 mM Na-maleate (pH 5.5), 10 mM MgCl2) with FCP/SCP-type Ser/Thr protein phosphatase with GST-tag in 5′-terminus and Myc-His6 tag in 3′-terminus (Scp1; 0.083 mg/mL, Scp2; 0.027 mg/mL, Scp3; 0.104 mg/mL, Fcp1; 0.320 mg/mL) was incubated with 50 µL of 10 mM pNPP at 37 °C in 50 μL volume. In FG loop specificity analysis of recombinant adnectin against Scp1, 10 nM of His6-Scp1 was incubated with reaction buffer. When adnectin was included, phosphatase and adnectin were preincubated in a reaction buffer on ice for 30 min. For PMD-24 adnectin, which was reported to be an adnectin-targeting oncogenic, PPM1D was used as CtrlAdn [43]. After the reactions (Scps; 7 min, Fcp1; 60 min), the reactions were quenched by adding 70 μL of 2% SDS, and the absorbance at 410 nm was measured. The IC50 value was calculated using log(inhibitor) versus response variable slope equation with GraphPad Prism8 software (Equation (1))


Y = 100/{1 + 10(log IC50-X)*Hillslope)}



(1)




where X is the adnectin concentration, and Y represents the corresponding percentage values of enzyme activity. For enzyme kinetic analysis, the mode of inhibition was analyzed using a Lineweaver–Burk plot (Equation (2)).


1/v = (KM/Vmax)*(1/[S]) + (1/Vmax)



(2)




where [S] is the pNPP concentration. KM and Vmax were calculated using the Michaelis–Menten equation with GraphPad Prism8 software.




4.8. Malachite Green Assay


Reaction buffer (20 mM Na-maleate (pH 5.5), 10 mM MgCl2) with 20 µM CTDpS5 peptide (Ac-SPSYSPTpSPS-NH2) was incubated with 30 µL of 10 nM His6-Scp1 at 37 °C in 50 μL volume. When adnectin was included, Scp1 and adnectin were preincubated in Scp1 buffer on ice for 30 min. After 7 min of reaction, the reactions were quenched by adding 100 μL of BIOMOL GREEN reagent (Enzo Life Science, Plymouth, PA, USA) and incubated at R.T. for 30 min. The release of free inorganic phosphate was determined by measuring the absorbance at 620 nm. The IC50 value was calculated using the log(inhibitor) versus response variable slope equation with GraphPad Prism8 software (Equation (1)).




4.9. Biolayer Interferometry BLItz System Assay


To analyze the binding affinity between FG-1Adn and Scp1, SARSTORIUS streptavidin biosensors were prehydrated for 10 min. The biotinylated FG-1Adn by Biotin Labeling Kit-SH (Biotin Labeling Kit-SH, Chemical Dojin Co., Ltd., Tokyo, Japan) were loaded onto the biosensors, which were equilibrated in 20 mM Na-maleate (pH 5.5), 150 mM NaCl, 10 mM MgCl2, and 0.05% Tween for 120 s and then exposed to solutions containing 250 nM Scp1 for 120 s as the association step. The biosensors were then transferred to a maleate buffer for a 120 s dissociation step. Data were analyzed using the data analysis software BLItz Pro 1.3.0.5 Software (Fortebio, Inc., Menlo Park, CA, USA), and the KD value between FG-1Adn and Scp1 was also calculated using a standard 1:1 Langmuir binding model.




4.10. Subcellular Localization Analysis of Transfected Adnectin


H1299 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) at 37 °C in 5% CO2. 1.5 × 105 cells of H1299 cells were plated in a 35 mm dish with 2 mL of medium and incubated for 24 h. The transfection of H1299 cells in a 35 mm dish with 2 μg of each expression construct using X-tremeGENE HP DNA Transfection Reagent (Roche, Basel, Switzerland) was performed according to the manufacturer’s instructions. Then, 48 h after the transfection, the cell culture medium was exchanged to phenol red-free DMEM medium, and the subcellular localization of Scp1-mCherry and FG-1Adn-EGFP was analyzed using a BZ-X800 fluorescence microscope (Keyence, Osaka, Japan).




4.11. Western Blotting


For transfected FG-1 samples, 1.5 × 105 cells of H1299 cells were plated in a 35 mm dish with 2 mL of medium and incubated for 24 h. The cells were harvested 48 h after transfection, and the cell lysate was prepared from cultured cells using (1 × phosphatase inhibitor (Nacalai Tesque, Kyoto, Japan), 50 mM Tris-HCl (pH 7.5) and 500 mM NaCl, 1% TritonX-100) with a 1% protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan). Normalized protein extracts were used for analysis via SDS–PAGE and immunoblotting with Immobilon-P membranes (Millipore, Burlington, MA, USA). Anti-CTDpS5 antibody (Abcam, Cambridge, UK), anti-p-Akt1 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) 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).




4.12. Statistical Analysis


All of the statistical analysis were conducted with GraphPad Prism version 8 software. Data are presented as means ± S.D. and SEM. Data shown in the study were obtained at least from three times independent experiments with some exceptions: (binding analysis of BAP (Figure 2b), inhibitory analysis (Figure 4a), competition analysis (Figure 4e), and enzyme inhibitory kinetic analysis (Figure 4d). Statistical significance was determined using an unpaired, two-tailed Student’s t-test or two-way ANOVA as appropriate.
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Figure 1. Construction of an adnectin-derived phage display library: (a) the structure of adnectin. The FG loop is known to be the longest loop in adnectin and plays an important role in target binding; (b) adnectin 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; (c) sequence analysis of the FG loop of the constructed adnectin library. 






Figure 1. Construction of an adnectin-derived phage display library: (a) the structure of adnectin. The FG loop is known to be the longest loop in adnectin and plays an important role in target binding; (b) adnectin 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; (c) sequence analysis of the FG loop of the constructed adnectin library.



[image: Ijms 25 03737 g001]







[image: Ijms 25 03737 g002] 





Figure 2. Isolation of Scp1-specific adnectin using a randomized adnectin-derived phage display library: (a) the process of screening for Scp1-binding phage; (b) binding analysis with FG loop sequence peptide-conjugated BAP (n = 4); (c) identification of the contributed amino acid residues to the binding of Scp1 by substitution Ala residue using peptide-BAP conjugates (n = 9). Amino acids subjected to replace Ala residue are colored in red. Analogs that showed binding signal to Scp1 are highlighted in orange. N.D., non-detectable. 
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Figure 3. In vitro functional analysis of FG-1Adn: (a) SDS-PAGE of recombinant FG-1Adn targeting Scp1. The recombinant proteins expressed by E. coli system were recovered with high purity.; (b) the binding ability of recombinant FG-1Adn and wtAdn to Scp1 (n = 9). Statistical significance was asserted between the indicated adnectin and target proteins by two-way ANOVA with Tukey’s post hoc test. ****: p < 0.0001. The data are presented as the mean ± SEM; (c) specificity of FG-1Adn and wtAdn recombinant proteins in FCP/SCP family. Scp2 and Scp3 are isoforms of Scp1 (n = 6). Statistical significance was asserted between the indicated adnectin and target proteins via two-way ANOVA with Tukey’s post hoc test. ***: p < 0.001, ****: p < 0.0001. The data are presented as the mean ± SEM; (d) binding assays of FG-1Adn to Scp1 by biolayer interferometry. Scp1 was measured in the presence or absence of biotinylated FG-1Adn. The measurement was performed in the Advanced Kinetics mode of the BLItz system using streptavidin biosensor chips. 
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Figure 4. Inhibitory analysis of FG-1Adn against Scp1: (a) inhibitory effects of FG-1Adn inhibition against FCP/SCP phosphatases using pNPP as a substrate (n = 3); (b) concentration dependency of FG-1Adn inhibition against Scp1 using pNPP as a substrate (n = 9); (c) concentration dependence of FG-1Adn inhibition against Scp1 analyzed via malachite green assay using CTDpS5 peptide as a substrate (n = 9); (d) competition binding analysis between FG-1Adn and rabeprazole (n = 3). ***: p < 0.001; (e) Lineweaver–Burk plot analysis of FG-1Adn to clarify the inhibitory mode against Scp1 (n = 5). 
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Figure 5. Subcellular localization and functional analysis of FG-1Adn in H1299 cells: (a) subcellular localization of FG-1Adn-EGFP (green) and Scp1-mCherry (red) was analyzed in H1299 cells. Scale bars, 10 µm; (b) quantitative analysis of subcellular localization of FG-1Adn-EGFP (green) and Scp1-mCherry (red). Fluorescence intensity was normalized using Image J. The black arrowheads indicate the plasma membrane on the cell surface. Scale bars, 10 µm; (c) Western blotting analysis of H1299 cells expressing FG-1Adn-EGFP was performed, and the inhibitory effect of FG-1Adn-EGFP on Scp1 was evaluated via dephosphorylation levels of CTDpS5 and AktpS473. GAPDH was detected using an anti-GAPDH antibody as an internal control protein. These experiments were performed as three independent experiments to confirm reproducibility; (d,e) quantitative evaluation of Western blotting analysis on CTDpS5 and AktpS473 from three independent experiments (n = 3); *: p < 0.05, **: p < 0.01. 
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Figure 6. Binding model of FG-1Adn against Scp1. Hydrophobic pocket (orange) of Scp1 is located close to the DxDxT motif of the active center (green) in its catalytic domain as substrate recognition site. The hydrophobic pocket is surrounded by basic residues (blue), which are also expected to interact with the FG-1Adn. 
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Table 1. FG loop sequences obtained via biopanning using the FG randomized adnectin-derived phage display library against Scp1 in 3rd and 4th round. The sequences of isolated clones and their frequencies were shown.
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Name

	
Sequence

	
Frequency




	
3rd Round

	
4th Round






	
FG-1

	
FVFGPDA

	
1

	
12




	
FG-2

	
LLEPEDW

	
1

	
4




	
FG-3

	
RPESWGI

	

	
1




	
FG-4

	
TFQCSIL

	

	
1




	
FG-5

	
LFEPADR

	
1

	




	
Total

	

	
3

	
18
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