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Abstract

:

Gluconacetobacter diazotrophicus PAL5 (GDI) is an endophytic bacterium with potential biotechnological applications in industry and agronomy. The recent description of its complete genome and its principal metabolic enzymes suggests that glucose metabolism is accomplished through the pentose phosphate pathway (PPP); however, the enzymes participating in this pathway have not yet been characterized in detail. The objective of the present work was to clone, purify, and biochemically and physicochemically characterize glucose-6-phosphate dehydrogenase (G6PD) from GDI. The gene was cloned and expressed as a tagged protein in E. coli to be purified by affinity chromatography. The native state of the G6PD protein in the solution was found to be a tetramer with optimal activity at pH 8.8 and a temperature between 37 and 50 °C. The apparent Km values for G6P and nicotinamide adenine dinucleotide phosphate (NADP+) were 63 and 7.2 μM, respectively. Finally, from the amino acid sequence a three-dimensional (3D) model was obtained, which allowed the arrangement of the amino acids involved in the catalytic activity, which are conserved (RIDHYLGKE, GxGGDLT, and EKPxG) with those of other species, to be identified. This characterization of the enzyme could help to identify new environmental conditions for the knowledge of the plant–microorganism interactions and a better use of GDI in new technological applications.
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1. Introduction


Gluconacetobacter diazotrophicus PAL5 (GDI) is a strict aerobe and a nitrogen-fixing acetic acid bacterium that was originally isolated from sugar cane [1]. It grows under stringent conditions, such as in areas with a high sucrose content and low pH [2]. GDI is an excellent model system for the study of plant–microbe interactions [3,4], since it performs symbiosis with different plants, such as potato, sorghum, coffee, and pineapple [5,6], by colonizing their stems, leaves, and the intracellular space of sugarcane roots [1].



Whole genome sequencing allows for better understanding of the GDI, and the knowledge of several molecular and biochemical aspects of this microorganism have opened new research directions. The GDI genome is composed of one chromosome (3.9 Mb) and two plasmids (16.6 and 38.8 kb, respectively). About 3938 coding sequences have been annotated, including those related to sugar metabolism, such as that of the pentose phosphate pathway (PPP) [7,8].



An analysis of carbon and nitrogen metabolism for GDI showed that glucose is the principal carbon source. Accordingly, the first step for glucose oxidation to gluconate is catalysis by membrane-bound quino-protein glucose dehydrogenases; however, in situations with excess glucose, a second enzyme, named NAD-GDH (GDI2625), also promotes its oxidation [9]. Furthermore, it has been proposed that complete glucose oxidation may occur through several enzymes such as protein kinase (GDI3115), 2-ketogluconate reductase (GDI3432), and 6-phosphogluconate dehydrogenase-NAD, which drive the movement of gluconate to the PPP [9], since the key enzymes of the Embden–Meyerhof–Parnas (6-phosphofructokinase and 1-phosphofructokinase) and Entner–Doudoroff (6-phosphogluconate dehydratase and 2-keto-3-deoxyphosphogluconate aldolase) systems have not been detected [1,10,11].



Given the relevance of the function of the PPP, whose key regulatory enzyme is glucose-6-phosphate dehydrogenase (G6PD) in the glucose metabolism of GDI, in this work, for the first time we report the cloning and heterologous expression of complete active recombinant G6PD from GDI. This study allowed us to analyze the detailed steady state kinetics, thermostability, and biophysical characterization of the purified G6PD enzyme. Finally, using homologous 3D structures, we modeled the G6PD protein, which suggests the structural and functional features of the G6PD from several organisms, including humans.




2. Results and Discussion


2.1. zwf cDNA Isolation and Characterization


The zwf gene was obtained by PCR using specific primers and then cloned into the vector pJET 1.2. to analyze the sequence. The clone obtained contained an open reading frame of 1530 bp in length, which predicted a 510 amino acid protein with a theoretical molecular weight (MW) of 56,483 Da and an isoelectric point (pI) of 5.94, which was determined with the ProtParam tool from the Expasy online program [12]. The cloned zwf sequence analyzed by blast nucleotide (BLASTn) sequencing in GenBank found a 100% similarity with the nucleotide sequence of G6PD from GDI (GenBank: CAP54231.1) [13]. Then, the nucleotide sequence obtained was translated into an amino acid sequence. A comparison of the G. diazotrophicus PAL5 G6PD amino acid sequence was performed with HHblits [14] and revealed 100% levels of similarity with the putative G6PD from Tanticharoenia sakaeratensis (accession number: A0A0D6ML00), Verrucomicrobiae bacterium (accession number: A0A2A2YE23), and Xanthomonas cucurbitae (accession number: A0A2S7DNS6), among others (Table S1).



Then, 60 amino acid sequences of G6PDs from different species were retrieved from Swiss-Prot and NCBI (48 sequences from Swiss Prot and 12 sequences from NCBI) (Table S2), and a multiple alignment was performed with MAFFT V7.427 [15] (zwf_mafft.aln.fasta) and visualized with the online program Jalview [16] in order to find G6PD orthologs in GDI. As a result of the alignment, three conserved fragments were identified, which were previously characterized in human G6PD and are present in G6PD from GDI (Figure S1). The first fragment corresponds to the amino acids 31-GxGGDLT-37 (amino acid number corresponding to the G6PD sequence from GDI). This fragment, previously reported for human G6PD, is involved in the binding of catalytic nicotinamide adenine dinucleotide phosphate (NADP+ coenzyme). The second conserved fragment, 169-EKPxG-173 (amino acid number corresponding to G6PD sequence from GDI), contains proline 171 (Pro171), which is related to the correct positioning of the substrate (G6P) and coenzyme (NADP+) during enzymatic reactions [17]. Finally, the third fragment, 197-RIDHYLGKE-205 (amino acid number corresponding to G6PD sequence from GDI), which has nine amino acids, contains lysine (Lys204), which is responsible for the binding of the substrate in human G6PD [18]. Furthermore, this amino acid sequence contains aspartate, histidine, and lysine, which are considered important for the binding of the G6P substrate in G6PD from L. mesenteroides [19].



To determine the evolutionary relationship between the G. diazotrophicus G6PD protein and the other G6PD homologs, we constructed a phylogenetic tree (Figure S2) (zwf_mafft.tree). Phylogenetic analysis revealed that the G6PD sequence from GDI is most closely related to the G6PD sequences found in organisms like Gluconacetobacter liquefaciens and Gluconacetobacter etanii, as well as species of genus Acetobacter (Figure S2).




2.2. Heterologous Expression and Purification of G6PD


To better characterize G6PD from GDI, the pJET 1.2 vector containing the zwf gene was digested, sub cloned, and overexpressed in the pET3a-HISTEVP plasmid under the conditions described in the Materials and Methods section. The G6PD protein, which is fused to an N-terminal His tag, was purified by Ni Sepharose high performance affinity column (GE Healthcare). Then, the tag was removed using the site-specific protease HisTEVP. The inset in Figure 1 shows that, after SDS-PAGE, the protein was detected as a single band with an apparent MW of 56.4 kDa. This result is consistent with the theoretical MW of the monomeric form of G6PD. Of note, this size is similar to those reported for G6PD proteins in other prokaryotes as Thermotoga maritima and Pseudomonas aeruginosa [20,21], but it is different for the organs of some mammals, such as the camel liver, rat kidney, and buffalo liver, since they have MWs of around 60 to 75 kDa [22,23,24].



Furthermore, the native status of the G6PD protein was determined by size exclusion chromatography (Figure 1A). As shown in the chromatogram, a single peak with an elution volume of 44.4 mL with G6PD activity was observed. From the calibration curve plot, we found that the protein mass corresponds to the native tetramer (Figure 1B) with a MW of 220 ± 5 kDa, which is in accordance with the MW expected from the amino acid sequence (56.4 kDa × 4 ≈ 225 kDa). In addition, we found a second small peak with a relative MW of around 120 kDa, which could be a dimeric form, but no G6PD activity was observed for this form (Figure 1A). Furthermore, no monomer MW or larger aggregates were observed in the fast protein liquid chromatography (FPLC) chromatogram. These results are in accordance with those previously reported, where a tetrameric structure for G6PDs from Brugia malayi and Pseudomonas aeruginosa were reported [21,25]. However, the native statuses of G6PDs from camel liver, L. mesenteroides, and Haloferax volcanii have been reported as dimers and trimers, respectively [22,26,27].




2.3. Biochemical Analysis of the G6PD Protein


2.3.1. Effect of pH and Temperature on G6PD Activity


To determine the effect of pH and temperature on the activity of the G6PD enzyme, we examined the activity at different pH values and temperatures. The activity of G6PD was measured at pH values ranging from 2.6 to 10.0, with an optimal pH noted at 8.2. As can be observed at pH values from 2.6 to 4.0, no G6PD activity was detected; at a pH value of 5.0, G6PD activity was found at around 10%. Furthermore, we observed a relative activity of 42% at pH 7.0, while at pH 10.0, a residual activity of 60% was observed (Figure 2A). We suggest that this enzyme, which has an optimal pH of 8.2, probably participates during the growth phase, where the high demands of precursors, such as NADPH (notably required for lipid biosynthesis, cholesterol biosynthesis, and protection against cellular oxidative stress) or ribose are provided by the PPP. Furthermore, this result agrees with those previously reported, where the enzyme had a similar pH profile compared with the other previously purified G6PDs. For example, pH values of around 7.5 to 8 were found in G6PDs from Homo sapiens, P. aeruginosa, B. malayi, buffalo liver, camel liver, dog liver, T. crassiceps, T. cruzy, T. maritima, E. coli DH5α, and A. Oryzae [20,21,22,24,25,28,29,30,31,32,33]. However, an optimal pH value of around 9 has also been reported for G6PDs from A. niger and A. midulms [34].



To investigate the effect of temperature on the activity of G6PD protein, aliquots of the enzyme were incubated at different temperatures (ranging from 15 to 60 °C), and, subsequently, the activity was measured. As seen in Figure 2B, the activity remained intact from 37 to 50 °C and slowly decreased between 47 and 52 °C, and then sharply dropped. Furthermore, we observed that the G6PD enzyme loses about 60% of its activity when incubated at temperatures below 30 °C. The stability of the G6PD enzyme from GDI is in agreement with that previously reported for G6PDs from A. Orizae and Homo sapiens [33,35,36], as it has been observed that these enzymes have no alteration in their enzymatic activity from 35 to 50 °C. However, the G6PD enzymes from B. malayi and Y. lipolytica [25,37] lost 100% of their activity at 50 °C, while the G6PD of GDI showed 100% activity at this temperature, which indicates that this protein is more stable under high temperatures.




2.3.2. Kinetic Study of the G6PD Enzyme


The steady-state kinetic parameters of G6PD were obtained by varying the concentration of one of the substrates (G6P or NADP+) while keeping the other (G6P or NADP+) fixed at ∼10-fold of the Km value. As seen in Figure 3, hyperbolic behavior of the G6PD enzyme was observed for both substrates, G6P and NADP+, and the initial velocity values were fitted to the Michaelis–Menten equation by non-linear regression calculations. The apparent Km values for G6P and NADP+ were 63 and 7.2 μM respectively (Table 1), with an apparent Vmax of 43 µmol·min−1·mg−1. These results are similar to those reported for G6PDs from different organisms, where the Km values for NADP+ ranged from 6 to 10 μM [21,29,36], but the Km for G6PD is lower than previously reported values (Table 1) [20,21,34]. In addition, as can be observed in Table 1, the G6PD protein has a higher catalytic constant (kcat) value (293,181 s−1) compared to that of human G6PD (233 s−1), P. aeruginosa (540 s−1), A. orizae (1000 s−1), and T. maritima (35,000 s−1) [20,21,33].





2.4. Evaluation of Protein Stability


2.4.1. Thermal Inactivation Analysis


Thermal inactivation assays have been widely used to evaluate the stability of the active site of the human WT G6PD enzyme and its variants [35,36,40,41,42,43,44,45,46]. As shown in Figure 4A, when the enzyme was incubated with 1 Km (7.2 µM) of NADP+, no protective effect on thermal stability was observed, since its temperature T50 (temperature at which the enzyme loses 50%) remained similar with or without NADP+. This result is in disagreement with that previously reported for recombinant human G6PD, whose T50 increases from 47 to 59 °C in the presence of NADP+ [46]. This probably indicates that recombinant G6PD does not have the amino acids required for the binding of the structural NADP+ molecule, as occurs in eukaryotes, such as the human G6PD enzyme. It is interesting to note that in the alignment of the amino acid sequence of the G6PD from GDI, this enzyme contain only 1 amino acid R376 (amino acid number corresponding to G6PD sequence from GDI) of the 10 amino acids that have been reported to participate in the binding of structural NADP+ in human G6PD [17,47].



In addition, because we did not find a protective effect of G6PD in the presence of NADP+, we performed thermal inactivation assays in the presence or absence of G6P (second physiological substrate). This condition is closer to its physiological habitat, because GDI is grown in a large part of the intracellular space of sugarcane roots, where high concentrations of glucose are present in the environment. As seen in Figure 4A, we noted no protective effect when the enzyme was incubated with 1 Km (63 µM) of G6P. A T50 of 50 °C was determined both in the absence and presence of 1 Km of G6P This result indicates that the G6PD is not protected by NADP+ or G6P.




2.4.2. Stability of G6PD in the Presence of Guanidine Hydrochloride (Gdn-HCl) or Protease Digestion


We incubated G6PD with increasing concentrations of Gdn-HCl to induce protein unfolding. Then, we estimated the residual activity level of the enzyme, which is indicative of its folding state. Figure 4B shows a progressive loss of residual activity that is Gdn-HCl concentration-dependent, since at low concentrations of Gdn-HCl (0 to 0.5 M), enzymatic activity did not change, while at concentrations ranging from 0.6 to 0.80 M, the activity decreased gradually until it become imperceptible. The value of (Gdn-HCl)1/2 determined for recombinant G6PD from GDI was higher than that previously reported for the G6PDs of Homo sapiens and G. lamblia (0.3–0.45 M) [38,40,41,42] and lower with respect to G6PD from B. malayi, where the C1/2 value was 1.2 M of Gdn-HCl [25]. In addition, we evaluated the effect of Gdn-HCl on the activity of recombinant G6PD in the presence or absence of their physiological substrates (1 Km for NADP+ = 7.2 µM and 1 Km of G6P= 63 µM), and no changes were observed in the residual activity compared to those found without any substrate, as shown in Figure 4B. The resistance to structural damage of G6PD from GDI that we observed could be related to the natural habitats of the organism.



Protein digestion with trypsin is usually used to test the resistance to proteolysis; therefore, we evaluated the effect of trypsin on the activity of G6PD protein in the presence or absence of their two physiological substrates (NADP+ and G6P). As shown in Figure 4C, as the trypsin concentration increased (from 0 to 1 mg/mL), the same susceptibility to trypsin digestion as that of the native enzyme was observed in the presence of 1 Km of both G6P and NADP+. Furthermore, we observed that at 0.47 mg/mL of trypsin, the G6PD protein lost 50% of its initial activity, even when the enzyme was incubated in the presence of its physiological substrates.





2.5. Spectroscopic Characterization


2.5.1. Circular Dichroism (CD) Analysis and Thermal Stability


The secondary structure of the G6PD protein was evaluated using CD to obtain information about the proportions of α-helices and β-sheets in the native state. The G6PD protein showed the minimum absorption peaks at 210 and 222 nm in the far-UV region, which represents the content of α-helices and β-sheets without alterations (Figure 5A). On the other hand, it is interesting to note that the pattern and intensity of CD spectra for the G6PD was consistent with the α-β structure of recombinant human G6PD [35,36,40,41,42,43,44,45] and that previously reported for G6PD from Y. lipolytica [37]. Another approach to assessing alterations of the protein structure was thermal denaturation using CD analysis. As shown in Figure 5B, we obtained a two-state process and calculated the Tm (temperature at which half of the α-helices were unfolded) for the G6PD enzyme at 50.6 °C. Finally, it is important to mention that the Tm obtained for the G6PD was different from that previously reported in recombinant human WT G6PD, where a Tm of 59.5 °C was found [35,36,40,41,42,43,44,45,46,47,48].




2.5.2. Intrinsic Fluorescence


The intrinsic fluorescence of six tryptophan residues contained in the G6PD/monomer was monitored to determine structural changes as the Gdn-HCl concentrations were increased. The intrinsic fluorescence for the native G6PD protein without Gdn-HCl showed a peak at 337 nm with a maximum intensity of 603 arbitrary units (a.u.) (Figure 6A), while for the highest concentration of Gdn-HCl (1 M), the maximum intensity of fluorescence decreased by 40% (387 a.u.) compared to without Gdn-HCl (Figure 6B). It is also interesting to note that changes in the maximum emission length (λmax) of G6PD caused by increasing concentrations of Gdn-HCl were observed (Figure 6C). As previously noticed, the decrease in fluorescence intensity and change in the maximum emission length (λmax) could be because six tryptophan residues were exposed to the environment after Gdn-HCl-induced unfolding of the native 3D structure.





2.6. Homology Modeling of the Recombinant G6PD


The predicted and annotated sequence of G6PD from GDI submitted to the UniProt database [49] and BLAST protein data bank (PDB) was performed using a target database of 3D structures. The data showed that, based on its crystallographic 3D structures, the G6PD sequence of GDI has an identity of 38.9% with the G6PD from Mycobacterium avium (PDB entry 4LGV), 37.1% with the G6PD of Homo sapiens (PDB entry 2BH9), 35% with the Trypanosoma cruzy (PDB entry 5AQ1), and 34% with Leuconostoc mesenteroides (PDB entry 1H9A). Due to the existence of crystallographic 3D structures of G6PD enzymes, the sequence was submitted to the Swiss Model Server [50] (ZWF model.pdb). The entire 3D G6PD of the GDI model showed a total of 16 α-helices and 15 β-strands (Figure S3A), and the N-terminal (amino acids 1–197) was found to contain the β-α-β Rossmann type folding domain, where the binding sites of β-d-glucose-6-phosphate (G6P) and NADP+ are located. The structural alignment of the G6PD model of GDI with the human G6PD enzyme (PDB entry 2BH9) and G6PD from L. mesenteroides (PDB entry 1H9A) also showed the presence of the β-α-β Rossmann type folding domain, as well as the β + α domain that forms the dimer interface and contains a large antiparallel sheet (Figure S3B) [19,51]. Interestingly, although the G6PD of GDI showed the β + α domain located in the C-terminal region, we consider that this enzyme does not have the ability to bind to the second structural NADP+ because the thermostability data suggest that, even in the presence of NADP+, the protein is not protected from degradation. This is consistent with the idea that this site is only present in higher organisms where it has been proposed to be involved in the dimerization and stability of the enzyme [47,51]. Finally, we also observed that the G6PD sequence of GDI has three conserved fragments that are present in other G6PDs from different organisms. Figure S2 shows these fragments as follows: RIDHYLGKE, which is involved in substrate binding and catalysis through lysine (Lys204), GxGGDLT, which is involved in the binding of the catalytic NADP+ coenzyme, and EKPxG, which contains the amino acid proline (Pro 171), which is related to the correct positioning of the substrate (G6P) and coenzyme (NADP+) during the enzymatic reaction (Figure S3C). The presence of these motifs corroborates the functionality of the enzyme.





3. Materials and Methods


3.1. Cloning of zwf from GDI


The zwf gene from Reference Sequence GenBank: CAP54231.1 was amplified by polymerase chain reaction (PCR) using template genomic DNA from GDI and specific primers. The forward primer 5′-TAATCATATGGCTCAGCTCCCCCC-3′ and reverse primer 5′-ATTAGGATCCTTACGCCATGTCCTCGT-3′ contained NdeI and BamHI restriction sites (underlined), respectively. The reaction mixture consisted of a 200 ng primer, 10 mM dNTP mixture, 1× PCR buffer, and 1 U of phusion® high fidelity DNA polymerase (Thermo scientific, Hudson, NH, USA). The PCR conditions used for the amplification of the zwf gene were as follows: 2 min at 98 °C for denaturation, 25 cycles of amplification (35 s at 98 °C, 20 s at 65 °C, 30 s at 72 °C), and 5 min at 72 °C for extension. The PCR product was separated using 1% agarose gel electrophoresis, stained with GelRed (Nucleic Acid Gel, Biotium, Fremon, CA, USA), and visualized in a MultiDoc-It Digital Imaging System (UVP, Upland, CA, USA). The amplicon of the expected size (1530 bp) was purified and ligated into the pJET 1.2 vector (CloneJET PCR Cloning Kit; Thermo Scientific, Hudson, NH, USA), following the instructions of the protocol, to yield the plasmid named pJET/zwf, which was used to transform E. coli TOP10F’ competent cells. Then, from the transformant colonies, the plasmid DNA was extracted using the GeneJET Plasmid Miniprep Kit (Thermo Scientific, Waltham, MA, USA), according to the manufacturer’s instructions, and bidirectional DNA sequencing with verified internal forward and reverse sequencing primers was used to confirm that desired recombinant plasmids were obtained. The verified sequence was digested with the restriction enzymes NdeI and BamHI and sub-cloned into the pET3a-HisTEVP plasmid to generate the pET3a-HisTEVP-zwf and used to transform E. coli BL21(DE3)pLysS competent cells (Invitrogen, Carlsbad, CA, USA). The transformant was selected from the Luria Bertani (LB) plate medium containing 100 μg/mL ampicillin.




3.2. Alignment of the G6PD Protein of GDI


A total of 60 amino acid sequences were retrieved from Swiss-Prot and NCBI (Table S1). From Swiss Prot, 48 sequences were selected, as they are manually curated, and to avoiding having more than one representative from a species. A total of 12 additional species were selected from NCBI [13], as they were related to the clade of interest and have no representatives in the Swiss Prot database [49]. Multiple sequence alignment was performed with MAFFT V7.427 [15] using the “auto” option to select the most appropriate alignment strategy according to the dataset, while the rest of the parameters were left as default. The alignment was visualized with the online program Jalview [15]. A maximum likelihood phylogenetic reconstruction was performed with FastTree 2.1.10 (Berkeley, CA, USA) [52] using the Whelan and Goldman model and 1,000 bootstraps. The evolutionary distances were computed using the Poisson correction method and are represented in units of the number of amino acid substitutions per site. The analysis involved 60 amino acid sequences. All positions containing gaps and missing data were eliminated. There was a total of 325 positions in the final dataset.




3.3. Expression and Purification of the G6PD Protein


The E. coli BL21(DE3)pLysS cells containing the recombinant pET3a-HisTEVP-zwf plasmid were used to inoculate 50 mL of fresh LB medium. This medium was then transferred into 2 L of fresh LB medium with 100 μg/mL ampicillin at 37 °C for 5 h at 180 rpm. When the cell density reached an optical density (OD600) of 0.6 to 0.8, the protein was induced by adding 0.3 mM IPTG at 30 °C for 12 h. The cells were collected, harvested, suspended in a lysis buffer (0.1 M Tris-HCl, pH 7.6, 0.1% β-mercaptoethanol, 0.5 mM PMSF, 3 mM MgCl2, and 10% of glycerol), and lysated by sonication. The crude extract was obtained by centrifugation at 18,000× g for 25 min at 10 °C and applied to a Ni Sepharose high performance column (GE Healthcare, Chicago, IL, USA) that was pre-equilibrated with a binding buffer (0.1 M Tris-HCl, 50 mM NaCl, pH 8.0 and 10% of glycerol). Then, the column was washed (binding buffer plus 50 mM imidazole), and the protein was eluted with the same binding buffer plus 250 mM imidazole [35]. Imidazole was removed from the sample by five consecutive dilutions and concentrated using a microcon-10 kDa centrifugal filter unit (Millipore). The G6PD protein was digested with the TEVP protease (previously purified) to remove additional amino acid residues corresponding to the (His)6-tag sequence, and site-specific protease HisTEVP recognition was added in the N-terminal region of the G6PD protein. The TEVP protein used for the digestions was purified by a Ni Sepharose high performance column (GE Healthcare, Chicago, IL, USA) [35]. Finally, the purified G6PD protein was analyzed in 12% SDS-PAGE gel and stained with colloidal coomassie brilliant blue (R-250) (Sigma-Aldrich, San Luis, Misuri, USA). The protein concentration was quantified in accordance with Lowry et al. [53] using bovine serum albumin as the standard. To preserve the protein, glycerol was added to the purified protein (50 % v/v) and stored at −70 °C.




3.4. Biochemical Analysis of G6PD Protein from GDI


3.4.1. Native Status of the G6PD protein


The native state of the purified G6PD protein was determined using gel filtration chromatography (GFC). The G6PD protein was loaded into a sephacryl 200 (16/60) gel filtration column (GE Healthcare, UK) pre-equilibrated with equilibrium buffer T (100 mM Tris-HCl buffer pH 7.35, 0.01 M MgCl2), and the protein was eluted using the equilibrium buffer at a flow rate of 0.3 mL/min, with the absorbance signal monitored at 280 nm. Using the same conditions, the column calibration was done by employing gel filtration standard # 151-1901 (Mark Bio-Rad). In both cases, the column was coupled to the AKTA pure fast protein liquid chromatography (FPLC) system (GE Healthcare, Chicago, IL, USA).




3.4.2. Effect of pH and Temperature on G6PD Activity


To evaluate the effect of pH on the activity of G6PD from GDI, we measured the activity at a pH range from 2.6 to 10.0 using four different buffer systems: Mcllvaine buffer (pH 3.0–6.0), 50 mM MES buffer (pH 6.0–6.75), 50 mM HEPES buffer (pH 6.75–8.0), 50 mM Tris buffer (pH 8.0–9.0), and glycine (pH 9.0–10). G6PD activity was determined as previously reported by Gómez-Manzo et al. [35,36]. The non-enzymatic reduction of NADP+ in the assay was measured at each pH value and subtracted from the experimental points. Moreover, we evaluated the effect of temperature on G6PD activity. The enzyme was incubated at a final concentration of 0.2 mg/mL at different temperatures from 15 to 60 °C for 20 min according to a previously reported method [36], and then the activity was determined and expressed as a percentage. The enzyme activity incubated at 37 °C was set to 100%. All thermal inactivation trials were performed in triplicate.




3.4.3. Kinetic Study of the G6PD Enzyme


The experimental steady-state kinetic parameters for the G6P substrate were obtained from the initial velocity data by varying the G6P substrate (0 to 2 mM), while the NADP+ was fixed at a saturating concentration (∼10-fold of the Km value; 72 µM). To obtain the steady-state kinetic parameters for the NADP+ substrate, this value was varied from 0 to 250 µM, and the G6P substrate was fixed at a saturating concentration (∼10-fold of the Km value; 630 µM). The initial velocity obtained for each concentration was used to calculate the rate of product formation of the NADPH (µmol/min/mg) using the extinction coefficient of reduced NADPH at 340 nm (6220 M−1·cm−1). The Km, kcat, and Vmax parameters were obtained by fitting the data to the Michaelis–Menten equation by non-linear regression calculations [36]. All the trials were performed in triplicate.





3.5. Evaluation of Protein Stability


3.5.1. Thermal Inactivation Analysis


The effect of temperature on the stability of the protein in the presence of its physiological substrates (G6P and NADP) was evaluated by thermal analysis. The G6PD protein was suspended in a T buffer at a final protein concentration of 0.2 mg/mL and incubated with 1 Km of NADP+ (7.2 µM) and G6P (63 µM) for 20 min at different temperatures ranging from 37 to 60 °C, as previously reported [35,36]. Later, the residual activity was measured spectrophotometrically. The residual activity of the enzyme incubated at 37 °C was fixed at 100%. All thermal inactivation trials were performed in triplicate.




3.5.2. Stability of G6PD in the Presence of Gdn-HCl


Another way of assessing protein stability was in the presence of Gdn-HCl, which was incubated with 1 Km of NADP+ (7.2 µM) or G6P (63 µM). The G6PD protein was adjusted to 0.2 mg/mL in a T buffer and incubated at 37 °C for 2 h under different concentrations of Gdn-HCl (from 0 to 1 M) in the presence or absence of 1 Km of NADP+ (7.2 µM) or G6P (63 µM). Then, the activity of G6PD was determined, and the residual activity of the the enzyme incubated at 37 °C in the absence of Gdn-HCl was fixed at 100%. The experiment was performed in triplicate.




3.5.3. Stability of G6PD in the Presence of Protease Digestion


Finally, the stability of the G6PD protein was evaluated by its susceptibility to protease digestion with trypsin in both the absence and presence of 1 Km of NADP+ (7.2 µM) or G6P (63 µM). The protein was adjusted to 0.2 mg/mL in T buffer and incubated with different trypsin concentrations ranging from 0 to 1 mg/mL at 37 °C for 3 h, and before the residual activity was measured, the reaction was stopped with 5 mM of PMSF [42]. The residual activity of the enzyme incubated without trypsin was fixed at 100%. The experiment was performed in triplicate.





3.6. Homology Modeling of the Structure of G6PD Protein


The homology model of the full-length G6PD protein from GDI was built on the Swiss-Model server [50] using the crystal structure of G6PD from L. mesenteroides (PDB entry 1H9A; [27]) as a template. The best model was selected according to the GMQE, QSQE, and QMEAN statistical parameters. Then, the generated model was subjected to energy minimization using the YASARA software [54] and validated using MolProbity [55]. Structural analysis was performed by manual inspection using Coot [56]. The graphical representations were prepared with the CCP4mg software [57].




3.7. Spectroscopic Characterization


3.7.1. Circular Dichroism (CD) and Thermal Stability


The secondary structure of the G6PD protein was analyzed by CD, as previously described [35]. Purified protein was adjusted at 0.5 mg/mL in 50 mM phosphate buffer at pH 7.4 and loaded in a rectangular quartz cuvette with a 1 cm optical path. Spectra were recorded at 25 °C in the ultra violet circular dichroism (UV-CD), ranging from 200 to 260 nm with a scanning speed of 50 nm.min−1. Spectra of the blank were subtracted from all the obtained spectra that contained the protein. The curves were plotted using the Origin program.



Furthermore, thermal denaturation of the G6PD was monitored at 222 nm as a function of temperature, ranging from 20 to 90 °C, and increasing at a rate of 1 °C/2.5 min. The protein concentration was adjusted to 0.5 mg/mL in 50 mM of phosphate buffer at pH 7.4. The assay was performed in a spectropolarimeter (Jasco J-8190 ®, Easton, MD, USA), as previously reported [43]. The data were adjusted with the Boltzmann equation using the Origin version 8 (2016) program. Both experiments were performed in duplicate at 25 °C.




3.7.2. Intrinsic Fluorescence of the G6PD Protein


The intrinsic fluorescence of the six tryptophans present in the G6PD protein was determined in the presence of Gdn-HCl. The protein was adjusted at 0.1 mg/mL in 50 mM of phosphate buffer at pH 7.4 and incubated at 37 °C for 2 h in the presence of Gdn-HCl (from 0 to 1 M). the spectra were recorded at 310–500 nm in a Perkin-Elmer LS-55 fluorescence spectrometer (Perkin Elmer, Wellesley, MA, USA) using an excitation wavelength of 295 nm and slits of excitation and emission of 4.5 and 3.7 nm, respectively. The final spectrum was the average of five scans; later, each spectrum was subtracted from the spectra of the blank (without protein).






4. Conclusions


We reported, for the first time, the cloning, purification, and characterization of G6PD from the genome of Glunacetobacter diazotrophicus, PAL5. The purified protein allowed us to determine different structural and functional parameters. In the kinetic analysis, the enzyme showed specificity for the G6P and NADP+ substrates, which allowed us to determine the values of Km and Vmax. However, when this protein was incubated with NADP+, no protective effect on the thermal stability was observed, in contrast to other previously reported G6PDs. Bioinformatics analyses and the 3D model revealed that the protein contains highly conserved fragments that participate in catalysis and substrate binding, similar to eukaryotic organisms. Finally, this new data allowed us to obtain a better understanding of the metabolism of this endophytic bacterium and offered a better idea of its potential for use in biotechnology applications due to the production of metabolites of biotechnological interest by this bacterium.








Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/20/21/5279/s1.





Author Contributions


Conceptualization, S.G.-M.; Data curation, R.A.C.-R., B.H.-O., E.S.-P., and R.A.-E.; formal analysis, E.J.R.-N., D.O.-C., A.G.-V., R.A.C.-R., G.Y.P.-S., B.H.-O., N.C.-R., V.M.-R., L.M.-L., H.S.-P., E.S.-P., R.A.-E., M.C.-C., L.M.R.-R., V.P.d.l.C., J.M.-Q., and S.G.-M.; funding acquisition, N.C.-R., J.M.-Q., and S.G.-M.; investigation, D.O.-C., A.G.-V., R.A.C.-R., R.A.-E., L.M.R.-R., V.P.d.l.C., J.M.-Q., and S.G.-M.; methodology, E.J.R.-N., A.G.-V., G.Y.P.-S., B.H.-O., V.M.-R., L.M.-L., H.S.-P., E.S.-P., M.C.-C., L.M.R.-R., J.M.-Q., and S.G.-M.; software, H.S.-P., J.M.-Q., and S.G.-M.; supervision, N.C.-R.; validation, E.J.R.-N. and B.H.-O.; Writing—original draft, N.C.-R. and S.G.-M.; writing—review and editing, D.O.-C., R.A.C.-R., H.S.-P., R.A.-E., L.M.R.-R., V.P.d.l.C., J.M.-Q., and S.G.-M.




Funding


This work was supported by the E022 Program, National Institute of Pediatrics, Mexico City, Mexico (Recursos Fiscales para la Investigación. J.M.-Q. was supported by INP 024/2017. S.G.-M. was supported by INP 031/2018, INP 038/2019. N.C.-R. was supported by INP 041/2018). J.M.-Q. is supported by CONACYT grant 259201, Cátedras CONACYT (2184) project number 2057. H.S.-P. acknowledges financial support from CONACyT project INFR-2017-01-280608.




Acknowledgments


The technical assistance of Camila Marcial, Ximena Gomez-Gonzalez, and Maria Jose Gomez-Gonzalez are greatly appreciated. Finally, thanks to Javier Gallegos Infante (Instituto de Fisiología Celular, UNAM) for assistance with the bibliographic materials.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




Abbreviations




	G6PD
	Glucose-6-phosphate dehydrogenase



	PPP
	Pentose Phosphate Pathway



	GDI
	Gluconacetobacter diazotrophicus



	NADP
	Nicotinamide adenine dinucleotide phosphate



	DC
	Dichroism Circular







References


	



Cavalcante, V.A.; Döbereiner, J. A new acid-tolerant nitrogen fixing bacterium associated with sugarcane. Plant Soil. 1988, 108, 23–31. [Google Scholar] [CrossRef]

	



Chawla, N.; Phour, M.; Suneja, S.; Sangwaan, S.; Goyal, S. Gluconacetobacter diazotrophicus: An overview. Res. Environ. Life Sci. 2014, 7, 1–10. [Google Scholar]

	



Cocking, E.C.; Stone, P.J.; Davey, M.R. Intracellular colonization of roots of Arabidopsis and crop plants by Gluconacetobacter diazotrophicus. Vitro Cell. Dev. Biol. Plant 2006, 42, 74–82. [Google Scholar] [CrossRef]

	



Saravanan, V.S.; Madhaiyan, M.; Osborne, J.; Thangaraju, M.; Sa, T.M. Ecological occurrence of Gluconacetobacter diazotrophicus and nitrogen-fixing acetobacteraceae members: Their possible role in plant growth promotion. Microb. Ecol. 2008, 55, 130–140. [Google Scholar] [CrossRef] [PubMed]

	



Paula, M.A.; Reis, V.M.; Döbereiner, J. Interacction of Glomus clarum with Acetobacter diazotrophicus in infection of sweet potato (Ipomoea batatas), sugarcane (Saccharum spp.), and sweet sorghum (Sorghum vulgare). Biol. Fertil. Soils 1991, 11, 111–115. [Google Scholar] [CrossRef]

	



Jiménez-Salgado, T.; Fuentes-Ramírez, L.E.; Tapia-Hernández, A.; Mascarúa-Esparza, M.A.; Martínez-Romero, E.; Caballero-Mellado, J. Coffea arabica L., a new host plant for Acetobacter diazotrophicus, and isolation of other nitrogen-fixing acetobacteria. Appl. Environ. Microbiol. 1997, 63, 3676–3683. [Google Scholar] [PubMed]

	



Bertalan, M.; Alvano, R.; de Padua, V.; Rouws, L.; Rojas, C.; Hemerly, A.; Teixeira, K.; Schwab, S.; Araujo, J.; Oliveira, A.; et al. Complete genome sequence of the sugarcane nitrogen-fixing endophyte Gluconacetobacter diazotrophicus PAL5. BMC Genom. 2009, 10, 450. [Google Scholar] [CrossRef]

	



Giongo, A.; Tyler, H.L.; Zipperer, U.N.; Triplett, E.W. Two genome sequences of the same bacterial strain, Gluconacetobacter diazotrophicus PAl 5, suggest a new standard in genome sequence submission. Stand. Genom. Sci. 2010, 2, 309–317. [Google Scholar] [CrossRef]

	



Luna, M.F.; Bernardelli, C.E.; Galar, M.L.; Boiardi, J.L. Glucose metabolism in batch and continuous cultures of Gluconacetobacter diazotrophicus PAl 3. Cur. Microbiol. 2006, 52, 163–168. [Google Scholar] [CrossRef]

	



Alvarez, B.; Martínez-Drets, G. Metabolic characterization of Acetobacter diazotrophicus. Can. J. Microbiol. 1995, 41, 918–924. [Google Scholar] [CrossRef]

	



Attwood, M.M.; van Dijken, J.P.; Pronk, J.T. Glucose metabolism and gluconic acid production by Acetobacter diazotrophiucs. J. Ferment. Bioeng. 1991, 72, 101–105. [Google Scholar] [CrossRef]

	



Gasteiger, E.; Hoogland, C.; Gattiker, A.; Duvaud, S.; Wilkins, M.R.; Appel, R.D.; Bairoch, A. Protein identification and analysis tools on the ExPASy server. In The Proteomics Protocols Handbook; Walker, J.M., Ed.; Humana Press: Totowa, NJ, USA, 2005; pp. 571–607. [Google Scholar]

	



Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410. [Google Scholar] [CrossRef]

	



Remmert, M.; Biegert, A.; Hauser, A.; Söding, J. HHblits: Lightning-fast iterative protein sequence searching by HMM-HMM alignment. Nat. Methods 2012, 9, 173–175. [Google Scholar] [CrossRef] [PubMed]

	



Katoh, K.; Rozewicki, J.; Yamada, K.D. MAFFT online service: Multiple sequence alignment, interactive sequence choice and visualization. Brief. Bioinform. 2019, 20, 1160–1166. [Google Scholar] [CrossRef] [PubMed]

	



Waterhouse, A.M.; Procter, J.B.; Martin, D.M.A.; Clamp, M.; Barton, G.J. Jalview Version 2—A multiple sequence alignment editor and analysis workbench. Bioinformatics 2009, 25, 1189–1191. [Google Scholar] [CrossRef] [PubMed]

	



Kotaka, M.; Gover, S.; Vandeputte-Rutten, L.; Au, S.W.N.; Lam, V.M.S.; Adams, M.J. Structural studies of glucose-6-phosphate and NADP+ binding to human glucose-6-phosphate dehydrogenase. Acta Crystallogr. D Biol. Crystallogr. 2005, 61, 495–504. [Google Scholar] [CrossRef]

	



Bautista, J.M.; Mason, P.J.; Luzzatto, L. Human glucose-6-phosphate dehydrogenase Lysine 205 is dispensable for substrate binding but essential for catalysis. FEBS Lett. 1995, 366, 61–64. [Google Scholar] [CrossRef]

	



Rowland, P.; Basak, A.K.; Gover, S.; Levy, H.R.; Adams, M.J. The three-dimensional structure of glucose 6-phosphate dehydrogenase from Leuconostoc mesenteroides refined at 2.0 A resolution. Structure 1994, 2, 1073–1087. [Google Scholar] [CrossRef]

	



Hansen, T.; Schlichting, B.; Schonheit, P. Glucose-6-phosphate dehydrogenase from the hyperthermophilic bacterium Thermotoga maritima: Expression of the g6pd gene and characterization of an extremely thermophilic enzyme. FEMS Microbiol. Lett. 2002, 216, 249–253. [Google Scholar] [CrossRef]

	



Acero-Navarro, K.E.; Jiménez-Ramírez, M.; Villalobos, M.A.; Vargas-Martínez, R.; Perales-Vela, H.V.; Velasco-García, R. Cloning, overexpression, and purification of glucose-6-phosphate dehydrogenase of Pseudomonas aeruginosa. Protein Expr. Purif. 2018, 142, 53–61. [Google Scholar] [CrossRef]

	



Ibrahim, M.A.; Ghazy, A.M.; Salem, A.M.H.; Ghazy, M.A.; Abdel-Monsef, M.M. Purification and characterization of glucose-6-phosphate dehydrogenase from camel liver. Enzym. Res. 2014, 2014, 714054. [Google Scholar] [CrossRef] [PubMed]

	



Adem, S.; Ciftci, M. Purification of rat kidney glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, and glutathione reductase enzymes using 2’,5’-ADP Sepharose 4B affinity in a single chromatography step. Protein Expr. Purif. 2012, 81, 1–4. [Google Scholar] [CrossRef] [PubMed]

	



Ibrahim, M.A.; Ghazy, A.H.; Salem, A.M.; Ghazy, M.A.; Abdel-Monsef, M.M. Biochemical characterization of buffalo liver glucose-6-phosphate dehydrogenase isoforms. Protein J. 2015, 34, 193–204. [Google Scholar] [CrossRef] [PubMed]

	



Verma, A.; Suthar, M.K.; Doharey, P.K.; Gupta, S.; Yadav, S.; Chauhan, P.M.; Saxena, J.K. Molecular cloning and characterization of glucose-6-phosphate dehydrogenase from Brugia malayi. Parasitology 2013, 140, 897–906. [Google Scholar] [CrossRef] [PubMed]

	



Pickl, A.; Schönheit, P. The oxidative pentose phosphate pathway in the haloarchaeon Haloferax volcanii involves a novel type of glucose-6-phosphate dehydrogenase—The archaeal Zwischenferment. FEBS Lett. 2015, 589, 1105–1111. [Google Scholar] [CrossRef]

	



Naylor, C.E.; Gover, S.; Basak, A.K.; Cosgrove, M.S.; Levy, H.R.; Adams, M.J. NADP and NAD binding to the dual coenzyme specific enzyme Leuconostoc mesenteroides glucose 6-phosphate dehydrogenase: Different interdomain hinge angles are seen in different binary and ternary complexes. Acta crystallogr. D Biol. Crystallogr. 2001, 57, 635–648. [Google Scholar] [CrossRef]

	



Wang, X.T.; Lam, V.M.; Engel, P.C. Marked decrease in specific activity contributes to disease phenotype in two human glucose-6-phosphate dehydrogenase mutants, G6PD Union and G6PD Andalus. Hum. Mutat. 2005, 26, 284–293. [Google Scholar] [CrossRef]

	



Özer, N.; Bilgi, C.; Ögüsa, I.H. Dog liver glucose-6-phosphate dehydrogenase: Purification and kinetic properties. Int. J. Biochem. Cell. Biol. 2002, 34, 253–262. [Google Scholar] [CrossRef]

	



Rendón, J.L.; del Arenal, I.P.; Guevara-Flores, A.; Mendoza-Hernández, G.; Pardo, J.P. Glucose 6-phosphate dehydrogenase from larval Taenia crassiceps (cysticerci): Purification and properties. Parasitol. Res. 2008, 102, 1351–1357. [Google Scholar] [CrossRef]

	



Ortiz, C.; Moraca, F.; Medeiros, A.; Botta, M.; Hamilton, N.; Comini, M.A. Binding mode and selectivity of steroids towards glucose-6-phosphate dehydrogenase from the pathogen Trypanosoma cruzi. Molecules 2016, 21, 368. [Google Scholar] [CrossRef]

	



Schuurmann, J.; Quehl, P.; Lindhorst, F.; Lang, K.; Jose, J. Autodisplay of glucose-6-phosphate dehydrogenase for redox cofactor regeneration at the cell surface. Biotechnol. Bioeng. 2017, 114, 1658–1669. [Google Scholar] [CrossRef] [PubMed]

	



Guo, S.H.; Han, J.; Wu, J.; Chen, H. Heteroexpression and functional characterization of glucose 6-phosphate dehydrogenase from industrial Aspergillus oryzae. J. Microbiol. Biotechnol. 2019, 29, 577–586. [Google Scholar] [CrossRef] [PubMed]

	



Wennekes, L.M.; Goosen, T.; van den Broek, P.J.; van den Broek, H.W. Purification and characterization of glucose-6-phosphate dehydrogenase from Aspergillus niger and Aspergillus nidulans. J. Gen. Microbiol. 1993, 139, 2793–2800. [Google Scholar] [CrossRef]

	



Gómez-Manzo, S.; Terrón-Hernández, J.; de la Mora-de la Mora, I.; García Torres, I.; López-Velázquez, G.; Reyes-Vivas, H.; Oria-Hernández, J. Cloning, expression, purification and characterization of His-tagged human glucose-6-phosphate dehydrogenase: A simplified method for protein yield. Protein J. 2013, 32, 585–592. [Google Scholar] [CrossRef] [PubMed]

	



Gómez-Manzo, S.; Terrón-Hernández, J.; De la Mora-De la Mora, I.; González-Valdez, A.; Marcial-Quino, J.; García-Torres, I.; Vanoye-Carlo, A.; López-Velázquez, G.; Hernández-Alcantara, G.; Oria-Hernández, J.; et al. The stability of G6PD is affected by mutations with different clinical phenotypes. Int. J. Mol. Sci. 2014, 15, 21179–21201. [Google Scholar] [CrossRef] [PubMed]

	



Bian, M.; Li, S.; Wei, H.; Huang, S.; Zhou, F.; Zhu, Y.; Zhu, G. Heteroexpression and biochemical characterization of a glucose-6-phosphate dehydrogenase from oleaginous yeast Yarrowia lipolytica. Protein Expr. Purif. 2018, 148, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Morales-Luna, L.; Serrano-Posada, H.; González-Valdez, A.; Ortega-Cuellar, D.; Vanoye-Carlo, A.; Hernández-Ochoa, B.; Sierra-Palacios, E.; Rufino-González, Y.; Castillo-Rodríguez, R.A.; Pérez de la Cruz, V.; et al. Biochemical characterization and structural modeling of fused glucose-6-phosphate dehydrogenase-phosphogluconolactonase from Giardia lamblia. Int. J. Mol. Sci. 2018, 25, 19. [Google Scholar] [CrossRef] [PubMed]

	



Jortzik, E.; Mailu, B.M.; Preuss, J.; Fischer, M.; Bode, L.; Rahlfs, S.; Becker, K. Glucose-6-phosphate dehydrogenase–6-phosphogluconolactonase: A unique bifunctional enzyme from Plasmodium falciparum. Biochem. J. 2011, 436, 641–650. [Google Scholar] [CrossRef]

	



Gómez-Manzo, S.; Marcial-Quino, J.; Vanoye-Carlo, A.; Serrano-Posada, H.; González-Valdez, A.; Martínez-Rosas, V.; Hernández-Ochoa, B.; Sierra-Palacios, E.; Castillo-Rodríguez, R.A.; Cuevas-Cruz, M.; et al. Functional and biochemical characterization of three recombinant human glucose-6-phosphate dehydrogenase mutants: Zacatecas, vanua-lava and viangchan. Int. J. Mol. Sci. 2016, 17, 787. [Google Scholar] [CrossRef]

	



Ramírez-Nava, E.J.; Ortega-Cuellar, D.; Serrano-Posada, H.; González-Valdez, A.; Vanoye-Carlo, A.; Hernández-Ochoa, B.; Sierra-Palacios, E.; Hernández-Pineda, J.; Rodríguez-Bustamante, E.; Arreguin-Espinosa, R.; et al. Biochemical analysis of two single mutants that give rise to a polymorphic g6pd a-double mutant. Int. J. Mol. Sci. 2017, 26, 18. [Google Scholar] [CrossRef]

	



Cortés-Morales, Y.Y.; Vanoye-Carlo, A.; Castillo-Rodríguez, R.A.; Serrano-Posada, H.; González-Valdez, A.; Ortega-Cuellar, D.; Hernández-Ochoa, B.; Moreno-Vargas, L.M.; Prada-Gracia, D.; Sierra-Palacios, E.; et al. Cloning and biochemical characterization of three glucose-6-phosphate dehydrogenase mutants presents in the Mexican population. Int. J. Biol. Macromol. 2018, 119, 926–936. [Google Scholar] [CrossRef] [PubMed]

	



Gómez-Manzo, S.; Marcial-Quino, J.; Vanoye-Carlo, A.; Enríquez-Flores, S.; De la Mora-De la Mora, I.; González-Valdez, A.; García-Torres, I.; Martínez-Rosas, V.; Sierra-Palacios, E.; Lazcano-Pérez, F.; et al. Mutations of glucose-6-phosphate dehydrogenase Durham, Santa-Maria and A+ variants are associated with loss functional and structural stability of the protein. Int. J. Mol. Sci. 2015, 16, 28657–28668. [Google Scholar] [CrossRef] [PubMed]

	



Boonyuen, U.; Chamchoy, K.; Swangsri, T.; Saralamba, T.; Day, N.P.J.; Imwong, M. Detailed functional analysis of two clinical glucose-6-phosphate dehydrogenase (G6PD) variants, G6PD Viangchan and G6PD Viangchan + Mahidol: Decreased stability and catalytic efficiency contribute to the clinical phenotype. Mol. Genet. Metab. 2016, 2, 84–91. [Google Scholar] [CrossRef] [PubMed]

	



Boonyuen, U.; Chamchoy, K.; Swangsri, T.; Junkree, T.; Day, M.; White, N.; Imwong, M. A trade-off between catalytic activity and protein stability determines the clinical manifestations of glucose-6-phosphate dehydrogenase (G6PD) deficiency. Int. J. Biol. Macromol. 2017, 104, 145–156. [Google Scholar] [CrossRef]

	



Gómez-Manzo, S.; Marcial-Quino, J.; Ortega-Cuellar, D.; Serrano-Posada, H.; González-Valdez, H.; Vanoye-Carlo, A.; Hernández-Ochoa, B.; Sierra-Palacios, E.; Castillo-Villanueva, A.; Reyes-Vivas, H. Functional and biochemical analysis of glucose-6-phosphate dehydrogenase (G6PD) variants: Elucidating the molecular basis of G6PD deficiency. Catalysts 2017, 7, 135. [Google Scholar] [CrossRef]

	



Wang, X.T.; Chan, T.F.; Lam, V.; Engel, P. What is the role of the second “structural” NADP+-binding site in human glucose-6-phosphate dehydrogenase? Protein Sci. 2008, 17, 1403–1411. [Google Scholar] [CrossRef]

	



Huang, Y.; Choi, M.Y.; Au, S.W.; Au, D.M.; Lam, V.M.S.; Engel, P.C. Purification and detailed study of two clinically different human glucose 6-phosphate dehydrogenase variants, G6PD (Plymouth) and G6PD (Mahidol): Evidence for defective protein folding as the basis of disease. Mol. Genet. Metab. 2008, 93, 44–53. [Google Scholar] [CrossRef]

	



The UniProt Consortium. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2019, 47, D506–D515. [Google Scholar] [CrossRef]

	



Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F.T.; de Beer, T.A.P.; Rempfer, C.; Bordoli, L.; et al. SWISS-MODEL: Homology modelling of protein structures and complexes. Nucleic Acids Res. 2018, 46, W296–W303. [Google Scholar] [CrossRef]

	



Au, S.W.N.; Gover, S.; Lam, V.; Adams, M. Human glucose-6-phosphate dehydrogenase: The crystal structure reveals a structural NADP+ molecule and provides insights into enzyme deficiency. Structure 2000, 8, 293–303. [Google Scholar] [CrossRef]

	



Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2—Approximately maximum-likelihood trees for large alignments. PLoS ONE 2010, 5, e9490. [Google Scholar] [CrossRef] [PubMed]

	



Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951, 193, 265–275. [Google Scholar]

	



Krieger, E.; Joo, K.; Lee, J.; Lee, J.; Raman, S.; Thompson, J.; Tyka, M.; Baker, D.; Karplus, K. Improving physical realism, stereochemistry, and side-chain accuracy in homology modeling: Four approaches that performed well in CASP8. Proteins 2009, 77, 114–122. [Google Scholar] [CrossRef] [PubMed]

	



Chen, V.B.; Arendall, W.B.; Headd, J.J.; Keedy, D.A.; Immormino, R.M.; Kapral, G.J.; Murray, L.W.; Richardson, J.S.; Richardson, D.C. MolProbity: All-atom structure validation for macromolecular crystallography. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 12–21. [Google Scholar] [CrossRef] [PubMed]

	



Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 486–501. [Google Scholar] [CrossRef]

	



McNicholas, S.; Potterton, E.; Wilson, K.S.; Noble, M.E.M. Presenting your structures: The CCP4mg molecular-graphics software. Acta Crystallogr. D Biol. Crystallogr. 2011, 67, 386–394. [Google Scholar] [CrossRef]








[image: Ijms 20 05279 g001 550] 





Figure 1. Oligomeric status and SDS-PAGE of purified G6PD protein from GDI. (A) FPLC chromatograms of the purified G6PD protein. The blue line represents the protein absorptivity at A280 nm. The red line represents the G6PD activity. Inset: SDS-PAGE analysis of the expressed G6PD protein; Lane 1: protein MW marker precision plus protein kaleidoscope standards from Bio-Rad; Lane 2. purified G6PD protein. Ten micrograms of protein were loaded, and SDS-PAGE was stained with colloidal Coomassie Brilliant Blue (R-250) (Sigma-Aldrich). (B) Calibration curve showing the elution volumes versus the log of MW Bio-Rad’s gel filtration standard (black spots). The MW of G6PD is shown on the straight line obtained (blue spot). 
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Figure 2. Effect of pH and temperature on the activity of the G6PD enzyme. (A) Effect of pH on G6PD activity. (B) Heat-inactivation profile of G6PD activity. Error bars indicate the mean ± standard deviation of the triplicate values. 
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Figure 3. Michaelis–Menten plots for G6PD from Gluconacetobacter diazotrophicus (GDI) with (A) G6P and (B) NADP+ as substrates. The data represent the mean ± SD from five independent experiments. 
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Figure 4. Evaluation of protein stability. The G6PD enzyme was incubated in the (Δ) absence or presence of (•) NADP+ (1 Km = 7.2 µM) and (o) G6P (1 Km = 63 µM). (A) Thermal inactivation assays of G6PD protein. (B) Stability of G6PD protein in the presence or absence of Gdn-HCl. (C) Stability of G6PD in the presence or absence of protease digestion. In all cases, the G6PD protein was incubated at 0.2 mg/mL, and the residual activity was measured with 200 ng of total protein. All the assays were performed in triplicate; standard errors were lower than 5%. 
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Figure 5. Circular dichroism (CD) analysis and thermal stability. (A) Far-ultraviolet (UV) CD spectra and (B) thermal stability of the G6PD protein. Changes in the CD signal were monitored at 222 nm as the temperature increased (20 to 90 °C). In both assays, the G6PD protein was recorded at 0.5 mg/mL in a 25 mM phosphate buffer (pH 7.4). This experiment is representative of duplicate experiments. 
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Figure 6. Spectroscopic characterization. (A) Intrinsic fluorescence spectra of the G6PD protein in the presence of Gdn-HCl; (B) fluorescence intensity obtained with different concentrations of Gdn-HCl. (C) Maximum emission intrinsic fluorescence of tryptophan produced by denaturing induced by Gnd-HCl. G6PD (0.2 mg/mL) was incubated in PBS (50 mM, pH 7.4) in the presence of Gdn-HCl. The assays were realized by triplicate (standard errors < 5%). 
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Table 1. Steady-state kinetic parameters of the previously reported G6PDs.
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	Organism
	kcat (s−1)
	Km G6P (µM)
	Km NADP+ (µM)
	Reference





	Gluconacetobacter diazotrophichus
	293,181
	63
	7
	This study



	Escherichia coli DH5α
	32
	224
	127
	[32]



	Pseudomonas aeruginosa
	540
	498
	56
	[21]



	Termotoga maritima
	35,000
	200
	40
	[20]



	Haloferax volcanii
	11
	370
	520
	[26]



	Giardia lamblia
	31
	18
	14
	[38]



	Plasmodium falciparum
	8
	19
	6
	[39]



	Trypanosoma cruzy
	62
	77
	16
	[31]



	Aspergillus niger
	NR
	153
	26
	[34]



	Aspergillus oryzae
	1000
	109
	6
	[33]



	Brugia malayi
	40
	245
	14
	[25]



	Dog liver
	NR
	122
	10
	[29]



	Buffalo liver
	NR
	NR
	59
	[24]



	Camel liver
	NR
	81
	81
	[22]



	Homo sapiens
	230
	38
	7
	[36]







NR = Data not reported.


media/file4.png
50
Temperature (°C)

20

B
10

0_ (= o (= o o
m 0 © < N
(%) Ainoe |enpisay
&=
- O
- 00
- N
- O
- 0
- <&
s
A T T T T T T T T T T N
(= o o (= o o
m 0 © < N

(%) AuAnoe [enpisey

pH





nav.xhtml


  ijms-20-05279


  
    		
      ijms-20-05279
    


  




  





media/file2.png
Absorbance (mAU)

A B
220 kDa . O kDa 1 2 -100 Thyroglobulin O Mark Bio-Rad
800 - 250 - 3.0 (68 kDa) ® G6PD
150 ]
},go — 180 (uw% 25 ] G6PD (220 kDa)
o ]
600 5o v NS S64kDaf é = 2.01 v-globulin
37 . -60 > o (158 kDa)
25 . = § 1.5 O
400 - g Ovalbumin
a 123 ol L 40 & % ‘ 4akpa) O
= : 0 < 1.0 1 Myoglobin
& o . (17 kDa) I
200 - ’/‘- 20 © 8’ 0.5- Vitamin B12
ket © a s
- 0.0 -
O B 1 1 1 1 1 0 | b 1 1 1 I
0 20 40 60 80 100 120 40 60 80 100 120

Elution volume (mL)

Elution volume (mL)






media/file5.jpg
Vo (umol min”™" mg™)

s

g

B

&

g’w
o
mammm | Lw
£
o
GBP (mM) NADP' (uM)





media/file3.jpg
<

g 8 % &

(9%) Auanoe jlenpisay

o

Temperature (°C)

pH





media/file1.jpg
Absorbance (mAU)

0

0

w0

20

Bhilion alseGnid

T T m

R g

. P

| wS

H 2l

» - w0y 2

: @ s 2
H s

e §3 »g 8
3
R

Bl valns Bil)





media/file7.jpg
Residual Activity (%)

A o
© GerD 1K ADe” 0
© cePp e 1K ceP G

&

100

.

0.

Residual activity (%)

A o0
o Gorp . 1.0 (00
© GePo« 1K e G

W & @ %
Temperature (°C)

0z 04 08 08
Trypsin (mg/mL)

10

00 o2 a4 06

Gdn-HCI (M)

08 10





media/file10.png
. decimole'1

cm2

(@] deg -

180 200 220 240 260
Wavelength (nm)

Unfolded fraction

1.0

0.8 -

0.6 -

0.4 -

0.2

0.0-

20

30

40 50 60 70
Temperature (°C)

80

90





media/file12.png
—— 0 M Gdn-HCI

- =01M ) 600 - O G&PD
- 02M

—-=03M

---=04M

=== 05M

550 -

500 -

450 -

400 - O

Fluorescence intensity (a.u)

Fluorescence intensity (a.u)

350 .

S T T T T T | T T T T T T T T T T
300 500 00 0.2 04 06 0.8 1.0
Guanidine hydrocloride (M)

348 -

346 -

(nm)

344

max

342
340 -

338 -

Tryptophan A

336

00 02 04 06 08 1.0
Guanidine hydrocloride (M)





media/file9.jpg
(@] deg - cm? - decimole

IR R

§

s

Unfolded fraction

10

08.

0s.

o4

02

00.

W o 2w z0 | 20
Wavelength (nm