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Abstract: Cytochrome P450 (CYP) mediated enzymatic hydroxylation of fatty acids present a green
alternative to chemical synthesis of hydroxy fatty acids (HFAs), which are high-value oleochemicals
with various uses in materials industry and medical field. Although many CYPs require the presence
of additional reductase proteins for catalytic activity, self-sufficient CYPs have their reductase partner
naturally fused into their catalytic domain, leading to a greatly simplified biotransformation process.
A recently discovered self-sufficient CYP, BAMF2522 from Bacillus amyloliquefaciens DSM 7, exhibits
novel regioselectivity by hydroxylating in-chain positions of palmitic acid generating ω-1 to ω-7
HFAs, a rare regiodiversity profile among CYPs. Besides, F89I mutant of BAMF2522 expanded
hydroxylation up to ω-9 position of palmitic acid. Here, we further characterize this enzyme by
determining optimum temperature and pH as well as thermal stability. Moreover, using extensive
site-directed and site-saturation mutagenesis, we obtained BAMF2522 variants that demonstrate
greatly increased regioselectivity for in-chain positions (ω-4 to ω-9) of various medium to long chain
fatty acids. Remarkably, when a six-residue mutant was reacted with palmitic acid, 84% of total
product content was the sum of ω-7, ω-8 and ω-9 HFA products, the highest in-chain selectivity
observed to date with a self-sufficient CYP. In short, our study demonstrates the potential of a recently
identified CYP and its mutants for green and sustainable production of a variety of in-chain hydroxy
enriched HFAs.

Keywords: Cytochrome P450; self-sufficient enzyme; hydroxy fatty acid; regioselectivity; protein
engineering; Bacillus amyloliquefaciens

1. Introduction

Cytochrome P450 enzymes (CYPs) are a ubiquitous superfamily of heme-dependent
monooxygenases that carry out chemically difficult biotransformations on various sub-
strates (e.g., fatty acids) [1,2]. CYPs catalyze a wide range of chemical reactions includ-
ing hydroxylation [3], decarboxylation [4], epoxidation [5], reductive dehalogenation [6],
dealkylation [7], sulfoxidation [8], and anti-Markovnikov oxidation [9]. The typical re-
action of CYPs is regio- and stereoselective insertion of one of the oxygen atoms from
molecular oxygen into an organic substrate (hydroxylation), where the other oxygen atom
is reduced to the level of water [10]. CYP102A1 (BM3) from Bacillus megaterium is the most
extensively studied CYP to date for practical applications as well as for mechanistic and
structural studies [3,11]. Whereas most CYPs require separate reductase protein partners
for the transfer of electrons from NAD(P)H into the catalytic heme center, BM3 is a natural
fusion protein, where catalytic heme domain and the electron supplying reductase domain

Catalysts 2021, 11, 665. https://doi.org/10.3390/catal11060665 https://www.mdpi.com/journal/catalysts

https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-8436-7082
https://orcid.org/0000-0002-3251-4108
https://www.mdpi.com/article/10.3390/catal11060665?type=check_update&version=1
https://doi.org/10.3390/catal11060665
https://doi.org/10.3390/catal11060665
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/catal11060665
https://www.mdpi.com/journal/catalysts


Catalysts 2021, 11, 665 2 of 15

are present together as a single-polypeptide. This self-sufficient electronic delivery sys-
tem [12–14], along with high expression levels in heterologous hosts and efficient turnover
numbers [3,15,16], make BM3 ideal for biotechnology applications. In addition to BM3,
there are other self-sufficient CYPs (CYP102, CYP116 and CYP505 families), many of which
have been characterized only in the last decade [11,17].

One of the most common type of conversions performed by many of the CYPs, espe-
cially self-sufficient enzymes, is the hydroxylation of medium to long-chain fatty acids to
produce hydroxy fatty acids (HFAs) [11,18] (Scheme 1). HFAs are value-added chemicals
that can be used in the manufacturing of a broad range of materials including cosmetics,
adhesives, plasticizers, bioplastics, lubricants, surfactants, viscosity modifiers and coat-
ings [19–22]. Ricinoleic acid (12-hydroxy-9-cis-octadecenoic acid) and 12-hydroxystearic
acid are the most common HFAs used in industry [23]. The fatty acid chain length and
position of the hydroxy group dictate the physicochemical properties of a HFA, thus its
application area and potential [22]. Moreover, HFAs and their derivatives have been
shown to have various beneficial medical effects including antibiotic, anti-diabetic, anti-
inflammatory and anti-cancer activities. HFAs, as metabolites of human gut microbiome,
were proposed to play a role in the regulation of host energy metabolism [24]. Fatty acid
esters of HFAs (FAHFAs) are naturally occurring bioactive lipids that exhibit anti-diabetic
and anti-inflammatory effects [25–28]. Over 25 families of FAHFAs were identified in
humans differing by composition of their fatty acids and the position of the ester bond be-
tween HFA and fatty acid [26]. Another group of medically important HFAs are specialized
proresolving mediators (SPMs), such as lipoxins and resolvins (di-, tri- or poly-hydroxy
derivatives of C20 and C22 polyunsaturated fatty acids), which play important roles in
resolution of inflammation, stimulation of tissue regeneration and tumor growth sup-
pression [29–31]. Accordingly, regio- and stereoselective synthesis of HFAs is desired for
accessing medically useful HFAs and their derivatives.

Scheme 1. Representative reaction of self-sufficient CYPs with palmitic acid, demonstrating most
common HFA products. NADPH; nicotinamide adenine dinucleotide phosphate.

Selective hydroxylation of unactivated C-H bonds in a long hydrocarbon backbone,
like the one on a fatty acid chain, is quite challenging by chemical means [13,32]. In this
regard, enzymatic synthesis of HFAs by CYPs, especially self-sufficient families, present a
green and sustainable method for production of these high-value oleochemicals and their
derivatives [11,17,23]. However, there are challenges that prevent practical utilization of
CYPs for HFA synthesis, such as low activity levels and low operational stability of the
enzyme [11]. For example, CYP substrates are often poorly soluble in water, making high
reaction temperatures and presence of organic co-solvents among desired process condi-
tions. Thus, information on optimum temperature and pH as well as on stability is quite
important for the design of efficient biocatalytic processes with CYPs [33,34]. Moreover,
most fatty acid oxidizing CYPs carry out their hydroxylation reaction on sub-terminal
positions (positions next to the omega end; mainly ω-1, ω-2 and ω-3; Scheme 1). There
are only a few among all CYPs, some engineered and recently discovered enzymes, which
preferably generate in-chain (ω-4 toω-9) hydroxylated HFAs [18,35–37]. Such middle chain
hydroxylated HFAs are useful for production of lactones in fragrance industry, as material
additives and as precursors for medically useful compounds, such as FAHFAs [22,23,37].
Overall, hydroxy groups on different positions of the fatty acid chain gives varying molec-
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ular properties to HFA molecule, which can be advantageous for certain industrial and
medical applications.

In an earlier study, we identified two self-sufficient CYP102 family members from
the bacterium Bacillus amyloliquefaciens DSM 7 [36]. One of these enzymes, BAMF2522,
prefers in-chain hydroxylation with seven hydroxylation products fromω-1 toω-7 HFAs
observed, a rare property among CYPs studied to date. Moreover, a single mutant variant
(F89I) further shifted hydroxylation up toω-9 position for palmitic acid (hexadecanoic acid;
C16:0) [36]. In this study, we determined the optimum pH and temperature conditions
of BAMF2522, as well as its thermostability. Furthermore, the enzyme was engineered by
site-directed mutagenesis at single and multiple sites and by site saturation mutagenesis
at single sites to modulate its regioselectivity. Resulting mutants were tested towards
various medium to long-chain fatty acids. Some mutants exhibited significantly increased
preference for in-chain positions, with over 90% selectivity for the formation ofω-4 toω-9
products in certain cases.

2. Results and Discussion
2.1. Temperature, pH and Thermostability Analysis

Optimum temperature and pH of BAMF2522 were determined using purified enzyme
preparations. Active protein concentration was based on heme content (Figure S1). Temper-
ature dependence was evaluated within a range of 10–70 ◦C. pH dependence experiments
were performed using various buffers from pH 5.0 to pH 10.5. In order to account for
the possible additional effects from the type of buffer salt, activity at pH range 6.5–8.0
was measured with at least two different buffer systems of the same pH. In all assays,
activities were determined by measuring hydroxylation of pentadecanoic acid (C15:0),
towards which the enzyme has the highest activity. Our results demonstrated that optimal
temperature and pH conditions of BAMF2522 were 30 ◦C and pH 7.0 (HEPES buffer),
respectively (Figure 1). The activity levels of the enzyme from 20 ◦C to 50 ◦C were at least
60% of the maximum activity at 30 ◦C. Here, we should also emphasize that the effect of
temperature, especially at lower temperature values, may not be due only to the increase in
rate constants according to Arrhenius equation, but also due to increased solubility of the
fatty acid substrate, leading to fluctuations in activity. Interestingly, the enzyme retained
about 50% of its optimal activity level when assayed at 60 ◦C for 15 min (Figure 1a). To our
knowledge, such high relative activity levels at 60 ◦C were not observed with wild-type
or engineered full-length BM3 enzymes [38]. In terms of pH, moderate to high activity
levels (about 40% or more of the optimal activity) were observed within a pH range of
6.5–8.5, similar to BM3 and its fungal orthologue CYP505A30 [39–41]. However, a strong
dependence on the type of the buffer salt has also been observed. Although HEPES buffer
gave the highest measured activity levels at a single pH, assays in sodium phosphate and
Tris-HCl buffers had reasonably high activities over a moderate pH range of 6.5–8.0 and
7.1–8.5, respectively (Figure 1b). Notably, there was a steep decline in activity between
pH 6.0 and 6.5 as well as between pH 8 and pH 9.

In order to investigate thermostability of BAMF2522, purified enzyme was incubated
at various temperatures from 4 ◦C to 70 ◦C for 1 hour. This was immediately followed by
measurement of the residual enzyme activity at 30 ◦C for 20 min with a shaking speed
of 400 rpm. BAMF2522 was stable from 4 ◦C to 40 ◦C, exhibiting almost same level of
conversion at this temperature range (Figure 2). Yet, the enzyme activity was totally lost at
50 ◦C and further. When considered together with the temperature dependence analysis
described above (Figure 1a), it is apparent that the enzyme can retain much of its activity
at 50 ◦C and 60 ◦C for a short assay period of 15 min; however one hour pre-incubation
at respective temperatures was sufficient to totally abolish the activity. Thus, in order to
get more insight into thermostability of the enzyme at high temperatures, we performed
incubations for various time points from 15 min to 90 min at 60 ◦C. After 15 min incubation
at 60 ◦C, 40% of the activity was retained, whereas the activity was completely lost after
30 min incubation (Figure S2). This result is consistent with the high relative activities
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observed at 50 ◦C and 60 ◦C in 15 min temperature dependence assays (Figure 1a). There
are a few literature studies in literature on thermostability of BM3 [38,42,43]. Although it
is difficult to make direct comparison for BAMF2522 with those studies due to different
conditions used, one study clearly shows that full-length wild-type BM3 loses its activity
completely following 10 min incubation period at 55 ◦C [43]. Thus, BAMF2522 has a better
thermostability compared to BM3 and will be a good starting point for further stabilization
attempts through engineering.

Figure 1. Temperature (a) and pH dependence (b) profiles for the hydroxylation activity by BAMF2522. All results were
expressed as means ± SD of at least two separate experiments (numerical data with errors are given in Tables S2 and S3). In
temperature dependence experiments (a), reactions contained (in 0.5 mL total volume) 0.6 mM substrate (C15:0), 4.0 µM
enzyme, 0.2 mM NADPH (nicotinamide adenine dinucleotide phosphate) and 5% ethanol. Assays were carried out at
varying temperatures for 15 min, with a shaking speed of 500 rpm in 50 mM Tris-HCl, pH 7.5 buffer. The activity value
at 30 ◦C was defined as 100%. In the case of pH dependence experiments, after pre-incubation with different buffers,
the reactions were carried out at 30 ◦C for 15 min at 500 rpm shaking speed. Reactions contained (in 0.5 mL) 1 mM
substrate (C15:0), 4.0 µM enzyme, 0.2 mM NADPH and 5% ethanol. The activity value at HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), pH 7.0 was defined as 100%. MOPS; (3-(N-morpholino)propanesulfonic acid).

Figure 2. Thermostability analysis of BAMF2522. The enzyme (1.2 µM) was preincubated for 60 min
at the indicated temperatures (4 ◦C, 20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C and 70 ◦C) before measuring
the residual enzyme activity at 30 ◦C for a period of 20 min with 400 rpm shaking. No activity was
observed at 50 ◦C, 60 ◦C and 70 ◦C. The assays were carried out in 50 mM Tris-HCl, pH 7.5 and 5%
ethanol, with 0.6 mM of C15:0 substrate and 0.2 mM NADPH. Numerical data with errors are given
in Table S4.
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2.2. Active Site Mutagenesis of BAMF2522 to Enhance Formation of In-Chain HFAs

An important aim of our study was to diversify the product scope of BAMF2522
in a selective manner, specifically for hydroxylation of in-chain (middle) positions of
medium to long-chain fatty acids. Such in-chain preference is scarce among self-sufficient
CYPs, which mainly prefer hydroxylation of ω-1, ω-2 and ω-3 positions of their fatty
acid substrates [18]. In fact among CYP102 family, the largest group of self-sufficient
CYPs, BAMF2522 is the only wild-type enzyme that can catalyze in-chain hydroxylation
of palmitic acid from ω-1 up to ω-7 position (hydroxylating all seven positions to some
extent) [36]. In addition, we previously observed that a single mutant of BAMF2522
(F89I) was able to shift its regioselectivity more towards in-chain positions, leading to
hydroxylation of all positions fromω-1 toω-9 at various ratios generating a mixture of sub-
terminal and in-chain HFAs [36]. We hypothesized that further engineering of BAMF2522
could give us variants that can generate in-chain hydroxylated HFAs selectively as major
products; not only from palmitic acid, but also from various other fatty acids, with high
potential for various applications.

In earlier literature studies, CYPs were engineered to modulate their selectivity to-
wards various chain-length fatty acids [44–46]. Based on the previous work on BM3 and on
the structural analysis of BAMF2522 homology model, we determined hot-spot residues at
the active site as well as at distant locations, for site-directed mutagenesis (Figure 3 and
Figure S4). In addition to F89, these positions included, A331, I266, N72, M187, V218, M240,
S49 and F53. Of these, highly conserved F89, A331 and I266 residues are close (within
4 Å–7 Å) to both the heme group and the fatty acid substrate in BM3 structure (Figure S4
and Table S6), and have been shown to have significant impact on regioselectivity in var-
ious studies [18,45,47,48]. In BM3, F87 (residue corresponding to F89 in BAMF2522) is
positioned between the heme iron and the terminal end of the substrate [47]. Being the most
commonly mutated residue, F87 has been associated with substrate specificity, substrate
positioning, regioselectivity, catalytic activity and coupling [3,45–47,49,50]. Similarly, A331
mutations (corresponding to A328 in BM3) have been shown to affect substrate binding,
regioselectivity and turnover rates [48]. Residues corresponding to N72, V218, M240 and
M187 were shown to alter regioselectivity in a random engineering study carried out for
BM3 [47]. Among these four positions, only M187 is close to the active-site (Figure 3). S49
and F53, equivalent to R47 and Y51 respectively in BM3, are at the mouth of the substrate
access channel. These two residues are considered responsible for initial docking of fatty
acid substrate (from the carboxylate end) and as gate keeper residues to the substrate
binding site, presumably controlling substrate specificity [3]. By performing site-directed
mutagenesis at a single site or at multiple sites (in various combinations of the selected
residues), we generated eight active mutants and screened them towards six saturated fatty
acids; lauric acid (dodecanoic acid; C12:0), myristic acid (tetradecanoic acid; C14:0), pen-
tadecanoic acid (C15:0), palmitic acid (C16:0), stearic acid (octadecanoic acid; C18:0), and
arachidic acid (eicosanoic acid; C20:0) (Table S5). Products and the remaining substrates
of the enzymatic reactions were quantified by GC-FID or GC-MS, and the identification
of the product regioisomers were based on analysis of the fragmentation patterns of the
trimethylsilyl (TMS) derivatives of HFAs on mass spectra (Figure 4). In selecting the type
of amino acids that will be placed at the chosen mutation sites, we also paid attention at
increasing selectivity for a single HFA regioisomer product, in addition to shifting regiose-
lectivity to more in-chain, based on earlier studies [36,47]. Since BAMF2522 had no activity
towards unsaturated fatty acids as shown previously [36], our substrate screening only
included saturated fatty acids.
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Figure 3. Homology model of BAMF2522 shown as ribbon diagram (based on structure of BM3 as the template, PDB
ID: 1FAG, Chain A). Mutation sites chosen in this study for the engineering of BAMF2522 are shown in magenta. Heme
porphyrin is shown in light brown and blue sticks. Representation of the corresponding mutation sites on the crystal
structure of BM3 is given in the Supplementary Material (Figure S4).

Figure 4. (a) Representative GC chromatogram showing substrate and product peaks from analysis of TMS derivatized
reaction extract from conversion of C16:0 substrate by A331V mutant of BAMF2522. (b) Representative mass spectrum for
the TMS derivative ofω-9 HFA (7-hydroxy palmitic acid) product of C16:0, indicating the fragmentation pattern used to
identify the product. GC chromatograms and mass spectra of all other products are given in the Supplementary Material.
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Among the BA2522 mutants tested, F89 single mutants (F89I and F89V), RY5 variant
(A331V/F89I/S49R/F53Y), R31 variant (A331V/F89I/N72S/M187T) and R41 variant
(A331V/F89I/N72S/M187T/V218A/M240L) exhibited product profiles with high ratios
of in-chain HFA products (ω-4 andω-5 for C12:0;ω-6 andω-7 for C14:0;ω-8 andω-9 for
C16:0), in comparison to wild-type enzyme and other mutants (Table 1 and Table S5). For
example, R41 variant had almost 84% of its total HFA product content as sum ofω-7,ω-8
and ω-9 products, when C16:0 was used as a substrate (Table 1). This ratio was also high
for R31 variant, at 77%. Due to poor resolution of the peaks, individual amounts of these
in-chain HFA products could not be calculated; however, it was apparent from the GC
chromatograms that the majority was the sum of ω-8 and ω-9 products for R31 and R41
variants (Figure S7). Such a shift in regioselectivity is remarkable considered that wild-
type BAMF2522 cannot produce any ω-8 or ω-9 products from C16:0, and can produce
ω-7 product at only 22% ratio (Table 1). When all mutants and their regioselectivity shifts
are compared, mutations at positions of F89, N72 and M187 seemed to have the highest
impact. F89, being located between heme and ω –terminus of the substrate (Figure 3),
probably affects the substrate alignment with respect to heme group. It is more difficult
to address the changes associated with N72S and M187T, since these two residues are
positioned at the opposite sides of the carboxylate group of the substrate, but at a pretty
long distance (8–10 Å). However, one should keep in mind that the structural judgements
here are based on BM3 structure, and even structures of BM3 are not always sufficient
to address catalytic or selectivity effects, since a significant reorientation occur during
substrate binding and catalysis [47]. Activity and regioselectivity of A331V mutant
towards C16:0 was also interesting. Besides exhibiting twice as much activity as wild-
type BAMF2522 (29% vs. 14% conversion), A331V mutant generated significantly higher
ω-1 product (27% vs. 10% product ratio) than the wild-type enzyme while retaining
regioselectivity towards ω-5, ω-6 and ω-7 products. As for C20:0 substrate, A331V was
the only active mutant generating five products hydroxylated from ω-1 to ω-5 positions.
Only A331 and RY5 variants displayed activity towards C18:0, with equivalent product
scope but moderately altered regioselectivity compared to wild-type enzyme, especially
towards ω-3 position with RY5 (Table S5). For the assays with C15:0 substrate, it is
difficult to assess the extent of regioselectivity shift of the mutants due to an impurity
peak that overlapped with ω-2 product peak in whole cell conversions (not present in
purified enzyme assays), possibly related to a cell metabolite as described earlier [51].
However, it is apparent that most mutants can generate ω-7 and ω-8 products from
C15:0 substrate, although at low levels (ca. 5–10%) (Table S5 and Figure S7). Overall,
change in regioselectivity came at the expense of decreased conversion levels in most
cases (Table 1 and Table S5), which might partially be due to lower soluble expression
levels of the mutants and/or to decreased coupling of NADPH oxidation to substrate
hydroxylation. Since our main focus was on regioselectivity, we did not carry out activity
optimization for mutants with low total conversions.

Although, none of the BAMF2522 mutants exhibited elevated preference for hydrox-
ylation of a single carbon atom, high overall selectivity for in-chain positions of various
fatty acids, especially for ω-8 and ω-9 positions of palmitic acid, was achieved for the first
time with a CYP102 enzyme.
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Table 1. Total conversion levels and product distribution of BAMF2522 mutants that exhibit highly preferred selectivity for
in-chain hydroxylation.

Entry Subst. Variant
Total Conv.

(%) 1

Product Distribution (%) 1

ω-9 ω-8 ω-7 ω-6 ω-5 ω-4 ω-3 ω-2 ω-1

1 C12:0 Wild-type 10 - - - - <2 <2 40 40 17
2 C12:0 F89V 5 - - - - 12 8 49 21 9
3 C12:0 F89I/A331V 4 - - - - 7 13 36 18 27
4 C12:0 RY5 3 1.2 - - - - 10 14 ± 7 34 15 27 ± 6
5 C12:0 R31 4 3 - - - - 8 ± 2 18 22 40 ± 10 12 ± 5
6 C12:0 R41 5 2 - - - - 18 ± 4 19 36 13 13 ± 3
7 C14:0 Wild-type 28 - - <2 <1 2 ± 1 9 46 33 8
8 C14:0 F89V 29 ± 7 - - 35 10 19 15 12 7 3 ± 1
9 C14:0 F89I 3 - - 16 12 35 13 13 ± 4 6 ± 2 6
10 C14:0 F89I/A331V 19 - - 17 6 29 20 10 ± 3 4 ± 2 13
11 C14:0 RY5 3 4 ± 3 - - 12 7 28 15 ± 3 14 ± 3 9 16
12 C14:0 R31 4 6 - - 32 ± 8 12 26 20 ± 5 11 ± 3 <1 <1
13 C14:0 R41 5 9 - - 36 10 ± 4 30 17 8 <1 <1
14 C16:0 Wild-type 14 - - 20 9 ± 3 8 10 19 24 10
15 C16:0 F89I 14 ± 3 71 2 7 3 2 2 5 9
16 C16:0 A331V 29 - - 24 9 7 4 9 20 27
17 C16:0 F89I/A331V 8 49 ± 2 2 5 3 2 3 9 29
18 C16:0 RY5 3 10 48 ± 1 2 6 4 ± 1 9 7 11 18
19 C16:0 R31 4 5 77 ± 2 2 7 ± 1 2 ± 1 2 <2 6 5
20 C16:0 R41 5 7 84 ± 1 2 6 2 ± 1 <2 <2 <2 4
21 C20:0 Wild-type 3 - - - - - - 49 39 13
22 C20:0 A331V 8 ± 2 - - - - 9 ± 3 11 21 27 31

1 Both total conversion percentages and product distributions are given as averages of two separate measurements. Standard errors are
displayed only for cases where the error is around 20% or over of the mean value, or for significant products. Information on all other
mutants and substrates are given in the Supplementary Material (Table S5). 2 Due to poor resolution ofω-7,ω-8 andω-9 HFA product
peaks on GC chromatogram, these products are reported as total sum of their percentages. 3 RY5 mutant; A331V/F89I/S49R/F53Y. 4 R31
mutant; A331V/F89I/N72S/M187T. 5 R41 mutant; A331V/F89I/N72S/M187T/V218A/M240L.

2.3. Site-Saturation Mutagenesis of BAMF2522 to Enhance Selective Formation of In-Chain HFAs
with Lauric Acid

In-chain hydroxylated derivatives of lauric acid (C12:0) can be used for synthesis
of lactones, which are generated through intramolecular esterification of hydroxy and
carboxyl groups of HFA. Such lactones possess various fruity, buttery and oily odors and
flavors, which make them valuable molecules with wide uses in fragrance and flavor
industry [37,52]. δ-dodecalactone and γ-dodecalactone are the common lauric acid-derived
lactones [53]. Although they are naturally formed in fruits and dairy products, their
concentrations are generally low [35,52]. Thus, eco-friendly biocatalytic processes for enan-
tioselective synthesis of these valuable lactones from naturally abundant molecules are
desired [37]. Whilst HFA derivatives of lauric acid are ideal precursors for lactone synthesis,
the presence of the hydroxy group at ω-7 (C5 or δ) and ω-8 (C4 or γ) positions of lauric
acid is required for the synthesis of δ-dodecalactone and γ-dodecalactone, respectively.
Wild-type BAMF2522 and rational design mutants (described in Section 2.2) were able to
generate ω-1 to ω-5 HFAs from lauric acid. Therefore, we hypothesized that semi-rational
engineering based on key amino acid residues might render mutants that are able to hy-
droxylate lauric acid at ω-7 and ω-8 positions. Thus, in order to shift the hydroxylation
position more in-chain (towards carboxylate end), we performed site-saturation mutagene-
sis at residues of A331 and F89. By exchanging each residue separately to all other possible
proteinogenic amino acids, we generated a library of 38 single mutants. The activity and
selectivity of the library were tested towards lauric acid (Tables 2 and 3). However, no
ω-6, ω-7 or ω-8 HFA products were observed. The product scope of the site-saturation
mutants was same as the wild-type and the rationally designed mutants described above,
exhibiting formation of onlyω-1 toω-5 products. Interestingly, some of the mutants had
significantly higher ratio of ω-5 HFA. Specifically, F89P mutant generated ω-5 product
at 31% andω-4 product at 19% of the total products. In addition,ω-5 HFA product was
observed at 27% with F89A mutant. Both mutants showed better in-chain selectivity than



Catalysts 2021, 11, 665 9 of 15

the R41 mutant (Tables 1 and 2). Overall, although no new HFA product was obtained
with the site-saturation library, there was notable shift in regioselectivity towards in-chain
positions with some of the mutants. As a general trend, replacing phenylalanine with
smaller residues shifted regioselectivity more towards in-chain positions, consistent with
the location of F87 between heme group and terminal chain of the substrate in BM3 struc-
ture (see Section 2.2). Further semi-rational engineering and combinatorial mutagenesis
approaches can render variants with potential to produce more in-chain HFAs.

Table 2. Total conversion levels and product distribution for the conversion of C12:0 substrate by F89
site-saturation mutants of BAMF2522 (Phenylalanine 89 position was replaced by all other amino
acids). Only mutants that exhibited detectable activity are shown.

Entry Variant
Total Conv.

(%) 1

Product Distribution (%) 1

ω-5 ω-4 ω-3 ω-2 ω-1

1 Wild-type 10 <1 2 ± 1 40 40 17
2 A(Ala) 3 29 15 41 12 2
3 L(Leu) 3 ± 1 <1 4 ± 1 36 45 14
4 I(Ile) < 1 - - 50 22 ± 7 29
5 V(Val) 5 12 8 49 21 9
6 M(Met) 3 3 3 ± 1 52 31 10
7 P(Pro) 4 ± 1 31 19 38 10 2
8 S(Ser) 4 ± 1 17 11 50 18 5
9 T(Thr) 2 14 ± 3 12 ± 3 48 21 7 ± 2

10 N(Asn) 1 - - 48 39 13
11 H(His) 6 ± 4 2 2 48 36 12

1 Both total conversion percentages and product distributions are given as averages of two separate measurements.
Standard errors are displayed only for cases where the error is around 20% or over of the mean value, or for
significant products.

Table 3. Total conversion levels and product distribution for the conversion of C12:0 substrate by
A331 site-saturation mutants of BAMF2522 (Alanine 331 position was replaced by all other amino
acids). Only mutants that exhibited detectable activity are shown.

Entry Variant
Total Conv.

(%) 1

Product Distribution (%) 1

ω-5 ω-4 ω-3 ω-2 ω-1

1 Wild-type 10 <2 2 ± 1 40 40 17
2 G(Gly) 4 - - 33 38 29
3 I(Ile) 1.4 - - 25 ± 8 51 25
4 V(Val) 6 - <2 29 39 30
5 P(Pro) 6 - - 28 37 35
6 S(Ser) 6 - - 42 45 14
7 T(Thr) 7 - - 31 38 31
8 C(Cys) 6 - - 43 31 26
9 D(Asp) 2 - - 30 52 18

1 Both total conversion percentages and product distributions are given as averages of two separate measurements.
Standard errors are displayed only for cases where the error is around 20% or over of the mean value, or for
significant products.

On another note, for all the assays presented in Sections 2.2 and 2.3, the enzyme
was able to function in whole cell form. The advantages of using whole cells is many,
including but not limited to; circumventing the need for protein isolation, avoiding supply
of expensive NADPH cofactor, higher stability of the enzyme and simplification of the
assay procedure.
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3. Materials and Methods
3.1. Chemicals

All fatty acids were purchased from Sigma-Aldrich (now Merck, Darmstadt, Germany)
in the purest form available (at least 97% purity). 5-aminolevulinic acid (ALA), nicotinamide
adenine dinucleotide phosphate (NADPH) and isopropyl-thio-β-D-galactopyranoside (IPTG)
were from Roche (Basel, Switzerland). N,O-Bis(trimethylsilyl)trifluoroacetamide with
trimethylchlorosilane (BSTFA + TMCS; 99:1) was purchased from Fisher Scientific (Roskilde,
Denmark). Unless otherwise noted, all other chemicals are analytical grade and commer-
cially available.

3.2. Site-Directed and Site Saturation Mutagenesis

The gene sequence of BAMF2522 was used as the templates for mutagenesis [36]. Site-
directed mutagenesis was performed using QuickChange II mutagenesis kit (Agilent, Santa
Clara, CA, USA), following manufacturer’s protocol. Genes of the site-saturation mutants
were obtained from Sangon Biotech (Shanghai, China). The primers for mutagenesis were
obtained from Eurofins Genomics (Ebersberg, Germany) and their sequences are given in
the Supplementary Information (Table S1). All mutations were verified by DNA sequencing
(Eurofins Genomics) prior to expression and purification.

3.3. Protein Expression and Purification

Plasmids containing wild type or mutated genes were transformed into E. coli BL21(DE3)
and the transformed cells were cultured in LB medium containing 100 µg/mL kanamycin at
37 ◦C. After about 8 h of incubation (at OD 600 ca. 0.6~0.8), the cultures were cooled to 20 ◦C
and induced with 0.5 mM IPTG and supplemented with 0.5 mM ALA (all concentrations
final). 1000× trace metal mix was also used in expression cultures (1000× concentra-
tions: 50 mM FeCl3, 20 mM CaCl2, 2 mM NiSO4, H3BO3 2860 mg, MnCl2·4H2O 1810 mg,
ZnSO4·7H2O 222 mg, Na2MoO4·2H2O 390 mg, CuSO4·5H2O 79 mg, Co(NO3) 2·6H2O
49 mg). After cultivation of cells for 20 h at 20 ◦C and 120 rpm, cultures were collected by
centrifugation (4000× g, 25 min, 4 ◦C) and the cell pellets were washed twice with 0.85%
NaCl. The resulting cell pellets were store at −80 ◦C until further use.

For purification of wild-type enzymes, cells were resuspended in lysis buffer (Buffer A;
50 mM Tris-HCl, 10 mM imidazole, 200 mM NaCl, pH 7.5; 10 mL buffer/1 g cell). The cell
suspensions were disrupted by sonication (10 min sonication time on ice, 3 s on/off cycles,
40% output). The lysate was clarified by centrifugation (11,000× g, for 30 min, at 4 ◦C).
The clarified lysate solution was loaded onto a nickel NTA column (5 mL HisTrap HP, GE
Healthcare, Uppsala, Sweden) using Äkta Start FPLC system (GE Healthcare). The protein
was eluted with buffer B (50 mM Tris-HCl, 300 mM imidazole, 100 mM NaCl, pH 7.5). After
fractions containing eluted protein were collected (based on SDS-PAGE analysis, Figure S5),
the resulting pool was buffer-exchanged into the storage buffer (50 mM Tris-HCl, 100 mM
NaCl, pH 7.5) and concentrated using a 30 kDa molecular weight cut-off centrifugal filter
(Amicon Ultra, Darmstadt, Germany). The concentrated protein was aliquoted, flash-
frozen with liquid N2 and stored at −80 ◦C with 20% (v/v) glycerol until further use. The
active protein concentrations were determined by quantifying the amount of heme bound
enzyme using pyridine/hemochrome assay following published protocols [54] (Figure S1).

3.4. Activity Assays for Determination of Optimum Conditions

For optimum reaction condition experiments, the typical reaction conditions were
as follows; in a final assay volume of 0.5 mL, each reaction contained 0.6 mM substrate
(C15:0), 4.0 µM enzyme, 0.2 mM NADPH and 5% ethanol (all concentrations final). The
reactions were quenched with 0.5 mL ethyl acetate, which also acted as the organic phase
for extraction of the substrate and product. A final concentration of 20 mM myristic acid
was used as the internal standard. Following extraction, derivatization was performed by
BSTFA + TMCS (150 µL, 99:1) and derivatized samples were subjected to GC analysis, as
described in the product analysis section.
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For determination of optimum temperature, reactions were examined at different
temperatures from 4 ◦C to 70 ◦C. Assays were run for 15 min in 50 mM Tris-HCl, pH 7.5,
with a shaking speed of 500 rpm (Eppendorf Innova 44/44R, Hamburg, Germany) at
respective temperatures (following a 30 min pre-incubation period without enzyme to
achieve temperature equilibration).

The effect of pH was measured over the pH range 5.0–11.0, using appropriate buffers:
acetate-acetic acid for pH 5.0–5.5; NaH2PO4-Na2HPO4 for pH 6.0–8.0; Tris-HCl for pH 7.1–8.9;
MOPS for pH 6.5–8.0; HEPES for pH 7.0–8.0; and Glycine-NaOH for pH 8.6–10.6. The
reactions were carried out at 30 ◦C for 15 min, with a shaking speed of 500 rpm in
respective buffers.

Thermostability was determined by measuring the enzyme activity after pre-incubating
the enzyme for 60 min at indicated temperatures (4 ◦C, 20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C,
70 ◦C in 50 mM Tris-HCl, pH 7.5). Afterwards, the enzyme was cooled down to 4 ◦C and
the reactions were later carried out at 30 ◦C and 500 rpm for 15 min.

3.5. Whole Cell Assays for Regioselectivity Analysis

Cell growth and protein expression of wild-type and mutant enzymes were carried
out as described above. Expression of the mutant proteins were confirmed by SDS-PAGE
analysis of the whole cells (Figure S7). In general, single and double mutants were ex-
pressed at good levels (similar levels as the wild-type enzyme), whereas variants with four
or more amino acid exchanges exhibited poor expression. Whole cell reactions contained,
in a total assay volume of 1 mL (50 mM Tris-HCl, pH 7.5); 100 mg of wet whole cell,
0.5 mg of fatty acid substrate and 5% (v/v) ethanol. Assays were shaken at 220 rpm, 30 ◦C
for 20 h, after which the Bligh-Dyer method was performed for extraction of the lipid
substrate and product, as described before [55]. The resulting extract was derivatized
with BSTFA + TMCS (99:1) and analyzed by GC-MS or GC-FID for product identification
and quantification.

3.6. Product Analysis by GC-FID and GC-MS

GC-FID measurements were performed on a GC-FID (Scion 436-GC, Bruker, Billerica,
MA, USA) using a ZB-5HT column (20 m length × 0.18 mm I.D., 0.18 µm film thickness;
Phenomenex, Torrance, CA, USA). GC-MS measurements were performed using a Thermo
Fisher DSQ II quadrupole mass spectrometer equipped with Trace GC Ultra, TriPlus
autosampler and a SPB-1 column (30 m length × 0.25 mm I.D., 0.25 µm film thickness;
Sigma, Darmstadt, Germany). For the assays with dodecanoic acid (C12:0), tetradecanoic
acid (C14:0) and pentadecanoic acid (C15:0) substrates, total GC running time is 30 min.
GC-FID or GC-MS oven temperatures started at 90 ◦C, held for 1 min, increased initially by
20 ◦C/min, and later by 2 ◦C/min up to 220 ◦C, without holding time. For other substrates,
total running GC time is 55 min; GC-FID or GC-MS oven temperatures started at 90 ◦C,
held for 1 min, increased initially by 20 ◦C/min, later by 2 ◦C/min up to 220 ◦C, and held
at this temperature for 20 min.

Conversion levels were calculated based on the ratio of the product peak area to the
total peak area of both the substrate and the product, as described previously [36]. The
percentages of different product regioisomers of the same reaction were calculated based
on the peak areas of the respective products compared to total product peak area. For
the calculation of peak areas where peaks are poorly resolved, either perpendicular drop
method was used or non-overlapping half of the peak was multiplied by 2, in order to
obtain peak areas separately for overlapping peaks (assuming a symmetric peak shape,
as is the case for most of the peaks observed). The calculation methods depended on
resolution and relative intensities of the overlapping peaks. In case of poorly resolved
peaks that overlap significantly, total peak areas of multiple products were reported.



Catalysts 2021, 11, 665 12 of 15

3.7. Structural Model

Homology modelling was performed using Modeller 9.21 program [56], as described
previously [36]. CYP102A1 BM3 crystal structure (PDB: 1FAG) was used as a template for
both enzymes. The structural models were used to confirm the corresponding residues for
mutation. UCSF Chimera (developed by the Resource for Biocomputing, Visualization,
and Informatics, University of California, San Francisco, with support from NIH P41-
GM103311) was used to analyze and prepare structural images [57].

4. Conclusions

In this study, we report optimum temperature and pH conditions as well as thermosta-
bility of the enzyme BAMF2522 from B. amyloliquefaciens DSM 7, a novel self-sufficient CYP
enzyme exhibiting in-chain selectivity for fatty acid hydroxylation. Although BAMF2522 is
mostly similar to BM3 and some other studied self-sufficient CYPs, BAMF2522 is able to
maintain about 50% of its optimal activity level when assayed at 60 ◦C for 15 min, thereby
showing better performance than wild-type or engineered full-length BM3 enzymes. More
importantly, we demonstrated that the hydroxylation position could be further shifted
towards in-chain (carboxylate end) by rational and semi-rational protein engineering. We
obtained novel BAMF2522 mutants that can achieve product profiles highly enriched with
in-chain HFAs. Two mutant variants were able to generate 77% and 84% of their total
products as the sum of ω-7, ω-8 and ω-9 HFAs from palmitic acid, a property not seen
with other self-sufficient CYPs studied to date in the literature [18,35]. In fact, the only
other self-sufficient CYP enzyme that can hydroxylate such in-chain (middle) positions of
palmitic acid is a fungal enzyme, CYP505E3, which has been shown to hydroxylate ω-7
position of C12 to C16 fatty acids with high selectivity [35]. Expansion of the product scope
by insertion of hydroxy groups at in-chain positions will greatly increase the available
repertoire of HFAs for use in materials and cosmetics industry as well as in medical field.

Availability of the enzyme to function in whole cell form, combined with the self-
sufficiency of the enzyme, avoid the need for the presence of reductase partners and
continuous supply of reducing equivalents, favoring the application potential of the en-
zyme. Certainly, more studies are required to increase overall conversions and to further
characterize promising mutants. Through optimization under process conditions, mu-
tants of BAMF2522 can become ideal for production of HFAs that are enriched in in-chain
HFAs. Nevertheless, we believe that studies reported here will greatly assist the efforts for
green, sustainable and feasible production of HFAs by enzymatic means for industrial and
medical applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11060665/s1, Figure S1: Pyridine hemochrome difference spectrum of BAMF2522 (A).
Spectra are shown for the oxidized (dotted line) and re-duced (solid line) forms. Oxidized sample
in yellow color and reduced sample in a reddish color (B); Figure S2: Sequence alignment of BM3
and BAMF2522. The mutation positions are highlighted. Sequence alignments were per-formed by
ClustalW; BM3 structure (PDB:1FAG) was used to display the secondary structure and ENDscript
website was used for plotting the sequence alignment results (Robert, X. and P. Gouet, Deciphering
key features in protein structures with the new ENDscript server. Nucleic Acids Res, 2014. 42(Web
Server issue): p. W320-4); Figure S3: Structure of wild-type BM3 (pdb id: 1FAG). The residue
positions corresponding to mutations performed on BAMF2522 in this study are indicated in magenta
color (Table S9). Iron is shown in orange. The residue numbering is according to BM3 sequence;
Figure S4: SDS-PAGE analysis the purified BAMF2522 (A), and the color of the protein elution
fractions in the collection tube (B). In (A), lane M is protein marker, lane 1 is purified BAMF2522;
Figure S5: SDS-PAGE analysis the whole cell protein expression. Lane M: protein marker, Lane1:
BAMF2522, Lane2: RY5, Lane3: BAMF2522 I266F, Lane4: BAMF2522 A331V, Lane5: BAMF2522
A331V/F89I, Lane6: BAMF2522 F89I, Lane7: R31, Lane8: R41; Figure S6: Typical GC-MS analysis
chromatograms of the derivatized whole-cell oxidation turnovers of BAMF2522 and some variants
with dodecanoic, tetradecanoic, pentadecanoic, palmitic, octadecanoic, arachidic and oleic acids;
Figure S7: Mass spectra and fragmentation patterns for the HFA products obtained from enzymatic
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transformations in this study; Table S1: Primers used for site-directed mutagenesis of BAMF2522,
Table S2: Numerical data for temperature dependence experiments, Table S3: Numerical data for pH
dependence experiments, Table S4: Numerical data for thermostability measurements, Table S5: Total
conversion levels and regioselectivity data for the hydroxylation of different substrates by wild-type
and rational design mutants of BAMF2522, Table S6: Comparison of the mutated residue positions in
the protein sequences of BM3 and BAMF2522.
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