Identification two key residues at the intersection of subdomains of a thioether monooxygenase for improving its sulfoxidation performance
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ABSTRACT: AcCHMO, a cyclohexanone monooxygenase from Acinetobacter calcoaceticus, is a typical Type I Baeyer-Villiger monooxygenase. AcCHMOM6 is a mutant of AcCHMO we obtained previously that could oxidase the omeprazole sulfide to chiral sulfoxide drug esomeprazole. Based on the structural characteristics of AcCHMO, focused mutagenesis strategy was adopted at the intersections of FAD binding domain, NADPH binding domain and α-helical domain. By the focused mutagenesis and subsequent global evolution, two key residues (55-Leu and 497-Pro) at the intersection of subdomains were identified, of which the L55Y mutagenesis accelerated the H- transfer from NADPH to FAD, while the P497S mutagenesis widened the bottleneck radius of the substrate tunnel and alleviated the substrate inhibition remarkably. By combination of the two mutagenesis, AcCHMOM7 (L55Y/P497S) increased its specific activity from 18.5 U/g to 108 U/g, and its Ki of the substrate sulfide was increased from 34 μM to 265 μM. These results indicated that the catalytic performance can be elevated by modification of the sensitive sites in the intersection of subdomains of AcCHMO, which also provided some insights for the engineering of other type I BVMOs or other multi-subdomain proteins.
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INTRODUCTION
Baeyer-Villiger monooxygenase (BVMO) is named for its ability to catalyze the typical reaction of Baeyer-Villiger oxidation from ketone to ester or lactone. In addition to catalyzing Baeyer-Villiger oxidation, BVMO can also catalyze the oxidization of heteroatoms such as nitrogen, sulfur, selenium and boron (Branchaud et al., 1985). BVMOs belong to the class of flavin-dependent monooxygenases and can be classified into three types ("I", "II" and "O") based on their diverse protein structural characteristics and cofactors dependence (Leisch et al, 2011; Leisch et al., 2006). So far, most of the BVMOs that have crystal structure information, such as RhCHMO (Yachnin et al., 2012), PAMO (Malito et al., 2004), TmCHMO (Romero et al., 2016) and PockeMO (Fuerst et al., 2017), belong to Type I BVMOs, which are NADPH-dependent enzymes using FAD as cofactor.

Based on the secondary structural characteristics and the cofactors binding regions of Type I BVMOs, the protein can be divided into three subdomains: “FAD binding domain”, “NADPH binding domain” and “α-helical domain” (Malito et al., 2004). The flavin ring and nicotinamide ring bind at the cleft between “FAD binding domain” and “NADPH binding domain”, which allows them have enough space to deflect to form different catalytic conformations throughout the catalytic process. In addition, the cleft between the “α-helical domain” and the “FAD binding domain” forms the main active catalytic pocket, and the “α-helical domain” serves as a modulating region between “FAD binding domain” and “NADPH binding domain” (Malito et al., 2004; Mirza et al., 2009). It seems that the intersections of the FAD subdomain and the other two subdomains are essential region. Actually, many hotspots were identified in the intersection regions of type I BVMOs. For phenylacetone monooxygenase (PAMO), S441, A442, Leu443 and S444 located in the intersection region between FAD binding domain and α-helical domain were identified by aligning the sequence and structure of cyclohexanone monooxygenase (CHMO) and PAMO (Figure 1A), and it was found that these residues were associated with catalytic activity for different size of ketones (Bocola et al., 2005; Reetz et al., 2008; Reetz et al., 2009; Parra et al., 2013). Similarly, I67, P253, G254, R258 and L443 located in the same intersection region mentioned above were also identified for PAMO. I67 was found to be related to the oxidation activity of some sulfides (Dudek et al., 2011), while P253, G254, R258 and L443 were demonstrated to be related to the substrate preference (Dudek et al., 2014) (Figure 1A). In addition, P93 and Q94 located in the intersection region between FAD binding domain and NADPH binding domain were uncovered to have an allosteric effect in PAMO, and they can trigger a strong domain movement of the enzyme molecule (Wu et al., 2010; Parra et al., 2015) (Figure 1A). Coincidentally, the hotspots identified in AcCHMOa from Acinetobacter sp. NCIMB 9871 (Reetz1 et al., 2004; Reetz2 et al., 2004) and TmCHMO (Li et al., 2017) are also located in the intersection region of FAD binding domain and α-helical domain (Figure 1B, 1C). Therefore, we can conclude that the intersection region of subdomains of type I BVMOs is an important region that affects the catalytic performance of enzymes, especially for the region that between FAD binding domain and α-helical domain.
AcCHMOb, a cyclohexanone monooxygenase discovered from Acinetobacter calcoaceticus shows 69.8% sequence identity with AcCHMOa. AcCHMOM6 is a mutant of AcCHMOb obtained previously that can oxidase the omeprazole sulfide (OPS) to the S-enantiomer of omeprazole (esomeprazole) (Zhang et al., 2018; Zhang et al., 2019), which is the best-selling proton pump inhibitor for the treatment of gastroesophageal reflux disease (Scott et al., 2002). Although the substrate specificity of AcCHMOM6 was switched from cyclohexanone to omeprazole sulfide, further directed evolution is urgently needed to improve its catalytic efficiency. “Hierarchical Iterative Mutagenesis” we proposed was applied for the evolution of phosphotriesterase from the core region outward to the surface region (Luo et al., 2016). “Transdomain Combination Mutagenesis” was further developed for the evolution of multi-domain P450laMO (Li et al., 2018). Here we propose the strategy of focused mutagenesis and subsequent global evolution on AcCHMOM6. Based on the structural characteristics of AcCHMOM6, 13 sites (8 sites in FAD binding domain; 5 sites in α-helical domain) located in the intersection region of subdomains were selected to construct the saturation mutant library in order to identify the key sites (Figure 2). Subsequently, random mutagenesis was then performed for the entire protein to further explore other hotspots of AcCHMOM6 aiming to improve the overall catalytic efficiency.

MATERIALS AND METHODS
Chemicals and Reagents.

Omeprazole sulfide, esomeprazole and omeprazole sulfone were supplied by Aosaikang Pharmaceutical Co., Ltd., Jiangsu, China. All other chemicals were purchased from Macklin. Primers were synthesized by GenScript Biotech Co., Ltd., Nanjing, China. The enzymes involved in the molecular cloning experiment, such as rTaq polymerase, PrimerSTAR and restriction enzymes (Dpn I, Nde I, and Hind III), were all purchased from TaKaRa Biotechnology Co., Ltd, Dalian, China.
Mutagenesis.

Site-directed saturation mutagenesis (SDSM) and combinatorial mutagenesis were introduced into the pET28a-AcCHMOb (M6 or other mutants) template DNA by PCR. The primers with degenerate codons NNK or NDT were adopted in the PCR of SDSM. The 20 μL PCR mixture contained 50 ng of plasmid, 10 μL 2×Primer Star Mixture, 2 μL forward/reverse primer and 1 μL DMSO. The mixture was preheated at 98 ºC for 10 s, annealed at 55 ºC for 5 s, elongated at 72 ºC for 7.5 min and repeated 16 cycles. The PCR product was then digested with 1.0 μL Dpn I at 37°C for 4 h. The mutated plasmid was transformed into E. coli BL21 (DE3) host cells, and then spread on LB agar plate containing 50 μg/mL kanamycin.

The plasmid of M6 was used as the template for error-prone PCR (epPCR), and it was found that there were 1-2 mutations in each gene with the addition of 40 μM Mn2+ as confirmed by sequencing analysis. Both the PCR product and the template plasmid were digested with Nde I and Hind III restriction enzymes, and then ligated through T4 ligase at 16°C for 12 h. Finally, the recombinant plasmid was transformed into E. coli BL21 (DE3) cells. The sequence of each mutant was confirmed by Shanghai Saiyin Biotechnology Co., Ltd., China.

Protein Expression and Purification. 

M6 and other mutants were cultured in TB medium at 37 ºC with shaking at 180 rpm. When the optical density at 600 nm reaches 0.6 to 0.8, IPTG with a final concentration of 0.2 mM was added, and the culture temperature was lowered to 16 ºC. After 24 hours, the cells were collected by centrifugation at 12,000 rpm for 2 min, and the pellets of cells were washed once with ice-chilled saline. The collected cells were resuspended in buffer A (50 mM Tris, 500 mM NaCl, 10 mM imidazole, 2 mM β-mercaptoethanol, pH 7.5) and disrupted by ultrasonication, and then the cell lysates were centrifuged at 12,000 rpm and 4 ºC for 45 min to remove the particulate fraction. The supernatant was loaded onto a His Trap Ni-NTA FF column (5 ml, GE Healthcare) pre-equilibrated with buffer A. Non-affinity adsorbed protein was eluted in 40 mM imidazole solution at a flow rate of 5 mL/min. Then, target protein was eluted with 100 mM imidazole solution at a flow rate of 5 mL/min. The fractions were determined by SDS-PAGE, and the eluate containing the target protein were concentrated by ultrafiltration at 3,400 rpm and 4ºC for 1 h, buffer B (25 mM Tris, 150 mM NaCl, 1 mM dithiothreitol) was used to replace the eluate buffer during ultrafiltration.

Activity Assay.

The specific activity of M6 and other mutants toward omeprazole thioether (OPS) was measured with purified enzyme. In 500 μL reaction system, 0.2 mM OPS, 0.2 mM NADPH and enzyme solution were mixed in KPB (100 mM, pH 9.0). The reaction was performed at 30 ºC with stirring at 1000 rpm for 10 minutes, and then the reaction mixture was extracted with equal volume of ethyl acetate. All samples were determined by HPLC (HPLC conditions: IA column (Daicel), 40ºC; mobile phase: n-heptane/ethanol = 70/30 (v/v); flow rate: 1.0 mL/min; detection: 300 nm), and each experiment was performed in triplicate.
Asymmetric Oxidation of OPS by AcCHMOs for producing esomeprazole.

The engineered AcCHMOb catalyzed the oxidation of OPS to esomeprazole with the consumption of NADPH to NADP+. BstFDH from Burkholderia stabilis 15516, an NADPH dependent formate dehydrogenase (FDH) was introduced for the reduction of the oxidative cofactor NADP+ using sodium formate as a co-substrate (Hatrongjit et al., 2010). The 10 mL reaction mixture composed of 5 g/L omeprazole thioether (dissolved with 5 % v/v methanol), 1 g/L purified enzyme of M6 or M7, 7.4 g/L lyophilized powder of FDH (2.5 equivalents of AcCHMOb activity), 0.1 M sodium formate, 0.2 mM NADP+ and potassium phosphate buffer (100 mM, pH 9.0), was shaken at 25 ºC and 180 rpm. Samples were intermittently withdrawn and extracted with ethyl acetate for analysis by HPLC.
Determination of Kinetic Parameters.

The kinetic constants (Km, Ki and kcat) of M6 and its mutants were assayed by varying the concentration of OPS from 1 μM to 500 μM, with 0.2 mM NADPH (> 40 × KmNADPH). Michaelis–Menten equation with substrate inhibition V=Vmax[S]/(Km+[S](1+[S]/Ki)) was adopted as fitting equation (Wang et al., 1999). The kinetic constants (Km and kcat) for cofactor were assayed by varying the concentration of NADPH from 1 μM to 100 μM, with the concentration of substrate OPS 0.2 mM (> 20 × KmOPS). Michaelis–Menten equation V=Vmax[S]/(Km+[S]) was adopted as fitting equation. All samples were determined by HPLC, and each experiment was performed in three parallels.

Homology modelling, molecular docking and substrate tunnel analysis.

Homology modeling of AcCHMOb was performed using Modeller 9.11 (Eswar et al., 2008). The crystal structures involved include AcCHMOM2 (PDB ID: 6A37), which is a mutant of AcCHMOb determined in our previous work with a sequence identity of 99% (Zhang et al., 2019), RhCHMOopen (PDB ID: 3GWF) and RhCHMOrotated (PDB ID: 3UCL) from Rhodococcus sp. HI-31 with a sequence identity of 53% (Yachnin et al., 2012; Yachnin et al., 2014). In order to obtain reliable structure models with different catalytic stages of NADPH/NADP+ for M6 and other mutants, the whole sequence of M2 (containing FAD) and the homologous sequence in RhCHMOopen/RhCHMOrotated (residues 180~195, residues 329~338 and NADP+) were selected for multiple templates modeling. The stereochemistry for the models were evaluated by DOPE score and the Ramachandran plot (Guex et al., 1997). The percentages of residues located in the allowed region of Ramachandran plot were above 99.6% for all the predicted structures.
Molecular docking was performed with AutoDock Vina (Trott et al., 2010). The center coordinate of the grid box was set at the sulfur of substrate OPS, and the size of the grid box was set as 18 Å in each dimension. The best docking results were analyzed and selected according to the binding affinities and substrate binding conformations.
CAVER 3.0 was used to identify the substrate tunnels presenting in AcCHMOb and its mutants (Chovancova et al., 2012). The possibility of all the tunnels were evaluated by Avg_BR (Average bottleneck radius), Max_BR (Maximum bottleneck radius) and Avg_throughput (Average throughput).

RESULTS AND DISCUSSION

Focused Mutagenesis at Subdomain Intersections of AcCHMOM6.

Based on the structural information of AcCHMOM6, Y51, L55, S56 and D57 are located in the core intersection area of the three subdomains (FAD binding domain, NADPH binding domain and α-helical domain); L144 and A145 are located in a loop that linking FAD binding domain and NADPH binding domain; A243, L244, Y246, F281, R327, N434 and S435 form the main intersection area of FAD binding domain and α-helical domain (Figure 2). These 13 sites were selected for saturation mutagenesis due to their unique location in the enzyme. Considering that there may be a synergistic effect between different sites, degenerate codons NNK or NDT were adopted to construct 10 saturation mutant libraries covering these 13 sites (Table S1). After screening of the saturation mutant libraries, three positive mutants L55C, L55N and L55Y were identified (Table S1), and their specific activities were increased by 1.6-fold, 2.8-fold and 3.8-fold respectively compared with M6 (Table S2).

In view of the importance of the 55-site, the remaining 16 mutants at this site were obtained by site-directed mutagenesis. It is found that the mutants with amino acids containing polar/electrically charged side chain except for Arginine have improved efficiencies, while most of the mutants replaced by the amino acids containing nonpolar side chain such as Gly, Ile and Pro showed decreased efficiency. Among all the single mutants at 55-site, L55Y was the best mutant (Table S2).

Random Mutagenesis for the Entire Protein of AcCHMOM6.

Besides the subdomain focused mutagenesis, we also constructed a random mutant library with a capacity of 4000 by error-prone PCR. With the modified acid staining screening method, I337V, H403Y and P497S were identified, and their specific activities were increased by 1.2-fold, 1.4-fold and 1.6-fold respectively compared with M6 (Table 1). After structural analysis of these sites, we found that 497-Pro is located in loop A (residues: 487-500) in the “FAD binding domain” and also close to the “α-helical domain”. These results demonstrated that the key sites are more likely to be in the intersection area of subdomains we focused. 337-Ile and 403-His are located on the protein surface (Figure S1).
On the basis of these results, three combinatorial mutants L55Y/P497S (M7), L55Y/P497S/H403Y and L55Y/P497S/I337V/H403Y (M8) were obtained by combined mutagenesis. M7 exhibited a perfect synergistic effect, whose specific activity has a 5.8-fold improvement (108 U/g) compared with M6 (18.5 U/g). Besides, the specific activity of M8 is slightly lower than that of M7 (Table 1), but the protein expression of M8 is much better than M7 (Figure S2).

Then the asymmetric oxidation of OPS catalysed by M6 and M7 were conducted on a 10 mL scale to further evaluate the improvement of catalytic efficiency. The reaction catalyzed by M7 achieved >99% conversion after 6 h. In contrast, M6 only reached 88% conversion after 24 h (Table 2, Figure S3). In addition, high enantioselectivity of (S)-sulfoxide was kept for both M6 and M7 (Table 2, Figure S4). Moreover, the space-time-yield (STY) of M7 reached 20 g/L/d, which indicated the feasibility of industrial synthesis of esomeprazole by biocatalytic method.
Mechanism Elucidating of the Enhanced Activity of 55-site mutants.

Comparing the kinetic parameters of M6 and its mutant L55Y to the substrates OPS and NADPH, L55Y mutant exhibited a great improvement in catalytic efficiency (kcat/Km) toward OPS and NADPH compared with M6 (Table 3, Figure S5, S6), which indicated that the L55Y mutagenesis has a significant effect on the key catalytic region of the enzyme.

Based on the catalytic mechanism of RhCHMO clarified by Berghuis and colleagues, the nicotinamide ring of NADPH deflects regularly during enzyme catalysis, which makes NADPH exhibits different states, such as “Open”, “Loose”, “Rotated” and “Tight” states. FAD will be transformed into reduced state from oxidized state by receiving H- from NADPH in the “Open” state; the substrate cyclohexanone will enter the catalytic pocket and catalyzed by C4A-peroxyflavin intermediate (E•FADHOO-•NADP+) when NADPH is deflected to the “Rotated” state (Yachnin et al., 2012; Mirza et al., 2009; Yachnin et al., 2014). The 55-site is located in the loop B (residues: 48-60) nearby the isoprazine ring of FAD (Figure S1). The side chain of 55-Leu is a isobutyl and deflects out of the catalytic region. When leucine is mutated to tyrosine, the side chain of tyrosine, 4-hydroxyphenyl methyl, deflects into the catalytic pocket, and the distance between the hydroxyl group of tyrosine and the oxygen atom of the nicotinamide ring is 3.4 Å when NADPH at the state of “Open”state. Thus there is a great possibility to form a new hydrogen bond between 55-Tyr and NADPH (Figure 3). Since NADPH will transfer H- to FAD in the “Open” state, the hydrogen bond formed between 55-Tyr and NADPH is possibly conducive to forming and stabilizing the electron transfer conformation of NADPH, thereby promoting the progress of the reaction, which is consistent with the kinetic constants study that L55Y mutant increased the kcat for NADPH from 0.64 min-1 to 3.35 min-1.
Moreover, it is also found that almost all the mutants that containing polar/electrically charged side chain at the site of 55 improved their catalytic efficiency except Arginine (Table S2). These results further verified that the hydrogen bond newly formed with NADPH may affect the electron transfer and the catalytic efficiency of the enzyme.

Elucidating the Mechanism of Alleviating Substrate Inhibition of 497-site mutants. 

By comparing the kinetic parameters of M6 and P497S mutant to the substrate OPS and NADPH, P497S mutant also showed a great improvement in kcat/KmNADPH, while its KmOPS and KiOPS had a 3.2-fold and 8.0-fold improvement compared with M6 respectively (Table 3, Figure S5, S6). The P497S mutant greatly alleviated the substrate inhibition present in M6 although its affinity for OPS was slightly reduced.

The site of 497 is located on the most flexible loop A (residues: 487-500) of the enzyme (Figure S7), and loop A is adjacent to the NADPH (in “Rotated” state) and substrate tunnels. Therefore, the conformations of AcCHMOM6 and P497S mutant were compared when the NADPH was in the “Rotated” state. We observed that the hydroxyl group of 497-Ser can form hydrogen bonds with 494-Ala and 499-Lys, which made loop A has a tendency to move away from NADPH, and the hydrogen bond between Asn-495 and the hydroxyl group on pentose of NADPH in AcCHMOM6 disappeared at the time. Subsequently, we analyzed the substrate tunnels of M6 and P497S mutant by CAVER 3.0, and found that there are two possible substrate tunnels (tunnel A and tunnel B) near loop A (Figure S8). A bottleneck of tunnel A formed by the nicotinamide ring of NADP+ and residues 496-498 on loop A was noticed in M6. Moreover, the radius of the tunnel A bottleneck in P497S mutant was widened obviously from 1.3 Å to 1.9 Å compared with M6 (Figure 4A, 4B). Meanwhile, the structure of tunnel B was similar in M6 and P497S mutant. Therefore, we speculated that the alleviation of substrate inhibition was associated with the structural changes of the inhibitive substrate binding mode, which might be caused by the P497S mutagenesis at the "Loop A-NADPH-Tunnel A" region. However, this speculation needs further evidences, such as analysis of the enzyme-substrate complex structure and molecular dynamics simulations.
Furthermore, the combined mutant M7 integrated the advantages of L55Y and P497S and exhibited better catalytic performance, whose kcat/KmOPS, KiOPS and kcat/KmNADPH increased by 2.6-fold, 7.7-fold and 46-fold respectively (Table 3, Figure S5, S6), which proved that there is a perfect synergy between L55Y and P497S mutagenesis.

CONCLUSION

By subdomain focused mutagenesis and random mutagenesis, we successfully identified two key residues (55-Leu and 497-Pro) at the intersection of subdomains. Mutation at these two sites significantly improved the catalytic efficiency and alleviated substrate inhibition of the enzyme respectively. These results provided some insights for the engineering of other type I BVMOs or other multi-subdomain proteins.

By combining the mutations at site of 55 and 497, a combined mutant M7 with a 5.8-fold increase in specific activity and a 7.7-fold in KiOPS was obtained. Under the 10 mL scale-up reaction with 15 mM substrate loading, the substrate can be completely converted within 6 h catalyzed by the combined mutant M7, which indicated the feasibility of industrial synthesis of esomeprazole by biocatalytic method.
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TABLES AND FIGURES

Table 1. Specific activity of M6 and its mutants toward OPS
	Mutants
	Specific activity (U/gProtein)
	Fold

	M6
	18.5 ± 0.60
	1.0

	I337V
	21.7 ± 0.12
	1.2

	H403Y
	25.1 ± 0.38
	1.4

	P497S
	29.9 ± 0.28
	1.6

	L55Y
	69.6 ± 0.80
	3.8

	L55Y/P497S (M7)
	108 ± 1.5
	5.8

	L55Y/P497S/H403Y
	97.8 ± 0.9
	5.3

	L55Y/P497S/I337V/H403Y (M8)
	105 ± 2.4
	5.7


Table 2. The asymmetric sulfonation of OPS catalysed by M6 and M7
	Mutants
	Substrate

(g/L)
	Enzyme

(g/L)
	Time

(h)
	Conv.

(%)
	(S)-sulfoxide

(%)
	ee

(%)
	By product

(%)

	M6
	5
	1
	24
	88.0
	86.8
	99.7
	1.00

	M7
	5
	1
	4
	86.8
	85.6
	99.8
	0.99

	M7
	5
	1
	6
	99.3
	97.0
	99.9
	2.18


Table 3. Kinetic parameters of M6 and its mutants for OPS and NADPH.
	Mutant
	OPS
	
	NADPH

	
	kcat

(min-1)
	Km

(μM)
	Ki

(μM)
	kcat /Km

(min-1 μM-1)
	
	kcat

(min-1)
	Km

(μM)
	kcat /Km

(min-1 μM-1)

	M6
	1.57 ± 0.12
	2.68 ± 0.46
	34.2 ± 5.7
	0.59
	
	0.64 ± 0.01
	2.52 ± 0.44
	0.25

	L55Y
	6.34 ± 0.45
	1.87 ± 0.31
	24.5 ± 3.5
	3.39
	
	3.35 ± 0.04
	0.85 ± 0.08
	3.94

	P497S
	2.41 ± 0.11
	8.55 ± 0.93
	272 ± 36.1
	0.28
	
	1.75 ± 0.02
	0.51 ± 0.06
	3.43

	M7
	8.58 ± 0.38
	5.58 ± 0.63
	265 ± 34.5
	1.54
	
	5.93 ± 0.07
	0.52 ± 0.06
	11.4
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Figure 1. Hotspots located in the intersection region of subdomains in type I BVMOs. (A) PAMO (PDB ID: 1W4X), (B) AcCHMOa (Multi-template modeling), (C) TmCHMO (PDB ID: 5M0Z). The FAD-binding domain is shown in yellow, the NADP-binding domain is shown in green, and the α-helical domain is shown in blue. Cofactors FAD and NADPH are represented in stick; residues are represented in spheres.
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Figure 2. The overall structure and subdomains of AcCHMOM6. FAD-binding domain (residues 1-149 and 381-531) is shown in yellow, NADP-binding domain (residues 150-209 and 331-380) is shown in green, α-helical domain (residues 210-330) is shown in blue, and the active catalytic pocket is shown in red. Cofactors FAD and NADPH are represented in stick, residues are represented in spheres (left part) or stick (right part).
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Figure 3. Structural analysis of AcCHMOM6 and L55Y mutant with NADPH in “Open” state. Residue is represented in “ball and stick” and cofactors are represented in stick.
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Figure 4. Comparison of tunnel A and interactions between NADPH and loop A for M6 and P497S mutant with NADPH in “Rotated” state. Cofactors NADPH, FAD and substrate OPS are represented in stick, loop A is represented in cartoon; tunnel A is represented in surface; the hydrogen interactions between NADPH and loop A represented in yellow dotted line.
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