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Manganese-porphyrins are important tools in catalysis, dal to their capability to

promote a wide variety of synthetically valuable transforations. Despite their great
reactivity, the dif culties to control the reaction seledvity and to protect the catalyst

from self-degradation hamper their practical applicationCompared to small-molecule

porphyrin complexes, metalloenzymes display remarkableeébtures, because the

reactivity of the metal center is nely modulated by a comple interplay of interactions
within the protein matrix. In the effort to combine the catatic potential of manganese
porphyrins with the unique properties of biological catakts, arti cial metalloenzymes

have been reported, mainly by incorporation of manganese-@phyrins into native

protein scaffolds. Here we describe the spectroscopic and atalytic properties of

Mn-Mimochrome VI a (Mn-MC6 a), a mini-protein with a manganese deuteroporphyrin
active site within a scaffold of two synthetic peptides coviently bound to the porphyrin.

Mn-MC6 a is an ef cient catalyst endowed with peroxygenase activit The UV-vis

absorption spectrum of Mn-MC6 a resembles that of Mn-reconstituted horseradish
peroxidase (Mn-HRP), both in the resting and high-valent adized states. Remarkably,
Mn-MC6 a shows a higher reactivity compared to Mn-HRP, because higér yields

and chemoselectivity were observed in thioether oxidatianExperimental evidences
also provided indications on the nature of the high-valenteactive intermediate and on
the sulfoxidation mechanism.

Keywords: arti cial metalloenzymes, biocatalysis, manganes e porphyrins, oxidation catalysis, heme-protein

models

INTRODUCTION

Nature mastered coordination chemistry in a fascinatingnmer, as proven by the remarkable
features of metalloenzyme$Vplfenden and Snider, 2001; Valdez et al., 20T take full
advantage of the rich chemistry of metal ions, in terms of spscopic, magnetic, and catalytic
properties, proteins have evolved as complex macromoleculardigydndeed, the protein matrix
exerts a ne control on the reactivity of metal ions, througlvariety of interactions, ranging from
coordinate and hydrogen bond, to hydrophobic and ionic irdtetions Ragsdale, 2006; Maglio
etal., 201p This control allows proteins to bene t from the redox andiis-acid catalysis of metal
ions. As in a mutual relationship, metal ions themselves cakerihe protein functional. Thanks to
their preferred coordination geometry, metal ions may actemsplates, binding various domains
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of the protein together and bringing reactive groups in thereat The simplicity of the MC6 sca old o ered us the opportunity
relative orientation for activityl(laglio et al., 201R for structure/function relationship studies. The e ectssgcond-

The strong interplay between metal cofactor and proteirshell interactions \(itale et al., 2015and of conformational
scaold is nely exemplied by the functional versatility of constraints Caserta et al., 20)8in tuning catalysis were
heme-containing enzymesB¢wman and Bren, 2008; Poulos, systematically evaluated. Site-speci ¢ mutations in botptjoe
2019. Peroxidases, catalases and monooxygenases sharechains allowed to select MC# (Figure 1) as the best peroxidase
their catalytic cycle, a similar high-valent iron-oxo imeediate, catalyst among the mimochrome family. '£eMC6 a exceeds
whose fate depends on the speci c environment created by thihe turnover frequency and the total turnover number (TON)
surrounding protein matrix Dolphin et al., 1971; Hersleth et al., of its best predecessor, displaying a 20-fold higher catalytic
2006; Moody and Raven, 2018 e ciency compared to that of natural horseradish peroxidase

Studies on small-molecule mimics, based on synthetitHRP) in oxidation of 2,2azino-bis(3-ethylbenzothiazoline-6-
metallo-porphyrinoid complexes, gave basic insights into theulphonic acid) (ABTS) aserta et al., 20).8Moreover, the
nature of the intermediates and into the reaction mecharsssh cobalt derivative (Co-MC@) behaves as a very promising
heme-enzymes3roves, 2006; Karlin, 2010; Baglia et al., 017catalyst in hydrogen evolution reactions, as it was able to
Modi cation of metallo-porphyrins with di erent chemical electrocatalytically reduce protons to hydrogenyfHn water
moieties, assembled to resemble and mimic the protein matrivat neutral pH under aerobic conditions, performing more
clearly highlighted the environment inuence over metal than 230,000 turnoversr(rpo et al., 2018 Finally, we have
cofactor reactivity [{lastri et al., 1998; Fujii, 20)2Nevertheless, also demonstrated that mimochromes can be successfully
with small-molecule mimics is very dicult to obtain the conjugated to gold nanoparticles (AuNPs) and/or immobitize
environment complexity o ered by the protein matrix in natural onto electrode surfaces while preserving the redox propentids a
systems. the peroxidase activityRanieri et al., 2010; Vitale et al., 2014;

In the last two decades, a variety of approaches have beZambrano et al., 20)8
exploited to cage metallo-porphyrins into protein sca olds
of dierent complexity for the development of articial
heme-enzymes Nastri et al.,, 2013; Chino et al., 2018 TD chain
By mimicking Nature's strategy, directed evolution allawe A
repurposing heme-enzymes toward abiotic reactioasn(ld,
2019. Heme-protein redesign, through scaold engineering
and/or cofactor replacement, aorded new enzymes with a
variety of functionalities Garner et al., 2011; Cai et al., 2013
Oohora et al.,, 2007 Further, de novo design approaches
a orded the construction of arti cial peroxidases with imprase
enzymatic rate constant®étel and Hecht, 2012; D'Souza et al.
2017; Watkins et al., 2017

Using a structure-based approach and a miniaturizatior
process l(ombardi et al., 2000 we developed a class of heme-
protein models named MimochromesN@stri et al., 1998;
Lombardi et al., 2001 Mimochromes consist of two small
peptide chains covalently linked to the deuteroporphyrin thgbu
amide bonds between the heme-propionic groups and th
+amino groups of lysine residues. The peptide chains ar
conceived to embrace the porphyrin in a helix-heme-helix
sandwiched structure, thus reproducing the protein enviramn
found in natural systems.

Starting from the prototype molecule (Mimochrome I, herein
referred as MC1) Nastri et al.,, 199/ a redesign approach
allowed to optimize the scaold Lombardi et al., 2003; Di B

Costanzo et al., 20p4Subsequent rounds of design were aimed ; Dol -O-0O-1 -H-CS-O-K-R-K-I-T-I -

at engineering functionality in the optimized sca old. Thearall '[;D Eh.am ::\C 3 II; 8 3 :: g 8 8 E E El-liT L NH2
process a orded the catalytically active derivative Mimocheo MR AtLrtrlklsdelsorldsEiiRaNtig

Vi (hMC_G)’ which mimics the asym.met.ry of ?]atural prqtelns n FIGURE 1 | (A)MCG*a designed model. Backbone of peptide chains is
bot P”marY and Secondary qoordlnatlon Sp er%("e” et al'j depicted as ribbon. Side-chains of functional and structual residues are
2010; Nas_tn etal., _20J-:!-MC_6 is made up of a tetrfﬁdecap?ptlde depicted as sticks, and the metal ion as red ball. The desigre:hydrogen
(TD) bearing the His axial ligand, and a decapeptibg lacking bonding network, involving Ard® in the TD chain, Aspt, Sef® in the D chain,
coordinating residue, which allows to create a substratelingy | and the metal-bound water molecule is also highlighted(g) Peptide
pocket on the distal side of the heme. These structural featur Z’_’;i‘:’;"argg;suzfm and D peptide chains. U denotes thea.a-dimethyl glycine
steered P& -MC6 toward peroxidase catalysis. '

@ D

D chain
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The goal of the present work was to further evaluate the
versatility of the MC6a sca old toward metal replacement, by 100 -
swapping iron to manganese. lron— and manganese—porphyrins i
have rich redox chemistryHelton, 1978 as both metal ions 365
have access to a wide range of oxidation and spin states. They 80 -
also share a common metal-oxo species during catalysis, and —_
the enhanced stability of Mn-oxo over the corresponding Fer ‘TE
0xo speciesNeu et al., 2015; Chino et al., 2Qligas allowed © 604
to get deep insights into the nature of the active speciesand <
shed light on their role in catalysissglb et al., 1982; Nick et al., [ 1
2009). Further, the activation of M to the reactive MK or ‘540
MnV species$ong et al., 2007; Neu et al., 2phds been found 7]
to promote a variety of synthetically relevant reactionsigiag i
from the epoxidation Grour et al., 200)2and sulfoxidation
(Neu et al., 201¢up to the site-selective functionalization of 20 -
unactivated C-H bondsNartinez-Lorente et al., 1996; Costas, i 542
2011; Liu et al., 2012; Liu and Groves, 2015 571

Herein we report the synthesis and spectroscopic 01 T
characterization of Mn-MC6a, and of its high-valent Mn- 300
0x0 species. The ability of this species in promoting the
oxy-functionalization of reducing substrates was alsduatad
and compared with that of Fe-MC@. BO,”,‘ iron and 'marlwga.nese FIGURE 2 | UV-vis absorption spectrum of MA'-MC6*a (1.010 > M) in acid
complexes showed peroxygenase activity, thus highlightia t | aqueous solution (0.1 % TFAv, pH 1.8).

MC6 a sca old is able to host both metal-oxo species and tune
their reactivity.

459

| | | |
400 500 600 700
wavelength (nm)

RESULTS AND DISCUSSION and coordination properties. Electrochemical analysis wss a
. . . ) performed to get further insight into the metal ion coordina
Synthesis, Puri cation, and Analysis states at di erent pHs.

The synthesis and puri cation oBpoMC6 a and Fe-MC6a

were carried out using previously described procedugasserta  Structural Properties of Mn "-MC6 a by CD

etal., 201§ The manganese ion insertion was successfully carrie8pectroscopy

out by following a variation of literature method§ @serta et al., CD spectroscopy was used to analyze the structural properties of
2019 using Mn(OAc) as the metal sourceDQIphin, 197§.  Mn'"'-MC6 a. In particular, the role played by the helix-inducing
LC-MS analysis con rmed manganese ion insertion irtpo  solvent TFE on the structure was investigateiig et al., 1999;
MC6 a (Figure S). Deconvolution analysis of the positive ESI-Vitale et al., 201§ To this end, far-UV CD spectra were acquired
MS mass spectrum gave an experimental mass of 3489.2in 5mM phosphate bu er solution at pH 6.5, at di erent TFE
0.4 Da, in agreement with the theoretical value (3488.8 Dagoncentrations (in the range of 0-50#4%) (Figure 3). Inspection
Product identity was further con rmed by UV-vis absorption of Figure 3Ashows that in the absence of TFE the peptide chains
spectroscopy Rigure 2). The UV-vis spectrum of Mn-MC6a  are poorly structured, but reminiscent of anhelix secondary
in acid aqueous solution (40 0.1% tri uoroacetic acid, TFA) structure {Vhitmore and Wallace, 2008Figure 3B shows the
shows a typical split Soret band3¢ucher, 1968 with one plot of ",,, as a function of TFE andable 1 reports far-Uv
component centered at 365nm and a weaker component akgion CD parameters at 0 and 40% TREAJ. Addition of TFE
459nm. The Q-band region is characterized by two bands ajontributes to enhance tha-helical content, as assessed by: (i)
542nm @) and 571 nm &). Three additional weak absorption the increase of the mean residue ellipticity at 222 ritpo4),
bands at 310, 390, 420 nm are also present. These spectral défathe enhancement of théatio ("222" min) that progressively
are in good agreement with those reported for Mn-porphyrins,approaches the unity, (iii) the shift of the lower minimurhgin)
with a hexa-coordinated, high-spin Mhion (Giovannetti etal., toward 207 nm, (iv) the o shift to higher wavelengths. Similarly
2010. Mn-MC6 a stock solutions, analyzed for metal contentsto Fé!'-MC6 a (Caserta et al., 20),8the maximuma-helical

by atomic absorption spectroscopy, and properly diluted, ertablecontent was reached at 40% TRE.

the calculation of a molar absorptivity of (7.860.08) 16 M * The induced Cotton e ects in the Soret region were also
cm lat365nm. examined to investigate the role of TFE on the stabilization
. . of the global structure of the molecul€igure 3C reports the
Spectroscopic and Electrochemical CD spectra in the Soret region at 0 and 40% TRE)( Two
Characterization negative Cotton e ects centered at 357nm and 463nm are

UV-vis and circular dichroism (CD) spectroscopies wereobserved in both CD spectra. In the absence of TFE, the most
combined to gain information about the role of the 2,2,2-intense band at 357 nm appears very broad, while it is better
tri uoroethanol (TFE) and pH on the M'-MC6 a structural resolved at 40% TFE//) concentration. Moreover, the intensity
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FIGURE 3 | (A) Far-UV CD spectra of Mn-MC6*a (2.0L0 5 M) acquired in 5mM phosphate buffered solution (pH 6.5) in a@&nce (dashed line) and in presence (plain
line) of 40% TFE\{/v); (B) titration curve showing —[ 22»] as a function of TFE concentration (%/v). (C) CD spectra in the Soret-band region acquired in the same
conditions of the panel(A).

TABLE 1 | Far-UV region CD parameters of Mn-MC8a in phosphate buffer/TFE absorption bands at 365 and 458 nm in the Soret region (see
solution pH 6.5. Table 2and Figure 4B) (Giovannetti et al., 20)0A signi cant
decrease in the absorbance, together with slight wavdiengt

% TFE (v/ a inl2P c | d . |

OTRE () [ 222l Comind™2 0, m) ratio o™ Shifts of both bands, occurs as pH increases from 2.0 to 5.4,
0 6,072 12,803 (203) 0.47 104 The component at 365nm is blue-shifted while the other one
20 16,266 20,263 (207) 0.80 199 is red-shifted. These spectral changes are reasonablyLeétdi

to the deprotonation of the Hi% side-chain (pi1 D 4.0) to

ar[] lis eerJressedhas rr1neam residLIJe ell;pt@ity (deg c?ndmo(lj‘l_ res 1); :[ min] repre_sents give a His-aquo coordination (specié)s (LOW et al., 199ﬁ A

el []Z\Z]l;[emai:]f fOSr;’;fgsﬁ’;‘ftsgi‘mg':\'f:r”vr:a\s:Zﬁgf’;]' in parentheses) raio is the further pH increase from 5.4 to 8.4 causes the spectrum to
remain substantially unchanged, with a small increase of the
Soret extinction coe cient. These spectroscopic featuregyest
the presence of a deprotonation equilibrium involving a seton

of the Cotton e ects for all bands increases upon TFE additionshel| residue (pke D 7.2), which does not perturb the rst

The overall CD data indicate that both Secondary and teytiar coordination environment and gives rise to Sped}eypon pH

structures experience a TFE-dependent stabilization. Al eafincrease from 8.4 to 11.0, substantial spectral changes botu

reported for this class of compoundsi(ale et al., 2015; Caserta jn the Soret band intensity and position. They may account for

et al, 201§ the helical folding drives the peptide chains tothe deprotonation of the metal-bound water ligand (@0 9.8),

interact with the porphyrin moiety, with consequent statéfiion  |eading to the alkaline form of MH-MC6 a, with the His-

of the sandwiched structure. According to these data, alhr  hydroxy axial coordination (specids.

spectroscopic and catalytic investigations were performed in These assumptions are further supported by the

aqueous solutions containing 40%4\) TFE. electrochemical data recorded at the Mn-M@6 complex
at di erent pH values (in the range 5.5-13). The formal potehtia

Coordination Properties of Mn-MC6  a by UV-vis pH of the Mn""/Mn"" determined by cyclic voltammetry was plotted

Titration as a function of pH Figure S2. In the pH range 5.5-10, the

The coordination properties of Mn-MC@& were investigated formal potential shows no pH-dependence and thexEzalue for
by a UV-vis pH titration, following the changes in the Mn'"/Mn'" is 0.31Vvs.NHE (Normal Hydrogen Electrode),
absorption spectrum over a wide pH range (2.0-11.0). Thwhich is attributed to the His-aquo axial coordination staihe
molar absorptivity at 365 nm+§gs) was plotted as a function lack of formal potential variation around pH 7 con rms that the
of [HC] and the experimental data points were tted to an acid-base equilibrium occurring around pH7 does not alter
equation describing pH-dependent equilibria involving four the metal coordination state. Upon further pH increase to value
species (Equation 8, Supporting Information). higher than 10, a decrease of the formal potential was obderve
The best t gave three transitions with midpoints at which fully supports the hypothesis that deprotonation of the
pH 4.0 (pKa), 7.2 (pKa), and 9.8 (pKa) (Figure 4A).  water ligand occurs, leading to increased stabilizationaf'
Table 2 summarizes the absorption features of the four speciegs. Mr' in the His-hydroxy axial coordination state.
participating to the equilibria, whose absorption spectra are Itis worthto note here that the £ value obtained for the His-
reported in Figure 4B. At pH 2, the bisaquo species was aquo coordination state of Mn-MC@ is slightly less negative
predominant (specie, Figures 4CandD), characterized by two than those reported for other Mn-porphyrin peptide conjugates
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FIGURE 4 | UV-vis pH titration of Mn-MC6*a (151M) in aqueous solution containing 40% TFE/(v), T D 25 C. (A) Plot of the 355 (Soret) variation as a function of
[HC]; data points were tted according to equation 8 (ESI)(B) Absorption spectra of the four species involved in the acidase equilibria. Curves of different colors
represent the different pH values, as indicated in the legeh (C) pH-dependent speciation diagram obtained from the titratin data. (D) Schematic representation of
the acid-base equilibria.

TABLE 2 | UV-vis absorption maxima of Mn-MC6*a in HO/TFE solution (60/40 exclusion from the heme environment, determines an upshift i

VIv) at different pH values. reduction potential. Thus, the observed shift on theBvalue
oH Species Soret bands Soret 42 Q bands (ba) in Mn-M_C6 a, with r(_espect to Mn-MPS and MnGGH, _can be

I (hm) mM Lem 1) I (nm) also attributed to a di erent environment around the His-agu

manganese porphyrin. Both Mn-MP8 and MnGGH lack a distal

2.0 1 365, 458 79 542, 573 peptide chain, and therefore one side of the manganese porphyrin
5.6 2 362, 462 64 547, 575 (sh) is fully exposed to the solvent. On the opposite, the presence of
8.3 3 362, 462 68 547, 575 (sh) the distal chain in Mn-MC6a creates a di erent environment,
10.8 4 348, 460 65 552,590 (sh)  with a hydrophobic patch formed by the Aib methyl groups

(Caserta et al., 20).dn such an environment, the reduced form
of the redox center, as well as the His-hydroxy oxidized form
would be stabilized, thus causing a positive shift of the rédnc
S o ) } potential and a downshift of the bound water pKalue with
with similar coordination states, such as Mn-microperoxielas respect to Mn-MP8 and MnGGH. Finally, the hydrogen bond

8 (Mn-MP8, B D 0.36Vvs.NHE at pH 7.5) Primus  pepwork within residues of the designed distal pockeig@re 1)
etal., 199pand MnGGH (B D 0.44Vvs.NHE) (Ryabova gy also play a role in favoring water deprotonation.
and Nordlander, 2006 This indicates that the relative stability

of oxidized vs. reduced state is decreased in the Mn-MC6 Catalytic Studies

complex. In parallel, the water molecule bound at the oxidizedo ascertain the possible role of Mn-MG$ in oxidation

Mn'!! metal ion is more acidic in the Mn-MC& complex (pls  chemistry, the formation of high-valent Mn species was rst

D 9.8) as compared with Mn-MP8 (pKR 11.2) and MNGGH  investigated. Subsequently, the catalytic properties weilerex

(pKaD 12). A similar e ect was already reported in mutants ofn the sulfoxidation of phenyl thioethers, taken as modettem,

the H-NOX heme protein Qlea et al., 20)Cand attributed to  and compared with those of Fe-MC8.

a lower electron density at the metal ion center. This in turn

increases its Lewis acidity and thus the Bronsted aciditthef Formation of High-Valent Mn Species

bound water molecule. Spectroscopic studies upon treatment of Mn-M@6 with
As widely reported in the literaturelzcan et al., 1998; Reedyoxidizing agents were rst carried out. Addition of excess

etal., 2008 heme exposure to solvent also allows to modulate theydrogen peroxide (100 eq.) to a buered solution (60 mM

redox potential. In particular, a hydrophobic core, causingeva carbonate containing 40% TFE/{¢), pH 10) of the complex

aSoret +refers to the band at lower wavelength.
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(20mM) led to a signicant decrease in the intensity of the
absorption bands at 358 and 461 nm, with the concurrent
formation of a single Soret band at 393nm. In the visible
region, the intensity of the band at 547 nm decreased, while
three new bands at 504, 530, and 612 nm appedfiplife 5A).
These spectral changes are consistent with the formation of
the oxomanganyl [MY=0] € radical cation. Indeed, a very
similar absorption spectrum was observed, upon addition of
hydrogen peroxide, for Mn-HRPHjgure 5B) (Khan et al., 1996
and Mn-MP8 Primus et al., 2002and was identi ed as the
manganese analog of the “Compound I” of heme peroxidases
(Dolphin et al., 1971; Hersleth et al., 200&8he observed
spectroscopic prole excludes the formation of [MBO]
even when stronger oxidizing agents were use®yOOH,
NaOCI, KHS@®@) (Figure S3. In order to rule out the possible
involvement of hydroxyl radicals derived from photochentica
decomposition of hydrogen peroxidé\eiss, 1958 the reaction
was also carried out in the presencebsfmannitol (2.0 eq. with
respect to HOy), acting as radical scavengépesesso et al.,
1999. The reaction outcome was not altered by the presence of
the scavenger (data not shown), thus con rming the reattioi
Mn-MC6 a toward hydrogen peroxide. Stability and formation
of [Mn'VDO] € depends on the equivalents of added peroxide.
Mn''-MC6 a was quantitatively converted into Compound |
upon treatment with 100 eq. $O, and underwent complete
bleaching within 20 min Figure S4A. When lower peroxide
concentrations were used, the observed yield of Mn-Compound
formation was lower, but it spontaneously returned to thetires
state. Based on the Soret absorbance, the treatment df-Mn
MC6 a with 10 eq. of HO, led to Mn-Compound | with a
76% yield, while catalyst restoring was around 568%re S4B.
Conversely, the reaction with an equimolar amount 0$®}
provided Mn-Compound I in 45%, and the restoring was almos
quantitative & 90%) Figure S4Q. All these data demonstrate
that MC6 a scaold is able to host a [MMDO] € species.
This behavior distinguishes MC& from small-molecule Mn-
porphyrins, which are typically able to provide both Mr and
MnV-oxo intermediates Huang and Groves, 20).7Notably,
MC6 a is similar to manganese-reconstituted HRP in selectively
forming the [Mn'V DO] € species, independently from the nature
of the oxidizing agent Khan et al., 1996, 1998; Nick et al.,
200). However, [HRP-MYDO] € was characterized by a
higher Sta_blllty than [MC6a-Mn'VDO] c. Indeed, rggardless FIGURE 5 | Comparative UV-vis spectra of(A) Mn-MC6*a (20mM, 60 mM
of the equivalents of bD, added, [HRP-MH'DO] € is stable | cabonate buffer pH 9.5 with 40%viv TFE, TD 25 C) and (B) Mn-HRP
over hours, likely as the result of the the wide delocalizatio| (8.0mv, 100mM phosphate buffer pH 7.0, TD 25 C) before (plain lines) and
of the radical beyond the porphyrin ring Khan et al., after (dashed lines) addition of 100 eq. HIO,. Arrows indicate the direction of
1996- absorbance variations.

The eect of pH on the rate of [MC6a-Mn'VDO] €
formation was also evaluated. The pH-dependent time-coufse o
the reaction was monitored by following the variations ireth (vo D 57.210 2mM s 1), even though a subsequent decay of the
absorbance at 393 nm upon addition oh@&, (1.0 eq.) under [Mn'VDO] € species occurred. A conspicuous drop in reactivity
di erent pH conditions (Figure 6A). The formation of Mn- was then found above pH 11 (pH 1% D 5.710 2mM s 1),
Compound | was remarkably slow at pH values below 7.5 and/hich is attributed to decomposition of hydrogen peroxide in
a negligible amount of the high-valent species was observeithe alkaline medium and/or to Compound | instabilitiRfabova
The initial reaction rate was signi cantly inuenced by pH and Nordlander, 2006 A similar behavior in Mn-Compound |
(Figure 6B), reaching the highest value at pH 10(D 62.8 formation was observed when a 10 eq. excess@f,Hvas used
10 2mM s 1). At pH 11, a similar oxidation rate was observed(data not shown).
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formation (Khan et al., 1996; Primus et al., 2002; Yeh et al., 2002;
Cai et al., 2013; Chino et al., 2018mong Mn'"" complexes, we
evidenced that the pXof the distal axial ligand is downshifted as
compared with the Mn-MP8 complex. This most likely explains
that the maximum reactivity for Mn-MCé6a is observed at pH
10, two pH units below the value observed for Mn-MP8 (pH
11.9) (veh et al., 2002Based on these pH values, it appears that
Mn-MC6 a approaches the properties of Mn-HRP (maximum
reactivity at physiological pH valuesii¢an et al., 1996better
than Mn-MP8.

Sulfoxidation of Phenyl Thioethers
The ability of the high-valent [MY DO] © species in catalyzing
the oxy-functionalization of substrates was investigafemlthis
aim, the HO»-mediated sulfoxidation of phenyl thioethers was
chosen as model reaction and followed by GC-MS analysis
(Table 3. First experiments were performed with thioanisole
(100 eq.) as substrate, under the best conditions for Comgoun
| formation (Mn-MC6 a:H,O, D 1:100, pH 10.0, 40%/v
TFE). Complete conversion of the sul de into the corresporglin
sulfoxide was achieved within 5min by the addition 0p®b
(Table 3 entry 1). As formation of the high-valent [MADO] ©
was found to be strongly pH-dependent, the e ect of pH on
thioanisole sulfoxidation was also evaluatE@yure 7A reports
the substrate conversion at various pHs, by monitoring the
consumption of the substrate after 5 min of the reaction pregre
A considerable increase in substrate conversion (up toobd)-f
was observed by raising the pH from 6.5 (2% conversion) to
10 (100% conversion). A further pH increase caused a small
drop in the conversion (pH 11). Increasing the reaction time,
almost complete substrate conversion was observed at any pH
value Figure 7B), although 7h were required at pH 6.5. As
unique exception, at pH 11 the reaction stopped at 74% yield,
even after prolonged reaction times. However, further additf
peroxide (100 eq.) led to the complete conversion of the satwestr
within 5 min. This behavior excludes the lowering of the réact
yield by catalyst inactivation, while suggesting the ocence
of an alternative pathway, currently under investigation.dgn
optimized reaction conditions (Mn-MC@, 20mM; thioanisole,
20 mM; H,O2, 20 mM, pH 10, 40%/v TFE), the catalyst was able
to perform 870 TONSs in thioanisole oxidation.

Mn-MC6 a was also screened in the sulfoxidation

FIGURE 6 | Time-course of [MdY DO]C formation in different pH conditions. of _sevgral ) phenyl sul des, _ suc_h ap-chlorothioanisole,

(A) Experimental curves at different pHs are reported with défent colors: pH p-nitrothioanisole, p-methoxythioanisole, cyclopropyl-phenyl
7.5, red; pH 8.5, green; pH 9.5, cyan; pH 10, gray; pH 11, magetta; pH 12, sulde. A similar reactivity was observed, regardless the
blue. (B) Plot of the initial rate \p) as a function of pH.Reaction conditions presence of activating/deactivating groups by electronstenc

Mn-MC6*a, 20mM; Ho O, 20mM; T D 25 C. Various buffers were used

depending on the pH, as described in the experimental sectio. eects (Table 4) These results demonstrate that Mn-MG6

is able to convert phenyl thioethers into the corresponding
sulfoxides with high vyields. The reactions were found to
proceed with chemoselectivity between sulfoxide and selfon
The alkaline pH value corresponding to the maximumproducts, as no traces of over-oxidized products (e.g., aryl
reaction rate in Mn-Compound | formation is not unexpected. sulfones) were detected. The only exception was found with
Indeed, as previously reported for manganese reconstitutggchlorothioanisole, in which 13% of sulfone formation
heme-proteins and for model systems, manganese is lessrg ciewas observed Hgures S5—-SP Unfortunately, no detectable
than iron in lowering the pK value of BO,. Thus, pH increase enantiomeric excess was observed.
is required in order to assist #D, deprotonation, which is The pH-dependent prole of thioanisole sulfoxidation
necessary for peroxide heterolytic cleavage and Compound(Figure 7A) well correlates with the pH-dependent formation of
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TABLE 3 | Enzyme-catalyzed HO,-dependent oxidation of thioanisole.

Entry Catalyst Catalyst:substrate: Yield, % TON Reference
H,0, (catalyst  (time, min)
concentration)
1 Mn-MCé6*a 1:100:100 100 (5) 87¢* This work
(20mm)
2 Fe-MC6*a 1:100:100 97 (5) 1500 This work
(20mm)
3 Mn-HRP 1:100:100 4 (5) 4 This work
(9mM)
4 Fe-HRP 1:30:40 95 (60) 28 Colonnaetal.,
(330mv1) 1992
5 Cr-salophen- 1:100:100 NAC NAC Ohashi et al.,
Mb(H64D/A71G) (10mMm) 2003
6 Mn-Cor-BSA 1:50:75 83 (90) 150 Mahammed and
(200mM) Gross, 2005
7 Fe(TpCPP)- 1:425:175 85(138) 145 Ricouxetal,,
XIn10A (20mM) 2009
8 Mn-salen- 1:40:40 17 (10) M Garneretal,
Mb(T39C/L72C) (130mw) 2011
9 Fe-TpSPP-NCS- 1:500:500 1.3 (120) 6.5 Sansiaume-
3.24 (5mM) Dagousset et al.,
2014
10 ColL-BSA 1:100:150 98 (1,680) 98¢ Tangetal., 2016
(2.7mV)

aTON was determined using a 1:1000:1000 catalyst:substrate:pO, ratio.

PTON was determined using a 1:2000:2000 catalyst:substrate:pO; ratio.

Yield and TON not available from the reference. The reported reaati rate is 78 103
TON mirft.

dTON was calculated based on the reported yield and catalyst:substrate ti.

the high-valent [MAYDO] © species Rigure 6B). This nding
strongly suggests a direct involvement of the Mn-oxo speadies
substrates oxy-functionalization. To shed light on thecatean
mechanism, Mn-MC6a catalyzed thioanisole oxidation was
performed with180-labeled hydrogen peroxide as the oxidant,
GC-MS analysis revealed that the reaction Wi@?ﬂz produced
sulfoxide with 9694-80-labeled oxygenFigure S§. This result
indicates a perOXygenase'like mechanism, with the OXy9&nGuRre 7 | pH-dependent oxidation of thioanisole catalyzed by Mn-MC#&a.
incorporated into the sulfoxide deriving from %‘qOQ through (A) Substrate conversion observed after 5 min of reaction progss; (B) time
an oxygen transfer mechanism from the Mn-oxo intermediate, required for a complete conversion of the substrateReaction conditions
The Mn-MC6 a-catalyzed oxidation of thioanisole was alsq Mn-MC6*a, 20mM; Hy0;, 2.0 mM:; thioanisole 2.0 mM; different buffers were
monitored by Uv-vis spectioscopyFigure 8, in order o | i PE 2L e e e e e e e
elucidate whether the reaction mechanism occvies a direct needed to reach complete conversion (see text). Substrateansumption was
oxygen transfer, or by a two-steps, single-electron transfermonitored by GC-MS analysis of the reaction mixture, usingrésole as internal
process, similarly to HRPJoto et al., 1990 Addition of H20» standard.

(2mM) to a bu ered solution (pH 9.5) of the catalyst (26M)

led to the formation of Compound I. Immediate addition of

thioanisole (2 mM) to the reaction mixture led to the rapid

disappearance of the bands related to Mn-Compound | and théndirectly excludes a reaction mechanism involving susives
concurrent return to the catalyst resting state. The presesic one-electron transfers. Conversely, these data are camsiste
isosbestic points at 332, 373, 424, and 491 nm suggests a singléh a direct oxygen transferGoto et al., 1999 involving
step conversion from [MYDO] € to Mn""". This observation the nucleophilic attack of the sul de to Compound I. Further,
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TABLE 4 | Mn-MC6"a-catalyzed oxidation of thioethers. detected. Further, experiments with®O-labeled hydrogen
peroxide indicated the formation of the sulfoxide with 94%
180-labeled oxygen (data not shown). All these results styong|
suggest catalysis by 'tteMIC6 a through a peroxygenase-like
mechanism, similarly to MW-MC6 a. Under optimized
reaction conditions (Fe-MC@&, 20mM; thioanisole, 100 mM;

Entry R1 R, Conversion (%) 2 H202, 40mM, pH 6.5, 50%/v TFE), the catalyst was able to
perform 1,500 TONSs in thioanisole oxidation.

1 H Me 100 Reactivity toward thioanisole sulfoxidation as a function

3 cl Me 87 of pH clearly indicated dierent behaviors among the iron

4 NO, Me 100 and manganese complexes. Indeed, complete conversion was

5 MeO Me 100 observed at pH 9.5 for Mn-MC@&, whereas conversion was

6 H C3Hs 100 lower (62%) at this pH when using Fe-MG$6 as catalyst. On

. N the opposite, in the condition of maximum reactivity for their
Reaction conditions: Mn-MC6a, 20 M; sulde, 2mM; H202, 2mM (1:100:100 0 . ..
catalyst:substrate:oxidant ratio), 60 mM carbonate buffer with 40% TFE (villo traces of cor_nplex (pH 6_'5' 97% (_JOI’]VGI'.SIOI"I), Mn-MG6shows neg“glble
the corresponding sulfone were detected by GC-MS analysis, unless ottraiise specied.  activity (2% vyield). This nding clearly re ects the dierent
:Substrate consumption after 5 min of reaction progress. ability of iron and manganese in activating hydrogen perexid

0, . o . . .
A small amount (13%) of sulfone was detected. (Chino et al., 2018 Nevertheless, it is important to outline that
the MC6 a sca old is able to drive the reactivity of the high-
valent metal-oxo species toward peroxygenase catalysisyat ver
di erent pH values, simply changing the metal ion.

CONCLUSION

This work was focused on the spectroscopic and functional
characterization of Mn-MC6a, an arti cial metalloenzyme
belonging to the mimochrome family. All the results
demonstrate that MC@ scaold is able to accommodate
manganese and tune its reactivity. In particular, spectrpgco
characterization provided evidences for the formation, upon
treatment of Mr'-MC6 a with hydrogen peroxide, of the
oxomanganyl [MADO] € radical cation. Notably, this species
is able to catalyze peroxygenase reactions, through a direct
oxygen-transfer pathway, with high conversion yields. Aikim
peroxygenase activity was also detected fot' 44C6 a,
previously demonstrated to be one of the most stable and
e cient catalysts with peroxidase activity_@serta et al., 20).8
Comparison of Fe-MC@& and Mn-MC6 a with native and

FIGURE 8 | Evolution of the UV-vis absorption spectrum of [MIYDO] © upon manganese-reconstituted HRPs revealed interesting fesitofr
ad@tpn of th|oaf1|sole (199 eq.); arrows indicate the diation of absor.ban(-:e our miniaturized protein scaold. It is well known that HRP
variations.Reaction conditions Mn-MC6*a, 20mM; H,O,, 2.0 mM; thioanisole . ved f h d . f hvd id b f
2.0mM; 60 mM carbonate buffer with 40% TFE\(/v), pH 9.5; TD 25 C. IS evolve or the reduction o ydroperoxides because o

its binding pocket, which is able to properly accommodate
H20,. Its high-valent iron-oxo intermediate (Compound I)
usually catalyzes one— or two—electron oxidations of sdver
the almost complete recovery of MrMC6 a (87%) revealed substrates with high e ciency Roulos, 201y Native HRP has
negligible catalyst degradation. much lower peroxygenase activity, in which the two-electron
In order to evaluate the e ect of metal ion in MC& reduction of Compound | is coupled to the transfer of the ferryl
peroxygenase activity, #eMC6 a was also screened toward oxygen to a substrate. Only exception is the sulfoxidation of
thioanisole sulfoxidation. Under optimal conditions for thioanisoles and related sulfur compound¥(onnaetal., 1992
Compound | formation (pH 6.5, 50%/v TFE) (Caserta et al., However, mutations at the distal site are needed to enhance HRP
2019, Fe-MC6a catalyzed the almost complete conversiomperoxygenase activity, thus highlighting that inaccebsjluf the
of the substrate (97% conversion after 5min by the additiorferryl oxygen suppresses direct interaction with substrgfesiki
of Hy0,, Table 3 entry 2) to the corresponding sulfoxide. A and Ortiz de Montellano, 1995; Savenkova et al., 1996,)1998
drop in the reactivity was observed at pH 9.5 (62% conversioRurther, oxidation of substrates by HRP through oxygen tfans
after 5min by the addition of HOy). Similarly to Mn-MC6 a, is in competition with enzyme inactivation by spontaneous
no traces of over-oxidized products (e.g., aryl sulfonesjewe self-oxidation, at a rate dependent on the concentration of
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oxidants and nature of the substrateédlonna et al., 1992; Velde chromatographic analyses and puri cations (Romil). Solvents
et al., 200). Indeed, enhancement in the peroxygenase activity oith higher degree of purity were used in the preparation of
peroxidases has been obtained by keeping the concentration sélutions for LC-MS, GC-MS, UV-Vis, and CD investigations
H20, at a low levelTable 3entry 4) (Colonna et al., 1992; Velde (Ups grade, Romil). Phosphate and carbonate sodium salts
etal., 2001 (mono— and dibasic), for buers preparation, thioanisole

Manganese substitution in HRP causes a further decrease (analytical standard), hydrogen peroxide4Bh) solution (30%
its peroxygenase activity, because the high chemicalisgadifil  w/w in water) and isotope labeled hydrogen peroxideﬂﬂz)
Mn-HRP Compound | {\ick et al., 200pcompletely hinders its solution (3%w/w in water) were supplied by Sigma Aldrich. 4-
reactivity in oxygen-transfer reactions. nitrothioanisole, 4-chlorothioanisole, 4-methoxythioaale and

For a straightforward comparison with our systems,cyclopropyl-phenyl-sul de employed in catalytic assays wdre a
in this work we analyzed the reactivity of native HRPprovided (98% purity) by Alfa Aesar.
and Mn-HRP under our experimental conditions, i.e., HPLC and LC-MS analysis were performed with a Shimadzu
catalyst/oxidant/substrate 1:100:100. Under these cmmdit LC-10ADvp equipped with an SPDM10Avp diode-array
native HRP showed poor peroxygenase activity (10%etector. ESI-MS spectra were recorded on a Shimadzu LC-MS-
conversion), probably because of catalyst inactivation bg010EV system with ESI interface, Q-array-octapole-quaalel
excess peroxide. Substitution of iron to manganese causedmass analyzer and Shimadzu LC-MS solution Workstation
further decrease in peroxygenase reactivity (4% conversimoftware for data processing. Flash Chromatography was
yield, Table 3 entry 3). These data underline the power ofperformed using a Biotage Isolera ash puri cation system,
our miniaturization approach in the construction of articia equipped with a diode-array detector.
metalloenzymes, a ording a designed sca old, M@6 able to Atomic absorption measurements were performed using a
host di erent metal ions. Indeed, swapping of iron to manganese&himadzu AA-7000 Series equipped with a graphite furnace
leaves the catalytic activity almost unchanged. This hiehav atomizer. UV-vis analysis was performed on Cary Varian 50
endows it with broad catalytic activity and versatility,ifgg  Probe UV Spectrophotometer equipped with a thermostated cell
able to steer the active species toward peroxidative and/¢rolder and a magnetic stirrer. CD measurements were carried
peroxygenative catalysis. The nding that oxy-functiomation  out on Jasco J-815 dichrograph, equipped with a thermostated
of thioanisole can be performed with similar yields at twoyer cell holder (JASCO, Easton, MD, USA). GC-MS analyses were
di erent pHs, simply changing iron to manganese (pH 6.5 andperformed by a Shimadzu GCMS-QP2010 SE system equipped
9.5, respectively) can be important for applications with pH-with an EI MS source and a quadrupole array as MS analyzer.
sensitive substrates. Finally, it is worth noting that tie&\aty of ) ) ]
Fe— and Mn-MC6a places them among the most active arti cial Synthesis and Puri cation of Mn-MC6 a
biocatalysts available to date in the®b-mediated thioanisole Apo-MC6 a was synthesized combining methods of solution
oxidation (Ohashi et al., 2003; Mahammed and Gross, 200®nd solid-phase peptide synthesis, as previously described by us
Ricoux et al., 2009; Garner et al., 2011; Sansiaume-Dagous$easertaetal., 2018
et al., 2014; Tang et al., 201k particular, a comparison of the Manganese ion was inserted, according to the acetate method
catalytic performance in terms of TON between our catalysts a procedure Dolphin, 1978, slightly modi ed by us. Mif acetate
a variety of arti cial metalloenzymedéble 3 reveals that both (10 eq.) was added to a solution of puapoMC6 a in 2/3
Mn-MC6 a and Fe-MC6a are robust catalysts, being able toTFE/ACOH (/V) (Cmcs a D 2.010 # M), and the reaction
perform 870 and 1,500 TONSs, respectively. Further experiment®ixture was kept at 5@ for 24 h, re uxing under nitrogen
are currently ongoing in order to shed light on the dierent atmosphere. The reaction was monitored by analytical revers
robustness of the two catalysts. phase HPLC, using a C18 column (4.6 ni®0mm; 5mm),

In conclusion, the results herein reported demonstrate thaeluted with a linear gradient of acidic acetonitrile (0. 1%Av/v)
MC6 a sca old lIs the middle-ground between native proteins in acidic water (0.1% TFA/v), from 10 to 50% over 30 min, at
and small-molecule catalysts. Despite its small structitre, 1.0 mLmin 1 ow rate.
holds enzyme-like structural features by tuning the reatti Once the reaction was completed, the solvent was removed
of the metal center thanks to a properly designed distal sitainder vacuum and the product was puri ed from the excess of
It also embodies some typical features of metalloporphyrinmanganese acetate by Reverse Phase-Flash Chromatography, on
catalysts, such as an easily accessible distal site foemxyga SNAP KP-C18-HS 30 g column, using a gradient of acetonitrile
transfer reactions Neu et al., 2016 Future work will be in 0.1% aqueous TFA, 5% to 95% over 2 column volumes, at 25
devoted to exploring the catalytic versatility of Mn-MG6and ~ mL min 1 owrate.
Fe-MC6 a in promoting di erent reactions of synthetic and/or

biotechnological interest. Determination of Molar Absorptivity of

Mn-MC6 a

Molar absorptivity ) at 365nm was determined for Mn-
MATERIALS AND METHODS MC6 a using Atomic Absorption spectroscopy (AAS) and UV-

vis spectroscopy. In detail, a stock solution of the catalyst
Mn' acetate and glacial acetic acid was purchased frofh 2.010 4 M) was prepared in HO 0.1% TFA y¢/v) and its
Sigma Aldrich. HPLC grade solvents were employed foconcentration was determined after mineralization using AAS
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Mineralization was carried out by treating aliquots (B@) of nm/min scan speed. Catalyst recovery was estimated based on
stock solution with HNQ (200 mL) at 95C for 2h. Then, the Soret absorbance when no more changes were observed.
the samples were diluted with 40 2% HNO; (v/v) to a nal  Similar experiments were performed with a prepared sample of
concentration of M' ions of 2 ppb. Manganese concentration Mn-HRP. In these cases, 10 protein in 100 mM phosphate

in the stock solution was determined by comparison with abu ered solutions at pH 7 were employed.

calibration curve obtained using standards. Since mettltyst In the pH-dependent experiments, reactions were initiated by
ratio is 1:1, the catalyst concentration was determined. Mnaddition of 1.0 eq. HO2 to a bu ered solution of the catalyst
MC6 a stock solution as determined via AAS was used to prepa(€ D 20mM) containing 40% TFEWV). Di erent bu ers were

di erent diluted samples, which were used to obtain thealue at used depending on the pH: pH 6.5-8.5, phosphate bu er; pH
365 nm by UV-Vis spectroscopy. The absorbance at 365 nm w&s5—-10 carbonate bu er. The pH of the solutions was adjusted
plotted as a function of catalyst concentratidgfiqure S10. The  with NaOH in the experiments at higher pH values. Reactions
experimental data were tted to a Lambert-Beer's law, giving were monitored over 60s by collecting the single-wavelengt

+3g5D (7.86 0.08)10*M lcm 1. absorbance traces at 393 nm. The initial ratg) (vas determined,

for each pH value, as the slope of the reaction progress curve at
CD Experiments tDOs.
Solutions of Mn-MC6a were prepared at © 2.010 ® M in All experiments were performed atl 25 C, under magnetic

5mM phosphate bu er at pH 6.5, using various TFE percentagestirring, using quartz cells of 1 cm path length.

from 0 to 50% Y/v). Far-UV CD spectra were collected from 260 .

to 190 nm using cells of 0.1 cm path length; spectra in the Sor&reparation of Mn-HRP

region were collected from 500 to 300 nm using cells of 1 cm patiIn-protoporphyrin IX, apoHRP, and Mn-HRP were prepared
length. All spectra were recorded at 0.2 nmintervals with a0 according to literature proceduresY¢netani and Asakura,
min ! scan speed, at 2nm bandwidth and at 16 s response. AlP69. The insertion of Mn porphyrin into apoperoxidase

measurements were performed at 25 was assessed by UV-vis spectroscopy in comparison with
literature data {onetani and Asakura, 1969; Khan et al., 1996
pH Titration Experiments The homogeneity of the sample was ascertained by analytical

Solutions of Mn-MC6a were prepared at 0 1.5 10 ®M, in  Gel Filtration Chromatography (GFC), using a Yarra SEC-2000
a mixture of HO and TFE (60/4Q//v). Solutions of NaOH (1, column (7.8 mm300 mm; 3nm), with an isocratic ow of
0.1, and 0.01 M) and TFA (0.1 and M in water) were used to 0.05M sodium phosphate 0.3 M NaCl pH 6.8 as mobile phase,
adjust the pH of the samples (dilution was1% and considered at a ow rate of 0.35mL min'. Fe-HRP was analyzed under
inthe nal data). The model employed for data tting is repode the same experimental conditions for compariséiigure S1).

in the Supporting Information (egn. 1-8). Molecular weight of the samples was determined based on a
calibration curve obtained with standard&igure S13. The
Electrochemistry Experiments GE Healthcare LMW Calibration kit, containing Conalbumin,

Cyclic voltammetry was performed in a small volume home-Ovalbumin, Carbonic anhydrase and Ribonuclease A, all at a
made cell by using an Autolab PGSTAT-12 potentiostagoncentration of 1 mg/mL, was used for calibration. To prepare
controlled by GPES-4 software. The cell was constituted by tge calibration curve, K, of the proteins were calculated as
small cylindrical vial surrounded by a septum perforated towl ~ follows:

positioning of the three electrodes as well as the argon filibe. Ve Vo

working electrode was a glassy carbon electrode (CHInstnim Kav D VAREY,

Inc.), reference electrode was Ag/AgCI (WP, Dri-I&f0.2 V vs. c Yo

NHE at 25 C) and counter electrode was a platinum wire. Thewhere \f is column void volume, Y is the geometric volume
cell was lled with 0.35mL of a 0.1 mM Mn-MCé solution, of column, \ is the elution volume of the protein. A value of
prepared from dilution of a 1 mM stock Mn-MCé solution in 48 kDa was found for the molecular weight of both Fe-HRP and
milliQ water (35mL) into a mixture of the appropriate buer Mn-HRP.

(175 mL of a 250 mM stock solution) and TFE (14A.). The . .

working electrode was polished on 1 and 6rb alumina and G€neral Procedure for Sulfoxidation

the solution degassed by argon bubbling prior measuringicycl Reactions

voltammograms at 10 m¢ ! at room temperature. In the text, Stock  solutions  of  substrates (thioanisole, TA;

potentials are quoteds.NHE. p-chlorothioanisole, pCTA; p-nitrothioanisole, pNTA; p-
) _ methoxythioanisolepMTA,; cyclopropyl-phenyl sul de, CPPS)
Reaction of Mn "'-MC6 a With H,0, were prepared dissolving a known amount of neat sul de in TFE

Solutions of Mn-MC6a (CD 20mM) were prepared in 60mM to a nal concentration of 0.1 M.

carbonate bu er containing 40% TFE/) at pH 10. Reactions All reactions were carried out at 20M catalyst concentration
were initialized by addition of di erent amounts of hydrogen in 60 mM bu ered solution with 40% TFEWV). Reactions with
peroxide (1, 10, 100 eq.) from properly diluted stock solutiohs Mn-HRP and Fe-MC6a as catalysts were performed in absence
H205 in water. Reaction progress was followed by continuouslgnd in presence of 50%v/{) TFE, respectively. Depending
collecting UV-Vis spectrain the 250—750 nm region using a®,60on the pH value, dierent buers were used: pH 6.5-8.5,
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phosphate bu er; pH 9.5-10.0, carbonate bu er. Reaction astandard, respectively, in the GC-MS TIC chromatogram. The
pH 11 was performed in a 60 mM carbonate solution, whoseubscriptO indicates the trace acquired prior to addition of
pH was adjusted with NaOH. All reactions were carried out afperoxide, while the subscript is a speci c time during the
room temperature and under magnetic stirring. All assaysewerreaction course.
performed at 1:100:100 catalyst:substrate:oxidant ra@i was Control reactions in the absence of catalyst were also
determined using a 1:1,000:1,000 ratio and a 1:2,000:226060 performed and gave no reaction progress.
for Mn- and Fe-MC6 a, respectively.

The catalyst was preloaded with substrate prior to additionAUTHOR CONTRIBUTIONS
of hydrogen peroxide. Reaction was then initialized by additi
of hydrogen peroxide from a solution of 0.1 M8 in water. || and DD performed the spectroscopic and catalytic
For TA, reaction was carried out also usiti-labeled hydrogen experiments. GZ synthesized and puried the molecule; VB
peroxide to test the peroxygenase activity of Fe-and Mn-MC6  erformed the electrochemical measurements. MC, FN, and OM
A solution of 90%180—enr|ched RO, at 0.1 M concentration  contributed to the design and discussion of the experiments.
was used. Reaction progress was monitored by GC-MS, usig organized all the information in both main text and

anisole as internal standard. At di erent times, an aliqudt o Supplementary Material VP and AL analyzed results and

the reaction mixture (50mL.) was diluted with an equal volume ,qyided critical feedback. AL and FN wrote the manuscript in
of H20 0.1% TFA {/v) and extracted with ethyl acetate (100 qnsyitation with the remaining authors.

mL). Residual water was removed from the organic phase with

anhydrous sodium sulfate. GC-MS analysis of the organic phase

was performed using a Rxi-5Sil-MS Column with helium ad-UNDING
carrier gas. A linear gradient from 8C to 230 C with a rate of

18 C min 1was used for thioanisole amTA; a linear gradient This work has been supported by the European Union

from 70 to 200 C with a rate of 15C min *was used for cPps: (EYU) (Cost Action CM1003-Biological Oxidation Reactions:
a linear gradient from 70to 200 C with a rate of 18C min * " Mechanisms and Design of New Catalysts) and the Scientic
and then from 200C to 300C with a rate of 40C min ! was Research Department of Campania Region (BIP Project, POR

used forpNTA and pMTA. MS analysis was performed in TIC FESR 2007/2013, grant number B25C13000290007).
(Total lon Current) mode, exploring a range of m/z from 50 to

250 Th. The grade of conversion at di erent reaction times WaACKNOWLEDGMENTS

determined based on substrate consumption, using the fotigwi
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