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Synopsis (50-250 words) 1 

Over the years, Mimochromes, a class of miniaturized porphyrin-based metalloproteins, have 2 

proven to be reliable but still versatile scaffolds. After two decades from their birth, we 3 

retrospectively review our work in Mimochrome design and engineering, which allowed us 4 

developing functional models. They act as electron-transfer miniproteins or more elaborate 5 

artificial metalloenzymes, endowed with peroxidase, peroxygenase and hydrogenase activities. 6 

Mimochromes represent simple yet functional synthetic models that respond to metal ion 7 

replacement and non-covalent modulation of the environment, similarly to natural heme-proteins. 8 

More recently, we have demonstrated that the most active analogue retains its functionality when 9 

immobilized on nanomaterials and surfaces, thus affording bioconjugates, useful in sensing and 10 

catalysis. This review also briefly summarizes the most important contributions to heme-protein 11 

design from leading groups in the field. 12 
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1 INTRODUCTION 1 

The idea that a chemist is able to master and forge the natural matter and the elements according 2 

to his/her desire is still permeating our collective imagination. In this respect, we are now aware 3 

that Nature, through evolution, is the real master. Nature has been able to bow kinetics and 4 

thermodynamics to make life not only possible, but also predominant on Earth. We have learned, 5 

through the study of an exponentially growing number of biological structures, that this was 6 

accomplished by striving selecting only few elements [1–4], few molecules [5–7], and even few 7 

repetitive folding motifs [8–13]. This last aspect may appear surprising at a first glance, but it 8 

actually sounds pretty comfortable to chemists, who learned over centuries that the synthesis 9 

and/or functionalization of analogues from a starting framework moiety is advantageous and 10 

generally affordable, both in terms of synthetic pathway and economic cost. This process is 11 

generally adopted in chemistry to modulate physico-chemical properties (e.g. solubility, polarity, 12 

absorption/emission spectrum) and/or functional features (e.g. acidity/basicity, 13 

nucleo/electrophilicity, redox potential, kinetics). However, in this endeavour, Nature outclasses 14 

chemists by putting in the pot, together with an amazing synthetic proficiency, a vast number of 15 

subtle interactions belonging to the realm of the “soft matter”. Altogether these skills enabled the 16 

wonderful biodiversity of the ecosystem. Nonetheless, we, as chemists, still share with Nature the 17 

same language, thus being a deontological imperative it is our duty to learn its recipes and make 18 

use of the worth of knowledge delivered for us. 19 

Porphyrin cofactors, and more in general tetrapyrroles, may be considered as the archetypal 20 

example, demonstrating that properly built interactions, following the lesson from Nature, may be 21 

terrifically fruitful for chemists. Such cofactors are ubiquitous and are essential in several crucial 22 

functions, from oxygen transport, redox reactions and electron transfer to photosynthesis [14]. 23 

Probably, they have been selected by evolution for their inertness (either in terms of metal 24 

complex stability or undesired ring-opening/oxidation) [15–19], which may appear unexpected, 25 

given the wide range of functions they perform. Nonetheless, this spectacular task is possible 26 

thanks to the fine-tuning of the cofactor chemical properties, which are perfectly balanced [20]. 27 

Such modulation acts at least at three different levels: (i) nature of the metal center (or its lack); 28 

(ii) modification of the molecular scaffold (e.g. identity and number of substituents, saturation); 29 

(iii) covalent and non-covalent interactions from the surrounding host (Figure 1). 30 

Figure 1. Should be here 31 
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Wise “design” at these three levels affects the cofactor coordination sphere (complex geometry, 1 

metal/ligand affinity, complex stability) [21], and its conformational freedom (in/out-of-plane 2 

distortions) [22,23], electrochemistry (electron transfer, substrate activation) [24], and 3 

photochemistry (energy of the ground and excited states) [25]. 4 

Inspired by Nature, the scientific community has devoted many efforts to replicate this wise 5 

design, with the aim of developing artificial molecules endowed with functions.  6 

The present review is mainly intended to give an exhaustive retrospective to the strategy we 7 

selected for developing artificial heme-proteins. Starting from a brief discussion of the strategy 8 

adopted by Nature to modulate metalloporphyrin reactivity, the most important contributions of 9 

other research groups to the field of heme-protein inspired design and engineering will be 10 

described. Finally, the results we obtained to date on the Mimochrome (MC) family of 11 

miniaturized heme-proteins will be reported in detail.  12 

1.1 Tetrapyrrole cofactor modulation in natural proteins 13 

Metal ion type and tetrapyrrole ring chemical composition are generally coupled in natural 14 

proteins, in order to specify different functions. Tetrapyrrole macrocycles may be found as light 15 

harvesting moieties, with or without a bound Mg ion, as in chlorophylls and bacteriochlorophylls 16 

[26]. The matrix effect, exerted by the protein environment, is determinant for their biological 17 

activity. First, the interactions within the surrounding protein (e.g. nearby bulky and charged side-18 

chains, H-bond donors/acceptors) alter their conformation and electrostatic potential, which is 19 

related to their excited-state thermodynamics and excited-state half-life [27]. Further, such 20 

interactions actively regulate the mutual orientation of several cofactors, which collectively act as 21 

antenna and electron-transfer chain [28].  22 

Cobalamines are corrines, lacking a meso-carbon (the carbon corresponding to the methine 23 

bridge), and with a varying number of saturated positions at the imidazole termini [29]. As 24 

suggested by their name, they generally coordinate a cobalt ion, which is selected for the 25 

reactivity of its organometallic complexes. Coenzyme B12 is the active cofactor in various 26 

isomerases and methyltransferases, in which cobalt ion is axially bound to an active methide [30].  27 

Nickel is bound to the factor F430, the most reduced tetrapyrrole ring found in living organisms, 28 

and highly substituted on pyrrole β-carbons [31]. It is bound to the methyl coenzyme M 29 
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reductase, where it is involved in methane release/oxidation process, depending on the hosting 1 

organism, by cycling through highly reactive nickel(I) and nickel(III) species. 2 

The mechanism of altering tetrapyrrole properties in nature most likely finds its quintessence in 3 

heme rings, i.e. variously substituted iron-containing porphyrins [14,19,32–34]. They are found in 4 

electron transport chains as key redox partners; examples are cytochromes (Cyt) b5 and c, which 5 

bear heme b and heme c, respectively (Figure 2 A,B).  6 

Figure 2. Should be here 7 

While heme c is typically involved in electron transfer as hexa-coordinated complex [35,36], 8 

heme b functional versatility is literally “explosive” when it weakly binds or lacks a sixth ligand, 9 

in the so-called distal position [37]. This coordination geometry makes heme b able to sense and 10 

transport small molecules, such as nitric oxide and dioxygen, as observed in myoglobins (Mb, 11 

Figure 2 C) and hemoglobins (Hb). In these proteins, dioxygen binding is finely regulated in 12 

many subtle ways, such as electronic structure tuning, cooperativity, allostery and collective 13 

motions [38–41].  14 

Dioxygen activation, in all its declinations (Figure 3), is most probably the real “specialty of the 15 

house” for heme b binding proteins [42,43]. A wide set of oxidases [44], peroxidases [45], 16 

peroxygenases [46,47], dioxygenases [48], and monooxygenases [49,50] promote a myriad of 17 

reactions, either with high chemo-, regio- and stereo-specificity, or in a promiscuous and 18 

unselective manner [51–53]. Dioxygen, or its two protons two electron reduced form, hydrogen 19 

peroxide, give raise to a series of highly reactive oxygen species, upon binding to iron(II)- or to 20 

iron(III)-heme b species, respectively [54,55].  21 

Figure 3. Should be here 22 

In peroxidases and catalases, such as horseradish peroxidase (HRP, Figure 2 D), heme b reacts 23 

with hydrogen peroxide in its ferric resting state. Subsequently, a high-valent ferryl, highly 24 

reactive species is formed, which is called Compound I (C-I). C-I may either react with sacrificial 25 

reductants as in peroxidases [45,53] to form oxidized or dehalogenated [56] organic molecules, or 26 

with hydrogen peroxide itself as in catalases to form dioxygen (Figure 3, light blue traces) 27 

[57,58]. An additional hallmark of dioxygen activation involves the regio-specific activation of 28 

C-H bonds, preventing the release of any undesired radical by-product [59,60]. The cytochromes 29 

P450 (P450s, Figure 2 E), a family of monooxygenases, are able to perform this task in a 30 
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controlled way [61]. First, their ferric resting state, a water-bound low-spin hexa-coordinated 1 

complex, is unreactive, until a substrate molecule binds to its hydrophobic pocket. Such event 2 

triggers the protein scaffold reorganization, which, in turn, enables an intricate cascade of events, 3 

including variation in the out-of-plane heme distortion, water release, electronic transition from 4 

low to high spin, redox potential shift, and finally iron reduction by means of a cognate reductase 5 

[62,63]. Subsequent dioxygen binding leads to a C-I similar to that found in peroxidases. Notably, 6 

P450 C-I has the unique ability to oxygenate unsatured C-H bonds, through a mechanism known 7 

as the “oxygen-rebound mechanism” [64,65]. It consists of a stepwise process involving H· 8 

radical abstraction from the substrate, forming a basic, ferryl-hydroxo complex (Compound II or 9 

C-II) [66], that rapidly recombines with the substrate radical to yield the hydroxylated product. 10 

(Figure 3, green traces). 11 

Indoleamine-2,3-dioxygenase (IDO) and tryptophan-2,3-dioxygenase (TDO) are responsible of 12 

for tryptophan oxidation to N-formyl-kyneurine in the catabolic pathway of tryptophan as well as 13 

a hallmark of stress-dependent oxidative processes [67]. Differently from P450s, dioxygenases 14 

promote the insertion of both oxygen atoms from O2 into the substrate and none of the 15 

oxygenations is mediated by C-I. The insertion of the first oxygen atom occurs from their iron-16 

dioxygen adduct (either a ferrous-oxy or ferric-peroxo species) and generates C-II, which in turn 17 

promotes the second oxygenation step [68,69] (Figure 3, orange traces).  18 

Such a striking control over heme reactivity may appear unexcelled, but what happens when a 19 

second cofactor is coupled to heme? An additional mononuclear cofactor is found in close 20 

proximity of heme in the active sites of nitric oxide reductases (NORs, Figure 2 F) [70] and of 21 

heme copper oxidases (HCOs, Figure 2 G) [71]. The former catalyze nitric oxide reduction to 22 

nitrous oxide in several denitrifying microorganisms [70], the latter are the terminal acceptor of 23 

the respiratory electron transfer chain in eukaryotic bacteria and mitochondrial membranes, 24 

performing the four-electron reduction of O2 to H2O [72]. While NORs use exclusively heme b 25 

and bind iron (FeB) in their non-heme center with a conserved 3His-1Glu first coordination 26 

sphere, HCOs may host different types of hemes (e.g. heme o, a and b) and bind copper (CuB) 27 

with a tripodal 3His coordination sphere, depending on the organism [73]. Thorough mechanistic 28 

studies have been performed for these two homologous classes of proteins [74–79], and few 29 

details are still under debate [80–82]. Nonetheless, in both cases protein matrix is able to promote 30 

selectivity of one metal over the other and to drive the correct inter-metal distance along the 31 

various oxidation states of the metal and reaction intermediates [83]. Second coordination shell 32 
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interactions drive proton shuttling to generate water in HCOs [84] and to release nitrous oxide in 1 

NORs [85]. Further, a unique His-Tyr post-translational modification is found in HCOs, that 2 

modulates the affinity and the redox potential of the CuB center [86]. 3 

A final mention should be given to sulfite reductases (SiR, Figure 2 H) and nitrite reductases 4 

(NiR), which share a similar tetrapyrrole moiety [87,88]. The first bears the so-called siroheme, 5 

structurally similar to the isobacteriochlorin of F430 cofactor, whose proximal cysteine is bridged 6 

to a [4Fe-4S] cluster. The mutual interplay between the two cofactors in SiRs plays a key role in 7 

delivering the six electrons needed to convert sulfite to hydrogen sufide [89,90]. The second, also 8 

known as Cyt cd1, bears a unique tetrapyrrole ring called heme d1, which shares the same starting 9 

scaffold of siroheme [91]. In both classes of proteins, the cofactors play a functional role, other 10 

than structural, in which the planarity and/or the high macrocycle distortion, exerted by the 11 

protein matrix, trigger their reactivity and control redox steps [88,89].  12 

2 DESIGN OF HEME-PROTEINS: FROM ELECTRON TRANSFER TO SUBSTRATE ACTIVATION 13 

AND TRANSFORMATION  14 

We, and many other colleagues, treasured the precious lessons learned from Nature, in order to 15 

construct artificial heme-proteins endowed with specific functions. Some scientists approached 16 

this task by synthesizing small-molecule metal complexes, capable of mimicking the 17 

spectroscopic features and, to a less extent, the reactivity of the natural counterparts [34,42,92]. 18 

Other groups, including ours, tried to practice with the “protein ligand”, in an effort to test our 19 

understanding of the fundamental mechanisms that drive heme cofactor modulation [33]. This 20 

was and still is performed either by engineering natural scaffolds or by constructing entirely new-21 

to-nature proteins [93–105]. These approaches demonstrated to be powerful not only to reproduce 22 

and/or optimize the biological functions of heme-proteins, but also to construct artificial 23 

metalloenzymes that catalyze reaction with unknown natural counterparts [106,107]. 24 

2.1 Engineering natural scaffolds 25 

In the field of natural protein engineering and reprogramming, Mb has been converted to a 26 

peroxidase/peroxygenase either by metal exchange and cofactor replacement [108,109], by first 27 

coordination sphere modification [110], or by rational optimization of the protein environment 28 

[111–114]. The same scaffold has been also reprogrammed for abiological xenobiotic reactions 29 

like carbene and nitrene transfer, either by means of metal exchange [115], cofactor replacement 30 

[116], proximal-ligand substitution [117], or rational redesign of the matrix [118–120]. 31 
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Combination of these strategies has led to further and ameliorated results in this endeavour 1 

[121,122]. Rational design of the Mb distal site has been adopted to install HCO-like [123,124] 2 

and NOR-like [125] active sites, adding a new mononuclear cofactor. These putative CuB and FeB 3 

sites, together with heme, were not only structural and functional mimetics, but were helpful in 4 

elucidating key aspects about the activity of their natural counterparts [126–128]. More recently, 5 

cytochrome c peroxidase (CcP) activity was steered toward an active SiR surrogate by installing a 6 

[4Fe-4S] cofactor in its proximal site [129]. 7 

Huge amount of research has been done on P450s engineering and repurposing. For instance, 8 

binding site redesign has been widely adopted for altering substrate specificity and further 9 

product outcome in terms of regio- and stereo-specificity [130–133]. Decoy molecule strategy, in 10 

which a wisely designed molecule cheats the hosting enzyme [134], activating it and shifting 11 

substrate-specificity, has been used to perform peroxygenation [135,136], monooxygenation of 12 

gaseous alkanes [137] and benzene [138] also within vial cells [139]. Finally, P450 and Cyt c 13 

have been reprogrammed through directed evolution to afford amazing xenobiotic reactivities, 14 

such as carbene/nitrene transfer and fluorination. Directed evolution has emerged as the method 15 

of election for reprogramming P450s and other heme-proteins towards abiological reactivities 16 

[106,107]. This approach emulates the natural evolutionary process, by applying random 17 

mutations to generate a large set of variants and allowing to select the best-performing proteins 18 

among them. Outstanding results have been accomplished by the group of Frances Arnold, who 19 

was awarded the Nobel Prize in Chemistry in 2018, and many other scientists have significantly 20 

contributed to progress in this field. Laboratory evolved P450s and cytochrome c have 21 

demonstrated to promote a variety of synthetically relevant transformations, including 22 

cyclopropanation [140,141], aziridination [142], amination [143], and carbene insertion into C–23 

H,[144,145] S–H,[119] N–H,[146,118], B–H [147] or Si–H [148] bonds. All these reactions 24 

occur through carbene or nitrene transfer from an electrophilic heme-carbenoid or -nitrenoid 25 

intermediate to a suitable nucleophilic substrate, following a mechanism that resembles the 26 

oxygenation of the same substrates mediated by C-I [149]. Directed evolution has been also 27 

applied to alter regio and stereo-selectivity of substrate oxygenation [150–152] and fluorination 28 

[153], affording artificial biocatalysts for the enzymatic total synthesis of complex molecules 29 

[154,155].  30 

A totally different approach in natural scaffold engineering consists in the use of heme-protein 31 

surrogates, obtained through enzymatic cleavage of selected Cyt c, also known as 32 
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microperoxidases (MPs). MPs contain the fundamental covalent framework of heme c, that is the 1 

heme cofactor and the short proximal histidine-bearing consensus peptide covalently bound to it 2 

through thioether bonds [156]. These features provide them with the minimal structural 3 

requirements for hydrogen peroxide binding and activation. Consequently, these small molecules 4 

show dramatically increased peroxidase and peroxygenase activities compared to the parent, 5 

hexa-coordinated, Cyt c [157–159]. Though lacking a distal environment, they have been coupled 6 

to hosting moieties, like antibodies [160,161], silica channels [162], and metal-organic 7 

frameworks [163], in order to improve stability from auto-oxidation and directing 8 

substrate/product specificity. Moreover, through metal exchange technique, Bren’s lab has shown 9 

that CoMP11 is a proficient hydrogen evolution catalyst in water, although with limited total 10 

turnover number (TON) [164]. 11 

Beside natural porphyrin-containing proteins, several groups have inserted porphyrin-binding 12 

sites in non-heme-proteins. Antibodies [165], albumin [166,167] and xylanase A [168,169], 13 

thanks to their host-guest abilities, have been proficiently adopted to tune porohyrin-based 14 

porphyrin-based catalysis. Using a different engineering approach, two dimeric small scaffolds, 15 

VK22, an antimicrobial peptide [170], and Glicophorin A [171], were reprogrammed to bind 16 

heme in the membrane environment. Starting with simple bis-His ligand design, subsequent 17 

introduction of aromatic residues afforded more tight heme binding [172]. Overall these studies 18 

on repurposed natural proteins or protein fragments have not only greatly increased our 19 

knowledge about metalloporphyrin activity tuning, but gifted us with many new chemical tools, 20 

useful and prone to pharmaceutical and biotechnological industries. 21 

2.2 Constructing new-to-nature proteins 22 

As outlined in the previous sections, engineering of native proteins has been successful in the 23 

development of artificial heme-proteins [173,174]. This approach has the advantage of accessing 24 

the wide library of scaffolds carefully selected by Nature. Native proteins are usually stable 25 

enough to tolerate multiple modifications, so that the protein global fold is not significantly 26 

affected upon altering or installing a metal binding site [175]. However, the exceptional reactivity 27 

and selectivity of native enzymes results from million years of evolution, and much effort is 28 

needed to completely repurpose a native protein towards a different functionality [104]. Directed 29 

evolution techniques have demonstrated to be very successful to this aim, by mimicking and 30 

speeding up the evolutionary process [106,176]. Instead of retracing the evolutionary pathway 31 
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backwards, we and other groups opted to tackle the heme-protein design starting from the 1 

foundations, by creating de novo proteins [177–179]. Though the number of scaffolds that can be 2 

designed with a high degree of confidence is limited [180], the major advantage of de novo 3 

design consists in providing us with a completely white canvas. The lack of any pre-existing 4 

structure represents the unique opportunity to shape the macromolecular host around a metal 5 

cofactor, being completely free from any bias of a template native scaffold [181].  6 

Besides the first reported examples, in which metalloporphyrin acted as a template to assist 7 

protein folding [182,183], one possible way to engineer heme binding site into new-to-nature 8 

proteins is to adopt a combinatorial approach. Several authors used a binary patterning strategy 9 

from four-helical bundle miniproteins, alternating hydrophobic and hydrophilic residues 10 

according to α-helical periodicity [184,185]. Though successful in installing an heme-binding site 11 

and eventually peroxidase activity [186,187], this approach had limited results in terms of 12 

success-rate and catalytic activity, especially when compared to rational design of natural 13 

proteins. Nevertheless, these proteins could be improved via directed evolution [188], thus 14 

demonstrating that folded proteins may have stochastically appeared along the evolution, but at 15 

the same time Nature could have explored a much more ample portion of the sequence-structure 16 

space [178,189].  17 

Dutton and DeGrado took the design of heme-binding four-helical bundles to a different level 18 

[190]. As for previous attempts, when computational approaches were still at their infancy [191–19 

193], fundamental design principle was binary patterning into sequences segregating hydrophobic 20 

residues in a four-helix bundle core. Heme cofactor binding, which could also drive the peptide 21 

scaffold self-assembly, seemed the logical consequence of such design principles. First attempts 22 

relied on parallelly oriented disulphide bridged peptides holding two histidine residues in front of 23 

each other, resulting in either mono or bis-heme binding [194,195]. Even this simple approach 24 

resulted in high and low spin hemes ranging from -230 to -75 mV redox potential. Later on, 25 

Dutton considerably redesigned his ‘maquettes’ into stable highly-expressed monomeric proteins, 26 

accessing to several functions including dioxygen sensing [196], and photo-induced electron-27 

transfer [197,198]. More recently, Anderson and coworkers, starting from a heme c bearing 28 

maquette [198], firstly installed peroxidase activity by rationally designing key mutations [199], 29 

thus affording C45 protein. Next, they demonstrated that C45 is also endowed with 30 

stereoselective carbene transferase activity, being the first-ever enzyme able to catalyze the ring-31 

expansion of pyrrole to ethyl nicotinate, a NADH (nicotinamide adenine dinucleotide) precursor, 32 
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in living cells (E.coli) [200]. Despite being very active proteins, no structural characterization 1 

could be afforded so far on maquettes, limiting their structure-to-function correlation studies. 2 

Only one construct was crystallized and characterized, even though any preorganization of the 3 

scaffold towards heme-binding could be observed [201]. 4 

Our group also exploited the four-helix bundle scaffold in the development of MiniPeroxidase 3 5 

(MP3) [202]. It represents one of the first example of a de novo designed proteins able to 6 

accommodate a penta-coordinated heme, endowed with peroxidase activity. MP3 was patterned 7 

after the heme-facing helices of Bacterioferritin (Bfr). The original sequence of Bfr was modified 8 

to engineer an asymmetric α2-heme-α2 covalent sandwich. The HRP proximal and distal site were 9 

shaped, resulting in an artificial peroxidase, provided with high catalytic turnover and efficiency 10 

in the ABTS oxidation by H2O2.  11 

DeGrado and colleagues have developed a large number of four-helical bundle scaffolds able to 12 

tightly bind different types of abiological porphyrins with variable stoichiometry [203–205]. 13 

Their structural approach was relying on backbone parametrization of the four-helical bundle, 14 

originally based on diheme-binding cytochrome from Cyt bc1 complex [206]. The design 15 

afforded very well-behaved proteins, with high affinity for their cofactors [204], and suitably 16 

located second sphere interactions. This approach also led to the first de novo heme-binding 17 

membrane protein [205]. Unfortunately, high-resolution structural characterization could not be 18 

performed. Only recently, high-resolution NMR structure of the apo and holo PS1 protein, a 19 

newly developed scaffold, has been obtained [207]. Notably, PS1 structure is in sub-angstrom 20 

agreement with the design. This outstanding result could be achieved thanks to a cleverly 21 

developed strategy, inspired by numerous natural proteins (e.g. Cyt b5) [208,209], which 22 

involved the design of a highly-stable folded domain able to host an abiological cofactor. Finally, 23 

they showed that tightly bound zinc m-tetrakis(trifluoromethyl)porphyrin could be photoexcited, 24 

and its excited state undergoes radiative decay, as when dissolved in organic solvent [207]. 25 

De novo-designed beta-sheet proteins are less frequent than helices, due to their intrinsic 26 

propensity to aggregate [210–212]. However, heme cofactors in Nature may be found in beta 27 

folds [213,214]. Several de novo β-peptide scaffolds, able to cage up to 4 hemes via His 28 

coordination, have been developed [170,215,216]. Poor peroxidase activity was detected, 29 

suggesting a strong binding affinities between the iron ion and two axial His ligands. 30 

Remarkably, some analogues were soluble and monomeric in solution, allowing the structural 31 
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characterization by NMR of the apo forms [217]. Unfortunately, the lack of high-resolution 1 

structures of the holo states did not allow a clear correlation between peptide 2 

sequence/coordination geometry and heme binding affinity. 3 

2.3 Miniaturized proteins through helix-heme-helix topology 4 

The use of α-helical peptides able to cage the heme group has been and still remains the focus of 5 

the majority of the works in the field, as the α-helix motif is a recurring structural motif that 6 

surrounds heme in numerous natural proteins. Along these lines, we approached the goal of 7 

obtaining minimal heme-proteins endowed with activity by sandwiching the porphyrin ring 8 

between two flanking helices [218].  9 

Contemporary and independently from us, few other groups elaborated similar systems 10 

[33,219,220]. Their focus was primarily to dissect specific aspects of heme-protein properties, 11 

such as: (i) the contribution of histidine coordination on protein folding and heme redox potential 12 

[221,222]; (ii) the role of hydrophobic interactions between heme and the peptide environment on 13 

folding [223–226]; (iii) the role of helix stapling on heme binding either by disulphide bridges 14 

and N-capping motifs [227–229]. We tried to combine all these elements in a single well-15 

designed/behaved synthetic miniprotein, by using a miniaturization approach based on a different 16 

process and objectives. The design process (i) was driven by a structural hypothesis and it was 17 

inspired by the inspection/miniaturization of a natural protein; (ii) was aimed at finding the 18 

smallest scaffold able to reproduce the minimum set of structural interactions leading to the 19 

variety of functions observed in Nature; (iii) became incremental, step-by-step adding functional 20 

requirements, once a tunable and reliable scaffold was obtained [104,230]. 21 

An essential requirement for the miniaturization approach we adopted is the prior knowledge of 22 

the structure to be reproduced. When we started the design of our scaffold, structurally 23 

characterized heme-binding proteins were limited to Hb, Mb, few Cyt b and c, CcP, and the 24 

earliest structures of P450s. Among them, Hb was the most widely studied [231]. In particular, 25 

we focused on the helical hairpin (helices E and F) surrounding the heme (Figure 4 A,B), which is 26 

partially solvent exposed, and thus prone to be “excised” from the whole protein.  27 

Figure 4. Should be here 28 

Differently from microperoxidases [156], we did not simply intend to obtain an “extracted” 29 

system, but rather to elaborate a more general design protocol, which consisted in decreasing 30 
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complexity by increasing symmetry [230,232]. To this end, the most reasonable choice appeared 1 

to symmetrize the short and amphipathic F-helix bearing the proximal histidine ligand. This helix 2 

seemed sufficiently long to cover the whole porphyrin and almost perfectly parallel to its plane, 3 

thus simplifying the choice of heme-facing residues. We opted for a covalent linkage between the 4 

porphyrin and the peptide moieties, to compensate for the loss of numerous interactions that the 5 

heme cofactor entertains with the hosting protein. Taking into account only the F-helix from the 6 

B chain of human deoxyhemoglobin (pdb id: 2HHB), we found out that the sequence comprising 7 

nine residues, from Leu88 to Leu95 (Figure 4 B), was sufficient to cover the heme. A docking 8 

moiety was now needed, and Lys95, at the i + 3 position from His92, seemed a good target, as it 9 

lays in close proximity of the heme propionate (Figure 4 C). Simple rotamer search allowed 10 

carboxyl propionate and Lys ε-amino functional groups to be at bonding distance (Figure 4 D). 11 

Most of the heme facing residues was conserved, unless for Glu90 and Asp94, that were replaced 12 

by the neutral Gln and Asn, respectively, and for Ser89 and Cys93, that were replaced with Ala, 13 

because of its higher helical propensity [233] (Figure 4 E). Acetyl and amide groups were added 14 

at each terminus to avoid helix-destabilizing interactions. Deuteroporphyrin IX, lacking the 15 

reactive vinyl groups, was preferred over protoporphyrin to overcome synthetic difficulties, 16 

preserving ring asymmetry that would drive stereo-specific interactions. This design process 17 

afforded half of the final backbone of the miniaturized protein. Through a C2 operation along the 18 

pseudo-symmetry axis, lying along α and γ meso porphyrin carbons, the helix–heme–helix 19 

sandwich was obtained (Figure 4 F and Scheme 1).  20 

Scheme 1. Should be here 21 

The iron complex of Mimochrome I (FeMC1) was thoroughly characterized, and its spectroscopic 22 

features indicated that a bis-His coordination environment was indeed achieved, and that, upon 23 

histidine deprotonation and concomitant metal binding, the peptides correctly folded in α-helix 24 

[218,234].  25 

Despite these encouraging results, which supported the design principle, a complete structural 26 

characterization was intrinsically inhibited due to poor solubility and very low helical content of 27 

the miniprotein, without the addition of the helix-inducing solvent 2,2,2-trifluoroethanol (TFE). 28 

This undesired effect was ascribed to weak iron coordination by histidine residues, which 29 

underwent protonation equilibrium, even at pH 7. This finding caused peptide flexibility, 30 

porphyrin exposition to the solvent and subsequent aggregation. Nevertheless, such flexibility 31 

allowed for some unexpected reactivity; similarly to heme-peroxidases a small amount of high-32 



 

14 

 

spin iron was found, thus making FeMC1 able to catalyse styrene epoxidation for few turnovers 1 

[234]. 2 

In order to stabilize the structure of MC1, we replaced the metal ion. Indeed, Co(III)-3 

Mimochrome I (CoMC1) not only was highly soluble (up to mM concentration), but showed 4 

enhanced helical folding respect to FeMC1 [235]. This was ascribed to the higher affinity of the 5 

low-spin d6 cobalt(III) ion toward nitrogen-donor ligands. This dramatically decreased the His 6 

pKa, stabilizing the sandwich down to pH 2, and inhibiting ligand-exchange. The enhanced 7 

stabilization of the cobalt complex allowed us to identify and isolate two distinct diastereomeric 8 

species, presumably also present in the iron complex in a fast interconversion equilibrium. These 9 

two species, namely Δ and Λ diastereomers, showed opposite Cotton effect in the Soret region, 10 

with negative and positive signs, respectively. These spectroscopic signatures would correlate 11 

with two opposite heme distortions [236,237] (Figure 5). Indeed, opposite sign of the Cotton 12 

effect was observed for isomers A and B of Mb, which differ by a 180° heme flip in the binding 13 

pocket [238]. CoMC1 Δ and Λ diastereomers were stably folded, thus readily characterized by 14 

NMR spectroscopy, representing the first designed heme-protein structure ever determined [235] 15 

(Figure 5).  16 

Figure 5. Should be here 17 

Retrospectively, the two structures appeared to be quite different, the two main differences 18 

residing in the mutual histidine angle (called β angle: 30° for Δ, 75° for Λ), and the tilt angle 19 

between the helix and the porphyrin plane (~180° for Δ, ~30° for Λ). Interestingly, Δ isomer was 20 

closer to the designed model from Hb F-helix (Figure 4 F), though Λ isomer was strikingly 21 

similar to a putative dimer of slightly translated E-helices that enables metal binding. 22 

One design possibility to solve the problem of the diastereomeric equilibrium would be 23 

substituting deuteroheme with more symmetrical porphyrins [225]. However, we decided to 24 

tackle this design challenge using close-to-natural deuteroheme for two reasons: (i) to direct the 25 

desired peptide folding by positive and negative design principles, in order to deeply understand 26 

how Nature drives selective heme binding; (ii) to better modulate heme distortion, as in natural 27 

proteins, thus unraveling the influence that opposite Δ and Λ configuration may have on catalysis. 28 

We therefore envisaged two orthogonal approaches. Based on CoMC1 structures, we rationalized 29 

that while Δ isomer was keeping the desired hydrophobic interactions (among Leu residues and 30 

the porphyrin ring), the Λ isomer was much looser, with helix head and tail lying out of the 31 
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porphyrin. In the design of Mimochrome II (MC2, Scheme 1) we therefore tried to stabilize Δ 1 

diasteromer. The helices and their hydrophobic pattern were conserved, and further stabilized by 2 

adding N- and C- capping motifs, and thus elongating the structure up to 14 residues [239]. At the 3 

N-terminus an Asp may both contribute as H-bond acceptor from unpaired backbone N-H groups 4 

or stabilize helical dipole [240]. At the C-terminus a Lys residue was added as C-capping, and a 5 

simple extended Ile-Thr-Leu motif, that may enhance hydrophobic coverage of the heme. This 6 

design solution endowed FeMC2 with increased solubility, higher helical content and a marked 7 

propensity towards Δ configuration, as evidenced by the negative Cotton effect of the Soret band 8 

[239]. 9 

In order to stabilize Λ diasteromer, we speculated that less design effort would actually be 10 

needed: (i) Leu residues should be mutated to more polar side chains as they are more solvent 11 

exposed in the Λ configuration; (ii) considering that both helix ends fall out of the porphyrin  12 

ring, insertion of inter-chain salt bridges should positively impact structural stability, both by 13 

helix-dipole interactions and by negative design principles, that would destabilize competing 14 

topologies [178,241,242]. MC1 Ala residues were mutated to Ser and the hanging Leu1 and Leu9 15 

to Glu and Arg, respectively. The devised substitutions resulted in Mimochrome IV [243] 16 

(Scheme 1, MC4). This strategy was successfully as FeMC4 was not only well-behaved, both in 17 

terms of solubility and helical content, but it adopted the unique Λ configuration, as shown by 18 

Circular Dichroism. Most importantly, CoMC4 was structurally characterized by NMR 19 

spectroscopy. The structure revealed that the overall design target was achieved: only Λ isomer 20 

was present in solution; helices were flanking at almost 30° tilt to the deuteroheme plane; 21 

histidine mutual dihedral angle was of ~52°; designed head-to-tail inter-chain salt bridges were 22 

confirmed by restrained molecular dynamics (RMD) (Figure 6 A). Subsequently, MC4 crystal 23 

structure was also solved [244]. It confirmed the overall topology, and helix/porphyrin tilt angle, 24 

even though the designed head-to-tail salt bridges became intra-chain in the crystal. Moreover, 25 

bis-His first coordination sphere showed a slightly increased in the mutual dihedral angle (57°, 26 

Figure 6 B). Further, the two helices were covering only half of the porphyrin ring, thus leaving a 27 

very wide hydrophobic area totally exposed to the solvent. Though few variations in the structure 28 

could be envisaged for such a small protein upon crystal packing interactions, we were interested 29 

to figure out which of the two structures might be predominant in solution when iron was in place 30 

of cobalt. More recent results, by paramagnetic NMR Fermi contact shifts on FeMC4, pointed out 31 
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that the NMR model was indeed more representative of the actual iron coordination in solution 1 

[245]. 2 

Figure 6. Should be here 3 

The low His pKa value observed for FeMC4 in the oxidized Fe3+ form (Nε pKapp ≈3.8) confirmed 4 

the strong bis-His character of this miniprotein, with an even more strong His-Fe coordination in 5 

the reduced Fe2+ form (Nε pKapp ≈3) Noteworthy, the different imidazole His pKa values, found 6 

for Fe3+ complexes of MC1 and MC4 (2.5 and 3.85, respectively), was attributed to a more polar 7 

environment around the His residues in MC4, as a result of the substitution of the hydrophobic 8 

Leu1 and Leu9, with Glu and Arg, respectively. 9 

Interestingly, FeMC4 behaved as a mid-potential Cyt b [246], given that its redox potential lies at 10 

-80 mV when tested by protein film voltammetry [243]. This finding, together with the observed 11 

modulation of the His pKa value upon residue substitution, confirmed that the minimal MC 12 

scaffold works as a well-behaved synthetic miniprotein. Further, the simple structurally defined 13 

FeMC4 model provided an excellent opportunity for exploring the subtle mechanisms that control 14 

heme functions. Thus, we used FeMC4 to verify if its functionality, in terms of redox potentials, 15 

would be modulated by residue substitution as observed in natural heme-proteins [220]. We 16 

therefore synthesized two MC4 analogues, namely Mimochrome IV 8Lys and Mimochrome IV 17 

8Glu (MC4K, MC4E, Scheme 1). These two analogues bear four mutations on each peptide 18 

chain, in positions 2, 3 and 6, 7, either to four positively-charged Lys residues or negatively 19 

charged Glu [247]. Despite the expected destabilization that could be envisaged by the high 20 

number of charged residues on the helix surface, both synthetic models were showing the same 21 

spectroscopic properties and iron complex stability, as His acidity has been directly correlated to 22 

metal complex inertness to ligand exchange (Table 1). In FeMC4K, the observed pKHis value was 23 

2.6, lower than the 3.8 value from both FeMC4 and FeMC4E. As expected, redox potentials for 24 

iron reduction follow the order FeMC4K > FeMC4 > FeMC4E, the last being very stable in the 25 

iron(III) oxidation state. MC4 scaffold was therefore able to almost span the full range of redox 26 

potentials of Cyt b family. However, it was not possible to drift the potential up to positive 27 

values, probably because of the histidine exposition to the solvent, or for possible second-shell 28 

interaction with the Glu in position 1 as observed in CoMC4 crystal structure. Such interaction 29 

would give to histidine a histidinato character, thus stabilizing the metal oxidized state [243].  30 

Table 1 should be here. 31 
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Thanks to the results obtained and its versatility in tolerating several mutations, MC4 1 

significantly contributed to our understanding of the determinants driving heme binding, metal 2 

coordination, helix stabilization, and redox potential modulation in natural proteins. This was 3 

mainly possible thanks to the available atomic-resolution experimental structures, which allowed 4 

the necessary structure-to-function correlation. These results are even more striking when 5 

considering that CoMC4 and the disulphide-bridged cyclic peptide Cy-AAEK from Suslick group 6 

[227,228] (in complex with the highly symmetric cobalt-coproporphyrin I) have been the only 7 

fully de novo structures binding a porphyrin-based cofactor deposited in the PDB (Protein Data 8 

Bank) until 2017 [207], as well as the first and only X-Ray deposited structure till 2018 (a still not 9 

published multicofactor maquette by Moser and Dutton).  10 

The important lessons learned so far with bis-His compounds were used to guide the design of 11 

penta-coordinated analogues, endowed with activity in oxidation catalysis (Figure 7).  12 

Figure 7 should be here. 13 

Our goal was not only to develop a small yet functional peroxidase, but also to evaluate the 14 

contribution that the distal peptide may give in catalysis [33]. We started by using the Δ 15 

stereoisomer and adopted a combination of the previous strategies to stabilize helical folding. In 16 

particular, the proximal peptide of Mimochrome VI (MC6, Scheme 1 and Figure 7 A) was 17 

patterned after the tetradecapeptide chain (TD) of MC2, with the main difference being the 18 

inclusion of Glu2 and Arg10 residues to afford the head-to-tail inter-chain ion pairs, observed in 19 

MC4 (Scheme 1). The distal chain was made up by a decapeptide (D), featuring a Ser in position 20 

6 in place of the metal-binding His, to create a vacant distal side. Moreover, the D chain houses 21 

Glu in position 2 and Arg in position 10 to satisfy ion pairs, and an Asp N-capping residue in 22 

position 1. For both peptides Gln, was placed in position 3 instead of Ser (previously in position 2 23 

for MC4), to avoid undesired off-pathway N-capping, as observed in MC4 crystal structure. This 24 

asymmetric analogue, the first of the Mimochrome series, displayed unprecedented functional 25 

features [250]. Fe(III)-MC6 was indeed able to activate H2O2 and showed Michaelis and Menten 26 

kinetic in the oxidation of several organic substrates, displaying multiple turnovers and catalytic 27 

efficiency (kcat/Km) in the range of natural HRP. Peroxidase activity was observed towards ABTS 28 

and guaiacol, as well as nitration of phenols in ortho- and para-positions, most likely through 29 

phenoxyl radical formation. It is worth to notice that maximum catalytic activity was observed 30 

upon TFE addition. TFE addition also increased helical content and drifted the diastereomeric 31 
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equilibrium towards the desired Δ configuration. Moreover, when compared with the 1 

monoadduct, lacking the distal decapeptide, Fe(III)-MC6 showed lower TOF (kcat) but higher 2 

TON in the presence of 50% TFE, whereas higher TOF and TON were observed in the absence of 3 

TFE (Figure 8 A, B).  4 

Figure 8 Should be here 5 

Altogether, these results suggested that a well-folded miniprotein is needed for endowing the 6 

cofactor with high activity, and in particular: (i) the distal D peptide organization over the 7 

porphyrin ring negatively influences kcat, probably because the metal site is more hindered; 8 

however, it dramatically increases the TON, thus exerting a protective effect toward degradation; 9 

(ii) the proximal TD helix has a positive influence on kcat, which is clearly related to tighter His 10 

binding to the heme. This last finding was recently confirmed by Hilvert and co-workers, through 11 

heme-protein engineering. Indeed, the introduction of a noncanonical Nδ-methyl histidine (NMH) 12 

as the proximal ligand endows Mb with efficient peroxidase activity [110] and dramatically 13 

increases TON of ascorbate peroxidase (APX) [252], likely as a consequence of the stronger 14 

electron-donating effect of NMH compared to the Nδ-hydrogen-bonded histidine. 15 

FeMC6 was completely characterized, and spectroscopic and electrochemical analyses were 16 

performed to evaluate both spin state of the iron and the Fe3+/Fe2+ redox potential [248,249]. UV-17 

Vis analysis suggested that ferric MC6 could be in the high spin (S = 5/2) spin state, however 18 

Resonance Raman spectroscopy suggested that it could be best described as an admixed state (S = 19 

3/2, 5/2) [249], as already observed in Cyt c’ and in artificial peroxidases [253,254]. The 20 

generation of this electronic state was recently supported by a QM-MM (quantum 21 

mechanics/molecular mechanics) analysis [255]. Electrochemical analysis was performed on 22 

FeMC6 either when adsorbed on electrode surface or freely diffusing in solution (Table 1). The 23 

E°’(Fe3+/Fe2+) were found ranging from -111 mV on ITO (indium titanium oxide) electrode to -99 24 

mV in diffusion (versus SHE). The redox potential value is higher than those of most peroxidases, 25 

suggesting very high oxidative power of the C-I and C-II species. /Fe3+ couple.[256–258] Indeed, 26 

it has been established that the molecular factors that determine the E°’(Fe3+/Fe2+) values, also 27 

affect the redox potentials of the C-I/Fe3+, C-I/C-II and C-II/Fe3+ redox couples, which are 28 

relevant for catalysis.[259] In this respect, an An existing linear correlation between the redox 29 

potential of the E°’(Fe3+/Fe2+) and the C-II/Fe3+ couples has been demonstrated for a variety of 30 

heme-proteins [260], allowing to extrapolate a value of ~1.17±0.07 V for FeMC6. Such value 31 

would be higher than that HRP (0.9 V) but still lower than those of high-potential peroxidases 32 
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able to oxidize manganese (E°(Mn3+/Mn2+) = 1.5 V) [261]. Finally, it was found that FeMC6 was 1 

able to catalyze dioxygen reduction from the ferrous state, when immobilized onto gold 2 

electrodes [248].  3 

Potential interest as industrial enzymes prompted us to test the applicability of this construct upon 4 

immobilization to obtain catalytically active nanomaterials. In principle, thanks to its very small 5 

size (radius of gyration ~1 nm compared to HRP ~ 3 nm), this minienzyme grants with the 6 

possibility of drastically increase the specific activity of functionalized nanomaterials [262], by 7 

increasing the active-site density. Therefore, FeMC6 Ser6Gly analogue was directly immobilized 8 

on gold nanoparticles (AuNPs), after being functionalized with lipoic acid [251] (Figure 8 C). 9 

The nanocomposite retained peroxidase activity; however, a decreased catalytic efficiency was 10 

observed. AuNPs characterization let us to ascribe the observed drop of activity to both the 11 

formation of a double layer of FeMC6 Ser6Gly on the AuNP and possible to unfavourable 12 

negatively charged environment. Redox potential evaluation of this derivative on gold electrode 13 

gave a more negative E°’ of -143 mV, thus suggesting a less active C-II species [252,260].  14 

The successful design of MC6 further supported the versatility of MC minimal scaffold, being 15 

able to incorporate a functional heme. Therefore, we proceeded with several rounds of MC6 16 

redesign, to increase its catalytic activity, in order to make it an industrially feasible synthetic 17 

alternative to natural peroxidases (Figure 7). Modification of the peptide scaffold started by 18 

evaluating the role that the head-to-tail ion pairs were playing on function. Four analogues were 19 

then synthesized, in which apolar Leu residue was replacing either one of the four residues 20 

involved in the salt bridges, i.e. Glu2 and Arg10 either from TD or D chains. Leucine was chosen 21 

in order to compensate salt-bridge removal, thus re-establishing the interaction observed in MC1 22 

[263]. The best performances in terms of catalytic activity were observed for Fe(III)-23 

Glu2Leu(TD)-Mimochrome VI (Fe(III)-MC6*, Scheme 1 and Figure 7 B), which showed 2-fold 24 

increase in TOF and catalytic efficiency toward hydrogen peroxide catalyzed ABTS oxidation. 25 

Based on the FeMC6 model, and guided by the structural characterization previously performed, 26 

we hypothesized that breaking the Arg10(D)-Glu2(TD) interaction, upon Glu2Leu mutation, 27 

would actually cause “freeing” Arg10 (Figure 9 A). The “free” Arg10 side chain, in turn, could 28 

serve as H-bond donor, thus resembling Arg38 of HRP [264] (Figure 9 B), which is known to 29 

assist hydrogen peroxide activation and C-I/II stabilization. Indeed, the spectroscopic 30 

characterization of the isolated Fe MC6* C-I derivative confirmed this hypothesis [263]. As a 31 
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further support, theoretical analysis identified the Arg10(D)-Glu2(TD) as the weaker among the 1 

four ion pairs occurring in MC6 analogues [255]. 2 

Figure 9 should be here. 3 

MC6 and MC6* demonstrated that even these small-sized proteins may recover the features of 4 

natural proteins, together with their complex interplay of factors that determine catalysis. The 5 

study of these compounds taught us three important lessons. Firstly, the design of a penta-6 

coordinated high-spin iron complex is mandatory to endow heme with peroxidase activity, and, 7 

very important, helical folding of the proximal chain is crucial in correctly position the 8 

coordinating His. Secondly, as observed for natural heme-proteins, the presence of a correctly 9 

designed distal pocket is crucial to drive substrate binding, modulate catalyst activity and most 10 

importantly its stability toward degradation during catalysis. Finally, such a small catalyst is 11 

strongly influenced by the environment, either in diffusion or immobilized on solid supports or 12 

nanomaterials. This aspect may be successively considered for maximizing activity, by proper 13 

selection of the hosting matrix. 14 

3 MIMOCHROME VI*A AS A GENERAL-PURPOSE SCAFFOLD 15 

Lessons learned from the development of penta-coordinated Mimochromes made us much more 16 

confident in how to tune catalyst properties, by introducing specific modifications in the peptide 17 

scaffold. As the Glu2Leu(TD) mutation in MC6 allowed to greatly enhance catalytic efficiency in 18 

peroxidase activity [263], the next-step was to improve the robustness of the scaffold. Our studies 19 

with MC6 highlighted that the presence of the distal peptide is critical in dictating catalyst 20 

stability, acting as a shield against self-degradation, thus prolonging catalyst lifetime [250]. Along 21 

these lines, we hypothesized that better shielding could be obtained by making the D chain more 22 

prone to adopt a stable helical folding and to interact with the metalloporphyrin ring. To this end, 23 

we took this challenge by altering the plasticity of the D chain, as well as its hydrophobicity 24 

[266]. 25 

Taking advantage of our expertise in using noncoded α-amino acids as conformational constraints 26 

[267], the simplest Cα,Cα-disubstituted amino acid, 2-aminoisobutyric acid (Aib, U), was 27 

selected to reduce backbone flexibility and to stabilize helical folding [268,269]. The presence of 28 

two methyl groups at Cα of the Aib produces severe restrictions on its conformational freedom. 29 

As a consequence, the formation of α-helical secondary structures is strongly favoured for Aib-30 

containing peptides.  31 
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Two Aib residues were incorporated in the sequence of the D chain, in order to create a 1 

hydrophobic patch, which would enhance peptide-porphyrin interaction. Only the pairs of 2 

residues on the same side of the helix (i , i + 4) were considered in the search for the best 3 

positions for mutation. Asp1, Glu2, Ser6, Lys9 and Arg10 were excluded from the screening, as 4 

these residues were structurally or functionally essential. The helix-forming tendencies of each 5 

amino acid were considered in order to obtain the sequence with the highest helical stabilization 6 

[233]. Based on this analysis, positions 3 and 7 were chosen for mutation and the Q3U, S7U 7 

decapepetide was employed in the design of the new analogue, named MC6*a (Scheme 1 and 8 

Figure 7 C). According to the designed model, both Aib side chains are facing towards the 9 

deuteroheme.  10 

The beneficial effect of Aib insertion on the secondary and tertiary structure of the complex was 11 

proven by a comparative spectroscopic analysis in solution of FeMC6*a and its precursor, 12 

FeMC6* [263]. Whereas both analogues appear poorly structured in aqueous buffered solution, 13 

FeMC6*a experiences a much higher increase in the helical content upon addition of TFE, as 14 

revealed by CD spectroscopy in the far-UV region. Concurrently, the enhanced Cotton effect in 15 

the Soret region suggested a stronger interaction between the porphyrin and the peptide chains in 16 

the new analogue. The stabilization of the sandwiched topology by Aib residues was also 17 

supported by NMR data from the diamagnetic Co(III)-derivative of MC6*a. In particular, both 18 

U3 and U7 methyl groups displayed lower-than-average chemical shifts, which were reasonably 19 

associated to a hydrophobic interaction with the porphyrin [266]. 20 

The above structural finding clearly suggested MC6*a to behave differently from its 21 

predecessors. This prompted us to, exploit MC6*a  as a scaffold for hosting and tuning the 22 

activity of different metal ions, with the aim of expanding the range of its applications beyond 23 

just peroxidase catalysis. Accordingly, its iron, manganese and cobalt complexes of have been 24 

screened towards different reactivities.  25 

3.1 Iron and Manganese: from peroxidase to peroxygenase activity 26 

Peroxidase-like activity of FeMC6*a was examined and compared to the parent analogue, 27 

FeMC6*. When screened as catalyst for ABTS oxidation, FeMC6*a performed more than a 28 

doubled number of turnovers compared to its precursor (Table 2, entries 1 and 2). Considering the 29 

established relationship between TON and the protective role of the distal peptide chain, this 30 

result could be considered as a proof of concept that introducing Aib residues into the D chain 31 
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favours its interaction with the porphyrin. The improved hydrophobic character of the D chain in 1 

MC6*a also leads to the narrowing of the active site cleft, which results in lowered affinities 2 

(higher Km) for both H2O2 and ABTS. This effect is perfectly counter balanced by an increased 3 

kcat for FeMC6*a, leading to similar catalytic efficiencies (kcat/Km) for the two catalysts [266].  4 

Table 2 should be here. 5 

Overall, FeMC6*a is the best artificial peroxidase reported to date, working in the presence of 50 6 

% TFE and displaying a 20-fold higher catalytic efficiency against ABTS with respect to HRP 7 

(Table 2). This exceptional reactivity represents a real opportunity for a number of practical 8 

applications. The reduced size of our catalyst compared to natural peroxidases, coupled to the 9 

easy scale-up of its synthetic route, offer significant advantages for use in the construction of bio-10 

inspired sensors and nanomaterials.  11 

These achievements prompted us to evaluate the versatility of the MC6*a scaffold towards metal 12 

replacement, by swapping iron to manganese. The latter was chosen owing to the well 13 

documented catalytic promiscuity of Mn-porphyrin complexes, spanning from superoxide 14 

dismutase [270–272] to unsaturated C-H halogenation [273–275] or hydroxylation [109] 15 

activities. Upon reaction with peroxides, Mn-porphyrins have been shown to access both the 16 

MnV-oxo and the MnIV-oxo states [276–278]. The former has been proposed as the active oxidant 17 

in the oxygenation of a number of unactivated substrates, similarly to ferryl-oxo Compound I of 18 

P450 enzymes [279,280]. MnIV-oxo species have instead attracted less interest in catalysis due to 19 

their limited reactivity. When iron is replaced with manganese in native heme-proteins, a 20 

substantial drop in their oxidative activity is commonly observed [281–283]. This is due to the 21 

predominant stabilization of MnIV-oxo species in biological catalysts, and indeed rational 22 

engineering of the protein matrix [284,285] and/or the porphyrin cofactor [108,109] is required to 23 

make them functional.  24 

The spectroscopic features of MnMC6*a closely match those of Mn-reconstituted HRP, both in 25 

the resting and high-valent states (Figure 10 A), thus suggesting a protein-like behaviour of this 26 

complex. This is not unexpected, considering that also the UV-Vis spectra of FeMC6*a (Figure 27 

10 B) resemble those of HRP both in the ferric and ferryl-oxo states.  28 

Figure 10. Should be here 29 
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Notably, MnMC6*a-derived C-I exhibits marked reactivity, with respect to HRP manganyl-oxo 1 

species, which is exceptionally stable and inert towards external substrates. MnMC6*a, as well as 2 

its iron congener, was screened for peroxygenase-like catalysis, using the H2O2-mediated 3 

thioether sulfoxidation as test reaction. Both FeMC6*a and MnMC6*a complexes demonstrated 4 

to efficiently promote the selective conversion of phenyl thioethers into the corresponding 5 

sulfoxides, with experimental evidences of a direct oxygen-transfer mechanism [286]. Thioether 6 

oxidation by Mn- and FeMC6*a shows a pH-dependency that closely resembles that of peroxide 7 

activation, thereby suggesting the involvement of the ferryl or manganyl-oxo species in the 8 

reaction. The optimal pH value for MnMC6*a (pH = 10.0) was found to be 3.5 units higher with 9 

respect to FeMC6*a (pH = 6.5), reflecting the lower Lewis acidity of Mn3+ compared to Fe3+. 10 

This property is also responsible for their different abilities to promote metal-bound water 11 

deprotonation (pKa = 9.8 and 6.9 for Mn- and FeMC6*a, respectively). It is worth to note that 12 

peroxide activation and water deprotonation occur at lower pH values for MC6*a catalysts than 13 

for the corresponding metal derivatives of peptide-porphyrin conjugates with a fully solvent-14 

exposed distal site, as microperoxidase 8 (MP8) [287]. The hydrophobic environment created by 15 

the distal peptide chain around the metalloporphyrin could reasonably modulate the electronic 16 

properties of the metal centre, besides providing catalyst with a shielding against self-17 

degradation. In this respect, Fe- and MnMC6*a are among the most robust artificial 18 

metalloenzymes for thioether sulfoxidation, largely exceeding the turnover numbers of their 19 

competitors, either when considering natural, reconstituted or engineered proteins housing 20 

synthetic cofactors (Table 3).  21 

Table 3. should be here. 22 

The reactivity of Fe- and MnMC6*a towards peroxygenase-like reactions is far higher when 23 

compared to native and Mn-reconstituted HRPs. The low reactivity of the native enzyme could be 24 

certainly ascribed to an effect of the protein matrix, which was selectively tuned for the activation 25 

of peroxide rather than the oxy-functionalization of organic substrates. Differently from natural 26 

enzymes, the lack of a specifically evolved active site endows these miniaturized systems with an 27 

intrinsic versatility and opens new avenues towards new enzymatic or abiological reactivities. 28 

Exploiting of the oxygen transfer reactivity of our catalysts towards reactions with potential 29 

synthetic interest is currently ongoing in our laboratories, and further investigations will be 30 

devoted to completely carve out the catalytic potentialities of Fe- and MnMC6*a complexes.  31 



 

24 

 

3.2 Cobalt: hydrogenase activity 1 

Whereas iron and manganese are the leading candidates for oxidation chemistry, cobalt has 2 

appeared as the metal of choice for energy-related catalysis [293]. Many efforts in this field have 3 

concerned with the development of efficient and stable catalysts for the hydrogen evolution 4 

reaction (HER) [294–298]. Hydrogen (H2) represents a sustainable and renewable energy source, 5 

which could be directly obtained from water. Nature’s answer for H2 demand involves 6 

hydrogenase enzymes [299]. The latter are the most efficient catalysts for HER, promoting 7 

reversible proton reduction in water with low overpotentials [300]. However, hydrogenases are 8 

complex biochemical machineries and their practical application in scalable H2-production meets 9 

difficulties associated with their production on a large scale and their sensitivity to molecular 10 

oxygen, which rapidly inactivates these enzymes [301]. Therefore, significant efforts have been 11 

devoted to developing functional hydrogenase mimics, more suitable to manipulation and 12 

screening than native hydrogenases [294–297]. In collaboration with the Bren’s group, we have 13 

screened the Co-derivative of MC6*a as a potential electrocatalyst for HER. To date, numerous 14 

synthetic or protein-based cobalt complexes have been studied for this kind of reactivity [302–15 

307]. High overpotential values, low water-solubility and the need for strong acids as proton 16 

sources are the common drawbacks associated with small-sized complexes [308–310]. On the 17 

other hand, cobalt-reconstituted heme-proteins, such as Mb and Cyt b562, have been shown to 18 

function in neutral water, but suffering from O2-intolerance and unsatisfactory TONs (up to 1500) 19 

[311,312]. As an exception, cobalt-Cyt c552 from Hydrogenobacter thermophilus (Ht-CoM61A) 20 

displayed exceedingly high TON (270 000), albeit with a high overpotential value (730 mV) 21 

[313]. Being in the middle ground between biological and small-molecule catalysts, CoMC6*a 22 

appeared suitable for this challenge. Indeed, differently from previously reported 23 

metalloporphyrin catalysts, CoMC6*a efficiently promotes HER in neutral water and in the 24 

presence of molecular oxygen [314]. Studies conducted by Bren and co-workers on Co-25 

Microperoxidase11 (CoMP11) [164] allowed a comparative analysis between the two peptide-26 

porphyrin conjugates, underlining the effects of the peptide scaffold on the catalytic 27 

performances. CoMC6*a displayed similar overpotential and turnover frequency to CoMP11, but 28 

demonstrated to retain its activity for several hours, leading to a 9-fold increased TON (up to 230 29 

000 for CoMC6*a compared to 25 000 for CoMP11). The remarkably higher robustness of this 30 

complex has been ascribed to the shielding effect of the D chain, which protects the catalyst 31 

against degradation. Furthermore, TFE-driven peptide folding was found to beneficially affect the 32 
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overpotential of CoMC6*a, inducing a 90 mV shift towards less negative values. The correlation 1 

between peptide folding and overpotential becomes clear from an inspection of the TFE-2 

dependent cyclic voltammetry experiments with CoMP11 or CoMC6*a (Figure 11). Indeed, 3 

whereas a decrease of the peak current is observed for both catalysts, only CoMC6*a experiences 4 

a shift in the peak potential for hydrogen evolution. 5 

Figure 11. Should be here 6 

The decrease of the peak current observed at increasing TFE concentrations could be reasonably 7 

ascribed to a different solvation effect of the organic solvent, which limits the accessibility of 8 

protons in proximity of the catalysts [315]. The shift in the peak potential could be rationalized as 9 

a combination of effects derived from the structural organization of the MC6*a scaffold. When 10 

arranged into a sandwiched structure, the D chain could provide a more hydrophobic environment 11 

around the metal center, tuning its redox potential and thereby lowering HER overpotential. 12 

Additionally, the folding of the decapeptide may allow the amino acid sidechains to approach the 13 

metal center and assist the proton-coupled electron transfer (PCET) during catalysis. This last 14 

phenomenon, also referred as the “hangman effect”, has been reported by Nocera and co-workers 15 

[309,316] and relies on the assistance by a proton-exchanging functionality positioned in 16 

proximity of the metal ion. Considering the designed MC6*a model, Arg10 and Glu2 residues in 17 

the decapeptide chain have been supposed to be close enough to exert the hangman effect. 18 

Further, our recent studies evidenced that the overpotential is strongly altered by the presence of 19 

exogenous proton donors in water, highlighting the importance of PCET in H2 evolution by 20 

CoMC6*a [317]. While the potential is strongly dependent by the pKa of the proton donor, it 21 

appears to be unaffected by its concentration. This finding suggests that protonation steps may not 22 

be rate-limiting in the reaction mechanism, despite rate-limiting steps in H2-evolution catalysis 23 

often involve the protonation steps [318,319]. This surprising outcome may be attributed to the 24 

peptide scaffold playing a role in catalysis, by likely positioning the proton donors for favourable 25 

interaction within the active site. 26 

4 CONCLUDING REMARKS 27 

The work described in this review exemplifies the remarkable progress reached over the last two 28 

decades in developing miniaturized heme-enzymes. What started as minimal structural mimetics 29 

lacking any functionality, has grown into highly reactive metalloenzymes approaching or even 30 

surpassing the catalytic performances of the natural counterparts. The Mimochrome family 31 
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represents a clear evidence of the reliability of miniaturization in successfully mimicking two of 1 

the three Nature design strategies (see Figure 1). Indeed, our design approach allowed hosting the 2 

same cofactor (deuterophorphyrin) in a self-sufficient structure, prone to be subjected to metal ion 3 

replacement and environment modulation, thus achieving a wide range of functionalities. Though 4 

many challenges have been overcome, much work is yet to be done. Additional steps of redesign 5 

will be aimed at further optimizing the whole catalytic performances of Mimochrome metal 6 

complexes, to exploit their full potential in applicative and industrial process as synthetic heme-7 

enzymes.  8 
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TABLES 1 

Table 1. Characterization of Mimochrome IV analogues. 2 

Compound CD Soret sign Soret band (ε)a Q bandsa pKaHis E°’(Fe3+/Fe2+) vs SHE  
(pH 7)a 

Fe(III)-MC4 + 401 (103) 522;560 3.85 -80b; -85c 

Fe(III)-MC4E + 401 (96) 522;560 3.85 -169c 

Fe(III)-MC4K + 402 (101) 522;560 2.63 -20c 

Fe(III)-MC6 + ; – d 391 (63) 490;520sh;610 3.4 -99e; -106e; -111f 

a Wavelengths are reported in nm; molar absorption coefficients in mM-1 cm-1; redox potentials in mV. 3 
b Taken from ref. [243] 4 
c Taken from ref. [247] 5 
d Positive to negative transition upon TFE addition 6 
e In diffusion and adsorbed on hydrophobically-coated gold electrode, respectively. Taken from ref. [248] 7 
f Adsorbed on ITO electrode. Taken from ref. [249] 8 

 9 

 10 

Table 2. Comparison of the kinetic parameters for H2O2-dependent oxidation of ABTS catalyzed by 11 
mimochromes and HRP. Data from ref. [266]. 12 

  ABTS H2O2  ABTS H2O2  

Catalyst pH 
Km 

(mM) 

Km 

(mM) 

kcat 

(s-1) 

kcat/Km 

(mM-1s-1) 

kcat/Km 

(mM-1s-1) 
TON 

FeMC6*a 6.5 9.0 4.4 × 102 5.8 × 103 6.4 × 104 1.3 × 101 14 000 

FeMC6* 6.5 5.0 1.3 × 102 2.3 × 103 4.6 × 104 1.8 × 101 5 900 

HRP 4.6 7.0 × 101 9.3 × 10-1 2.8 × 103 3.8 × 103 2.9 × 103 50 000 

 13 

  14 



 

40 

 

Table 3. Enzyme-catalyzed H2O2-dependent oxidation of thioanisole. 1 

 

 Catalyst 
Catalyst:substrate:H2O2 

(catalyst concentration) 

Yield, %  

(time, min) 
TON Reference 

 MnMC6*a 
1:100:100 

(20 µM) 
100 (5) 870a [286] 

 FeMC6*a 
1:100:100 

(20 µM) 
97 (5) 1500b [286] 

 Mn-HRP 
1:100:100 

(9 µM) 
4 (5) 4 [286] 

 Fe-HRP 
1:30:40 

(330 µM) 
95 (60) 28 [288] 

 
Cr-salophen-

Mb(H64D/A71G) 

1:100:100 

(10 µM) 
_c _c [289] 

 Mn-Cor-BSA 
1:50:75 

(200 µM) 
83 (90) 150 [167] 

 Fe(TpCPP)-Xln10A 
1:425:175 

(20 µM) 
85 (138) 145 [161] 

 
Mn-salen-

Mb(T39C/L72C) 

1:40:40 

(130 µM) 
17 (10) 7d [290] 

 Fe-TpSPP-NCS-3.24 
1:500:500 

(5 µM) 
1.3 (120) 6.5d [291] 

 CoL-BSA 
1:100;150 

(2.7 µM) 
98 (1680) 98d [292] 

a TON was determined used a 1:1000:1000 catalyst:substrate:H2O2 ratio. 
b TON was determined used a 1:2000:2000 catalyst:substrate:H2O2 ratio. 
c Yield and TON are not available from the reference. The reported reaction rate is 78 10-3 TON min-1. 
d TON was calculated based on the reported yield and catalyst:substrate ratio. 
  2 
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FIGURE LEGENDS 1 

Figure 1. Porphyrin modulation in Nature could be classified under the following design 2 

strategies, from the innermost to the outermost: metal ion selection (red), cofactor modification 3 

(blue), environment modulation (green). 4 

Figure 2. Selected heme centers as found in natural proteins. Each protein is represented by its 5 

active site, with non-metal and metal atoms depicted as sticks and balls, respectively. The fifth 6 

axial ligand, also referred to as proximal, is depicted below the porphyrin plane. Native function 7 

is defined below each active site. (PDB IDs: bovine cytochrome b5, 1CYO; horse heart 8 

cytochrome c, 1AKK; recombinant sperm whale myoglobin, 2W6W; recombinant horseradish 9 

peroxidase C1a, 1ATJ; recombinant cytochrome P450cam, 5CP4; nitric oxide reductase from 10 

Roseobacter denitrificans, 4XYD; human cytochrome c oxidase, 5ZS2; sulfite reductase from E. 11 

Coli, 1AOP).  12 

Figure 3. Reaction scheme for heme-catalysed dioxygen and hydrogen peroxide activation. The 13 

heme macrocycle is represented as a black circle. Protons and the protein-derived iron axial 14 

ligand are not shown for sake of simplicity. Sub, Sub-O and Sub-(O)2 denote the substrate, the 15 

mono-oxygenated and the doubly oxygenated product, respectively. 16 

Figure 4. Mimochrome I design process through miniaturization. (A and B) Active-site was 17 

identified from Hb β chain (PDB ID: 2HHB) and extracted. (C) Heme-covering nonapeptide was 18 

isolated. (D) Wise rotamer selection allowed for a mutual approach of heme propionate towards 19 

Lys95. (E) Solvent exposed residues were redesigned and deuteroporphyrin IX was preferred 20 

over protoporphyrin IX for synthetic reasons. (F) Finally, C2 symmetry operation led to the hexa-21 

coordinated deuteroheme. 22 

Scheme 1. Mimochrome peptide sequences. R and R’ are either identical or different. Proximal 23 

and distal axial residues are indicated in bold. 24 

Figure 5. Δ and Λ diastereomers of Co(III)-Mimochrome I. (A) NMR-derived average molecular 25 

structures. (B) Schematic representation of the two possible orientations of the peptide chains 26 

around the metal center, which give rise to Δ and Λ diastereomers. (C) Soret band CD spectra, 27 

which show a negative or a positive Cotton effect for the Δ and the Λ diastereomer, respectively. 28 

Figure 6. Co(III)-Mimochrome IV NMR (A, PDB ID: 1VL3) and crystallographic (B, PDB ID: 29 

1PYZ) models. Both structures show the Λ configuration around the metal ion, but a different 30 
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scheme of Glu1-Arg9 ion pairs. The designed intra-molecular inter-chain interactions were 1 

experimentally observed in solution, whereas intra-chain i←i+8 interactions were present in the 2 

solid state. 3 

Figure 7. Designed models of penta-coordinated Mimochomes. (A) MC6; (B) MC6*; (C) 4 

MC6*a. The residues that have been mutated in each round of redesign are highlighted in 5 

magenta. 6 

Figure 8. Fe(III)-Mimochrome peroxidase activity, freely diffusing and immobilized on AuNPs. 7 

(A,B) Progress curves for ABTS oxidation by H2O2, catalyzed by Fe(III)MC6 (solid line) and by 8 

corresponding monoadduct (dashed line), which misses the distal helical peptide, either in the 9 

presence (A) or in the absence (B) of 50 % TFE. (C) Progress curve in ABTS oxidation by H2O2, 10 

catalysed by Fe(III)-MC6Ser6Gly analogue. (D) Cartoon of Fe(III)-MC6Ser6Gly immobilized on 11 

AuNPs, through lipoic acid linkers. Readapted with permission of Wiley [250] and MDPI [251]. 12 

Figure 9. (A) Cartoon of MC6 and MC6*, highlighting the possible role of Arg10(D) in catalysis, 13 

when unable to make an inter-chain ion pair, upon Glu2Leu(TD) mutation. (B) Compound I 14 

stabilization, as observed in HRP crystal structure (PDB ID: 1HCH), highlighting the H-bond 15 

between Arg38 and the putative ferryl-oxygen, fundamental for peroxide heterolytic cleavage 16 

[265]. 17 

Figure 10. UV-Vis absorption spectra of (A) Mn- and (B) Fe-MC6*a in their resting (solid lines) 18 

and high-valent (dashed lines) states. 19 

Figure 11. Cyclic voltamograms of (A) CoMC6*a and (B) CoMP11 acquired at different TFE 20 

concentrations. Adapted from ref. [314] with the permission of the American Chemical Society. 21 


