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Abstract

:

In Mycobacterium tuberculosis, proline dehydrogenase (PruB) and ∆1-pyrroline-5-carboxylate (P5C) dehydrogenase (PruA) are monofunctional enzymes that catalyze proline oxidation to glutamate via the intermediates P5C and L-glutamate-γ-semialdehyde. Both enzymes are essential for the replication of pathogenic M. tuberculosis. Highly active enzymes were expressed and purified using a Mycobacterium smegmatis expression system. The purified enzymes were characterized using natural substrates and chemically synthesized analogs. The structural requirements of the quinone electron acceptor were examined. PruB displayed activity with all tested lipoquinone analogs (naphthoquinone or benzoquinone). In PruB assays utilizing analogs of the native naphthoquinone [MK-9 (II-H2)] specificity constants Kcat/Km were an order of magnitude greater for the menaquinone analogs than the benzoquinone analogs. In addition, mycobacterial PruA was enzymatically characterized for the first time using exogenous chemically synthesized P5C. A Km value of 120 ± 0.015 µM was determined for P5C, while the Km value for NAD+ was shown to be 33 ± 4.3 µM. Furthermore, proline competitively inhibited PruA activity and coupled enzyme assays, suggesting that the recombinant purified monofunctional PruB and PruA enzymes of M. tuberculosis channel substrate likely increase metabolic flux and protect the bacterium from methylglyoxal toxicity.
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1. Introduction


The enzymes involved in the oxidation of proline to glutamate play important roles in the physiology and metabolism of Mycobacterium tuberculosis, which is the etiological agent of tuberculosis. Genes involved in proline metabolism are strongly expressed during nutrient starvation or hypoxia [1], and proline metabolism has been implicated in mycobacterial infections [2,3]. In addition, the enzymes involved in the oxidation of proline to glutamate are important for achieving M. tuberculosis growth [1,4,5,6]. Therefore, there is interest in using these enzymes as potential drug targets [7,8].



Proline oxidation involves the conversion of proline to ∆1-pyrroline-5-carboxylic acid (P5C, Figure 1) via catalyzation by proline dehydrogenase, using FAD as a cofactor. P5C exists in tautomeric equilibrium with glutamate-semialdehyde (GSA), which is converted into glutamate by a NAD+-dependent ∆1-pyrroline-5-carboxylate dehydrogenase. However, the tertiary/quaternary structures of the enzymes catalyzing these reactions differ from organism to organism [9]. Some bacterial species possess a bifunctional enzyme that accomplishes the conversion of proline into glutamate [10], while other bacteria have a trifunctional enzyme in which an additional DNA-binding domain acts as a transcriptional regulator, as seen in Escherichia coli PutA [11]. However, all eukaryotes and some bacteria, including M. tuberculosis [1,4,7,8], are restricted to pairs of monofunctional enzymes [12,13]. In mycobacteria, these enzymes are encoded by pruA and pruB and rv1187 and rv1188, respectively.



Mycobacterial PruB has previously been cloned, purified, and characterized using the artificial electron acceptor 2,6-dichlorophenolindophenol (DCPIP) [8]. Steady-state kinetic analysis revealed a ping-pong mechanism, and site-directed mutagenesis suggested that Lys110 is involved in the catalytic mechanism [8]. Mycobacterial PruA has also been cloned and purified, and the crystal structure has been determined [7]. However, due to a lack of exogenous substrate(s) for PruA, [P5C/GSA (Figure 1)] and aggregation of recombinant PruB, these researchers were unable to conduct a kinetic analysis, although they were able to demonstrate that both PruB and PruA were required to convert proline to glutamate in assays containing both recombinant proteins.



In E. coli and Staphylococcus typhimurium, it has been shown that there is direct transfer of P5C between the proline dehydrogenase and P5C dehydrogenase active sites of the multifunctional enzyme PutA. This substrate channeling between proline dehydrogenase and P5C dehydrogenase active sites has been extensively studied [14,15]. Possible reasons for channeling P5C/GSA may include limiting interactions with other molecules and regulating signaling activity, as P5C and GSA have been shown to react with metabolites [1,16], inhibit enzymes [17], and affect signaling pathways [18]. The Rosetta stone hypothesis suggests that if two or more enzyme activities are fused in a single protein in one organism, as exemplified by PutA in E. coli [14], it is true that in an organism in which the activities are not fused into a single protein, the individual proteins constituting the same activities may interact [19,20]. Although mycobacterial PruB and PruA mixtures were previously shown to be active, it was not possible to demonstrate evidence of stable complex formation between the enzymes; however, such an interaction seemed to be possible, as the PruA active site is solvent accessible via a channel that is potentially suitable for substrate channeling [7]. Thus, the question of whether non-covalently linked PruB and PruA in M. tuberculosis utilize a substrate channeling mechanism like that seen in PutA remains unanswered.



Here, we report the kinetic characterization of PruA from M. tuberculosis, discuss the kinetic characterization of mycobacterial PruB utilizing natural lipoquinone electron acceptor analogs, and provide enzymatic evidence of substrate channeling between a monofunctional proline dehydrogenase (PruB) and a ∆1-pyrroline- 5-carboxylate dehydrogenase (PruA).




2. Materials and Methods


2.1. Materials


High Fidelity Taq DNA polymerase was acquired from Roche Diagnostics (South San Francisco, CA, USA), and Pierce BCA Protein Assay Kits were purchased from ThermoFisher Scientific (Waltham, MA, USA). Oligonucleotide primers were synthesized via Integrated DNA Technologies. Plasmid mini-prep and PCR purification kits were acquired from ThermoFisher Scientific (Waltham, MA, USA). Hygromycin B was acquired from Calbiochem. Bacterial media and growth supplements (7H9, 7H10, ADC, OADC, and LB) were acquired from BD Difco. Vitamin K2 (MK-4), UQ-1, UQ-2, NAD+, FAD, 2-aminobenzaldehyde, goat antimouse IgG alkaline phosphatase conjugated secondary antibody, BCIP/NBT tablets, acetamide, Complete Protease Inhibitor Cocktail, Ni-NTA beads, Tween-80, and Triton X-100 were purchased from Millipore Sigma (Burlington, MA, USA). 6×-His tag antibodies were acquired from ThermoFisher Scientific (Waltham, MA, USA). MK-1, MK-1(H2), and MK-2 were prepared as previously described [21,22,23,24] (see Table 1 to review the structures of the various lipoquinone molecules described in this study).




2.2. Cloning, Expression, and Purification of PruB and PruA


PruB and PruA were amplified from M. tuberculosis genomic DNA using the primers listed in Table S1. Amplicons were initially cloned in the pET28a+ vector; however, due to a lack of protein expression in E. coli, both genes were further subcloned in the pMyNT mycobacterial expression vector [25,26]. The fidelity of the clones was verified via restriction digestion and DNA sequencing. The recombinant plasmids were used to transform Mycobacterium smegmatis. Transformants were inoculated in 10 ml of 7H9 Middlebrook Medium supplemented with 0.2% (v/v) glycerol, 10% ADC, 0.05% Tween-80, and 50 µg/mL of hygromycin B, and they were incubated at 37 °C for 2 days. The culture was diluted into 1000 mL of Middlebrook 7H9 medium and incubated at 37 °C. At the mid-log phase, bacteria protein expression was induced with 0.2% (w/v) acetamide Millipore Sigma (Burlington, MA, USA) for another 24–36 h at 37 °C, and cells were harvested via centrifugation. Harvested cells were resuspended in buffer containing 150 mM of Tris-HCl (pH 7.0), 100 mM of NaCl, and 1 mM of phenylmethylsulfonyl fluoride and protease inhibitor cocktail.



The harvested bacteria were broken via sonication in buffer containing 0.1% Triton X-100. The detergent solubilized homogenate was obtained via centrifugation at 27,000× g for 30 min at 4 °C. This fraction was then incubated at 4 °C with Ni-NTA beads (Burlington, MA, USA) [27]. Bound protein was eluted with buffer containing 150 mM of Tris-HCl (pH 7.0), 100 mM of NaCl, and 250 mM of imidazole. Eluted protein was further purified using PD-10 columns and concentrated via ultra-filtration in 150 mM of Tris-HCl containing 100 mM of NaCl. The purity of the protein was assessed using 12% SDS-PAGE. Purification yielded ~1 mg of protein per liter of culture volume. The protein concentration was determined using a BCA Protein Assay Kit, glycerol was added up to 10%, and protein was stored in aliquots at −80 °C.



PruA protein was isolated from the soluble fraction with the help of a Ni-NTA affinity column. Eluted protein was further purified using PD-10 columns and concentrated via ultra-filtration, as described above.




2.3. Measurement of PruB Enzymatic Activity


The reaction mixtures contained 20 mM of Tris-HCl (pH 7.0), PruB, lipoquinone, and L-proline in a total volume of 200 µL at 25 °C in the presence of 5 µM of FAD. The enzyme activity was spectrophotometrically measured following the decrease in the absorbance at 270 (MK) or 278 (UQ) nm. In all cases in which menaquinone was used as the electron acceptor, the lipoquinone was solubilized in 20% Tween-80, which was diluted to a final concentration of 0.5% in the assay mixtures.




2.4. Synthesis of DL-Pyrroline-5-Carboxylic Acid [(DL)-P5C]


(DL)-5PC (50/50 mixture) was synthesized as previously described [28]. In brief, a stir bar was added to a 250-milliliter round-bottom flask containing DL-hydroxylysine (2.0 mmol) and double distilled H2O (28 mL), which was cooled to 0 °C in an ice-H2O bath. Then, 50 mM of sodium metaperiodate (44 mL, which was adjusted to pH 7.0 using a glass electrode and a small volume of 1 M of NaOH in dim light), which had been cooled to 0 °C on ice for ~10 min. was quickly added. The reaction mixture was covered in aluminum foil and stirred for 8 min at 0 °C. The periodate solution was quenched with 1-molarity glycerol and stirred for 2 min at 0 °C. Then, the solution was acidified with 6-molarity HCl. The resulting cold reaction mixture was then poured onto a Dowex 50 column (2 × 62 cm), and ~30 mL of flow through was collected and set aside at ~4 °C, as P5C is stable in 1-molarity HCl at 4 °C [28]. The column was then moved to room temperature for the remainder of the procedure, and (DL)-P5C elution was accomplished with 1.0-molarity HCl at a flow rate of ~1 mL/min; fractions were immediately collected (8.5-milliliter fraction volume, with 70 fractions being collected). Fractions containing (DL)-5PC (50/50 mixture) were stored at 4 °C and neutralized on the day of experiments on ice with 10-molarity NaOH [28].




2.5. Measurement of PruA Enzymatic Activity


P5C dehydrogenase activity was measured by monitoring the initial velocity of NADH formation at 340 nm. Assays were performed using exogenous (DL)-P5C and recombinant PruA in 20 mM of Tris-HCl (pH 7.0). (DL)-P5C was neutralized with 10-molarity NaOH on ice immediately prior to the performance of assays. The kinetic parameters for P5C were determined by varying the P5C/GSA concentration (0.01–2.0 mM) while holding the NAD+ concentration constant at 0.2 mM in 20 mM of Tris-HCl (pH 7.0). The Km and Kcat values for NAD+ were determined by varying the NAD+ concentration (0–400 µM) while holding the (DL)-P5C concentration constant (300 μM). All assays were performed in 200-microliter reaction volumes. The inhibition of PruA activity by proline was determined by varying (DL)-P5C (1–300 µM) at the indicated concentrations of proline (0–32 mM). Initial velocities were fit to a competitive inhibition equation.


     V  m a x       1 +    K m  / S   ×   1 + I /  K I         



(1)




using SigmaPlot 14 Enzyme Kinetics Module (Systat Inc., Richmond, CA, USA).




2.6. Coupled PruB-PruA Reaction


The coupled M. tuberculosis proline dehydrogenase-P5C dehydrogenase activity was monitored by following the NADH absorbance at 340 nm or fluorescence (excitation at 340 nm and monitoring fluorescence emission at 460 nm). Assays were performed at 25 °C in 20 mM of Tris-HCl (pH 7.0) containing 100 µM of UQ-1, 0.2 mM of NAD+, 40 mM of proline, and 0.5 μM of PruB enzyme over a 5-minute incubation period. The reaction was initiated via the addition of 0.5 μM of PruA enzyme, and the production of NADH was followed over 30 min.




2.7. P5C Trapping Assays


Trapping assays were performed as described, with coupled assays performed with the addition of 1mM of o-aminobenzaldehyde (o-AB). In the presence of P5C, o-AB rapidly formed a dihydroquinazolinium compound that could be monitored spectrophotometrically at 443 nm [29].





3. Results and Discussion


3.1. Expression and Purification of PruB and PruA


Both pruB and pruA genes were amplified from genomic DNA of M. tuberculosis and cloned in the pET28a+ vector. Due to the lack of protein expression in E. coli, both genes were further sub-cloned in pMyNT, which is a mycobacterial expression vector [21,25]. Although the protein is associated with membrane-enriched preparations, the His-tagged recombinant PruB could be purified to at least 80% purity, as estimated via SDS-PAGE analysis, after solubilization in buffer containing 0.1% Triton X-100 (Figure S1). In contrast, PruA was purified from the soluble cytosol fraction [27]. Both nickel-NTA-purified proteins had appropriate apparent molecular weight, as determined via SDS-PAGE and Western blot analyses. The purified recombinant PruB protein was yellow in color, which was in keeping with the observation that it has a predicted FAD-binding domain and suggests that the protein is co-purified with bound FAD.




3.2. Biochemical Characterization of PruB


Enzyme assays were conducted at 25 °C and pH 7.0 in 20 mM of Tris-HCl. Commercially available MK-4, which is a naphthoquinone with four isoprene units (Table 1), was initially used as a prospective electron acceptor for PruB; however, no enzyme activity could be detected. MK has very limited solubility in aqueous solution, the calculated logP (ClogP) value of MK-4 is 10.9, and the compound is sensitive to light exposure [30]. The resulting technical issues forced the use of chemically synthesized MK-1 and MK-2, which share the same naphthoquinone head group as the natural lipoquinone found in M. tuberculosis membranes, being the electron acceptor in the assays (Table 1). These molecules with ClogP values of 4.8 and 5.0, respectively, were acceptable substrates for PruB (see Figure S2 for representative UV-vis traces of the kinetic assay). However, all menaquinone derivatives utilized required 20% Tween-80 to perform solubilization of the stock material in aqueous buffer, which was further diluted to the 0.5% utilized in enzyme assays. Additionally, water-soluble commercially available analogs of ubiquinone (UQ-1 and UQ-2, Table 1) were utilized as substrates. PruB oxidoreductase activities were assayed by measuring the reduction in UQ or MK. The reaction mixtures contained 20 mM of Tris-HCl, PruB, lipoquinone, FAD, and L-proline at a total volume of 200 µL. The enzyme activity was spectrophotometrically measured following the decrease in the absorbance at 270 (MK) or 278 (UQ) nm. However, as mycobacterial PruB enzymes require FAD as a cofactor, and FAD reoxidation appears to be the rate-limiting step in the overall reaction [8], the addition of FAD to the assay buffer resulted in little difference in activity, confirming the copurification of the protein and co-factor.



Among the UQ analogs tested, UQ-2 was found to show the least activity. MK-1 was found to support more activity than MK-2, and no activity could be detected using MK-4. The lack of activity in the presence of MK-4 is attributed to the lack of sufficient solubility under the tested conditions. PruB enzyme activity was also detected with MK-1(H2), which is a naphthoquinone analogue with a single saturated isoprene unit.




3.3. Kinetic Parameters for PruB


The maximum enzyme activity was found at 25 °C and pH 7.0 [8]. The addition of CHAPS, cholate, or Tween-80 at 0.1 to 0.2% had no significant effect on activity; however, the addition of CHAPS or cholate at 0.5% or greater reduced activity by 90%. The addition of Tween-80 at 0.5% reduced the enzyme activity by 20% but was required to solubilize the naphthoquinones. The kinetic parameters for PruB of M. tuberculosis were determined using the Michaelis–Menten kinetic assumptions, as shown in Figure 2 and Figure S3. The PruB Km value for UQ-1 (KmUQ-1) in presence of FAD was found to be 9.7 µM at saturating concentrations of L-proline (Table 2). The Kmproline was determined to be 2.5 mM in the presence of saturating levels of UQ-1, while Kmproline at saturating concentrations of MK-1 was found to be 14 mM. The Km values of the napthoquinone analogs MK-1 and MK-2 in presence of FAD and 0.5% Tween-80 were determined to be 23 µM and 12 µM, respectively, at saturating levels of L-proline. The Km for MK-1(H2) was found to be 46 µM, which was the highest Km of all tested quinone analogs. The calculated parameters Kcat and Kcat/Km are presented in Table 2.



KmUQ-1 in presence of exogenous FAD and saturating L-proline were found to be 9.6 µM, which is 10 times less than that reported for the bifunctional E. coli PutA [31]. In addition, the Kmproline in the presence of saturating UQ-1 was found to be 2.5 mM, which is 18-fold less than that reported for E. coli PutA [31]. However, it must be kept in mind that these values reflect the half reactions catalyzed by the bifunctional enzymes in comparison to the purified recombinant proline dehydrogenase derived from M. tuberculosis. The Kmproline reported here is similar to previously reported for PruB (5.7 mM) in the presence of saturating DCPIP as the final electron acceptor [8].



The Km values of the natural naphthoquinone substrate analogs MK-1 and MK-2 were found to be 23 µM and 12 µM, respectively. Interestingly, PruB can utilize benzoquinones as electron acceptors as efficiently as the naphthoquinones; the calculated Kcat values were similar for MK-1, MK-2, and UQ-1, suggesting that PruB does not differentiate between these molecules. Additionally, PruB is able to utilize MK-1(H2) as an electron acceptor, indicating that a double bond in the isoprene side chain is not essential for PruB activity.




3.4. Characterization and Kinetic Parameters of PruA


M. tuberculosis PruA activity was determined using previously synthesized exogenous (DL)-P5C and 0.5 μg of the PruA enzyme. Synthesized and stored (DL)-P5C was neutralized with 10 M of NaOH immediately prior to its use in assays. Like PruB activity, PruA was optimal at 25 °C and pH 7.0 in 20 mM of Tris-HCl. Kinetic parameters for PruA were determined using Michaelis–Menten kinetic assumptions. The representative saturation curves are shown in Figure 3.



The Km for NAD+ was found to be 33 µM, which is two-fold less than that of the monofunctional enzyme derived from Thermus thermophilus [13] and ten-fold less than that of the bifunctional enzyme derived from Bradyrhizobium japonicum [32]. In the absence of proline, the KmP5C was found to be 120 µM, as shown in Table 3, which is three times higher than that reported for the monofunctional enzyme derived from Thermus thermophilus [13,33]. The addition of proline to the reaction mixtures resulted in a KmP5C nearly twice as high (230 μM) as that observed in the absence of proline, suggesting the potential competitive inhibition of PruA activity, an observation that is consistent with similar conclusions previously drawn for both monofunctional and bifunctional enzymes [31,33]. Subsequent experimentation showed that the addition of increasing proline concentrations to the assay mixtures resulted in a pattern of decreased PruA enzyme activity that fit the competitive inhibition model well (Figure 4 and Table S2). An inhibition constant (Ki) of 6.7 mM was calculated.




3.5. PruB-PruA Channeling


As noted above, the central pathway of proline utilization in M. tuberculosis is catalyzed via the activities of two different monofunctional enzymes, as indicated in Figure 1. The addition of both PruB and PruA to the reaction mixture results in a coupled assay, which can be used to determine the rate of the conversion of proline into glutamate in the presence of NAD+.



A molar ratio of PruB to PruA (1:1), ensuring that the coupled reaction was not limited by the concentration of either enzyme, was determined by varying PruA (0.125–6 µM) and fixing PruB at 0.5 µM (Figure S4). The reaction mixture containing 20 mM of tris-HCl (pH 7.0), 100 µM of UQ1, 0.2 mM of NAD+, 40 mM of proline, and 0.5 µM of PruB was pre-incubated for 5 min. The reaction was initiated via the addition of the PruA enzyme for 30 min. The increase in absorbance or fluorescence was recorded by measuring the conversion of NAD+ into NADH in the PruA-catalyzed reaction.



The effect of one enzyme on the reaction rate of the other enzyme was also monitored (Figure S5). Reaction mixtures contained 20 mM of Tris-HCl (pH 7.0), 5 µM of FAD, 100 µM of UQ-1, 0.2 mM of NAD+, 40 mM of proline, and equimolar concentrations (0.5 µM) of enzymes. In addition, the activity of each enzyme was separately monitored under the same conditions; no change in the activity of either enzyme was observed in the presence or absence of the other enzyme (Figure S5).



The compound o-aminobenzaldehyde (o-AB) reacts with free P5C in solution, forming dihydroquinazolinium that is detectable at 443 nm [28]. The addition of o-AB to the assay mixture results in the trapping of the P5C via rapid formation of dihydroquinazolinium as it is released from the PruB. P5C trapping was examined using equimolar mixtures of PruB and PruA in assays with and without NAD+. The formation of the dihydroquinazolinium was substantially reduced when NAD+ (200 μM) was present in the reaction mixture (Figure 5A). Thus, in the presence of NAD+ P5C, trapping is significantly decreased, indicating that the P5C is not accessible to the o-AB. These observations indicate that the bulk of P5C is channeled directly to PruA from PruB, rather than being released into the surrounding milieu.



Additionally, similar reactions were conducted in the presence of high concentrations of salt in anticipation that the salt might disrupt any electrostatic interactions between PruB and PruA, increasing the P5C available to the o-AB in solution. There was no observable effect of salt addition on the activity of the individual enzymes, and increased P5C leakage at a high salt concentration was not detected (Figure 5B).



Overall, it is thought that metabolite channeling, occurring within either multifunctional enzymes or enzyme complexes, enhances metabolic flux, thereby improving the cellular fitness of the organism [34,35]. Substrate channeling has been extensively studied in various metabolic pathways, such as fatty acid β oxidation [36], the tricarboxylic acid cycle [37], and purine biosynthesis [38,39]. In the proline catabolism pathway, evidence for substrate channeling for the proline/P5C dehydrogenase reactions was reported in PutA derived from Salmonella typhimurium [15], Bradyrhizobium japonicum [32], and Geobactor sulfurreducens [40]; these reports have provided unprecedented molecular details of P5C/GSA channeling [32]. A novel hysteretic mechanism described for the E. coli PutA suggested that a channeling step in the overall proline/P5C dehydrogenase reactions was activated in the first few catalytic turnovers [14,41]. In this report, we have provided evidence of substrate channeling between non-covalently linked M. tuberculosis PruB and PruA enzymes, which is consistent with the Rosetta stone hypothesis [19,20].



Organisms in which proline dehydrogenase and P5C dehydrogenase are fused may have the ability to regulate P5C/GSA levels and utilize P5C as a metabolite signaling molecule or drive the proline-P5C redox cycle [18,42]. In contrast, in organisms with monofunctional proline and P5C dehydrogenases, the additional regulation of the proline catabolic pathway maybe possible due to dynamic interactions. It has been suggested that the proline oxidation protects mycobacterial cells from methylglyoxal toxicity [1]. Methylglyoxal is an abundant reactive electrophilic species formed from glucose, lipid, and protein metabolism that reacts with nucleophilic centers in macromolecules, such as DNA, RNA, and protein causing covalent glycation end products [43,44]. Although multiple methylglyoxal degradation/detoxification pathways have been reported [43], it has been demonstrated that a functional PruB but not PruA protects mycobacteria from methylglyoxal toxicity [1].



Methylglyoxal can react with P5C to form non-toxic 2-acetyl-1-pyrroline [45]. However, the data presented indicate that in equimolar concentrations of purified recombinant PruA and B, as well as optimized conditions including saturating NAD+, the bulk of P5C is converted into glutamate in vitro. However, this outcome may not be the case in vivo. Interacting monofunctional proline and P5C dehydrogenases exhibiting imperfect metabolite channeling, perhaps occurring due to allosteric or other translational/post-translational regulation, may provide an advantage in terms of cell survival.









Supplementary Materials


The following supporting information can be downloaded via the following link: https://www.mdpi.com/article/10.3390/pathogens12091171/s1, Figure S1. Purification of PruB and PruA. Figure S2. Representative UV-Vis traces of enzyme activity. Figure S3: Representative Michaelis–Menten curves for PruB; Figure S4: PruB-PruA coupled reaction; Figure S5: PruB and PruA do not affect the reaction rate of the other enzyme; Table S1: Primers used in the amplification of PruA and PruB constructs; Table S2: Non-linear fit of data shown in Figure 4 to a competitive inhibition model.





Author Contributions


Conceptualization, S.K. and D.C.C. (Dean C. Crick); methodology, S.K. and J.T.K.; validation, S.K., J.T.K. and D.C.C. (Debbie C. Crans); investigation, S.K., S.S., J.K.L.-B. and D.L.H.; resources, D.C.C. (Dean C. Crick) and D.C.C. (Debbie C. Crans); data curation, S.K.; writing—original draft preparation, S.K., writing—review and editing, D.C.C. (Dean C. Crick) and D.C.C. (Debbie C. Crans); funding acquisition, D.C.C. (Dean C. Crick). All authors have read and agreed to the published version of the manuscript.




Funding


Funded by NIH/NIAID Grant R01AI049151.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Berney, M.; Weimar, M.R.; Heikal, A.; Cook, G.M. Regulation of proline metabolism in mycobacteria and its role in carbon metabolism under hypoxia. Mol. Microbiol. 2012, 84, 664–681. [Google Scholar] [CrossRef] [PubMed]

	



Rachman, H.; Strong, M.; Ulrichs, T.; Grode, L.; Schuchhardt, J.; Mollenkopf, H.; Kosmiadi, G.A.; Eisenberg, D.; Kaufmann, S.H. Unique transcriptome signature of Mycobacterium tuberculosis in pulmonary tuberculosis. Infect. Immun. 2006, 74, 1233–1242. [Google Scholar] [CrossRef] [PubMed]

	



Karakousis, P.C.; Yoshimatsu, T.; Lamichhane, G.; Woolwine, S.C.; Nuermberger, E.L.; Grosset, J.; Bishai, W.R. Dormancy phenotype displayed by extracellular Mycobacterium tuberculosis within artificial granulomas in mice. J. Exp. Med. 2004, 200, 647–657. [Google Scholar] [CrossRef] [PubMed]

	



Berney, M.; Cook, G.M. Unique flexibility in energy metabolism allows mycobacteria to combat starvation and hypoxia. PLoS ONE 2010, 5, e8614. [Google Scholar] [CrossRef] [PubMed]

	



Griffin, J.E.; Gawronski, J.D.; Dejesus, M.A.; Ioerger, T.R.; Akerley, B.J.; Sassetti, C.M. High-resolution phenotypic profiling defines genes essential for mycobacterial growth and cholesterol catabolism. PLoS Pathog. 2011, 7, e1002251. [Google Scholar] [CrossRef]

	



Zhang, Y.J.; Ioerger, T.R.; Huttenhower, C.; Long, J.E.; Sassetti, C.M.; Sacchettini, J.C.; Rubin, E.J. Global assessment of genomic regions required for growth in Mycobacterium tuberculosis. PLoS Pathog. 2012, 8, e1002946. [Google Scholar] [CrossRef] [PubMed]

	



Lagautriere, T.; Bashiri, G.; Paterson, N.G.; Berney, M.; Cook, G.M.; Baker, E.N. Characterization of the proline-utilization pathway in Mycobacterium tuberculosis through structural and functional studies. Acta Crystallogr. D Biol. Crystallogr. 2014, 70, 968–980. [Google Scholar] [CrossRef]

	



Serrano, H.; Blanchard, J.S. Kinetic and isotopic characterization of L-proline dehydrogenase from Mycobacterium tuberculosis. Biochemistry 2013, 52, 5009–5015. [Google Scholar] [CrossRef] [PubMed]

	



Phang, J.M.; Donald, S.P.; Pandhare, J.; Liu, Y. The metabolism of proline, a stress substrate, modulates carcinogenic pathways. Amino Acids 2008, 35, 681–690. [Google Scholar] [CrossRef]

	



Tanner, J.J. Structural biology of proline catabolism. Amino Acids 2008, 35, 719–730. [Google Scholar] [CrossRef]

	



Becker, D.F.; Thomas, E.A. Redox properties of the PutA protein from Escherichia coli and the influence of the flavin redox state on PutA-DNA interactions. Biochemistry 2001, 40, 4714–4721. [Google Scholar] [CrossRef] [PubMed]

	



Huang, T.C.; Huang, Y.W.; Hung, H.J.; Ho, C.T.; Wu, M.L. Delta1-pyrroline-5-carboxylic acid formed by proline dehydrogenase from the Bacillus subtilis ssp. natto expressed in Escherichia coli as a precursor for 2-acetyl-1-pyrroline. J. Agric. Food Chem. 2007, 55, 5097–5102. [Google Scholar] [CrossRef] [PubMed]

	



Inagaki, E.; Ohshima, N.; Takahashi, H.; Kuroishi, C.; Yokoyama, S.; Tahirov, T.H. Crystal structure of Thermus thermophilus delta1-pyrroline-5-carboxylate dehydrogenase. J. Mol. Biol. 2006, 362, 490–501. [Google Scholar] [CrossRef] [PubMed]

	



Moxley, M.A.; Sanyal, N.; Krishnan, N.; Tanner, J.J.; Becker, D.F. Evidence for hysteretic substrate channeling in the proline dehydrogenase and Delta1-pyrroline-5-carboxylate dehydrogenase coupled reaction of proline utilization A (PutA). J. Biol. Chem. 2014, 289, 3639–3651. [Google Scholar] [CrossRef] [PubMed]

	



Surber, M.W.; Maloy, S. The PutA protein of Salmonella typhimurium catalyzes the two steps of proline degradation via a leaky channel. Arch. Biochem. Biophys. 1998, 354, 281–287. [Google Scholar] [CrossRef] [PubMed]

	



Farrant, R.D.; Walker, V.; Mills, G.A.; Mellor, J.M.; Langley, G.J. Pyridoxal phosphate de-activation by pyrroline-5-carboxylic acid. Increased risk of vitamin B6 deficiency and seizures in hyperprolinemia type II. J. Biol. Chem. 2001, 276, 15107–15116. [Google Scholar] [CrossRef]

	



Bearne, S.L.; Wolfenden, R. Glutamate gamma-semialdehyde as a natural transition state analogue inhibitor of Escherichia coli glucosamine-6-phosphate synthase. Biochemistry 1995, 34, 11515–11520. [Google Scholar] [CrossRef]

	



Nomura, M.; Nomura, N.; Newcomb, E.W.; Lukyanov, Y.; Tamasdan, C.; Zagzag, D. Geldanamycin induces mitotic catastrophe and subsequent apoptosis in human glioma cells. J. Cell. Physiol. 2004, 201, 374–384. [Google Scholar] [CrossRef]

	



Marcotte, E.M.; Pellegrini, M.; Ng, H.L.; Rice, D.W.; Yeates, T.O.; Eisenberg, D. Detecting protein function and protein-protein interactions from genome sequences. Science 1999, 285, 751–753. [Google Scholar] [CrossRef]

	



Enright, A.J.; Iliopoulos, I.; Kyrpides, N.C.; Ouzounis, C.A. Protein interaction maps for complete genomes based on gene fusion events. Nature 1999, 402, 86–90. [Google Scholar] [CrossRef]

	



Upadhyay, A.; Kumar, S.; Rooker, S.A.; Koehn, J.T.; Crans, D.C.; McNeil, M.R.; Lott, J.S.; Crick, D.C. Mycobacterial MenJ: An oxidoreductase involved in menaquinone biosynthesis. ACS Chem. Biol. 2018, 13, 2498–2507. [Google Scholar] [CrossRef] [PubMed]

	



Koehn, J.T.; Beuning, C.N.; Peters, B.J.; Dellinger, S.K.; Van Cleave, C.; Crick, D.C.; Crans, D.C. Investigating substrate snalogues for mycobacterial MenJ: Truncated and partially saturated menaquinones. Biochemistry 2019, 58, 1596–1615. [Google Scholar] [CrossRef]

	



Koehn, J.T.; Crick, D.C.; Crans, D.C. Synthesis and characterization of partially and fully saturated menaquinone derivatives. ACS Omega 2018, 3, 14889–14901. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Koehn, J.T.; Gonzalez-Juarrero, M.; Crans, D.C.; Crick, D.C. Mycobacterium tuberculosis survival in J774A.1 cells is dependent on MenJ moonlighting activity, not its enzymatic activity. ACS Infect. Dis. 2020, 6, 2661–2671. [Google Scholar] [CrossRef] [PubMed]

	



Noens, E.E.; Williams, C.; Anandhakrishnan, M.; Poulsen, C.; Ehebauer, M.T.; Wilmanns, M. Improved mycobacterial protein production using a Mycobacterium smegmatis groEL1DeltaC expression strain. BMC Biotechnol. 2011, 11, 27. [Google Scholar] [CrossRef]

	



Kumar, S.; Mittal, E.; Deore, S.; Kumar, A.; Rahman, A.; Krishnasastry, M.V. Mycobacterial tlyA gene product is localized to the cell-wall without signal sequence. Front. Cell. Infect. Microbiol. 2015, 5, 60. [Google Scholar] [CrossRef]

	



Nurul Islam, M.; Hitchings, R.; Kumar, S.; Fontes, F.L.; Lott, J.S.; Kruh-Garcia, N.A.; Crick, D.C. Mechanism of fluorinated anthranilate-induced growth inhibition in Mycobacterium tuberculosis. ACS Infect. Dis. 2019, 5, 55–62. [Google Scholar] [CrossRef] [PubMed]

	



Williams, I.; Frank, L. Improved chemical synthesis and enzymatic assay of delta-1-pyrroline-5-carboxylic acid. Anal. Biochem. 1975, 64, 85–97. [Google Scholar] [CrossRef] [PubMed]

	



Mezl, V.A.; Knox, W.E. Properties and analysis of a stable derivative of pyrroline-5-carboxylic acid for use in metabolic studies. Anal. Biochem. 1976, 74, 430–440. [Google Scholar] [CrossRef]

	



Dawson, R.M.; Quinn, P.J. Protein-lipid interactions studies using monolayers of phospholipid and radioactive cytochrome c. J. Physiol. 1969, 200, 20P. [Google Scholar]

	



Moxley, M.A.; Tanner, J.J.; Becker, D.F. Steady-state kinetic mechanism of the proline:ubiquinone oxidoreductase activity of proline utilization A (PutA) from Escherichia coli. Arch. Biochem. Biophys. 2011, 516, 113–120. [Google Scholar] [CrossRef] [PubMed]

	



Arentson, B.W.; Luo, M.; Pemberton, T.A.; Tanner, J.J.; Becker, D.F. Kinetic and structural characterization of tunnel-perturbing mutants in Bradyrhizobium japonicum proline utilization A. Biochemistry 2014, 53, 5150–5161. [Google Scholar] [CrossRef]

	



Sanyal, N.; Arentson, B.W.; Luo, M.; Tanner, J.J.; Becker, D.F. First evidence for substrate channeling between proline catabolic enzymes: A validation of domain fusion analysis for predicting protein-protein interactions. J. Biol. Chem. 2015, 290, 2225–2234. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; Holden, H.M.; Raushel, F.M. Channeling of substrates and intermediates in enzyme-catalyzed reactions. Annu. Rev. Biochem. 2001, 70, 149–180. [Google Scholar] [CrossRef] [PubMed]

	



Srere, P.A.; Ovadi, J. Enzyme-enzyme interactions and their metabolic role. FEBS Lett. 1990, 268, 360–364. [Google Scholar] [CrossRef]

	



Ishikawa, M.; Tsuchiya, D.; Oyama, T.; Tsunaka, Y.; Morikawa, K. Structural basis for channelling mechanism of a fatty acid beta-oxidation multienzyme complex. EMBO J. 2004, 23, 2745–2754. [Google Scholar] [CrossRef]

	



Meyer, F.M.; Gerwig, J.; Hammer, E.; Herzberg, C.; Commichau, F.M.; Völker, U.; Stülke, J. Physical interactions between tricarboxylic acid cycle enzymes in Bacillus subtilis: Evidence for a metabolon. Metab. Eng. 2011, 13, 18–27. [Google Scholar] [CrossRef]

	



Rudolph, J.; Stubbe, J. Investigation of the mechanism of phosphoribosylamine transfer from glutamine phosphoribosylpyrophosphate amidotransferase to glycinamide ribonucleotide synthetase. Biochemistry 1995, 34, 2241–2250. [Google Scholar] [CrossRef]

	



Zhao, H.; French, J.B.; Fang, Y.; Benkovic, S.J. The purinosome, a multi-protein complex involved in the de novo biosynthesis of purines in humans. Chem. Commun. 2013, 49, 4444–4452. [Google Scholar] [CrossRef] [PubMed]

	



Singh, H.; Arentson, B.W.; Becker, D.F.; Tanner, J.J. Structures of the PutA peripheral membrane flavoenzyme reveal a dynamic substrate-channeling tunnel and the quinone-binding site. Proc. Natl. Acad. Sci. USA 2014, 111, 3389–3394. [Google Scholar] [CrossRef]

	



Moxley, M.A.; Becker, D.F. Rapid reaction kinetics of proline dehydrogenase in the multifunctional proline utilization A protein. Biochemistry 2012, 51, 511–520. [Google Scholar] [CrossRef] [PubMed]

	



Monteoliva, M.I.; Rizzi, Y.S.; Cecchini, N.M.; Hajirezaei, M.R.; Alvarez, M.E. Context of action of proline dehydrogenase (ProDH) in the hypersensitive response of Arabidopsis. BMC Plant. Biol. 2014, 14, 21. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.; Park, C. Bacterial responses to glyoxal and methylglyoxal: Reactive electrophilic species. Int. J. Mol. Sci. 2017, 18, 169. [Google Scholar] [CrossRef]

	



Lai, S.W.T.; Lopez Gonzalez, E.J.; Zoukari, T.; Ki, P.; Shuck, S.C. Methylglyoxal and its adducts: Induction, repair, and association with disease. Chem. Res. Toxicol. 2022, 35, 1720–1746. [Google Scholar] [CrossRef] [PubMed]

	



Huang, T.C.; Teng, C.S.; Chang, J.L.; Chuang, H.S.; Ho, C.T.; Wu, M.L. Biosynthetic mechanism of 2-acetyl-1-pyrroline and its relationship with delta1-pyrroline-5-carboxylic acid and methylglyoxal in aromatic rice (Oryza sativa L.) callus. J. Agric. Food Chem. 2008, 56, 7399–7404. [Google Scholar] [CrossRef]








[image: Pathogens 12 01171 g001] 





Figure 1. Reactions catalyzed by M. tuberculosis PruB and PruA enzymes. For PruB, proline dehydrogenase catalyzes the formation of ∆1-pyrroline-5-carboxylic acid (P5C), which is in equilibrium with glutamate-γ-semialdehyde (GSA), as well as the reduction in menaquinone. P5C is further oxidized by PruA to generate glutamate with the concomitant reduction in NAD+. 
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Figure 2. Representative Michaelis–Menten curves for PruB showing the effects of MK-1 (Panel (A)), MK-1(H2) (Panel (B)), or MK-2 (Panel (C)) in the presence of saturating concentrations of proline (20mM). Assays contained 25 ng of PruB in 200 µL of 20mM of Tris-HCl at pH 7.0 and were incubated at 25 °C for 30 min. Activities were monitored following the decrease in the absorbance at 270 nm. Calculated kinetic parameters can be found in Table 2. 
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Figure 3. Representative Michaelis–Menten curves for PruA showing the effects of the P5C concentration in an assay at a 0.2-millimolar NAD+ (Panel (A)) concentration and a 0.3-millimolar P5C (Panel (B)) concentration. Assays contained 500 ng of PruA in 200 µL of 20 mM of Tris-HCl at pH 7.0 and were incubated at 25 °C for 30 min. Activities were monitored following the increase in the absorbance at 340 nm. The calculated kinetic parameters can be found in Table 3. 
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Figure 4. Inhibition of PruA by L-proline. Michaelis–Menten curves are shown in Panel (A). The proline concentration varied from 0 to 32 mM and the P5C concentration varied from 0.1 to 1.6 mM in 20 mM Tris-HCl at pH 7.0 at 25 °C for 30 min. Panel (B) shows the double reciprocal plots of the same data. Error bars indicate the standard deviation of the mean of three independent experiments. The KIproline (6.7 mM) was calculated using the fit to a competitive inhibition model (Equation (1)). 
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Figure 5. Intermediate P5C-GSA trapping with o-aminobenzaldehyde. P5C/GSA is bound by o-aminobenzaldehyde (o-AB), forming the dihydroquinazolinium complex that is detectable at 443 nm. The reaction mixtures contained 20 mM of Tris-HCl (pH 7.0), 100 µM of UQ1, 0.2 mM of NAD+, 20 mM of proline, and equimolar concentrations (0.5 µM) of PruB and PruA enzymes (Panel (A)). Reactions were also performed in the presence of low and high salt concentrations (Panel (B)). Error bars indicate the standard deviation of the mean of three independent experiments. 
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Table 1. Structures of lipoquinones described in this study.
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	Lipoquinone
	Structure





	UQ-1
	[image: Pathogens 12 01171 i001]



	UQ-2
	[image: Pathogens 12 01171 i002]



	MK-1
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	MK-1(H2)
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	MK-2
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	MK-4
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Table 2. Calculated kinetic parameters of proline dehydrogenase (PruB). Km and Vmax values of UQ-1, MK-1, MK-1(H2), and MK-2 were determined in the presence of saturating levels of proline, and kinetic parameters of proline were determined in the presence of UQ-1 or MK-1, as indicated. Assays were performed at 25 °C and pH 7.0 in 20 mM of Tris-HCl. PruB activity was assayed by measuring the reduction in the ubiquinone or menaquinone. Error indicates the standard deviation of the mean of the three independent experiments. nd = not determined.
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	Substrate
	Km
	Vmax (pmol)
	Kcat (S−1)
	Kcat/Km (S−1 M−1)





	UQ-1
	9.7 ± 1.4 μM
	1.6 ± 0.39
	2.3
	2.3 × 105



	MK-1
	23 ± 3.2 μM
	1.9 ± 0.04
	2.8
	1.2 × 106



	MK-1(H2)
	46 ± 13 μM
	3.2 ± 0.21
	4.6
	1.0 × 106



	MK-2
	12 ± 0.66 μM
	1.8 ± 0.01
	2.6
	2.1 ×106



	Proline (saturating UQ-1)
	2.5 ± 0.3 mM
	1.2 ± 0.03
	1.7
	6.9 × 102



	Proline (saturating MK-1)
	14 ± 4.1 mM
	nd
	nd
	nd










 





Table 3. Calculated kinetic parameters of PruA. The kinetic parameters were measured in 20 mM of tris-HCl buffer (pH 7.0) at 25 °C. Substrate concentrations are described in the Methods section. The increase in the absorbance at 340 nm measures the conversion of NAD+ into NADH in the PruA- catalyzed reaction. Error indicates the standard deviation of the mean of the three independent experiments.
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	Substrate
	Km

(µM)
	Vmax

(pmol)
	Kcat

(S−1)
	Kcat/Km

(S−1 M−1)





	NAD+
	33 ± 4.3
	0.57 ± 0.06
	1.1
	3.4 × 105



	P5C
	120 ± 0.02
	0.54 ± 0.05
	1.1
	8.5 × 103
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