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The miniaturized metalloenzyme Fe(i)-mimochrome VI*a (Fe(i)-MC6*a) acts as an excellent biocatalyst in
the H,0O,-mediated oxidative dehalogenation of the well-known pesticide and biocide 2,4,6-
trichlorophenol (TCP). The artificial enzyme can oxidize TCP with a catalytic efficiency (kcat/KLCP =
150 000 MM~ s7) up to 1500-fold higher than the most active natural metalloenzyme horseradish
peroxidase (HRP). UV-visible and EPR spectroscopies were used to provide indications of the catalytic
mechanism. One equivalent of H,O, fully converts Fe(i)-MC6*a into the oxoferryl-porphyrin radical
cation intermediate [(Fe(v)=0)por"], similarly to peroxidase compound | (Cpd I). Addition of TCP to Cpd

| rapidly leads to the formation of the corresponding quinone, while Cpd | decays back to the ferric

Received 7th February 2022 ) ) ) . . )
Accepted 13th April 2022 resting state in the absence of substrate. EPR data suggest a catalytic mechanism involving two
consecutive one-electron reactions. All results highlight the value of the miniaturization strategy for the

DOI: 10.1035/d2ra00811d development of chemically stable, highly efficient artificial metalloenzymes as powerful catalysts for the
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Introduction

The need for sustainable technologies to meet demanding
goals, such as the removal of environmental pollutants, is
driving the scientific community to find cutting-edge solu-
tions."” Nature represents an outstanding guide for its ability to
perform complicated chemical processes, using impressive
catalytic systems, based on enzyme arrays. Enzymes are the
benchmark of sustainability, as they are biocompatible, biode-
gradable and come from renewable resources." Among them,
metal-containing oxidoreductases have the potential to be very
useful tools for sustainable organic pollutant degradation,® as
they use clean oxidants, such as dioxygen or hydrogen
peroxide,* with no reaction by-products. Borrowing the skill of
these enzymes is strongly dependent on our ability to develop
Nature-inspired catalysts, efficiently working apart from cell
regulatory constraints.’

A variety of strategies have been proved very powerful for
improving the properties of native metalloenzymes.*** They
span de novo peptide and protein design, redesign of native
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oxidative degradation of toxic pollutants.

scaffolds, design through miniaturization, and supramolecular
metalloprotein design.” These strategies have provided cata-
lysts accurately designed for substrate specificity, enantiose-
lectivity, stability under process conditions and tolerance to
organic solvents. The metal cofactor is mainly enclosed within
a protein scaffold endowed with all the structural and func-
tional details needed for a given reactivity.

The design of a single scaffold, suited to host different metal
ions, there by enabling to explore a variety of different chem-
istries and applications, would be a highly desirable, sustain-
able and cost-effective goal. Further, it would be very
challenging to build up a catalyst endowed with substrate
promiscuity, for any given metal ion. Modulation of hem-
eprotein activities is a clear example of how Nature wisely
masters these tasks.'® The activity of the heme cofactor is
modulated in natural proteins at various levels, by modifying
the nature of the metal centre, the cofactor identity, such as the
number of substituents and saturation, and by modification of
second-shell interactions from the surrounding protein.*®

Inspired by Nature, we attempted to catch the technology of
heme catalysis modulation into small synthetic systems. To this
end, we approached the design of artificial heme-proteins
through a miniaturization strategy.'® We developed simple yet
functional synthetic molecules, named mimochromes (MCs),
which respond to metal ion replacement and non-covalent
modulation of the environment, similarly to natural heme-
proteins.’*® The key to this success has been the design of
a proper protein scaffold, which bears all the information to
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tune metalloporphyrin behaviors, including catalytic promis-
cuity. Mimochromes consist of two small helical peptide chains
covalently linked to the propionic groups of deuteroporphyrin
IX (DPIX) (Fig. 1a). The peptide scaffold has a globin fold, as it
was patterned after the F helix of the human deoxyhemoglobin
a-chain. Symmetrization of a small (Leu88 to Leu95) F helix
amphipathic fragment and design of non-covalent interactions
afforded bis-His derivatives (MC4 among others)," whose iron
complex behaves as a cytochrome b, with redox potential
being modulated by precise amino acid substitutions.*
Symmetry removal allowed the design of pentacoordinate
complexes behaving like peroxidases (MC6 and MC6%*).>"*> The
last derivative, MC6*a (Fig. 1b), shows unprecedented perfor-
mances, being able to tune the reactivity of different metal ions.
Indeed, when housing iron, MC6*a acts as a highly active
peroxidase able to oxidize ABTS with uncommon efficiency.*
The insertion of manganese switches MCé6*a into an efficient
catalyst for key synthetic transformations, such as the H,0,-
mediated sulfoxidation of methyl phenyl thioethers,* and the
selective oxidation of indole at its C3 position.*® Finally, in the
presence of cobalt, MC6*a becomes a proficient hydrogen
evolution catalyst.>**

These interesting results prompted us to exploit MC6*a
artificial enzyme toward further applications. FeMCé6*a can be
conveniently applied in the construction of functional nano-
materials®® and biosensor technologies, acting as luminescence-
based sensor for hydrogen peroxide detection.*

To evaluate the potential of FeMCé6*a for pollutant degra-
dation, we assayed its reactivity in the oxidative dehalogena-
tion of 2,4,6-trichlorophenol (TCP). TCP remains one of the
most prominent examples of halogenated phenols, largely
used in the past as pesticides or as biocides in wood preser-
vation.*® Although the use of halophenols has been pro-
hibited, they can still be found in soils and waters as
recalcitrant pollutants.>>* In such contest, the enzymatic
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dehalogenation of the highly toxic TCP,**** has received
considerable attention over the past years,***°
a potential role of this reaction in bioremediation strate-
gies.®** Several heme-containing natural peroxidases,
including Amphitrite ornata dehaloperoxidase (DHP),** Cal-
dariomyces fumago chloroperoxidase (CCPO)*” and HRP,*® are
able to catalyze the oxidative dehalogenation of TCP into the
corresponding 2,6-dichlorobenzoquinone (DCBQ), according
to Scheme 1.7 To fully exploit the potential of these natural
enzymes in the field of pollutants biodegradation, some
challenging issue should be achieved, such as reusability,
stability in non-aqueous media and immobilization on solid
supports, to allow catalyst recycling and easy separation from
the reaction media.

Herein we report the results on the Fe-MC6*a catalyzed
oxidative dehalogenation of TCP. EPR and UV-vis spectros-
copies proved that H,0, converts Fe(m)-MCé6*a into the
oxoferryl-porphyrin radical cation intermediate [(Fe(iv)=0)
por™'], similar to peroxidase compound I (Cpd I), and that this
intermediate is involved in TCP transformation. Notably,
analysis of the kinetic data reveals that Fe(u)-MC6*a is the
most active catalyst for TCP dehalogenation known to date, to
the best of our knowledge, thus opening important perspec-
tives for its application in the degradation of organic
pollutants.

in view of

OH H0, HzO"+Cr 0
Cl Cl M Cl Cl
peroxidase
Cl (0]
2,4,6-trichlorophenol 2,6-dichlorobenzoquinone
(TCP) (DCBQ)

Scheme 1 Peroxidase-catalyzed oxidative dehalogenation of 2,4,6-
trichlorophenol (TCP) into 2,6-dichlorobenzoquinone (DCBQ).

D =Ac-D-E-U-Q-L-S-U-Q-K-R-NH,
TD= Ac-D-L-Q-Q-L-H-S-Q-K-R-K-I-T-L-NH,

Fig. 1 Mimochrome molecular scaffold. (a) General behaviors of the molecular scaffold. (b) Schematic representation of the catalytically active
FeMC6*a derivative, with sequences of deca (D) and tetradeca (TD) peptide chains. U stands for 2-aminoisobutyric acid (Aib). The iron ion is

shown as an orange sphere.
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Results and discussion
H,0, activation by Fe(m)-MC6*a and Cpd I formation

UV-vis and EPR spectroscopies were used to investigate the
reaction of Fe(m)-MC6*a and hydrogen peroxide, without any
reducing substrate. As previously reported,” UV/vis spectral
data of Fe(m)-MC6*a resting state (Fig. 2, black line) are indic-
ative of a six-coordinate His-H,O species in a high spin state.
Addition of 1 equivalent of H,0, caused a 60% decrease in the
Soret band intensity over 2 min (no 2 shifts), while o/p bands
flattened (Fig. 2, green line). These spectral changes are typical
for the conversion of the resting ferric state into an oxoferryl-
porphyrin radical cation intermediate [(Fe(v)=O)por''],
similar to Cpd I generated in the catalytic cycle of peroxi-
dases.**** This intermediate spontaneously decays back to the
ferric state without any detectable compound II (Cpd II) species
(Fig. 2, red line). The observed behavior suggests that the decay
of Cpd 1I to ferric is faster than the decay of Cpd I to Cpd II.
Cpd I formation was also ascertained by EPR spectroscopy.
Fig. 3 reports the EPR spectrum of Fe(m)-MC6*a in 50 mM
phosphate buffer (pH 6.5) with 50% TFE (v/v) at 6 K. In the
resting state, Fe(m)-MC6*a shows two main signals at g = 5.7
and g*ﬁff =~ 2, which are characteristic of pentacoordinate heme
iron enzymes (S = 5/2) in the high spin state.*” For Kramers
doublets in the weak field limit (D > 0.3 cm "), only intra-
doublet transitions are possible, and each transition can be
described by an effective S = 1/2. At low temperatures, the
lowest Kramers doublet is mostly populated, and only transi-
tions with mg = £1/2 are observed. Using the reported proce-
dure for simulating high-spin Kramer systems,*® the real values
of the electronic g tensor can be obtained. The simulated
spectrum is insensitive to the absolute value of the zero-field
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Fig.2 UV-visible spectra of Fe()-MC6*a (10 uM) in 50 mM phosphate
buffer with 50% TFE (v/v) at pH 6.5. Fe(in)-resting state (black line) was
converted into (Fe(v)=O)por'* (Cpd I, green line) upon addition of 1
equivalent of H,O,. Fe(i)-resting state (red line) is regenerated after
spontaneous decay of Cpd I. Inset shows a close-up of the Q-bands.
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Fig. 3 EPR spectra (black experimental data, red simulated curve) of
Fe(n)-MC6%*a (0.25 mM) in 50 mM phosphate buffer (pH 6.5) with 50%
TFE (v/v). Spectra were recorded at 6 K, microwave frequency, 9.38
GHz; microwave power, 1 mW; modulation amplitude, 10 G.

splitting, D, but is highly sensitive to rhombicity (n = E/D)
and best described by n = 0.007 and axial symmetric electronic g
tensor with g, , = 2.05 and g, = 2.20. Thus, Fe(u1)-MCé6*a in the
resting state can be described as a single high-spin species with
tetragonal symmetry and almost no rhombic distortion,
consistent with the schematic structure in Scheme 2.

To trap and characterize any intermediate generated upon
reaction of Fe(m)-MCé6*a with H,0,, samples for EPR analysis
were prepared by freeze-quenching the reaction mixtures in
liquid N,. The EPR spectrum obtained after addition of one
equivalent of H,0, to Fe(ur)-MC6*a and rapid freezing is shown
in Fig. 4. A significant decrease in the intensity of the high-spin
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Scheme 2 TCP dehalogenation mechanism by a two-step, one-
electron oxidation.
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Fig. 4 EPR spectra of Fe(i)-MC6*a (0.25 mM) in the presence of one equivalent of H,O, (50 mM phosphate buffer pH 6.5 with 50% TFE (v/v))
flash-frozen in liquid N,. (a) Spectra were recorded at 8 K; microwave frequency, 9.37 GHz; modulation amplitude 10 G; microwave power 1 mW.
(b) Spectra were recorded at 35 K, microwave frequency 9.37 GHz, modulation amplitude 0.5 G; microwave power 25 mW.

resting state signal (g = 5.7) and concurrent appearance of two
new signals at gesr = 4.31 and gegs = 3.97 were observed (Fig. 4a).
Further, two radical-type signals at g = 2 (1.99 and 1.91) were
detected (Fig. 4b). These signals, with effective g-values of ~4
(¢ and ~2 (gf), are consistent with the presence of an
oxoferryl-porphyrin radical cation intermediate [(Fe(v)=0)
por’*], namely Cpd I, as previously reported for peroxidases and
heme model complexes.*”~*°

The EPR spectra of Cpd I are interpreted through the spin-
coupling model developed by Schulz et al.*®* According to this
model, the S = 1 oxoferryl moiety and the S’ = 1/2 porphyrin -
cation radical are weakly exchange coupled:

He = JSS' (1)

where H,, is the exchange interaction and J is the exchange
coupling. Exchange interaction in combination with the positive
zero-field splitting of oxoferryl moiety leads to three Kramers
doublets formed by six energy levels ((2S + 1)(2S’ + 1)) of the
oxoferryl-porphyrin radical cation. X-band EPR spectra are
dominated by contributions from the lowest doublet and can be
represented as S = 1/2 system. The g5 and gf values are
determined by the ratio J/D, where g% = g. — 2¢"° J/D and gf" =
Ze. The g'F resonance corresponds to isolated oxoferryl moiety
and its value is 2.25 for the oxoferryl heme.> Since the spin-orbit
coupling for the oxoferryl heme is positive, signals with g larger
than g. are observed for systems with ferromagnetic coupling (J <
0). For Fe(m)-MC6*a, the two different signals visible in the EPR
spectrum (Fig. 4a) can be attributed to the presence of two
different Cpd I intermediates with slightly different couplings,
referred to as Cpd I “A” and Cpd I “B”. For both Cpd I “A” and
“B”, the radical is ferromagnetically coupled to the oxoferryl
heme with |J|/D = 0.51 and 0.44 for Cpd I “A” and “B”, respec-
tively. Both values are higher than those reported for Cpd I in
HRP (~0)* and ascorbate peroxidase (0.28).' It has been
demonstrated for numerous heme-proteins that the magnitude
of J/D in Cpds I differs primarily for the contributions from the
exchange coupling, J. Decreasing of |J|/D, which corresponds to

12950 | RSC Adv, 2022, 12, 12947-12956

changes in the coupling between the [(por)Fe=O]’" and the
porphyrin m-cation radical (por") from ferromagnetic to anti-
ferromagnetic, is attributed to lowering the four-fold symmetry
provided by the coordination of iron by porphyrin.*” Higher
values of |J|/D for Cpd I “A” and Cpd I “B” compared to HRP and
ascorbate oxidase, suggest higher symmetry of Cpd I in Fe(m)-
MCé6*a. This observation is consistent with the absence of
rhombic symmetry distortion observed in the parental high-spin
ferric state, which is typically detected in HRP and ascorbate
peroxidase.**** This high symmetry of the heme provides
a strong ferromagnetic exchange between the oxoferryl moiety
and the por' radical.

To further confirm the existence of two different Cpd I
species, power saturation measurements were performed.
Signals corresponding to Cpd I “A” and Cpd I “B” showed
different power saturation behaviors (Fig. 5), thus supporting
the hypothesis that the reaction of Fe(m)-MC6*a with H,0,
results in two Cpd I species with slightly different configura-
tions, giving two distinct radical signals. Double-integration of
the EPR spectra at different powers (Fig. 5a) gives similar ratios
of Cpd I “A” to Cpd I “B” of ~3: 2.

These two spectroscopically distinct Cpd I “A” and “B”
species may presumably arise from H,0, activation catalyzed
by two different conformers of the Fe(u)-MC6*a resting state.
This finding is not surprising as MC-iron complexes likely
occur into multiple configurational/conformational states,>
corresponding to regioisomers and/or diastereomers (see
Fig. S11). At ambient temperature, Fe(m)-MC6*a resting state
is expected to occur as a dynamic ensemble of conformers,
thus the EPR spectrum is the average of all the possible states.
Shock-freezing of the solution after H,O, addition, as per-
formed for EPR characterization, affords two distinguishable
Cpd I isomers.

TCP oxidative dehalogenation by Fe(m)-MC6*a

Fe(m)-MCé6*a-catalyzed oxidative dehalogenation of TCP was
assayed under the optimal experimental conditions previously

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Microwave power saturation data: (a) EPR spectra of Fe(i)-MC6*a upon addition of one equivalent of H,O, at three different saturation
powers. (b) Signal intensity as a function of the power square root. Spectra were recorded at 8 K; microwave frequency, 9.37 GHz; modulation

amplitude 10 G.

determined for peroxidase and peroxygenase activity.>>** Upon
addition of hydrogen peroxide (400 pM) to a buffered solution
(phosphate buffer 50 mM, pH 6.5, 50% (v/v) 2,2,2-tri-
fluoroethanol (TFE)) containing Fe(m)-MC6*a (0.1 pM) and TCP
(100 puM), a rapid decrease in TCP absorption maxima (244 and
310 nm) was observed (Fig. 6), while a concurrent increase of
the band at 272 nm, characteristic of 2,6-dichloro-1,4-
benzoquinone (DCBQ), was detected. No reaction progress
was observed for the uncatalyzed dehalogenation carried out
without the catalyst in the presence of TFE and H,O, over the
same timescales, thus proving the involvement of Fe(m)-MC6*a
in driving TCP conversion to DCBQ.

GC-MS analysis of the reaction mixture confirmed the
formation of DCBQ as the main dehalogenation product
(Fig. S21). The mass spectrum of DCBQ is characterized by
a main peak at m/z 176 (molecular ion peak or [M]™"), and an
isotopic pattern of two chlorine atoms at m/z 178 and 180
(Fig. S3bf). Next, the catalytic parameters for TCP

Absorbance

0.0

400 500

Wavelength (nm)

300

Fig. 6 Time-dependent UV-vis spectra of Fe()-MC6*a (0.1 uM) in the
presence of TCP (100 pM) in 50 mM sodium phosphate (pH 6.5) with
50% TFE (v/v) upon addition of H,O, (400 uM). The spectrum before
H,0O, addition is marked as red. The blue line shows the spectrum after
15 min from H,O, addition. Spectra were collected each 60 s at 25 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry

dehalogenation catalyzed by Fe(m)-MC6*a were determined in
phosphate buffer pH 6.5 with 50% TFE v/v (Fig. 7).

Table 1 reports the steady-state kinetic parameters for the
H,0,-dependent TCP dehalogenation catalyzed by Fe(m)-
MCé6*a. For comparison, kinetic data for HRP, DHP and the
most representative artificial metalloenzymes, namely CTM
C45, F43Y/H64D Mb and A15C/H64D Ngb, obtained by de novo
design or by redesign of native protein scaffolds, are also
reported.3®4*>

Inspection of Table 1 reveals that the turnover frequency
(kear) of Fe (m)-MC6*a (2400 s~ ', Table 1, entry 1) is higher than
any other metalloenzyme so far reported. Particularly, this
value is 4-fold higher respect to HRP** and almost 90-fold
higher than F43Y/H64D Mb* (Table 1, entries 5 and 6).
Moreover, the Michaelis-Menten constant value for TCP
(KECP = 16 uM) is 338-fold lower than in HRP and only about
4-fold higher than F43Y/H64D Mb. Catalytic efficiencies based
on TCP were then calculated. Under its optimal conditions
(Table 1, entry 1), Fe(m1)-MC6*a is to date the heme-enzyme
with the highest catalytic efficiency in TCP oxidation (kcae/
KiCP: 150 000 mM ! s7Y), since keae/Km value is about 19-fold

a 12+ b -
| |
10
—~ 84 L] —~ 64
=~ 87 =
s 6] s
€ o NE 4
Ne 4 2
= 5] 2 24
0 0]
1 M 1 ' 1 ' 1 ) v 1 M I M I M 1 g
0.0 0.1 0.2 0.3 0 50 100 150 200
[TCP] (mM) [H,0,] (mM)

Fig.7 TCP oxidative dehalogenation activity of Fe(i)-MC6*a. (a) Initial
rate dependence towards TCP concentration: reaction conditions
were: Fe(n)-MC6%*a (67 nM), H,O, (300 mM) in 50 mM phosphate
buffer pH 6.5/TFE (1 : 1 v/v). (b) Initial rate dependence towards H,O,
concentration: reaction conditions were: Fe(n)-MC6%*a (67 nM), TCP
(250 uM) in 50 mM phosphate buffer pH 6.5/TFE (1: 1 v/v).
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Table 1 Kinetic parameters of natural and artificial metalloenzymes in the oxidative dehalogenation of TCP

Enzyme K (mM) K202 (mM) keat (7 kead Knc¥ (mM ™' s71)

1 Fe()-MC6*a“ 0.016 + 0.002 120 + 10 2400 + 80 150 000

2 Fe(u)-MC6*a® 0.100 + 0.0210 94.4 + 8.2 70 £ 6 700

3 DHP A**¢ 2.07 0.335 13.67 6.60

4 DHP B*** 0.685 0.165 25.72 37.5

5 HRP**¢ 5.40 0.050 571.3 105.8

6 F43Y/H64D Mb*%¢ 0.0035 4 0.0003 N.R. 27.4 £ 0.9 7828

7 A15C/H64D Ngb®*/ 0.13 + 0.01 N.R. 43.85 + 0.62 340

8 CTM C45°%¢ 0.012 N.R. 0.50 41.7

Experimental conditions. * [Enzyme] = 6.7 x 10~° M; 50 mM phosphate buffer, pH 6.5 with 50% (v/v) TFE. ” [Enzyme] = 6.7 x 10™® M; 50 mM
phosphate buffer, pH 6.5. ° [Enzyme] = 2.4 x 10~°® M; 100 mM phosphate buffer pH 7.0. ¢ [Enzyme] = 2 x 107 M; 100 mM phosphate buffer
pH 7.0. ° [Enzyme] = 1 x 10~° M; 50 mM phosphate buffer, pH 7.0. [Enzyme] = 2.5 x 10 ® M; 100 mM potassium phosphate buffer pH 7.0.
¢ [Enzyme] = 1 x 1077 M; 100 mM KCl, 20 mM N-cyclohexyl-2-aminoethanesulfonic acid buffer, pH 8.58. N.R.: not reported.

and 1400-fold higher than of F43Y/H64D Mb and HRP,
respectively. For better clarifying the role of the cosolvent,
kinetic parameters were also measured in the absence of TFE
(Table 1, entry 2). An increased Kpy© value (100 uM) together
with a decreased K (70 s~ ') were observed, causing a drop in
the catalytic efficiency (down to 200-fold, Table 1). It should be
underlined that even in this case FeMCé6*a still showed rele-
vant catalytic efficiency (kea/Km'® = 700 mM " s~ %), which is
lower only respect to F43Y/H64D Mb efficiency (ke/Koi® =
7828.57 mM ' s~ '; Table 1, entry 6).

This result confirmed the importance of helix folding on the
catalytic activity, as already observed for other Fe(m)-MC6*a
catalyzed peroxidase and peroxygenase reactions,”?* and are also
in agreement with our previous findings.'***** We have demon-
strated that in all MCs secondary structures stabilization, induced
by TFE, facilitates inter-chain and peptide-heme interactions,
thus favoring the formation of the sandwiched tertiary structure.*
In particular, TFE-dependent peptide structures were nicely
correlated to their catalytic performances, thus demonstrating
that the correct folding of both chains is necessary for reactivity.*

For TCP transformation, the sandwiched structure plays
a positive role on both substrates binding (K,,) and conversion
(kcat)- Further, it exerts a protective role toward heme bleaching
as Fe(m)-MCé6*a promotes a high conversion of TCP. The
determination of the turnover number (TON), measured by GC-
MS analysis of the reaction mixture, resulted in the conversion
of 3850 equivalents of TCP, requiring a Fe(m)-MC6*a catalyst
loading as low as 6.7 x 10~% M (see Table S1t).

The favorable effect of TFE in modulating peroxidase activity,
extensively studied by us over the years on MCs,'®*'**** has been
very recently also reported for the promiscuous de novo designed
peroxidase C45.>*¢ All together these results strongly delineate
the principle that the stabilization of designed enzyme, by helix-
inducing cosolvent addition, is a suitable route to tune activity.

Mechanistic insights

It is widely reported that the dehalogenation reaction catalyzed
by natural heme-peroxidases occurs via a two-step, single-
electron oxidation pathway (Scheme 2).>”*%*> Accordingly, TCP
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undergoes the first one-electron oxidation mediated by Cpd I,
releasing the phenoxy radical species 1. Subsequently, the
second one-electron oxidation yields a positively charged dien-
one 2, which is readily converted into DCBQ upon reaction with
a water molecule.

In order to ascertain whether TCP dehalogenation by Fe(um)-
MC6*a occurs through a similar pathway (Scheme 2), investi-
gation of the catalytic mechanism by EPR spectroscopy was
performed. EPR spectra of the reaction mixture of Fe(i)-MC6*a
in the presence of 1 equivalent of H,0, and either 1 (Fig. 8a and
b) or 0.5 (Fig. 8c and d) equivalents of TCP were collected at
different quenching times. Spectra collected on the immedi-
ately frozen stoichiometric (1:1:1 of Fe(m)-MC6*a : H,O,-
: TCP) reaction mixture (Fig. 8a and b, black lines) demonstrate
a very low-intensity signal of the intermediate at g = 4.31 and
a high-intensity signal of the resting Fe(m)-MC6*a (g°T = 5.7).
The spectra of the samples frozen after 2 min (Fig. 8a and b, red
lines) fully resemble the spectrum of the resting Fe(m)-MC6*a
(Fig. 4).

These results suggest that Fe(ur)-MC6*a completely cycled-
back after the reaction in less than 2 min, which is consistent
with the ultrafast kinetics of Fe(m)-MC6*a reaction with TCP
(Table 1). This finding is also in agreement with the experi-
ments performed by UV-vis spectroscopy. Indeed, addition of
TCP to the stoichiometric mixture of Fe(ur)-MC6*a and H,0,
caused direct conversion of Cpd I back to the resting state,
without any detectable Cpd II formation.

A different behavior was observed in spectra collected by sub-
stoichiometric addition of the reducing substrate (sample with
1:1:0.5 of Fe(m)-MCé6*a: H,O,: TCP, Fig. 8c and d, black
lines). Interestingly, the immediately frozen sample showed
signals corresponding to Cpd I “A” and “B” species, and
a concomitant decrease of the high-spin ferric signal of the
enzyme. In the sample frozen after 2 min (Fig. 8c and d, red
lines), the two signals at gf" = 2 (1.99 and 1.91) were not
detected, while signals at g ~ 4 (4.31 and 3.97) were well
resolved. This can be explained by quenching of the radical
signal of Cpd I (0.5 eq., which did not react with TCP) by TCP
radical (0.5 eq. should be formed).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 EPR spectra of Fe(i)-MC6*a upon addition of 1 (a and b) or 0.5 (c and d) equivalents of TCP and 1 equivalent of H,O, at different
quenching times. (a) and (c) Spectra were recorded at 8 K; microwave frequency, 9.37 GHz; modulation amplitude 10 G; microwave power 1 mW.
(b) and (d) Spectra were recorded at 35 K, microwave frequency 9.37 GHz, modulation amplitude 0.5 G; microwave power 25 mW.

Notably, the intensity of the resting state signal (g% = 5.7) in
the EPR spectrum of the sample frozen after 2 min increased
compared to its intensity in the sample frozen immediately,
while both Cpd I “A” and “B” (¢°7 = 4.31 and 3.97, respectively)
signal intensities were almost unchanged (Fig. 8c, red line vs.
black line). This experimental observation suggests the
conversion of Cpd I into a putative EPR-silent Cpd II interme-
diate, corresponding to the ferryl heme lacking the porphyrin
radical (Scheme 2). The total spin count of the sample with
additions of 1 eq. H,0, and 0.5 eq. TCP is approximately half of
the resting state, indicating that half of the sample is in an EPR-
silent state.

Conclusions

Fe(m)-MC6*a represents an excellent biocatalyst in the oxidative
dehalogenation of 2,4,6-trichlorophenol (TCP). Analysis of the
kinetic parameters reveal that, under optimum conditions, Fe-
MCé6*a owns, to the best of our knowledge, the highest activity
for this reaction, with a catalytic efficiency (kea/Kic® = 150 000
mM ™' s7') 1400-fold higher respect to the most active native
metalloenzyme, HRP. Interestingly, higher efficiency is
observed in the presence of TFE as cosolvent. Indeed, TFE is
usually required for driving MCs helical folding, thus
enhancing their catalytic performances. The use of fluorinated
alcohol as TFE, recently considered as a recoverable green
solvent,”” may expand the applicability of the Fe(m)-MC6%*a/

© 2022 The Author(s). Published by the Royal Society of Chemistry

H,0, system for oxidative dehalogenation in non-aqueous
media. However, even considering the reaction in the absence
of TFE, its catalytic performances still position Fe(m)-MC6*a
among the most active heme-enzymes for TCP oxidative deha-
logenation. All these results corroborate the potential applica-
tions of Fe(m)-MC6*a in bioremediation strategies aimed at
pollutants degradation.

Materials and methods
Materials

All solvents and TFA (trifluoroacetic acid) were supplied by
Romil. 2,4,6-Trichlorophenol (TCP) was purchased from Merck.
TFE was purchased from Romil. All buffer solutions were made
by using HPLC grade water (Romil); phosphate salts (mono- and
dibasic) for buffers preparation and hydrogen peroxide (H,0,)
solution (30% (v/v)) were provided by Merck. Fe(u)-MC6*a was
synthesized, purified and characterized according to the previ-
ously published procedure.*

Equipment and methods

GC-MS analyses were performed on a Shimadzu GCMS-QP2010
SE system equipped with an EI MS source and a quadrupole
array as MS analyser, using a Restek Rxi-5Sil-MS column with
helium as the carrier gas. A linear gradient from 50 °C to 300 °C,
with a rate of 24 °C min~" was used. Mass spectra were recorded
in the 50-450 m/z range.
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UV-vis spectra were recorded on a Cary Varian 60 Probe UV
spectrophotometer, equipped with a temperature controller. All
measurements were performed at 25 °C in 50 mM phosphate
buffer (pH 6.5) with 50% TFE (v/v) unless otherwise specified.
Quartz cuvettes with a path length of 1.00 cm or 0.100 cm were
used for most measurements. Wavelength scans were per-
formed from 200 to 800 nm, with a 300 nm min " scan speed.
All data were blank subtracted. Fe(m)-MC6*a concentration was
determined by UV/vis spectroscopy using & = 1.17 X
10°M ' em ™" in H,0 0.1% TFA (v/v) (A = 387 nm). Data analysis
was performed using Origin Pro, 9.0 version.

Catalytic assays

Kinetic experiments were performed using a Cary Varian 60
Probe UV spectrophotometer, equipped with a thermostated cell
holder and magnetic stirrer. All kinetic measurements were
performed at 25 °C in a 1.0 cm path length cuvette under
magnetic stirring. The instrument was blanked before each
acquisition. Fe(m)-MC6*a stock solutions were prepared in acidic
water (0.1% TFA, (v/v)) and diluted to the final concentration in
the reaction buffer (50 mM sodium phosphate, pH 6.5). TCP
stock solutions (0.1 M) were prepared in 0.2 M NaOH solution.
H,0, stock solutions were prepared by diluting H,0, 30% (v/v) in
water and their concentration was determined by UV-vis
absorption spectroscopy (Amax = 240 nm; ¢ = 39.4 M ' cm ™).

To follow the formation of Cpd I, a solution of Fe(u)-MC6*a
(10 uM) was treated with 1 eq. of H,O, in 50 mM phosphate
buffer (pH 6.5) with 50% TFE (v/v). Changes in the absorbance
of the Soret band (A = 387 nm) were monitored in a single-
wavelength kinetic mode over 2 min. Afterwards, the decay of
Cpd I to the resting state was followed by collecting UV-vis
spectra every minute for 2 hours.

To evaluate enzyme activity, the formation of DCBQ was fol-
lowed at A = 272 nm (e;7, = 15.8 x 10> M~ " ecm ™). Fe(m)-MC6*a
concentration in all experiments was fixed at 6.7 x 10~ % M using
phosphate buffer (50 mM, pH 6.5) in the absence or in the
presence of 50% TFE (v/v). The catalytic role of Fe(ur)-MC6*a was
ascertained by running the reaction in the absence of the catalyst,
which gave no increase of the absorbance at 272 nm over 30 min.

K. values for TCP and H,0, were measured keeping
constant one of the two substrate concentrations, while varying
the other one and vice versa. Progress curves of the reaction were
monitored at A = 272 nm, with an average time of 0.1 s. For the
determination of K29 TCP concentration was fixed at 250 uM
while H,O, was varied from 0 to 200 mM. For the determination
of KX? H,0, concentration was fixed at 300 mM while TCP
concentration was varied from 0 to 250 pM.

Initial rate (v,) values were plotted as a function of both
substrates concentration and data points were fitted according
to a two-substrates Michaelis and Menten equation (eqn (2)),
using Origin Pro 9.0 software:

[E],
= n K " K )
kca‘ kcat [A} kcat [B}
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where [E], is the initial concentration of the enzyme, ke, is the
catalytic constant, Kny,) and Knp) are the Michaelis-Menten
constants for TCP and H,0, respectively, and [A] and [B] are the
concentrations of TCP and H,0,, respectively. From data fitting,
K, and k., values were calculated.

TON determination

Turnover number was determined by GC-MS analysis of the
reaction, measuring the conversion degree based on substrate
consumption. The reaction was carried out as follows: [TCP] =
340 uM, [H,0,] = 410 uM, [FeMC6*a] = 6.7 x 10" * M, 50 mM
phosphate buffer (pH 6.5) with 50% TFE (v/v). Chlorobenzene
(CLB) was added ([CLB] = 340 puM) as an internal standard.
Before (¢t = 0) and after (¢t = 5 and 15 min) H,0, addition,
aliquots of the reaction mixture (50 pL) were transferred to
2.0 mL Eppendorf tubes, quenched by the addition of a H,O
0.1% TFA (v/v) (50 pL) and extracted with dichloromethane (100
uL). Organic layers were dried (Na,SO,), centrifuged at 500 rpm
and the supernatants were injected. Total Ion Current (TIC)
chromatograms were acquired, and peaks corresponding to
TCP and CLB were integrated for all reaction times. The
conversion degree was calculated using eqn (2):

(), (G2
Aisu /g Aisw./ % 100 3)
(@)

AI,Sld. 0
where Ag,p and Aysq. are peak areas of the substrate and the
internal standard, respectively, in the GC-MS TIC chromato-
gram. The subscript 0 indicates the trace was acquired prior to
hydrogen peroxide addition, while the subscript x is a specific
time during the reaction. Considering that 5000 eq. of TCP were
used in the reaction, a 77% conversion was calculated, corre-

sponding to a TON of 3850. Longer reaction times did not lead
to a further increase in the TON value.

Conversion(%) =

Product identification

After addition of one equivalent of hydrogen peroxide to the
Fe(m)-MC6*a-TCP reaction mixture, 100 pL aliquots at times 0,
10, 20 and 30 min were withdrawn and treated as described in
the previous paragraph. Organic phases were analysed by GC-
MS (Fig. S2-547).

EPR characterization

EPR samples of Fe(m)-MCé6*a were prepared in 50 mM phos-
phate buffer (pH 6.5) with 50% TFE (v/v) at a concentration of
0.25 mM. The samples were transferred to EPR-tubes and flash-
frozen in liquid N,. Samples of intermediates were prepared by
rapid mixing Fe(m)-MC6*a with one equivalent of H,0, and
either 1 or 0.5 equivalents of TCP (final concentration of
0.25 mM Fe(m)-MC6*a) in an EPR tube, and flash freezing in
liquid N, immediately or after 2 min, as stated in the figure
captions. The prepared samples were stored at 77 K between
measurements.

X-band EPR measurements were performed on a Bruker
ELEXYS E500 spectrometer equipped with a SuperX EPR049

© 2022 The Author(s). Published by the Royal Society of Chemistry
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microwave bridge and a cylindrical TE011 ER 4122SHQE cavity
in connection with an Oxford Instruments continuous flow
cryostat. Measuring temperatures were achieved using liquid
helium flow through an ITC 503 temperature controller (Oxford
Instruments). Modulation frequency at 100 kHz was set in all
measurements. Bruker Xepr software package was used for all
data processing. The EPR simulation was performed using
EasySpin using the EasySpin MATLAB toolbox.*®
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