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ABSTRACT

Engineering an acid-base dyad into the peroxygenase-enabled mutant CYP199

A4T25%E vielded four in silico-designed double

mutants, of which CYP199A4F182R/T252E showed the best dyad-like geometry and was characterized further. It delivered
~10-fold higher initial H,0,-driven O-demethylation activity than wild type and CYP199A4™*°%E  alongside reduced catalase
activity and improved peroxide utilization. However, it was more prone to H,0,-induced heme bleaching and rapid inactivation
under standard dosing; slow, controlled H,O, feeding sustained catalysis for hours. Overall, adding a second basic residue boosts

per-oxy-gen-ase-like activity but reduces oxidative robustness, underscoring the trade-off between efficiency and peroxide toler-

ance and guiding future engineering of robust P450 peroxygenases.

1 | Introduction

Cytochrome P450 enzymes (P450s) constitute a large and
diverse superfamily of heme-containing monooxygenases found
across all domains of life, including bacteria, fungi, plants, and
animals, where they play a crucial role in metabolism. P450s
catalyze oxyfunctionalisation reactions incorporating one atom
of molecular oxygen into (non) activated C—H- and C=C-bonds
[1]. They exhibit a wide range of substrate specificities, from
very narrow (e.g. P450s involved in steroid biosynthesis in
mammals or secondary metabolite production in plants) to very
broad, as seen for example for microsomal P450s involved in
xenobiotic detoxification [2].

A defining characteristic of P450 enzymes is their often high
regio- and stereoselectivity, features usually unachievable
through conventional chemical methods. This makes them
highly attractive for applications in biocatalysis and pharmaceu-
tical syntheses. However, several challenges must be addressed
before their widespread implementation. These include their reli-
ance on complex electron transfer chains and costly cofactors,

together with the so-called oxygen dilemma [3], referring to
the uncoupling of reducing equivalents into side reactions result-
ing from the use of O, as the oxygen source.

The catalytic cycle of a P450 enzyme (Scheme 1) [4] involves the
reductive activation of molecular oxygen and insertion of one
oxygen atom into a substrate. It begins with substrate binding
close to the ferric heme iron (Fe**), expelling a bound water
molecule (associated with a low spin to high spin shift) which
increases the redox potential and allows for the first electron
transfer, reducing the iron to Fe*". Molecular oxygen then binds
to form a ferrous-dioxygen complex. A second electron reduces
this to a peroxo intermediate, which undergoes protonation to
form a hydroperoxo species. Further protonation cleaves the
0O—O0 bond, releasing water and generating a highly reactive
oxoferryl species (Fe*'=0), known as Compound I. This inter-
mediate abstracts a hydrogen atom from the substrate, forming
a substrate radical and Fe**—OH, followed by “oxygen
rebound” to produce the hydroxylated product. The product
is released, and the enzyme returns to its resting Fe*" state,
ready for another catalytic cycle.
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SCHEME1 | Comparison of P450 monooxygenases and peroxygenases. In both cases, a highly oxidized oxyferryl iron species (Compound I) serves

as the oxyfunctionalisation agent. In P450 monooxygenases, molecular oxygen is reduced in two successive single-electron transfer steps via mediators

(typically ferredoxins or flavodoxins), thereby generating Compound I. In peroxygenases, Compound I is formed directly from pre-reduced H,0,, thus
bypassing the electron transfer steps. The catalytically relevant Glu/Arg-dyad is highlighted.

Phylogenetic analyses suggest that P450-like enzymes evolved
from a common ancestor more than 3.3 billion years ago [5], long
before Earth’s atmosphere became oxygen-rich. These early P450
enzymes were likely involved in peroxide-driven reactions and

(b)

V295H

3.9

T252E

3.6

T252E

T252E

only later acquired their modernmonooxygenase function as
described above. The “peroxygenase-first” hypothesis also implies
that modern P450 monooxygenases could be re-engineered to
function as peroxygenases. Beyond the conceptual appeal of this

FIGURE1 | Proposed mutations aiming for the improvement of peroxygenase activity of CYP199A4™52E, The heme is visible red, 252E residue in
dark red, the substrate in cyan, mutant residues in yellow, and the water molecule in green. (a) CYP199A4F182R/T252E (b) CYP199A4T252E/V295H

(C) CYP199A4T252E/F298R (d) CYP199A4T252E/F298H.
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reverse evolutionary approach, it also offers practical advantages,
such as highly simplified reaction schemes. Instead of relying
on reductive activation of O,, peroxygenases utilize already
reduced O, in the form of H,0O, (or organic hydroperoxides).
Hence, the catalytic competent Compound I is formed directly
from the resting state in a sequence of H,0,-binding to the
Fe>*-centre, de- and reprotonation followed by water elimination
(Scheme 1).

One major structural difference between peroxygenases and
P450 monooxygenases is the absence of a catalytic base in
the active site of the latter, such as a histidine or glutamate resi-
due (Scheme 1) [6]. This observation has inspired researchers to
explore H,0,-driven catalysis by P450 monooxygenases
through the introduction of catalytic bases, either genetically
[7-10], or via so-called decoy molecules [11-14]. Bell and
coworkers, for example, have demonstrated that a single
amino acid exchange (T252E) within the CYP199A4 from

R182

R189

FIGURE2 | Alignment of the heme and the natural acid-base pair in
AaeUPO (red) and the heme and one of the designed acid-base pair in
CYP199A4 (blue).

Rhodopseudomonas palustris HaA2 significantly increased its
peroxygenase activity [10].

However, what these studies have so far largely overlooked is
the fact that particularly active peroxygenases, such as
AaeUPO from Agrocybe aegerita [15-19], possess a second base
in their active site. This observation has led us to hypothesize
that a catalytic dyad may play a crucial role in the H,0,-
activation. Thus, we decided to screen the catalytic pocket of
the CYP199A47>>?E for potential amino acids that, when
mutated to basic residues, would further increase the peroxyge-
nase activity of said variants.

2 | Results and Discussion

2.1 | InSilico Design and Minimal Energy
Simulations of CYP199A4 T252E Variants

To test our hypothesis, we used the T252E mutant of CYP199A4,
previously reported by Bell and coworkers (PDB: 7REH), as a
starting point for generating further variants. The selection of
potential mutants was guided by three criteria: first, the amino
acid substitution should introduce an additional basic residue,
such as arginine or histidine; second, the substituted residue
should be located in close proximity to the heme; and third,
the mutation should minimally affect the positioning of the sub-
strate and other active site residues. Using this approach, we identi-
fied several promising double mutants: CYP199A4™82R/T252E
(Figure 1a), CYP199A4™252F/VZ%SH (Figyre 1b), CYP199A4T252E/F2%8H
(Figure 1c), and CYP199A4T252E/F2%8R (Ejoyre 1d). These variants are
considered promising because the newly introduced basic residue
(H or R) adopts a favorable orientation toward the heme and is posi-
tioned in close proximity to the previously introduced glutamate
(T252E), potentially enabling formation of the proposed catalytic
dyad. It should also be noted that, so far, we have been unable
to generate the mutant CYP199A4F182H/T252E,

YASARA [20] simulations (Figure S2) indicated that the pro-
posed additional mutations would not significantly affect the
orientation of the model substrate relative to the heme. In par-
ticular, the CYP199A4"'82R/T252E mytant exhibited a remarkable

@, . (b)
CYP199A4 Total protein c(P450) Total P450
variant concentration [uM] ! [nmol] el
[g L]t
1 N
— wTt 3.54 17.40 304.50
§ T252E 3.12 10.19 305.56
80 ' ' F182R/T252E 3.72 11.53 317.05
S 40 450 475 500
- 3 [nm] T252E/V295H 2.53 3.73 121.20
3.65 1.60 43.93
_1 <
T252E/F298H 3.74 2.23 66.84
_2 J

FIGURE3 |

CO-difference spectra (a) and yields of CYP199A4 variants in the total volume of crude extract of 200 mL cultures of recombinant E. coli

C43(DE3) (b). Total protein concentration measured by BSA assay [a], concentration as determined via CO-difference spectra [b], and total amount [c] of

CYP199A4 variants obtained by CO-difference spectra.
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similarity to the acid-base pairs commonly observed in long
unspecific peroxygenases (Figure 2) [21].

2.2 | Production and Biochemical
Characterization of CYP199A4 Variants

The double mutants described above were generated from
CYP199A4™%%?E by site-directed mutagenesis and recombinantly
expressed in E. coli. For comparison, wild-type CYP199A4 and
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FIGURE 4 | Evaluation of the peroxygenase activity of CYP194A4 var-
iants in crude extracts. Reaction conditions: 50 mM KPi buffer (2 vol%
ACN), pH 7.5, total volume 0.5mL (in horizontal shaker, 600 rpm),
T=30°C, t=3.5h; o(CYP199A4)=2.5pM enzyme (crude extract) c(4-
methoxybenzoic acid)=1mM, c(H,0)na =25mM (added in two steps
at t=0 and ¢ = 105 min). Values have been corrected for background (empty
vector) and represent the average of duplicates. Product concentrations were
deduced from calibration curves recorded under similar reaction conditions.
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the parent CYP199A4™2°*F mutant were also expressed. Accor-
ding to SDS-PAGE analysis the mutants CYP199A4"182R/T252E
and CYP199A4T252E/F298H wwere expressed at comparable levels
to CYP199A4™" and CYP199A4™*E, whereas the expression
levels of CYP199A4"252E/V29SH and CYP199A4T252E/F298R wwere
somewhat lower (Figure S3).

To estimate the concentration of active enzyme variants, CO-
difference spectra were recorded for all crude extracts (Figure 3).

The UV-vis spectra of the various enzyme variants demonstrate
that the highest concentration of active enzyme was
achieved for CYP199A4™, followed by the double mutant
CYP199A4T182R/T252E a1y then the single mutant CYP199A4T252E,
Most of the remaining mutants displayed lower concentrations
and/or reduced stability in crude extracts. This decreased stability
is evident from the appearance of a spectral shoulder around
420 nm, indicating that a fraction of the cytochrome P450 enzyme
had lost its cysteinyl ligation upon dithionite reduction and expo-
sure to carbon monoxide, rendering it inactive [22]. Interestingly,
CYP199A4™82R/T232E 1t only exhibited slightly improved expres-
sion compared to CYP199A4™*E but also demonstrated a
blueshifted Soret peak for the ferrous CO-bound enzyme (452
to 446 nm). This shift is most likely due to a subtle alteration
in the orientation of the heme caused by the arginine mutation
positioned directly above it (Figure S2). Similar effects resulting
from single or multiple mutations have previously been reported
for various P450 enzymes [23, 24].

2.3 | Catalytic Properties of the Mutant CYP199A4
Enzymes

Having a range of potentially interesting CYP199A4 mutants at
hand, we decided to evaluate their catalytic properties in the
oxidative demethylation of para-methoxy benzoic acid [10].

In these experiments especially the double mutant
CYP199A4F182R/T252E oto0d out in terms of product formation
(Figure 4). To our surprise, however, the previously reported sin-
gle mutant CYP199A4™%°*F yielded less product than the wild-
type enzyme, which is in stark contrast to the results previously

() 6025 .

0.02

0.015 A

0.01 4

0.005 A

T* Hy07

0 60 120 180 240
time [min]

FIGURES5 | Time courses of purified CYP199A4 (variants) catalyzed O-demethylation reactions using H,O, as cosubstrate. (A): using CYP199A4T252E/F182R
(), (B) using CYP199A4™ () or CYP199A4™>5% (). Reaction conditions: 50 mM KPi buffer (1vol% EtOH) pH 7.5, total volume 2 mL (in horizontal shaker,
600 rpm), T=30°C, t=3.5h; ((CYP199A4) = 6 uM, c(4-methoxybenzoic acid) =1 mM, c(H,0,)gina =20 mM (added in two steps a t=0 and 120 min). Values
represent the average of duplicates. Note the different scales used for CYP199A4™82R/T252E (A) and CYP199A4™ and CYP199A4™>%E (B).
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TABLE 1 | Catalase activity of the CYP199A4 variants.”

Catalase activity, pmol O, min™ mg'cyp1ooas

CYP199A4™ CYP199A4™>>%F CYP199A4F182R/T252E
No additives 39 2.9 0.15
+ Ethanol® 2.0 1.7 0.02
+ p-Methoxy benzoic acid + ethanol” 1.8 1.3 —°

General conditions: 50 mM KPi buffer pH 7.5 at room temperature, c(CYP199A4) =3 pM, ¢(H,0,)=1 mM.

c(4-methoxybenzoic acid) =1 mM.

®e(4-methoxybenzoic acid) =1 mM, c(EtOH) = 5% (v/v). The catalase activities were determined via the O, accumulation in the anaerobic reaction mixture upon
H,0, addition (measured with a Clark electrode).

“not detected. Contamination with endogeneous E. coli catalase cannot be fully ruled out. However, all variants were expressed and purified using the same
protocol, and the higher expression of WT and T252E meant that markedly smaller volumes of enzyme fraction were required to reach 3 uM in the Clark electrode
assay (27 and 86 pL) than for F182R/T252E (236 pL), which would be expected to reduce any impurity-driven oxygen evolution. Thus, the observed trend is not
readily explained solely by variable impurity carryover.

005 R Itime: [mip] N ‘ ‘ 005 ‘ tlrpe [rvnln]v R
' k 2 4 6 8 10 5 10
_ 0051 00 .
= £
E
S 015 % 0,15
é CYP199A4v 5 CYP199A4"t
oy [H.0,] =8 mM 025 | [H,0,] = 100 mM
0,35 035 4
0,05 ——— e i) - 0,05 ——— e [rmin] ,
' 2 4 6 8 10 { 5 10
— 0,05 e — 0,05 1 LA
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S e CYP199A4T252E 8 e CYP199A4T252E
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0.05 Itimel [minl] R 0.05 o timye [mvin] . .
5 10 5 10
L pem A B
e _N 20,05
€ .
g :
% -0,15 A 2-0,15 A
3 CYP199A4F182RIT252E % CYP199A4F182RIT252E
0251 [H0]=8mM 025 | [H,0,] = 100 mM
0,35 0,35 4

FIGURE 6 | Heme bleaching experiments with CYP199A4™, CYP199A47%°%F and CYP199A47#2R/T252E i1y the absence (@ ®®) and presence
(& <) of and oxidizable substrate. Conditions: 50 mM KPi pH 7.5 containing 5% (v/v) EtOH, c(CYP199A4) = 3 pM, c(p-methoxy benzoic acid) =0
or 1 mM, c¢(H,0,)=38 or 100 mM, RT.
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reported (vide infra). Possibly, endogenous E. coli catalase influ-
enced the outcome of the preliminary screening, but said effect
would be equal between samples, thus yielding a proper compar-
ison. We purified wild-type enzyme, the single mutant (T252E),
and our double mutant (T252E/F182R) to accurately investigate
the time-course of the H,0,-driven O-demethylation reaction
(Figure 5).

Notably, the initial rate (and final product concentration)
achieved with CYP199A4™82R/T252E wwag about one order of
magnitude higher than with CYP199A4™ and CYP199A4™*5%F,
The estimated specific activities for the three variants were
1.5, 4.2, and 48.3mUmg™" for the wild-type, CYP199A4™>>?E
and CYP199A4T182R/T252E  yeqpectively. These values are likely
to be substantially underestimated, as most of the transformation
had already occurred before the first measurement at 10 min. All
transformations ceased within a maximum of 60 min. In the case
of CYP199A4™ and CYP199A4™%%E, further addition of H,0, to
the reaction mixtures led to additional product formation, indi-
cating a pronounced catalase activity in these two variants. In
contrast, the addition of further H,O, did not resume product
formation in the case of CYP199A4T182R/T252E  qyooesting that
this enzyme variant had been irreversibly inactivated, presum-
ably due to H,0, exposure. A possible thermal inactivation of
CYP199A4T82R/T252E ag excluded (Figure S6).

We therefore tested the catalase activity of the three CYP199A4
variants using a Clark electrode setup (Table 1). It is important
to highlight that the enzyme and H,O, concentrations used for
the demethylation experiment differ from the ones used for the
catalase experiment. This is due to the high sensitivity of the
Clark electrode, thus making it unfeasible to obtain accurate esti-
mations under the same reaction conditions. Indeed, the catalase
activity of wild type enzyme and single mutant were more than 10
times higher than of CYP199A4T82R/T252E Tnterestingly, substrate
addition reduced the catalase activity by only approx. 40%-50% in
case of CYP199A4™" and CYP199A4™>>%F whereas it reduced the
catalase activity of CYP199A4™82R/T252E 1y almost 90%.

This observation also partially explains the higher initial activ-
ity of CYP199A4T82R/T252E compared to CYP199A4™ and
CYP199A4™*°*F (Figure 4 and 5). Their catalase activity is much
higher than the catalase activity of CYP199A4F182R/T252E
Furthermore, their catalase activity is only reduced by half in
the presence of substrate. Overall, the reactions catalyzed by
CYP199A4™" and CYP199A4™***F were strongly constrained by
H,0, availability, indicating that peroxide supply is a primary rate-
and/or extent-limiting factor under the conditions tested.

To gain a deeper understanding, we also investigated the
H,0,-dependent bleaching of the catalytic heme moiety in the
presence of H,0, (Figure 6). Interestingly, the wild-type enzyme
turned out to be the least H,O,-sensitive CYP199A4 variant
whereas CYP199A47>5?F was inactivated the fastest by H,O,.
In the presence of lower H,0, concentrations (8 mM,),
CYP199A4™ showed almost negligible inactivation rate of
0.001% min~', whereas the single mutant exhibited a signifi-
cantly (approx. 30-times) higher initial inactivation rate. Due
to its inherent high catalase activity (Table 1), however, all initial
H,0, was dismutated within 2 min thereby ceasing heme bleach-
ing. The inactivation rate of the double mutant (0.016 min™") was
between wild type and the single mutant. However, due to the
low catalase activity, heme bleaching continued linearly for at

50 A

40 A

30 4

20 1

c(p-Hydroxy benzoic acid) [uM]

10 1

Time [min]

FIGURE 7 | Time courses of CYP199A4™" (black), CYP199A4">5%F
(green), and CYP199A4™82R/T252E (red) Reaction conditions: 50 mM
KPi buffer (1vol% EtOH), pH 7.5, total volume 2mL (in horizontal
shaker, 600 rpm), T=30°C, t=6h; c(CYP199A4) =6 pM, c(4-methoxy-
benzoic acid)= 1mM, c(H,05)fna=0.6mM (feeding of 0.1 mMh™1).
Values represent the average of duplicates.

least 20 min. In the presence of high concentrations of H,O,
(Figure 6) heme bleaching was accelerated approximately three-
fold for all variants. Interestingly, in the case of CYP199A4™" and
CYP199A4™5%F: the presence of substrate dramatically reduced
heme bleaching while in the case of CYP199A4F182R/T252E i
had almost no effect on the heme bleaching rate.

From these experiments, we concluded that the reaction yield
was severely limited by the bleaching effect of H,O, on the
CYP199A4 variants. More specifically, complete degradation of
CYP199A4™82R/T252E - oceyrred within the first 30 min when
H,0, was supplied at 10 mM h™" (Figure 5). We therefore investi-
gated the effect of reducing the H,0, feed rate to 0.1 mMh™*
(Figure 7). Under these conditions, most of the H,0, supplied
to CYP199A4™ and CYP199A4"*>?E was rapidly disproportionated
due to their catalase activity. By contrast, CYP199A4™182R/T252E
was able to drive the reaction almost immediately and continued
to do so for several hours, demonstrating that bleaching can be
controlled by carefully tuning the rate of H,O, addition.

It is also noteworthy that with CYP199A4T82R/T252E th 6 initial rate
of p-hydroxybenzoate formation was 0.07mM h™* (corresponding
to 70% utilization of the supplied H,0,), but this decreased tenfold
(to 0.007mMh™, ie. 7%) over the following 3 h. While ethanol
oxidation is a likely contributor to this decline, we currently lack
a plausible explanation for why it becomes significant only after a
few enzyme turnovers. A possible starting point for rationalization
may be substrate-binding competition between ethanol and
p-methoxybenzoate. It is also worth mentioning that in case of
CYP199A4™%E the product accumulation seemed to increase,
for which we have no plausible explanation yet.

3 | Conclusion

The aim of this study was to improve the peroxygenase activity of
CYP199A4™>?E by introducing a second base to mimic the
architecture of classical peroxygenase. We hypothesized that
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the charge delocalization may accelerate the deprotonation/
reprotonation of the initial heme-Fe*™-H,0, adduct and
facilitate formation of Cpdl. The significantly higher initial
activity of CYP199A4T'82R/T252E gyer the wt-enzyme and the
parent CYP199A4™?F seem to confirm this assumption.
CYP199A4F182R/T252E - however, also exhibited a significantly
decreased stability towards H,0,, which we attribute to the
decreased catalase activity.

The broadly accepted hypothesis for heme-enzyme inactivation
in the presence of excess H,0, assumes a catalase malfunction
reaction. In the catalase mode, in which CpdI in the absence of
an organic reductant, reacts with another H,0,, yielding CpdII
and a peroxyl radical (HO,"). To complete the catalase cycle, HO,"
needs to undergo an electron transfer to CpdII and deprotonation
to yield O, and Cpdo. If, however, this reaction is slow, HO," can
leave, making space for yet another H,0, equivalent, eventually
forming CpdIII (a ferric superoxide adduct, Fe™-HO, ") initiating
Haber-Weiss-type formation of free reactive oxygen species even-
tually responsible for oxidative heme degradation.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. The authors have cited additional references within
the Supporting Information [25-27]. Supporting Fig. S1: Residues with
more interactions with the heme cofactor into the structure of
CYP199A4™%E, The size of the circles is proportional to the number
of interactions and inner and outer rings represent immediate and sec-
ondary atom contacts. Different colors represent different secondary
structures. Supporting Fig. S2: YASARA minimal energy simulation
of the catalytic pocket of CYP199A4™>>?F before (A) and after (B) the
F182R mutation. Heme is shown in red, 252E is shown in dark red, sub-
strate is shown in cyan and 182 residue is shown in yellow. Supporting
Fig. S3: SDS-PAGE from crude extract of produced CYP199A4™7,
CYP199A4™5%E and CYP199A4™?F variants in E.coli 43(DE3). 10 pl
of Precision Plus Protein Unstained Standard (Biorad) was used as ladder
and protein loading was 1 mg/ml. Supporting Fig. S4: UV analysis at
280 nm during HisTag purification of CYP199A4™**F variants. The blue
and orange line correspond to the absorbance at 280 and 420 nm respec-
tively. Supporting Fig. S5: SDS-PAGE and CO-diff spectra of purified
CYP199A4 variants. Both A and B are fractions from the same purifica-
tion but with different dilutions. This was done due to the size of the
volume of the pure fraction. Supporting Fig. S6: CO-difference spectra
of pure and incubated CYP199A4™'82R/T252E  gupporting Fig. S7:
Product formation of CYP199A4T'82R/T252E with (different cosolvents.
Reaction conditions: 50 mM KPi buffer (5 vol% cosolvent) pH 7.5, total
volume 1ml (in horizontal shaker, 600 rpm), T = 30°C, t = 3.5hr;
c(CYP199A4) = 6 pM, c (4-methoxybenzoic acid) = 1 mM, c(H,05) final
= 10 mM. Values represent the average of duplicates. Supporting Fig.
S8: HPLC analysis of screening of CYP194A4 variants for peroxygenase
activity. Reaction conditions: 50 mM KPi buffer (2 vol% ACN) pH 7.5,
total volume 0.5 ml (in horizontal shaker, 600 rpm), T = 30°C, t = 3.5 hr;
c(CYP199A4) = 2.5 uM enzyme (crude extract) c (4-methoxybenzoic acid)
=1mM, c(H,0,) fina; = 25 mM (added in two steps). Reverse phase HPLC
with 20-95% gradient of ACN in water. Supporting Table S1: List of
designed primers for the site directed mutagenesis of CYP199A4T*5%E
candidates.
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