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Inclusion bodies are typically ignored as they are considered unwanted protein waste generated by prokaryotic host cells during recombinant protein production or harmful protein inclusions in human cell biology. However, these protein particles may have applications for in vivo immobilization in industrial biocatalysis or as cell-tolerable protein materials for the pharmaceuticals industry and clinical development. Thus, there is a need to in vivo “pull-down” (insolubilize) soluble enzymes and proteins into inclusion bodies. Accordingly, in this study, sequences from the short-chain polyphosphatase ygiF were used to design pull-down tags capable of detecting (poly)-phosphates and metal ions. These tags were compared with the entire CHAD domain from Escherichia coli ygiF and SACS2 CHAD from Saccharolobus solfataricus. The results demonstrated that highly soluble green fluorescent protein variants could be pulled down into the inclusion bodies and could have modified sensitivity to metals and di-/tri-inorganic phosphates.
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INTRODUCTION
Inclusion bodies (IBs) are aggregates of partially folded or misfolded proteins. About 15 years ago, despite substantial evidence of their biological functionality (García-Fruitós et al., 2005; Nahálka et al., 2009), IBs were still generally considered inactive/harmful protein wastes produced by mistranslation or other errors in translational and post-translational processes. In prokaryotic host cells, during recombinant protein overexpression, the translational/post-translational apparatus is overloaded and stressed; therefore, IB formation is induced. However, recent reports have shown that enzymes and proteins retain part of their biological activity when aggregated in IBs, and many biotechnological applications of IBs have been proposed, leading to introduction of the term active IBs (aIBs) (Krauss et al., 2017). aIBs have subsequently been shown to have potential applications in the production of recombinant enzymes (Jäger et al., 2020) and have emerged as a solution for in vivo enzyme immobilization in industrial biocatalysis (Ölçücü et al., 2021), as demonstrated by pull-down of Trigonopsis variabilis d-amino acid oxidase into aIBs (Nahalka and Nidetzky, 2007) and crosslinked inclusion body technology (Nahálka et al., 2008) in industrial biocatalysis. In the pharmaceuticals industry and clinical development, aIBs may have promising applications in the production of antimicrobial peptides (Köszagová and Nahálka, 2020) and nanopills (Villaverde et al., 2015). Indeed, in studies of nanopills, IBs formed using therapeutic proteins may represent a cost-effective protein delivery platform to facilitate the slow release of proteins in mammalian tissues and organs (Villaverde et al., 2015). Despite the serious limitations of this approach, including the bacterial origin of IBs and undefined fraction of bacterial host cell proteins in IBs, many researchers have started to focus on the potential medical applications of IBs. For example, aIBs of Pseudomonas aeruginosa exotoxin show potential for selective destruction of primary tumor tissues in mouse models of human colorectal cancer (Céspedes et al., 2020). In addition to applications in industrial biocatalysis and pharmaceutical development, IBs could also be used as biosensors. Indeed, IBs could be used for direct biosensing of various compounds in mammalian tissues and organs. In addition, the first experiments purposely exploring functionality of IBs were successfully done on fluorescence emission of aIBs, on the fluorescent proteins fused to different aggregating polypeptides (García-Fruitós et al., 2005). Notably, suspensions of purified green fluorescent protein (GFP)/blue fluorescent protein IBs showed 20%/30% fluorescence activity relative to that of soluble protein (García-Fruitós et al., 2005). On the other hand, there is a broad scope of the potential application of fluorescent aIBs; FRET-biosensors based on a fluorophore protein pair are very well established in the clinical, pharmaceutical, toxicological, or agri-food analysis (Zhang et al., 2019).
Polyphosphate (polyP) is an energy source and active metabolic regulator (Achbergerová and Nahálka, 2011). Hydrolysis of polyp leads to the generation of nucleotide triphosphate, triphosphate, pyrophosphate, phosphate, and the other phosphorylation products. Histidine α-helical domains were recently identified as specific polyP-binding modules; for example, a small helical domain at the C-terminus of the bacterial short-chain polyphosphatase ygiF, previously annotated as conserved histidine α-helical domain (CHAD), has been confirmed to be a polyP-binding module (Lorenzo-Orts et al., 2019). The catalytic domain of Escherichia coli ygiF polyphosphatase has been evaluated as an example of a triphosphate tunnel metalloenzyme (TTMs), which are present in all kingdoms of life and catalyze diverse enzymatic reactions, such as mRNA capping, the cyclization of adenosine triphosphate, the hydrolysis of thiamine triphosphate, and the synthesis and breakdown of inorganic polyphosphates (Martinez et al., 2015). ygiF polyphosphatase has been crystalized, and the full-length structure has been reported (Figure 1A) (Martinez et al., 2015).
[image: Figure 1]FIGURE 1 | Pull-down into active inclusion bodies. (A) ygiF inorganic (poly)-phosphatase from Escherichia coli. Tunnel metalloenzyme catalytic domain (TTM, black); polyP binding CHAD domain (white); and the used linker (red) are shown. TurboGFP (green), with its C-terminus connected to the linker. PolyP recognition sequences (yellow) were fused with a minimum hydrophobic sequence (orange) and attached to the N-terminus of turboGFP. The graphical illustrations and the sequences of the constructs are shown in the supplementary information (Supplementary Material). (B) Sodium dodecyl sulfate polyacrylamide gel electrophoresis. Lanes 1/2, SACS2 construct supernatant/sediment; lanes 3 and 4, ygiF construct supernatant/sediment; lanes 5 and 6, LHS1 construct supernatant/sediment; lanes 7 and 8, LHS2 construct supernatant/sediment. The supernatant of the cell lysate and the washed sediment of the cell lysate (aIBs) were diluted equally. (C) The excitation and emission maxima of ygiF aIBs (PPi gradient, no metal presence). (D) The relative fluorescence activity (RFI) of aIBs.
Several aggregation-prone or “pull-down” tags have been established to produce active recombinant enzymes in the form of aIBs; in our laboratory, a 20-kDa cellulose-binding domain from Clostridium cellulovorans (CBDclos) is used for this purpose. Moreover, many aggregation-prone small proteins exist that effectively sequester highly soluble recombinant polypeptides into aIBs (de Groot et al., 2009; Gil-Garcia and Ventura, 2021); however, the most attractive approach is to use small aggregating peptides (Wu et al., 2011; Zhou et al., 2012; Wang et al., 2015; Carratalá et al., 2021). The surfactant-like peptides L6K2 (Carratalá et al., 2021), ELK16 (Wu et al., 2011), L6KD (Zhou et al., 2012), and GFIL8 hydrophobic tag (Wang et al., 2015) have been shown to yield the best “pull-down” results. However, ideal pull-down tags with both surfactant-like properties and a hydrophobic tag have not been reported. On the other hand, insolubilizing nona-peptide (GILQINSRW) was applied as “pull-down” tag for insoluble expression of highly soluble halophilic metal binding protein for metal ion biosorption (Tokunaga et al., 2019) and various polar metal binding peptides were engineered in Escherichia coli cells to recovery metals from polluted wastewater (Maruthamuthu et al., 2015a; Maruthamuthu et al., 2015b; Maruthamuthu et al., 2018), so in the close future, aIBs based on aggregation-prone and metal binding/sensing peptides will be probably designed. The aIBs can be also produced by small coiled-coil domains, a natural coiled-coil proteins promote nonamyloid supramolecular interactions, so these non-toxic IBs may better preserve the activity of the attached enzymes or the other polypeptides (Diener et al., 2016; Gil-Garcia et al., 2020).
Several strategies have been used for the design of GFP-based sensors. For example, in FRET analysis, the ligand binding domain is often inserted between a cyan fluorescent protein (CFP) and a yellow fluorescent protein (YFP). Alternatively, a single fluorescent protein is split into two parts, which are then individually attached to the ends of a ligand binding domain. For example, various peptide sequences inserted between CFP and YFP were tested for glucose binding/sensing (Nahalka and Hrabarova, 2021), and citrine (YFP) has been split into two parts, which were then attached to the ends of the glucose binding domain and effectively used for sensing of glucose (Mita et al., 2019). The basic advantage of single fluorescent protein-type indicators is that they only require acquisition of one emission signal, whereas FRET protein-type indicators require acquisition of two emission signals (Deng et al., 2020).
In this study, we aimed to design peptides for “pull-down” into aIBs and their direct application in the detection of (poly)-phosphates and metal ions using a single fluorescent protein-type approach and a nonaggregating and extremely rapidly maturating GFP variant (turboGFP) (Evdokimov et al., 2006).
MATERIALS AND METHODS
Cloning and Expression
The amino acid sequences encoded by the genes used in this study and the amino acid sequences of the fusion GFP constructs are shown in the supplementary information (Supplementary Material). Codon optimization for E. coli, gene synthesis, and cloning (NdeI/BamHI) with the pET-30b (+) plasmid were performed using GenScript. A terminating stop codon was added to the insert; therefore, no His-tag was included. Chemically competent E. coli BL21 (DE3)T1R cells were transformed with the plasmids and cultivated on kanamycin/LB/agar plates. The colonies were regrown in 30 ml LB medium supplemented with kanamycin (30 μg/ml) for approximately 20 h at 32°C; then, 15 ml of the solution was transferred to a 300-ml flask with 100 ml LB-media and incubated for 4 h at 37°C with shaking at 150 rpm. Recombinant expression was accomplished by adding an inductor (isopropyl β-d-1-thiogalactopyranoside; 400 μM) for 20 h at 15–20°C with shaking at 150 rpm. After centrifugation (45 min, 9700 × g, 4°C), the biomass was suspended in a minimum volume of water, frozen, and immediately lyophilized. The lyophilized cells were kept at −30°C until further use.
Isolation of IBs
Ten milligrams of lyophilized cells was lysed twice using 500 µL BCL (CelLytic B Cell Lysis Reagent; Sigma-Aldrich, MO, United States). After centrifugation of the lysate (5 min, 21,000 × g, 4°C), cell debris was washed three to five times using 500 µL Tris-HCl buffer (50 mM, pH 7.5). After the final centrifugation step, IBs were resuspended in 500 µL Tris buffer and stored at −30°C. The IBs were then used at a 100-fold dilution.
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
We prepared 12% separation gels and 4% stacking gels in our laboratory and allowed the gels to stand for approximately 3 h to achieve optimal polymerization. Before loading on the gel, samples were mixed with Laemmli buffer containing β-mercaptoethanol and heated at 75°C for 15 min. The prepared gels were washed, stained with Colloidal Coomassie Stain overnight, and thoroughly washed again. Band intensity was evaluated using UVP Doc-It LS Analysis Software (ThermoFisher Scientific, MA, United States) to determine the percentage of the recombinant protein in the cleared cell lysate and in the suspension of IBs.
Fluorescence Measurement
Measurement of fluorescence was performed using a Mithras2 LB 943 Multiplate reader (Berthold Technologies GmbH & Co. KG, Bad Wildbad, Germany). Samples in Tris-HCl buffer (50 mM, pH 7.5) were loaded into black 96-well plates with transparent well bottom (cat. no. 781671; BRAND plates, Wertheim, Germany). The samples were mixed by pipetting, and fluorescence was measured 30 min later in duplicate using an excitation filter at 485 nm and an emission filter at 535 nm. Measured values were evaluated using the MAVE (average of multiple measurement for single well) function. In Figure 1D, the RFI mean values and standard errors are calculated from eight replicates; in the other figures, the FI values and standard errors are taken from the duplicate samples and “zero points” (no metals or phosphates) are calculated from triplicates at least. The excitation and emission maxima were measured on a Tecan Infinite 200 Microplate Reader.
RESULTS AND DISCUSSION
Pull-Down Into aIBs
Enzymes and other proteins can be effectively immobilized in vivo by the fusion of an aggregation-prone module/tag to a target recombinant protein. In our laboratory, we used 20-kDa CBDclos, which was originally proposed as a cellulose affinity tag, and was N-terminally inserted in front of the cloning site of the commercial Novagen vector pET-34b (+). However, we found that the globular cellulose binding domain acted like a strong aggregation-prone module/tag. Therefore, this domain was linked to the target recombinant protein using pET-34b (+) DDDK-enterokinase-SPG linker, and the 95–100% volumetric activity of the fused enzyme was effectively pulled down into aIBs (Nahalka and Nidetzky, 2007; Nahálka et al., 2008). When we expressed His/Strep-tagged soluble forms of the same enzymes, despite the higher specific activities (U/g of protein) of the purified soluble proteins, aIBs were produced in the cells until the volumetric activity (U/L of fermentation broth) was the same as that of the soluble proteins, highlighting the attractiveness of aIBs as immobilized enzymes. In addition, the use of aIBs technologically simplifies the isolation protocols for recombinant enzymes comparing with affinity-based isolation procedures commonly used for soluble enzymes. In summary, targeted protein expression to aIBs means “pull-down”. CBDclos offers satisfactory pull-down results into aIBs and normally shows little interference with the folding and function of its fusion partners (Nahalka and Nidetzky, 2007; Nahálka et al., 2008). However, aggregation-prone short peptides have generally been selected for pull-down of recombinant enzymes/proteins into aIBs (Wu et al., 2011; Zhou et al., 2012; Wang et al., 2015; Carratalá et al., 2021).
Accordingly, in this study, we attempted to design small aggregation-prone peptides with selectivity for (poly)-phosphates. YgiF inorganic (poly)-phosphatase from E. coli, which exhibits a conserved mechanism for triphosphate and metal cofactor binding (Martinez et al., 2015), was selected for this study. The chemistry of polyP involves appropriate coordination of polyPn− and Me2+ ions, and the catalytic TTM of ygiF polyphosphatase (Figure 1A, black) as well as CHAD (Figure 1A, white), which is attached through a linker (Figure 1A, red), act together to fulfill this function. In ygiF polyphosphatase, the CHAD enhances enzymatic activity and may be used to engineer polyP-metabolizing enzymes and specifically localize polyP stores in eukaryotic cells and tissues (Lorenzo-Orts et al., 2019). In our study, we cleaved off the TTM (Figure 1A, black) and attached the C-terminus of turboGFP to the linker (Figure 1A, red), which was ligated to the CHAD (Figure 1A, white). No affinity purification tag was used; instead, a small 10-amino acid peptide (LHSAKIVVIG) was applied, and the “pull-down” tag was fused to the N-terminus of turboGFP. The LHSGKR C-terminal short sequence of ygiF polyphosphatase was not highly conserved (not shown data); however, we hypothesized that this sequence was a short or minimal sequence required for recognition of polyPn− and Me2+ ions. A similar sequence, C-LHTSAR, was found in the N-terminus of the CHAD. Using a combination of these sequences, we designed the LHSAK minimal sequence (Figure 1A, yellow). A minimum hydrophobic GFIL peptide, which could form gel-phase materials via self-assembly, was previously doubled to a GFILGFIL octapeptide and successfully used for pull-down into aIBs (Wang et al., 2015). In ygiF polyphosphatase, C-LHTSAR continued into a VIG hydrophobic triplet, and we doubled the hydrophobic pair to the IVVIG sequence and fused this sequence with the proposed LHSAK minimal sequence. The final 10-amino acid LHSAKIVVIG peptide (LHS1) was used as the minimum pull-down tag sequence that could recognize polyPn− and Me2+ ions. To ensure that the tag would recognize the ions and pull down the construct effectively, we triplicated the LHS sequence and doubled the hydrophobic core, yielding a second 32-amino acid tag ((LHS)3AKIVVIG)2 (LHS2). Q97YW1_SACS2, an uncharacterized protein from Saccharolobus solfataricus, was recently described as a small CHAD that bound polyP more tightly than ygiF/CHAD (Lorenzo-Orts et al., 2019). In the SACS2 construct, the 10-amino acid LHSAKIVVIG peptide was fused to the N-terminus of the SACS2/CHAD, and the construct was attached to the N-terminus of turboGFP. The same linker as that used for ygiF construct (IKPTTILHVAAKAD) was applied; however, the SACS2/CHAD domain became N-terminally fused. Overall, we obtained four turboGFP fusion constructs for subsequent testing.
Figure 1B shows the pull-down results. Sodium dodecyl sulfate-poly acrylamide gel electrophoresis was used to compare soluble and insoluble fractions of cell lysates, with equal dilution of supernatants and sediments. As demonstrated in the figure, LHS1-GFP-ygiF/CHAD, LHS1-SACS2/CHAD-GFP, and LHS2-GFP were effectively “pulled-down” into aIBs (90–100%), whereas LHS1-GFP remained almost 60% soluble, as determined using band intensity analysis software. TurboGFP exhibits extremely fast protein-folding kinetics and chromophore maturation, with high protein solubility (Evdokimov et al., 2006). Thus, it was unsurprising that the small hydrophobic core in the 10-amino acid LHS1 was able to be pulled-down into IBs at a range of only approximately 40% of total LHS1-GFP. By contrast, the doubled hydrophobic core inside the ((LHS)3AKIVVIG)2 32-amino acid tag LHS2 was sufficient for “pull-down” purposes. Nevertheless, LHS1 tag worked effectively when the solubility of the turboGFP was lowered by the N-terminal fusion of SACS2/CHAD or by the C-terminal fusion of ygiF/CHAD (Figure 1B).
Figure 1D compares the fluorescent activities of the designed constructs. LHS1-SACS2/CHAD-GFP fusion protein showed almost one magnitude higher fluorescence than LHS1-GFP-ygiF/CHAD. These results were logical because in the LHS1-SACS2/CHAD-GFP fusion protein, turboGFP was separated from the LHS1 tag and SACS2/CHAD by a natively designed linker from ygiF polyphosphatase (IKPTTILHVAAKAD), and the direct N-terminal fusion with LHS2 and LHS1 tags lowered the florescence by 5 and 10 times, respectively. C-terminal fusion of CHAD through the linker had no increasing negative effect. Thus, separation of the aggregation-prone tags by a disordered “noninteractive” linker could be used for the construction of enzymatically/physiologically active IBs. However, incomplete protein folding and direct fusion without a linker could be advantages when extreme sensitivity is required, e.g., in the case of “turn-off” biosensors. In the fused GFP, the excitation and emission maxima could be shifted; however, in this study, all tested fusion proteins had the same excitation maximum (480 nm) and the same emission maximum (510 nm; Figure 1C).
In summary, when attempting to pull down highly soluble proteins using short LHS1/LHS2 tags, it may be preferable to use the LHS2 tag or fuse the construct with another protein domain. If the recombinant protein can partially enter IBs, then LHS1 tag may be sufficient for 90–100% pull down into IBs.
Detection of Metal Ions
Complex analytical instruments, such as atomic absorption or inductively coupled plasma mass spectrometers, are required for sensitive detection of transition metals in environmental and biological samples. Electrochemical methods require simpler instruments but suffer from a lower detection sensitivity (Bansod et al., 2017). Therefore, protein-, RNA-, and DNA- based sensors have been introduced for various metal ions. In particular, metal ion-quenchable fluorescent proteins that are selectively modulated by various Me2+ ions have been developed as biosensors. For example, a histidine-modified GFP was engineered to sense 10 nM Cu2+ ions (Bálint et al., 2013), and selective protein unfolding was applied to differentiate metal ions and produce metal-specific fluorescence intensity (FI) signals (Sorenson and Schaeffer, 2020). A metal-binding biotin protein ligase fused to GFP, when coupled with differential scanning fluorimetry, was shown to yield distinct protein unfolding signatures with Zn2+ and Cu2+ ions in aqueous solutions (Sorenson and Schaeffer, 2020). Interestingly, we observed similar results; incompletely folded fusion variants of turboGFP in the form of aIBs showed a tendency for increased FI for Zn2+ ions and markedly decreased FI for Cu2+ ions under optimal conditions (pH 7.5, 20°C, Figure 2). Figure 2A shows fluorescence quenching by various Me2+ ions tested using the SACS2 fusion construct (SACS2). When the concentration was 1 mM lower, only Cu2+ ions quenched the fluorescence by more than 50%. The other tested metals showed weak quenching of fluorescence at approximately 1 mM; however, when lower concentrations were used, weak increases in fluorescence were observed (0.2 mM Zn2+, 0.6 mM Mn2+), and calcium and magnesium showed local maxima at 0.6 mM after a gradual initial decrease in fluorescence. In summary, only Cu2+ ions are well discriminated from the other metals. Presented on the ygiF construct (ygiF), Figure 2B shows the fluorescence “window” between Zn2+ and Cu2+ ions and compares the influence CuSO4 and CuCl2 compounds. There were minor differences between the presence of SO42- and Cl− ions, although no differences were observed in the range of 0.002–0.01 mM (Figures 2C,D). It means that FI depends only on metal cations (Cu2+) and is not influenced by the anions of the salts (Cl−/SO42−).
[image: Figure 2]FIGURE 2 | The detection of metal ions. (A) LHS1-SACS2/CHAD-turboGFP fusion construct (range: 0.2–1 mM). (B) LHS1-turboGFP-ygiF/CHAD fusion construct (range: 0.02–0.1 mM). (C) LHS2-turboGFP fusion construct (range: 0.002–0.01 mM). (D) LHS1-turboGFP-ygiF/CHAD fusion construct (range: 0.002–0.01 mM). FI means the fluorescence intensity and only one protein is shown for the each concentration gradient.
Mercury (Hg) is a global pollutant and poisonous metal, adversely affecting human health and the surrounding environment. Hg toxicity depends on the chemical form; Hg° is considered nontoxic, whereas Hg2+ is the most toxic form. Therefore, many GFP-dependent Hg2+ biosensors have been developed to date (Kumari et al., 2020). A chemosensor designed and synthesized based on the GFP-chromophore showed a visible Zn2+-specific fluorescence turn-on reaction and Hg2+/Cu2+-specific fluorescence turn-off reaction (Shi et al., 2012). Accordingly, we next investigated the influence of HgCl2 on the fluorescence of the designed constructs. However, Hg2+ ions quenched the fluorescence very weakly compared with Cu2+ ions (Figures 2C,D).
Figure 3 shows the fluorescence “window” between Zn2+ and Cu2+ ions for all four designed constructs. The detection limit for Cu2+ ions was found to be approximately 1 µM (Figure 3C), and only LHS1 construct adequately distinguished between the compared metal ions at concentrations lower than 1 µM (Figure 3D). We also observed an exceptional linear correlation between LHS1 construct and Cu2+ ions within this concentration range (Figure 3D). The LHS1-quenching ability of turboGFP was also different in the range of 0.02–0.1 mM (Figure 3A). Therefore, these findings suggest that the sensitivity of LHS1 construct could be an effect of the direct fusion of the LHS1 tag to the N-terminus of turboGFP. However ygiF construct, which is an LHS1 construct plus a C-terminal CHAD, did not show this sensitivity (Figures 3A,D). It is possible that the CHAD buffered the Cu2+ ions in this case.
[image: Figure 3]FIGURE 3 | Detection of Cu2+ and Zn2+ ions. (A) Range: 0.02–0.1 mM. (B) Range: 0.002–0.01 mM. (C) Range: 0.2–1 µM. (D) LHS1 construt linear correlation (range: 0–1 µM). FI means the fluorescence intensity.
Overall, these results showed that Zn2+ ions slightly increased the fluorescence of the designed constructs and that Cu2+ ions markedly decreased the fluorescence of the designed constructs. LHS1 construct was somehow an exception; turn-off of the fluorescence response was sensitive and linear (Figures 3A,D). Despite the general trend that Zn2+ turned on and Cu2+ turned off specific fluorescence responses, all four constructs showed slightly different curves, indicating that the fusion tags/domains differentially influenced GFP fluorescence. E. coli ygiF and S. solfataricus SACS2 CHADs contain conserved histidine α-helical domains, and the polyhistidine LHS2 tag could be included in one group, although LHS1 construct was unique. Thus, incomplete folding of IBs and direct N-terminal fusion of the LHS1 tag may enhance the quenching sensitivity of turboGFP. By contrast, E. coli ygiF, S. solfataricus SACS2 CHADs, and the “polyhistidine” LHS2 tag may interact with Cu2+ ions and guard the chromophore, consistent with the observation that quenching was not observed at concentrations less than 1 µM.
Detection of (Poly)-Phosphates
Inorganic polyphosphates are primitive in their origin and act as a reservoir for inorganic phosphate and energy (macroergic bonds). These molecules also directly regulate various vital processes in the cell and are have roles in gene regulation. Energy metabolism and regulation are orchestrated by polyphosphate kinases (PPKs) (Achbergerová and Nahálka, 2011). In our laboratory, we have focused on multi-enzymatic reactions powered by polyP and PPKs, leading to the synthesis of poly/oligosaccharides (Nahálka and Pätoprstý, 2009). In poly/oligosaccharide enzymatic chemistry, Mg2+ (at concentrations above 20 mM) or Mn2+ (at concentrations above 5 mM) must be present in the reaction mixture as cofactors for glycosyltransferases, for the recognition of monosaccharide substrates marked by a nucleoside diphosphate. Nucleoside diphosphate sugars are synthetized from the nucleoside triphosphates and monosaccharide 1-phosphates by pyrophosphorylases, which also use these metal cofactors for recognition of nucleoside di-/tri-phosphates (Nahalka et al., 2003). In the reaction, pH (7.5–8.0) and the concentrations of nucleoside di-/tri-phosphates and inorganic Pi, PPi, and PPPi are tightly controlled to avoid precipitation of magnesium and manganese phosphate salts.
Therefore, in this study, we next attempted to obtain a IB-biosensor that could monitor (poly)-phosphates in the reaction mixture. Unfortunately, we did not find reproducible conditions for the on-line monitoring of PPi and nucleoside triphosphates by turboGFP aIBs in the reaction mixtures. However, the sampling and discontinuous measurement of the fluorescence intensity (FI) under precise pH and timing conditions yielded reproducible results. As shown in Figure 4A, Pi and PPPi did not influence FI in the range from 0 to 15 mM in the presence of 20 mM Mg2+. By contrast, PPi quenched the FI by approximately 30% in the range from 5 to 15 mM under the same conditions. Figure 4B shows the mimicking of PPi (7.5 mM) hydrolysis by a phosphatase; zero PPi indicates the presence of 15 mM Pi or 5 mM PPi indicates the presence of 5 mM Pi. The results in Figure 4B clearly corresponded with those in Figure 4A, suggesting that Pi did not influence the FI and that the curve may be used as a calibration curve for PPi hydrolysis. For example, the LHS2 fusion protein showed a linear decrease in FI from 0 to 3.75 mM. The IBs could be easily produced and isolated, and aIBs based on turboGFP could have potential applications in inexpensive, rapid detection of PPi in various samples. Sodium PPi (E450) and PPPi (E451) are used widely as relatively safe food additives (sequestrants and water retention agents) and as additives in commercial detergents (water softeners). By contrast, PPi has pivotal roles in many physiological reactions, is a known biomarker for various diseases, including cancer and infectious diseases, and is an essential target in diverse fields, including ecological research (Anbu et al., 2021). Therefore, many Zn2+- and Cu2+-based fluorescent sensors have been developed for the detection of PPi (Anbu et al., 2021).
[image: Figure 4]FIGURE 4 | The detection of (poly)-phosphates. (A) The influence of Pi/PPi/PPPi on the relative fluorescence intensity in the range from 0 to 15 mM and in the presence of 20 mM Mg2+ (measured at 30 min after mixing phosphates with magnesium and consequent mixing with GFP-IBs). (B) Calibration in the presence of 20 mM Mg2+, which mimicked PPi (7.5 mM) hydrolysis to 2Pi (15 mM). (C) Influence of PPi/PPPi and ADP/ATP on the SACS2 FI in the range from 0 to 10 µM and in the presence of 1.5 mM Pi but without Me2+ ion. (D) Influence of PPi on the FI in the range from 0 to 10 µM and in the presence of 1.0 mM Mg2+, 1.4 mM Ca2+, and 1.5 mM Pi. For c and d, the results were obtained from the exact emission maxima (506–512 nm) from spectral scans. FI means the fluorescence intensity.
Based on these sensors, we next explored whether our constructs could be used to sense PPi in plasma. Interestingly, the fusion proteins were sensitive to micromolar concentrations of (poly)-phosphates; for example, SACS2 construct turned-on the fluorescence response at concentrations under 1 µM and was able to distinguish between PPi/PPPi and ADP/ATP at a concentration of 10 µM (Figure 4C). The concentration of human plasma PPi in normal individuals is 2.63 ± 0.47 μM (O'Neill et al., 2010). ATP, ADP, and AMP have been detected in conventional clinical samples at concentrations of at least 1 µM (Harkness et al., 1984). However, when ATP is not released from the blood during plasma preparation, the concentration is much lower (Gorman et al., 2007). Importantly, the measurements were not performed directly in the plasma, but instead in 50 mM Tris buffer containing 1.5 mM Pi but lacking Me2+. The reference interval for Pi in plasma is 0.8–1.5 mM (Bazydlo et al., 2014). Na+, Ca2+, and Mg2+ are the main positive plasma electrolytes, with reference intervals of 0.7–1.1 mM for magnesium and 1.1–1.4 mM for free, physiologically active calcium (Bazydlo et al., 2014). When 50 mM Tris buffer containing 1.5 mM Pi was supplemented with 1.0 mM Mg2+ and 1.4 mM Ca2+, the main plasma metals chelated by PPi, the fluorescence turn-on peak was shifted to 3 μM in the case of SACS2 construct (Figure 4D). In the case of ygiF construct, the FI maximum was 4 μM. Interestingly, the LHS2 fusion protein exhibited a reverse peak, with a minimum at 2.5 μM. The LHS1 construct showed a plateau in the range from 1.5 to 4 μM, suggesting that fusion with the small 10-amino acid LHS1 aggregating peptide was less sensitive to PPi. Although this seemed logical, measurements at 5 and 10 μM indicated that the construct was still sensitive to PPi and that the peak could shift to this range (Figure 4D).
In summary, our preliminary experiments suggested that the constructs may have potential applications in the detection of PPi in the plasma. Further studies are needed to assess real plasma samples.
CONCLUSION
IBs are aggregates of partially folded or misfolded proteins. Initially, IBs were considered inappropriate for spectral measurement because IB suspensions sediment over time and the dispersion of light is influenced by nano-sized particles, such as IBs. However, IBs are relatively inexpensive biological materials, and incomplete protein folding can be an advantage in the development of sensitive biosensors, particularly when in quenching mode. GFP-based biosensors are commonly used in clinical, pharmaceutical, toxicological, and agri-food analyses, and future studies of the applications of IBs in these fields would be interesting.
Bacterial, archaeal, and eukaryotic CHADs have been identified only recently as specific polyP-binding modules. Accordingly, CHADs have been proposed to modulate the properties of polyP-metabolizing enzymes and specifically localize polyP stores in eukaryotic cells and tissues (Lorenzo-Orts et al., 2019). E. coli ygiF polyphosphatase is an example of a triphosphate tunnel metalloenzyme that uses a CHAD to enhance its activity. The CHAD of ygiF contains a C-terminal LHSGKR sequence and a similar sequence on its N-terminus (C-LHTSAR); our findings suggested that these sequences may be the minimum sequence required for recognition of polyP. Modification to LHSAK and fusion with the minimal aggregation-prone sequence IVVIG enabled us to design a minimal aggregation tag that recognizes (poly)-phosphates and metal ions. Using this LHS1 tag in the N-terminus of the fusion constructs may effectively “pull-down” the activity into aIBs for proteins that are not highly soluble (SACS2 and ygiF fusions). Although the pull-down effect is markedly decreased for highly soluble proteins (turboGFP), the double IVVIG core in the LHS2 tag completely shifted highly soluble turboGFP into aIBs (Figure 1B). In light of fluorescect or enzymatic activity, it is important to use a spacer/linker between the N-terminal LHS1/2 tag and enzyme because the SACS2 construct, which contained a natively designed IKPTTILHVAAKAD linker, showed 10-fold higher fluorescence than LHS1 and ygiF fusions. However, for quenching-mode GFP-biosensors, fusion without a linker may be advantageous because the LHS1 construct is highly sensitive to Cu2+ quenching. More importantly, fusion proteins may be sensitive to micromolar concentrations of (poly)-phosphates.
In the implications of the findings, aIBs can be considered as the naturally occurring nanoparticles in most cell types that could be used as the regular GFP-based biosensor applicable in clinical, pharmaceutical, toxicological, and agri-food analyses.
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