In Crystallo Reactions with an Engineered Cytochrome P450 Peroxy-

genase

Joel H.Z. Lee?, John B. Bruning and Stephen G. Bell2*.

aDepartment of Chemistry, University of Adelaide, Adelaide, SA, 5005, Australia
bSchool of Biological Sciences, University of Adelaide, SA 5005, Australia
KEYWORDS Metalloenzymes; Cytochrome P450 enzymes; Peroxyenase activity; Protein engineering’; X-ray crystallog-

raphy

ABSTRACT: The cytochrome P450 monooxygenases are a
class of heme-thiolate enzymes that are able to insert oxy-
gen into unactivated C-H bonds. These enzymes can be con-
verted into peroxygenases via protein engineering which
enables this activity to occur using hydrogen peroxide
(H202) without the requirement for additional nicotinamide
co-factors or partner proteins. This offers significant ad-
vantages in terms of applications and mechanistic studies.
Here, we investigate whether soaking crystals of an engi-
neered P450 peroxygenase with H202 enables the enzy-
matic reactions to occur within the crystal. A designed bac-
terial P450 peroxygenase, CYP199A4 (T252E variant),
which has enhanced activity for the 0O-demethylation of 4-
methoxybenzoic acid using H202 was used. Crystals of
T252E-CYP199A4 in complex with 4-methoxybenzoic acid
were soaked with different concentrations of H20: for vary-
ing times to initiate an in crystallo O-demethylation reac-
tion. Crystal structures of T252E-CYP199A4 showed a dis-
tinct loss of electron density that was consistent with the O-
demethylated metabolite, 4-hydroxybenzoic acid when
compared to the crystal structures of the same enzyme with
the 4-hydroxybenzoic acid product and the 4-methoxyben-
zoic acid substrate bound. The visualisation of enzymatic
catalysis in action is challenging in structural biology and
the ability to start and monitor the reactions of P450 en-
zymes, or their progress, in crystallo by simply soaking crys-
tals with H202 will enable new information on intermedi-
ates, such as product bound structures, and the mechanisms
of these oxygenase reactions to be obtained.

Introduction

Cytochrome P450 enzymes (P450s) are heme-thiolate
monooxygenases that catalyse the selective insertion of one
atom of dioxygen (02) into C-H bonds. This enables them to
catalyse a wide variety of complex transformations includ-
ing epoxidation, heteroatom oxidation, desaturation,
dealkylations, and C-C bond cleavage and formation.! The
sequence identity between and substrates of P450s from
different families and species can vary widely but their
overall structures are broadly conserved. Their spectro-
scopic properties are similar due to the heme catalytic cen-
tre.% 3 Much of our knowledge of these enzymes is derived
from the first structurally characterised cytochrome P450,
P450cm, a stereoselective camphor hydroxylating enzyme

from a Pseudomonas bacterium. +7 The X-ray crystal struc-
tures of many P450s from across a variety of different spe-
cies have now been determined.8-11

The structures of the ligand-bound (substrate and inhibi-
tors) and substrate-free P450 enzymes are accessible
through X-ray crystallography. The other intermediates of
the P450 catalytic cycle can be explored using other tech-
niques. X-ray crystallographic structures of certain interme-
diates of P450 enzymes have been proposed but this these
species are challenging to isolate in the multi-step catalytic
cycle of these enzymes. For other enzymes the use of cryo-
genic temperatures and rapid-data collection techniques
have enabled the trapping and characterisation of interme-
diates in enzyme-catalysed reactions in crystallo.'> One ma-
jor challenge in trapping such reaction intermediate in P450
enzymes is initiating the reaction in protein crystals. This is
hampered by the need for external electron transfer part-
ners and nicotinamide cofactors (NAD(P)H) to initiate reac-
tions.13 Others have attempted to overcome this by reducing
a crystal of substrate-bound P450s with electrons from the
X-ray beam and in certain instances this can result in oxida-
tion.1*1¢ This approach has also led to the proposed for-
mation of electron density consistent with an oxyferryl (Cpd
[), the main oxidant of the P450 catalytic cycle.17 18

An alternate strategy to initiating enzymatic reactions in
protein crystals of P450 enzymes is the use of the peroxide
shunt pathway.!” The peroxide shunt pathway is able to
generate Cpd I (Scheme 1) directly using hydrogen perox-
ide. A small number of P450s are able to use this pathway
for catalysis to act as peroxygenases.20-26 As this shunt path-
ways and these P450 peroxygenases only requires hydro-
gen peroxide (H202) to initiate reactions, it may be possible
to trigger in crystallo P450 reactions by simply soaking the
crystal with peroxide. This could then potentially be used to
trap and study the reactive intermediates involved in these
enzyme reactions.
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Scheme 1. The peroxide shunt pathway of P450 en-
Zymes.
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An attempt at capturing an in crystallo P450 enzyme reac-
tion using hydrogen peroxide has been described previ-
ously.?” A weak electron density corresponding to a hydrox-
ylated hemiacetal intermediate was reported in the X-ray
crystal structure of substrate-bound crystals of the P450
enzyme CYP121 after soaking with H202. A study with a
peroxiredoxin enzyme also exploited a similar method to in-
itiate in crystallo enzymatic reactions. Crystals of peroxire-
doxin were soaked with H20; and structures were solved.
Atomic resolution snapshots of the peroxiredoxin proceed-
ing through thiolate, sulfenate, and sulfinate species were
obtained.?8 Despite these studies efficient activation of
heme oxygenases within crystals remains challenging.

CYP199A4 is a bacterial P450 enzyme from the bacterium
Rhodospeudomonas palustris HaA2 that has high catalytic
activity towards the oxidation of para-substituted benzoic
acids.?*-32 The structure of CYP199A4 has been studied ex-
tensively by X-ray crystallography to elucidate the binding
modes of various ligands and rationalise the activity this
P450 enzyme.33-3¢ CYP199A4 and its mutants have also
been used as a model system to investigate mechanistic de-
tails of P450 reactions.3¢-3° A rationally engineered variant
of CYP199A4, the T252E mutant (T252E-CYP199A4), was
found to have enhanced peroxygenase activity and is able
use H20: for catalytic activity.38 40 A crystal structure of
T252E-CYP199A4 complexed with 4-methoxybenzoic acid
has been solved.*® Given the enhanced peroxygenase activ-
ity of this P450 variant we hypothesise it should be able ca-
pable of in crystallo enzymatic reactions using hydrogen
peroxide. By soaking crystals of T252E-CYP199A4 bound to
its 4-methoxybenzoic acid with H202, we aim to assess if
peroxygenase activity to oxidatively O-demethylate this
substrate could occur within these crystals (Scheme 2).40
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Scheme 2. The O-demethylation of 4-methoxybenzoic acid
by CYP199A4.

Results

For in crystallo enzymatic reactions with T252E-CYP199A4,
4-methoxybenzoic acid was chosen as the substrate as it
binds tightly to both the WT and T252E-CYP199A4 (Ka=0.3
uM and 1.1 uM, respectively).3? 40 Protein crystals of T252E-
CYP199A4 complexed with 4-methoxybenzoic acid were
soaked with different concentrations of H202 to trigger the
in crystallo reaction (0.5 - 10 mM H202 for 0 - 10 minutes).
A total of 24 crystals of the T252E mutant were soaked in
varying concentrations of H202 for different lengths of time
and then flash-frozen in liquid N2. X-ray diffraction data
were collected. Three of these crystals showed high quality
diffraction patterns.

Diffraction data of T252E-CYP199A4 co-crystallised with 4-
hydroxybenzoic acid was also collected as a control to ena-
ble comparison to the H202-soaked crystals to both the sub-
strate-bound (PDB 7REH) and product-bound structures.

The structures of these crystals were determined and re-
fined. The F,-F. difference maps were generated to assess
negative and positive electron density around the bound
molecule and confirm if in crystallo demethylation to gener-
ate 4-hydroxybenzoic acid occurred.

The structure of T252E-CYP199A4 co-crystallised with 4-
hydroxybenzoic acid was solved and refined to a resolution
of 2.03 A (PDB: 8GLY). Structural refinement and data col-
lection statistics were shown in Table S1. The overall pro-
tein fold was similar to the structure of T252E-CYP199A4
(PDB: 7REH)* with an RMSD of 0.157 A, Figure S1). There
was electron density consistent with the mutated T252E
residue and the retention of the 6% aqua ligand of the heme
as observed with other T252E-CYP199A4 crystal structures
(Figure 1).38% 40 There was also electron density present
within the active site consistent with the product bound as
previously observed with other ligand-bound structures of
CYP199A4.41 This electron density was modelled as 4-hy-
droxybenzoicacid (occupancy 86%). The 4-hydroxybenzoic
acid complex structure was superimposed to T252E-
CYP199A4 complexed with 4-methoxybenzoic acid (PDB:
7REH, Figure S2). The active site structure between two
complexes were similar with little or no differences ob-
served between the positioning of key active site residues.

Figure 1. Crystal structure of T252E-CYP199A4 co-crystal-
lised with 4-hydroxybenzoic acid (yellow sticks, PDB:
8GLY). In (a), the electron density of the bound substrate
was modelled as 4-hydroxybenzoic and in (b) it was mod-
elled as 4-methoxybenzoic acid. Composite-omit maps
(2mF,-F.) are shown as a grey mesh contoured to 1.0 o (1.5
A carve) around the substrate, residue E252 and heme-
bound water in (a) and (b). Fo-Fc maps contoured to 2.5 ¢
are also shown as a green or red mesh. In (b), there is a re-
gion of negative density (red mesh) around the methoxy
functional group of would be located.
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When the ligand was modelled as 4-hydroxybenzoic acid
(Figure 1), the F,-F: maps showed no positive or negative
density around the ligand indicating a good match. This was
in contrast to when 4-methoxybenzoic acid was modelled
(Figure 1), which showed a distinct region of negative den-
sity where the methoxy functional group would be mod-
elled. This negative density clearly demonstrates that the
additional atoms of 4-methoxybenzoic acid are a poor fit for
the electron density of the 4-hydroxybenzoic acid product.
A similar analysis was carried with T252E-CYP199A4 co-
crystallised with 4-methoxybenzoic acid but modelled with
4-hydroxybenzoic acid instead (Figure S3). This demonstra-
tion of the difference in the F,-F: maps between the sub-
strate ligand and the electron density of the product would
assist in determining if the H202-soaked crystals of T252E-
CYP199A4 underwent O-demethylation.

Figure 2. Crystal structure of T252E-CYP199A4 co-crystal-
lised with 4-methoxybenzoic acid and soaked with 1 mM
H20:2for 0 min (magenta sticks, PDB: 8GM1). This structure
was solved to a resolution of 1.85 A. In (a), the electron den-
sity of the bound substrate was modelled as 4-hydroxyben-
zoic and in (b) it was modelled as 4-methoxybenzoic acid.
Composite-omit maps (2mF,-Fc) are shown as a grey mesh
contoured to 1.0 o (1.5 A carve) around the substrate, resi-
due E252 and heme-bound water in (a) and (b). Fo-Fc maps
contoured to 2.5 o are also shown as a green or red mesh.

The first structure solved for the in crystallo reactions was
a crystal soaked with 1 mM H202 and flash-frozen immedi-
ately after addition of the peroxide (0 min). This structure
was solved and refined to a resolution of 1.85 A (PDB:
8GM1; Table S1 and Figure 2). When comparing the Fo-Fc
maps between the two models, the 4-hydroxybenzoic acid
model showed a large region of positive density (green
mesh) surrounding the para-hydroxy moiety indicating the

model used is missing atoms in this region (Figure 2). In the
4-methoxybenzoic acid model (Figure 2), no positive or
negative density was observed near the para position of the
bound ligand. This demonstrates that little or no demethyl-
ation of 4-methoxybenzoic acid had occurred within the
crystal. It is noted that there is still a region of positive den-
sity above the heme and the aqua ligand in Figure 2. An at-
tempt to model a H202 molecule above the heme resulted in
negative density in the Fo-Fc map (Figure S7).

The other structures were from crystals soaked in H202,
which were left for longer before being flash cooled. In the
crystal structure of T252E-CYP199A4 with 4-methoxyben-
zoic acid, which was soaked with 4 mM of H20: for 5 min the
Fo-Fc maps showed only a small region of positive density
near the para-moiety when 4-hydroxybenzoic acid is the
modelled ligand (resolution of 2.02 A; PDB: 8GLZ; Figure 3).
In the 4-methoxybenzoic acid model there was negative
density around the para-methoxy moiety that indicates
poor agreement between this model and the electron den-
sity (Figure 3).

A

Figure 3. Crystal structure of T252E-CYP199A4 co-crystal-
lised with 4-methoxybenzoic acid and soaked with 4 mM
H202for 5 min (green sticks, PDB: 8GLZ). This structure was
solved to a resolution of 2.02 A. In (a), the electron density
of the bound substrate was modelled as 4-hydroxybenzoic
acid and in (b) it was modelled as 4-methoxybenzoic acid.
Composite-omit maps (2mF,-Fc) are shown as a grey mesh
contoured to 1.0 ¢ (1.5 A carve) around the substrate, resi-
due E252 and heme-bound water in (a) and (b). The Fo-Fc
maps contoured to 2.5 ¢ are also shown as a green or red
mesh.
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For this structure, the Fo-Fc and composite-omit maps were
similar to that of T252E-CYP199A4 bound to 4-hydroxyben-
zoic acid (Figure 1). Taken together this is strong evidence
of 4-hydroxybenzoic acid bound within the active site. The
positive density surrounding the 4-hydroxybenzoic acid
model (Figure 3) is also significantly smaller in comparison
to the crystal where little or no demethylation of the sub-
strate occurred (Figure 2). This suggests that an in crystallo
demethylation reaction has occurred after soaking with 4
mM H:0o.

Figure 4. Crystal structure of T252E-CYP199A4 co-crystal-
lised with 4-methoxybenzoic acid and soaked with 2 mM
H20:2 for 10 min (cyan sticks, PDB: 8GM2). This structure
was solved to a resolution of 2.33 A. In (a), the electron den-
sity of the bound substrate was modelled as 4-hydroxyben-
zoic and in (b) it was modelled as 4-methoxybenzoic acid.
Composite-omit maps (2mF,-Fc) are shown as a grey mesh
contoured to 1.0 ¢ (1.5 A carve) around the substrate, resi-
due E252 and heme-bound water in (a) and (b). Fo-Fc maps
contoured to 2.5 o are also shown as a green or red mesh.

The crystal structure of T252E-CYP199A4 bound to 4-meth-
oxybenzoic acid that was soaked in 2 mM H:0: for 10 min
was determined at 2.33 A resolution (PDB: 8GM2; Table S1
Figure 4). The model of both 4-hydroxybenzoic acid and 4-

methoxybenzoic acid showed no significant regions of neg-
ative density. However, a small region of positive density
was observed with the 4-hydroxybenzoic acid model (Fig-
ure 4). This shows that a lower proportion of the 4-methox-
ybenzoic acid ligand has undergone O-demethylation
within this crystal (Figure 4) compared to that soaked with
more H20: for a shorter period of time (Figure 3).

Modelling the electron density of the ligands bound to the
different H202-soaked crystals with either 4-methoxyben-
zoic acid and 4-hydroxybenzoic acid suggests that different
proportions of the initial substrate and demethylated me-
tabolite were present in the T252E-CYP199A4 crystals. To
further investigate the extent of the progress of the in crys-
tallo enzymatic reaction, both 4-methoxybenzoic acid and
4-hydroxybenzoic acid were modelled in same location us-
ing different alternative location (altloc) identifiers and the
occupancies of both ligands refined (Table 1).

Ligand Occupancy (%)
Condition
4-hydroxyBA 4-methoxyBA
4 mM H202/5 min 70 30
(PDB:8GLZ)
2 mM Hz202/10 min 35 62
(PDB: 8GM2)
1 mM H202/0 min 47 50
(PDB: 8GM1 )
4-hydroxyBA 86 -
(PDB: 8GLY)
4-methoxyBA - 100
(PDB: 7REH)

Table 1. Occupancies of 4-methoxybenzoic acid and 4-hy-
droxybenzoic acid co-refined at the same location in H20:
soaked crystals of T252E-CYP199A4.

The refined occupancies of the bound ligand to the soaked
crystals were largely consistent with what was observed
with the Fo-F: maps (Figures 2-4). The 4 mM H:02-soaked
crystal showed the highest proportion of 4-hydroxybenzoic
acid (70%, Table 1) which agrees with demethylation being
observed with its respective Fo-F: maps (Figure 3). Crystals
soaked with 1 mM and 2 mM H202showed less or no in crys-
tallo demethylation occurring based on the F,-Fc maps (Fig-
ure 2 and Figure 4). The occupancy of 4-methoxybenzoic
acid for these two crystals was indeed higher compared to
the demethylated product (Table 1). The proportion of 4-
methoxybenzoic acid was highest in the crystal soaked in 2
mM H20: (62%) suggesting that in crystallo demethylation
occurred to a lesser extent compared to the other condi-
tions in these crystals.

The exposure of peroxide to P450 enzymes such as T252E-
CYP199A4 and other P450 peroxygenases has been shown
to damage the heme centre.3840.42 To assess if this peroxide-
driven damage causes any changes with the H202-soaked
crystals the crystals that were soaked with 4 mM H202 and
2 mM H:0: for 5 min and 10 min respectively were mod-
elled with their respective ligand with the highest refined
occupancy in Table 1. Their active site structure of each
crystal was compared a structure of T252E-CYP199A4
bound to 4-methoxybenzoic acid (PDB: 7REH) and T252E-
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CYP199A4 with 4-hydroxybenzoic acid (PDB: 8GLY; Figure
5). The distances and angles of key active site features for
these crystal structures were measured and compared (Ta-
ble S2). The general features of the active site across all the
structures were similar. The chloride capping anion is pre-
sent alongside water molecules that interact with the heme
and benzoic acid moiety of the ligand and there was no evi-
dence of heme damage that would infer peroxide induced
heme damage (Figure 5 and Figure S$8).40

F182

Figure 5. (a) The structure of T252E-CYP199A4 crystal-
lised with 4-methoxybenzoic acid solved to 2.02 A that un-
derwent in crystallo demethylation after soaking with 4 mM
H20: for 5 min (green sticks, PDB: 8GLZ). The ligand bound
was modelled as 4-hydroxybenzoic acid. A composite-omit
map (2mF,-Fc) is shown around the bound ligand, residue
E252 and heme-bound water (W1) as a grey mesh (1.0 o,
1.5 A carve) (b) Structure of T252E-CYP199A4 soaked with
4 mM H:02 (green sticks) superimposed with the same en-
zyme complexed with 4-methoxybenzoic acid (navy sticks,
PDB: 7REH).

When the structure of crystallised T252E-CYP199A4
soaked with 4 mM H:0: for 5 min was modelled and refined
with 4-hydroxybenzoic acid as the bound ligand (Figure 5,
PDB: 8GLZ) the occupancy of the heme-bound water ligand
was 88%. The active site structure of this H202-soaked crys-
tal T252E-CYP199A4 also showed no significant differences
with the previously reported structure of this enzyme (Fig-
ure 5, PDB: 7REH).

The crystal structure of T252E-CYP199A4 soaked with 2
mM H:0: for 10 min (2.33 A, PDB: 8GM2) was also com-
pared to the structure of the same mutant complexed with

4-methoxybenzoic acid (PDB: 7REH; Figure S8) and 4-hy-
droxybenzoic acid (PDB: 8GLY Figure S8). The ligand of the
H202-soaked structure was modelled as 4-methoxybenzoic
acid and the heme-bound water had 100% occupancy (Fig-
ure 6). The active site conformation between the compared
structures were largely similar. An altered conformation for
mutated E252 residue was observed in this H202 soaked
crystal (Figure 6 and Figure S8). The carboxylate of the
E252 residue was oriented upwards by ~18° after soaking
with H202 and becomes more in parallel with the plane of
the heme (Figure S8).

In summary, three different crystals of T252E-CYP199A4 in
complex with 4-methoxybenzoic acid were soaked in vary-
ing concentrations of H202 (Figure 6). The crystal of the
T252E mutant soaked for 4 mM H:02 for 5 mins showed a
loss of electron density of the bound ligand that was con-
sistent with in crystallo demethylation.

Figure 6: Crystal structures of T252E-CYP199A4 soaked
with Hz0z2. In (a), crystal was soaked with 4 mM H20: for 5
mins and 4-hydroxybenzoic acid was the highest occupancy
ligand observed. In (b) and (c), crystals were soaked with 2
mM and 1 mM H:0: respectively while 4-methoxybenzoic
acid was the highest occupancy ligand observed for both (b)
and (c). Composite omit maps were shown as a grey mesh
(1.0 0, 1.5 A carve).

Discussion

The structure of T252E-CYP199A4 in complex with 4-hy-
droxybenzoic acid has been solved for the first time. This
ligand is a product of O-demethylation by CYP199A4 using
4-methoxybenzoic acid as a substrate. 4-Methoxybenzoic
acid binds tightly to WT CYP199A4 (K4 = 0.3 uM)3° and the
T252E mutant (K4 = 1.1 pM)#0. The binding affinity of 4-hy-
droxybenzoic acid is unknown but it would be expected to
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bind less tightly. For example, the dissociation constants for
P450cm with its physiological substrate, camphor (K4 =0.25
uM)#3 showed it was bound nearly 40-fold tighter compared
to the product, 5-exo-hydroxycamphor (Kq = ~ 10 pM).**
From this, we can infer CYP199A4 and its mutant would be-
have similarly, whereby 4-hydroxybenzoic acid will bind
less tightly to CYP199A4 compared to 4-methoxybenzoic
acid. The refined occupancy of 4-hydroxybenzoic acid
bound to T252E-CYP199A4 was found to be 86%. The lig-
and binding mode and active site geometry of T252E-
CYP199A4 was not altered significantly with 4-hydroxyben-
zoic acid compared to 4-methoxybenzoic acid. A structure
of P450cm bound to the hydroxylation product, 5-exo-hy-
droxycamphor found the product and substrate are held in
a similar position.5

The structure of P450cam with 5-exo-hydroxycamphor also
revealed an interaction between the product OH group and
the heme-iron centre (Fe-0, ~ 2.7 &). The alcohol group of
4-hydroxybenzoic acid was much further away from the
iron (Fe-0, 4.8 A) and interacts with a heme-bound distal
water ligand (83% occupancy). This was to be expected as
other benzoic acid substrates were also unable to displace
this heme-bound water in this mutant.® This is due to the
distal water molecule interacting with the carboxylate of
E252 (2.6 A) and allows it to remain bound to the heme-
iron.

In crystallo O-demethylation reactions were demonstrated
with crystallised T252E-CYP199A4 bound to 4-methoxy-
benzoic acid and soaked with H202. The soaking condition
that drove demethylation to the greatest degree being 4 mM
H20: for 5 min and this was the highest concentration of
H20:2 tested. Analysis revealed 4-hydroxybenzoic acid with
an occupancy of 70%. The alternate soaking conditions of 2
mM H:0: for 10 min drove in crystallo demethylation the
least (35% occupancy of 4-hydroxybenzoic acid) compared
to soaking in 1 mM H202for 0 min (47% occupancy of 4-hy-
droxybenzoic acid). This discrepancy with the higher con-
centration of H:0: forming less 4-hydroxybenzoic acid
could be due to poorer diffusion of H202 into the crystal lat-
tice. The rate of diffusion of molecules into the crystal lattice
does not only depend on a high concentration of the soaked
molecule during the soaking step but also the crystals need
to be small with large diffusion coefficients.*> The size of the
crystal chosen for this study were chosen at random. Crys-
tals with edge lengths in single digit pm or smaller are rec-
ommended for diffusion triggered in crystallo reactions.*s

Further investigations could involve large-scale batch crys-
tallisation to form microcrystals of T252E-CYP199A4. Fac-
ile crystallisation of microcrystals in batch have been
achieved with different enzymes by incorporating ammo-
nium sulfate precipitation to the vapor diffusion crystallisa-
tion conditions of these enzymes.*¢ Microcrystals are sus-
ceptible to damage to X-ray radiation,*> but large batches of
microcrystals can be used for serial crystallography. This in-
volves thousands of microcrystals being exposed to X-ray
free electron lasers (XFEL) that damages the microcrystals
but diffraction occurs at a femtosecond scale.*” As diffrac-
tion is essentially instantaneous, large batches of crystals
could be used in serial crystallography to obtain diffraction
data for structure determination. Microcrystals of T252E-
CYP199A4 used for H:0: triggered in crystallo reactions

could be investigated with serial crystallography to explore
femtosecond resolved structures along the catalytic path-
way of this enzyme.

Crystals with large diffusion coefficients would allow fast
diffusion of the target molecule into the crystal lattice and is
influenced by large, water-filled channels within the crys-
tallised protein.*> The size of the solvent pores within crys-
tals of CYP199A4 has not been assessed. A possible ap-
proach to improve the diffusion of H202 into the crystals of
this P450 enzyme would be analysing the solvent channels
of the enzyme using CAVER 3.0.484% For example, this
method was used to identify and estimate the importance of
the solvent channels in haloalkane dehalogenase DhaA for
catalytic activity.*8

In crystallo P450 reactions driven by the peroxide shunt has
only been demonstrated with CYP121 with a synthetic
probe designed to mimic its native substrate, cyclo(l-Tyr-1-
Tyr) (cYY).?” Soaking of CYP121 co-crystallised with the
synthetic probe in H202 formed a hydroxylated intermedi-
ate that was potentially captured by X-ray crystallography
(Figure S10). This hydroxylated intermediate was reported
to share 50% occupancy with the substrate precursor
thought this appeared less clear from the electron density
(Figure S10). In our current study, the highest occupancy
observed for an in crystallo demethylation product with
T252E-CYP199A4 was 70%. Future work could include
testing other substrates with crystallised T252E-CYP199A4
that could undergo different in crystallo P450 reactions
such as hydroxylation and sulfoxidation. It is envisioned
that trapping H202 within the crystallised enzyme could be
achieved to assess how the peroxide molecule interacts
with the active site residues. Trapping of a peroxide mole-
cule with other iron containing enzymes has been shown to
be possible.50

In summary, a crystal structure of T252E-CYP199A4 com-
plexed with 4-hydroxybenzoic acid was solved for the first
time. Active site geometry and ligand binding modes of en-
zyme complex did not differ significantly from when the en-
zyme was bound to 4-methoxybenzoic acid. In crystallo O-
demethylation of 4-methoxybenzoic acid was demon-
strated for the first time within crystals of T252E-
CYP199A4.

Experimental Section

General reagents and organics were purchased from Sigma-
Aldrich. Isopropyl--D-thiogalactopyranoside (IPTG) and
buffer components were obtained from Astral Scientific
(Australia). UV/Vis spectra and spectroscopic activity as-
says were performed on an Agilent Cary 60 spectrophotom-
eterat30 £ 5 °C.

Production and Purification of T252E-CYP199A4. Mu-
tant T252E of CYP199A4 was expressed as previously de-
scribed but with the addition of 4-methoxybenzoic acid to a
concentration of 1 mM to the expression media before in-
duction. The expressed protein was then purified using pre-
viously established methods.#? Proteins were stored in 50%
v/v glycerol at -20 °C.
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Protein Crystallography and In Crystallo Enzymatic Re-
actions. Crystallisation experiments were performed with
T252E-CYP199A4. Immediately prior to preparation of
crystal trays, the protein was purified via elution through a
HiPrep Sephacryl S-200 HR size-exclusion column (60 cm x
16 mm; GE Healthcare) with Buffer T at a flow rate of 1 mL
mint. The purity of the protein was assessed based on
the Reinheitszahl value, RZ = A420/A280, whereby fractions
with RZ = 2 were collected and combined.

Substrate (4-methoxy- or 4-hydroxybenzoic acid) in DMSO
was then added to the combined fractions to a final concen-
tration of 1 mM from a 100 mM stock to the concentrated
protein. The combined fractions with substrate were incu-
bated at 4 °C and then concentrated via ultrafiltration using
a Microsep Advance centrifugal device (10 kDa MWCO, Pall
Corporation) to a concentration of approximately 30 - 35
mg mL-1. Crystallisation trays were prepared using the fol-
lowing optimised buffer conditions previously reported: 0.2
M magnesium acetate, 100 mM Bis-Tris buffer (adjusted
with acetic acid to pH 5.0 - 5.75) and 20 - 32% w/v polyeth-
ylene glycol (PEG) 3350.4! Protein crystallisation was
achieved using the hanging-drop vapor diffusion method in
24-well trays. An equal volume of crystallisation buffer was
mixed with hanging drops of 1.2 - 2 pL of protein and was
equilibrated with a reservoir of the same buffer (500 pL) at
16 °C. Red plate-like crystals were obtained after half a day
to one week.

In crystallo reactions were carried out with T252E-
CYP199A4 co-crystallised with 4-methoxybenzoic acid. Sin-
gle crystals were picked from individual wells and soaked
in their respective crystallisation buffer containing H20:.
The crystals were soaked at different concentrations of
H202 (0.5 to 10 mM) with variable soaking times (0, 5 and
10 min). After soaking, single crystals were mounted onto
Micromounts or Microloops (MiTeGen LLC, New York, USA).
Mounted crystals were immersed in Parabar 10312 Oil
(Paratone-N, Hampton Research, California, USA) before
flash-cooled in liquid Na.

X-ray diffraction data were obtained (360 images per crys-
tal) at the Australian Synchrotron using the MX1 beamline®!
with an exposure time of 1 s, oscillation angle of 1 °, wave-
length 0f 0.9537 A and temperature of 100 K. Diffraction im-
ages were indexed and integrated using iMosfilm. 52 Aim-
less®3 from the CCP4 suite of programss* was used to carry
out scaling, merging and Riree labelling (5% of reflections,
randomly selected). The phase problem was solved using
Molecular Replacement in Phaser>5 using a high-resolution
structure of WT CYP199A4 (1.54 A, PDB: 5UVB) as the
search model. The ligands and solvent molecules were re-
moved from the search model prior to phasing to eliminate
model bias. Weighted 2mF,-F. maps and Fo-Fc difference
maps were obtained and used to rebuild the model in Win-
Coot and determine the substrate binding mode.5¢ Struc-
tural refinements were carried out over multiple cycles us-
ing Phenix Refine, available in the Phenix suite of pro-
grams.>’

Composite-omit or feature enhanced maps that reduce
model bias were generated in Phenix to allow inspection of

the ligand binding site and reveal the location of all substrate
atoms.58 59 Detailed data collection and structural refinement
statistics are provided in the supporting information. To model
the location of the Cpd [ oxygen atom (Table S2), the CreateA-
tomAlongBond script was employed. Computational studies of
Cpd I have calculated that the Fe-O bond length is very con-
sistent at 1.62 A. This was determined both in the absence and
in the presence of substrate for CYPs 2C9, 2D6, 3A4 and
P450cam.50 The oxygen atom was thus positioned 1.62 A from
the heme iron of the CYP199A4 structures.
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