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Abstract

Cytochrome P450 enzymes (CYPs) are versatile biocatalysts capable of performing selective
oxidation reactions valuable for industrial and pharmaceutical applications. However, their
catalytic efficiency is often constrained by dependence on costly electron donors, the re-
quirement for redox partners, and uncoupling reactions that divert reducing power toward
reactive oxygen species. Improving electron transfer efficiency through optimized redox
partner interactions is therefore critical for developing effective CYP-based biocatalysts.
In this study, we investigated the interaction between CYP119, a thermophilic CYP from
Sulfolobus acidocaldarius, and putidaredoxin (Pdx), the redox partner of P450cam. Using
rational design and computational modeling with PyRosetta 3, 14 CYP119 variants were
modeled and analyzed by docking simulations on the Rosie Docking Server. Structural
analysis identified three key mutations (N34E, D77R, and N34E/D77R) for site-directed
mutagenesis. These mutations (N34E, D77R, and N34E/D77R) enhanced Pdx binding
affinity by 20-, 3-, and 12-fold, respectively, without affecting substrate binding. Catalytic
assays using lauric acid and indirect assays to monitor electron transfer revealed that,
despite improved complex formation, the N34E variant showed reduced electron trans-
fer efficiency compared to D77R. These findings highlight the delicate balance between
redox partner binding affinity and catalytic turnover, emphasizing that fine-tuning electron
transfer interfaces are essential for engineering efficient CYP biocatalysts.
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1. Introduction
Cytochrome P450s (CYPs) are remarkably complex enzymes functioning as an ex-

ternal monooxygenase that utilize an external reductant in their reactions [1–3]. CYPs
can efficiently regio- and stereoselectively catalyze an enormous variety of oxidative pro-
cesses [4,5]. Commonly, CYPs catalyze the addition of a single oxygen atom of O2 to
both endogenous and exogenous substrates for a variety of oxidative processes via the
traditional two-electron oxo-transfer pathway [5–7]. CYP reactions involve supporting
proteins that are redox partners and consumption of reducing agents, and most CYPs use
pyridine nucleotide, usually NADH or NAD(P)H, as a cofactor [8]. Redox partners are
supporting proteins that affect the transfer of electrons in CYP catalytic reactions [9,10]. For
example, putidaredoxin reductase (PdR), containing a flavin adenine dinucleotide (FAD),
and putidaredoxin (Pdx), comprising an [2Fe–2S]-type iron–sulfur protein, are support-
ing proteins involved in transferring electrons from NAD(P)H electron donor to CYP101
(P450cam) enzyme [11–13].
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Despite the enormous practical potential of CYPs, the redundancy of P450 redox
systems can restrict the use of these enzymes in manufacturing processes [14]. The main
limitations of these enzymes are: (a) the need for specific electron transfer partners; (b) the
need for costly and unstable electron donors such as NAD(P)H; and (c) uncoupling during
oxidation, employing NAD(P)H as an electron source without yielding a product [3,14,15].
It was reported that reactive oxygen species can arise due to possible electron leaking on the
substrate binding step Fe3+O2

− and Fe3+O2
2−. Furthermore, two water molecules can be

formed, and four electrons can be consumed without simultaneous substrate hydroxylation.
As a result, no hydroxylated product is observed, but the costly cofactor NAD(P)H has
been utilized [3]. Moreover, the heme cofactor may become unstable, and the apoprotein
degrades due to the generation of harmful hydrogen peroxide or active oxygen species [3].
Efficient oxygen activation and product generation depend on interactions between enzyme
and redox proteins, and by optimizing electron flow, improvements in substrate conversion
can be obtained [3].

CYP119 is the first identified thermophilic CYP from Sulfolobus acidocaldarius, and it
catalyzes the hydroxylation of lauric acid utilizing the P450cam redox partners Pdx and
PdR [14,16]. Early site-directed mutagenesis showed that single-surface substitutions can
strongly modulate activity: T214V and D77R increase lauric acid hydroxylation by ~6-
and ~13-fold, respectively, and D77R decreases the Pdx–CYP119 dissociation constant
from ≈2.1 mM to ≈0.5 mM while enhancing electron-transfer rates, demonstrating that
interface engineering can improve catalytic throughput in this thermophilic system [14].
Despite this significant enhancement, a substantial gap remains when comparing CYP119’s
binding affinity to the highly efficient, native P450cam−Pdx complex, which exhibits
Kd values in the micromolar range (5–17 µM) [17–19]. This disparity suggests that the
current engineered CYP119−Pdx interface is still suboptimal for rapid and efficient electron
transfer. Crucially, previous interface engineering efforts, including the successful D77R
mutation, were performed without the benefit of high-resolution structural data for the
P450cam−Pdx complex and before the widespread use of sophisticated computational
docking and structural analysis tools that allow for detailed residue-level investigation of
protein–protein interactions.

Recent advancements in P450 engineering have further underscored the importance
of the electron transfer interface, with successful strategies falling into two main categories:
the creation of highly efficient self-sufficient P450 fusion enzymes (e.g., P450BM3 chimeras)
and rational interface redesign in two-component systems. The latter, which is most rele-
vant here, has been revolutionized by high-resolution structural and computational tools,
including molecular docking and dynamics (MD) simulations, allowing researchers to pre-
cisely optimize the distance and orientation of redox cofactors [7,20]. These modern studies
often target shortening the electron transfer distance and improving the conformational
sampling that promotes the active state of the P450 [20,21]. However, despite this progress,
there remains a clear gap in the rational, structure-guided optimization of the thermophilic
CYP119 system. This study was designed to apply modern computational and structural
analysis techniques to the CYP119−Pdx interface, moving beyond earlier site-directed
mutagenesis efforts to identify and introduce novel mutations that further improve the
binding affinity and electron transfer efficiency beyond the current D77R benchmark.

In this study, we addressed the challenge of enhancing P450 catalytic efficiency through
rational interface engineering of the CYP119–Pdx complex. Using PyRosetta 3 and the
ROSIE Docking Server, we modeled 14 CYP119 variants and experimentally characterized
three promising mutants: N34E, D77R, and the double mutant N34E/D77R. The N34E
substitution produced a ~20-fold increase in Pdx binding affinity, yet catalytic assays
revealed an unexpected outcome—stronger binding did not improve electron transfer
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efficiency. Instead, the N34E mutant transferred electrons more slowly than D77R, despite
its tighter association. This finding challenges the common assumption that enhanced redox
partner affinity directly leads to higher catalytic turnover. By revealing how excessive
interface stabilization can hinder productive electron transfer, our work provides new
molecular insight into the rate-limiting dynamics of P450 catalysis and establishes a refined
framework for engineering more efficient CYP biocatalysts for industrial and therapeutic
applications.

2. Results
2.1. Design of CYP119 Mutant Enzymes and Protein–Protein Docking

Previous studies have shown that CYP119 can accept electrons from putidaredoxin
(Pdx) and putidaredoxin reductase (PdR) with low efficiency [22]. The native redox partner
for Pdx and PdR is the bacterial CYP enzyme—P450cam (CYP101) [22–24]. To improve the
electron transfer efficiency of the three-protein system with CYP119-Pdx-PdR, structural
alignment of P450cam (PDB ID:4JWS), Pdx (PDB ID: 1XLN), and CYP119 (PDB ID: 1IO7)
proteins was performed. Structural and sequence alignments of CYP119 and P450cam are
shown in Figures S1 and S2.

For the mutagenesis studies, non-conserved residues on the possible binding surface
of CYP119 were selected based on previous studies. According to the structural alignment
results, four residues were selected for mutations: Asn34, Asn35, Lys30, and Asp77. The
structural alignment results showed that Lys30, Asn34 and Asn35 corresponded to Arg72,
Glu76 and Asp77 in P450cam. These three residues could potentially form important
interactions with positively charged Arg66 residue of Pdx; therefore, they were chosen
for mutation. Asp77 of CYP119 corresponds to Arg109 residue in P450cam. D77R mutant
was selected because previous studies showed that this mutation resulted in a 5-fold
enhancement in the rate of electron transfer between Pdx and CYP119 [14]. Mutated
residues in CYP119, corresponding residues in P450cam, their possible interaction sites on
Pdx, and modeled mutations are summarized in Table S1.

Based on the structural alignment results, six single and eight double mutants were
selected for docking studies. PyRosetta 3 Software was used to design mutant proteins;
the designed proteins showed similar stability to WT CYP119, as seen from the similar
total energy scores (Supporting information, Table S2). Protein–protein docking of WT
CYP119 and 14 mutants of CYP119 with Pdx were performed using the RosettaDock server
Rosie. The docking results of Pdx with WT and selected CYP119s are shown in Table 1
(Table S3 shows docking results for all mutants tested). The total score of models renders
protein–protein interaction and internal energy of the protein. The linear combination of
non-bonded atom–pair interaction energies makes up the Rosetta interface score (ISC). The
total energy of the two monomeric structures is subtracted from the total energy of the
complex structure to calculate this score. Stated differently, separable energy is subtracted
from complex energy to determine the interface score for each scoring term. None of the
mutants tested showed significant increase in the total score of interface score compared to
WT CYP119. Therefore, detailed structural analysis was performed on the docked models
to select mutants to continue with the experimental studies.

Table 1. Docking results of Pdx with WT and selected mutant CYP119s using Rosie Docking Server.

Mutant Name Total Score (REU) Interface Score (REU) RMSD (Å)

WT CYP119 −502.7 −3.5 1.5
N34E −502.6 −3.0 1.1

N34E/D77R −501.1 −3.2 1.6
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Ten lowest-interface-energy structures for each run were downloaded for further
analysis and visualization; the prediction accuracy of the binding site between the protein
complexes was assessed. Distances between critical residues identified from structural
alignment results were analyzed (Table S4). The selection of mutants for further stud-
ies involved three sequential rounds of elimination based on structural analysis of key
inter-protein residue distances to predict improved electron transfer and binding affinity,
ultimately favoring mutants with the D77R substitution. The goal was to mimic or improve
upon the interactions observed in the well-characterized P450cam−Pdx complex. The
selection process is described in Figure S3.

Based on this analysis, N34E and N34E/D77R mutants were selected for further
experimental study. The schematic representation of the selected N34E/D77R CYP119
docked with Pdx is shown in Figure 1.

 

Figure 1. Docked structure of N34E/D77R CYP119 and Pdx showing distances between critical
residues of mutant CYP119 and Pdx: N34E/D77R CYP119 (in light blue)—Pdx (in tan) complex;
Arg80 (blue)-Asp38 (red), Glu34 (red)-Arg66 (blue), Arg77 (blue)-Asp38 (red) of CYP119-Pdx, heme
(purple); WT CYP119 (grey): Asn34 (green), Asp77 (red), heme (purple). Images were created using
UCSF ChimeraX version 1.9.1.

2.2. Cloning, Expression, and Purification of WT and Mutant CYP119s

WT and mutant CYP119 proteins were cloned and expressed in E. coli, as described
in Section 4. Protein expression was induced using 1 mM of IPTG; cells were grown at a
temperature of 30 ◦C for 32 h [25]. Purification involved initial heat treatment of cell lysate
at 60 ◦C followed by ammonium sulfate precipitation. Isolation and final purity of WT
CYP119 were monitored by SDS-PAGE (Figure S4).

2.3. UV–Visible Spectral Analysis of WT and Mutant CYP119s

Optical spectra of WT and mutant CYP119s can be seen in Figure 2. Similarly to
previous observations, WT CYP119 had maximum absorbance at 415 nm and split α/β
bands at 531 and 565 nm [25]. Mutations did not cause a significant shift in the maximum
Soret absorbance. However, broadening in α/β bands was observed. N34E/D77R and
D77R mutants showed split α/β bands at 531 and 565 nm, while the N34E CYP119 showed
split α/β bands at 525 and 565 nm. Heme incorporation of N34E, N34E/D77R, and D77R
mutant CYP119s were examined from the 415 nm (Soret band) and 280 nm ratio. This ratio
was 0.32, 0.52, 0.53, and 0.59 for N34E, N34E/D77R, and D77R mutant CYP119s and WT
CYP119, respectively. While isolated proteins showed comparable heme incorporation
levels, the mutants, especially N34E, were isolated in lower purity compared to WT CYP119
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(Figure S4). In all the experiments performed, enzyme concentration was based on the
heme extinction coefficient to ensure CYP contents were identical.

 
Figure 2. UV–Visible Spectra of WT and mutant CYP119s. Inset: the changes observed in the α/β
bands. WT (black), N34E (dash), D77R (dot), N34E/D77R (grey).

2.4. Lauric Acid Binding to WT and Mutant CYP119s

Lauric acid binding to WT, N34E, D77R, and N34E/D77R CYP119 was compared
using difference spectroscopy; shifts in the Soret peaks of each sample were followed with
increasing lauric acid concentrations. The Kd of each mutant for the binding of lauric acid
was similar within error relative to WT CYP119 (Table 2, Figure S5). The Kd obtained for
WT CYP119 was consistent with previous observations [25]. As expected, the mutations
did not significantly alter the affinity for lauric acid.

Table 2. Effect of mutations on the binding of lauric acid and Pdx to CYP119. Pdx binding was
determined in the presence of 1 mM lauric acid 1.

Enzyme Lauric Acid Binding Kd (µM) Pdx Binding Kd (µM)

WT CYP119 19 ± 6 2390 ± 224
N34E 35 ± 19 112 ± 48
D77R 87 ± 53 797 ± 184

N34E/D77R 23 ± 11 200 ± 31
1 Values are reported as the means of triplicated determinations ±SD.

2.5. Putidaredoxin Binding to WT and Mutant CYP119s

The spectral shift observed in CYP119 Soret absorbance in the presence of Pdx is
similar to the one observed for P450cam and Pdx [14]. The difference spectra of Pdx-
bound WT CYP119 and N34E, D77R, and N34E/D77R double mutants revealed a trough
at 414 nm and a peak at 440 nm for all samples. The Kd obtained from difference spectra
for Pdx binding for WT CYP119 was 2.4 ± 0.2 mM, while a Kd of 0.11 ± 0.05 mM for N34E,
0.8 ± 0.2 mM for D77R and 0.2 ± 0.03 mM for N34E/D77R was observed (Figure 3 and
Table 2). The reported Kd for Pdx binding for WT and D77R CYP119 in the presence of
lauric acid are 2.1 mM and 0.5 mM, respectively [14], consistent with our observations.
While the D77R single mutation resulted in only a 3-fold increase in affinity, N34E and
N34E/D77R mutations resulted in a 20 and 12-fold increase in affinity for Pdx, respectively.
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Figure 3. The binding of Pdx to WT, N34E, N34E/D77R and D77R CYP119 enzymes observed
by difference spectra. Non-linear fitting of ∆Abs and Pdx concentration. UV–visible spectra of a
solution containing 10 mM potassium phosphate (pH 7.4), 1 mM lauric acid, and 1.5 µM WT and
mutant CYP119 were measured stepwise by adding Pdx (0.07–0.5 mM). The dissociation constant
(Kd) was calculated by plotting the shift in ∆440–∆414 against the concentration of the substrate to
the quadratic equation shown in Equation (2).

2.6. Assessment of Electron Transfer from Putidaredoxin to WT and Mutant CYP119s

Electron transfer capacity was determined by comparing the absorbance at 450 nm of
the carbon monoxide (CO)-complex of ferrous CYP119 reduced with Pdx-PdR redox system
and the control peak at 450 nm of the CO-complex CYP119 reduced with sodium dithionite
using the UV–Visible spectrum (Figure 4). The final absorbance at 450 nm in the presence
of redox partners was used to quantify the efficiency of CYP119 reduced by the Pdx-PdR
redox system. When the Pdx-PdR redox system reduced WT CYP119, a 6.2% reduction was
observed. N34E CYP119 showed an 11.4% reduction, whereas in D77R CYP119, 20.4%, and
in N34E/D77R CYP119, a 45.7% reduction was observed (Table 3). While the D77R single
mutant resulted in a three-fold increase in electron transfer efficiency, the N34E/D77R
double mutant resulted in a seven-fold increase in electron transfer efficiency.

Figure 4. Electron transfer efficiency in WT and mutant CYP119s. The dithionite-reduced CO-
difference spectrum for WT CYP119 is compared with the CO-complex spectrum after reduction by
Pdx and PdR in the presence of NADH for WT, N34E, N34E/D77R and D77R CYP119. The samples
contained CYP119 (2 µM) in 700 µL KPi buffer (pH 7.4), while the control cuvette contained CYP119
(2 µM) in CO-bubbled 700 µL KPi buffer (pH 7.4). Reductions were performed with (1) sodium
dithionite; (2) with redox partners Pdx and PdR at an optimized ratio of 1:10:2—CYP119:Pdx:PdR
(2 µM CYP119, 20 µM Pdx and 4 µM PdR) in KPi buffer (pH 7.4). NADH (0.5 mM) was added to
initiate the reaction.
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Table 3. Concentrations of CO-complexed reduced CYP119 proteins. Reduced proteins (%) are
calculated by taking the ratio of the observed CO-bound CYP119 concentration reduced with redox
partners, Pdx and PdR, to the observed CO-bound CYP119 concentration obtained by samples
reduced with sodium dithionite 1.

Enzyme Concentration (µM) Reduced (%)

WT CYP119 0.09 ± 0.007 6.2
N34E 0.22 11.4
D77R 0.31 ± 0.08 20.4

N34E/D77R 0.63 ± 0.1 45.7
1 Values are reported as the means of triplicated determinations ±SD.

2.7. Fatty Acid Hydroxylation of WT and N34E/D77R CYP119

CYP119 catalyzes the hydroxylation of lauric acid in the presence of Pdx, PdR, and
NADH, using an optimized enzyme ratio of 1:20:1 for CYP119:Pdx:PdR. Catalase was
included to decompose H2O2 from uncoupling and prevent peroxide-driven reactions. The
substrate and reaction products were analyzed by GC-FID after extraction and derivatiza-
tion. GC-FID analysis showed the formation of one main product by WT and N34E/D77R
mutant (Figure S6A). The main product was identified as 11-hydroxylauric acid by GC-MS
analysis (Figure S7) [14]. Since 12-hydroxylauric acid was not observed as a product, it was
added to samples as an internal standard to reduce errors in the quantification of lauric
acid (Figure S6B). The N34E/D77R mutation resulted in a 45% increase in activity based on
lauric acid consumption (Figure 5).

 

Figure 5. Lauric acid hydroxylation activity of WT and N34E/D77R CYP119. Lauric acid hydroxyla-
tion with CYP119 with redox partners Pdx and PdR at an optimized ratio of 1:20:1—CYP119:Pdx:PdR
(0.5 µM CYP119, 10 µM Pdx and 0.5 µM PdR) in the presence of 1 mg/mL catalase. NADH (3 mM)
was added to initiate the reaction.

2.8. Investigation of Uncoupling and Electron Transfer of WT and Mutant CYP119s

In CYP reactions, when the electrons are transferred to oxygen instead of the substrate,
superoxide anion or hydrogen peroxide can be formed instead of the product. These reac-
tive oxygen species can then be further reduced to water. This process is called uncoupling.
Despite the consumption of NADH, the reaction does not lead to the desired product; fur-
thermore, the reactive oxygen species can react with amino acids and inactivate the enzyme.
Enhanced electron transfer between redox partners is expected to reduce uncoupling and
increase the efficiency of the reaction. Ampliflu™ Red assay described by Morlock et al.
was used to investigate the effects of mutations on the uncoupling of the CYP119 and
mutant reactions with Pdx and PdR. Briefly, the hydrogen peroxide production during the
reaction is quantified using Ampliflu™ Red (50 µM) and HRP (0.2 U) [15]. During reaction
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with the CYP119 system, significant superoxide production was also observed, necessitat-
ing the addition of excess SOD in addition to HRP. The enzyme ratio was optimized to
2:10:1 for CYP119:Pdx:PdR during this assay. The changes in the UV–Visible spectra were
monitored for 2 h at room temperature after initiation of the reaction by the addition of
NADH (50 µM). The UV–Visible spectra and the difference spectra observed during the
reaction are shown in Figure S8. The formation of hydrogen peroxide was observed by
following resorufin formation at 570 nm, and the decrease in NADH concentration was
observed at 340 nm as previously described. In addition, there was a concurrent decrease
in 420 nm and 450 nm after the initial addition of NADH, which recovered with time.
The difference spectra allowed identification of this peak as oxidized Pdx. The changes in
570 nm did not follow simple kinetics due to the fact that electron transfer between PdR and
Pdx is much faster than Pdx and CYP119. As seen from the changes in 450 nm, during the
depletion phase of NADH, most of Pdx is in the reduced state. After NADH consumption
reaches an equilibrium Pdx, oxidation reaches a steady state, where Pdx is oxidized and
reduced at the same rate. The initial phase of resorufin formation is rapid and shows
complicated kinetics (Figure S9). However, once oxidized Pdx has reached steady state,
absorbance at 570 nm shows a linear increase in time (Figure 6). In the presence of CYP119,
an increase in the formation of resorufin is observed, since the peroxide shunt of CYPs also
produces superoxide. Since lauric acid is not the enzyme’s natural substrate, an increase in
hydrogen peroxide production is observed even in the presence of lauric acid. N34E/D77R
and D77R mutants increased resorufin formation. The presence of lauric acid did not affect
resorufin formation in WT; however, significant decreases in the resorufin formation were
observed for D77R and N34E/D77R mutants in the presence of lauric acid. Therefore, the
mutations increased the coupling efficiency as expected. In the absence of lauric acid, the
rate of resorufin formation in the second phase is expected to be proportional to the electron
transfer rate to CYP119 from reduced Pdx. This rate was obtained as 3.9 × 10−2 µM min−1,
1.2 × 10−1 µM min−1, 7.9 × 10−2 µM min−1 for WT, D77R and N34E/D77R, respectively.

Figure 6. Time course of resorufin formation after steady state of Pdx oxidation is reached. (A) Com-
parison of resorufin formation for WT, D77R, and N34E/D77R mutants of CYP119 with respect to
no CYP present in the presence of lauric acid (200 µM). (B) Resorufin formation in the presence and
absence of lauric acid for WT, D77R, and N34E/D77R mutants of CYP119. (-L denotes absence of
lauric acid). Hydrogen peroxide production measured with the Ampliflu™ Red assay in the reaction
of WT and mutant CYP119s (1 µM) in the presence of Pdx (5 µM) and PdR (0.5 µM) under the
standard conditions (50 mM sodium phosphate buffer, pH 7.4, 50 µM Ampliflu™ Red, 0.2 U HRP,
20 U/mL SOD, when present 200 µM lauric acid).

3. Discussion
CYPs are versatile biocatalysts capable of catalyzing diverse oxidation reactions with

broad industrial potential. A functional P450 system typically relies on redox partners
to facilitate electron transfer from NAD(P)H to heme. Therefore, to increase the catalytic
efficiency of CYPs, it is vital to optimize or reshape the electron transfer pathway [26]. The
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approaches to achieving this result can be listed as focusing on electron supply, selecting
suitable redox partners, and enzyme engineering [7]. For example, truncation of the redox
partner adrenodoxin (Adx) resulted in a 20-fold increased efficiency in the formation
of bovine CYP11B1-dependent hydrocortisone [27]. Another mutant of truncated Adx
with higher similarity to Pdx enhanced the activity of formation of CYP11B1-dependent
corticosterone 3-fold, and the same mutant improved conversion of CYP11A1-dependent
cholesterol by 75-fold [28]. These impressive examples demonstrate that by optimizing the
redox partner affinities, it is possible to increase the yield of products substantially.

The thermophilic CYP119 can accept electrons from Pdx and PdR, originally native
redox partners for P450cam [18]. Improved electron transfer to CYP119 from Pdx can be
obtained by creating a more favorable protein–protein interaction [29]. Such an example
is the D77R mutation on CYP119 made by Koo et al. (2002), which increased the electron
transfer rate 5-fold compared to WT CYP119 by using the alignment of CYP119 and
P450cam proteins [14]. In addition, the D77R mutation did not impact the enzyme’s
thermostability, nor did the mutation affect the Kd values of the tested substrates [14].

Inspired by Koo et al., we hypothesized that CYP119 and Pdx interaction can be
improved by mutations obtained from detailed structural analysis of CYP119 docked to
Pdx. Previous results showed that the key residue in the electron transfer of the P450cam-
Pdx complex, Arg112, corresponds to Arg80 in CYP119 [30]. It is expected that in the
CYP119-Pdx complex, Arg80 also would play a vital role in the electron transfer system,
forming a salt bridge with the Asp38 residue of Pdx. The alignment of two proteins,
CYP119 and P450cam, shows that Asp77 of CYP119 corresponds to Arg109 of P450cam, a
vital residue for P450cam-Pdx association [31]. Therefore, these residues and the distances
between them were one of the main factors in selecting mutants for further experimental
studies.

Amino acid residues of P450cam, Glu76, and Asp77 connect with the electropositive
side of Pdx with the Arg66 residue. These residues are important in P450cam-Pdx binding.
Glu76 and Asp77 correspond to Asn34 and Asn35 residues in CYP119, respectively, giving
the idea to create mutations of Asn34 or Asn35 residues, changing them to negatively
charged residues either Glu or Asp, so they can also form a salt bridge with Arg66 residue
of Pdx. Mutation of Lys30 of CYP119 to Glu or Asp was also investigated as this residue
may interact with Arg66 of Pdx. Rather than on the distal side, where substrate-binding
occurs, Asn34 and Asp77 are found on the proximal surface region of the protein. Therefore,
the mutations of current residues were not anticipated to affect the lauric acid affinity of
the enzyme, as evidenced by the fact that no significant changes were observed for Kd of
lauric acid in any of the mutants tested (Table 2). All selected residues were non-conserved
and located in the surface area of the binding site of CYP119 to Pdx.

PyRosetta 3 Software [32] was used for the computational prediction and design of
proteins. The total energy of WT CYP119 calculated by PyRosetta was −675.3 REU, while
total energies of mutant CYP119s ranged between −675.6 REU (K30E) and −706.5 REU
(N34D/N35D) (Table S2), showing that all mutants were more stable compared to WT
CYP119. Protein–protein docking of WT and mutant CYP119s with partner protein Pdx
were also performed using PatchDock, ClusPro, HawkDock, Prism, and ZDock servers.
The servers listed above are fast and allow for global docking searches; however, models
are not accurate at the atomic level [33,34]. Therefore, the RosettaDock Server was used to
obtain more accurate results.

EMBL PISA analysis was applied to P450cam-Pdx (PDBID: 4JWS) and docked WT
CYP119-Pdx, N34E CYP119-Pdx, and N34E/D77R CYP119-Pdx complexes to understand
important interactions between the CYPs and Pdx [35]. For the P450cam-Pdx interface,
one salt bridge is identified between Arg112 and Asp38. In addition, five residues of
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P450cam were involved in H-bonds with Pdx; Glu76, Asn116, Arg109, Asp125, Arg112. In
all CYP119 structures (WT and mutants), the Arg80 and Asp38 salt bridge is preserved.
In WT CYP119, an additional H-bond is formed between Gln90 of CYP119 and Gly31 of
Pdx; this H-bond is lost in the mutant structures. Even though the N34E mutation was
designed to generate an H-bond between Glu34 and Arg66 of Pdx, this bond was not
identified in the analysis of N34E and N34E/D77R Pdx complexes. The distance between
these residues is 4.69 Å, which is longer than 4 Å, which is the limit of PISA analysis. A
dynamic analysis of the interface, which allowed different conformations, would likely
identify the expected H-bonding interaction. In the N34E/D77R CYP119-Pdx complex,
Arg77 forms two H-bonds with Trp106 and Gln105 of Pdx. In addition, the P450cam-Pdx
complex has the largest number of interfacing residues, as expected: 17 residues from
P450cam and 19 residues from Pdx. Interestingly, the N34E mutant has the largest interface
surface area and the highest number of interfacing residues (Table S5) compared to the
WT and N34E/D77R mutant. Overall, interface analysis supports our hypothesis that both
N34E and N34E/D77R mutants have a stronger interaction with Pdx compared to WT
CYP119.

Detailed analysis of the docked structures and literature analysis resulted in the
selection of three mutations: N34E, N34E/D77R, and D77R. The site-directed mutagenesis
method was applied to create these mutations. To understand if the designed mutations
resulted in increased affinity of CYP119 to Pdx, Pdx binding to WT and mutant CYP119 was
investigated. The reported Kd for Pdx binding for WT and D77R CYP119 in the presence
of lauric acid are 2.1 mM and 0.5 mM, respectively [14], consistent with our observations.
The Kd for Pdx binding for WT showed 2.4 ± 0.2 mM, while 0.11 ± 0.05 mM for N34E,
0.8 ± 0.2 mM for D77R and 0.2 ± 0.03 mM for N34E-D77R. These results provide direct
evidence that the N34E, N34E/D77R mutants bind to Pdx with higher affinity. Thus, the
increasing binding affinity of Pdx to CYP119 increased 20-fold in the N34E mutation and
12-fold in the N34E-D77R mutation (Table 2). D77R mutation confirmed around a 3-fold
increase in binding, as suggested by Koo et al. (2002) [14].

The results obtained after the alignment method of the crystal structure of Pdx and the
generated docked structures are feasible docking arrangements that are compatible with
all the currently existing data in the literature. CYPs recognize and bind small molecule
substrates considerably differently than they bind proteins. It is anticipated that the electron
transfer proteins will be attached to the CYPs on a flat surface from the proximal face of the
heme. On the other hand, the substrates bind in the heme’s protein cavity on the distal side.
Consequently, these results imply that the alignment of proteins utilized to identify the
interacting surface residues and the assumption of a conserved docking region for Pdx on
CYP119 were both appropriate. These findings are confirmed by the dissociation constants
for Pdx’s binding to CYP119, demonstrating that the N34E and N34E/D77R mutants bind
to Pdx with greater affinity.

Our results show that the N34E mutant exhibits a 20-fold increase in Pdx binding affin-
ity compared to WT CYP119. Based on this, we designed a double mutant, N34E/D77R,
building on previous findings that the D77R mutation enhances electron transfer [14]. In-
deed, the N34E/D77R mutant displayed fourfold higher affinity for Pdx compared to D77R
alone. Under equilibrium conditions, the N34E/D77R mutant showed a twofold increase
in NADH-dependent CYP reduction relative to the D77R mutant (Table 3). However, lauric
acid hydroxylation by N34E/D77R showed only a 45% increase in activity over WT CYP119
(Figure 5), whereas the D77R single mutant had previously shown a threefold increase [14].

The coupling efficiency of the mutants and WT CYP119 was also investigated by
monitoring H2O2 formation to understand the differences in electron transfer rates between
mutants. The sample with redox partners without CYP was used as a control. When
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CYP is absent, NADH reduces PdR, and PdR transfers electrons to Pdx. However, Pdx
has no terminal electron acceptor to pass them to. The reduced Pdx might pass electrons
back to PdR (thermodynamically uphill, but possible). Eventually, PdR will transfer
electrons to molecular oxygen via Pdx, producing reactive oxygen species (ROS) like
superoxide (O2

−•) or hydrogen peroxide (H2O2). In the Ampliflu™ Red assay, superoxide
was converted to hydrogen peroxide and water by excess SOD, which was followed by
resorufin formation. Hydrogen peroxide production was expected to be lower in the
presence of CYPs since they accept electrons from Pdx and reduce the substrate. In the
CYP catalytic cycle, substrate binding is followed by an electron transfer from NAD(P)H
to the heme center, enabling oxygen binding. The oxygen is reduced to a ferric peroxy
anion, then cleaved with two protons to release water and form the reactive “oxenoid”
complex. This activated oxygen atom is inserted into the substrate. Alternatively, reactive
oxygen species (ROS) such as superoxide or hydrogen peroxide can form from decay of
the iron-oxygen intermediates. Since lauric acid is not the native substrate for CYP119,
significant uncoupling and production of ROS were observed in the presence of CYP119.
Since the electron transfer from Pdx to CYP119 is more rapid than the electron transfer
from Pdx to oxygen, the addition of CYP119 resulted in an increase in H2O2 production
rate during the steady state of Pdx reduction. Faster electron transfer between CYP and
Pdx resulted in higher hydrogen peroxide production and increased resorufin formation
(Figure 6A). The difference in resorufin formation in the absence and presence of substrate
is another indicator of uncoupling. For WT CYP119, the presence of substrate did not affect
resorufin formation rate at all, indicating very high levels of uncoupling. Both D77R and
N34E/D77R mutants showed decreased hydrogen peroxide production in the presence of
lauric acid (Figure 6B); therefore, both mutants show increased coupling efficiency.

In the Ampliflu™ Red assay without substrate lauric acid, electrons transferred from
Pdx to CYP119 will lead to H2O2, which oxidizes Ampliflu™ Red to form resorufin. The
electron transfer from Pdx to CYP119 mutants can be observed indirectly through the
resorufin formation via the mechanism described above. D77R single mutant showed a
three-fold increase in resorufin formation rate compared to WT CYP119 in the absence
of lauric acid (Figure 6). This result is consistent with previous studies where a five-
fold increase in the electron transfer rate is observed for D77R CYP119 [14]. However,
the N34E/D77R double mutant shows only a two-fold increase in resorufin formation
compared to the WT; the rate of resorufin formation is lower for the N34E/D77R mutant
compared to the D77R mutant. Therefore, the N34E mutation lowered the electron transfer
rate, even though it increased the affinity for Pdx.

The effects of the N34E mutation on the surrogate redox system for CYP119 can be
understood by a more detailed analysis of the electron transfer mechanism. The first
electron transfer is likely to occur in two steps, as shown in reactions 1 and 2, where Pdxr

denotes the reduced form of Pdx and Pdxox denotes the oxidized form.

CYP1193+ + Pdxr ⇄ CYP119•Pdx (1)

CYP119•Pdx
k1→ CYP1192+ + Pdxox (2)

The D77R mutant increases both binding affinity (Ka) and electron transfer rate (k1),
resulting in a significant improvement in overall electron transfer and catalytic activity. In
contrast, the N34E mutation increases Ka, it likely reduces k1, leading to a lower electron
transfer rate. As a result, the combined N34E/D77R mutant shows only a modest increase
in activity. The introduction of a negative charge at the Pdx binding interface by the N34E
mutation may interfere with efficient electron transfer between the two proteins.
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In the case of the N34E CYP119, while the docking analysis indicated that the N34E
mutant brings the redox cofactors slightly closer (16.7 Å vs. 18.3 Å in WT CYP119–Pdx),
electron transfer activity was nonetheless reduced, suggesting that distance alone is not
the limiting factor. The introduction of a negatively charged residue at position 34 likely
perturbs the local electrostatic environment at the interface, potentially over-stabilizing the
complex or altering the reorganization energy required for efficient electron transfer. Similar
observations have been reported for CYP–redox partner systems, where enhanced elec-
trostatic attraction leads to tighter binding but diminished electron flow due to decreased
conformational flexibility and impaired formation of transient, catalytically competent
states [22,36–38]. Moreover, studies on P450cam and its redox partner putidaredoxin
have shown that productive electron transfer depends on a dynamic equilibrium between
bound and dissociated states rather than static complex stabilization [37,38]. In addition,
mutations in Pdx that significantly decreased binding affinity for ferric P450cam did not
correspondingly reduce the first electron transfer rate, suggesting that factors beyond
binding affinity influence electron transfer efficiency [23,39,40]. Thus, the N34E mutation
may lock the complex into a non-optimal, rigid configuration—favoring affinity over the
transient dynamics required for rapid electron exchange.

The effect of the D77R mutation on k1, the electron transfer rate, is supported by
previous observations. The Asp77 in CYP119 corresponds to Arg109 in P450cam; Arg109
is a crucial residue in electron transfer between P450cam and Pdx. Mutations in Arg109
resulted in a significant increase in uncoupling [21]. In addition, Arg109 maintains an
H-bond with Trp106 of Pdx. Previous studies have shown that Trp106 is crucial for electron
transfer, as W106A Pdx is completely inactive [34]. Our PISA analysis confirms H-bond
formation between Arg77 and Trp106 in the N34E/D77R mutant-Pdx complex.

These findings underscore the complexity of engineering electron transfer in CYP
systems. While we successfully engineered the CYP119 interface to achieve a novel variant
with a 20-fold increase in Pdx binding affinity, our catalytic assays revealed a critical,
non-obvious relationship: stronger binding does not necessarily translate to improved
electron transfer efficiency or catalytic turnover. The observed decoupling between binding
strength and electron-transfer rate highlights the need for a more nuanced understanding
of the structural and dynamic factors governing P450 catalysis. This insight provides
a valuable foundation for optimizing electron flow in CYP-based biocatalysts through
balanced interface design rather than solely affinity-driven mutations.

Beyond improving native systems, our results also inform the construction of artificial
redox partner networks and hybrid P450 systems with tunable electron delivery—an es-
sential step toward developing self-sufficient or light-driven P450 catalysts. Future work
integrating computational electron-transfer pathway analysis, time-resolved spectroscopy,
and directed evolution can expand these findings to other CYP families and guide the
rational engineering of next-generation P450 enzymes. Such advances will enhance the
sustainable biosynthesis of high-value products, including pharmaceuticals (e.g., corti-
sone, pravastatin, artemisinic acid) and agrochemicals, while deepening our mechanistic
understanding of biological electron transfer.

4. Materials and Methods
4.1. Materials

The pET11a containing wild type (WT) CYP119, the pET28b containing putidaredoxin
(Pdx) and putidaredoxin reductase (PdR) were gifts from Teruyuki Nagamune (Addgene
plasmid #66131, #85084, #85083, respectively) [9,41].
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4.2. Design of CYP119 Mutant Enzymes and Protein–Protein Docking

PyRosetta 3 Software was used in designing the mutants according to the protocol de-
scribed by Kestevur Dogru et al. (2023) [42]. Docking2 protocol (Local_Docking_Refine) of
RosettaDock server Rosie1 was used for the protein–protein docking experiment [31,32,40].
It necessitates two different protein structures as an input in a standard pdb format with
starting configuration and coordinates. Single mutants N34D, N34E, N35D, N35E, K30D,
K30E, double mutants N34D/D77R, N34E/D77R, N35D/D77R, N35E/D77R, K30D/D77R,
K30E/D77R, N34E/N35D, N34D/N35D and Pdx (PDBID: 1XLN) were submitted to dock
using RosettaDock server Rosie in two separate pdb files. The coordinates of the two pro-
teins were not overlapping and docking partners Cα atoms were distanced from each other
for higher than 5 Å to avoid a collision. Ten lowest-interface-energy structures were created
in each docking run and downloaded for further analysis and visualization. Obtained
complexes were aligned with the P450cam-Pdx crystal structure (with PDB id: 4JWS) and
WT CYP119 (PDB id: 1IO7)-Pdx complex to assess the prediction accuracy of the binding
site of CYP119 mutant-Pdx complexes and its correlation with these complexes. Designed
mutants’ protein–protein interactions were analyzed by the PISA program [33].

4.3. Cloning, Expression, and Purification of WT and Mutant CYP119s

Site-directed mutagenesis of CYP119 was performed using the Q5 Site-Directed Muta-
genesis Kit. The forward and reverse primers used for N34E mutation are, respectively, (mu-
tated region is labeled in boldface), 5′-GGAGGTTTTAGAGAACTTTTCGAAATTC-3′ and
5′-CAAAAGGATATCCATGTGTTT-3′, and for D77R mutation: 5′-CCCTCTCCATCGTGA
GTTAAGATCAATG-3′ and 5′- GTACGACTGGAGTCTAGG-3′. WT and mutant proteins
were expressed according to Baslar (2020) [25]. A single colony was grown overnight at
37 ◦C, 220 rpm in 100 mL of Lysogeny Broth (LB) medium with 0.1 mg/L ampicillin. The
overnight cells (5 mL) were placed into 500 mL 2xYT medium (16 g/L tryptone, 10 g/L
yeast extract, and 5 g/L NaCl at pH 6.8) and incubated at 37 ◦C, 220 rpm, until CYP119
had an OD600 of 0.8. Protein expression was induced with 1 mM of IPTG, and cells were
grown at 30 ◦C for 32 h. Cell pellets were harvested by centrifugation for 30 min at 3900 g.
Proteins were purified, according to Sakalli (2022) [43]. Frozen cell pellets (1 g) were dis-
solved in Lysis buffer (5 mL) (50 mM potassium phosphate buffer (KPi), 150 mM NaCl,
0.2 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM benzamidine HCl, 10 mM imidazole
(pH 7.5)) and sonicated for 30 s, then the cells were kept on ice for a minute. Sonication
was performed until the cells were lysed. Lysate was incubated for 1 h at 60 ◦C in a water
bath and centrifuged at 3900 rpm for 1.5 h. The supernatant was subjected to 30% and 60%
ammonium sulfate precipitation. Proteins were harvested by centrifugation at 3900 rpm
for 90 min at 8 ◦C and dissolved and dialyzed against the buffer (50 mM KPi, 20 mM NaCl,
5% glycerol).

4.4. Expression and Purification of Redox Partners Putidaredoxin and Putidaredoxin Reductase

E. coli BL 21 (DE3) cells containing pPdx and pPdR plasmids were grown according to
the method by Suzuki et al. (2016) in 5 mL of LB medium containing 1% glucose, 0.05 mg/L
kanamycin [41]. The cells were grown at 37 ◦C until OD600 attained 0.5, around 4–5 h. The
cell culture was shaker-grown in 500 mL of Terrific Broth (TB) media (12 g/L tryptone,
24 g/L yeast extract, 5 g/L glycerol) with 0.05 mg/L kanamycin at 37 ◦C and 220 rpm.
When the OD600 reached 0.8, 0.5 mM of FeCl3 was added to pPdx plasmid-containing cells,
while 0.1 mM IPTG was added to pPdR plasmid-containing plasmid-containing cells, while
0.1 mM IPTG was added to pPdR plasmid-containing cells and cell cultures were grown at
27 ◦C, 220 rpm shaker overnight. The cells were extracted by centrifugation at 3200× g for
40 min.
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Putidaredoxin (Pdx) was purified according to the method by Suzuki et al. (2016) [38].
Pdx-expressing cells were dissolved using lysis buffer (150 mM KCl, 10 mM imidazole,
1 mM benzamidine HCl, 0.2 mM PMSF, 20 mM KPi pH 7.4) and sonicated for 30 s. Cell
debris was removed at 3200 rpm for 40 min centrifugation, and resin (1 mL to each 8 mL of
supernatant) was added to the supernatant and incubated for 1 h at 4 ◦C using a rotator.
Lysate was then applied to the nickel-nitrilotriacetic acid (Ni-NTA) column. The column
was washed with wash buffer (20 mM KPi, 20 mM imidazole pH 7.4), then elution was
carried out with 5 mL of elution buffer (150 mM KCl, 300 mM imidazole, 20 mM KPi at
pH 7.4). The obtained protein was dialyzed against 20 mM KPi pH 7.4, containing 5%
glycerol. The purified Pdx was stored at −80 ◦C until use.

Putidaredoxin reductase (PdR) was purified according to protocol by Koo et al. (2002)
and Suzuki et al. (2016) [14,41]. Harvested cells were lysed with lysis buffer (150 mM KCl,
10 mM imidazole, 1 mM benzamidine HCl, 0.2 mM PMSF, 20 mM KPi) and sonicated for
30 s, followed by 1 min incubation on ice. Sonication was performed until cells were lysed,
and cell lysate was centrifuged at 3200 rpm for 40 min. The supernatant was subjected to
30% and 70% ammonium sulfate cuts. PdR cell pellets were dissolved in lysis buffer, and
1 mL resin was added to each 8 mL supernatant and rotated for 1 h at 4 ◦C. Lysate was then
applied to a 5 mL Ni-NTA column. The column was washed with wash buffer (20 mM KPi,
20 mM imidazole), then proteins were eluted with 5 mL of elution buffer (150 mM KCl,
300 mM imidazole, 20 mM KPi). The dialysis was performed against 20 mM KPi buffer at
pH 7.4, containing 5% glycerol. The purified PdR was stored at −80 ◦C until use [9].

4.5. UV–Visible Spectral Analysis of WT and Mutant CYP119s

WT and mutant CYP119s in 50 mM KPi at pH 7.5 were examined under the UV–visible
spectra. Scanning Spectrophotometer 1600PC (VWR International, Shanghai, China) was
utilized for analysis. Optical spectra of each sample were recorded. CYP119 concentration
was calculated using the extinction coefficient (ε415nm = 104 mM−1 cm−1) [25].

4.6. UV–Visible Spectral Analysis of Putidaredoxin and Putidaredoxin Reductase

Isolated Pdx and PdR (1 µM) were examined with UV–visible spectra in 50 mM KPi
at pH 7.4. UV–visible spectroscopy was carried out using a 1600PC Scanning Spectropho-
tometer. The concentration of Pdx was calculated using its known extinction coefficient
(ε412nm = 11.0 mM−1 cm−1) at 412 nm [11]. The concentration of PdR was calculated from
its extinction coefficient at 455 nm (ε455 = 10.9 mM−1 cm−1) [44]. Alternatively, extinction
coefficient ε378 = 9700 M−1 cm−1 and ε454 = 10,000 M−1 cm−1 for PdR can be used [11].

4.7. Lauric Acid Binding to WT and Mutant CYP119s

Binding constants of WT CYP119 and mutants N34E, D77R, and N34E/D77R with
the substrate, lauric acid, have been identified using difference spectroscopy. All experi-
ments were performed at room temperature. Samples contained 1.5 µM enzyme in 50 mM
KPi buffer at pH 7.4. An overall volume of 7 mL was divided into two glass cuvettes,
each 3.5 mL, after incubating samples for 10 min. Lauric acid stock in dimethyl sulfoxide
(DMSO) was added stepwise with final concentrations (0, 10 µM, 20 µM, 30 µM, 40 µM,
50 µM, 80 µM, 110 µM, 140 µM, 170 µM, 200 µM) to the enzyme’s solution and incubated
for 5 min at room temperature before UV–visible spectra were taken. Reference cuvettes
contained the samples where the substrate volume of DMSO was added. The final DMSO
concentration was less than 1% of the total volume of the solution. UV spectra of all
samples were measured between 350 nm and 650 nm, and the absorbance shift was fol-
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lowed between 386 nm and 418 nm. Next, by fitting plots of ∆386–∆418 against substrate
concentration to Equation (3), the dissociation constant (Kd) was calculated.

∆A = Amax(
Kd + [E] + [L]−

√
(Kd + [E] + [L])2 − 4[E][L]

2[E]

)
(3)

4.8. Putidaredoxin Binding to WT and Mutant CYP119s

UV–visible spectra of the total volume of 700 µL solution containing 10 mM KPi buffer
(pH 7.4), 1 mM lauric acid, and 1.5 µM WT or mutant CYP119 were measured. The reference
cuvette contained the same solution except for WT or mutant CYP119 enzymes. Pdx of
0.5 mM was added stepwise to both cuvettes from 70 µM to 500 µM final concentration.
Difference spectra were measured between 200 and 750 nm, and the absorbance shift was
followed between 440 nm and 414 nm. The dissociation constant (Kd) was calculated by
plotting the shift in ∆440–∆414 against the substrate concentration to the quadratic equation
shown in Equation (3).

4.9. Assessment of Electron Transfer from Putidaredoxin to WT and Mutant CYP119s

The efficiency of the electron transfer between Pdx and CYP119 (WT or mutants) was
determined by comparing the absorbances at 450 nm of the CO (carbon monoxide)-complex
of WT or mutant CYP119 reduced with the Pdx-PdR redox system, with the CO-complex
of CYP119 reduced with sodium dithionite. Reference cuvette contained CYP119 (2 µM) in
700 µL KPi buffer (pH 7.4), while control cuvette contained CYP119 (2 µM) in CO-bubbled
700 µL KPi buffer (pH 7.4). Solid sodium dithionite (around 0.5–1 mg solid per milliliter of
the microsomal mixture) was added to the solution to convert the ferric form of CYP119
into the ferrous form and gently mixed by pipetting. The CO treatment of KPi buffer was
conducted at 1 bubble/s speed for 30 min prior to reduction with sodium dithionite.

Sample cuvette contained CYP119, mixed with redox partners Pdx and PdR at an
optimized ratio of 1:10:2—CYP119:Pdx:PdR (2 µM CYP119, 20 µM Pdx and 4 µM PdR) in
phosphate buffer (pH 7.4). NADH was added to achieve a final concentration of 0.5 mM [45].
The CO treatment of KPi buffer was conducted at 1 bubble/s speed for 30 min prior to
reduction with NADH. The reduced CYP119 concentration in the sample was determined
using Equation (4), rearranged from Beer’s Law (A = εcl), where ( ∆A450 − A490)reduced,
CO—absorbance at (450–490 nm) when reduced using dithionite, CO [46].

∆(A450 − A490)reduced, CO

91µmol
mL × 1cm

× 1000
nmol
µmol

=
nmolCYP119

mL
(4)

4.10. Fatty Acid Hydroxylation of WT and N34E/D77R CYP119

CYP119 (500 nM) was mixed with 10 µM Pdx, 500 nM Pdr, 1 mg/mL catalase, and
200 µM lauric acid in 500 µL of 50 mM phosphate buffer (pH 7). NADH was added to
start the reaction at a final concentration of 3 mM. The reaction mixtures were incubated at
37 ◦C for 30 min. The reactions were stopped by adding 500 µL of 6% HCl. The solution
was incubated on ice for 10 min, and 12-hydroxydodecanoic acid (10.8 µg) was added as
an internal standard. The reaction suspension was extracted (3 × 500 mL ethyl acetate),
and the organic phase was evaporated. The dried organic extracts were derivatized by
the addition of BSTFA (15 µL) and dry ethyl acetate (35 µL) and incubation at 60 ◦C for
2 h. The trimethylsilyl (TMS) derivatives were subjected to GC-FID. GC-FID analyses were
carried out using an 6890N gas chromatograph (Agilent Technologies, Santa Clara, CA,
USA) equipped with a flame ionization detector (FID) and an injector in combination with
7683 Series autosampler (Agilent Technologies, Santa Clara, CA, USA). An HP-5 column
(30 m × 320 µm, 0.25 µm film thickness; J&W Scientific, Agilent Technologies, Santa Clara,
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CA, USA) was used, with helium as the carrier gas. Samples were injected with a split ratio
of 10, at an injector temperature set to 280 ◦C, the detector temperature was 320 ◦C, and the
injection volume was 0.5 µL. The oven temperature was initially set to 70 ◦C and held for
1 min, then ramped quickly to 190 ◦C at a rate of 15 ◦C/min. This was followed by a slower
increase to 250 ◦C at 2 ◦C/min, and finally a rapid rise to 300 ◦C at 15 ◦C/min, where it
was held for 2 min. Lauric acid, 12-hydroxydodecanoic acid (12-hydroxylauric acid), and
11-hydroxydodecanoic acid (11-hydroxylauric acid) eluted at 10.4, 15.5, and 16.2 min. The
identity of the main product, 11-hydroxylauric acid, was confirmed by GC/MS analysis.
Lauric acid was quantified using standard solutions.

4.11. Investigation of Uncoupling and Electron Transfer of WT and Mutant CYP119s

Ampliflu™ Red assay described by Morlock et al. was used to investigate the effects
of mutations on the uncoupling of the CYP119 and mutant reactions with Pdx and PdR [15].
The assay included the following: 1 µM WT or mutant CYP119, 5 µM Pdx, 0.5 µM PdR,
when present, 200 µM lauric acid, 20 U/mL superoxide dismutase (SOD), as well as 50 µM
Ampliflu™ Red and 0.2 U horseradish peroxidase (HRP) in 50 mM Kpi buffer pH 7.4, and
controls included the same mixture, except for CYP119 and except for substrate (lauric
acid). The reaction was initiated by the addition of 50 µM NADH [14,44]. UV–visible
spectra between 300–600 nm were measured with an interval of 10 nm on a 96-well plate
reader for 2 h at room temperature with 30 s intervals.
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SDM Site-Directed Mutagenesis
IPTG Isopropyl β-D-1-thiogalactopyranoside
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PdR Putidaredoxin reductase
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