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A B S T R A C T   

The cytochrome P450 enzymes (CYPs) are heme-thiolate monooxygenases that catalyse the insertion of an ox-
ygen atom into the C–H bonds of organic molecules. In most CYPs, the activation of dioxygen by the heme is 
aided by an acid-alcohol pair of residues located in the I-helix of the enzyme. Mutation of the threonine residue of 
this acid-alcohol pair of CYP199A4, from the bacterium Rhodospeudomonas palustris HaA2, to a glutamate residue 
induces peroxygenase activity. In the X-ray crystal structures of this variant an interaction of the glutamate side 
chain and the distal aqua ligand of the heme was observed and this results in this ligand not being readily 
displaced in the peroxygenase mutant on the addition of substrate. Here we use a range of bulky hydrophobic 
and nitrogen donor containing ligands in an attempt to displace the distal aqua ligand of the T252E mutant of 
CYP199A4. Ligand binding was assessed by UV–visible absorbance spectroscopy, native mass spectrometry, 
electron paramagnetic resonance and X-ray crystallography. None of the ligands tested, even the nitrogen donor 
ligands which bind directly to the iron in the wild-type enzyme, resulted in displacement of the aqua ligand. 
Therefore, modification of the I-helix threonine residue to a glutamate residue results in a significant 
strengthening of the ferric distal aqua ligand. This ligand was not displaced using any of the ligands during this 
study and this provides a rationale as to why this mutant can shutdown the monooxygenase pathway of this 
enzyme and switch to peroxygenase activity.   

1. Introduction 

The cytochrome P450 enzymes (CYPs) are heme-thiolate mono-
oxygenases whose predominant role is to insert an oxygen atom into 
C–H bonds. [1] They do this by using dioxygen which is activated by the 
heme-thiolate system after sourcing two electrons (from nicotinamide 
cofactors) and two protons. [2] In excess of one million P450s have been 
discovered across all kingdoms of life including archaea, fungi, bacteria, 

animals, plants and even viruses. [3–5] The P450 superfamily is 
exceptionally versatile and its members can catalyse a range of other 
oxidation and reduction reactions including epoxidation, desaturation, 
dealkylation, heteroatom oxidations and C–C bond formation. [6–8] 
They can be modified to perform unnatural reactions such as cyclo-
proponation and amination. [9–12] Therefore, CYPs have significant 
potential as biocatalysts, and significant efforts are underway to develop 
them for biocatalytic oxidations either in vitro or using whole-cell 
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systems. [13–15] 
The catalytic cycle of these enzymes has multiple steps including 

separate substrate and dioxygen binding steps, two individual single 
electron transfers and two proton delivery events. [16,17] The 
requirement for two electron transfers, at distinct moments in the cat-
alytic cycle, necessitates the use of additional electron transfer proteins 
to control their delivery from the two electron donating nicotinamide 
cofactors (NAD(P)H). In certain instances, the electron transfer cofactor 
domains (generally Fe–S clusters or flavins) can be fused to the CYP 
heme domain, such as in the CYP102A and CYP116B subfamilies of CYP 
enzymes. [18,19] 

In most CYPs, the delivery of the protons is controlled by an acid- 
alcohol pair of residues located in the I-helix of the enzyme. [20–25] 
The alcohol residue (threonine or serine) is believed to stabilise the 
ferric-hydroperoxo intermediate, Compound 0 (Cpd 0), and to alter the 
pKa of the distal oxygen to support protonation at this site. [20,26] The 
role of the acidic residue is hypothesised to be in the shuttling of protons 
from the surface of the enzyme into the active site to facilitate the two 
protonation steps. [26] Mutation of the acid residue (aspartate or 
glutamate) to an amide reduces the rate of the catalytic cycle signifi-
cantly. [27] 

The requirement for electrons, and therefore the ancillary partner 
proteins, and the nicotinamide cofactors can be eliminated by using 
peroxides to generate Cpd 0, via a shunt pathway, [28] therefore 
bypassing several steps of the catalytic cycle. [29,30] Subsequent pro-
tonation of Cpd 0 at the distal oxygen induces heterolytic cleavage of the 
O–O bond to yield the reactive oxy-ferryl porphyrin radical cation spe-
cies Compound I (Cpd I) with release of a water molecule. [31] Cpd I 
abstracts a hydrogen from the substrate via the radical rebound mech-
anism to yield the hydroxylated product. [32,33] Other oxidants such as 
tert-butyl hydroperoxide (tBuOOH), [34] meta-chloroperbenzoic acid 
(mCPBA) and iodosylbenzene (PhIO) can also be used to drive catalysis 
with some of these generating Cpd I directly. [28,35] 

However, with most CYPs, the pathways using such peroxides or 
other reactive oxygen donors are inefficient. These reactive oxygen 
species can cause degradation of the heme (heme bleaching) or react 
with other residues of the protein resulting in enzyme inactivation. [36] 
A small subset of CYPs, including the fatty acid oxidising P450BSβ 
(CYP152A1), P450SPα (CYP152B1), P450CLA (CYP152A2) and P450 
OleTJE (CYP152L1), have evolved to function as peroxygenases using 
H2O2 to drive enzyme activity. [37] These enzymes use the carboxylate 
group of the fatty acid substrate to reorganise the protons on the 
hydroperoxy or hydrogen peroxide intermediates to generate Cpd I. 
Recently, the CYP255 family of cytochrome P450 enzymes, in which the 
acid-alcohol pair of residues are replaced with an amide and an acid 
residue, respectively, were demonstrated to function as efficient per-
oxygenases in addition to having monooxygenase activity and redox 
partners. [38,39] Other heme peroxygenase enzymes, contain an acid- 
base residue (histidine, aspartate or glutamate) above the heme for 
this function. [40–43] Attempts to engineer CYP enzymes for perox-
ygenase activity have been met with limited success. [44–47] The var-
iants generated so far are often susceptible to destruction by H2O2. [36] 
Recently, mutation of the conserved threonine, of the acid alcohol pair 
of several CYPs, to a glutamate has been demonstrated to facilitate 
peroxygenase activity. [45,48] Peroxygenase activity was then engi-
neered into the CYP enzyme CYP199A4 from the bacterium Rhodo-
speudomonas palustris HaA2. [49–51] The T252E variant of CYP199A4 
displayed catalytic peroxygenase activity for the oxidative demethyla-
tion of 4-methoxybenzoic acid and veratric acid. [49,52–54] 

When a suitable hydrophobic substrate binds to a CYP enzyme it 
displaces the distal water ligand which results in a shift from the low- 
spin (LS) to the high-spin (HS) ferric form. This can be monitored by 
UV–visible (UV–Vis) spectroscopy predominantly by the blue shift in 
Soret band and other spectral changes in the α/β-band region (a Type I 
shift). [55,56] For example, addition of 4-methoxybenzoic acid to 
CYP199A4 induces a > 95% spin-state shift from the low-spin (LS) to the 

high-spin (HS) form indicating that it displaces the distal aqua ligand. 
However, addition of this substrate to the T252E peroxygenase mutant 
results in only a ~ 5% shift to the HS state. While the wild-type (WT) 
enzyme converts 4-methoxybenzoic acid to 4-hydroxybenzoic acid using 
the monooxygenase pathway at a rate in excess of 1000 min− 1 the 
T252E variant demonstrate negligible monooxygenase activity. [53] 
The structures of CYP199A4 WT enzyme and the T252E variant in 
complex with 4-methoxybenzoic have been solved by X-ray crystallog-
raphy to elucidate the binding mode of substrates, and rationalise the 
spectroscopic changes and the altered activity as described above. 
[49,50,52] It was observed that in the T252E variant the 6th heme aqua 
ligand was not displaced by the addition of substrate. This results in this 
P450 peroxygenase mutant being difficult to reduce and this inhibits 
dioxygen bonding and subsequent monooxygenase activity. [17,57,58] 
Based on the X-ray crystal structure and electron paramagnetic reso-
nance (EPR) one of the reasons why this water molecule remains bound 
is an interaction with the carboxylate group of the introduced glutamate 
residue. [59] 

In this paper we test how tightly the aqua ligand of the T252E variant 
of CYP199A4 is bound to the ferric heme by investigating the binding of 
a range of different benzoic acid derivatives. We investigate substrates 
with larger and more hydrophobic substituents than 4-methoxybenzoic 
acid. We also tested benzoic acid derivatives which have been shown to 
directly coordinate to the heme through a nitrogen donor ligand. The 
interactions of these ligands with the enzyme were tested using a com-
bination of methods including UV–Vis absorbance and EPR spectros-
copies, mass spectrometry and X-ray crystallography. 

2. Experimental methods 

2.1. General 

4-Methoxybenzoic acid and 4-t-butylbenzoic acid were from Tokyo 
Chemical Industry (TCI), and 4-benzylbenzoic acid, 4-thiophen-3-ylben-
zoic acid, 4-pyridin-2-ylbenzoic acid, pyridin-3-ylbenzoic acid, 4-(1- 
hydroxyethyl)benzoic acid and 4-(2-hydroxyethyl)benzoic acid were 
from Fluorochem Ltd. 4-Cyclohexylbenzoic acid, 4-benzoylbenzoic acid 
and 4-phenylbenzoic acid were from Alfa Aesar, and 4-(1H-imidazol-1- 
yl)benzoic acid was from Maybridge (Thermo Fisher Scientific). 4-Ethyl-
benzoic acid, 4-vinylbenzoic acid, 4-methylthiobenzoic acid and 4-iso-
propylbenzoic acid were from Sigma-Aldrich. Sodium dithionite, 
ethanol, DMSO and hydrogen peroxide (30% w/w) were from Chem- 
Supply. Bovine liver catalase was from Sigma-Aldrich, and NADH 
disodium salt trihydrate was purchased from VWR International, LLC. 
Tris (ultrapure grade), dithiothreitol (DTT), and isopropyl β-D-1-thio-
galactopyranoside (IPTG) were from Astral Scientific. Trifluoroacetic 
acid (TFA) was from Sigma-Aldrich and acetonitrile (HPLC grade) was 
from Ajax Finechem. Paratone-N oil (Parabar 10,312) and PEG (poly-
ethylene glycol) 3350 were from Hampton Research, and MicroMounts, 
MicroLoops and MicroTools were purchased from MiTeGen, LCC. High 
vacuum grease was from Dow Corning. 

A Cary 60 UV–Vis spectrophotometer (Agilent Technologies) 
coupled to a Peltier unit was used to record UV–Vis spectra and kinetic 
traces at 30 ± 0.5 ◦C; a quartz cuvette was used with a path length of 10 
mm. Analytical high-performance liquid chromatography (HPLC) was 
performed using a Kinetex XB-C18 reversed-phase liquid chromatog-
raphy column (100 Å pore size, 250 × 4.6 mm, 5 μm; Phenomenex). A 
gradient of 20–95% acetonitrile in water (with 0.1% TFA) was used to 
elute the samples at a rate of 1 mL min− 1 and the eluate was monitored 
at 254 nm. The instrument used was an Agilent 1260 Infinity system. 

2.2. Production and purification of CYP199A4 

The T252E mutant of CYP199A4 was produced and purified ac-
cording to the published procedure. [60,61] The purified P450 enzyme 
was filter-sterilized using a Minisart Syringe Filter (pore size: 0.2 μm) 
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and stored in ~50% glycerol at − 20 ◦C. Before use, aliquots of the T252E 
CYP199A4 stock solution were desalted by gel filtration chromatog-
raphy, using a PD-10 desalting column (Cytiva) and Tris-HCl buffer (50 
mM, pH 7.4) as the eluent. The P450 was quantified using an extinction 
coefficient of ε419 = 119 mM− 1 cm− 1. [60] 

2.3. Substrate binding and dissociation constant analysis 

The UV–Vis absorbance spectral shifts induced by binding potential 
substrates to T252E CYP199A4 were measured as described previously. 
[61] A baseline spectrum was first recorded with Tris-HCl buffer (50 
mM, pH 7.4) and the UV–Vis absorption spectrum of 500 or 600 μL of a 
desalted T252E CYP1994 solution (~1 μM) was recorded from 700 to 
250 nm. Other experiments were also done in 50 mM Tris-HCl, 8.0 or 9.0 
or 50 mM Bis-Tris buffer, pH 5.5. The UV–Vis scan rate was 600 nm/min 
and the data interval was 1 nm. Substrate (1–10 μL aliquots) was added 
from a 25-, 50- or 100-mM substrate stock solution (recording the 
UV–Vis spectrum after each addition) until no further spectral change 
occurred. For methyl p-anisate, a 25 mM stock solution was prepared in 
ethanol. For 4-pyridin-3-ylbenzoic acid, a 50 mM stock solution was 
prepared in DMSO, whereas a 100 mM stock solution of 4-pyridin-2- 
ylbenzoic acid was prepared in DMSO. For 4-(1H-imidazol-1-yl)ben-
zoic acid, a 25 mM stock solution was prepared in Tris buffer (50 mM, 
pH 9.5). For the other substrates, a 100 mM stock solution was prepared 
in EtOH/DMSO. The change in the UV–Vis absorbance spectrum of 
WTCYP199A4 induced by sterically bulky substrates were measured for 
comparison. 

UV–Vis titrations were performed according to the published method 
to determine the substrate binding affinity (Kd values). [60] Each 
titration was performed in triplicate using a Cary 60 UV–Vis spectro-
photometer. The UV–Vis scan rate was 600 nm/min and the data in-
terval was 1 nm. Kd values were determined for 4-methoxybenzoic acid, 
4-vinylbenzoic acid, 4-methylthiobenzoic acid, 4-ethylbenzoic acid, 4- 
cyclohexylbenzoic acid, 4-t-butylbenzoic acid, 4-pyridin-2-ylbenzoic 
acid and 4-pyridin-3-ylbenzoic acid with T252E CYP199A4. First, a 
baseline spectrum was recorded using 2.5 mL of a solution of T252E 
CYP199A4 in Tris-HCl buffer (50 mM, pH 7.4) (P450 concentration: 
1.5–2.8 μM). Aliquots (0.5–5 μL) of a 1-, 10- or 100-mM substrate stock 
solution (in EtOH/DMSO) were successively added using a Hamilton 
syringe. A maximum of >10 μL of each stock solution was added to avoid 
significantly diluting the enzyme. (Note that for the 4-pyridin-2-ylben-
zoic acid titration, 0.1, 1 and 10 mM stock solutions in DMSO were 
used). The UV–Vis difference spectrum was recorded after each addition 
of substrate from 600 to 300 nm. The peak-to-trough absorbance dif-
ference (ΔA = Apeak – Atrough) was then plotted against the substrate 
concentration [S]. All substrates displayed tight binding (Kd ≤ 5 ×
[P450]) and the data were therefore fitted to the Morrison tight-binding 
equation: 

ΔA = ΔAmax ×
[E] + [S] + Kd −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

([E] + [S] + Kd )
2
− 4[E][S]

√

2[E]

where [E] is the P450 concentration, Kd is the dissociation constant, [S] 
is the substrate concentration, ΔA is the peak-to-trough absorbance 
difference and ΔAmax is the maximum peak-to-trough absorbance 
difference. 

2.4. X-ray crystallography 

X-ray crystal structures of T252E CYP199A4 bound to the sterically 
bulky substrates were obtained by following the published method. 
[60,61] A desalted solution of T252E CYP199A4 in Tris-HCl buffer (50 
mM, pH 7.4) was first concentrated to 35–40 mg/mL using a Microsep 
Advance centrifugal device with a 10 kDa MWCO membrane (Pall 
Corporation). The concentrated protein was complexed with 2–4 mM 
substrate (added from a 100 mM stock solution in EtOH/DMSO). Each 

P450-ligand complex was crystallised via the hanging-drop vapour- 
diffusion method, using 24-well trays and the previously reported 
crystallisation conditions. Hanging drops consisted of 1 μL of the 
protein-ligand complex mixed with 1 μL of the reservoir solution. Each 
drop was equilibrated against a 500 μL aliquot of reservoir solution at 
16 ◦C. The reservoir solution contained: 100 mM Bis-Tris buffer (pH 
5.00, 5.25, 5.50 or 5.75), 0.2 M magnesium acetate, and 20, 23, 26, 29, 
30.5 or 32% PEG (polyethylene glycol) 3350. Crystals were harvested 
using MicroMounts or MicroLoops, coated in Paratone-N oil as the 
cryoprotectant and flash frozen in liquid nitrogen. Diffraction data for 
the crystal of 4-(pyridin-2-yl)benzoic acid-bound T252E CYP199A4 was 
collected on the MX1 beamline at the Australian Synchrotron. [62] The 
data for the crystals of T252E CYP199A4 bound to 4-thiophen-3-ylben-
zoic acid and 4-benzylbenzoic acid was collected on the MX2 beamline. 
[63] The exposure time was 1 s, oscillation angle 1◦ and wavelength 
0.9537. For the 4-pyridin-2-ylbenzoic acid structure, iMosflm [64] was 
used to index and integrate the data, and the data were then scaled and 
merged using Aimless (part of the CCP4 suite of programs). [65] For the 
4-thiophen-3-ylbenzoic acid and 4-benzylbenzoic acid structures, the 
data were automatically processed at the Australian Synchrotron using 
xdsme and Aimless. [66,67] PhaserMR in the CCP4 suite of programs 
was used to solve the structure by the molecular replacement method. 
[68] A high-resolution (1.54-Å resolution) structure of CYP199A4 (PDB 
code: 5UVB, with the heme, chloride, 4-cyclopropylbenzoic acid sub-
strate and waters deleted) was used as the search model. Positive density 
in the difference map revealed the position of the Glu252 side chain and 
the ligand in the active site. Coordinates and restraints for the ligand 
were generated using Phenix eLBOW [69] and the protein model was 
manually rebuilt in Coot. [70] Refinement was performed using phenix. 
refine and this was followed by multiple rounds of manual rebuilding in 
Coot and refinement to improve the model. [71] Solvent was added 
automatically using phenix.refine and positive density in the anion 
binding site of CYP199A4 was modelled as a chloride ion. [49] The 
validation tool MolProbity [72] was used to assess the quality of the 
model before the structure was deposited into the Protein Data Bank 
(www.rcsb.org). Composite omit maps and feature-enhanced maps were 
generated using Phenix. [73–75] Images of the refined crystal structures 
were generated using PyMOL. [76] 

2.5. NADH activity assays 

In vitro NADH activity assays for WT and T252E CYP199A4 with 4- 
ethylbenzoic acid were performed according to the previously 
described method. [60] Reactions were performed at 30 ◦C on a 600 μL- 
or 1200 μL-scale in a quartz cuvette and contained 0.5 μM CYP199A4 
(WT or T252E mutant), 5 μM HaPux, 0.25 μM HaPuR and 100 ng μL− 1 

bovine liver catalase in freshly oxygenated Tris-HCl buffer (50 mM, pH 
7.4). This solution was used to set the absorbance reading of the UV–Vis 
spectrophotometer at 340 nm to zero. The mixture was incubated at 
30 ◦C for 2 min before NADH was added to a concentration of ~320 μM, 
corresponding to an absorbance of ~2.0. The rate of NADH background 
oxidation (the ‘leak’ rate) was measured before initiating the reaction. 
To start the reaction, 1 mM substrate was added from a 100 mM stock in 
EtOH/DMSO and NADH depletion was monitored at 340 nm. The rate of 
NADH consumption (N) by the P450 enzyme in units of (μM-NADH) 
(μM-P450)− 1 min− 1 was calculated from the slope of the graph of 
Abs340 versus time using an extinction coefficient of ε340 = 6.22 mM− 1 

cm− 1. The units are abbreviated to min− 1. 

N =

ΔAbs340
Δtime × 1000 × 2

6.22 

A modified method was used for the T252E mutant. The rate of 
NADH consumption by the T252E mutant was exceedingly slow and 
therefore half the amount of NADH (~160 μM rather than 320 μM) was 
added to each reaction. After substrate was added, NADH consumption 
was monitored by UV–Vis spectroscopy at 30 ◦C for the first ~15 min. 
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The reaction mixture was then left at room temperature until all NADH 
had been consumed. NADH consumption rates reported for the T252E 
mutant are the initial rates over the first 10 min. Control reactions were 
also performed in which either the P450 or NADH was omitted from the 
turnover mixture (replaced with the same volume of buffer). 

Products were identified and quantitated by HPLC. To prepare 
turnover mixtures for HPLC analysis, 132 μL of the in vitro turnover 
mixture was mixed with 66 μL of MeCN (acetonitrile) and 2 μL of in-
ternal standard (10 mM 9-hydroxyfluorene in EtOH) and centrifuged to 
remove particulate matter. Products were identified by co-elution with 
pure authentic samples of the expected oxidation products. Calibration 
curves were constructed to quantify the product. If authentic samples of 
the oxidation products were unavailable, calibration curves were con-
structed using structurally similar compounds to estimate the amount of 
product. Pure authentic 4-oxiran-2-ylbenzoic acid was unavailable so 
this product was quantified using 4-(1-hydroxyethyl)benzoic acid. 

2.6. H2O2-driven reactions 

4-Hour reactions were performed at 30 ◦C in duplicate on a 600-μL 
scale and contained 1 mM 4-benzylbenzoic acid (added from the 100 
mM stock solution in EtOH/DMSO), 3 μM of CYP199A4 and 50 mM 
H2O2 (added from a freshly prepared 200 mM H2O2 stock solution) in 
Tris-HCl buffer (50 mM, pH 7.4). The H2O2 was added last to initiate 
each reaction. Control reactions were also performed that omitted the 
P450 (which was replaced with an equal volume of Tris buffer) or 
contained 3 μM CYP101B1 instead. (An extinction coefficient of ε417 =

113 mM− 1 cm− 1 was used to quantify the CYP101B1 protein.) A control 
reaction was also performed using 3 μM denatured T252E CYP199A4, 
which was first heated at 80 ◦C for 45 min to denature it. After 4 h, a 132 
μL aliquot of each reaction mixture was quenched by mixing it with 10 
μL of bovine liver catalase solution (10 mg/mL) and 66 μL of acetoni-
trile. The samples were centrifuged to eliminate precipitate/particulate 
matter and were analysed by HPLC using a gradient of 20–95% aceto-
nitrile (MeCN) in H2O (with 0.1% TFA). 

2.7. UV–Vis absorbance spectra of ferrous T252E CYP199A4 in complex 
with substrates and type II inhibitors 

The UV–Vis absorbance spectrum of 1 mL of a solution of T252E 
CYP199A4 was recorded as described above and the protein was then 
saturated with substrate/inhibitor (≥1 mM). Sodium dithionite was 
added to reduce the heme and the spectrum of the ferrous P450 complex 
was recorded. 

In case the T252E mutant was not being reduced by this method, we 
attempted to reduce the T252E mutant more fully by incubating it with 
dithionite on ice before addition of substrate. The UV–Vis spectrum of 
500 μL of substrate-free T252E CYP199A4 in 50 mM Tris-HCl buffer (pH 
7.4) was recorded and a half spatula-tipful of dithionite was then added 
to reduce the P450. The solution was incubated on ice for 10–30 min. 
The reduced P450 was subsequently saturated with ligand (≥1 mM) and 
the spectrum of the ferrous T252E CYP199A4-ligand complex was 
recorded. After addition of 4-pyridin-3-ylbenzoic acid, the mixture was 
incubated on ice for a further 30 min before the spectrum was recorded. 

2.8. Native MS 

All native mass spectrometry experiments were performed on a 
linear trap quadrupole-orbitrap MS (LTQ Orbitrap XL; Thermo Fisher 
Scientific, MA, USA) that was equipped with a nanoelectrospray ioni-
zation source. Nanoscale ion emitters were prepared from borosilicate 
glass capillaries (Harvard Apparatus, 1.2 mm o.d., 0.68 mm i.d.) with 
inner tip diameters of 250 nm using a microcapillary puller (Model P-97, 
Sutter Instruments, Novato, CA, USA). The borosilicate ion emitters 
were coated with a thin layer of gold and palladium at a molar ratio of 
1:1 using a metal sputter coater (Scancoat Six, Edwards, UK). For nESI- 

MS experiments, each capillary emitter was loaded with ~3 μL of the 
sample solution using an autopipette (10 μL capacity, Eppendorf, Ger-
many) and tip (20 μL capacity GELoader, Eppendorf, Germany). nESI 
emitters were positioned ~2 mm on axis from the heated capillary 
entrance (250 ◦C) to the MS. A voltage of +0.8 to +1.5 kV was applied to 
the nESI emitters relative to the capillary entrance of the mass spec-
trometer and a maximum ion accumulation time of 500 ms was used 
throughout. For native mass spectra, triplicate measurements were ac-
quired for 2–3 min using three different ion emitter tips. For each mass 
spectrum, peak areas corresponding to the unbound and ligand-bound 
proteins were integrated using MATLAB (version 2017a, MathWorks, 
USA). The dissociation constants from native MS data for ligand binding 
to the CYP199A4 and T252E mutant were obtained using an analytical 
derived equation: [77]. 

Kd,i =

∑

n
Pn+

∑

n
PLn+

i

⎛

⎝[Li]0 −

∑

n
PLn+

i
∑

n
Pn+ +

∑

i

∑

n
PLn+

i
[P]0

⎞

⎠ (1)  

in which Kd,i corresponds to the dissociation constant of the ith ligand 
(Li); Pn+ and PLn+

i correspond respectively to the ion abundances of the 
unbound protein and Li-bound complex; and [Li]0 and [P]0 correspond to 
the initial concentrations of the ligands and protein, respectively. 

2.9. EPR spectroscopy 

X-band (νaverage = 9.75162 GHz) CW EPR was performed at 15 K 
using a Bruker E500 spectrometer in a Bruker spherical SHQ cavity and 
liquid helium cryostat (from Oxford Instruments). CW EPR data was 
measured with a modulation amplitude of 0.5 mT, a 100 kHz modula-
tion frequency, and under non-saturating conditions. Calibration of the 
magnetic field was performed with a 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) standard, g = 2.0036. 

Pulse X-band (νaverage = 9.73907 GHz) EPR spectra were measured at 
12.5 K using a Bruker E580 spectrometer in a 4 mm Bruker split-ring 
dielectric pulse resonator with a 1 kW TWT microwave amplifier as 
described previously. [78] EPR data were processed using MATLAB 
9.10.0.1602886 (R2021a) (The MathWorks, Inc.). 

3. Results and discussion 

3.1. Binding of para-substituted benzoic acid substrates to T252E 
CYP199A4 

The changes in the UV–Vis absorbance spectrum induced by binding 
various other para-substituted benzoic acids to T252E CYP199A4 were 
measured to determine whether these substrate can displace the 6th 
water/hydroxide (H2O/OH− ) ligand (Table 1, Fig. 1 and Fig. S1). 4- 
Vinyl-, 4-methylthio-, 4-ethyl-, and 4-isopropyl-benzoic acid are re-
ported to all induce large (≥70% - 95%) type I shifts when they bind to 
WT CYP199A4 (Table 1). [50,53] 

Table 1 
The changes in the UV–Vis absorbance spectrum induced by binding of various 
substrates to the T252E mutant of CYP199A4. Shifts for the WT enzyme, pre-
viously reported by others, are included for comparison. [52,53,80] Several 
substrates induced small red-shifts in the Soret band maximum (λmax) of T252E 
CYP199A4; these red-shifts are shown in Fig. S1.  

Substrate UV–Vis Spectral Changes (% HS) 

T252E WT 

4-methoxyBA 5% ≥95% [53] 
4-ethylBA <5% ≥95% [52] 
4-vinylBA ~0.5 nm red-shift 80% 
4-methylthioBA ~1.5 nm red-shift 70% [52] 
4-methoxybenzamide 5% ≥95% [80] 
methyl p-anisate <5% <5% [80]  
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4-Ethylbenzoic acid, which has a more hydrophobic substituent and 
may be more likely to displace the ferric heme-bound aqua ligand, 
induced only a minor type I shift (<5%) (Fig. S1). No changes occurred 
in the α/β band region. Addition of several of these substrates resulted in 
a small red-shift of the Soret band. A spectrum with a red shifted Soret 
can result when a stronger field ligand than water coordinates to the 
ferric iron of the heme. [79] The sulfur-containing ligand 4-methylthio-
benzoic acid red-shifted the Soret band by ~1.5 nm (Fig. S1). 4-Vinyl-
benzoic acid induced a smaller (~0.5 nm) red-shift (Figs. S1a). 

In case the mutation had substantially altered the active-site struc-
ture and the enzyme was now unable to bind benzoic acid derivatives, 
we tested substrates with alternative functional groups para to the 
methoxy group (4-methoxybenzamide and methyl p-anisate). None of 
these substrates induced any appreciable change that would be associ-
ated with change in the spin-state of ferric heme (Table 1, Fig. S1c). 

Due to the minimal changes in the UV–Vis absorption spectrum 
induced by substrate binding to the T252E mutant, only approximate 
values for the substrate binding affinity (Kd) could be obtained by per-
forming UV–Vis titrations (Fig. S2, Table 2). As the lack of any signifi-
cant spectral changes prevented accurate measurement of binding 
affinity, a native mass spectrometry method was also used to measure 
the binding affinity (Table 2 and see Supporting Information for further 
details). [77,81,82] These demonstrate that the T252E mutant retains 
the ability to bind para-substituted benzoic acid substrates tightly. 
Evidently, the Thr → Glu mutation has not impaired the enzyme’s ability 
to bind para-substituted benzoic acids. 

Previously we have demonstrated that the T252E variant does not 
efficiently utilise NADH/O2 when coupled to the physiological electron 
transfer partners to oxidise 4-methoxybenzoic acid (Table S1). We 
confirmed that this was the case by using the T252E variant to catalyse 
the oxidation of 4-ethylbenzoic acid (Table S1). The rate of NADH 
consumption by the T252E mutant was exceedingly slow, the coupling 
efficiency was reduced and low levels of the oxidised metabolites were 
produced in line with the previous observations that this mutation has 
largely abolished the enzyme’s ability to utilise NADH/O2 to perform 
monooxygenation reactions (Table S1). The product distribution of 4- 
ethylbenzoic acid oxidation by the T252E enzyme was comparable to 
that of the WT enzyme resulting in metabolites which arise from hy-
droxylation and desaturation (Table S2 and Fig. S3 and S4). This con-
firms that these substrates do bind to within the active site in a similar 
manner to the WT enzyme. However, the spectroscopic data above infers 
that the 6th aqua ligand is not displaced and this is in agreement with 
the low monooxygenase activity observed which would arise due to 
inhibition of the 1st electron transfer step and/or dioxygen binding. 

3.2. Binding of bulky hydrophobic ligands and type II binding ligands to 
the T252E mutant 

To further probe how tightly the distal 6th ligand is bound to the 
iron, we attempted to displace it using various bulky hydrophobic sub-
strates (4-thiophen-3-ylbenzoic acid, 4-benzylbenzoic acid, 4-cyclohex-
ylbenzoic acid, 4-phenylbenzoic acid, 4-isopropylbenzoic acid and 4-t- 
butylbenzoic acid). We reasoned that these substrates, due to their steric 
bulk, would have greater likelihood of displacing the ligand. When 
added to WT CYP199A4, they all induce large shifts to the high-spin 
form (≥90% HS). [50] However, when added to the T252E mutant 
none of these substrates induced a substantial shift in the UV–Vis ab-
sorption spectrum indicating that the aqua ligand had not been dis-
placed (Table 3 and Fig. S5). The sulfur-containing ligand 4-thiophen-3- 
ylbenzoic acid induced a ~ 1.0 nm red-shift in the Soret band position, 
whereas 4-phenyl- and 4-benzyl-benzoic acid induced ~0.5 nm red- 
shifts (Fig. S6). 4-Cyclohexylbenzoic acid and 4-t-butylbenzoic acid 
both induced a ~ 10% shift to HS CYP199A4 (Fig. S5, Table 3). The 
binding affinity of T252E with 4-cyclohexylbenzoic acid and 4-t-butyl-
benzoic acid were determined. That of 4-cyclohexylbenzoic acid was 
found to be comparable to that with the WT enzyme while t-butylben-
zoic acid bound more tightly to the mutant (Table S3 and Figs. S7 and 

Fig. 1. (a) The change in the UV–Vis absorbance spectrum of the T252E mutant of CYP199A4 induced by 4-vinylbenzoic acid (~0.5 nm red-shift), (b) and the change 
associated with the spin-state shift of WT CYP199A4 induced by 4-vinylbenzoic acid (80% high spin). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Table 2 
Binding affinity of the T252E variant of CYP199A4 for para-substituted benzoic 
acid substrates. Kd values were determined by performing UV–Vis titrations and 
were analysed using a native mass spectrometry method. [77] Literature Kd 
values for WT CYP199A4 are provided for comparison.   

T252E WT 

Substrate Kd (μM) 
UV–Vis titrationa 

Kd (μM) 
Mass spectrometry 

Kd (μM)  

UV–Vis titration 

4-methoxyBA 0.4 ± 0.1 1.11 ± 0.04 0.22 ± 0.02 [52] 
4-vinylBA 0.1 ± 0.1 0.58 ± 0.02 0.46 ± 0.03 
4-methylthioBA 0.1 ± 0.1 0.84 ± 0.08 2.3 ± 0.3 [52] 
4-ethylBA 0.7 ± 0.2 2.3 ± 0.2 0.34 ± 0.02 [52]  

a UV–Vis titrations were performed in triplicate. 
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S8). 
To confirm binding and activity of the substrates within the active 

site we investigated whether the T252E mutant could oxidise 4-benzyl-
benzoic acid, using H2O2. We found that the T252E mutant could indeed 
utilise H2O2 to convert 4-benzylbenzoic acid with the same regiose-
lectivity as the WT enzyme (Fig. 2). However, there was a switch in the 
enantioselectivity of the 4-(hydroxy(phenyl)methyl)benzoic acid 
metabolite generated using the T252E peroxygenase versus the WT 
monooxygenase reaction (Fig. S9). 

As we were unable to displace the ferric heme-bound ligand using 
various sterically bulky substrates, we next used nitrogen donor ligands 
in an attempt to displace the water. We previously demonstrated that 4- 
pyridin-3-ylbenzoic acid directly coordinates to the iron in WT 
CYP199A4, but 4-pyridin-2-ylbenzoic acid instead hydrogen-bonds to 
the heme-bound water. [78] 4-Pyridin-2-ylbenzoic acid and 4-pyridin-3- 
ylbenzoic acid induce different type II UV-spectral shifts when they bind 
to WT CYP199A4. [78] These substrates were also found to induce red- 
shifts of the Soret band when they were added to the T252E mutant 
(Fig. 3, Table 3 and Table S4). 4-Pyridin-2-ylbenzoic acid induced a ~ 3 
nm shift and 4-pyridin-3-ylbenzoic acid a ~ 3.5 nm shift. 4-Pyridin-2- 
ylbenzoic acid was found to bind more tightly to the T252E mutant 
than to WT CYP199A4 (0.10 ± 0.01 vs. 1.0 ± 0.1 μM) (Figs. S7, S8 and 
S10, Table S5). On the other hand, 4-pyridin-3-ylbenzoic acid displayed 
lower affinity for the T252E mutant than for the WT enzyme (7.9 ± 0.1 
vs. 2.3 ± 0.1 μM). 

For the T252E mutant, the absolute and difference spectra induced 
by 4-pyridin-2-ylbenzoic acid and 4-pyridin-3-ylbenzoic acid are almost 
indistinguishable (Fig. 3). They do not resemble the spectrum of WT 
CYP199A4 with 4-pyridin-3-ylbenzoic acid bound but instead both take 
after the spectrum induced by 4-pyridin-2-ylbenzoic acid. The magni-
tude of the red-shift is almost the same for both ligands (~3 vs. ~3.5 
nm), and the α-band remains more intense than the β-band (Fig. 3). This 
is a characteristic of CYPs in complex with oxygen donor ligands. 
[86,87] There is also no increase in the intensity of the δ-band. This is 
evidence that 4-pyridin-3-ylbenzoic acid does not displace the water in 
the T252E mutant. Similar differences between the WT and T252E 
mutant were obtained with the type II ligand 4-1H-imidazol-1-ylbenzoic 
acid, suggesting retention of the oxygen donor ligand in the T252E 
variant (Fig. S10). There were some differences in the UV–Vis absor-
bance spectral changes between the imidazolyl and pyridinyl ligands 
with both the WT and T252E mutant of CYP199A4 (Fig. S10). 

Ferrous CYP199A4 with directly bound σ-donor nitrogen ligands 
displays a red-shifted Soret peak at ~442 nm. [78,88] In an attempt to 
confirm that the nitrogen ligands were not directly bound to the iron in 
the T252E variant, we added dithionite to reduce the heme in the 
presence of the pyridinyl compounds. However, as previously reported, 
the T252E variant, unlike the WT enzyme, was difficult to reduce using 
this method (Figs. S10 – S13). [59] 

3.3. EPR data 

EPR experiments were performed to further evaluate the ferric heme 
coordination environment after the binding of selected substrates to the 
T252E mutant. There was no evidence of high-spin heme signals in the 
continuous-wave (CW) EPR spectrum of T252E CYP199A4 (Fig. S14). 
However, two low-spin components, A1 and A2, were present in all the 
substrate-bound and substrate-free spectra with the exception of A1 
which was absent from the 4-pyridin-2-ylbenzoic acid sample (Fig. 4, 
and Fig. S14). A2 is absent from the spectra of WT CYP199A4. [78] The 
A1 component resembled those of a low-spin six-coordinate aqua ligated 
ferric heme (Fig. 4 and Fig. S15). A2 in the T252E samples had a higher 
gz value (2.52–2.55), in line with what was reported previously with the 
4-methoxybenzoic acid-T252E complex (Fig. 4 and Fig. S15). [59] For 
P450s with water bound as the sixth ligand, gz ≤ 2.45, and larger gz 
values, such as those for component A2, are associated with low-spin 
ferric P450s with nitrogen or anionic ligands bound. [78] 

The EPR for 4-pyridin-2-ylbenzoic acid in complex with the T252E 

Table 3 
The change in the UV–Vis absorption spectrum induced by binding of various 
bulky substrates to the T252E mutant of CYP199A4. Shifts for the WT enzyme, 
previously reported by others, are included for comparison. 4-Benzyl-, 4-thio-
phen-3-yl- and 4-phenyl-benzoic acid induced small red-shifts in the Soret band 
from 419.5 → 420.0 or 420.5 nm upon binding to T252E CYP199A4 (Fig. S6).  

Substrate UV–Vis Spectral Changes (% HS) 

T252E WT 

4-benzylBA ~0.5 nm red-shift 90% [83] 
4-thiophen-3-ylBA ~1.0 nm red-shift 90% [84] 
4-cyclohexylBA ~10% ≥95% [85] 
4-phenylBA ~0.5 nm red-shift 90% [85] 
4-isopropylBA ~10% ≥95% [50] 
4-t-butylBA ~10% 90% [50] 
4-pyridin-2-ylBA ~3 nm red-shift 3 nm red-shift [78] 
4-pyridin-3-ylBA ~3.5 nm red-shift 5 nm red-shift [78]  

Fig. 2. HPLC analysis of the H2O2-driven oxidation of 4-benzylbenzoic acid by T252E CYP199A4. In black is the in vitro reaction, in red is a control reaction 
performed with heat-denatured T252E enzyme, in blue is authentic 4-(hydroxy(phenyl)methyl)benzoic acid (RT = 12.8 min) synthesised and purified by HPLC and in 
orange is authentic 4-benzoylbenzoic acid (RT = 15.5 min). The substrate appears at 17.6 min. Conditions: 3 μM P450, 50 mM H2O2, reaction time = 240 min, T =
30 ◦C. Gradient: 20–95% acetonitrile in H2O with 0.1% trifluoroacetic acid. Detection wavelength: 254 nm. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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variant contains a single species with the higher than expected gz value, 
A2 (2.52 versus 2.44 for the WT enzyme; Fig. S15 and Table S6). Based 
on the UV–Vis absorbance spectrum we hypothesize that this signal is 
due to an aqua bound-ferric heme in which the aqua ligand is interacting 
with a nitrogen ligand and potentially the E252 residue. For comparison, 
the WT CYP199A4 4-pyridin-3-ylbenzoic acid complex one component 
(94%) of the EPR spectrum had a gz value of 2.52 (Table S6). This was 
consistent with the direct coordination of nitrogen to the heme observed 
in the crystal structure for 4-pyridin-3-ylbenzoic acid. [78] In the T252E 
mutant with this ligand there were two components to the spectrum 
with gz values (A1, 2.46 and A2, 2.54). This agrees with the other 
complexes reported here which do not displace the 6th axial water 
ligand (Fig. 4 and Fig. S15). The higher gz value of the A2 components in 
these systems may arise due to the coordination environment of the aqua 
ligand resulting in it having stronger ligand field character. 

Given the closeness of the gz values of the direct nitrogen coordinated 
4-pyridin-3-ylbenzoic acid-bound WT CYP199A4 and the second 
component of the ligand-bound forms of the T252E mutant, which we 
propose is due to an aqua-ligand bound ferric heme but in a different 
environment, we performed HYSCORE pulse EPR experiments on these 
samples. [78] The 1H regions of these spectra show significant signals 
belonging to 1H nuclei close to the ferric center, suggesting water is the 
6th axial ligand in both the 4-pyridin-3-yl- and 4-pyridin-2-yl-benzoic 
acid T252E samples (Fig. S16). [59] Importantly there was no evi-
dence of 14N HYSCORE signals in addition to the normal peaks from the 
14N pyrrole nitrogens in either species which would indicate direct ni-
trogen coordination to the heme and are observed for 4-pyridin-3-yl- 
benzoic acid with the WT enzyme. [78,89] 

At the temperatures used for EPR experiments the pH of the buffer 
can change. The temperature and pH are known to potentially alter the 
heme environment of CYP enzymes. [90,91] In an effort to better un-
derstand the effects of pH on the electronic structure of the T252E 
variant we analysed the UV–Vis absorbance spectrum at different pH 
values (Fig. S17). At higher pH 8.0 and 9.0 the UV–Vis absorbance 
spectrum of T252E bound to 4-methoxybenzoic acid was similar to that 
obtained at pH 7.4 (Fig. S17). At pH 5.5 there was a prominent shoulder 
at 390 nm indicating a mixture of species. Altering the temperature did 
not change the UV–Vis absorbance spectrum (Fig. S17). 

3.4. Crystal structures 

We were able to obtain crystals of the T252E mutant of CYP199A4 
soaked with several of the bulky substrates tested above. The crystals of 
4-t-butylbenzoate-bound T252E CYP199A4 diffracted poorly and were 
not pursued further. The crystal structure of T252E CYP199A4 in com-
plex with 4-isopropylbenzoic acid was solved. However, while the 
electron density of the benzoic acid moiety could be distinguished that 
of the isopropyl methyl groups was not visible (Fig. S18). Crystal 
structures of the T252E mutant in complex with 4-benzylbenzoic acid 
and 4-thiophen-3-ylbenzoic acid were determined. The electron density 
for the ligand was observed and these confirmed that the bulky ligands 
had not displaced the water (Figs. 5 and 6). 

The crystal structures of 4-benzyl- and 4-thiophen-3-yl-benzoate- 
bound T252E CYP199A4 were solved at resolutions of 1.79 and 2.02 
Å, respectively (Table S7 and Figs. S19 and S20). The refined occupancy 
of the H2O/OH− ligand was 95% in the 4-benzylbenzoate-bound T252E 

Fig. 3. The change in the UV–Vis absorbance spectrum of the T252E mutant of CYP199A4 induced by (a) 4-pyridin-2-ylbenzoic acid, and (b) 4-pyridin-3-ylbenzoic 
acid. (c) An overlay of the UV–Vis spectra of T252E CYP199A4 bound with 4-pyridin-3-ylbenzoic acid (red) and 4-pyridin-2-ylbenzoic acid (blue). In black is 
substrate-free enzyme. (d) Difference spectra of WT CYP199A4 with 4-pyridin-3-ylbenzoic acid (red) and 4-pyridin-2-ylbenzoic acid (blue). The enzyme concen-
tration was 5.2 μM. (e) Difference spectra of T252E CYP199A4 with 4-pyridin-3-ylbenzoic acid (red) and 4-pyridin-2-ylbenzoic acid (blue). The enzyme concen-
tration was 3.7 μM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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crystal structure, and 100% in the 4-thiophen-3-ylbenzoate-T252E 
structure (Table S8 and S9). The Fe–O distances are 2.3 and 2.1 Å, 
respectively. In the 4-benzylbenzoate- T252E CYP199A4 structure, the 
para-benzyl group points away from the heme and occupies the space 
vacated by F298 (Fig. 5). The closest carbon atom of 4-benzylbenzoic 
acid to the heme iron is the benzylic carbon (4.8 Å), and this is the 
position at which the substrate is hydroxylated by the CYP199A4 WT 
and T252E enzymes (Table S8). The B-factors are higher for the atoms of 
the para-benzyl group than those of the benzoic acid moiety, indicating 
that the benzyl group has greater mobility in the active site (Table S10). 
[92,93] 

The overlaid structures of WT CYP199A4 and the T252E mutant in 
complex with 4-thiophen-3-ylbenzoic acid reveals that the position of 
the substrate is similar in both structures. The most significant difference 
was that the water ligand was present in the T252E variant and as a 
result the substrate appears to be subtly shifted away from the heme in 
this structure. The thiophene ring of 4-thiophen-3-ylbenzoic acid could 
either be oriented with the sulfur pointing ‘down’ towards the heme or 
pointing ‘up’ away from the heme (Fig. S22). Both orientations of the 
ligand were modelled, and the refined occupancies of these alternative 

conformations were 36% ‘down’ and 45% ‘up’ in the T252E structure 
(Tables S11 and S12); the overall occupancy of the substrate was 81%. In 
the ‘down’ orientation the distance between the aqua ligand and sulfur is 
4.3 Å (Table S10). An interaction between the sulfur and aqua ligand 
would explain the 1.0 nm Soret band red-shift induced by this substrate. 
[94] In the WT structure, the ligand is oriented with the sulfur pointing 
‘down’ towards the heme, and the water is displaced by this bulky 
ligand. [84] 

Although we obtained crystals of the 4-pyridin-3-ylbenzoate- T252E 
CYP199A4 complex they did not diffract, and we were unable to solve 
the crystal structure (Fig. S20). The crystal structure of 4-pyridin-2- 
ylbenzoate-bound T252E CYP199A4, on the other hand, was deter-
mined at 1.73-Å resolution (Table S7 and Fig. S19). This crystal structure 
revealed that the binding mode of 4-pyridin-2-ylbenzoic acid in T252E 
CYP199A4 is almost identical to its binding mode in WT CYP199A4 
(Fig. 7 and Fig. S23). The nitrogen of the pyridine moiety hydrogen- 
bonds to the heme-bound H2O/OH− ligand, the occupancy of which is 
100% (Fig. 7, Fig. S24 and Table S13). The Fe–O distance is 2.3 Å and the 
donor-acceptor distance between the H2O/OH− ligand and pyridine N is 
2.7 Å. This hydrogen bond is slightly shorter than in the WT enzyme 

Fig. 4. EPR of the WT and T252E variants of CYP199A4 in the presence of assorted ligands. NS (substrate free), MeOBA (4-methoxybenzoic acid), [59] 4Py2BA (4- 
pyridin-2-ylbenzoic acid), 4Py3BA (4-pyridin-3-ylbenzoic acid) 4C6BA (4-cyclohexylbenzoic acid). The g-value positions of the components are marked as ‘A1’ 
and ‘A2’. 
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(2.9 Å; Fig. S23 and Table S13). 
In the crystal structures of T252E CYP199A4 in complex with 4- 

methoxy- and 4-pyridin-2-yl-benzoic acid, the cysteine sulfur ligand, 
iron and H2O/OH− ligand are linearly arranged (S-Fe-O angle ≈180◦; 
Table S13). We noticed that when 4-benzylbenzoic acid and 4-thiophen- 

3-ylbenzoic acid are bound, the S-Fe-O angle is noticeably bent with the 
aqua/hydroxo ligand shifted away from the sterically bulky substrate 
towards the side chain of the glutamate residue (Fig. 8). In the 4-thio-
phen-3-ylbenzoic acid structure, the Fe–O bond is at a 20.7◦ angle to 
the Fe–S bond. In the 4-benzylbenzoic acid structure, the Fe–O bond is at 

Fig. 5. The crystal structure of the T252E mutant of CYP199A4 in complex with 4-benzylbenzoate determined at 1.79-Å resolution. A 2mFo-DFc feature-enhanced 
map of the substrate, F298 side chain and heme-bound aqua ligand (W1) is shown as grey mesh contoured at 1.0 σ (1.5 Å carve). The image below shows the 
interaction between the E252 carboxylate and the heme-bound aqua ligand. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 6. The crystal structure of the T252E mutant of CYP199A4 in complex with 4-thiophen-3-ylbenzoate. A feature-enhanced map of the substrate, F298, and water 
ligand (W305) is shown as grey mesh contoured at 1.0 σ (1.5 Å carve). The two orientations of the 4-thiophen-3-ylbenzoic acid ligand are shown in green (sulfur 
pointing ‘up’ away from heme) and pink (sulfur pointing ‘down’ towards heme). Overlaid structures of WT (green; PDB: 6C3J) and T252E CYP199A4 (pink) with 4- 
thiophen-3-ylbenzoate bound. The waters and chloride in the T252E structure are labelled. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

M.N. Podgorski et al.                                                                                                                                                                                                                           



Journal of Inorganic Biochemistry 249 (2023) 112391

10

a 13.7◦ angle to the Fe–S bond. 
Aside from the differences outlined above the other general features 

of the heme were consistent with other ferric 6-coordinate species of 
CYP199A4 (Tables S15 - S19). The iron was more into the plane of the 
porphyrin ring compared to when the aqua ligand is displaced in the WT 
enzyme (Fig. S25, Table S15 and S16). The length of the iron-cysteinate 
sulfur (Fe–S) bond in the T252E variant of CYP199A4 was similar to 6- 
coordinate type II ligands reported so far with the WT and was 
marginally shorter than when five coordinate CYP199A4 complexes are 
formed (Table S17 and S18). The three structures reported here 
demonstrate differences between the oxygens of the 6th aqua ligand and 
the glutamate side chain with the shortest being 2.2 Å (4-thiophen-3- 
ylbenzoic acid) and the longest 2.6 Å (4-methoxybenzoic acid; 
Table S20). In all structures of the T252E mutant reported here the F298 
residue was pushed away from the heme by the larger substrate ligand 
when compared to the structure of this variant with 4-methoxybenzoic 
acid. The modified position of F298 was similar to that reported in the 

crystal structure with 4-ethylthiobenzoic acid. This, and the rotated 
phenyl ring in the 4-methylthiobenzoic acid crystal structure, demon-
strate the flexible nature of the structure of the active site of this enzyme 
in this region (Fig. S26). [95] 

The crystals of CYP199A4 and its mutants are obtained in Bis-Tris 
buffer between pH 5.0 and 5.75. Given the EPR results, and the 
changes in the coordination of the 6th aqua ligand described above and 
the variation in UV–Vis absorbance spectrum of T252E CYP199A4 at 
lower pH we measured the UV–Vis spectra of this mutant with the other 
ligands. The biggest change was observed with 4-cyclohexylbenzoic acid 
where a significant shoulder at ~390 nm was observed at pH 5.5 
indicative of the presence of high-spin ferric heme (equivalent to ~40% 
HS). Smaller changes were with 4-t-butylbenzoic acid, 4-benzylbenzoic 
acid and 4-thiophen-3-ylbenzoic acid but all generated a slightly 
broader Soret band when compared to that obtained at pH 7.4 (Fig. S27 
and Fig. S5). Only minor differences were observed between the spectra 
obtained for T252E with the pyridinyl ligands at pH 5.5 versus pH 7.4 

Fig. 7. The crystal structure of the T252E mutant of CYP199A4 in complex with 4-pyridin-2-ylbenzoate. A feature-enhanced map of the substrate, F298, and water 
ligand (W1) is shown as grey mesh contoured at 2.0 σ (1.5 Å carve). The pyridine ring is at a 40◦ angle to the Fe–S bond. 

Fig. 8. The active-site structure of 4-methoxybenzoic acid-bound T252E CYP199A4 (yellow) overlaid with (a) the 4-thiophen-3-ylbenzoic acid structure (blue) and 
(b) the 4-benzylbenzoic acid structure (magenta). When bulky hydrophobic substrates are bound, the S-Fe-O angle is bent because the H2O/OH− ligand is shifted 
away from the sterically bulky substrate (black arrow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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(Fig. S27 and Fig. 3). However, the Soret band of T252E bound to 4-pyr-
idin-3-yl-benzoic acid was broader than that with 4-pyridin-2-yl-benzoic 
acid (Fig. S28). The narrow Soret band in the presence of 4-pyridin-2-yl- 
benzoic acid agrees with the single species observed in the EPR spectrum 
(Fig. 4). Overall, this suggest that the pH may have a small effect on the 
heme environment of the T252E variant with the ligand being more 
loosely bound at lower values. However, the results all demonstrate that 
this ligand is significantly more difficult to remove in this mutant when 
compared to the WT enzyme. 

4. Conclusions 

The T252E mutant of CYP199A4 almost entirely abolishes 
CYP199A4’s ability to utilise NADH/O2 to oxidise substrates via the 
normal catalytic cycle. The low activity observed with 4-ethylbenzoic 
acid confirms this. Although the T252E mutant is unable to efficiently 
utilise NADH/O2 to drive catalysis, the peroxygenase activity of 
CYP199A4 is enhanced by this mutation and it was observed to hy-
droxylate 4-benzylbenzoic acid using hydrogen peroxide. 

This study reveals that even sterically bulky ligands including ni-
trogen donors are unable to displace the aqua/hydroxo ligand in the 
T252E mutant, which must be tightly bound. The lack of any significant 
spin-state shift to HS upon addition of substrates, the exceedingly slow 
NADH consumption rate and the low coupling efficiency could be 
explained by the fact that the H2O/OH− ligand to the ferric heme is 
tightly bound and is not displaced by any of the substrates tested here. 
Crystal structures of the T252E mutant in complex with various other 
sterically bulky ligands show that the H2O/OH− ligand interacts 
strongly with the side-chain carboxylate of Glu252. The Glu252 
carboxylate occupies essentially the same position in all the crystal 
structures. The closest oxygen of the Glu252 carboxylate is ~4.2 Å from 
the heme iron. This is closer than the iron-carboxylate distance in 
chloroperoxidase (5.1 Å). [40] The occupancy of the aqua/hydroxo 
ligand is close to 100% even when the bulky substrates are bound. 
Because the iron is six-coordinate and low-spin even when substrate is 
bound, the iron is predominantly in the plane of the porphyrin ring. In 
the instances when we were unable to solve complete crystal structures 
of the T252E mutant in complex with the ligands the UV–Vis spectra 
demonstrated that the H2O/OH− ligand has not been displaced. The EPR 
data confirmed the low spin nature of the ferric heme in this variant and 
that at least two heme environments were present under the conditions 
used for these measurements. 

Addition of 4-thiophen-3-yl- and 4-methylthio-benzoic acid to the 
T252E mutant induced a red-shift of the Soret peak as did the pyridinyl 
ligands. The sulfur containing ligands induce type I shifts when they 
bind to WT CYP199A4. [52] These red-shifts may be due to interactions 
between the sulfur and the sixth axial ligand to the ferric heme in the 
T252E mutant, which may alter the ligand field strength. [94] The 
crystal structures reveal that there is an interaction between the sulfur of 
4-thiophen-3-ylbenzoic acid and the oxygen ligand in one orientation of 
the thiophenyl ring. 

In summary, we have demonstrated that modification of the active 
site I-helix threonine residue, which is conserved in most cytochrome 
P450 enzymes, to a glutamate residue results in a strengthening of the 
distal aqua ligand in the ferric state. This aqua ligand was not displaced 
using any of the ligands we tested during this study and explains why 
this mutant shuts down the monooxygenase activity of the enzyme. 
Further work to understand why this modification enhances perox-
ygenase activity is underway. 
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