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Abstract

:

Type I Baeyer–Villiger monooxygenases (BVMOs) are flavin-dependent monooxygenases that catalyze the oxidation of ketones to esters or lactones, a reaction otherwise performed in chemical processes by employing hazardous and toxic peracids. Even though various BVMOs are extensively studied for their promising role in industrial biotechnology, there is still a demand for enzymes that are able to retain activity at high saline concentrations. To this aim, and based on comparative in silico analyses, we cloned HtBVMO from the extremely halophilic archaeon Haloterrigena turkmenica DSM 5511. When expressed in standard mesophilic cell factories, proteins adapted to hypersaline environments often behave similarly to intrinsically disordered polypeptides. Nevertheless, we managed to express HtBVMO in Escherichia coli and could purify it as active enzyme. The enzyme was characterized in terms of its salt-dependent activity and resistance to some water–organic-solvent mixtures. Although HtBVMO does not seem suitable for industrial applications, it provides a peculiar example of an alkalophilic and halophilic BVMO characterized by an extremely negative charge. Insights into the behavior and structural properties of such salt-requiring may contribute to more efficient strategies for engineering the tuned stability and solubility of existing BVMOs.
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1. Introduction


The transformation of ketones to esters or lactones by peracids is known as Baeyer–Villiger oxidation. In synthetic organic chemistry, it represents a powerful methodology to insert an oxygen atom into a carbon–carbon bond. Although the reaction has a wide range of applications in the synthesis of fine chemicals [1], the standard protocol for Baeyer–Villiger oxidation encounters several drawbacks. For example, organic peracids are strong oxidants and display poor selectivity. Moreover, their use may lead to the formation of the corresponding carboxylic acid salt as waste, which has to be recycled or disposed of [2]. Furthermore, organic peracids are expensive and hazardous compounds. Among the alternative methods, which aim to bypass both the environmental and safety issues associated with the chemical approach, the use of Baeyer–Villiger monooxygenases (BVMOs) as biocatalysts for Baeyer–Villiger oxidations represents one of the most attractive approaches. BVMOs are flavoenzymes, which utilize molecular oxygen, instead of a peracid, as the stoichiometric oxidant and often exhibit a broad substrate specificity while displaying high regio-, chemo-, and enantioselectivity [3]. In recent years, the identification of numerous novel BVMOs has led to a better understanding of the biocatalytic properties of these enzymes and to a continuous expansion of the enzymatic toolbox for their potential industrial application. Nevertheless, the present set of BVMOs is still far from meeting all industrial demands. Indeed, many available enzymes do not withstand industrial reaction conditions, which may involve the use of high temperatures, an acidic or alkaline environment or the presence of organic solvents. This prompted us to search for novel robust BVMOs in microorganisms able to thrive in extreme environments.



Extremophilic microorganisms represent an underutilized and innovative source of novel enzymes called extremozymes, able to catalyze chemical reactions whilst withstanding harsh conditions [4]. Only three robust BVMOs have been described so far: the phenylacetone monooxygenase (PAMO) from Thermobifida fusca [5]; a cyclohexanone monooxygenase (CHMO) from Thermocrispum municipale DSM 44,069 [6]; a polycyclic ketone monooxygenase from the fungus Thermothelomyces thermophila [7]. These three extremozymes were identified among the available genomes of (meso)thermophilic microbes. Although the most representative organisms of extreme environments belong to the Archaea domain, BVMOs do not seem to be widely distributed among these microorganisms. However, we could take advantage of the fully sequenced genome [8] of Haloterrigena turkmenica DSM 5511, an extreme halophilic organism originally isolated from a sulfate saline soil in Turkmenistan, in identifying HtBVMO as the first BVMO from an archaeon. A peculiarity of halophilic archaebacteria (Haloarchaea) is that they counterbalance the external high salt concentration by the intracellular accumulation of inorganic ions. This is in contrast to halophilic eukaryotes and eubacteria, which overcame the extracellular osmotic pressure by accumulating organic molecules as osmoprotectants [9,10]. As a consequence, the soluble proteins and the intracellular components of haloarchaea are adapted to be functional at high intracellular salt concentrations [11,12]. Such an adaptation might be of biotechnological interest, due to the potential stability of macromolecules from haloarchaea in low water environments, such as various aqueous/organic media employed in biocatalytic reactions [13].



We report here that, in addition to being a halophilic enzyme, HtBVMO is also alkalophilic and shows the most electronegative surface among the BVMOs characterized so far. The expression and purification of polyextremophilic proteins such as HtBVMO can be challenging but can also result in important lessons, as understanding the structural features of a protein that is stable in one set of extreme conditions may provide clues about the activity of the protein in other extreme conditions [14]. We could successfully overexpress HtBVMO in a standard E. coli cell factory and carried out a detailed biochemical characterization. We investigated the effect of high pH and salt concentrations on the performance of this alkalo- and halophilic enzyme, explored its use in in vitro conversions and tested its tolerance to some water–organic-solvent mixtures. Noticeably, the proteome-wide in silico comparison of BVMOs by means of surface electrostatics and normal modes allowed the identification of predictive protocols to distinguish potentially soluble enzymes from insoluble ones, which may be of interest to the general biocatalysis community.




2. Results


2.1. Identification, Structural Modeling and Electrostatic Analysis of HtBVMO


The protein sequence of PAMO, a well-known BVMO from T. fusca (UniProtKb AC Q47PU39) was used as a tBLASTn query at the NCBI server. In order to exclude genes coding for flavoprotein monooxygenases that do not catalyze Baeyer–Villiger reactions, the search was further refined by looking for the presence of regular expression (pattern) FxGxxxHxxxWD/P, which is a unique sequence motif for Type I BVMOs [15]. Among the retrieved sequences, we looked for putative BVMOs, focusing on organisms that are unusual for this enzyme class, e.g., extremophiles. Following these criteria, we identified a putative BVMO from the extremely halophilic archaeon Haloterrigena turkmenica: HtBVMO. The genome of this organism was fully sequenced in 2010 [8] and comprises one main circular chromosome and six circular plasmids. The gene encoding HtBVMO was identified in plasmid pHTUR01. HtBVMO shows 50% sequence identity with PAMO and conserved regions containing a number of known structural and functional motifs: (i) two Rossmann fold motifs (GxGxxG/A), involved in dinucleotide cofactor binding [16], (ii) the aforementioned motif for Type I BVMOs, (iii) the [A/G]GxWxxxx[F/Y]P[G/M]xxxD and (iv) Dx[I/L][V/I]xxTG[Y/F] motifs, all identifying this sequence as a putative BVMO [15,17,18]. A Clustal Omega alignment of HtBVMO with PAMO and CHMO from Acinetobacter NCIMB 9871 is shown in supplementary Figure S1. A feature that emerged from the sequence analysis is the low calculated pI of 4.19, due to a relatively high number of acidic residues (the total amount of aspartic and glutamic acid is roughly 20%). To investigate the distribution of charges, we generated a structural model of the protein using SWISS-MODEL [19], which proposed the structure of PAMO from T. fusca as the best template, in accordance with sequence homology data. Since the distribution of surface charges is influenced by the orientation of the side chains, the model was refined using SCWRL [20] and its final quality was evaluated via QMEAN server [21] (see methods); the calculated a Q-mean score of 0.757 assessed the model as very good among the alternative ones. The electrostatic potential for HtBVMO was estimated (see methods) and was compared with that of PAMO at increasing ionic strength. Figure 1 shows that HtBVMO is characterized by an extremely high negative potential, spread over the entire surface (depending on the presence of many Asp and Glu residues exposed to the solvent in the 3D model) and highlights an intriguing difference in the surface denegativization profiles of the two BVMOs.



The electrostatic isocontours of both proteins are highly negative (red color) in the absence of salt, even if a few neutral (white) or positive (blue) patches are evident in PAMO, while HtBVMO is fully negative and the isocontour “cloud” is so large that it cannot be viewed in the observation box. When salt concentration is brought up to 0.5 M, denegativization of the PAMO surface is clearly evident and further increases in salt concentration do not result in a meaningful change in the PAMO electrostatic isocontour at 1.0 or 2.0 M concentrations. Instead, the denegativization of HtBVMO along increasing concentration is lower than PAMO and progressive, clearly suggesting that this enzyme, in addition to being putatively halophilic, is alkalophilic as well. An enrichment in negative charges at the protein surface had already been observed in the crystal structure of other halophilic proteins (e.g., glucose dehydrogenase from Haloferax mediterranei [22], malate dehydrogenase [23] and ferredoxin from Haloarcula marismortui [24]) and is supposed to favor solvation. This feature, together with a reduction in basic amino acids (particularly lysines) and a decrease in the overall hydrophobic content, are characteristic signatures of the hypersaline adaptation of proteins [25,26,27].




2.2. Comparative Electrostatic and Normal Modes Analysis of HtBVMO


Table 1 compares the amino acid surface accessibility of HtBVMO to those generated for the thermophile PAMO (PDB: 1W4X), the mesophile RhCHMO (from Rhodococcus sp., PDB: 3GWD), and the well-characterized halophile enzyme HmMDH (PDB: 4JCO), a malate dehydrogenase from Haloarcula marismortui. It is worth noting that, although the overall ratio between the charged and hydrophobic residues is comparable in all the proteins (ranging from 0.5 to 0.61), the ratio of acidic over basic residues is twofold higher in the two halophilic enzymes. However, when only surface residues are considered, HtBVMO shows the highest ratio between the exposed charged and hydrophobic residues.



Notably, 42% of the total accessible surface of HtBVMO consists of acidic residues; the relatively high overall negative charge is also explained by a significant reduction in positively charged (Lys and Arg) residues. On the whole, both the amino acid composition and the structural model show typical features of an extreme halophilic protein [25,26]. However, the highly negative surface of HtBVMO prompted us to further investigate this feature in comparison to other known halophilic and non-halophilic BVMOs. These enzymes have been classified into seven groups (plus a further group of non-classified outlayers) based on phylogenetic clustering [28]. We considered the fifty BVMOs from this article, representative of the seven classes, added HtBVMO and ranked all of them on the basis of protein net charge (see supplementary Table S1). An intriguing evidence inferred from this analysis is the large variation in net charge within each class, with BVMOs from all classes but five being negatively charged. Positively charged BVMOs (+1 to +7) are present only in Class 5, where the most negative enzyme has −9 net charge. The negative charge in Classes 2, 3, 4, 6 and 7 ranges from close to neutral (e.g., −3) to values for the most negative representative enzymes, such as −16 (Class 6), −23 (Class 4) and −31 (Classes 2, 3 and 7). A similar range would also characterize Class 1 (net charge from −4 to −28) when not considering HtBVMO, which has a −73 net charge instead and remains a “special” BVMO (with forty-two extra negative charges with respect to the second most negative BVMO) even when extending the comparison to Table S1, i.e., to BVMOs in the databases (data not shown).



The evidence that phylogenetic-based grouping into the seven reported classes [28] is not in agreement with net charge distribution (as it varies in each class, with highly overlapping ranges), prompted us to perform an electrostatics-based, comparative analysis of a set of 86 BVMOs (including HtBVMO and other important enzymes not previously reported [28]). To this aim, we considered the distribution of the electric isopotential at the protein surfaces, which proved useful to identify putative fingerprints in a “functional” grouping and classification of proteins [29,30]. Since the atomic coordinates of three-dimensional structures, rather than simple sequences, are needed to perform such surface electrostatic analysis, and only six solved structures were available, 80 structural models were obtained via homology modelling, refined, and their quality assessed (see methods section for details on the software used, and the settings and steps, and supplementary Table S2 for enzyme names, Uniprot AC, and the modelling template for each protein in this complement). In order to perform analyses, taking into account the influence of ionic strength (I), the spatial distribution of the electrostatic potential was calculated at I = 150 mM (which is physiological for expression in a standard cell factory, such as E. coli), assuming +1/−1 charges for the counter-ions. Prior to electrostatic potential calculations, the overall set of Protein Data Bank (PDB) files were converted, replacing temperature and occupancy columns with columns containing the per-atom charge Q and radius R (PQR) to assign partial charges and van der Waals radii; then, linear Poisson–Boltzmann (PB) equation calculations were carried out by using Adaptive PB Solver (APBS) through Opal web service (see Methods). In order to evaluate electrostatic distance (ED) in a quantitative way, clustering of the spatial distributions of the electrostatic potentials was obtained, having the use of the Hodgkin and Carbo similarity index (SI) (see Methods for details and references). The Carbo SI is sensitive to the shape of the potential being considered but not the magnitude, whereas the Hodgkin SI is sensitive to both shape and magnitude. Therefore, results obtained using the Hodgkin SI are presented in this work, while analyses with the Carbo SI are not shown even if they were performed as well, confirming parameter independent data. “Heatmap” in Figure 2 shows the ED among the different BVMOs.



The color coding for the electrostatic distance (ED) is presented in the density plot (upper, small image); the lower image presents a reduced version (without individual accession numbers) of the heatmap. The complete, original heatmap is presented in supplementary Figure S2. Proteins are clustered according to their electrostatic potential using a color code from warm colors (small distance) to cold ones (large distance). The BVMOs taken into account are clearly grouped into two large supergroups (highlighted by salmon pink and magenta colors in the horizontal bar below the dendrogram); within each group the enzymes are electrostatically closer to each other (prevalence of cyan background), while high inter-group ED is apparent (as stated by dark cold colors).



When the associated epogram was inspected for BVMOs’ sorting between the two supergroups (an epogram is similar, in data clustering representation, to a standard phylogenetic tree, even though it is based on ED instead; see supplementary Figure S3), it showed more evidently intriguing evidence. Indeed, the insoluble BVMOs are grouped in the smaller group, together with the whole Class 5 BVMOs, while HtBVMO clustered together with potentially soluble BVMOs.




2.3. Normal Modes Analysis of HtBVMO and Soluble/Insoluble Enzymes


In addition to electrostatics, we also took into account protein dynamics by performing Normal Modes Analysis (NMA) [31]. NMA allowed us to highlight further fingerprints for soluble vs. insoluble BVMOs. BVMOs from Class 1 (including HtBVMO) and Class 5 were analyzed because of the presence of soluble and insoluble BVMOs in the same class. The insoluble enzyme in Class 1 is HtBVMO1 from R. jostiiRHA (Q0S1Y4), and two insoluble BVMOs belong to Class 5: AfBVMO2 from A. fumigatusAf293 (Q4WBK1) and RjBVMO13 from R. jostiiRHA (Q0SA63). However, only NMA for Class 1 BVMOs is presented here (Figure 3), where the insoluble enzyme RjBVMO1 is highlighted in apple green in the fluctuation plot.



Similar peculiar results were obtained from the inspection of the Class 5 fluctuation plot, with spikes specific to the insoluble enzymes; however, the average % of identity to template structures of the Class 5 model structures (under 25%, with some negative quality assessment reports from QMEAN) suggests that further work is needed to distinguish the meaningful differences from some noise, and thus this plot is not shown. We also considered the Bhattacharyya coefficient (BC), which measures the dynamical similarity between proteins by comparing their covariance matrices, obtained from the normal modes of the conserved parts of the considered proteins [32]. However, even if the BC analysis confirmed intriguing data for Class 1 enzymes (e.g., the clustering of HtBVMO with soluble enzymes, with the insoluble RjBVMO showing a lower BC value), the BC maps are presented in the supplement (see Figure S4) for completeness of information, but they are not discussed in detail because of the aforementioned presence of lower quality models likely to result in disturbing noise.




2.4. Cloning, Expression, and Purification of HtBVMO


The genomic DNA of H. turkmenica was not considered as a starting material for PCR amplification of the gene of interest, since culture collections distributing the archaeon did not ensure the presence of plasmid pHTUR01 in their stocked strains. We, therefore, opted to use a synthetic gene that could be designed with optimized E. coli codon usage. In fact, sequence analysis revealed that 16% of the sense triplets in the native HtBVMO gene corresponded to rare codons in E. coli. The synthetic gene was cloned into the pET28a(+) expression vector for the expression of a His-tagged protein. Overexpression assays at different temperatures were performed using E. coli BL21(DE3). The recombinant protein was expressed as a soluble protein when cells were grown, and induction was carried out at 12 °C. After IMAC chromatography, 8 mg of protein were obtained from one liter of culture. However, the purified protein was colorless, indicating that it did not contain the FAD cofactor, which is typically tightly bound to type I BVMOs and changes them to a yellow color. The activity of the recovered recombinant protein was tested by monitoring NADPH consumption in the presence of several ketone compounds as substrates, such as butan-2-one, nonan-3-one, and cyclohexanone. Yet, as expected, the purified protein did not display any activity. The lack of color and activity suggested that the protein was misfolded. This may be explained by considering that the source organism of the enzyme is described as requiring at least 2 M NaCl for growth. The strategy most frequently used by haloarchaea to cope with osmotic pressure involves the accumulation of high concentrations of ions, such as potassium and chloride; their soluble enzymes are, therefore, themselves adapted to a high salt environment [33]. Therefore, we modified the purification protocol by adding NaCl up to a concentration of 2 M, and the FAD cofactor to a final concentration of 100 μM, to the lysate. Through this, we aimed to assure the ionic strength required for the folding of the protein, and permit an easy uptake of the cofactor during the process. Since protein folding requires some time, we incubated the cell lysate at 4 °C for at least 12 h. After the incubation, we recovered the soluble proteins and proceeded with nickel affinity chromatography and hydrophobic chromatography, always maintaining 2 M NaCl in the equilibration and elution buffer. Using this protocol, we were able to recover a recombinant form of HtBVMO (about 4 mg per liter of culture) that was bright yellow and active on nonan-3-one (see the following). It is worth noting that the protein displayed an aberrant electrophoretic mobility during SDS-PAGE (supplementary Figure S5). The apparent molecular weight was about 80 kDa, versus a calculated value of 63 kDa. To exclude unexpected modifications to the polypeptide, a peptide mass fingerprinting analysis of the protein in the acrylamide gel band was performed. This analysis confirmed the identity of the protein as the HtBVMO. Altered electrophoretic mobility is characteristic of proteins from halophilic organisms and is ascribable to the unusually high proportion of negatively charged residues, a typical trait of these proteins [34]. This feature reduces the binding of SDS molecules to the unfolded protein, thereby diminishing the mobility the SDS–protein complex. Such an alteration in electrophoretic behavior was also reported for other proteins purified from haloarchaea [35,36].




2.5. Salt and pH-Dependent Activity of the Recombinant Enzyme


Attempts to purify the recombinant HtBVMO in the absence of salt led to an inactive form of the protein. Therefore, the effect of salt concentration on the enzyme activity was studied using buffers containing 0–5 M NaCl or 0–4 M KCl, respectively (Figure 4a). With both salts, activity was clearly dependent on concentration: as previously stated, no activity was detectable in the absence of salt and the optimum was reached at 2.0 M NaCl or 3.0 M KCl.



In order to check whether activity loss in the absence of salt would depend on the unfolding and/or denaturation, the active form of the protein was dialyzed for salt removal. As expected, no residual activity was detected after this step, even if 2.0 M NaCl was added in the enzymatic assay. Moreover, to explore the possibility of restoring enzyme activity, the inactive protein was dialyzed against different buffer solutions containing 0.5, 1.0, or 2.0 M NaCl. The FAD cofactor was also added to the dialysis solution to a final concentration of 100 μM, to warrant its inclusion in the protein during the refolding process. None of the tested conditions could restore activity. Based on the absolute requirement of high ionic strength for the enzymatic activity, we also monitored the NADPH consumption at different pH values, while maintaining a constant 2.0 M NaCl concentration (Figure 4b). For this assay, a buffer composed of TRIS, MES, and acetate was used, which covers a wide range pH spectrum (pH 5.5–10.0) [37]. The enzyme retained most of its activity at a pH between 7.5 and 10.0, reaching the optimum at pH 9.0. Below pH 7.5, the activity rapidly decreased, reaching 35% at pH 6.5, while no activity was exhibited at pH 6.0. Considering the amino acid composition and the peculiar electrostatic features of HtBVMO, the protein is likely to require a basic pH to preserve the negative charges of its acidic residues, which may have a role in maintaining the active form of the protein.




2.6. Salt-Dependent Folding of HtBVMO


To assess whether the salt-dependent activity of the recombinant enzyme was related to the degree of folding, we recorded the far- and near-UV circular dichroism (CD) spectra of the enzyme in the presence of different NaCl concentrations. The CD spectrum in the far-UV region (190–250 nm) can be used to provide quantitative estimates of the secondary structure content in a protein. We therefore monitored the conformational changes brought about on HtBVMO by variations in the surrounding ionic strength. CD data were collected from 202 nm and 250 nm, avoiding light absorption and the noise contribution of chloride ions in the 190–200 nm region. Although fluoride salts such as KF or NaF would be preferred (fluoride ion does not adsorb light in the far-UV region), NaCl was chosen to allow a comparison with already collected biochemical and kinetic data. As shown in Figure 5a, the registered far UV–CD spectrum of HtBVMO in the presence of 0.1 M NaCl was typical for an unfolded protein, as indicated by the negative ellipticity at 200 nm and by the modestly negative ellipticity in the 210–225 nm region.



Increasing the salt concentration led to a more pronounced negative ellipticity, implying a progressive acquisition of overall α-helical content. Based upon the deconvolution of the CD spectra, the α-helical content was found to decrease from 35% to 23% when lowering NaCl concentration from 2.0 to 0.5 M. The conformational changes of HtBVMO exposed to different ionic strengths were further studied by monitoring the CD spectra in the near-UV region (250–310 nm). The CD profile in this wavelength region primarily arises from the environments of each aromatic amino acid side chain [38]. In the case of the folded HtBVMO (2.0 M NaCl), the side chains of these amino acids are supposed to be placed in a variety of asymmetric environments characteristic of the tertiary structure of the folded protein. Figure 5b shows a decreasing intensity of the CD spectra profiles consistent with the decrease in salt concentration. The lower ionic strength may increase the flexibility of the protein and contribute to higher mobility of the aromatic side chain, influencing the CD signals. These results indicated that a high salt concentration is a strict requirement for the maintenance of protein folding and, as a consequence, its activity. This conclusion was further confirmed by analyzing the thermostability profile of the protein. The melting temperatures (Tm) of the protein at different salt concentrations were measured by a fluorescence-based thermal stability assay. As shown in Figure 5c, the Tm increases from 35.7 °C at 1 M NaCl to 57.3 °C at 5 M NaCl. The increasing thermal stability between 2 and 5 M NaCl does not correlate with enhanced activity of the enzyme. In fact, although the highest melting temperature was found at a salt concentration near the saturation level, the protein is not fully active in this environment. This is probably due to the structural rigidity reached at an extreme ionic strength, which constrains the conformational mobility required for catalysis.




2.7. Steady-State Kinetics


In order to explore the substrate preference of HtBVMO, a set of ketones that are often-accepted substrates for BVMOs were tested. Linear aliphatic ketones, cyclic aliphatic ketones and aromatic ketones were selected as substrates and tested in the same reaction conditions: 25 °C, 50 mM TRIS-HCl, pH 8.0, 2.0 M NaCl and 100 μM NADPH. By measuring enzyme activities at different ketone concentrations, the steady-state kinetic parameters for the accepted substrates were obtained (Table 2).



In general, the enzyme showed a preference for aliphatic linear ketones. The kcat values for the identified substrates were all quite similar (around 0.2 s−1), with the highest values registered for octan-2-one and heptan-2-one. More significant differences were observed in KM values. Among the aliphatic ketones, heptan-2-one was found to be the preferred substrate, with a KM of 0.09 mM and a kcat of 0.277 s−1. Cyclic ketones, such as cyclopentanone, cyclohexanone, 4-methyl-cyclohexanone and aromatic ones, such as indan-1-one, acetophenone and phenylacetone, were not accepted as substrates. Interestingly, the enzyme showed the highest affinity (KM = 0.017 mM) and catalytic efficiency (kcat/KM = 8.90 s−1 mM−1) for 4-phenylbutan-2-one, despite its somewhat low kcat value (0.15 s−1). This suggests that the longer carbon chain substituent on the aromatic ring could be a discriminant factor for the acceptance of the compound as a substrate.




2.8. Enzymatic Conversions


We also tested HtBVMO for the in vitro conversion of substrates into ester products, by using phosphite dehydrogenase from Pseudomonas stutzeri (PsPTDH) [39] as a cofactor regeneration enzyme. The effects of NaCl, MgSO4, and MgCl2 in a range of 0.1–1.0 M were studied on the activity of both PsPTDH and HtBVMO, with the aim of finding the proper reaction conditions for both enzymes (Figure 6). For all tested salts, concentrations higher than 0.2 M resulted in relatively low PsPYDH activity.



For the latter enzyme, at the highest concentration of 1.0 M, NaCl was the only tolerated salt, with a residual activity of 40%. The stability of both PsPTDH and HtBVMO in 1.0 M NaCl was evaluated by monitoring their activity for 5.5 h (time 0; then after 1, 2.5 and 5.5 h). In this time window, both the enzymes remained almost fully active. Therefore, 1.0 M NaCl was chosen as the condition for testing the biotransformations of some ketones by GC-MS analysis. All accepted substrates in Table 2 were completely converted by HtBVMO to the ester products, with a conversion of at least 99%. As a further observation, enzymatic assays carried out in magnesium sulfate/chloride demonstrated that the activity of HtBVMO depends not only on concentration but also on the nature of the salt (Figure 6b). This behavior was already reported for halophilic malate dehydrogenase and suggested a more efficient interaction of highly charged cations and anions with the folded form of halophilic proteins [40].



Besides the in vitro conversions, we set out to examine the activity of the enzyme in the whole-cell configuration. This experiment was conceived to further inquire about the presence of somewhat active forms of the enzyme in the cytosol of recombinant E. coli cells. Heptan-2-one and nonan-3-one were chosen as substrates. The biotransformations were performed using resting cells: BL21 E. coli cells expressing the enzyme HtBVMO or CmBVMO (from the eukaryote unicellular red alga Cyanidioschyzon merolae [41]), the latter used as a control for the test, were grown and induced in the same conditions used to purify the halophilic enzyme. Recombinant bacteria were then harvested and resuspended in a phosphate buffer supplemented with glucose and the substrate, and further incubated at 20 °C for 48 h. The GC analysis (supplementary Figure S6) of the control samples showed the partial conversion of heptan-2-one and nonan-3-one to pentyl acetate and hexyl propionate, respectively, as expected. No ester products could be observed in reactions performed by bacteria expressing the HtBVMO, suggesting that the archaeal enzyme produced in the cytosol of E. coli is not fully competent for activity.




2.9. Activity of HtBVMO in Aqueous–Organic Media


The effect of different water–miscible organic solvents on the activity of HtBVMO was investigated. Residual activity, with respect to that observed in the absence of solvent in 3.0 M KCl, showed that dioxane and methanol are tolerated by the enzyme (Figure 7).



Interestingly, it was found that the cosolvents had an effect on the salt requirements of the enzyme. In the presence of 5% (v/v) methanol, the enzyme showed its best activity at 3.0 M KCl, while in the presence of 5% dioxane the optimum salt concentration was reduced to 2.0 M KCl. In both cases, doubling the solvent ratio changed the salt preference toward lower concentrations: 2.0 M KCl in 10% methanol and 1.0 M KCl in 10% dioxane. Methanol was found to be a better co-solvent than dioxane, as the enzyme maintained 90% of its activity in the presence of methanol, while lower activities were observed when dioxane was used. Higher solvent concentrations were tested but technical difficulties, such as salt precipitation, prevented proper measurements.





3. Discussion


We report here on the characterization of the first Baeyer–Villiger monooxygenase discovered in the Archaea domain. This enzyme, from Haloterrigena turkmenica, is also the first BVMO showing typical features of halophilic proteins: salt-dependent activity and denaturation at low salt concentrations. In addition, it shows a very high number of negatively charged amino acids in its primary sequence, resulting in a net charge of −73 that is unique among known BVMOs and suggests this enzyme to be both halophilic and alkalophilic. Up to now, halophilic adaptation has been best explained by the solvation stabilization model, deduced from the biochemical and crystallographic data obtained for the malate dehydrogenase of Haloarcula marismourti (HmMDH) [42], as well as from the results of extensive mutagenesis experiments conceived to assign or to rescue the halophilic character to selected proteins [26]. The key factor of this model is the reduction in the accessibility of the solvent to the surface of the protein in an environment where water molecules are mainly engaged in ion solvation. This is achieved by increasing the number of acidic residues, as well as aspartate and glutamate. Indeed, even though carboxyl groups of acidic amino acids are also strongly hydrated in an unfolded polypeptide, they only contribute to the stability of the halophilic protein in high-salt environments when they are precisely arranged on the protein surface; the electrostatic isocontour analysis confirms that HtBVMO is endowed with an exceptionally negative surface. This reduces the tendency of the protein to aggregate and increase its solubility at physiological pH by lowering the isoelectric point. A reduction in the number of lysines and arginines at the surface also increases the halophilicity, independently of the charge, since their long side chains would favor the accession of the solvent to the exposed amine groups. Conversely, these features also cause protein destabilization in the absence of salt and result in the misfolding of halophilic proteins in low-salt conditions—that is, in physiological aqueous solutions such as the cytoplasm of non-halophiles.



The halophilic character and behavior of HtBVMO have been verified at both the theoretical level (surface charge distribution in the 3D protein model) and the biochemical one (denaturation of the protein and loss of activity occurring at low salt concentrations). Moreover, comparative electrostatics and NMA helped to predict that HtBVMO shares surface and motion fingerprints with “soluble” BVMOs, while unveiling intriguing evidence about the clustering of non-soluble ones. Despite such features, we managed to develop the production as well as the purification of the folded and active form of the protein. The designed purification protocol leads to speculation about the presence of ‘on-pathway’, partially folded forms of HtBVMO (as opposed to ‘off-pathway’, irreversibly unfolded ones) inside the E. coli cytosol. Such forms would be the result of a very low speed of translation and folding, obtained by growing the cells at 12 °C after induction, a key step in the obtainment of an active enzyme. In vivo, during and after protein synthesis, the partially folded forms of the protein might be stabilized by the overall charges of macromolecules and metabolites of the crowded matrix of the cytosol (where the physiological NaCl concentrations are about 4 mM; [43]). The results of whole-cell experiments seem to support this speculation: in the cytosol of E. coli, the synthesized HtBVMO appeared inactive, differently from the homologous mesophilic CmBVMO (43% amino acid identity, 63% similarity) that was shown to be already competent for catalysis. Nevertheless, the presence of the FAD cofactor together with NaCl at high concentrations at the moment of cell disruption seemed to allow further completion of folding (over at least 12 h at a very low temperature, 4 °C), as well as the acquisition of activity and stabilization of the final enzyme.



We were able to carry out the conversions of distinct ketones by coupling the Baeyer–Villiger oxidation with a regeneration reaction catalyzed by a phosphite dehydrogenase (PTDH), at a concentration of NaCl which allows the activity of both enzymes. Although the final reaction condition was a necessary compromise and not the ideal one for either enzyme, the conversions were efficiently catalyzed. A possible alternative to PTDH could be the glucose dehydrogenase from the haloarchaeon Haloferax mediterraneii [44], although its use in bioconversion as a cofactor regeneration enzyme in combination with a halophilic catalyst has not been reported in the literature. To the best of our knowledge, the one that we describe here is the first example of a bioconversion carried out with a halophilic enzyme that requires a cofactor regeneration system.



The applicability of this peculiar BVMO was also examined in relation to its activity and stability in the presence of the two organic solvents: methanol and dioxane. Catalysis in organic media offers several advantages: for example, a minor tendency of both substrates and products to be hydrolyzed, the elimination of microbial contaminations in the reaction media and, above all, the higher solubility of hydrophobic substrates [13]. Enzymes from non-halophilic organisms often do not tolerate organic solvents [45]. Conversely, halophilic enzymes work in extremely high salt concentrations, and considering that salt tends to greatly reduce water activity, these enzymes may also perform well in other low water activity environments, such as organic solvents or aqueous/organic mixtures [13]. Various halophilic enzymes have been reported to be active and stable in the presence of different organic solvents, e.g., proteases [46,47], dehydrogenases [48,49] and amylases [50,51].



Considering its strict dependency on a high salt content, the applicability of HtBVMO in synthetic chemical processes might be considered of limited potential help, due to inherent operational difficulties (in the regeneration of the oxidized nicotinamide cofactor and preventing the corrosion of industrial equipment). However, the newly discovered halophilic BVMO might furnish some further clues to study the resistance towards organic solvents of this class of enzymes. Indeed, this lack of stability is the Achille’s heel that has, to date, hampered their exploitation in industrial processes and has prompted various engineering attempts to improve their properties [52,53,54]. Their improvement, in terms of tolerance to organic solvents, as well as to high temperatures and oxidative stress, still needs to be improved as a requisite for applicability. In addition to being a halophilic enzyme, HtBVMO is alkalophilic as well, as predicted by its special net charge, electrostatic features and confirmed by its alkaline optimal pH. This makes HtBVMO a representative polyextremophilic enzyme, whose characterization may provide important lessons both in basic investigations about the adaptation to extreme conditions and in setting up biocatalysts able to be effective under harsh conditions.




4. Materials and Methods


4.1. Bioinformatic Identification, Structural Modeling and Electrostatics Analysis


Gene identification and alignments were performed using BLAST and Clustal Omega algorithms, respectively [55]. E. coli codon usage analyzer 2.1 was used for rare codon analysis and sequence optimization [56]; theoretical parameters of the protein were calculated using the ExPASy ProtParam tool [57]. A structural model of HtBVMO was generated by homology modeling, using the Swiss-Model Server [58] and the crystal structure of PAMO (PDB code: 1W4X) as a template. The model structure was refined using SCWRL [20] and the quality of the final model was checked via the QMEAN server [21]. Solved or modeled structures were viewed using UCSF Chimera [59] v. 1.14 (free download from [60]). For the analysis of HtBVMO and PAMO surface electrostatic potentials, PDB2PQR [61] was used to assign partial charges and van der Waals radii according to the PARSE force field [62]. Linear Poisson–Boltzmann equation calculations were then carried out by using the Adaptive PB Solver [63] through the Opal web service [64]. The calculation was done using protein and solvent dielectric constants of 2 and 78.5, respectively [65,66], with T = 298.15 K and ionic strength equal to 0, 0.5, 1.0 or 2.0 M. Rigid-body superposition was performed, and electrostatic potential was computed using Chimera 1.14. Electrostatic distance (ED) [67] was calculated using the Hodgkin index and the Carbo index at the WebPIPSA server [68]. Amino acid surface accessibilities were calculated by the online software GetArea [69], setting a water probe radius of 1.4 Å.




4.2. Single and Comparative Normal Mode Analysis


Single and comparative NMA analyses were performed using the WebNM@ server [32]. This tool is able to calculate the low-frequency normal modes by building the coarse-grained Elastic Network Model (ENM) of a submitted pdb file [31], returning the protein, represented as a string of beads of Cα atoms. In this work, the default settings of WebNM@ were used. PDBeFOLD [70] was used to perform structural alignments, requested by the WebNM@ server. This kind of analysis is useful to investigate the dynamic similarity in terms of the Bhattacharyya coefficient (BC) and Root Mean Square Inner Product (RMSIP) [32]. The BC measures the dynamical similarity between proteins by comparing their covariance matrices, obtained from the normal modes of the conserved parts of the considered proteins. BC values range from 0 to 1. A BC of 1 represents the maximum overlap (or dynamical similarity) between the collective dynamics of the aligned proteins. The RMSIP allows the quantitative comparison of Cα atoms’ fluctuations between proteins, and its values range from 0 to 1; an RMSIP of 1 represents maximum similarity in Cα atoms’ fluctuations between compared proteins. WebNM@ also provides a graph of the Cα atoms fluctuations. Here, the normalized squared Cα atoms’ fluctuations for each protein were calculated as the sum of the displacement of each Cα atom along with the lowest modes [32]. The fluctuations are the sum of the Cα atoms’ displacements in each mode weighted by the inverse of their corresponding eigenvalues. The first 200 modes were used to carry out these calculations. Flexible protein regions can be inferred by inspecting the peaks in the fluctuations graph.




4.3. Cloning, Expression, and Purification


All chemicals and IMAC-Select Affinity Gel resin were purchased from Sigma-Aldrich (Milan, Italy); restriction enzymes and T4 DNA Ligase from New England Biolabs (Ipswich, MA, USA); PhusionTM High-fidelity DNA polymerase from Finnzymes (Espoo, Finland); TSAP (Thermosensitive Alkaline Phosphatase) from Promega (Milan, Italy). Ketone compounds for enzyme assays were dissolved in dioxane at 1 M concentration. A synthetic gene encoding HtBVMO was purchased by GeneArt®-Life Technologies (Regensburg, Germany), and cloned into a pMK-RQ plasmid, in between the sites NcoI/NotI, which were exploited for cloning in a pET-28a (+) vector. The recombinant enzyme HtBVMO was expressed in E. coli BL21 (DE3). Pre-cultured cells (at 37 °C in LB medium containing 50 μg/mL kanamycin) were grown in 800 mL of LB medium in a shaking incubator at 37 °C to OD600 = 0.6, then induced, by the addition of IPTG, to a final concentration of 0.2 mM and cultivated at 12 °C for 60 h. Cells were harvested by centrifugation (4 °C, 10 min, 5000 g) and resuspended in 20 mL of 50 mM Tris-HCl buffer, pH 8.0. FAD was added to the cell suspension at 100 μM concentration before disruption by French Press. Twelve mL of 5.0 M NaCl in Tris/HCl buffer were slowly added to the cell lysate and the final solution (containing 2.0 M NaCl) was incubated at 4 °C overnight. Cellular debris were separated by centrifugation at 18,000 g for 30 min at 4 °C. The first step of purification was performed by immobilized-metal affinity chromatography (IMAC; BioRad, Milan, Italy). His-Select Nickel Affinity gel was placed in a Poly-Prep column (BioRad) by gravity flow and equilibrated with 50 mM Tris-HCl, 2.0 M NaCl, pH 8.0. The supernatant fraction of cell lysate was loaded onto the column, and washed by gravity flow with 50 mM Tris-HCl, 2.0 M NaCl. Elution was performed by the addition of five column volumes of 50 mM Tris/HCl, 2.0 M NaCl, 250 mM imidazole. The second step of purification was performed by hydrophobic chromatography. The imidazole elution was loaded (0.5 mL/min) on a butyl-sepharose column (HiScreenTM Butyl FF; GE Healthcare, Milan, Italy) pre-equilibrated with 50 mM TRIS-HCl, 2.0 M NaCl buffer. The protein was eluted by adding one column volume of the same equilibration buffer. The eluted fraction was concentrated by membrane filtration using a Vivaspin 6 Centrifugal Concentrator (30,000 mw cut-off) (Sartorius, Goettingen, Germany). Enzyme concentration was determined spectrophotometrically, by measuring the concentration of free flavin in a solution of denatured protein and calculated as previously reported [71].




4.4. In-Gel Digestion and Extraction of Peptides for ESI MS


The band corresponding to the recombinant protein was excised from the polyacrylamide gel, chopped into small pieces and washed with 150 μL water. Between three and four volumes of acetonitrile were added, and gel material was left to shrink at room temperature for about 15 min. Acetonitrile was then removed, and the gel material was dried. The gel pieces were then swelled in 10 mM TCEP/0.1 M NH4HCO3, incubated for 30 min at 56 °C and shrunk again in acetonitrile, then dried and incubated for 15 min in 55 mM iodoacetamide/0.1 M NH4HCO3. After shrinking and drying, the gel pieces were incubated in 50 mM NH4HCO3 and 12.5 ng/μL trypsin at 4 °C for 30 min and overnight at 37 °C. After overnight incubation, 50 μL of 5% formic acid was added to the digestion mix and incubated for 15 min at 37 °C. Two volumes of acetonitrile were added to the mix, which was centrifuged, and the supernatant, containing the digested peptides, was collected. Before injection in ESI MS, peptides were resuspended in 50% acetonitrile and 0.1% formic acid in water.




4.5. Enzymatic Activity Measurements and Kinetic Characterization


HtBVMO activity was spectrophotometrically determined by monitoring the decrease in NADPH at 340 nm (ε = 6.22 mM−1cm−1). Reaction mixtures (100 μL) contained 50 mM Tris-HCl buffer pH 8.0, 100 μM NADPH, 10 mM nonan-3-one and different salt concentrations. Reactions were started by adding the pure enzyme to the mixtures to a final concentration ranging 2–4 μM. One unit of BVMO is defined as the amount of protein that oxidizes 1 μmol NADPH per minute. The influence of salt concentration on HtBVMO activity was analyzed using different concentrations of NaCl (0–5.0 M) and KCl (0–4.0 M) and nonan-3-one as substrate. The effect of pH was studied over the 6-10 range using nonan-3-one as substrate and a fixed concentration of 2.0 M NaCl in 100 mM Tris, 50 mM MES, and 50 mM AcOH. Steady-state kinetic parameters of the different substrates were determined using substrate concentrations ranging from 0 to 20 mM and a concentration of 2.0 M NaCl in the reaction mixture. Data were fitted by the Michaelis–Menten equation using GraphPad Prism.




4.6. Circular Dichroism


The circular spectra of HtBVMO in 50 mM TRIS-HCl pH 8 in the presence of an increasing NaCl concentration were obtained by a Jasco J-710 instrument (Tokyo-Japan). The far-UV spectra were recorded using a 1 mm quartz cuvette and a protein concentration of 0.1 mg/mL; for the near-UV spectra, a 1 cm cuvette and a protein concentration of 0.5 mg/mL were used. The mean residue ellipticity ϑMRW (deg cm2 dmol−1) was calculated by the formula ϑMRW = (ϑobs × MRW)/(10 × l × c), where “ϑobs” is the observed ellipticity signal, “MRW” is the mean residue molecular weight of the protein, “l” is the optical path length in cm and “c” is the protein concentration in g/mL. The k2d3 deconvolution method [72] was used to estimate the α-helical content [73].




4.7. ThermoFluor


Unfolding temperatures, Tms, were determined by using the ThermoFluor® method. The purified enzyme at 5 μM concentration was added to 44 μL of the chosen buffer in a 96-well plate. 5 μL of Sypro-Orange, diluted 1:100 in H2O, were mixed to each sample. The plate was loaded on a Real-Time PCR machine fitted with a 470–543 nm excitation filter and a SYBR Green emission filter (523–543 nm). A temperature gradient from 20 to 90 °C was applied (1 °C/min), and fluorescence data were recorded. A sigmoidal curve was obtained after plotting the fluorescence against the temperature. Tms were then determined as the maximum of the derivative of the sigmoidal curve.




4.8. Conversions and GC-MS Analysis


For GC-MS analysis, 5 mL of 50 mM Tris/HCl (pH 8.0), containing 1.0 M NaCl, 5 mM substrate, 100 μM NADPH, 34 μM PTDH, 20 mM phosphite and 34 μM HtBVMO was incubated at 24 °C for 20 h. The reactions were carried out in glass vessels of 20 mL volumes closed with air-tight stoppers. The reactions were then stopped by heating for 20 min at 60 °C and analyzed by headspace GC-MS. 250 µL of the headspace of the vial was injected and analyzed in a GCMS-QP2010 (Shimadzu, Kyoto, Japan) equipped with an HP-1 column (30 m × 0.25 mm × 0.25 µm, Agilent, Santa Clara, CA, USA). Detection was carried out using 5 min hold at 35 °C; heating ramp from 35 °C to 250 °C at a rate of 20 °C per minute; and 5 min hold at 250 °C. Substrates to products transformation were determined based on the % peak area of product and substrate ketones.




4.9. Biotransformations and GC Analysis


Whole-cell biotransformations were performed using resting cells. Flasks with 25 mL of LB medium were inoculated with precultures of E. coli BL21 cells carrying the HtBVMO- or the CmBVMO-expression vector. Cells were grown at 37 °C, 180 rpm, in a shaker incubator. After reaching an optical density of 0.6, IPTG and riboflavin were added to the culture at 0.2 mM and 20 µM concentrations, respectively. During the expression phase, cells were incubated for 48 h at 12 °C shaking at 180 rpm. Cells were harvested by centrifugation and resuspended in 5 mL of 100 mM sodium phosphate, pH 7.2, containing 5 mM substrate and 50 mM glucose; then, they were further incubated at 20 °C for 48 h at 200 rpm. The products of the biotransformations were extracted with 5 mL of ethyl acetate, concentrated by a rotatory evaporator and resuspended to a final volume of 0.5 mL ethyl acetate. Samples were analyzed using a GC-2010 gas chromatograph (Shimadzu, Kyoto, Japan) equipped with 60 m × 0.53 mm × 1 µm INNOVAX column. The detection of products from nonan-3-one bioconversion was carried out using the following temperature program: hold 10 min at 75 °C; heating ramp from 75 to 240 °C at a rate of 50 °C per minute; hold 2 min at 240 °C. The detection of products from heptan-2-one bioconversion was carried out using: hold 10 min at 70 °C; heating ramp from 70 to 240 °C at a rate of 50 °C per minute; hold 2 min at 240 °C. The injector and detector temperature were maintained at 270 °C.
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Figure 1. Comparison of the surface electrostatic isopotential contours of PAMO and HtBVMO at increasing NaCl concentrations. The electrostatic analysis was performed as reported in the Materials and Methods section, based on coordinates from the PAMO-solved structure (PDB 1W4X) and the HtBVMO structural model (PAMO is the template). Four views, 90° step angle of rotation are provided. Electrostatic potential is color-coded: red, negative; white, neutral; blue, positive. 
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Figure 2. Clustering of Baeyer–Villiger monooxygenases (BVMOs) according to their electrostatic potential. 
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Figure 3. Comparative normalised fluctuation plot of the Class 1 BVMOs. The fluctuations describe the flexibility of the Cα atoms of the enzymes. Residue numbers are given on the x-axis and the amplitude of fluctuations on the y-axis. The parts aligned with gaps in other structures are shown as dotted lines. Only RjBVMO1 presents a spike around positions 180 and 390 (see arrows). 
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Figure 4. Effect of salt concentration and pH on the activity of HtBVMO. (a) Activity at constant pH (50 mM TRIS-HCl pH 8.0) and varying NaCl or KCl concentrations. (b) Activity at a constant salt concentration (2.0 M NaCl) and varying pH (TRIS–MES and acetate buffer). Values are means ± SD (n = 3). 
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Figure 5. Salt-dependent folding of HtBVMO. (a) Far-UV and (b) Near-UV Circular Dichroism spectra of 0.1 mg/mL enzyme in 50 mM TRIS-HCl buffer pH 8.0 in the presence of increasing concentrations of NaCl (0.1–2.0 M). (c) Thermal stability of HtBVMO measured in solutions at increasing molarity of NaCl. 
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Figure 6. Activity of PsPTDH. (a) and HtBVMO (b) in the presence of 0–1.0 M NaCl, MgSO4 and MgCl2. 
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Figure 7. Organic solvents’ effect on the activity of HtBVMO at different concentrations of KCl (M). Enzyme activity was assayed under standard conditions; results were expressed as relative activities (%) with respect to that observed in the absence of solvent at 3 M KCl. 






Figure 7. Organic solvents’ effect on the activity of HtBVMO at different concentrations of KCl (M). Enzyme activity was assayed under standard conditions; results were expressed as relative activities (%) with respect to that observed in the absence of solvent at 3 M KCl.



[image: Catalysts 10 00128 g007]







[image: Table] 





Table 1. Comparison of amino acid surface accessibility.
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Halophilic

	
Thermophilic

	
Mesophilic




	

	
HtBVMO

	
HmMDH

	
PAMO

	
RhCHMO






	
Amino acid frequencies

(% of total residues)

	

	

	

	




	
Asp+Glu

	
21.66

	
20.39

	
13.84

	
14.44




	
Arg+Lys

	
7.84

	
7.57

	
10.30

	
8.89




	
Hydrophobic residues

	
41.70

	
49.67

	
47.20

	
51.85




	
Amino acid ratios

	

	

	

	




	
(Asp+Glu)/(Arg+Lys)

	
2.73

	
2.70

	
1.34

	
1.63




	
Charged/hydrophobic

	
0.52

	
0.61

	
0.51

	
0.50




	
Accessible surface (Å2)

	

	

	

	




	
Total

	
22,733.40

	
13,352.55

	
22,158.52

	
21,277.37




	
Asp+Glu

	
9648.94

	
4880.15

	
5403.37

	
6154.71




	
Arg+Lys

	
3040.31

	
1744.19

	
5143.93

	
4379.64




	
Hydrophobic residues

	
4536.05

	
3407.03

	
6413.00

	
6134.00




	
Amino acid surface ratios

	

	

	

	




	
(Asp+Glu)/(Arg+Lys) surface ratio

	
2.88

	
2.80

	
1.05

	
1.41




	
Charged/hydrophobic surface ratio

	
2.73

	
1.94

	
1.64

	
1.41




	
% of total surface

	

	

	

	




	
Asp+Glu

	
42.44

	
36.55

	
24.39

	
28.93




	
Arg+Lys

	
14.72

	
13.06

	
23.21

	
20.58




	
Hydrophobic residues

	
19.95

	
25.52

	
28.94

	
28.83
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Table 2. Steady-state kinetic analysis of HtBVMO.
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	Substrate
	KM (mM)
	kcat

(s−1)
	kcat/KM

(s−1 mM−1)
	Product





	heptan-2-one

 [image: Catalysts 10 00128 i001]
	0.09 ± 0.01
	0.277 ± 0.005
	3.08 ± 0.35
	pentyl acetate

 [image: Catalysts 10 00128 i002]



	octan-2-one

 [image: Catalysts 10 00128 i003]
	0.7 ± 0.1
	0.27 ± 0.02
	0.38 ± 0.06
	hexyl acetate

 [image: Catalysts 10 00128 i004]



	nonan-3-one

 [image: Catalysts 10 00128 i005]
	4.5 ± 1.3
	0.12 ± 0.01
	0.260 ± 0.008
	hexyl propionate

 [image: Catalysts 10 00128 i006]



	1-phenylpropan-2-one

 [image: Catalysts 10 00128 i007]
	no reaction
	no reaction
	no reaction
	no product



	4-phenylbutan-2-one

 [image: Catalysts 10 00128 i008]
	0.017 ± 0.002
	0.155 ± 0.003
	8.90 ± 0.89
	2-phenylethyl acetate

 [image: Catalysts 10 00128 i009]







Enzymatic assays for kinetic parameters determination were carried out under the same reaction condition: temperature of 25 °C, 50 mM TRIS-HCl, pH 8.0, 2 M NaCl and 100 μM NADPH. The conversions of substrates into products were performed in a 1.0 M NaCl buffer in order to couple HtBVMO and PsPTDH activities.
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