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ARTICLE INFO ABSTRACT

Keywords: CYP116BS5 is a self-sufficient cytochrome P450 (CYP450) with interesting catalytic properties for synthetic
Cytochromes P450 purposes. When isolated, its heme domain can act as a peroxygenase on different substrates of biotechnological
HYSCORE interest. Here, by means of continuous wave and advanced EPR techniques, the coordination environment of iron
fi\i_spin iron heme in the isolated CYP116B5 heme domain (CYP116b5}IlIId) is characterized. The ligand-free protein shows the
Peroxygenase characteristic EPR spectrum of a low-spin (S = 1/2) Fe""-heme with [g, = 2.440 £ 0.005, gy = 2.25 £+ 0.01, gx =

1.92 + 0.01]. These g-values reflect an electronic ground state very similar to classical P450 monooxygenases
rather than P450 peroxygenases. Binding of imidazole results in g-values very close to the ones reported for
CYP152 peroxygenases. The detection of hyperfine interactions through HYperfine Sub-level CORrElation
(HYSCORE) Spectroscopy experiments, shows that this is due to a nitrogen-mediated axial coordination. This
work adds a piece of experimental evidence to the research, aimed at elucidating the features that distinguish the
classical P450 enzymes from peroxygenases. It shows that the electronic environment of heme iron of CYP116B5
in the resting state is similar to the classical P450 monooxygenases. Therefore, it is not the critical factor that
confers to CYP116B5hd its peroxygenase-like activity, suggesting a crucial role of the protein matrix.

Ferric hemeprotein

1. Introduction and electronic structure of metal enzymes featuring paramagnetic states

and has been successfully applied to study cytochromes P450 [7-11].

Class VII cytochromes P450 (CYP450s) are self-sufficient mono-
oxygenases carrying a P450 domain and a phthalate family oxygenase
(PFOR)-like reductase domain fused in a single polypeptide chain [1].
They are attractive targets for biocatalytic applications such as the
synthesis of fine chemicals and pharmaceuticals [2-4]. Among them,
CYP116B5 from Acinetobacter radioresistens S13, is involved in the ter-
minal hydroxylation of n-alkanes and its isolated heme domain
(CYP116B5hd) is able to carry out different oxidative reactions using the
so-called peroxide shunt [5,6]. CYP116B5hd showed a higher stability
towards heme damage induced by hydrogen peroxide when compared to
the heme domain (BMP) of cytochrome P450 BM3 [6].

EPR is an established tool for the detailed study of the geometrical

Here, a deeper investigation of the electronic state of the heme iron in
CYP116B5hd was carried out by means of Continuous Wave (CW)-EPR
combined with HYperfine Sublevel COrRElation (HYSCORE) spectros-
copy, which, in recent years, has provided a detailed description of the
coordination of the metal and the electronic structure of the 3d orbitals
involved in the iron-ligand bond for ferric hemeproteins [12-15].

The heme coordination environment of CYP116B5hd was explored
by means of X-band CW-EPR. As expected for a ligand-free cytochrome
P450, the spectrum of CYP116B5hd shows the characteristic powder
pattern of a low-spin (S=1/2) Fe''-heme center with three well-resolved
peaks corresponding to the features of an anisotropic g-tensor (Fig. 1a).
Down to 6 K, no signs of high-spin Fe-heme were found around 100 mT

Abbreviations: CYP450, Cytochrome P450; CYP116B5hd, CYP116B5 heme domain; HYSCORE, Hyperfine Sub-level Correlation Spectroscopy; BM3, CYPBM3
heme domain; CPO, Chloroperoxidase; CW-EPR, Continuous-Wave Electron Paramagnetic Resonance; P450, CYP450; KPi, Potassium Phosphate; UV-Vis, Ultraviolet-

visible absorption spectroscopy; S.D., Supplementary data.
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Fig. 1. Experimental (black line) and simulated (red line) X-band CW-EPR
spectra of (a) CYP116B5hd in the resting state at 40 K, (b) CYP116B5hd with
a 10-fold excess of histidine at 77 K and (¢) CYP116B5hd with a 10-fold excess
of imidazole at 20 K. Asterisks indicate impurity signals. Samples with a con-
centration of about 300 pM were prepared in KPi 50 mM pH 6.8 as detailed in
the Supplementary data with 30% of glycerol as glassing agent. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

(not shown), normally associated with the five-coordinate species
formed by binding of the substrate with concomitant displacement of
the coordinating water. This finding agrees with the crystal structure of
CYP116B5hd, which shows a six-coordination of the heme iron where a
cysteine residue and a water molecule act as axial ligands [16].
Remarkably, a single species is found in the spectrum reflecting a ho-
mogeneous heme environment. The precise g-tensor principal values,
refined using computer simulations (red trace in Fig. 1), are listed in
Table 1 and are compared to P450 BM3 [17], P450cam [7] and P450
with peroxygenase activity [18-20].

The analysis of the g-values obtained for CYP116B5hd using the one-
hole model (see S.M. Section 2) resulted in values of the crystal-field
parameters, A/¢ and V/E,' typical for P450 monooxygenases with
cysteine-water coordination (Table 1). The g-values of CYP116B5hd
differ from those reported for chloroperoxidase and P450 peroxygenases
(CYP152), which result in slightly smaller A/¢ and considerably smaller
V/& (see Table 1). In the case of CYP152 peroxygenases, most of the
studies report several coexisting EPR species with different degrees of
similarity to canonical P450 enzymes or Chloroperoxidase (CPO) (see
Table 1). Although the first iron coordination sphere is the same (Cys-
H20) according to all available structures, a dependence of the g-values
of low-spin hemeproteins on factors like polarity or charge distribution

1 1a/¢ is the energy difference, normalized by the spin-orbit coupling con-
stant (&), between d, orbital and the average of d,, and d,, orbitals of Fe'". This
parameter is therefore sensitive to the presence and nature of axial ligands and
to the strength of their interaction with the metal. On the other hand, the
rhombic parameter, V/¢, indicates the energy separation of the d,, and d,, or-
bitals and is related to the nature of the axial ligands and its orientation with
respect to the porphyrin ring.
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has been previously described [21,22]. The available substrate-bound
crystal structures of CYP152 show that a conserved arginine and the
carboxyl group of the fatty acid substrate are very close to the axial
water molecule [19,20], configuring a polar distal heme pocket, like
CPO and opposed to the generally hydrophobic pockets of typical P450s.
Interestingly, the EPR spectrum of another member of the family,
CYP152L1 in its substrate-free state, shows several (up to five) low-spin
ferric species ranging from the typical P450s to the ones observed for
peroxygenases [18] that were attributed to the existence of multiple
coordination geometries and hydrogen bonding partners available to the
distal water ligand.

The effect of addition of two ligands, histidine and imidazole, on the
electronic state of CYP116B5 was then investigated. Upon addition of
histidine to the substrate-free protein, a moderate shift in g-value was
observed (see Fig. 1.b), which translates into a slightly larger A/¢,
keeping V/¢ basically unchanged (see Table 1). This small g-value shift is
consistent with the crystal structure of the protein showing that the
carboxylate of a histidine molecule from the crystallization buffer forms
a H-bond with the water molecule present as axial ligand [16].

Upon addition of imidazole, known to behave as a Type II ligand for
CYP116B5hd,” the CW EPR spectrum shows significant changes (Fig. 1¢)
revealing two new low-spin Fe'-heme species. The g-values of one
species (2.47, 2.26, 1.86) are slightly shifted with respect to the ones of
the substrate-free enzyme (2.44, 2.25, 1.92). While, the other species is
characterized by a more anisotropic g-tensor (2.58, 2.26, 1.90) with g,
and g, components falling at lower and higher fields respectively (see
arrows in Fig. 1¢). Simulation of the two species allowed to obtain their
precise g-values and to quantify their relative abundance to about (1:1).
The g-values of both species indicate a modification in the strength of the
local coordination environment of the heme centre, as evidenced by a
smaller A/¢ crystal field parameter, very similar for both species
(Table 1). This change could be accounting for the replacement of the
water molecule by an imidazole moiety as the distal axial ligand,
coordinating the heme iron by means of one of its nitrogen atoms. This
interpretation fits with the reported g-values for imidazole complexes of
P450cam [23]. The most substantial difference between the two imid-
azole species are the values of V/£, which can be attributed to two
different conformations of the imidazole molecular plane with respect to
the Fe' d orbitals, maintaining approximately the Fe—N distance [26].
The same behaviour is observed upon addition of an excess of imidazole
to P450 BM3 (see Table 1 and S.D. Section 1). All these findings suggest
that imidazole interferes with the electronic environment of Fe'll,
possibly displacing the water molecule and coordinating the metal
centre. Interestingly, imidazole binding results in g-values in the range
reported for CYP152 peroxygenases.

Further characterization of CYP116B5hd, and a direct proof of
imidazole binding to the metal centre, came from magnetic field
dependent HYSCORE experiments before and after imidazole addition.”
The X-band HYSCORE spectrum of heme proteins is typically dominated
by the presence, in the (—,+) quadrant, of cross-peaks correlating the
double quantum transition of nitrogen atoms of the heme ring [12]. For
CYP116B5hd in the resting state, the (—,+) quadrant of the spectrum
recorded at the g, magnetic field position (Fig. 2a), is dominated by two
cross-peaks symmetrically placed about the diagonal of the negative

2 The shift of the Soret peak at 419 nm in the UV-VIS spectrum is often used
to determine the interaction of ligands in the P450 active site: a blue shift, to
about 416 nm, is interpreted as a low- to high-spin transition and indicates a
type I (substrate) ligand while a red shift, to about 425 nm, assesses they act as
a type II ligands (inhibitors) directly coordinating the heme. Such kind of tests
have been already carried out on CYP116B5hd with several possible substrates
and inhibitors, as shown in [6].

3 A detailed analysis of these spectra will be reported somewhere else, here
we will report qualitatively the evidence regarding the distal axial coordination
of the iron.
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Table 1
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g-values of ferric P450 samples, studied in this work, and of other relevant P450 proteins, taken from literature and displayed for comparison. The crystal field pa-
rameters A/¢ and V/¢ of each protein have been calculated from the corresponding g-values [24,25].

& & &« V/E A/E Reference
CYP116B5hd 2.440 + 0.005 2.25 + 0.002 1.92 + 0.002 4.74 £+ 0.06 5.44 £ 0.18 This work
P450 BM3 2.418 + 0.005 2.26 + 0.002 1.92 + 0.002 4.98 + 0.06 5.16 + 0.017 This work
P450cam 2.45 2.26 1.91 4.59 5.11 [71
CYP152B1* 2.59 2.25 1.85 3.42 5.15 [19]
CYP152K6* 1) 2.58 2.25 1.85 3.47 5.10
2 2.52 2.25 1.87 3.85 5.10 [20]
3) 2.47 2.25 1.90 4.35 5.28
CYP152L1' 1) 2.55 2.24 1.85 3.59 5.13 (18]
) 2.48 2.24 1.88 4.13 5.22
CPO 2.62 2.26 1.83 3.24 4.85 [23]
CYP116B5hd + Histidine 2.419 £ 0.005 2.24 £+ 0.002 1.92 £ 0.002 4.89 £+ 0.06 5.48 £ 0.18 This work
CYP116B5hd + Imidazole (€))] 2.585 + 0.005 2.26 + 0.002 1.90 + 0.002 4.42 £+ 0.05 5.14 +0.17 This work
) 2.468 + 0.005 2.26 + 0.002 1.86 + 0.002 3.51 +0.03 512 +0.17
P450 BM3 + Imidazole @ 2.450 + 0.005 2.26 + 0.002 1.90 + 0.002 4.53 £ 0.05 4.98 £0.17
2 2.560 =+ 0.005 2.26 + 0.002 1.86 + 0.002 3.64 + 0.03 5.05 + 0.17 This work
3) 2.610 £ 0.005 2.26 + 0.002 1.85 + 0.002 3.34 £0.02 5.01 +£0.17

* The crystal structure shows copurification of the enzyme and bound fatty-acid substrate.
% Up to 5 different species were found in the substrate-free EPR spectrum, only the g-values of the most intense ones are reproduced.
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Fig. 2. X-band HYSCORE, only (—,+) quadrant shown, of the spectra of CYP116B5hd frozen solutions recorded at the field position corresponding to the g,
component (B = 307.9 mT) (a) CYP116B5hd (b) CYP116B5hd with a 10-fold excess of imidazole. All spectra were recorded at T = 6 K and 7 = 208 ns. Nygy and Ny
indicate the heme and imidazole nitrogen signals respectively. In the inset the magnetic field at which the spectra were recorded is shown in the CW-EPR spectrum.
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Fig. 3. X-band HYSCORE, only (+,+) quadrant shown, of CYP116B5hd frozen solutions recorded at the magnetic field position corresponding to the g, component.
(a) CYP116B5hd in aqueous buffer (B = 283.8 mT, g, = 2.44), (b) CYP116B5hd in deuterated buffer (B = 290.0 mT, g, = 2.44) and (c) CYP116B5hd with an excess of
imidazole (B = 283.8 mT, g, = 2.47). All spectra were recorded at T = 6 K and 7 = 250 ns. In the inset, the magnetic field at which the spectra were recorded is shown

in a CW-EPR spectrum.
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quadrant at coordinates (—6.8, 3.2) MHz. They are due to the hyperfine
interaction of the electron spin with the heme nitrogen nuclei (Aggm ~ 5
MHz) [12,27]. and were therefore labelled as Nygyv. X-band HYSCORE
experiments recorded at the g, magnetic field position, in combination
with deuterium exchange, provide evidence for a water molecule as the
distal axial ligand. Fig. 3a and b show the HYSCORE spectra of ferric
CYP116B5hd in a natural and deuterated aqueous buffer, respectively.
In the (4,+) quadrant of the natural sample (Fig. 3a), R cross-peaks at
(15.1 MHz, 10.1 MHz) and (13.5 MHz, 11.0 MHz), due to the interaction
of the electron spin with Y nuclei close to the iron [28,29], are clearly
observed, along with peaks at frequencies below 8 MHz assigned to
heme *N nuclei. When the spectrum is recorded with the same exper-
imental conditions in a deuterated buffer (Fig. 3b), we can observe that
the proton signals disappear from the spectrum while deuterium cor-
relation peaks dominate the low frequency part of the quadrant.

Spectral simulations of the first set of protons (see S.D.) provide a
value of the anisotropic hyperfine coupling compatible with the geom-
etry of bound water.

Upon addition of imidazole, the HYSCORE spectra show two new
very intense cross-peaks in the (—,+) quadrant centred at about (—5.6,
2.4) MHz (Fig. 2b). They were assigned to nuclear transitions of a 14N of
imidazole (Nyy in Fig. 2b) allowing to conclude that the unpaired elec-
tron on the Fe'l is coupled with both imidazole and heme nitrogens.
Estimates of the coupling constants obtained from the 14N peaks (Aimid
~ 4 MHz) are similar to the interaction parameters obtained for other
heme-imidazole systems [12,27]. A significant change is also observed
in the (+,+) quadrant (Fig. 3c) where the set of 'H cross-peaks associ-
ated to the water ligand is replaced by the typical 'H signal from
imidazole hydrogens [12,14], further confirming the substitution of the
water molecule by the imidazole azo-compound. Importantly, the ability
of HYSCORE to detect the direct coordination of imidazole allows one to
discern between two types of cysteine-coordinated heme species with g-
values in the range of peroxygenases: one presenting the usual water
coordination in a polar environment and the other is coordinated by
imidazole as a sixth ligand, which may be present as an impurity from
the purification protocol.

Analogous HYSCORE experiments performed for comparison in the
heme domain of the reference protein P450 BM3, both in the substrate-
free resting state, or after the addition of an excess of imidazole, show
practically identical spectra to the ones obtained for CYP116B5hd (see S.
D.). This demonstrates that axial water replacement also takes place in
the model protein, but most interestingly, it reflects that both proteins
not only share practically the same iron ground state (g-values) but also
have the same unpaired electron density distribution.

Therefore, the EPR characterization shows that, despite its perox-
ygenase activity, the electronic environment of heme iron in
CYP116B5hd in the resting state is closer to the one observed for typical
P450 oxidases rather than to peroxygenases and CPO [18-20]. Other
factors, such as specific amino acids in the proximal loop and in the
electron-transfer pathway, could then be essential for its peroxygenase
activity [6] and need to be further explored to better understand the role
of protein matrix in P450 reactivity.
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