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Single amino acid variations drive functional divergence of cytochrome P450s in Helicoverpa species
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Abstract: Divergence of gene function is a hallmark of evolution, but assessing such divergence in one species or between species requires information on functional alterations of the alleles and homologs. Here, we explore the functional divergence of two paralogs, CYP6AE19 and CYP6AE20, from Helicoverpa armigera, and two close orthologs, CYP6B8 and CYP6B7, from two related species (Helicoverpa zea and H. armigera); although there is high sequence identity within each pair of enzymes, the latter P450 of each pair has lost metabolic competence towards the plant allelochemical xanthotoxin. Multiple chimeric and single/double site mutants were created by exchanging the diverse substrate recognition sites (SRSs) and amino acids within each pair of P450s. Heterologous expression in Sf9 cells and in vitro metabolism studies showed that the exchange of SRS4 swapped the activity of CYP6AE19 and CYP6AE20, and subsequent site-directed mutagenesis demonstrated that the CYP6AE20 V318M substitution causes a gain-of-function towards xanthotoxin. Meanwhile, a single amino acid substitution (L489P) in SRS6 was found to swap activity between the CYP6B orthologs. Sequence alignments of CYP6AE paralogs and all reported insect xanthotoxin-metabolizing P450s suggest M318 and P489 are essential for the catalytic activities of CYP6AE paralogs and CYP6B orthologs, respectively, but P450s in different subfamilies may have different mechanisms towards the same substrate. Our findings demonstrate that a single amino acid substitution can suffice to alter substrate metabolism and this functional divergence resulting from natural mutations will help to further our understanding of the process of natural selection of P450 genes and their role in insect-host plant interactions. 
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1. Introduction
Divergence of gene function, mainly shaped by gene duplication, allelic variation, and gene loss, is a major factor in genetic complexity and force for evolutionary change (Eirín-López et al., 2012). The fate of redundant genes is generally known as neofunctionalization, subfunctionalization, or nonfunctionalization, whereby organisms gain new competence, divide and conserve the original functions, or silence the redundant genes to adapt to changing environments (Lynch and Conery, 2000; Nei and Rooney, 2005). However, assessment of gene functional divergence along with the underlying molecular mechanism is limited by the availability of information on the process of functional evolution in enzymes in response to environmental selection pressures (Hughes, 2002). In this respect, the comparison of very closely homologous genes should shed some light on this problem. Among them, the rapidly evolved insect cytochrome P450s that mediate insect chemical defense and growth provide pertinent models for analyzing constraints on functional evolution. 
[bookmark: OLE_LINK24]Cytochrome P450 genes encode enzymes that function mostly as oxygenases, catalyzing the oxidation of a wide range of endogenous small molecules and contributing to the detoxification of exogenous compounds such as plant metabolites, pesticides, drugs, steroids, etc. CYP proteins share a conserved protein fold with six highly variable substrate recognition sites (SRSs) framing the catalytic pocket and substrate access channels, supporting their variability in catalytic specificity (Gotoh, 1992; Guengerich et al., 2016; Schuler and Berenbaum, 2013). Functional divergence of P450 derived from duplication of paralogs or allelic variation in humans, plants and microorganisms affect human health (Di Nardo and Gilardi, 2020; Guengerich et al., 2016; Hiratsuka, 2012; Ingelman-Sundberg, 2004; Lee and Goldstein, 2005; Nebert et al., 2013), plant evolution (Dutartre et al., 2012; Hansen et al., 2021; Lee et al., 2008), the biotechnology industry (Christ et al., 2019) and crop protection (Cools and Fraaije, 2013). In insects, they participate in the biosynthesis and degradation of hormones and insect secondary metabolites, and detoxification of xenobiotics (plant secondary metabolites and pesticides), hence serving diverse functions ranging from chemical defense to regulation of insect physiology (Feyereisen, 2012). Recent studies employing transcriptomics, whole-genome sequencing and new phylogenetic methods provided insight into the adaptive value of CYP genes in non-model insect species, by illustrating the evolutionary trajectory of these P450s dictated by patterns of duplication and loss (Dermauw et al., 2020; Feyereisen, 2020). Studies of entire CYP inventories (i.e., the CYPomes) show many detoxification-related P450 families underwent lineage-specific gene proliferation in herbivore insects (represented by widespread P450 gene clusters in insect genomes) (Feyereisen, 2011; Feyereisen, 2012; Sezutsu et al., 2013), and functional studies revealed that insects benefited from the versatile functions mediated by those P450s during host plant-insect interaction and the evolution of insecticide resistance (Calla, 2021; Nauen et al., 2021). The model of evolution and function of amplified insect P450s allows study of the proximal causes of duplication and the complicated mechanisms of subsequent function divergence. 
[bookmark: OLE_LINK20]However, in general, the study of insect P450s is fragmentary and is limited by the slow pace of functional characterization because it is often driven by specific goals, such as the elucidation of a resistance mechanism (Dermauw et al., 2020; Nauen et al., 2021). Consequently, the molecular mechanisms that mediate the evolutionary process in insects are poorly understood compared to those in mammals, microorganisms and plants. Moreover, the large numbers of insect P450s, their ubiquitous sequence polymorphism and the broad transcriptional response to xenobiotics make demonstrating the adaptive value of gene duplication challenging. Fortunately, we identified several good candidates for studying functional divergence from our previous functional screening of insect P450s. The CYP6AE gene cluster within the polyphagous H. armigera contains a pair of newly duplicated paralogs, CYP6AE19 and CYP6AE20, which share over 90% sequence identity but distinct catalytic specificity to six molecules including pesticides and plant-toxins (Shi et al., 2018). In particular, CYP6AE19 is the only member that can metabolize xanthotoxin (Wang et al., 2018). Recently, another example of functional divergence of orthologs has been found in the CYP6B subfamily. CYP6B7 in a fenvalerate-resistant laboratory strain of H. armigera derived from a Chinese field-collected population was found to have lost its capacity to metabolize xanthotoxin, despite its ortholog CYP6B8 from the closely-related species H. zea, showing high activity towards this host-plant allelochemical (Li et al., 2004). We speculated that sequence variants – especially those in the SRSs – are major determinants of the large metabolic difference to xanthotoxin observed in the two pairs of homologs. 
[bookmark: OLE_LINK18][bookmark: OLE_LINK21]In this study, we analyzed the sequences of CYP6AE19/CYP6AE20, and CYP6B7/CYP6B8. The key amino acids responsible for xanthotoxin metabolism in CYP6AE19/6AE20 were identified gradually by functional characterization of chimeric and point mutants which were generated by exchanging diverse SRS sections (SRS1, SRS4 and SRS6) and different amino acids within key SRS of the parent sequences. Similarly, site-direct mutagenesis was used to construct three single-site mutants and three double-site mutants by substitution of the variant amino acids in CYP6B8 for CYP6B7. Molecular modelling was also performed to investigate ligand-binding interactions and the location of amino acid variants in relation to the active site. These results contribute to our understanding of structure-function relationships of cytochrome P450s and will help elucidate the molecular basis of functional divergence of insect P450s during insect-plant interactions.

2. Material and method
2.1 Reagents and chemicals
[bookmark: OLE_LINK27]Enzymes for DNA amplification (Q5 High-Fidelity DNA Polymerase) and digestion (restriction enzyme BamHI) were purchased from New England Biolabs Company (Ipswich, MA). Xanthotoxin (99.98%, CAS: 298-81-7, MedChemExpress company, Monmouth Junction, New Jersey) and the components of the NADPH regeneration system (Sigma-Aldrich Company, Saint Louis, MO) were used for in-vitro metabolism. HPLC solvents were purchased from Fisher Scientific (Pittsburgh, Pennsylvania). 

2.2 Construction and functional expression of P450 mutants
CYP6AE19 and CYP6AE20 wild-type coding sequences were subcloned from the original pFastbacHTA vector (Shi et al., 2018) into pFastBac1 vector. For the construction of hybrid mutants with exchanged SRS, bridge sequences covering the mutated nucleotides were synthesized directly, the flank sequences of SRS1, SRS4, or SRS6 were cloned respectively and linked with bridge sequence by fusion PCR (Figure S1A). The point mutants were also constructed by fusion PCR and the mutated sites were carried by primers for cloning flank sequences (Figure S1B). The wild-type CYP6B7 was cloned from the FenR strain of H. armigera (Han et al., 2014). The point mutants were constructed by site-directed mutagenesis with similar methods shown above. CYP6B8 (GenBank No. AF102263.1) of H. zea was synthesized directly. The full opening frames of mutants were inserted into the pFastBac1 vector by In-Fusion cloning (Takara, Dalian, China) according to the manufacturer’s protocols. Primers were shown in Table S1.
Wild-type CYP6AE19 (CYP6AE19WT), CYP6AE20 (CYP6AE20WT), CYP6B7 (CYP6B7WT), CYP6B8 (CYP6B8WT) and mutants were heterologously expressed in Sf9 cells with the Bac-to-Bac baculovirus expression system as described (Shi et al., 2018). P450s were co-expressed with H. armigera P450 reductase (HaCPR) under a multiplicity of infection (MOI) of 2 and 1, respectively. A non-insertion control was prepared simultaneously under the same co-expression condition. The microsomal protein of infected cells was purified by differential centrifugation. The total protein concentration was quantified by the Bradford method (Bradford, 1976). The content of recombinant P450 in microsomal protein was measured by reduced CO-difference spectra assay (Omura and Sato, 1964).

2.3 Xanthotoxin metabolism
[bookmark: OLE_LINK15][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK9]For qualitative tests, xanthotoxin metabolism was assayed by incubation of the recombinant P450/CPR (0.2 mg) or equivalent non-insertion control/CPR microsomes in 0.1 M potassium phosphate buffer (total volume 200 μL) with an NADPH-regeneration system (1.3 mM NADP+, 3.3 mM glucose-6-phosphate, 3.3 mM MgCl2 and 0.4 U mL-1 glucose-6-phosphate dehydrogenase) and 20 μΜ xanthotoxin (2 μL, freshly dissolved in DMSO) at 30 oC, 1200 rpm for 1h. Samples were pre-warmed at 30 oC for 5min and reactions were started after the addition of substrate. 200 μL acetonitrile was added to stop the reaction, then 600 μL dilution buffer (50% acetonitrile and 50% potassium phosphate buffer) was added to each sample and incubated for further 15 min. Samples were cleared by centrifuging at 15,000 g for 10 min and analyzed by UPLC-MS/MS immediately as described (Wang et al., 2018) after filtering by 0.22 μm filter. The MRM transition 217>202 and 217>189 were monitored for quantification and qualification of xanthotoxin. All metabolism assays were repeated twice with three replicates per sample and one more repetition was carried out for active P450s screened. The assessment of enzyme activity was based on the disappearance of substrates rather than product quantification because there are too many oxidative products of xanthotoxin and most of them are not available commercially. The degradation of the substrate was quantified by an external standard curve of xanthotoxin. The final substrate turnover rate was corrected by subtracting the background (potential decrease in non-insertion control) and expressed in pmol xanthotoxin disappearance/min/pmol P450. For the kinetic assay, 20 pmol recombinant P450 was used and optimized incubation time was performed for each P450 (15min for CYP6AE20V318M, CYP6B7I155F/L489P, CYP6B7N248S/L489P and CYP6B7L489P; 20min for CYP6AE19WT, CYP6AE19D309E and CYP6AE19S314A) using three replicates for each data point. A suitable range of xanthotoxin concentrations was designed for each P450 after several rounds of pre-tests and non-insertion control was conducted under all conditions. The maximum velocity of the metabolic reaction (Vmax) and Michaelis constant (Km) were calculated by nonlinear regression analysis. 

2.4 Homology modelling and ligand docking
Homology modelling and automated ligand docking methods are as described (Shi et al., 2020). The 2.05 Å resolution crystal structure of the human microsomal P450 3A4 (PDB ID 1TQN provided the template for homology modelling CYP6AE19 and CYP6B8 enzymes. Sequences were aligned with Clustal Omega (Sievers et al., 2011) and 50 homology models for each enzyme were generated using MODELLER (v10.1) (Eswar et al., 2006). The final model was chosen based on the internal scoring function of MODELLER, visually inspection and assessment of stereochemistry using the VADAR webserver (Willard et al., 2003).
A 3-dimensional structure for xanthotoxin was generated using MarvinSketch (v19.22) of the ChemAxon suite (http://www.chemaxon.com). AutoDockTools (v1.5.7) (Molecular Graphics Laboratory, Scripps Research Institute, La Jolla, CA, USA) was used to define rotatable bonds in xanthotoxin and merge non-polar hydrogens. Automated ligand docking studies of xanthotoxin with the homology models were performed using Auto-Dock Vina (v1.2.3) (Trott and Olson, 2010) with a grid of 20 × 20 × 20 points (1 Å spacing) centred on the enzyme’s central cavity. A figure was produced using PyMOL (DeLano Scientific, San Carlos, CA, USA). 

3. Results
3.1 Amino acid sequence analysis of CYP6AE19/CYP6AE20 and CYP6B7/CYP6B8
Comparison of the sequences of CYP6AE19 and CYP6AE20 identified a total of 141 polymorphic sites that result in 48 amino-acid alterations (Figure 1A). The total sequence identity is 90.9%. The six SRSs are defined as previously described (Shi et al., 2020) and 10 amino acid substitutions were found within the SRSs of these two paralogs: six are within SRS1 (positions 108, 111, 113, 115, 118 and 127), three are located in SRS4 (positions 309, 314, and 318) and SRS6 contains one variation (position 501). The property of each pair of variant amino acids is consistently conserved with notable exceptions of the positively-charged R113 in CYP6AE19 replaced by polar S113 in CYP6AE20 and polar S314 in CYP6AE19 replaced by nonpolar A314 in CYP6AE20. 
Comparing CYP6B7 and CYP6B8 sequences, the total sequence identity is 97.4% and the sequence alignment (Fig 1B) shows a total of 39 polymorphic sites that result in only 3 amino acid alterations (positions 155, 248 and 489). The six SRSs are defined as described  (Rupasinghe et al., 2007) and found at the C-terminal end of SRS6 is the non-conservative replacement of L489 in CYP6B7 with P489 in CYP6B8.

3.2 Functional expression of CYP6AE mutants and metabolism of xanthotoxin
To determine the key domain for xanthotoxin metabolism, we first exchanged three diverse SRSs between CYP6AE19 and CYP6AE20. Six chimeric mutants: CYP6AE19-20SRS1, CYP6AE19-20SRS4, CYP6AE19-20SRS6, CYP6AE20-19SRS1, CYP6AE20-19SRS4, CYP6AE20-19SRS6 were constructed and expressed in Sf9 cells along with two wild-type P450s (Figure 2A). All recombinant mutants generated CO-spectrum maxima near 450 nm as did the wild type enzymes. Among them, despite multiple attempts at optimizing expression and purification conditions, the three mutants CYP6AE19-20SRS4, CYP6AE19-20SRS6 and CYP6AE20-19SRS6 also generated significant peaks near 420 nm indicating adverse conformational changes in the P450 active site caused by SRS exchange (Figure 2B).
In in vitro metabolism of xanthotoxin, CYP6AE19WT and CYP6AE20WT showed high and no catalytic competence, respectively, as expected (Wang et al., 2018). In contrast, CYP6AE19 lost metabolic capacity after an exchange of SRS4 with CYP6AE20. Meanwhile, the CYP6AE20-19SRS4 obtained enzymatic activity towards xanthotoxin (Figure 2C), indicating that the catalytic variation was strongly related to the diverse amino acids within SRS4.  
To test this, the three diverse amino acids within SRS4 were substituted between the two paralogs to create six single-site mutants: CYP6AE19D309E, CYP6AE19S314A, CYP6AE19M318V, CYP6AE20E309D, CYP6AE20A314S, and CYP6AE20V318M (Figure 3A). The reduced CO difference spectrum revealed all six mutants were successfully folded in Sf9 cells (Figure 3B). Three mutants of CYP6AE20 generated a predominant peak at 450 nm indicating the high quality of recombinant proteins. Nevertheless, after numerous efforts including decreasing the length of the sonication period, varying the virus infection time and MOI, etc., high 420 nm peaks were always generated in the spectrum of three mutants of CYP6AE19, indicating that a proportion of the mutants of CYP6AE19 protein were incorrectly configured. The subsequent in vitro metabolism of xanthotoxin with recombinant single-site mutants showed that the substitution of the first two variant sites (D309E and S314A) did not affect the catalytic competence of CYP6AE19 but the CYP6AE19M318V mutant failed to metabolize xanthotoxin. On the contrary, the CYP6AE20V318M gained metabolic capability. So the natural mutation at 318 position (Met to Val) caused the loss-of-function of CYP6AE20 in xanthotoxin metabolism of H. armigera. 
To examine the effect of point mutations on metabolism quantitatively, the kinetic parameters of four active P450s (CYP6AE19WT, CYP6AE19D309E, CYP6AE19S314A, and CYP6AE20V318M) were determined (Table 1). The metabolic rate of each tested P450 in response to xanthotoxin concentration revealed Michaelis-Menten kinetics (Figure S2). Compared with CYP6AE19WT, the Vmax of two mutants of CYP6AE19 (D309E and S314A) increased ~4.5-fold and 2.7-fold but their substrate affinity (Km) decreased simultaneously. These variations resulted in unchanged metabolic efficiencies (Vmax / Km) of these two mutants, hence revealing that only a minor effect was caused by mutations at 309 and 314 positions. In contrast, CYP6AE20V318M showed a similar affinity (Km) to xanthotoxin as CYP6AE19WT but its Vmax was ~2.4-fold higher than the latter, so the metabolic efficiency of CYP6AE20V318M was over two-fold higher than that of CYP6AE19WT and its two active point mutants. 

3.3 Functional expression of CYP6B mutants and metabolism studies
[bookmark: OLE_LINK7][bookmark: OLE_LINK22][bookmark: OLE_LINK53][bookmark: OLE_LINK54]Our in vitro metabolism results showed that CYP6B8 could metabolize xanthotoxin as reported previously (Li et al., 2004) but the recovery rate of xanthotoxin was close to 100% in samples with recombinant CYP6B7, indicating that it has lost catalytic competence towards this substrate (Figure 4C). To explore which amino acid substitution(s) in CYP6B7 and CYP6B8 are responsible for xanthotoxin metabolism, the three variant sites of CYP6B7 were substituted by the equivalent amino acids of CYP6B8. Three single-site mutants (CYP6B7I155F, CYP6B7N248S and CYP6B7L489P) and three double-site mutants (CYP6B7I155F/N248S, CYP6B7I155F/L489P and CYP6B7N248S/L489P) (Figure 4A) were constructed and expressed in Sf9 cells. The result of the reduced CO-difference spectra assay indicated that all of these recombinant P450s were successfully expressed in vitro. Most samples showed the high quality of recombinant P450s, as they generated a significant peak near 450 nm; only CYP6B7WT generated a peak at 420 nm under a variety of expression and detection conditions (Figure 4B). 
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13]The results of in vitro metabolism showed that three mutants of CYP6B7 containing the L489P substitution (CYP6B7L489P, CYP6B7I155F/L489P and CYP6B7N248S/L489P) obtained catalytic competence to xanthotoxin (Figure 4C). The results of the subsequent kinetic assay showed that although the Vmax of two double-site mutants and the substrate affinity of I155F/L489P mutants decreased slightly, the intrinsic clearance (Vmax/Km) of the three mutants was still within 2 fold (Table 1). This result indicates that the two former substitutions (I155F and N248S) did not contribute to the xanthotoxin metabolism. Based on these comparisons and the mutagenic analyses, we suggest that the amino acid at position 489 defines the specificity of CYP6B7 and CYP6B8 towards xanthotoxin, with the substitution from Leu to Pro establishing recognition of this substrate by CYP6B7.

3.4 Homology modelling and xanthotoxin docking
Having determined that two different residues are major determinants of xanthotoxin metabolism, we next sought to locate each amino acid in their respective enzyme’s structure to assess effects of their mutation. Homology models of CYP6AE19 and CYP6B8 were generated as these wild-type enzymes have metabolic activity towards xanthotoxin. A docking prediction for xanthotoxin in the active site of each enzyme was also performed and xanthotoxin bound with CYP6AE19 (Figure 5A) and CYP6B8 (Figure 5B) with an estimated free energy of binding (ΔGb) of -8.10 kcal/mol and -7.94 kcal/mol, respectively. 
Figure 5A shows that the side chain of M318 is orientated towards the active site of CYP6AE19 and is in contact with the heme group. Simultaneously, the methyl group at the end of the M318 side chain contacts the hydroxyl group of xanthotoxin for this docking pose of the ligand. The M318V mutation substitutes in a much smaller side chain and a subsequent loss of van der Waals binding interactions with xanthotoxin may affect both binding affinity and optimal positioning of the ligand for reaction. Additionally, the reduced side chain size of M318V may alter contact with the heme group and both this co-factor and the SRS4 I-helix on which the 318 residue is located might shift in their relative position to also perturb xanthotoxin interactions and affect its metabolism.
In comparison to the M318 position in CYP6AE19, the P489 position in CYP6B8 is on the opposite side of that enzyme’s active site (Figure 5B). Additionally, P489 is 17.6 Å from the docked xanthotoxin and so is predicted to be too distant to contribute as a direct binding determinant. As P489 is located on the C-terminal end of SRS6, it is possible that the P489L substitution may alter secondary structure in this loop region and therefore reshape the binding site. This may reposition binding determinants unfavorably for xanthotoxin or, given how rigid the three-ring structure of this ligand is, may generate steric hindrance that prevents the ligand from reaching the heme or orientating effectively for reaction.

4. Discussion
[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK8]The large P450 superfamily offers examples of duplications that are sufficiently recent to allow a careful examination of the fate of the duplicated genes (Nelson, 2018; Sezutsu et al., 2013). Increasingly, functional studies of insect P450s show overlapping substrate specificity between paralogs (Manjon et al., 2018; Mao et al., 2009; Mao et al., 2011; Shi et al., 2018; Shi et al., 2021; Wen et al., 2006) and orthologs (Li et al., 2003), rather than radical change of function. It is typically found that P450 duplicates associated with metabolic resistance to insecticides are identical and are retained because of the clear benefits of increased gene dosage (Bass et al., 2013; Puinean et al., 2010; Schmidt et al., 2010). In contrast, only a handful of studies have assessed functional divergence of CYP genes (Chiu et al., 2008; Hung et al., 1997; Wen et al., 2006). Probably, many homologous P450s from families associated with an environmental response are presumed redundant with no obvious phenotype when they are mutated or missing (Nebert et al., 2013) and the phenotype might be observed only in response to an environmental challenge that can have a huge effect on fitness, such as the selection of pesticides (Ibrahim et al., 2015; Joußen et al., 2012; Joußen and Heckel, 2021; Nauen et al., 2021; Zimmer et al., 2018; Zuo et al., 2021). Among these cases, while some studies have provided insight into structure-function relationships of specific insect P450s (Hlavica, 2011; Schuler and Berenbaum, 2013), for most insect P450s the direct evidence for the contribution of critical amino acids to activity remain scant. CYP6AE and CYP6B are both multigene subfamilies that are specific to lepidopteran insects. Numerous gene duplication events of these two subfamilies form P450 clusters and reservoirs of versatile P450s (Shi et al., 2018; Shi et al., 2021; Wang et al., 2018). So in this study, we took advantage of the extreme phenotypes and high sequence identity of CYP6AE19 / CYP6AE20 within a gene cluster and Ha-CYP6B7 / Hz-CYP6B8 from evolutionarily close species in order to investigate the dynamic functional alteration of insect P450s. The results of our mutagenic analyses highlight the fact that, even with high global sequence identity, only a small number of residues in each binding site can define P450 substrate specificity. 
The widely shared detoxification activity to xanthotoxin among insect CYP6 P450s (CYP6B, CYP6AE and CYP6Z) (Chiu et al., 2008; Li et al., 2003; Li et al., 2004; Mao et al., 2007; Rupasinghe et al., 2007; Wen et al., 2006) implies it might be an ancestral function generated before the diversification of multiple subfamilies in CYP6 during evolution, and that in the Ha-CYP6AE subfamily, only CYP6AE19 maintained the activity while other paralogs lost it. Conceivably, the tandem duplication within the CYP6AE cluster might have freed other CYP6AE duplicates from functional constraint and permit the acquisition of mutations that led to novel competence. Typically, variations in SRS1 have been demonstrated to be responsible for the greater metabolic efficiency of later diverged CYP6AEs (Shi et al., 2020). A sequence alignment of SRS4 from ten Ha-CYP6AE shows the Met318 of CYP6AE19 is substituted with either Val, Leu or Ile (Figure 6A), suggesting that any deviation from the physicochemical properties of methionine at this position is the key reason for the loss-of-function of other CYP6AE members. Our modelling suggests that not only does Met318 make a direct binding contact with xanthotoxin, which is lost upon substitution, but Met318 also makes contact with the heme group. A Val, Leu or Ile substitution would introduce a side chain that is both smaller and branched, which could alter how SRS4 packs against the heme group and produce structural changes that extend beyond the 318 position to impact xanthotoxin metabolism, hence the stringent requirement for methionine at this position. 
[bookmark: OLE_LINK14][bookmark: OLE_LINK19]Studies on the catalyzing of furanocoumarins have provided information on structure-function relationships of CYP6B subfamilies. Site-directed mutagenesis determined several key amino acids in SRS1 affected the efficiencies of xanthotoxin metabolism (Chen et al., 2002; Pan et al., 2004; Wen et al., 2005). Only the lethal mutant (e.g. mutation at positions 116 and 117 in SRS1 of CYP6B1) with the destroyed configuration of catalytic pocket eliminated the activity. For CYP6B7, comparative analysis of the sequence alignment has shown that there are 11 polymorphic sites of CYP6B7 in eight tested geographical populations collected from five countries located in Asia, Australia and Africa (Figure S3), but they do not show obvious distribution bias. Two diverse amino acids are within SRSs: I486T and L489P. Ile155 is specific to CYP6B7-FenR while N248S is also present in GR strain from Australia. The key residue Pro489 is conserved in CYP6B7 of the other seven populations (Figure 6B, Figure S3). Meanwhile, the sequence alignment of CYP6B7/6B8 and seven xanthotoxin-metabolizing CYP6B P450s (Figure 6B) show Pro489 is also conserved in other CYP6B orthologs. It implies Pro489 is essential for catalyzing xanthotoxin by CYP6B P450s and our modelling suggests Pro489 exerts its effect allosterically, as opposed to being a direct binding contact.
The presence of the loss-of-function L489P mutant of CYP6B7 in FenR populations of H. armigera might be a consequence of contingent evolution. As shown in the previous study (Nauen et al., 2021; Vandenhole et al., 2021), the lepidopteran-specific CYP6B P450s are the most reported detoxification P450s with broad substrate profiles that widely participate in insect chemical defense. But our recent genome mining project found that the CYP6B subfamily underwent rapid evolutionary changes involving multiple gene duplications and deletions that they “bloomed” in several species but were also entirely lost in ten investigated species simultaneously (Shi et al., 2021). Here, the genetic variation of FenR-CYP6B7 not only again reflects the dynamic variation of this subfamily and of insect xanthotoxin-metabolizing P450s, but also suggests that CYP6B7 is not essential for the detoxification of xanthotoxin of H. armigera and it could be replaced by the paralogous or non-paralogous P450s (e.g. CYP6AE19). 
Meanwhile, the alignment of all reported xanthotoxin-metabolizing insect P450s reveals the key residues responsible for protein folding and xanthotoxin catalyzing of CYP6B P450s are not identical with CYP6Z and CYP321A P450s (Figure S4). Likewise, the residues in the homologous position of Met318 in CYP6AE19 are also divergent within CYP6AE, CYP6B, CYP6Z and CYP321A P450s, these amino acids have not been reported involved in the substrate binding either. It implies the active P450s in these closely related subfamilies might have different catalytic mechanisms in metabolizing xanthotoxin, as is the case with CYP6B8 and CYP321A1 in H. zea (Rupasinghe et al., 2007). In general, given both the mounting evidence of the overlapping substrate profiles of insect P450s, insects appear to divide certain essential detoxification capacities into different subfamilies flexibly with different catalytic mechanisms, along with the functional abundance of paralogs, to maintain the detoxifications to specific toxins during the dynamic evolution. 
[bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK52][bookmark: OLE_LINK58]In summary, the functional characterization of P450 mutants generated by exchanging SRS sections and site-direct mutagenesis in conjunction with molecular modelling can rapidly identify the key residues responsible for activity. In this case study, our result illustrates the versatility of gene duplication and provides insight into the molecular mechanism of the functional divergence resulted from natural mutations. Elucidation of such mechanism will aid our understanding of the natural selection of insect P450s, and yield insights into insect-host plant interactions.
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Figure legends

Figure 1. Amino acid sequence alignments of CYP6AE19/CYP6AE20 (A) and CYP6B8/CYP6B7 (B). The six SRSs are marked with grey boxes. Three diverse sites between CYP6B8 and CYP6B7 are shaded with yellow. Asterisks (*) indicate sites with identical amino acids, colons (:) represent sites with conserved replacements, black dots (.) indicate sites with weakly conserved replacements.

Figure 2. Functional characterization of six hybrid mutants of CYP6AE19 and CYP6AE20. A. Construction of hybrid mutants by exchanging the diverse SRS1/SRS4/SRS6 sections. B. Reduced CO difference spectrum of six hybrid mutants. C. Metabolism of xanthotoxin by recombinantly expressed mutants. *** means p < 0.001 (t-test, each group was compared with CK respectively). CK means non-insertion control. Error bars represent mean values ± SEM (n=3~4).

Figure 3. Functional expression of six single-point mutants and metabolism of xanthotoxin by recombinant P450s. A. Positions of the amino acid variants in the SRS4 region of CYP6AE19 and CYP6AE20. B. Reduced CO difference spectrum of six mutants. C. Qualitative enzyme activities to xanthotoxin with six recombinant mutants. *** means p < 0.001 (t-test, each group was compared with CK respectively). CK means non-insertion control. Error bars represent mean values ± SEM (n=3~7).

Figure 4. Functional characterization of CYP6B8WT, CYP6B7WT and six single/double-point mutants. A. Positions of six SRSs (black box) and three diverse amino acids (red line). Partial sequences of SRS are shaded with grey. Dots (.) represent identical amino acid. B. Reduced CO difference spectrum of eight recombinant P450s and non-insertion control (CK). C. Qualitative enzyme activities to xanthotoxin with eight recombinant P450. *** means p < 0.001 (t-test, each group was compared with CK respectively). Error bars represent mean values ± SEM (n=3~7).

Figure 5. Docking predictions for xanthotoxin in CYP homology models. SRS2-6 regions in the active sites of (A) CYP6AE19 and (B) CYP6B8 are shown in ribbon and semi-transparent surface (the SRS1 region is not shown to aid visualization). Heme is shown in orange space-fill and xanthotoxin as cyan sticks. Amino acids M318 in CYP6AE19 and P489 in CYP6B8 are shown in purple space-fill.

Figure 6. Alignment of amino acid residues in the key regions corresponding to substrate recognition of CYP6AE and CYP6B P450s. A. Alignment of SRS4 of 10 CYP6AE P450s in H. armigera. The phylogenetic relationships were combined on the left side. B. Alignment of SRS6 of CYP6B8 (H. zea) from America (AM), CYP6B7 in H. armigera from eight different geographical populations and seven xanthotoxin-metabolizing CYP6B P450s from six species. Three amino acid sequences were obtained from Chinese strains (CN): 6B7-FenR-CN, 6B7-HDS-CN (ADH82407) (Zhang et al. 2010), 6B7-HDFR-CN (ABF50223) (Zhang et al. 2010); one from Indian strain (IN): 6B7-IN (AKS48890.1); one from Pakistan (PK): 6B7-FSD-PK (AID54901) (Rasool et al. 2014); Two from Australian strains (AUS): 6B7-R-AUS (AF031468) (Ranasinghe and Hobbs 1998), 6B7-GR-AUS (XP_021201120) (Pearce et al. 2017); One from Cote d'Ivoire (CD): 6B7-SCD-CD (Shi et al. 2021). The available name of the original insect strain was noted before the abbreviation of the country. Amino acid sequences of CYP6B orthologs are deduced from cDNA reported for Papilio poluxenes (Pp) CYP6B1v1 (M80828) and CYP6B3v3a (ABC96862.1) (Wen et al. 2006), Papilio glaucus (Pg) CYP6B4v2 (PGU65489), CYP6B17 (AF280618), CYP6B21 (AF280622) (Li et al. 2003); Papilio canadensis (Pc) CYP6B25 (AF278603) (Li et al. 2003); Papilio multicaudatus (Pm) CYP6B33 (Mao et al. 2007). The GenBank number was added in brackets after the gene name. Position 489 marked in red is numbered as CYP6B8. The first sequence in each block was regarded as the reference sequence. The key residues were shaded with color and their positions were marked below. “-” represent the amino acids that were identical to the reference sequence.


Table 1. Kinetics of seven active recombinant P450s in the metabolism of xanthotoxin (data presented as mean ± SEM.)
	
	Vmax
(pmol/min/pmol P450)
	Km
(μM)
	Clinta
（Vmax/Km）

	CYP6AE19WT
	5.4±0.6
	8.1±0.8
	0.67

	CYP6AE19D309E
	23.9±1.8
	35.8±5.7
	0.67

	CYP6AE19S314A
	14.8±1.3
	29.3±5.7
	0.51

	CYP6AE20V318M
	[bookmark: OLE_LINK1]12.7±0.7
	7.6±1.7
	1.67

	CYP6B7L489P
	[bookmark: OLE_LINK2]1.8±0.1
	11.7±2.0
	0.15

	CYP6B7I155F/L489P
	1.0±0.1
	10.2±2.2
	0.10

	CYP6B7N248S/L489P
	1.2±0.1
	11.8±2.1
	0.10


  a Intrinsic clearance. 
[image: ]
Figure 1. Amino acid sequence alignments of CYP6AE19/CYP6AE20 (A) and CYP6B8/CYP6B7 (B). The six SRSs are marked with grey boxes. Three diverse sites between CYP6B8 and CYP6B7 are shaded with yellow. Asterisks (*) indicate sites with identical amino acids, colons (:) represent sites with conserved replacements, black dots (.) indicate sites with weakly conserved replacements.
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Figure 2. Functional characterization of six hybrid mutants of CYP6AE19 and CYP6AE20. A. Construction of hybrid mutants by exchanging the diverse SRS1/SRS4/SRS6 sections. B. Reduced CO difference spectrum of six hybrid mutants. C. Metabolism of xanthotoxin by recombinantly expressed mutants. *** means p < 0.001 (t-test, each group was compared with CK respectively). CK means non-insertion control. Error bars represent mean values ± SEM (n=3~4).
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Figure 3. Functional expression of six single-point mutants and metabolism of xanthotoxin by recombinant P450s. A. Positions of the amino acid variants in the SRS4 region of CYP6AE19 and CYP6AE20. B. Reduced CO difference spectrum of six mutants. C. Qualitative enzyme activities to xanthotoxin with six recombinant mutants. *** means p < 0.001 (t-test, each group was compared with CK respectively). CK means non-insertion control. Error bars represent mean values ± SEM (n=3~7).
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Figure 4. Functional characterization of CYP6B8WT, CYP6B7WT and six single/double-point mutants. A. Positions of six SRSs (black box) and three diverse amino acids (red line). Partial sequences of SRS are shaded with grey. Dots (.) represent identical amino acid. B. Reduced CO difference spectrum of eight recombinant P450s and non-insertion control (CK). C. Qualitative enzyme activities to xanthotoxin with eight recombinant P450. *** means p < 0.001 (t-test, each group was compared with CK respectively). Error bars represent mean values ± SEM (n=3~7).

[image: ]
Figure 5. Docking predictions for xanthotoxin in CYP homology models. SRS2-6 regions in the active sites of (A) CYP6AE19 and (B) CYP6B8 are shown in ribbon and semi-transparent surface (the SRS1 region is not shown to aid visualization). Heme is shown in orange space-fill and xanthotoxin as cyan sticks. Amino acids M318 in CYP6AE19 and P489 in CYP6B8 are shown in purple space-fill.
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Figure 6. Alignment of amino acid residues in the key regions corresponding to substrate recognition of CYP6AE and CYP6B P450s. A. Alignment of SRS4 of 10 CYP6AE P450s in H. armigera. The phylogenetic relationships were combined on the left side. B. Alignment of SRS6 of CYP6B8 (H. zea) from America (AM), CYP6B7 in H. armigera from eight different geographical populations and seven xanthotoxin-metabolizing CYP6B P450s from six species. Three amino acid sequences were obtained from Chinese strains (CN): 6B7-FenR-CN, 6B7-HDS-CN (ADH82407) (Zhang et al. 2010), 6B7-HDFR-CN (ABF50223) (Zhang et al. 2010); one from Indian strain (IN): 6B7-IN (AKS48890.1); one from Pakistan (PK): 6B7-FSD-PK (AID54901) (Rasool et al. 2014); Two from Australian strains (AUS): 6B7-R-AUS (AF031468) (Ranasinghe and Hobbs 1998), 6B7-GR-AUS (XP_021201120) (Pearce et al. 2017); One from Cote d'Ivoire (CD): 6B7-SCD-CD (Shi et al. 2021). The available name of the original insect strain was noted before the abbreviation of the country. Amino acid sequences of CYP6B orthologs are deduced from cDNA reported for Papilio poluxenes (Pp) CYP6B1v1 (M80828) and CYP6B3v3a (ABC96862.1) (Wen et al. 2006), Papilio glaucus (Pg) CYP6B4v2 (PGU65489), CYP6B17 (AF280618), CYP6B21 (AF280622) (Li et al. 2003); Papilio canadensis (Pc) CYP6B25 (AF278603) (Li et al. 2003); Papilio multicaudatus (Pm) CYP6B33 (Mao et al. 2007). The GenBank number was added in brackets after the gene name. Position 489 marked in red is numbered as CYP6B8. The first sequence in each block was regarded as the reference sequence. The key residues were shaded with color and their positions were marked below. “-” represent the amino acids that were identical to the reference sequence.
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