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or substrate-dependent allostery
in oxygen activation by a cytochrome P450 enzyme
revealed by analysis at different temperatures

Matthew N. Podgorski, †a Daniel P. McDougal, †b Eleanor C. Campbell,c

John B. Bruningb and Stephen G. Bell *a

Cytochrome P450 (CYP) enzymes are ubiquitous and important monooxygenases whose archetypal

reaction is to insert an oxygen atom from dioxygen into unactivated carbon–hydrogen bonds. They

require the orchestrated delivery of electrons as well as protons from the solvent. The latter is controlled

through an “acid–alcohol pair” of residues located above the heme though the precise details of proton

delivery are unresolved. Here, using variable-temperature X-ray crystallography and all-atom molecular

dynamics simulations of the bacterial CYP199A4 enzyme we demonstrate that the conformation of the

acidic residue D251, of the “acid–alcohol” pair is allosterically coupled to the heme and the substrate. In

general, and in common with other CYPs, the side chain of D251 favours the ‘out’ of the active site

orientation. In this enzyme this overcomes incompatibility with hydrophobic residues. This side chain can

rotate into the active site, and this is allosterically coupled to the presence of a distal heme ligand and

other structural changes at the E-helix, C-terminal loop and on the proximal side of the heme. These

and other structural changes can be related to differences in water molecule access to and egress from

the distal side of the heme, which would facilitate proton delivery during the catalytic cycle. Comparison

of the different environments of the side chain of D251 in CYP199A4 with the equivalent acidic residue in

other diverse CYP enzymes suggest that there may not be a ‘universal’ model for proton transfer in CYP

enzymes, but that allosteric effects and transient interactions are critically important.
Introduction

In nature an impressive number of diverse chemical reactions
are performed by the cytochrome P450 superfamily (CYP) of
enzymes.1,2 The origin of the name “P450” is their 450-nm
absorption peak when carbon monoxide is coordinated to the
ferrous heme-thiolate cofactor.3 As of 2019, >800 000 CYPs have
been discovered, and this number will now surpass one
million.4–6 Hydroxylation of C–H bonds is the most common
activity catalysed by these enzymes, though they also catalyse
many other types of reactions including C–C bond cleavage,
desaturation, epoxidation, sulfoxidation, and N,O,S-
dealkylation.2,7–12

The catalytic cycle of CYP enzymes commences when
a substrate enters the active site via a ligand access channel on
the distal side of the heme.13,14 Upon ligand binding, the
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enzymes are generally more stable in a closed conformation and
hydrophobic substrates usually eject the heme-bound water
ligand switching the ferric heme iron from a 6-coordinate low-
spin state (S = 1/2) to a 5-coordinate high-spin state (S = 5/2)
(Scheme S1).15 The expulsion of the heme-bound aqua ligand
and additional active site water molecules is proposed to occur
through other channels in the enzyme.16 These changes alter
the coordination environment and spin state of the heme, and
permit more facile reduction of this cofactor to the ferrous state
(Scheme S1).17,18 For most CYPs, these electrons are derived
from NAD(P)H nicotinamide cofactors and delivered one at
a time to the heme via electron transfer proteins.19 Next, the
dioxygen (O2) ligand binds to the reduced heme and this ligand
points towards a dioxygen-binding groove within the I-helix.
This step is followed by delivery of the second electron to
generate a ferric-peroxo anion (Scheme S1). Protonation of the
distal oxygen generates the ferric-hydroperoxy intermediate,
compound 0. These intermediates can also participate in some
reactions such as certain C–C cleavage reactions.12,20 For most
CYP reactions a second protonation triggers release of a mole-
cule of H2O and formation of the active oxidant. This is a ferryl-
oxo porphyrin radical cation, referred to as compound I (Cpd
I),21 which hydroxylates organic molecules via Groves' radical
rebound mechanism.22–24 The delivery of protons to the active
© 2026 The Author(s). Published by the Royal Society of Chemistry
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site is essential for enzymatic activity, but given the diversity of
sequence and function within this enzyme superfamily the
precise molecular mechanism of this process and whether it is
conserved across CYP enzymes is unresolved.

What is known is that in most instances, the activation of
dioxygen to generate Cpd I (Scheme S1), including the delivery
of the protons, is orchestrated by two active site residues located
above the heme in the I-helix dubbed the “acid–alcohol pair”.25

This pair of residues, commonly either an aspartate or gluta-
mate, and a threonine (or alternatively serine), have been
extensively studied in the model, camphor hydroxylase, enzyme
P450cam (CYP101A1).25–27 More recently, the role of the acid–
alcohol pair in the dioxygen-binding groove has also been
further studied, in the CYP199A4 enzyme from the bacterium
Rhodopseudomonas palustris HaA2, which catalyses the efficient
O-demethylation of 4-methoxybenzoic acid.28 In both P450cam
and CYP199A4, the acid–alcohol pair comprise the D251 and
T252 residues (Fig. S1a).25,28 However, the environment
surrounding D251 and between P450cam and CYP199A4 is
markedly different in sequence and in the types of residues
which interact with the acid group.28 In both P450cam and
CYP199A4 the threonine (T252) alcohol residue stabilises the
hydroperoxy intermediate (Cpd 0) (Fig. S1b).27–29 If the threonine
is replaced with a small hydrophobic residue the reducing
equivalents are channelled into increased H2O2 production (the
peroxide uncoupling pathway; Scheme S1) rather than substrate
oxidation.28–32

There is compelling evidence that the D251 residues of
P450cam and CYP199A4 are important for proton delivery.29 In
these, and in several other CYP enzymes, if the acidic residue is
mutated to a neutral asparagine, the rate of the catalytic cycle is
typically slowed down by two orders of magnitude.27–29,31,33 This
is consistent with a role in delivering protons from the bulk
solvent to activate the dioxygen. However, in the X-ray crystal
structures of these enzymes the aspartate side chain is located
outside of the active site, thus it is presumed to rotate into the
active site at the required steps of the catalytic cycle
(Fig. S1c).27,34–36 However, an inward orientation of the acidic
residue is rarely observed in crystal structures of CYP enzymes.
For example, in P450cam, the aspartate residue D251 is held
outside of the heme through salt bridge interactions with lysine
and arginine residues (Lys178 and Arg186) and is restricted
from moving into the active site.28,37 A notable exception is the
cyano-complex of camphor-bound P450cam–Pdx complex in
which the D251 side chain exists in two conformations: one
pointing in and the other out of the active site (PDB ID:
6NBL).35,38 In P450cam allosteric effects on redox partner binding
are proposed to generate a more open structure breaking these
salt bridge interactions and enabling motion of the acidic
residue (Fig. S2).34,35,38–41 This is in agreement with the strong
effector role of the ferredoxin in this system, a distinctive
feature of this CYP enzyme.35,39 Alternative studies have sug-
gested that the D251 residue of P450cam may not be responsible
for directly supplying protons to the active site, but that during
the catalytic cycle water molecules enter the active site and
deliver the required protons (Fig. S3).27,29,31 In comparison, X-ray
crystal structures of CYP199A4 show that D251 is also located
© 2026 The Author(s). Published by the Royal Society of Chemistry
outside of the active site and points into a water channel which
extends to the protein surface (Fig. S4).28,42 In contrast to
P450cam, D251 is not immobilised by salt bridge interactions. In
crystal structures of CYP199A4 with the D251N mutant, the side
chain was observed to adopt alternate rotamer conformations,
with some pointing into the active site and the exibility of the
side chain would be consistent with a role for the residue in this
position in proton delivery (Fig. S4; PDB code: 7TQM and PDB
code: 5KDY).20,28

The method of crystallisation for CYP199A4 is robust, and
several examples of high-resolution crystal structures, of wild-
type (WT) and mutants, with different substrates/inhibitors
bound are available.11,20,42–46 X-ray crystallography is usually
performed at cryogenic temperatures (100 K) to offer protection
against rapid radiation damage. However, ligand occupancy
and alternative conformations of residues may not be visible in
crystals at cryogenic temperatures.47,48 These may be more
readily assessed at higher temperatures and with all-atom
molecular dynamics (MD) simulations.49–52 Here, we use vari-
able temperature crystallography of CYP199A4 with different
substrates combined with all-atom MD simulations to investi-
gate and provide insight into the dynamics of the enzyme.
These analyses focus on the D251 residue and have signicant
implications for proton delivery in this important and ubiqui-
tous superfamily of enzymes.

Experimental
Materials and methods

3-Methylaminobenzoic acid (97% pure) was sourced from
Sigma-Aldrich and 4-methoxybenzoic acid (>99% pure) was
purchased from TCI (Tokyo Chemical Industry). Ethanol and
DMSO were from Chem-Supply, and NVH immersion oil was
from Cargille Laboratories. Tris and Bis–Tris were obtained
from Astral Scientic, PEG 3350 was from Sigma-Aldrich,
potassium chloride was from Chem-Supply, DTT was from
Apollo Scientic, ammonium sulfate was from Ajax Finechem,
kanamycin monosulfate was from Gold Biotechnology, and
IPTG (isopropyl ß-D-1-thiogalactopyranoside) was from VWR.
Crystals were mounted onto MicroLoops or MicroMounts from
MiTeGen. UV-vis spectroscopy was performed using an Agilent
Cary 60 UV-vis spectrophotometer.

Production and purication of CYP199A4

The CYP199A4 enzyme was produced and puried according to
a procedure similar to that published previously.28,53 The nal
purity ratio (Reinheitszahl (RZ) = A419/A280) of the CYP199A4
enzyme was ∼2.1. The enzyme was lter-sterilized and stored in
∼50% glycerol at −20 °C.

X-ray crystallography

The previously published procedure was followed to obtain
crystal structures of each CYP199A4-substrate combina-
tion.20,43,46,54 Glycerol and salt were rst removed from the
CYP199A4 stock solution using a PD-10 desalting column
(Cytiva), with Tris–HCl buffer (50 mM, pH 7.4) used as the
Chem. Sci., 2026, 17, 7742–7755 | 7743
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eluent. The concentration of CYP199A4 was determined by UV-
vis spectroscopy using the Soret band extinction coefficient re-
ported in the literature (3419 = 119 mM−1 cm−1).42 The CYP
enzyme was subsequently concentrated to ∼40 mg mL−1 (∼900
mM) via ultraltration, using a centrifugal device containing
a 10 kDa MWCO (molecular weight cut-off) membrane. The
concentrated protein was then saturated with substrate (3–3.2
mM), which was added from a 100 mM stock solution in DMSO/
EtOH. The hanging-drop vapor-diffusion method was used to
grow crystals of each CYP199A4-ligand complex, using 24-well
crystallisation trays.44 Each drop (consisting of 1.2 mL of the
protein–substrate complex mixed with 1.2 mL of the reservoir
solution) was suspended on a coverslip and equilibrated at 16 °
C against 500 mL of reservoir solution. Each well was sealed with
Glisseal high vacuum grease. The reservoir solution consisted of
100 mM Bis–Tris buffer (pH 5.00, 5.25, 5.50 or 5.75), 200 mM
magnesium acetate and 20, 23, 26, 29, 30.5 or 32% PEG (poly-
ethylene glycol) 3350.44 Crystals grew rapidly under these
conditions (<24 hours) and were typically le for several weeks
before harvesting.

Crystals were mounted onto MicroLoops or MicroMounts,
cryoprotected in NVH oil, and ash-cooled in liquid N2 for
transportation to the Australian synchrotron. All X-ray diffrac-
tion data was collected at the MX2 beamline.55,56 The X-ray
wavelength was 0.9537 Å. Initially, diffraction data for each
CYP199A4 crystal was collected at 100 K. The temperature of
each crystal was subsequently raised in 50 K increments to 200
K, and a dataset was collected at each temperature (once the
temperature of the cryojet had stabilised). If the crystal di-
ffracted well, datasets were also collected at 250 and 300 K.

The order of the variable-temperature experiment was
reversed with a crystal of CYP199A4 bound to 3-methyl-
aminobenzoic acid. Initially, diffraction data was collected at
200 K, and the temperature of the crystal was then reduced in 50
K increments to 100 K, and a dataset was collected at each
temperature (data is provided in the SI). In these crystal struc-
tures (PDB entries: 9PLS, 9PMA and 9PMC), a small difference
map density peak was visualized near the heme. This could
correspond to a low occupancy water. However, addition of
a water molecule in the structure and subsequent renement
led to a very low occupancy water at that position which did not
justify modelling.

The diffraction data was automatically processed on theMX2
beamline using xdsme57 and AIMLESS58 and the phase problem
was then overcome using the molecular replacement method.
The program PhaserMR57,59 was used for the molecular
replacement step, and a previously reported structure of
CYP199A4 (PDB ID: 5UVB)45 with ligands and water molecules
deleted was used as the search model. Coordinates and
restraints for the substrate were obtained using Phenix eLBOW.60

Renement of the structure was performed using phenix.re-
ne.61 Where the mFo − DFc difference map indicated that
adjustments should be made to the structure (e.g., addition of
the substrate, heme, the chloride ion,42 and alternative protein
conformations), these changes were made using Coot.62 This
was followed by further rounds of renement and manual
adjustments. Positive density in the mFo − DFc difference map
7744 | Chem. Sci., 2026, 17, 7742–7755
revealed the presence of a second conformation of D251 (in
which the side chain had rotated into the active site) in certain
crystal structures at 100 K, but this second conformation di-
sappeared at higher temperatures. The occupancies of the
substrate, heme-bound aqua ligand and alternative protein
conformations were all rened. The restraints used for the Fe–S
and Fe–O bond lengths were 2.3 ± 10 Å and 2.2 ± 10 Å. Mol-
Probity63 was used to assess the quality of each model, and the
nal model was then deposited into the Protein Data Bank
(PDB; https://www.rcsb.org/). The PDB code and statistics for
each structure are presented in the SI. Because each crystal
was used to collect multiple datasets and radiation damage
may therefore be an issue, each structure was examined in
Coot for any obvious evidence of radiation damage (e.g.,
disappearance of electron density due to decarboxylation of
aspartate/glutamate side chains).51,64 2mFo − DFc composite
omit maps were generated using the program phenix.compo-
site_omit_map in the Phenix soware suite, using the default
“simple” method. Feature-enhanced maps were also generated
using Phenix.65–67 Images of the nal structures were generated
using PyMOL.68,69 The structures were analysed using UCSF
Chimera.70
Molecular dynamics simulations

Variable temperature all-atom molecular dynamics (MD)
simulations were performed using GROMACS to complement
the variable temperature crystallography experiments.68 In
brief, the simulations were performed in triplicate at 100 K,
150 K, 200 K and 300 K for 3-methlyaminobenzoic acid and
4-methoxybenzoic acid substrates. All simulations began from
the starting coordinates which were that of the 100 K crystal
structures; the ‘in’ conformation of the D251 side chain was
used for the 3-methylaminobenzoic acid simulations, and all
crystallographic waters were retained for both substrates, as
well as the Cl-ion. Amber parameters for the ferric heme and
axial cysteine ligand were borrowed from Shahrokh et al. and
the parameters for the substrates were prepared using Ante-
chamber; hydrogens were added to the protein using the H++
server (pH 7.0) and the complex was assembled using tleap
housed in the AmberTools23 soware package.71–73 The complex
was placed in the centre of a cubic box and solvated with the
TIP3P water model and charge neutralised with the addition of
Na+ ions.74 Input les were generated for use in GROMACS, and
energy minimisation was performed using the steepest descent
algorithm (energy minimisation was performed once for use in
all temperature simulations). At this point, each system was
equilibrated with 1 ns NVT restrained simulation using PME
electrostatics, Berendsen thermostat coupling, Lincs constraint
algorithm (hydrogens); followed by 1 ns NPT restrained simu-
lation using PME electrostatics, Berendsen thermostat, Lincs
constraint algorithm (hydrogens) and Parrinello–Rahman
pressure coupling.75–78 The substrate and heme, along with
protein, were restrained during system equilibration. The
restraints were then released and 1 ms production simulations
were performed in triplicate (totalling 24 ms simulation time);
frames were saved every 20 ps and a 2 fs timestep was used. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
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simulations were performed using Nvidia A100 GPUs on the
University of Adelaide Phoenix HPC cluster. Analyses of the
simulations were conducted using MDTraj (stride = 5 i.e.,
frames every 100 ps were analysed for memory efficiency) and k-
means clustering using Scikit-learn (https://scikit-learn.org).79
Results

We rst assessed the available structures of CYP199A4 in the
Protein Data Bank (PDB) and searched for alternate conforma-
tions of the side chain of the D251 residue (Fig. S5 and S6). This
residue points out of the active site into a solvent channel in the
structure with 4-methoxybenzoic acid and in most other crystal
structures (Fig. S4). However, we observed differences in the X-
ray crystal structures of CYP199A4 with 4-(furan-2-yl)benzoic
acid, 4-(1H-1,2,4-triazol-1-yl)benzoic acid and 3-methyl-
aminobenzoic acid (Fig. S5 and S6, PDB codes: 4DO1, 6PRR,
7TRT, and 7N14).42,53,54,80 In each of these X-ray crystal structures
the electron density of the D251 residue demonstrates that it
can rotate into the active site of the enzyme. Based on these
available structures we chose to further characterise the crystal
structures of CYP199A4 with 3-methylaminobenzoic acid
ligand at different temperatures. This was compared to the
CYP199A enzyme with 4-methoxybenzoic acid, which is the
physiological substrate for the enzyme and is O-demethylated.
When 4-methoxybenzoic acid (4MeOBA) binds to CYP199A4, it
displaces the heme-bound aqua ligand and induces a virtually
complete spin-state shi from low-spin to$95% high-spin (HS).
In contrast, 3-methylaminobenzoic acid (3MeNBA)-bound
CYP199A4 is predominantly low-spin (only ∼10% high-spin).
This is in agreement the heme environments observed in the
X-ray structures. While 3-methylaminobenzoic acid binds in an
inhibitory manner it can be oxidised via N-demethylation by the
CYP199A4 enzyme.53
In crystallo movement of D251 in CYP199A4 bound to 3-
methylaminobenzoic acid

X-ray diffraction data was collected at 100 K for a crystal of
CYP199A4 bound to 3-methylaminobenzoic acid (Table S1). The
solved crystal structure was similar to the previously deter-
mined structure (PDB code: 6PRR) (Fig. S7, S8, and Table S2)
and the D251 side chain is present in two conformations. In one
conformation (∼50% occupancy), the D251 side chain faces out
of the active site into the solvent channel (Fig. 1, S6 and S9). In
the other conformation, the D251 side chain has rotated into
the active site (∼50% occupancy). The temperature of this
crystal was then raised in 50 K increments, and a dataset was
collected at each temperature up to 200 K (no solvable structural
data were obtained above 200 K). As the temperature is raised to
150 and 200 K, the D251 side chain rotates out of the active site
(Fig. 1, S10, S11 and Table S3). At 200 K, the D251 side chain
points into the solvent channel (100% occupancy) and the
electron density for the second conformation pointing into the
active site disappears (Fig. S9–S14).

In the conformation with the D251 side chain in the active
site, it interacts with an ordered water molecule, Wat41 (3.2 Å)
© 2026 The Author(s). Published by the Royal Society of Chemistry
which is located within the I-helix, and the backbone NHs of
D251 (2.9 Å) and T252 (2.9 Å) (Fig. S15a). In the conformation in
which the D251 side chain points out of the active site into the
solvent channel, it interacts with the side chain of N255 (3.4 Å)
and water molecules in the channel (Fig. S15a). The side chain
of N255 is also present in two conformations at 100 K with
occupancies of 64% (interacting with D251) and 36% (Fig. S15a,
d, and Table S3). At higher temperatures (200 K), when the D251
side chain has rotated out of the active site, the electron density
of N255 has 100% occupancy for the conformation that inter-
acts with D251. The other residues in the active site did not
move signicantly, the electron density of Wat41 is retained,
and the overall structure of the I-helix was not disrupted by the
movement of D251 suggesting that the side chain of this
aspartate residue has a higher degree of mobility compared to
other residues and even the substrate (Fig. S16).

As the temperature increases the other signicant change
within the active site is related to the heme-bound water ligand.
In the 100 K crystal structure, a high-occupancy (∼90% occu-
pancy) heme-bound aqua ligand is present (Fig. 1 and Table S4).
This water ligand is hydrogen-bonded to the nitrogen of 3-m-
ethylaminobenzoic acid (2.9 Å). However, the electron density
associated with this heme-bound aqua ligand decreases in the
crystal structures at 150 K and 200 K (Fig. 1 and Table S4). In the
200 K structure the electron density suggests that this aqua
ligand is absent. This could be due to gradual photoreduction of
the heme iron in the X-ray beam to the ve-coordinate ferrous
(Fe2+) form,81,82 which would result in the heme-bound water
ligand being released.81–83 Another possibility is that the water is
loosely bound. Increasing the temperature may result in
disappearance of the electron density as the water ligand would
be expected to more mobile at higher temperatures. The UV-vis
absorbance spectrum at room temperature suggests the
predominance of a 6-coordinate ferric heme species.53 As the
heme-bound aqua ligand disappears, the methylamino
substituent of the substrate rotates slightly towards the heme
(Fig. S16 and S17). When the aqua ligand is present the carbonyl
of the A248 residue forms a hydrogen bond with it (O–O
distance: 3.2 Å; Fig. S17) and the iron is more in the plane of the
porphyrin ring (Table S5, and Fig. S18).

We assessed if our crystal structure of CYP199A4 with 3-m-
ethylaminobenzoic acid had suffered from radiation damage
during data collection as the temperature is raised. Acidic
aspartate and glutamate residues are susceptible to decarbox-
ylation, and methionine residues may undergo cleavage of the
C–S bond.84 Tyrosine residues may also may lose their OH group
(Fig. S19). Comparison of the electron density maps for selected
Asp/Glu residues in the three structures demonstrated that
these residues do not appear to have undergone obvious
decarboxylation (Tables S6–S8). To investigate whether the
electron density of the heme-bound aqua ligand was di-
sappearing due to the increase in temperature or due to X-ray
induced photoreduction of the heme iron, we reversed the
experiment by rst collecting a dataset at high temperature (200
K). We then reduced the temperature and collected subsequent
datasets at 150 K and 100 K (Tables S9, S10, and Fig. S20–S23).
In the rst dataset collected at 200 K, no heme-bound aqua
Chem. Sci., 2026, 17, 7742–7755 | 7745
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Fig. 1 Variable-temperature X-ray crystal structures of 3-methylaminobenzoic acid- and 4-methoxybenzoic acid-bound CYP199A4. (a) The
crystal structures of 3-methylaminobenzoic acid-bound CYP199A4 at 100, 150 and 200 K. The substrate is depicted in green, the heme in grey,
water molecules as red spheres, and active site residues are shown in yellow. The D251 side chain rotates out of the active site as the temperature
is raised, and the electron density for the heme-bound aqua ligand (Wat1) gradually disappears. The 2mFo − DFc composite omit maps of the
substrate, heme-bound aqua ligand Wat1 (W1) (where present), Wat41 (W41) and D251 side chain are shown as grey mesh contoured at 1.0 s (1.5
Å carve). The I-helix is depicted as a semi-transparent yellow cartoon. (b) The crystal structures of CYP199A4 in complex with 4-methoxybenzoic
acid at 100, 150, and 200 K. Nomovement of the acidic D251 residue was detected as the temperature was raised. A 2mFo−DFc composite omit
map of the substrate, Wat41 (W41) and D251 side chain is shown as greymesh contoured at 1.0 s. (c) The chemical structures of the substrates 3-
methylaminobenzoic acid (3MeNBA) and 4-methoxybenzoic acid (4MeOBA). (d) The overlaid 3-methylaminobenzoic acid-bound CYP199A4
crystal structures at 100 K (cyan), 150 K (green) and 200 K (yellow), with black arrows highlighting conformational changes that occur as the
temperature is raised.
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ligand was present and the D251 side chain pointed entirely out
of the active site into the solvent channel (Fig. S21). When the
temperature was reduced to 150 K and 100 K, electron density
for the heme-bound aqua ligand did not appear and the side
chain of D251 did not rotate into the active site (Fig. S22 and
S23). For comparison, the active site water molecule equivalent
to Wat41, which interacts with D251 when it points into the
active site, was again present in the structures at all
7746 | Chem. Sci., 2026, 17, 7742–7755
temperatures in both sets of experiments (Fig. S21–S23, and
Table S3). Based on these results we propose that the aqua
ligand may disappear due to X-ray-induced photoreduction of
the heme to generate the ve-coordinate ferrous form.81

To further investigate how the position of the D251 residue is
related to these phenomena we did variable temperature crys-
tallography with CYP199A4 bound to 4-phenoxybenzoic acid
(Tables S11–S15, and Fig. S24–S28).85 The crystal structure of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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CYP199A4 with this ligand contains a tightly bound heme-
bound aqua ligand which interacts with the ether oxygen of 4-
phenoxybenzoic acid. In the X-ray crystal structure at 100 K
D251 was present in two conformations with occupancies of
27% (into the active site) and 73% (out of the active site). As the
temperature was raised to 150 K and 200 K the electron density
of D251 indicated it was only in the orientation which points out
of the active site. At these elevated temperatures the heme aqua
ligand was maintained (70% at 100 K and 59% at 200 K. Table
S13). This infers that the movement of the D251 side chain is
due to the increase in temperature and not X-ray-induced
photoreduction.
Variable-temperature structures of 4-methoxybenzoic acid-
bound CYP199A4

We next repeated these experiments for crystals of CYP199A4
bound with the physiological substrate 4-methoxybenzoic acid
to assess the relationship between D251 conformation and
substrate. Previously reported X-ray crystal structures of
CYP199A4 determined with this substrate show the side chain
of D251 pointing out of the active site into the solvent channel
and interacting with N255.28 The crystal structure of wild-type
CYP199A4 in complex with 4-methoxybenzoic acid was solved
at temperatures of 100, 150, 200 and 300 K with each dataset
being collected using the same crystal (Fig. 1 and S29–S38, and
Tables S16–S18). The resolution of the 100 K structure (1.26 Å)
was higher than that of the previously determined structure (see
Fig. S36, S37, Tables S19 and S20). The resolution decreased
(1.26–1.50 Å at 100–200 K and 2.49 Å at 300 K) as the tempera-
ture was raised and the crystal was repeatedly irradiated
(Fig. S29–S32, and Table S16). However, at each temperature,
a single conformation of both D251 and N255 are observed
(Fig. S34). Importantly, no heme ligated aqua ligand was
observed at any temperature. The electron density maps were
visually inspected for evidence of radiation damage e.g.,
decarboxylation of Asp/Glu residues (Tables S18, S21 and S22).
At 300 K, the electron density did not completely disappear for
the majority of the Asp/Glu side chains examined but the elec-
tron density was poorer particularly for residue D251, compared
to nearby residues such as F182 (Fig. S35) which could be due to
increased mobility. Negative density regions appeared in the
difference map, which may be due to the lower resolution or
radiation damage, or both (Table S18). There was no evidence of
movement of the D251 side chain into the active site as the
temperature of the crystal of 4-methoxybenzoic acid-bound
CYP199A4 was raised (Fig. S34).

The variable-temperature X-ray crystallography of CYP199A4
with the 3-methylaminobenzoic acid bound demonstrated that
the D251 side chain is exible in this system and can rotate in
and out of the active site. This agrees with the proposed role of
D251, in assisting in delivering protons to the active site from
bulk solvent during the catalytic cycle. However, D251 was
stable in the ‘out’ position in the X-ray crystal structures of
CYP199A4 with 4-methoxybenzoic acid and did not move as the
temperature was modied, suggesting that dynamics of D251
and neighboring residues in the I-helix could be substrate-
© 2026 The Author(s). Published by the Royal Society of Chemistry
dependent. To investigate this further, as well as identifying
potential sources of protons from pathways of solvent ux, we
turned to all-atom MD simulations.
Variable temperature molecular dynamics simulations

All-atomMD simulations, 1 ms, were designed and performed in
triplicate to replicate the variable temperature X-ray crystallog-
raphy experiments (totalling 24 ms). Each simulation was
undertaken using the starting coordinates of the 100 K crystal
structures of CYP199A4 with 3-methylaminobenzoic acid and 4-
methoxybenzoic acid, respectively. For the 3-methyl-
aminobenzoic acid experiments, the ‘in’ rotamer of the D251
side chain was selected as the starting conformation. The
temperature was maintained at 100 K or raised to 150 K, 200 K
and 300 K with appropriate system equilibration for each
temperature increase. The MD simulations revealed that
temperature has a profound effect on local and tertiary protein
dynamics. As the temperature increased, the CYP199A4 back-
bone and residues became progressively more dynamic
(Fig. S39 and S40). We found that the two substrates, 3-m-
ethylaminobenzoic acid and 4-methoxybenzoic acid, differen-
tially affect the dynamics of the enzyme. For example, the
oxygen-binding groove of the I-helix adjacent to the substrate
and E-helix are markedly more dynamic or disordered when 4-
methoxybenzoic acid is the substrate as compared to 3-m-
ethylaminobenzoic acid. In the cryogenic 3-methyl-
aminobenzoic acid crystal structures (100 K and 150 K), a heme-
bound aqua ligand is present which forms an additional
hydrogen bond with the carbonyl of A248 (Fig. S15). 4-M-
ethoxybenzoic acid displaces this aqua ligand, abolishing a link
between the heme-centre and the I-helix (Fig. S37). The c1

dihedral angle of the D251 residue was analysed to measure the
different conformational states of the side chain as temperature
was increased (Fig. 2).

In the 3-methylaminobenzoic acid simulations at 100 K, the
D251 side chain remained stable in the ‘in’ conformation. Here
it rests against A178 and F182; these interactions would be ex-
pected to be unfavourable but may be better tolerated under
cryogenic and ultra-low energy conditions. When the tempera-
ture was raised to 150 K and above the side chain switched to
the ‘out’ conformation. This switch is directly coupled to the
presence (“in”) or absence (“out”) of the aqua ligand bound to
the heme centre which when lost, increases the motion of the I-
helix around the oxygen-binding groove (Fig. 2). Once in the
‘out’ conformation, the D251 side chain remained stable
cradled within a ring of neighbouring hydrophobic and non-
polar residues including L175, A178, G179, F182, L50, V254
and L396. At 300 K it was observed to sample a ‘minor’
conformational sub-state in the 3-methylaminobenzoic acid
simulations (Fig. 2). Importantly, across all simulations once
D251 was in the ‘out’ conformation the side chain was not
observed to rotate into the active site. To rotate inward, the
acidic side chain must overcome a signicant barrier imposed
by the A178 and F182 residues and to do so, would likely require
a global conformational change.
Chem. Sci., 2026, 17, 7742–7755 | 7747
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Fig. 2 D251 conformation is allosterically coupled to the heme-substrate via the I-helix. (a) Histograms depicting aggregate c1 sidechain dihedral
angles of D251 from the 3-methylaminobenzoic acid (3MeNBA; left) and 4-methoxybenzoic acid (4MeOBA; right) molecular dynamics simu-
lations. D251 c1 sidechain dihedral angles are coloured according to temperature assigned to conformational state. (b) Representative centroid
frames obtained via k-means clustering (k = 10) of the D251 c1 sidechain dihedral from the molecular dynamics simulations. Residues are shown
as sticks and labelled.
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The simulation data further showed that in all 4-methoxy-
benzoic acid simulations, D251 recapitulated the crystallo-
graphic conformation facing outward into the solvent channel,
remaining highly stable and did not sample a minor alternative
substate (Fig. 2). In these MD simulations, the absence of the
aqua ligand when 4-methoxybenzoic acid is bound correlated
with an increase in mobility of the I-helix (Fig. S40 and S41).

While the MD simulations show that the I-helix is more
dynamic when 4-methoxybenzoic acid is the substrate, the
position of the side chain of D251 is more stable when
compared to what is found with 3-methylaminobenzoic acid. In
the 3-methylaminobenzoic acid simulations, D251 and N255
only hydrogen bond transiently but in the simulations with 4-
methoxybenzoic acid a weak hydrogen bonding interaction is
maintained throughout. To explore any potential implications
for proton delivery, we analysed the distances between the Od1
7748 | Chem. Sci., 2026, 17, 7742–7755
atom of D251 to the Nd2 of N255 and the Cg of T252; the width
of the oxygen-binding groove between Ca atoms of S247 and
D251; and the dihedral angles of the T252, T253 and N255
residue (Fig. 3, S42 and S43).

The greater motion of D251 in the 3-methylaminobenzoic
acid simulations was also apparent from the distance between
D251 and T252 which uctuates as the temperature increases.
This distance was stable when 4-methoxybenzoic acid was
bound, but more signicant differences were observed at 300 K
coinciding with conformational change of the oxygen-binding
groove. When D251 switches to the ‘out’ conformation the
oxygen-binding groove widens by approximately 0.1 nm, and
this increases the solvent ux surrounding the I-helix and the
loss of water molecules from the active site (Fig. S44).

In the 300 KMD simulations of 4-methoxybenzoic acid, T252
was observed to ip with the OH group projecting upward
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Substrate and temperature dependent dynamics of D251, T253 and the I-helix oxygen-binding groove. (a) 2D histograms showing the
relationship between the D251 c1 sidechain dihedral angle and the width of the oxygen-binding groove (between Ca atoms of S247 and D251) at
100 K and 300 K for both 3-methylaminobenzoic acid (3MeNBA) and 4-methoxybenzoic acid (4MeOBA) substrates. (b) 2D histograms showing
the relationship between D251 c1 sidechain dihedral angle and T253 c1 sidechain dihedral angle at 100 K and 300 K for 3MeNBA and 4MeOBA
substrates.
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toward D251. While this was a relatively rare event in the course
of the simulations, when with an inward rotation of protonated
D251, the OH of T252 could be in a position to receive a proton
(Fig. S45).

We next analysed the whole structure and identied
a network of water molecules and salt bridges linking the D251
residue to E153 (in the E-helix), R391 and E400 (both in the C-
terminal loop) (Fig. 4). In the X-ray crystal structures, the elec-
tron density for each residue and the water are well dened in
all of the 3-methylaminobenzoic acid and 4-methoxybenzoic
acid-bound forms at# 200 K. However, they are less clear in the
300 K 4-methoxybenzoic acid structure (Fig. S32 and S46).
Importantly, the water network is present in the 100 K and 150 K
3-methylaminobenzoic acid structures in which D251 is
observed in both the ‘in’ and the ‘out’ states, but the location
differs when compared to those in the 4-methoxybenzoic acid-
bound structures (Fig. S46).

Analysis of the Ca-atom RMSF data showed the E-helix,
which contains the E153 residue, is highly dynamic in the 300 K
4-methoxybenzoic acid simulations. In one of the 4-methoxy-
benzoic acid simulations the salt bridge between E153 and R391
is broken upon destabilisation of the E-helix, which is initiated
by L250 of the I-helix clashing with the residues P156, L157 and
F160. This liberates R391 to form an intermediary interaction
with E400 before switching its position to point into the solvent
channel and form a more long-lived salt bridge with D251
(Fig. 4). Several nanoseconds later, the interaction between
D251 and R391 is broken and the sidechain of R391 transiently
interacts with E400, before dissociating and re-forming
a longer-lived salt bridge with D251 (Fig. 4). This switching of
the salt bridge network was observed in one of the three repli-
cates and occurred over approximate 1–2 ns timescales.
Notably, this switching of the network and longer-lived
© 2026 The Author(s). Published by the Royal Society of Chemistry
salt bridge formation with D251 is also observed in one of the
300 K 3-methylaminobenzoic acid replicates. In all the other
4-methoxybenzoic acid and 3-methylaminobenzoic acid repli-
cates the salt bridge between E153 and R391 also breaks
frequently, which would allow the free amide to transfer the
proton to D251 via water molecules rather than directly inter-
acting with D251 (Fig. S47–S49). Thus, these interactions could
provide a proton-relay system which is not observed
crystallographically.

Our data show that D251 and the putative proton-relay are
allosterically coupled to substrate via movement of the I-helix
and E-helix. The conformational changes in the oxygen-binding
groove, particularly when 4-methoxybenzoic acid is bound,
introduces clashes between L250 on the I-helix and P156, L157
and F160 on the E-helix, resulting in destabilisation and an
increased likelihood of breaking the E153 and R391 salt bridge.
Interestingly, the analysis also revealed that when the I-helix
undergoes conformational change at 300 K – for both substrates
– the side chain of T253 is ipped inwards toward the heme
(Fig. 2 and S44). When this change occurs the T253 residue is in
a similar orientation to that observed in the X-ray crystal
structure for the equivalent V253 residue in P450cam (PDB ID:
1DZ4).15 This change in position of T253 breaks a hydrogen
bond network with a single water molecule and the E367
residue of the L-helix. This changes the position of the E367 side
chain which ips to form a hydrogen bond with Y155 of the E-
helix. In some instances, the hydrogen bond between the E367
carboxyl and Y155 phenol is broken, the latter then hydrogen
bonds with the E367 backbone carbonyl instead. These changes
result in the creation of a new solvent channel between the
heme and the protein surface between Y155 and V159,
correlating with the large increases in RMSF of the D-helix
(Fig. S41 and S44). This channel could be involved in the
Chem. Sci., 2026, 17, 7742–7755 | 7749
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Fig. 4 A putative proton relay coupled to D251 conformation. (a) A 2mFo −DFc composite omit map (contour level: 1 s) of the D251, E153, R391,
E400, and F182 side chains in the crystal structure of 4-methoxybenzoic acid-bound CYP199A4 at 100 K and 300 K. (b) Putative proton relay
transition mechanism “R391 switch” observed in one of the 300 K 4-methoxybenzoic acid molecular dynamics simulation trajectories. (c)
Reversal of the “R391 switch” between D251-bound and -unbound states from the same trajectory as in (b). Residues E153, D251, R391 and E400
which form the putative relay are labelled in bold font; waters are shown as red spheres. Frames are representative time course snapshots.
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expulsion of water from the active site or even be an alternative
pathway for water molecules to enter and possibly deliver
protons.

Together, these ndings indicate that the I-helix participates
in long-range allostery with other regions of the CYP199A4
enzyme, likely increasing the efficiency of proton delivery to and
solvent efflux from the active site. While the solvent channel is
created in both 3-methylaminobenzoic acid and 4-methoxy-
benzoic acid simulations, correlating to conformational
switching of D251 and T253, the allostery between the I-helix
and the E-helix, resulting in initiation of the proton relay occurs
in a substrate-dependent manner. These ndings could explain
the differences in catalytic efficiency of the enzyme with closely
related substrates.53

Discussion

X-ray crystallography experiments with CYP199A4 revealed
alternate ‘in’ and ‘out’ conformations of D251 under cryogenic
conditions when 3-methylaminobenzoic acid was the substrate.
7750 | Chem. Sci., 2026, 17, 7742–7755
The different conformations were coupled to the presence of the
distal heme-aqua ligand. Partial rotation of D251 into the active
site has also been observed in crystal structures of CYP199A4
with certain ligands (products and inhibitors) bound that do
not displace the heme-aqua ligand (PDB ID: 8VKF, 8VOT, 6PRR,
7TRT, and 7N14).53,54,80,86,87 Variable temperature experiments
demonstrated that when the temperature was raised to 200 K,
D251 switched completely to the ‘out’ orientation and the
electron density of the heme-aqua ligand disappeared. In the X-
ray crystal structures of 4-methoxybenzoic acid the D251 side
chain was in the ‘out’ position at all temperatures. In the ‘out’
orientation the D251 side chain interacts with N255 and is also
surrounded by ring of hydrophobic and non-polar residues. In
fact, the D251 side chain shields A178 and F182 from solvent in
the ‘out’ orientation. When D251 is oriented in the ‘in’
conformation the acidic carboxyl rests against the hydrophobic
and non-polar side chains of A178 and F182 and the N255 side
chain rotates away from its other position by ∼90°.28 Recent
studies demonstrate when the bulky F182 residue is replaced
© 2026 The Author(s). Published by the Royal Society of Chemistry
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with alanine, glycine or threonine that the position of D251 can
rotate into the active site (PDB ID: 8WS4, 9DY9, 9DY5, 8HGB,
and 8HGC).88–90

When the temperature of each crystal was raised there was
the loss, or a reduction, in the electron density of the heme-
bound aqua ligand (if present). We concluded that this was
most likely due to gradual X-ray-induced photoreduction of the
ferric heme-iron to the ve-coordinate ferrous form.81,82

Reduction of the heme would result in release of the aqua
ligand.91 An alternative reason for this observation could be that
the low-spin six-coordinate ferric species is favoured at lower
temperatures. This would be in agreement with EPR measure-
ments which are also undertaken at low temperatures and
which show a lower proportion of high-spin ferric heme when
compared to UV-vis absorbance experiments undertaken at
ambient temperatures.92 We only observe the D251 side chain
pointing into the active site when there was electron density
associated with an aqua ligand bound to the heme iron. In
crystal structures of WT CYP199A4 bound to 4-methoxybenzoic
acid that completely displaces the heme-bound aqua ligand we
Fig. 5 Comparative analysis of diverse CYP enzymes reveals widesprea
dioxygen-binding groove. (a) Crystal structure of CYP199A4 bound to 4-m
P450cam bound to camphor from Pseudomonas putida (PDB: 1DZ4). (c
Pseudomonas sp. TCU-HL1 (PDB: 6WPL). (d) Crystal structure of CYP102
6JLV). (e) Crystal structure of P450eryF bound to dioxygen and 6-deoxye
note that the residue equivalent to T252 in CYP199A4 is substituted for
structure of CYP119A1 bound to 4-phenylimidazole from Sulfolobus aci

© 2026 The Author(s). Published by the Royal Society of Chemistry
detected no evidence of the side chain of D251 pointing into the
active site. The reduction of 5-coordinate high-spin ferric CYPs
is signicantly easier than in the 6-coordinate low-spin state.20 It
is important to note here that the D251 residue would be
required to deliver protons aer dioxygen has bound to ferrous
heme and that the presence of this heme ligand may facilitate
this process.

In both sets of X-ray structures the electron density associ-
ated with the substrate and most other active site residues of
CYP199A4 did not signicantly change as the temperature was
raised. This implies that the side chain of D251 has a higher
degree of mobility than the other active site residues. This
movement is consistent with the proposed role of D251, which
is to transfer protons from external solvent to iron-bound di-
oxygen and the ability tomove in and out of the active site would
facilitate this process.27 In the X-ray crystal structures the overall
structure of the I-helix was not greatly changed by the motion of
D251.28 There was a subtle shi in secondary structure of the I-
helix around the oxygen-binding groove that removes a weak
hydrogen bond between the heme-aqua ligand and carbonyl of
d variation of the environment surrounding the acid-alcohol pair and
ethoxybenzoic acid (4MeOBA) solved at 100 K. (b) Crystal structure of

) Crystal structure of P450tcu bound to 5-exo-hydroxycamphor from
A1 bound to N-abietoyl-L-tryptophan from Priestia megaterium (PDB:
rythronoloide B (DEB) from Saccharopolyspora erythraea (PDB: 1Z8O);
an alanine, deviating from the canonical “acid–alcohol” pair. (f) Crystal
docaldarius (PDB: 2F4T).

Chem. Sci., 2026, 17, 7742–7755 | 7751
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A248. Substrate dependent changes in the I-helix structure were
observed in the MD simulations at 300 K, and these were linked
to other structural changes throughout the enzyme. In the
simulations of CYP199A4 starting with a 5-coordinate heme and
4-methoxybenzoic acid-bound, allostery was observed between
the I-helix and E-helix, resulting in breaking and restructuring
of the putative proton relay between E153, D251, R391 and
E400. In the simulations with 3-methylaminobenzoic acid the
presence of a distal water ligand to the heme resulted in less
pronounced allostery between the I-helix and E-helix and only
resulted in the transient breaking of the salt bridges in this
network.

In P450cam – the prototypical model system from which
D251's hypothesised role in proton delivery was rst proposed –

the equivalent residues surrounding D251 are different to those
of CYP199A4. In the ‘out’ orientation D251 is clamped between
K178 and R186 by salt bridge interactions. The binding of the
redox partner has been demonstrated to help break these
interactions. In addition, in P450cam the hydrophobic residues
observed in CYP199A4 are substituted for polar and charged
hydrophilic residues (Fig. 5). Notably, F182 and A178 are both
substituted for threonines in P450cam. A survey of other struc-
turally characterised CYP enzymes highlights that this region
varies greatly (Fig. 5). In the MD simulations the D251 has
a negative charge and this seemed to favour the movement of
the side chain to the ‘out’ orientation. In certain X-ray structures
of CYP199A4 in which D251 has been mutated to a neutral
asparagine a higher proportion of the ‘in’ side chain orientation
was observed (Fig. S4).

In CYP199A4 the interaction of D251 with N255 would be
easier to break than the equivalent salt bridge network of
interactions found in P450cam. This would explain why
CYP199A4 and other CYPs do not have such a restrictive
requirement for the physiological redox partner that P450cam
has for putidaredoxin (the effector role). It is proposed that in
P450cam the binding of the redox partner in this system opens
up the conformation of the enzyme enabling breaking of the
salt network and freeing up of the aspartate residue for proton
delivery.36 These changes that we observed in CYP199A4 when
the physiological substrate is bound could allow for D251 in
CYP199A4 to switch between ‘in’ and ‘out’ conformations and
allow solvent ow to the heme. In P450cam changes in the
position of the side chain of D251 are observed aer confor-
mational changes introduced by redox-partner binding.

The conformational changes to the I-helix oxygen-binding
groove and neighbouring residues, particularly T253, resulted
in formation of a new solvent channel passing from the active
site, under the I-helix to the surface under the D-helix in the MD
simulations. Previously, a solvent channel, harbouring multiple
ordered waters, passing below the acid–alcohol pair and oxygen-
binding groove in P450cam was postulated to be an alternate
pathway for proton delivery or water entry/exit. The amino acid
at residue position 253 of CYP199A4 is a threonine, instead of
the valine of P450cam, and this forms a coordinated hydrogen
bonding network with a single ordered water and conserved
E367 (Fig. S44). In the X-ray crystal structures of P450cam no
such solvent channel is observable and T253 interacts with this
7752 | Chem. Sci., 2026, 17, 7742–7755
single water molecule in all the CYP199A4 structures. In
P450cam (PDB: 1DZ4), the side chains of V253 and the conserved
glutamate residues have different orientations, and two water
molecules occupy this space. The MD simulations of both
substrate-bound forms of CYP199A4 showed movements in the
position of T253 and E367 residues. These changes opened up
a transient solvent channel above and below the oxygen-binding
groove of the I-helix ultimately exiting near the D-helix, which
could facilitate water exit or entry.
Conclusions

Variable-temperature X-ray crystallography and all-atom mole-
cule dynamics simulations were used to demonstrate that the
D251 and other residues within the oxygen-binding groove of
the I-helix of CYP199A4 are exible. The side chain of D251 can
rotate in and out of the active site which, agrees with its
proposed role in facilitating proton delivery to the active site
from bulk solvent during the catalytic cycle. In both X-ray crystal
structures and MD simulation of CYP199A4, D251 favours the
‘out’ of the active site orientation to overcome chemical
incompatibility with A178 and F182. Its orientation was also
coupled to the presence or absence of the 6th distal heme
ligand. There was a correlation between the presence of the
heme-bound water ligand and the position of the D251 side
chain in CYP199A4 and the level of allosteric conformational
changes induced within the I-helix and throughout the enzyme.
Overall, these changes around the oxygen-binding groove act as
a substrate-dependent allosteric switch resulting in structural
changes throughout the enzyme. This enables side chain
interactions to change and water molecules to approach the
distal side of the heme assisting in proton delivery when
required during the catalytic cycle. These changes may have
a role in enabling solvent efflux from the active site of the
enzyme via a channel in the proximal side of the heme. A
comparison of the results and the highly diverse neighbouring
environment of the acidic D251 residue in CYP199A4 and
P450cam (and other CYP enzymes) suggest that there may not be
a ‘universal’model for proton transfer in CYP enzymes, but that
allosteric effects, transient salt bridges and other interactions
are likely be important. The further investigation of these
enzymes using a combination of other techniques, e.g. NMR
combined with room temperature serial crystallography,
mutagenesis and more advanced MD simulations will provide
further information on oxygen activation and proton transfer.
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