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Abstract

:

This study investigates the impact of conserved histidine (His) residue mutations on the adenosine 5′-phosphosulfate (APS) reductase enzymes Pseudomonas aeruginosa APR (PaAPR) and Enteromorpha intestinalis APR (EiAPR), focusing on the effects of His-to-alanine (Ala) and His-to-arginine (Arg) substitutions on enzyme activity, iron–sulfur [4Fe-4S] cluster stability, and APS binding affinity. Using recombinant His-tagged wild-types (WTs) and variants expressed in Escherichia coli, analyses revealed that both PaAPR and EiAPR enzymes exhibit a distinct absorption peak associated with their [4Fe-4S] clusters, which are critical for their catalytic functions. Notably, the His-to-Ala variants displayed reduced enzymatic activities and lower iron and sulfide contents compared to their respective WTs, suggesting alterations in the iron–sulfur cluster ligations and thus affecting APS reductase catalysis. In contrast, His-to-Arg variants maintained similar activities and iron and sulfide contents as their WTs, highlighting the importance of a positively charged residue at the conserved His site for maintaining structural integrity and enzymatic function. Further kinetic analyses showed variations in Vmax and Km values among the mutants, with significant reductions observed in the His-to-Ala variants, emphasizing the role of the conserved His in enzyme stability and substrate specificity. This study provides valuable insights into the structural and functional significance of conserved His residues in APS reductases, contributing to a better understanding of sulfur metabolism and its regulation in bacterial and plant systems. Future investigations into the structural characterization of these enzymes and the exploration of other critical residues surrounding the [4Fe-4S] cluster are suggested to elucidate the complete mechanism of APS reduction and its biological implications.
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1. Introduction


Inorganic sulfur is assimilated by plants, which then metabolize it into organosulfur compounds necessary for plant growth, development, and stress alleviation. Plants and microbes give vital molecules to animals, including humans, such as the amino acid methionine, which cannot be produced. Furthermore, numerous sulfur-containing metabolites have been shown to have health-promoting and protective effects on human bodies. As a result, a sufficient supply of sulfur can significantly impact crop output and the generation of beneficial phytochemicals [1,2,3].



Sulfur uptake and assimilation are necessary for cellular metabolism, plant growth and development, and responses to biotic and abiotic stressors in plants [4,5]. Plants begin assimilation by activating sulfate with adenosine 5′-phosphosulfate (APS), catalyzed by the enzyme ATP sulfurylase. In a glutathione-dependent process, adenosine 5′-phosphosulfate reductase (APR) catalyzes the reduction of APS to sulfite. Sulfite reductase, which is ferredoxin-dependent, produces sulfides from sulfites. O-acetyl serine (OAS) thiol-degrading enzyme catalyzes the reaction of sulfides with OAS to form cysteine. OAS is produced by serine acetyltransferase [4,6,7]. Cysteine can be incorporated directly into proteins or further converted to methionine or glutathione, tripeptides with essential roles in oxidative stress defense, sulfur assimilation regulation, etc., [8]. Cysteine synthesis is thus a central point of cellular metabolism as this reaction interconnects sulfate, nitrate, and carbon assimilation [7].



Plant-type APS reductase (APR) consists of two domains: an amino-terminal reductase domain and a C-terminal glutaredoxin (GRX)-like domain that serves as an entry point for electrons in glutathione (GSH). The ability of plant APS reductase to use GSH as an electron donor is thought to depend on its carboxy-terminal domain, as is observed for thioredoxin (Trx) and Grx [9]. However, unlike the plant type, the bacterial form of APR contains just an N-terminal reductase domain and no C-terminal domain [9,10,11,12]. The N-terminal reductase domain of these two forms of APR contains a single [4Fe-4S] cluster [13,14]. According to recent data, the [4Fe-4S] cluster observed in APR does not act as an electron transporter, and its specific role is still unknown [15,16,17]. It has been revealed that most bacteria and higher plants’ APRs contain [4Fe-4S] clusters and are associated with four cysteine ligands [17,18]. However, Pseudomonas aeruginosa APR (PaAPR), Lemna minor APR (LmAPR), Arabidopsis thaliana APR2 (AtAPR2), and Enteromorpha intestinalis APR (EiAPR) are consistent with a [4Fe-4S] cluster in which only three of the ligands to Fe are cysteine residues in these proteins [11,19,20].



In site-directed mutagenesis, the selection of replacement amino acids is critically guided by considerations of the protein’s structure, function, and stability. The overarching stability of a protein is determined by a delicate equilibrium of internal forces, encompassing hydrophobic interactions, hydrogen bonds, van der Waals forces, and electrostatic interactions. The introduction of charged amino acids in place of neutral ones, or vice versa, can disrupt this balance, leading to repulsion forces or unintended attractions that compromise the native structure of the protein. As a result, in this study, we use the strategy of replacing positively charged amino acids with other amino acids with similar positive charges as uncharged amino acids to mitigate rapid changes in the structural and functional stability of proteins upon mutation.



As shown in Figure 1, one specific histidine residue exists close to the [4Fe-4S] cluster of PaAPR and is highly conserved (Figure 2). In this study, we prepared variants of both PaAPR and EiAPR, in which this conserved amino acid was replaced. Therefore, this study was performed to characterize the role of this conserved histidine in APRs of bacterial and plant types.




2. Materials and Methods


2.1. Plasmid, Site-Directed Mutagenesis, and Recombinant Protein Expressions


The pET30b-PaAPR and pET30b-EiAPR [14,21] constructs were used as templates for site-specific mutagenesis. The QuikChange kit was used to create site-specific mutations in PaAPR and EiAPR (Stratagene, La Jolla, CA, USA). Table 1 contains the primer sequences used to create each mutant. At Texas Tech University’s Biotechnology Core Facility, the sequences of the genes encoding these variations were validated by DNA sequencing. Wild-type (WT) and variants of PaAPR and EiAPR were expressed in the Rosseta2 (DE3) (Navagen, Foster, CA, USA) E. coli strain.




2.2. Recombinant Protein Expression and Purification


WT PaAPR and EiAPR and variants were prepared and purified as described previously [14,22]. The E. coli, Roseta2 (DE3) strain cultures were grown to an optical density of 0.6 at 600 nm at 37 °C in Luria–Bertani (LB) medium containing 50 mg/L of kanamycin and 34 mg/L of chloramphenicol. Isopropyl β-D-thiogalactopyranoside (IPTG) was then added to a final concentration of 1 mM and grown at 30 °C in LB medium for 16 h. After induction by IPTG, E. coli Rosseta2 (DE3) cells were harvested, broken using a French press, and centrifuged. The supernatant was filtered through a 0.45 μm pore-size membrane and applied to a Ni2+ affinity column (Hi-Trap Chelating HP, obtained from Amersham Biosciences) incorporated into a BioCAD perfusion chromatography system (PerSeptive BioSciences). All protein samples used in this study showed a single Coomassie blue staining band after polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate [23].




2.3. Iron Contents


Total iron contents were measured as described by Massey (1957) using ferric ammonium sulfate as a standard [24]. To conduct the experiment, start by preparing a sample with a concentration of 20–40 nmol. Then, add 5% trichloroacetic acid (TCA) to the sample to achieve a total volume of 0.4 mL. After adding the TCA, thoroughly mix the solution and centrifuge it at 10,000 rpm for 5 min. Following centrifugation, carefully transfer the supernatant to a new tube to separate it from any precipitate. Next, add 0.36 mL of clean water to the supernatant to dilute it. Follow this by adding 0.15 mL of 0.1% o-phenanthroline, which will serve as a developing agent for the reaction. Then, introduce 0.04 mL of 0.12 N ascorbate to the mixture as a reducing agent. After the ascorbate, add 0.05 mL of saturated ammonium acetate, which will help in adjusting the pH and stabilizing the solution. Once all reagents have been added, allow the mixture to incubate at room temperature for one hour to ensure that the reaction proceeds to completion. Finally, measure the absorbance of the resulting solution at 510 nm using a spectrophotometer to assess the outcome of the experiment.




2.4. Sulfide Contents


Acid-labile sulfide was determined as described by King and Morris (1967) [25]. Add 1.5 mL of zinc–alkaline solution to a 10 mL test tube fitted with a cap. Then, quickly add 2.0 mL of the sample, which should contain 5 to 20 nanomoles of sulfide, into the test tube. Immediately seal the tube with the cap after adding the sample. Incubate the sealed test tube at room temperature for 1 h. Subsequently, add 0.3 mL of 0.02 M N,N’dimethyl-p-phenylenediamine sulfate in 7.2 N hydrochloric acid (HCl) to the mixture, followed by the addition of 0.3 mL of 0.03 M ferric chloride (FeCl3) dissolved in 1.2 N HCl. After incorporating all the reagents, incubate the test tube once more at room temperature for 20 min. Finally, measure the absorbance of the solution at 670 nm using a spectrophotometer.




2.5. Enzyme Activity Assay


The enzymatic activities of PaAPR (and its variants) and EiAPR (and its variants) were measured using two different coupled enzyme assays. In the first assay, the activity of PaAPR in the presence of E. coli thioredoxin is assessed by linking the oxidation of thioredoxin, catalyzed by PaAPR, to its subsequent reduction by NADPH, a reaction facilitated by E. coli NADPH thioredoxin reductase (NTR). The reaction mix for this assay includes a Tris-HCl buffer (pH 8.5), EDTA, sodium sulfate, APS (as a potential substrate or electron acceptor), E. coli NTR, β-NADPH, PaAPR, and varying concentrations of E. coli thioredoxin. The second assay measures the activity of EiAPR using a similar approach but focuses on the oxidation of glutathione (GSH), which is then reduced back by NADPH with the aid of yeast glutathione reductase (GR). The mix for this assay also comprises Tris-HCl buffer, EDTA, sodium sulfate, APS, GR, β-NADPH, EiAPR, and different concentrations of glutathione. In both setups, the consumption of NADPH is monitored by observing decreases in absorbance at 340 nm, a method that quantifies the enzymatic activity. These rates of NADPH oxidation are calculated per minute and analyzed using an extinction coefficient specific to NADPH. Microsoft Excel 2019 is employed to process the data according to the Michaelis–Menten model, which helps in understanding the kinetic properties of the enzymes, such as their efficiency and substrate affinity, by providing parameters like Vmax (maximum velocity) and Km (substrate concentration at half Vmax).




2.6. Binding Assay


Formation of non-covalent complexes between APR enzyme and the substrate APS ranges in absorbance in the visible region of the spectrum that occurred when they were mixed. Changes in absorbance were measured at 0.5 nm spectral resolution, using a Shimadzu Model UV-2401 PC spectrophotometer (Kyoto, Japan), as described previously for other protein/protein complexes [26]. Difference spectra of the complex minus the sums of the spectra of the components of the complexes were obtained by computer subtraction as described previously [26].




2.7. Statistical Analysis


Statistical analyses were conducted to obtain the arithmetic mean and standard error, and the significance of differences among the variants was evaluated using one-way ANOVA, complemented by Tukey’s HSD test for significance levels of p < 0.05 and p < 0.01. These statistical procedures were performed using Microsoft Excel 2019.





3. Results and Discussion


3.1. Molecular Cloning and Protein Expression and Purification


The construct used to express the WT forms of PaAPR and EiAPR in E. coli was designed to have a 6-histidine (His) extension at the N-terminus to facilitate purification of the enzyme from soluble E. coli extract using a Ni2+ affinity column. SDS-PAGE analysis of freshly prepared samples of His-tagged, recombinant PaAPR and its variants showed a single major coomassie-staining band with an apparent molecular mass of 35 kDa, and analysis of His-tagged, recombinant EiAPR and its variants produced a single major coomassie-staining band with an apparent molecular mass of 48 kDa.




3.2. Protein Spectra, and Iron and Sulfur Contents


The spectra of PaAPR and EiAPR WTs included a broad peak with a maximum of 386 nm, as previously described [14,15]. A single [4Fe-4S]2+ cluster has been demonstrated to give rise to this absorbance feature [14,15]. All His to arginine (Arg) variants of PaAPR and EiAPR contained a broad peak similar to WT PaAPR and EiAPR, respectively (data not shown). However, the peak at 281 nm and the broad absorbance centered at 385 nm was slightly lower in the His to alanine (Ala) variants of PaAPR and EiAPR than in each WT (data not shown). Table 2 shows non-heme iron and acid-labile sulfide contents for freshly prepared WTs and His-variants. Both WTs’ iron and sulfide contents have been reported [14,15]. WT PaAPR contained 3.95 ± 0.08 mol of iron and 3.58 ± 0.3 mol of sulfide per mole of the enzyme (Table 2), and WT EiAPR contained 3.76 ± 0.03 mol of iron and 3.44 ± 0.63 mol of sulfide per mol of the enzyme. Notably, the iron and sulfide contents of the H162A variant were lower than those of WT EiAPR (Table 2).




3.3. PaAPR and Variant Activity and Kinetic Analysis


Figure 3 shows the Trx dependence of WT and variant PaAPR activities as measured by the NADPH/NTR-coupled assay technique described in Section 2 and Table 3 summarizes the steady-state kinetic properties of WT PaAPR and its variants. The steady-state characteristics of an H136R variation in which a positive charge on Arg replaced the positive charge on His were highly similar to the WT. However, an H136A variant replaced by the uncharged Ala decreased in Vmax by about 16% points compared with WT PaAPR. In addition, the Vmax of H136R, which was replaced with positively charged Arg, was not significantly different from that of the WT. The dissociation constant of APS was determined using spectrophotometric titration to see if His/Ala and His/Arg variations altered binding to these substrates. The dissociation constant (Kd) values were examined for noticeable spectrum shifts in the visible area between 386 and 650 nm, indicating the formation of a complex between the enzyme and the substrate APS. Table 3 also summarizes the Kd values for binding WT PaAPR and mutants to APS, all measured using the spectral perturbation protocol previously described [11]. In WT PaAPR, the Kd value for APS was measured to be 20 μM. However, the Kd value for APS in H136A was double that of the WT, similar to WT H136R.




3.4. EiAPR and Variants Activity and Kinetic Analysis


Figure 4 depicts the glutathione dependence of EiAPR WT and variant activities as measured by the NADPH/GR-coupled assay setup described in Section 2 and Table 4 depicts the steady-state kinetic parameters of WT EiAPR and His-variants. Compared to WT EiAPR, H162A showed a 52% lower Vmax, but H162R had no significant difference in Vmax (Table 4). The Km values of the H162A and H162R variants, on the other hand, were 2.5 and 2.2 times higher than WT EiAPR, respectively (Table 4). The Kd value for APS of WT EiAPR was 20 μM, and the Kd value for APS of the H162A mutant of EiAPR was two-fold higher than that of WT EiAPR. In addition, the H162R variant had slightly lower Vmax and Kd values for APS than the wild type, but there was no significant difference.




3.5. Histidine Substitutions in APS Reductase: Activity and Binding Impacts


The choice to focus research on a conserved histidine residue close to the [4Fe-4S] cluster in APR (APS reductase) from both bacterial and plant sources stems from several key considerations that highlight the potential significance of this residue in the enzyme’s function, structure, and electron transfer mechanisms. The fact that the histidine residue is highly conserved across different species, including both bacterial and plant forms of APR, suggests that it plays a critical role in the enzyme’s function. Evolutionary conservation is a strong indicator of functional importance, as amino acids crucial to protein structure or function tend to be preserved throughout evolution. The physical closeness of the histidine to the [4Fe-4S] cluster is particularly intriguing. The [4Fe-4S] cluster is a cofactor known to play essential roles in various electron transfer reactions and in the catalytic activity of enzymes. Although in the case of APR, the [4Fe-4S] cluster does not act as an electron transporter, its presence and the proximity of the conserved histidine suggest a potential interaction that could be vital for the enzyme’s structure, stability, or function. Histidine residues can play diverse roles in proteins, including serving as ligands for metal ions, participating in catalytic activities, and contributing to protein stability. Their side chains are capable of forming hydrogen bonds and participating in coordination with metal clusters, which could be crucial in maintaining the integrity and proper positioning of the [4Fe-4S] cluster within the enzyme. Even though the cluster in APR is not involved in electron transfer, understanding the role of nearby residues like histidine could provide insights into alternative functions of the cluster or reveal new mechanisms of action for the enzyme.



Kim et al. previously investigated the roles of three cysteine residues, that is, C139, C228, and C231 in PaAPR and C166, C257, and C260 in EiAPR, which served as ligands for the [4Fe-4S] cluster [14,15]. The other two cysteines (C140 and C256 in PaAPR; C165 and C285 in EiAPR) function as a redox-active disulfide/dithiol couple at the site for entry of reducing equivalents into the enzyme from their physiological electron donor. It has been reported that serine-substituted variants of three cysteines that previously ligated [4Fe-4S] clusters contained less iron and sulfides, suggesting a loss of Cys-released S and/or Fe [14,15]. However, their activities were not determined, and these are required for the iron–sulfur cluster. Previously reported site-directed experiments performed with the AtAPR2 and LmAPR provided evidence that three cysteines present in the plant enzyme are involved in linking iron–sulfur clusters [20].



This study demonstrates that the activity of the enzyme replaced by Ala with conserved histidine in proximity to the iron–sulfur cluster of bacterial and plant-type APS reductase is lower than that of both WTs. Furthermore, iron and sulfide contents of His variants of both PaAPR and EiAPR, which changed to Ala, were lower than those of the WTs. However, there was no significant difference in iron and sulfide content and enzyme activity in the variants of PaAPR and EiAPR in which the conserved His was changed to the positively charged amino acid Arg. Thus, this investigation indicates that conserved His replacement with uncharged Ala affected iron–sulfur cluster ligation and APS reductase enzyme catalysis. Significantly, the iron–sulfur cluster cofactor in APR enhances APS reduction and plays a pivotal role in substrate specificity and catalysis [27].



In particular, in the structure of PaAPR, His136 is located very close to the [4Fe-4S] cluster inside the enzyme. In particular, in the structure of PaAPR, His136 is located very close to the iron–sulfur cluster inside the enzyme. The His/Ala variant is predicted to affect the enzyme activity or the binding of the substrate APS due to the change in the internal space. Another possibility is that the interaction between the conserved His and its surrounding amino acids may change the enzyme’s structure or affect the binding of the substrate, thereby affecting the activity of the enzyme. Moreover, the results for the enzymatic activity of the His/Arg variants are similar to both WTs, indicating that a positively charged amino acid is required for the structure or activity of the enzyme at the conservative His position. The His/Ala variant of the EiAPR plant type decreased by about 50% compared to the WT in the enzyme activity, and the His/Ala variant of the PaAPR bacterial type decreased by about 15% compared to the WT. Differences in enzyme activity between bacterial and plant types showed similar results for iron and sulfur content. Therefore, these results imply that the conservative His (i.e., H136 of PaAPR and H162 of EiAPR) does not bind directly to the [4Fe-4S] cluster but affects the structure and activity of APS reductase.



In addition, although the structure of the plant-type APR has not been identified yet, the amino acid sequence of the reductase domain is very similar to that of PaAPR, whose tertiary structure of the protein has been revealed [17]; therefore, their tertiary structure is expected to be similar. However, the structural characteristics of the unstable enzyme of the His/Ala variant of EiAPR influenced the enzyme catalysis more than the His/Ala variant of the bacterial-type PaAPR. This means that the role of H162 in the plant-type EiAPR is more critical than that of the bacterial type in the structural stability and catalysis of enzymes related to the binding of iron–sulfur clusters. The features of APS reductase, which play a significant role in sulfur metabolism, will be better understood in future studies if more studies of other amino acids around the iron–sulfur cluster, including the conserved His, are carried out.





4. Conclusions


APR is an essential enzyme in sulfur metabolism. The iron–sulfur cluster of APR is a crucial part of the enzyme’s structural and catalytic mechanisms, but its exact function is unknown. The role of His amino acid, which is conserved in bacterial and plant-type APRs and is found close to the iron–sulfur cluster, was explored in this study. In both types, replacing the conserved amino acid His with uncharged Ala resulted in lower iron and sulfur levels, as well as decreased enzyme activity. Moreover, APRs of the plant type had a more significant impact on Ala substitution of His than APRs of the bacterial type. However, the iron and sulfur levels and enzyme activity were barely altered when His was replaced with Arg, which is the same positive charge. These findings demonstrate that a positively charged amino acid residue is required to conserve His position in the structural and catalytic mechanism of APR, with a greater significance in plant APR than in bacterial APR.
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Figure 1. The structure of the [4Fe-4S] cluster region of PaAPR with a portion of a non-covalently bound APS molecule (taken from [17]). 
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Figure 2. Comparison of amino acid sequences of PaAPR, EiAPR, LmAPR, and AtAPR2. Alignment was shaded with a 100% threshold to determine the strictly conserved residues. The gray and black shading shows the approximate location of the reductase domain and C-terminal (Trx/Grx-like) domain, respectively. The mutated conserved amino acids are identified by the red box. 
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Figure 3. The activity of PaAPR and variants with E. coli Trx. PaAPR activity was measured using the NADPH/NTR-coupled assay system at 100 uM APS. WT, wild-type. 
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Figure 4. The activity of EiAPR variants with GSH. EiAPR activity was measured using the NADPH/GR-coupled assay system at 100 uM APS. WT, wild-type. 
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Table 1. Sequences of oligonucleotide primers used in site-directed mutagenesis PCR amplification. Bold indicates the target amino acid sequence.
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Gene

	
Primer

	
Sequence 5′-3′

	
Mutated Codon






	
PaAPR

	
H136A For

	
TTC TAC CGG GAC GGC GCC GGC GAG TGC TGC GGC

	
CAC→GCC




	

	
H136A Rev

	
GCC GCA GCA CTC GCC GGC GCC GTC CCG GTA GAA




	

	
H136R For

	
TTC TAC CGG GAC GGC CGC GGC GAG TGC TGC GGC

	
CAC→CGC




	

	
H136R Rev

	
GCC GCA GCA CTC GCC GCG GCC GTC CCG GTA GAA




	
EiAPR

	
H162A For

	
TTC TAC GAG GAC GGC GCC CAA GAG TGC TGC CGC

	
CAT→GCC




	

	
H162A Rev

	
GCG GCA GCA CTC TTG GGC GCC GTC CTC GTA GAA




	

	
H162R For

	
TTC TAC GAG GAC GGC CGC CAA GAG TGC TGC CGC

	
CAT→CGC




	

	
H162R Rev

	
GCG GCA GCA CTC TTG GCG GCC GTC CTC GTA GAA











 





Table 2. Analysis of iron and acid-labile sulfide contents.
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Variant

	
Sulfide Content

(nmol/nmol of Protein)

	
Iron Content

(nmol/nmol of Protein)






	
PaAPR

	
Wild-type

	
3.58 ± 0.30 a

	
3.95 ± 0.08 a




	
H136A

	
2.51 ± 0.06 b

	
3.25 ± 0.30 b




	
H136R

	
3.32 ± 0.38 a

	
3.93 ± 0.08 a




	
EiAPR

	
Wild-type

	
3.44 ± 0.63 a

	
3.76 ± 0.03 a




	
H162A

	
2.14 ± 0.48 b

	
2.91 ± 0.33 b




	
H162R

	
3.37 ± 0.20 a

	
3.86 ± 0.07 a








Different lowercase letters show significant differences between wild-type and variants of PaAPR and EiAPR, as calculated using Tukey’s test.













 





Table 3. The kinetic parameters and binding constants for PaAPR and variants with wild-type E. coli thioredoxin.
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Variant

	
Relative Vmax *

	
Km (μM)

	
Kd (μM)




	
(APS)




	
PaAPR

	
Wild-type

	
100.00 ± 11.57 a

	
8.33 ± 1.65 a

	
20 a




	

	
H136A

	
84.66 ± 3.07 b

	
10.55 ± 0.78 b

	
70 b




	

	
H136R

	
102.46 ± 8.60 a

	
8.55 ± 2.05 a

	
14.8 a








* This value 100% corresponds to a rate of 0.68 μmol of NADPH oxidized/min/μg of PaAPR. Different lowercase letters show significant differences between wild-type and variants, as calculated using Tukey’s test.













 





Table 4. The kinetic parameters and binding constants for EiAPR and variants with glutathione.
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Variant

	
Relative Vmax *

	
Km (μM)

	
Kd (μM)




	
(APS)




	
EiAPR

	
Wild-type

	
100.00 ± 32.68 a

	
83.35 ± 23.55 a

	
20 a




	

	
H162A

	
48.06 ± 15.68 b

	
204.15 ± 5.87 b

	
40 b




	

	
H162R

	
83.18 ± 13.07 a

	
183.35 ± 23.55 b

	
32 a








* The value 100% corresponds to a rate of 0.11 μmol of NADPH oxidized/min/μg of EiAPR. Different lowercase letters show significant differences between wild-type and variants, as calculated using Tukey’s test.
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