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Abstract

Class VII cytochromes P450 are self-sufficient enzymes carrying a phthalate family
oxygenase-like reductase domain and a P450 domain fused in a single polypeptide
chain. The biocatalytic applications of CYP116B members are limited by the need of
the NADPH cofactor and the lack of crystal structures as a starting point for protein
engineering. Nevertheless, we demonstrated that the heme domain of CYP116B5
can use hydrogen peroxide as electron donor bypassing the need of NADPH.

Here, we report the crystal structure of CYP116B5 heme domain in complex with
histidine at 2.6 A of resolution. The structure reveals the typical P450 fold and a
closed conformation with an active site cavity of 284 A3in volume, accommodating a
histidine molecule forming a hydrogen bond with the water molecule present as 6™
heme iron ligand. MD simulations in the absence of any ligand revealed the opening
of a tunnel connecting the active site to the protein surface through the movement of
F-, G- and H-helices.

A structural alignment with bacterial cytochromes P450 allowed the identification of
amino acids in the proximal heme site potentially involved in peroxygenase activity.
The availability of the crystal structure provides the bases for the structure-guided

design of new biocatalysts.
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1. Introduction

The development of new biocatalysts for organic synthesis and for the production of
novel metabolites with interesting biological activities is a relevant and challenging
topic [1,2].

In this context, cytochromes P450, a superfamily of heme thiolate enzymes that
catalyse different reactions on substrates that range from ethylene to complex
antibiotics [3-5], are optimal candidates for different biocatalytic applications [6,7].
The interest for these enzymes is due to their ability to carry out reactions difficult to
achieve with standard chemical methods and their versatility that have led to the
development of many mutants with improved catalytic abilities on substrates of
interest [8-13]. Indeed, some members of this superfamily have already been
introduced as biocatalysts at an industrial scale for the biosynthesis of drugs [14-18].
In order to carry out their reaction, most cytochromes P450 generally need a redox
partner that can be a flavin-containing protein that transfers electrons from NADPH to
the P450 enzyme directly or via another protein that usually contains an iron-sulfur
cluster [19]. Some exceptions are represented by class VII and class VIii
cytochromes P450 that are bacterial self-sufficient enzymes with a multi-domain
organization [19]. Moreover, some cytochromes P450s can use hydrogen peroxide
as electron donor in a short cut of the catalytic cycle known as peroxide shunt [20].
Class VII P450s include enzymes containing a phthalate family oxygenase (PFOR)-
like reductase module, accepting the electrons from NADPH and transferring them to
the fused P450 domain [19, 21,22]. They have been demonstrated to be able to carry
out hydroxylation, demethylation and sulfoxidation reactions on different substrates
that include aromatics and fatty acids [23-25]. They have shown interesting

properties such as good expression levels and thermal stability [25,26]. In addition,



we recently demonstrated that the isolated heme domain of CYP116B5 from
Acinetobacter radioresistes S13 (CYP116B5hd) can bypass the need of the
expensive NADPH cofactor and the reductase module using the so-called “peroxide
shunt” that allows to accept the electrons directly from hydrogen peroxide [27]. The
enzyme also has a higher tolerance to hydrogen peroxide damage compared to other
bacterial enzymes and broad substrate specificity. Indeed, it is able to carry out the
regioselective hydroxylation of alkanes, aromatics and diclofenac and the N-
demethylation of tamoxifen [27,28].

Here, we report the crystal structure of CYP116B5hd that provides new insights in
the structural organization of class VIl cytochromes P450. Until now, only one crystal
structure of a class VII P450 heme domain (CYP116B46hd) has been reported [29].
The crystal structure is compared to bacterial cytochromes P450 that use the
canonical P450 catalytic cycle and to the so-called P450 peroxygenases that use the
peroxide shunt. MD and docking simulations are used to study the protein flexibility,
the interaction with known substrates and with the 2Fe-2S cluster-containing domain

that constitutes part of the physiological electron transfer domain.

2. Material and methods

2.1 Materials

All chemicals used were purchased from Sigma Aldrich and were of the highest
available purity grade. Crystallisation plates, tools and buffer were purchased from

Molecular Dimension.

2.2 Expression and purification



The pET116B5 plasmid, carrying the N-terminal 6xHis-Tag heme domain of
CYP116B5, was used to transform E. coli BL21 (DE3) cells. The expression was
induced by adding 100 pM IPTG and carried out for 24 hours at 22-24°C in LB
medium supplemented with 0.5 mM of &-aminolevulinic acid. For protein purification,
cells were resuspended and sonicated in a 50 mM potassium phosphate pH 6.8
buffer supplemented with 100 mM KCI, 1 mg/mL lysozyme, 1% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1 mM benzamidine. Cell debris was
removed by ultracentrifugation at 41,000 g for 45 minutes at 4°C.

The supernatant was loaded onto a 1 ml Nickel-ion affinity column (His-trap HP, GE
Healthcare) and eluted applying a linear gradient of imidazole ranging from 20 to 200
mM. The fractions containing the protein were pooled, concentrated and loaded onto
a Superdex 200 size exclusion chromatography (GE Healthcare) and eluted with 50
mM potassium phosphate pH 6.8, 200 mM KCI. The fractions containing the
monomeric form of the protein with a purity ratio (Asisnm/Azsonm) > 1.3 were pooled
together and concentrated using Amicon ultracentrifugation filters (30 kDa cutoff)
provided by Merck. The concentration of the folded protein was evaluated from the
cytochrome P450-CO complex spectrum obtained upon reduction of the protein with
sodium dithionite and CO bubbling, using an extinction coefficient at 450 nm of

91,000 Mt cm't [30].

2.3 Protein crystallization

Red crystals were obtained by sitting drop vapour diffusion method using freshly
purified protein at a concentration of 40 mg mL* in a 100 mM potassium phosphate
pH 6.8 buffer. The droplets were set up with an equal volume (1 uL) of protein and

reservoir. The crystals grew up after 4-5 weeks in a reservoir solution containing 100



mM amino acids (0.02 M pL-Arginine hydrochloride, 0.02 M pL-Threonine, 0.02 M pt-
Histidine monohydrochloride monohydrate, 0.02 M pL-5-Hydroxylysine hydrochloride,
0.02 M trans-4-hydroxy-L-proline), 0.1 M Gly-Gly, 2-amino-2-methyl-1,3-propanediol
(AMPD) buffer pH 8.5, 36% v/v of a precipitant mix containing 30% w/v PEG 3000,
40% viv 1,2,4-Bbutanetriol, 2% wi/v of non-detergent sulfobetaines (NDSB) 256. This
condition is included in the Morpheus II™ crystallization screening (Molecular
Dimensions).

The crystals were flash-frozen in liquid nitrogen for diffraction test. The best results in
terms of resolution were obtained without the addition of any cryo-protectant, since

already included in the reservoir solution.

2.4 Diffraction data collection and structure determination

X-ray diffraction data were collected from a single crystal at the beamline 1D23-2 at
the European Synchrotron Research Facility (Grenoble, France).

The diffraction images were processed using the software DIALS [31] and Aimless
[32] within the CCP4 package.

The space group is P41212 with unit cell parameters a= 109.9 A, b= 109.9 A, and c=
164.2 A, a/p/y = 90° and two protein molecules per asymmetric unit.

Initial analysis of crystal solvent content using the Matthews coefficient suggested
that the asymmetric unit contained one protein molecule with 48.8% solvent content
[33].

The structure was solved by molecular replacement using PHASER [34] from the
CCP4 package [35] and the previously solved CYP116B46 heme domain crystal
structure as template (PDB ID: 6GIl) [29]. The model was built using Autobuild

software [36] and manual building using COOT [37]. The structure was refined by



Refmac [38] and PHENIX refine [39] to final Rwok =0.20 and Riree =0.24 and
validated using Molprobity [40]. The data collection and model refinement statistics
are summarized in Table 1. UCSF Chimera was used to analyse, compare and align
the structures. UCSF Chimera and PyMol softwares were used to produce images.
The CASTp 3.0 server was the detection and measurements of the protein cavities

[41].

2.5 UV-VIS absorbance analysis of histidine binding

Absorbance measurements of histidine ligand binding were conducted on Agilent
8453 UV-Vis spectrophotometer (diode array) at 25°C (Peltier Agilent 89090 A). Each
binding experiment (three replicates) required an initial sample volume of 400 pL
using a 0.1 cm x 1 cm path length quartz cuvette. Protein samples consisted of 1.5-2
MM purified CYP116B5hd in 50 mM potassium phosphate buffer pH 6.8. Spectra
were recorded from 250 to 800 nm between addition of 1-10 yL aliquots of the
inhibitor stock solution not to exceed 2% volume. The ligand was added in solution,
gently mixed and left incubated with the protein for 2 minutes before recording the
spectrum. The final concentration of histidine was 0.5 mM. The difference spectra

were obtained subtracting the ligand-bound to the ligand-free form spectra.

2.6 Molecular dynamics simulations and protein docking

The molecular dynamics simulation was carried out on an Omen 880-102NL i7-
8700K 16GB pc using the YASARA package [42]. Before starting the simulation,
CYP116B5hd structure was optimized for hydrogen bonds in the ligand free form.

The optimized structure was inserted in a simulation cell that is 10 A larger than the



monomeric crystal structure of CYP116B5hd. The applied force field was AMBER14,
the cell was filled with water and 0.9 % NaCl to simulate physiological conditions.
The temperature was set to 298 K. Initially the structure is energy mimized
throughout a simulated annealing step. Molecular dynamics was followed or 100 ns
with a timestep of recording snapshots every 100 ps. Van der Waals interactions
cutoff was 7.86 A and long-range electrostatic interactions were calculated using the
Particle Mesh Ewald (PME) algorithm.

The Autodock version 4.0 software [43] embedded in the YASARA structure package
was employed for protein-ligand interaction studies with the protocol previously
described [44]. Three known substrates of CYP116B5hd, namely p-nitrophenol,
tamoxifen and diclofenac were first optimized for their 3D structure. After ligands
optimization, histidine was removed from the crystal structure of CYP116B5hd and
the molecules were molecular docking was performed. A preliminary global docking
experiment was carried out performing 999 runs with a 15 x 15 x 15 A simulation cell
centered on the Fe atom. The Autodock algorithm returns a series of binding modes
classified by the binding energy outputs. Among these binding modes the protein-
ligand complex bearing the highest binding energy, calculated by YASARA as the
mechanical energy required for disassembling a whole into separate parts (where
positive energies indicate stronger binding and negative energies equate to no
binding), was selected and further refined by local docking. Best complexes in terms
of binding energy were then subjected to 999 runs of local docking resulting in the
final docked binding poses.

For the docking of CYP116B5hd structure to its redox partner, the server ClusPro
was used [45]. The balanced best model was chosen for depiction and analysis using

UCSF Chimera.



2.7 Trypsin digestion

Trypsin digestion was performed as previously described [46]. The time course of the
digestion, performed with 120 pug of CYP116B5hd and 1 ug of trypsin, was followed
for 60 min at 37°C taking 10 uL of samples at regular intervals (2, 5, 10, 15, 20, 30,
60 min) and mixing them with 10 uL of Laemmli solution (60 mM Tris pH 6.8, 2%
SDS, 12% glycerol, traces of bromophenol blue). The samples were immediately
incubated at 98°C for 10 min to stop the digestion. All samples were then loaded on a
SDS gel for the analysis. A control reaction without trypsin was set up for 60 minutes

at 37°C.

3. Results and Discussion

3.1 Overall structure

The overall structure of CYP116B5hd shows the typical P450 fold and consists of
18 a-helices and 3 B-sheets (Figure 1A). The electron density of the generally
disordered N-terminal a-helix (helix al) is clearly visible as in the crystal structure of
CYP116B46 [29].

A structural alignment of CYP116B5hd to representative members of different
classes of bacterial cytochromes P450 (Figure S1) shows the presence of longer [32-
3 -B’ and B’-C loops with helix B’ (aa 96-104) protruding from the protein surface
(Figure 1B). This is due to an insertion that is present in different CYP116B members
as well as in class IV CYP119 even if it is poorly conserved in terms of primary

sequence. Helix B’ is missing in some bacterial P450s whereas it protrudes outside
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the protein in class IV cytochromes P450 from thermophilic bacteria, such as
CYP119 (Figure 1B) [47].

The superimposition to the one of CYP116B46 shows some differences in the
position of the B’-, G- and H- helices (Figure 1C-1D). Another significant difference is
the presence of a well-folded and continuous F-helix in CYP116B5hd that in the
CYP116B46hd structure is split by a loop. However, since the structure of
CYP116B46hd is in the ligand-free form whereas the structure of CYP116B5hd is in
complex with histidine, such differences can be explained with different

conformations adopted by the enzymes as a consequence of ligand binding.

3.2 Active site

The active site of the protein accommodates the heme cofactor coordinated by
Cys374 with a Fe-S distance of 2.5 A (Figure 2A). The cys residue involved in heme
coordination is conserved among all CYP116B members. In the crystal structure of
CYP116B46, an arginine residue forms a H-bond with the carbonyl group of the Cys
coordinating the heme cofactor whereas in most members of the CYP116B subfamily,
this amino acid is substituted by a Lys (K377 in CYP116B5) causing the loss of the
H-bond. The interactions between Arg119, Arg315, Tyr369 and His372 and the heme
propionates, previously reported for CYP116B46, are all conserved (Figure 2A).

In the active site of the protein, a positive electron density shows the presence of a
molecule that is bound to the heme iron directly or through the water molecule
present as 6™ axial ligand (Figure 2B). The heme is in plane, reflecting the presence
of the 6™ axial ligand. Since no ligand was added during the purification and prior to
crystallization, we tried to fit into the electron density the molecules present in the

reservoir cocktail used for crystallization that contained also mixtures of amino acids.
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Among them, histidine is known to potentially coordinate the heme iron through the
imidazole moiety. The histidine residue was found to nicely fit into the electron
density in a conformation where the closest nitrogen atom is too far (4.0 A) from the
heme iron to allow direct coordination (Figure 2B). Moreover, when refining this
complex, a strong positive electron density was found to be present between the
histidine and the heme iron. This electron density was assigned to a water molecule
bridging the heme iron and histidine (Figure 2C). In order to validate this conclusion,
histidine was titrated in a solution containing CYP116B5hd to monitor its effect on the
protein Soret peak by UV-vis spectroscopy. The titration did not show any shift of the
Soret peak (Figure 2D) suggesting that the water molecule is not displaced by the
ligand and there is not a direct coordination of the nitrogen-containing imidazole ring
to the heme iron. However, upon addition of histidine, a decrease at 418 nm that is
not accompanied by an increase in the region 425-433 nm is observed in the
difference spectra (inset Figure 2D). This behaviour has been previously reported for
azole-containing ligands that can interact with the water molecule coordinated by the
heme iron without its displacement [48,49].

The lack of water displacement by the histidine ligand is due to the formation of a
hydrogen bonding network that trap the ligand in the active site (Figure 2C). Such a
network includes hydrogen bonds with the side chain of Ser267 and water-mediated
hydrogen bonds with the carbonyl group of Val262 and the side chain of Glu266.

The presence of a histidine molecule is particularly interesting since it has been
recently shown that dual functional small molecules (DFSMs) containing histidine
significantly increase the peroxygenase activity of mutants of cytochrome P450 BM3

[50,51].
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As in most cytochromes P450, also in CYP116B5hd structure a water molecule that
disrupts the H-bond pattern of helix | is present forming the kink region that has been

proposed to accommodate the dioxygen during catalysis (Figure 2C) [52].

3.3 Substrate access channel and MD simulations

Analysis of the cavities of CYP116B5hd was performed using the CASTp 3.0 server
[41]. This shows the presence of a catalytic pocket of 284 A3 in volume that is not
connected to the protein surface (Figure 3A). The relatively small catalytic pocket of
the protein is lined by residues that are well conserved across P450116B members
and can be divided in 4 tiers, as suggested for CYP116B46hd [29] with the first three
carrying the mostly hydrophobic amino acids and the forth tier formed by polar
residues (Figure 3B). In CYP116B5 there are substitutions compared to CYP116B46
that can be found in most CYP116B members. In tier 1, Ser309 replaces the Pro
residue of CYP116B46, Trp195 replaces a Phe in tier 3 and a Thr194 replaces an
Ala in tier 4. Thus, there are non-conservative hydrophobic to hydrophilic
substitutions that could reflect a different substrate profile and/or regioselectivity.

A 826 A3 cavity extending from the active site to the protein surface through a tunnel
of about 14 A in length was detected in CYP116B46hd (Figure 3C) [29]. The absence
of such a tunnel in the CYP116B5hd structure suggests a closed conformation of the
enzyme induced by the presence of a ligand. Indeed, cytochromes P450 are known
to undergo conformational changes throughout their catalytic cycle and to switch
from open to closed conformations to accommodate ligands in their active site [53-56].
In order to investigate possible movements in CYP116B5hd, molecular dynamics
simulations were performed in the absence of any ligand. At the end of the simulation,

movements of the C-D, E-F, F-G and G-H loops was found to trigger significant shifts
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of B’-, G- and H-helices resulting in the opening of a tunnel from the catalytic pocket
and the protein surface. The tunnel corresponds to the one detected in the crystal
structure of CYP116B46 and to the 2a channel in the nomenclature proposed for
cytochromes P450 (Figure 3D) [57].

During the simulation, the root mean square deviation (RMSD) converged after 60 ns
(Figure 4A). The root mean square fluctuation (RMSF) profile as a function of residue
shows that the most flexible regions of the protein are the C-D, E-F, F-G and G-H
loops (Figure 4B, 4C). Moreover, the conformational change does not overcome a
large energy barrier transition, as shown by the stability of the potential energy and
secondary structure plots (Figure S2) indicating that the two states are energetically
equivalent.

In order to support the results from the MD simulations, a time course of trypsin
digestion was used to identify the most flexible loops in the protein on the basis that
trypsin usually acts on basic residues exposed to the surface [58].

The time course of the trypsin digestion shown in Figure 4D indicates two main
bands at around 38 kDa and 24 kDa. According to the prediction based on the amino
acidic sequence, three cleavage sites are compatible with the generation of a
fragment at around 38 kDa (Table S1). These sites are Lys83, Lys99 and Argl04,
with the first one located on the loop connecting f2-3 and B’-helix, and the other two
located on the B’-C loop. On the other hand, the only two trypsin-accessible sites that
can give the bands at around 24 kDa are R197 and K231 that lie on the F-G and G-H
loop, respectively.

These results are in line with MD simulations data and suggest that these loop
regions are the most accessible and allow to open and close the channel identified

by the CASTp server analysis.
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3.4 Surface analysis and docking with the redox partner

The CYP116B5hd is physiologically part of a self-sufficient enzyme that possesses
two reductase domains containing a FMN cofactor and a 2Fe-2S cluster [28].

As the heme proximal face in cytochromes P450 is known to be involved in electron
transport chain from the electron donors, a comparison of the charge distribution in
this area was carried out considering representative members of bacterial enzymes
that need a reduction partner for catalysis (CYP102A1 or P450 BM3 and CYP101A1
or P450cam) and representative members of bacterial P450 peroxygenases
(CYP152). As shown in Figure 5A, the two CYP116 enzymes have a positively
charged patch in the centre of the proximal face forming a cavity pointing toward the
heme prosthetic group. On the other hand, the presence of Asp and Glu residues in
the loop connecting helices K’ and L (arrow in figure 5A), introduces a negatively
charged area that is also present in cytochromes P450 able to use the peroxide
shunt (CYP152).

The interaction of cytochromes P450 with their redox partner is a very interesting
aspect that controls P450 catalysis, as demonstrated for P450cam [59,60].
Nevertheless, little is known about the interaction between the different domains in
class VIl cytochromes P450. For this reason, a homology model was generated for
the phthalate family oxygenase (PFOR)-like reductase domain containing FMN and
2Fe-2S clusters. The crystal structure of phthalate dioxygenase reductase from
Burkholderia cepacia sharing 55% of sequence identity [61] was used as a template
for homology modelling.

Structural data on the complexes P450ca-putidaredoxin (Pdx) and CYP11A1l-
adrenoxin (Adx) and CYP199A2-ferrodoxin (Pux) are available [62-65]. Thus, we

docked the model of only the 2Fe-2S domain to CYP116B5hd crystal structure. The
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best pose showed that the interaction occurs mainly through electrostatic interactions
(Figure 5B).

When the electrostatic surface of Pdx, Adx, Pux and the CYP116B5 2Fe-2S domain
are compared, the 2Fe-2S cluster protrudes from a negatively charged face in all
cases (Figure 5C). On the other hand, when the electrostatic surfaces of the P450
enzymes are compared, while P450cam (PDB ID 4JWS), CYP11A1 (PDB ID 3N9Y)
and CYP199A2 (PDB ID 2FR7) have an extended positively charged cluster in the
proximal face, CYP116B6 has only a small cavity positively charged, that is formed
by K66, R70, R119, K377 and R381 (Figure 5C).

In the Pdx-P450cam complex, the main interactions are the ionic pair Asp38-Argl12
and the H-bonds between Trpl06 and Argl09-Asnll16. In the CYP11Al-Adx
complex, two salt bridges (Asp72-Lys339 and Asp76-Lys343) involve basic residues
on the P450 proxymal side [64]. Also in the case of CYP199A2, three basic residues
on the proximal face of the P450 enzyme are predicted to form salt bridges with
acidic amino acids on Pux [65]. In CYP116B5 complex, three ion pairs are predicted
to form. In particular, one basic (K377) and two acidic (E363 and D359) residues on
the P450 proximal face are predicted to form three salt bridges with D283, R282 and
R243 on the 2Fe-2S domain, respectively.

Another significant difference between the different complexes analysed, is the lack
of the a3 helix in the 2Fe-2S domain of CYP116B5. Such a helix is important for the

interaction with the C-helix of the P450 protein in class | cytochromes P450 [65].

3.5 Identification of structural determinants for peroxygenase activity

The isolated heme domain of CYP116B5 is able to use the peroxide shunt to drive its

catalysis [27]. Its reduction potential is unusually high (-144 + 42 mV) when compared



to other cytochromes P450 [27]. This is in keeping with the values found for other
P450 peroxygenases [66]. Since it is known that the protein matrix is crucial to
determine the reduction potential of the heme iron [67-69] and that the sensitivity of
amino acids involved in electron transfer to hydrogen peroxide damage is important
to drive catalysis through the peroxide shunt [70], a comparative analysis was
performed on: a) the active site residues; b) the amino acids present in the loop
containing the cysteine heme ligand; c) the amino acids involved in electron transfer.
To this end, a structural alignment was performed with three members of the
CYP152 family as representative members of P450 peroxygenases (CYP152A1,
CYP152B1 and CYP152L1) and P450BM3 and P450cam as P450 enzymes that use
the full canonical cycle. The findings from the analysis of the three points are:

a) For what concerns the active site residues, the conservation was found to be poor
when considering CYP116B5 and peroxygenases (only 4 out of 18 residues are
conserved), but higher when considering P450 BM3 and P450cam (7 and 9 out of
18, respectively) (Table 2). In particular, a highly conserved arginine residue that is
known to form a bidentate interaction with the carboxylate moiety of fatty acid
substrates is present in all the P450 peroxygenase. The arginine is usually followed
by a proline residue and the Arg-Pro couple replaces the Asp-Thr motif present in all
the other P450s. The acid-alcohol pair is considered crucial for protonation of heme
iron-oxo species in the canonical P450 catalytic cycle [71,72]. However, in P450
peroxygenases there is no need of oxygen reduction and protonation steps.
Interestingly, in CYP116B enzymes the acid-alcohol pair motif is present (Glu266-
Thr267 in CYP116B5) whereas the Arg-Pro motif is absent. This suggests that the
Arg-Pro motif is not crucial in driving the canonical catalytic cycle versus the peroxide

shunt.
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b) When considering the loop carrying the cysteine heme iron ligand, this is longer in
P450 peroxygenases when compared to the one present in CYP116 members as
well as P450 BM3 and P450cam (Figure 6). In P450 peroxygenases, there is an
insertion of four residues that are not conserved among different CYP152 members.
Moreover, it has been suggested that the strongly conserved Phe residue located
seven amino acids upstream the Cys heme ligand in P450cam and BMP (in position
393 and 350 respectively) can be crucial for the modulation of the heme Fe(lll)/Fe(ll)
reduction potential [73]. Indeed, in CYP152 members [66] and in BM3 F393A/H
mutants [74] the potential is unusually high. However, the high reduction potential
measured in CYP116B5hd seems not to be related to this Phe residue that is present
in position 375 and conserved among CYP116B members. Nevertheless, significant
substitutions are present in the loop carrying the cysteine ligand: 1) before the Cys
heme ligand a hydrophobic residue is present in P450 BM3 (Ala) and P450cam (Leu)
and it is replaced by a polar residue in CYP116B (GIn) and a charged residue (Arg)
in CYP152 (Figure 6); 2) three amino acids before the heme ligand, a small aliphatic
residue is present in peroxygenase and CYP116B that is replaced by a polar amino
acid in P450 BM3 (Ser) and P450cam (GIn); 3) three residues after the Cys heme
ligand at the beginning of helix L where we find a basic residue in CYP116B
members, an acidic residue in P450 peroxygenases and a GIn residue in P450BM3
and P450cam.

c) The most sensitive residues to hydrogen peroxide damage within the ones
involved in the electron transfer are Trp96 and Phe405 in P450 BM3[70]. Indeed, the
mutations Trp96Ala and Phe405Leu generated variants that resulted more stable in

the presence of hydrogen peroxide. Table 3 shows that Trp96 is substituted by

18



Metl1l5 in CYP116B5 and by a well conserved His (92 in CYP152L1) in P450
peroxygenases. Phe405 is replaced by an isoleucine in both enzymes.

In order to identify other hotspot positions that can favour the peroxide shunt, a
mutant of P450 BM3 engineered by directed evolution to use the peroxide shunt was
also taken into account[75]. The mutant called 21B3 and carrying 10 mutations was
identified to have a 20-fold increased activity in presence of H202 and p-
nitrophenylcarboxyacid (12-pNCA) as a substrate.

A structural alignment of CYP116B5hd with P450 BM3, the 21B3 mutant and
CYP152L1 was performed (Table 3). The structural alignment shows that some of
the residues introduced in the mutant of BM3 are present in one or both the
peroxygenase enzymes (CYP116B5 and CYP152L1). For many of these residues it
is difficult to predict the effect of the amino acid substitution due to their location that
is not within the active site nor in the the substrate binding channel or F-G helices.
Nevertheless, His100 is four amino acids apart in the same helix as Trp96 that is
known to be involved in electron transfer in P450 BM3 [70]. In CYP116B5 and
CYP152L1, the presence of Arg and Lys in the same position as His100 is important
to establish different interactions with the backbone carbonyl of the proximal loop
containing the Cys heme ligand.

Taken together, these data show that specific substitutions in the proximal loop
carrying the cysteine heme ligand and in amino acids involved in electron transfer are
crucial to confer to CYP116B5hd a higher reduction potential and a higher tolerance

to hydrogen peroxide.

3.6 Substrate docking
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The availability of the crystal structure of CYP116B5 allows to predict how the
interaction between the P450 enzyme and three substrates known to be oxidised by
CYP116B5hd [27] occur using molecular docking simulations. The Autodock
algorithm yielded several poses for each ligand that were scored according to their
binding energy. The theoretical binding energy, binding constant (Kq) values and the
residues predicted to interact with the substrates are reported in Table 4 with the
highest binding energy (indicating a higher affinity to the target) predicted for
tamoxifen.

Figure 7 shows the best poses obtained for the three compounds, together with the
predicted interacting amino acids. For p-nitrophenol, the nitro moiety is predicted to
form 3 H-bonds with the hydroxyl group of Thrl05 and the backbone groups of
Leul06 and Vall07, respectively. The hydroxyl-substituted carbon atom of the
phenol aromatic ring is the closest to the heme iron, consistent with the formation of
p-nitrocatechol (Figure 7). For the drugs diclofenac and tamoxifen, the protein-
substrate binding occurs mainly through hydrophobic interactions (Table 4, Figure 7).
However, three aromatic residues (Trpl95, Trp313 and Phe4l3), located in the
substrate access channel, seem to play a crucial role in substrate gating and thus
can be the target for future mutagenesis.

In the case of diclofenac, the best pose is compatible with the hydroxylation of the
non-substituted aromatic ring at C5. The dimethylethanamine moiety of tamoxifen is
found to face the heme iron in a pose compatible with the previuosly observed N-

demethylation reaction that the enzyme is able to catalyse on this substrate [27].

4. Conclusions
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In conclusion, the crystal structure of CYP116B5hd is the first example of a class VI
cytochrome P450 in a closed conformation and provides the basis for the design of
new biocatalysts with the desired selectivity. Moreover, this protein shares some
features with bacterial enzymes that require a reduction partner as well as with P450
peroxygenases. A detailed structural alignment allowed the identification of residues
responsible for the peroxygenase activity with the proximal loop carrying the cys-
ligand and the negative patches present around the heme proximal site playing a
crucial role. It can be foreseen that these residues can be the target for site directed
mutagenesis studies directed to improve the stability and the activity of the enzyme in

the presence of hydrogen peroxide.

Accession numbers

Coordinates and structure factor amplitudes have been deposited in the Protein Data

Bank with accession number 6ROS8.
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Appendix A. Supplementary data
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Figure S1. Structural alignment between representative members of bacterial
cytochromes P450 with the secondary structure elements of CYP116B5 labeled in
blue. The yellow-boxed areas represent a-helices, the green-boxed areas show -

strands.
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Figure S2. Plots of the A) potential energy and B) secondary structure changes
during the 100 ns MD simulation carried out on CYP116B5hd crystal structure. The
trace of a-helices is shown in black, B-sheets in red, turn in green and random coil in
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Table S1. Potential trypsin cleavage sites predicted by the server PeptideCutter [77].

Cleavage site Digestion products Location loop
K83 104 414 p2-3 -B'
K99 122 39.6 B'-C
R104 12.8 38.9 B'-C
K151 18.6 33.2 D -p3-1
R197 238 28 F-G
K231 277 24 1 G-H
R358 42 98 K' - h6
K399 46.8 2 B3-2/p3-3
R414 48 6 32 B3-27p3-3
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Tables

Table 1. Data collected and refinements statistics.

Data collection

Space group P41212
a=109.9 A a=90°
Cell dimensions b=109.9 A p=90°
c=164.2 A y=90°
Wavelength (A) 1.0
Resolution (A) 2.6
Average l/o(l) 19.9 (1.50)
Completeness (%) 100 (99.5)
Redundancy 13.5(12.1)
CCie 1.000 (0.584)
Refinement
Wilson B-factor (A2 76.1
Average B, all atoms (A2?) 88.0
R work/R free (%) 0.20/0.24
r.m.s.d. bond lengths (A) 0.010
r.m.s.d. bond angles (°) 1.112
Overall quality
Clashscore 11
Ramachandran outliers 0.2%
Sidechain outliers 2.5%
RSRZ outliers 6.3%
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Table 2. Active site residues. Structural alignment of the two members of CYP116B
subfamily with representative members of P450 peroxygenase (CYP152) and
representative members of canonical P450s (P450 BM3 and P450 cam). The residue

positions refer to CYP116B5 WT sequence.

Residue CYP116B CYP152 BMP P450cam
107 \% H/Q F T
263 A P A G
267 T I T T
309 S/P P T L
310 \% F A \%
313 w L F D
80 VIA M/A L P
105 T A% S I
259 A D/E T L
413 F / T Vv
81 L L/M / /
195 FIW F / T
262 Vv N I Vv
266 E R E D
190 H M A L
191 T I/A/R/ID M T
193 N S/IA / M
194 AIT FIA / T




Table 3. Residues potentially involved in hydrogen peroxide--driven catalysis.
Structural alignment of CYP116B5hd with CYP152L1 (P450 peroxygenase), P450
BM3 WT and the mutant 21B3. The residue positions refer to P450 BM3 WT

sequence.

Residue | CYP116B5 | CYP152L1 | BMP WT e

21B3
58 Vv A I \Y,
100 R K H R
107 F L F L
135 K F A S
145 L S/ M \Y,
239 D H N H
274 A D S T
434 Y Y K E
446 T I Vv I
87 \% H F A
96 M H \W A
405 I I F L




Table 4. Substrate binding energy, predicted Kdfor CYP116B5hd structure calculated by

AutoDock. The residues predicted to be involved in protein-substrate interaction are also

listed.
Substrate Bln(g::nagl;/gr:ﬁ)rgy cl?)lrfifacr:?tm) Contacting residues
LEUS81 ALA189
, THR105 HIS190
4-nitrophenol 4.59 14.67 LEU106
VAL107
ALA80 HIS190 MET258 VAL310 SER412
LEUS81 THR194 ALA259 ALA312 PHEA413
GLU82 TRP195 VAL262 TRP313
MET102 ALA263 ARG314
Tamoxifen 11.15 0.67
ALA264
HIS265
GLU266
THR267
LEUS81 TRP195 MET256 VAL310 PHE413
THR105 ALA259 TRP313
VAL107 ILE260
Diclofenac 7.27 4.69 VAL262
ALA263
GLU266
THR267
THR268
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Figure 1. The crystal structure of CYP116B5hd. A) Overall structure coloured according to the secondary structure elements
named according o the standard P450 nomenclature [76]. Superimposition of CYP116B5hd crystal structure with the B’ helixin
blue with the heme domain of P450 BM3 (PDB ID 21J2) and CYP118 (PDB ID 1107) where the same helix is in orange and yellow,
respectively. C) Superimposition of the crystal structures of CYP116B5hd and CYP116B46hd. The structurally different regions are
highlighted in blue and pink for CYP116B5hd and CYP116B46hd, respectively. The overall RMSD is 2,05 A. D) Superimposition of
the crysial structures of CYP116B5hd and CYP116B46hd rotated by 90°.
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Figure 2. Active site of CYP116B5hd. A) Residues involved in heme binding in the active site of CYP116B5hd. B) Electron density of heme and
the histidine ligand found in the active site of the protein. The 2Fobs-Fc map is contoured at a 1.0 o level. C) Hydrogen bonding network
involving Ser267, Val262, Glu266 and a water molecule stabilizing the histidine ligand in the active site of the enzyme. The kink region together
with the water molecule that causes the disruption of helix | are shown in green. D) UV-vis spectra of ligand free CYP116B5hd (black line, 1.5
UM} and in complex with 25 pM (grey line), 100 uM (dashed black line) and 500 uM (dashed grey line) of histidine. Inset: Histidine-bound minus
ligand free difference spectra showing a though at 418 nm and no corresponding increase at the wavelength typical of type | and |l ligands.
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Figure 3. Analysis of protein cavities and substrate access channel. A) The main cavity predicted by the CASTp server on
CYP116B5hd crystal structure. B) The residues forming the catalytic pocket of the enzyme are coloured according to 4 tiers. C)
The main cavity predicted by the CASTp server of CYP116B46hd crystal structure and D) the main cavity predicted by the
CASTp server for CYP116B5hd conformation after 100 ns simulation.
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Figure 4. Results of MD simulations and their validation through trypsin digestion. A) Plot of the overall root mean square deviation
(RMSD) of the Ca atoms of the protein as a function of the time of MD simulation. B) Plot of the root mean square fluctuations
(RMSF) per residue obtained during the 100 ns simulation. C) Superimposition of the starting crystal structure of CYP116B5hd (light
grey) with the last model obtained after 100 ns simulation (dark grey). The most flexible elements are colored in magenta (C-D
loop), green (E-F loop), orange (F-G loop) and yellow (G-H loop). D) SDS-PAGE showing the time course of trypsin digestion.
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P450 BMP

Figure 5. Surface electrostatics and docking with the redox partner. A) Surfaces electrostatics of CYP116B5hd compared to
selected members of P450 peroxygenases (CYP152), P450 BM3 heme domain and P450cam. Surfaces are colored according to
Coulomb’s law calculation ata level of +10 (blue), 0 (white) and —10 (red) kcal mole™ e'. The yellow arrow indicates the negative
charges shared among CYP116B and P450 peroxygenase allocated in proximity of the a-helix K and L region. Heme is shown in
green. B) Best docking cluster obtained by docking simulation using ClusPro server (weighted score of -579.5) of the 2Fe-2S
cluster-containing domain with CYP116B5hd. The residues forming the main ion pairs at the proteins interface shown in sticks. C)
Surface electrostatics of the interacting protein faces according to the docking simulations.

43



701 711 721

hipfGgG. aHr|iIClpGe wiarmemki t
o ]

CYP116B5 371 . .HLTFGYG. A HQICIM G K NIGRMEMC I F
CYP116B46 409 . HLNFGYG. . AHQICJLGR NLGRMEMQI M
CYP152L1 349 FDL I PQGGGED YWTI|NHRI|C|IA G E WITVIIMEET
CYP152B1 45 FNF | PQGGGED HY L|GHR|CP G E WIVLAIMKVA
CYP152A1 347 FDM I PQGCGCGH A EK|GHRICIP G E GITIEVMKAS
P450 BM3 388 HAFKPFGNG. .QRACI GQ QFALHEATLYV
P450cam 347 . .HTTFGHG . SHLICLGAQ HLARRE I I VT

11

Figure 6. Structural alignment of bacterial P450s. Structural alignment between the two members of CYP116 family of
known structure, representative members of P450 peroxygenases (CYP152) and representative members of
cytochromes P450 that use the canonical P450 cycle for catalysis (P450 BM3 and P450cam). The cysteine heme
ligand is boxed in red, the 4 amino acids insertion present in P450 peroxygenases in the loop carrying the Cys heme
ligans ix boxed in blue. The arrows indicate non-conservative substitutions in the loop in positions that differ in
CYP116B members, P450 peroxygenases and canonical P450 enzymes.

e

GLU266

Figure 7. Best pose obtained from the docking simulation with known substrates of CYP116B5hd in hydrogen
peroxide-dependent catalysis. The substrates are A) p-nitrophenol, B) diclofenac and C) tamoxifen.
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