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Abstract

A single polypeptide chain may provide an astronomical number of conformers. Nature selected 

only a trivial number of them through evolution, composing an alphabet of scaffolds, that can 

afford the complete set of chemical reactions needed to support life. These structural templates are 

so stable that they allow several mutations without disruption of the global folding, even having 

the ability to bind several exogenous cofactors. With this perspective, metal cofactors play a 

crucial role in the regulation and catalysis of several processes. Nature is able to modulate the 

chemistry of metals, adopting only a few ligands and slightly different geometries. Several 

scaffolds and metal-binding motifs are representing the focus of intense interest in the literature. 

This review discusses the widespread four-helix bundle fold, adopted as a scaffold for metal 

binding sites in the context of de novo protein design to obtain basic biochemical components for 

biosensing or catalysis. In particular, we describe the rational refinement of structure/function in 

diiron–oxo protein models from the due ferri (DF) family. The DF proteins were developed by us 

through an iterative process of design and rigorous characterization, which has allowed a shift 

from structural to functional models. The examples reported herein demonstrate the importance of 

the synergic application of de novo design methods as well as spectroscopic and structural 

characterization to optimize the catalytic performance of artificial enzymes.
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1. Introduction

Metal ions are of key importance for numerous proteins to function. In fact, about half of all 

known proteins contain a metal ion, performing a plethora of essential tasks, spanning from 

protein structure stabilization to catalysis, electron transfer, dioxygen carrier and activation, 

signal transduction, and nitrogen fixation.[1,2] It is quite remarkable that, despite the myriad 

of diverse reactions performed in the living cell, Nature uses only a handful of metal ions 

and structural motifs. Thus, understanding at a molecular level how metal cofactors and the 

surrounding protein environment mutually influence their properties is a fundamental issue 

in bioinorganic chemistry.[3–5] In this respect, the effective power of de novo metalloprotein 

design is constantly emerging, not only to improve our knowledge of the mechanisms of 

fundamental biological processes, but also to engineer novel metalloproteins with 

programmed properties.[6–8]

De novo metalloprotein design, or design “from scratch”, combines the fundamental 

knowledge of protein design and bioinorganic chemistry, and can be defined as design “from 

first principles”. In its purest and most challenging form, de novo metalloprotein design 

involves the construction of a polypeptide that is not directly related to any natural protein, 

yet folds into a predicted well-defined three-dimensional structure, incorporates a metal co-

factor into a precise geometry, and/or is capable of performing desired functions.[6,9] De 

novo design can be considered a way to isolate and investigate the active site of functional 

metalloproteins in a smaller, defined model system, thus allowing researchers to accurately 

evaluate first-and second-shell interactions, which are crucial for structural and functional 

properties of metal binding sites.

In addition, de novo metalloprotein design allows scientists to explore beyond what has 

already appeared in Nature, and to develop structures and functions that are possible, but not 

yet discovered.[10–13] Several structural motifs, such as β sheets, α/β motifs, and especially 

α helices and helical bundles, have been designed with the highest degree of confidence. In 

particular, the “rules” that control stability, oligomerization, and helix–helix orientation are 

now well established and a variety of de novo designed α-helical coiled coils and bundles, 

with native-like structures, have been reported.[6,14–16] Furthermore, numerous functions 

have been designed into these structural scaffolds.[17–22]

One significant advantage of de novo design is that the designed systems, although 

providing a sufficient structural or functional complexity, are simpler than natural systems, 

thus amenable to systematic study. However, due to the complexity of the design problem, a 

trial-and-error approach is often necessary for designing de novo a metalloprotein with a 

native-like structure. Through several cycles of design, synthesis, characterization, and 

redesign, it is possible to fine-tune the structural properties of the initial model and to tailor 

the functional metal site into the interior.[23–25]

The ability of de novo designed four-helix bundles to bind heme and related porphyrins has 

been extensively studied. In the first pioneering work,[26] Choma and De-Grado and co-

workers designed a four-helix bundle capable of incorporating a heme group into the 

interior. Afterwards, Dutton and co-workers reached impressive results in the design of four-
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helix bundles, named maquettes, which house arrays of cofactors and reproduce native-like 

functions.[27] Among these, worth mentioning is the construction of an O2 transport protein, 

made up of a de novo designed four-helix bundle encompassing bis-His-ligated Schemes.[28]

De novo designed proteins provide a unique opportunity to probe the functional potential of 

sequences that are stably folded, but were neither explicitly designed nor evolutionarily 

selected to perform any particular type of activity. Hecht and co-workers applied laboratory 

evolution techniques to de novo designed sequences to develop heme-binding four-helix 

bundles that exhibited peroxidase activities.[29–32]

By using the binary patterning approach, two libraries of sequences were tested. In the first 

round of the design, out of the 30 binary code sequences tested, 15 were found to bind heme 

with a broad range of affinities and with spectroscopic features resembling those of natural 

cytochromes.[29] Subsequently, several binary code proteins exhibited peroxidase activity at 

rates rivaling natural peroxidases[30] or carbon monoxide binding.[31] In this last 

achievement, Patel and Hecht aimed to mimic natural selection by introducing random 

mutations and screening for variants with improved activity.[32] The screening of a relatively 

small number (hundreds or thousands) of variants yielded novel sequences with improved 

peroxidase activity. Biochemical characterization of the purified proteins showed that the 

evolved variants were nearly three-fold more active than the parental sequence. These results 

demonstrate that de novo designed proteins can be utilized as a novel feedstock for the 

evolution of enzyme activity.

Recently, a four-helix bundle protein was designed to bind Fe4S4 in its hydrophobic core. 

This is particularly noteworthy given that natural Fe4S4-binding proteins are not α-helical 

and generally bind the ligand in flexible loops.[33] The successful engineering of a blue 

copper site into a de novo designed four-helical coiled-coil protein was reported by Tanaka 

and co-workers.[34] A huge amount of data have been reported by Pecoraro and co-workers, 

demonstrating that three-stranded coiled coils are helpful scaffolds for understanding the 

biochemistry of different heavy metals, such as CdII, HgII, AsIII, and PbII. In an elegant 

contribution, more recently, they described the design and structural characterization of a 

protein (TRIL9CL23H) that approaches the catalytic performance of the natural enzyme 

carbonic anhydrase (CA).[21] The research activity of Ogawa and co-workers further 

expanded the repertoire of coiled-coil motifs utilized as protein cages for housing metal 

cofactors. In an effort to incorporate redox activity into designed metalloproteins, Ogawa 

and co-workers designed a coiled-coil polypeptide, C16C19-GGY [Ac-K(IEALEGK)2-

(CEACEGK)(IEALEGK)GGY-NH2], in which the Cys residues were placed at the a and d 
positions of the third heptad repeat (positions 16 and 19 in the peptide sequence).[35,36] The 

resulting peptide underwent a significant conformational change from monomeric random 

coil to a metal-bridged coiled coil upon binding to a variety of soft metal ions, such as CdII, 

HgII, AgI, AuI, and CuI.[36] Interestingly, the inorganic cofactors were not only able to 

induce peptide self-assembly, but also to dictate the nature of the oligomerization state.[37,38]

Beyond these examples, other successful metalloprotein designs have appeared in the 

literature;[39–44] and readers can refer to other recent reviews for a comprehensive 

description.[10,12,17,45]
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In this review we describe our results of the de novo design of four-helix bundles housing a 

diiron site. A brief description of the design process we used is reported, together with an 

analysis of the naturally occurring diiron–oxo proteins. Finally, we outline all the steps that 

we performed on the way to shift from structural to functional artificial diiron oxo proteins.

2. Nature-Inspired De Novo Design

2.1. Four-Helix Bundles and the Designability Concept

The four-helix bundle motif is very common in nature.[46] It is classically viewed as an α-

helical coiled coil.[47] Coiled coils are often characterized by a seven-residue (heptad) 

repeat; they rotate around the helix axis almost two full turns (700°), lagging by only 20°.[48] 

This lag implies supercoiling between helices, with the almost ubiquitous left-handed 

superhelical twist.[6] Residues composing the repeat are classically alphabetically ordered 

from a to g, with the a and d positions always directed towards the interior of the bundle 

(Figure 1). Even though the hydrophobic interactions by the a and d positions are essential to 

direct the association of the helices, they do not recapitulate the full pattern of interactions 

needed to drive the correct folding of coiled coils.

In the special case of the four-helix bundle, four complementary-packed amphiphilic helices 

coil together, segregating the hydrophobic core from the solvent, thus probably constituting 

the easiest example of a globular protein. The pioneering work of Harbury and co-

workers[49] on GCN4 mutants demonstrated how precise tuning of the side-chain packing in 

the interior of the protein tunes the properties of the bundle. They showed that leucine at 

position a and isoleucine at position d drive the tetramerization due to the complementarity 

of these side-chains through the bundle. However, such a recursive pattern may lead to a 

mixed orientation between parallel or antiparallel states. As evidenced by the work of Yadav 

et al.[47] and Deng et al.,[50] the e and g positions are crucial in the relative ratio between the 

two orientations. Polar side-chains selectively direct the orientation and the homo/

heterotetramerization, even by destabilizing the alternative orientations.[51] Although polar 

interactions do not influence the packing of the hydro-phobic interior, hydrophobic 

substitutions at g positions lead only to antiparallel tetramers with different amino acid 

mutual dispositions and interdigitated helix–helix interfaces following a knobs-into-holes 

pattern.[47] Limited to the antiparallel case, three preferential topologies arise from the 

mutual orientation of the helices composing the four-helix bundle: The classical a-d core as 

found in repressor of primer (ROP) (Figure 1, a),[53] the a-d-e core as found in the Lac 

repressor protein (Figure 1, b),[54] and the a-d-g core as found in the hydrophobic g mutants 

of GCN4 (Figure 1, c).[55]

Such a deep understanding of the factors involved in the folding of the four-helix bundle 

inspired several authors to design new artificial proteins adopting this scaffold in a practice 

that is commonly identified as de novo design.[6]

De novo design in its purest form involves the ability to design a protein from scratch, 

shaping all the secondary and tertiary structural features only from the first principles. This 

approach has also been referred to as the inverse folding problem,[7] because the designer 

starts with the idea of a folded polypeptide chain possessing a determined, probably non-
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natural, function and ends with a sequence encoding the desired information for correct 

structure/function. Several outstanding papers have appeared in the literature describing the 

successful design of proteins with several global folds.[55] The first design of a protein with 

an unprecedented fold not yet found in nature was achieved with Top7.[56] A complete 

dissertation of the successful examples of de novo design is far from the target of this 

review; it just outlines the main problems behind the design concept, and which folds should 

be preferred as targets.

To simplify the complexity of such a problem, it is possible to divide it into three 

fundamental steps: 1) Selection of the structural folds/motifs to design, generally inspired by 

nature, 2) parametrization/idealization of the selected tertiary arrangement, and 3) the search 

for the best sequence encoding it.

De novo protein design would be impossible without hypothesizing that the native states are 

sufficiently low in energy to avoid becoming trapped in local misfolded energy minima.[7] 

From a thermodynamic point of view, a unique structure requires a large free-energy gap 

between the native state and the ensemble of non-native folded states and partially folded 

states,[57] often denoted as molten globules.[58–60] These non-native folded states exhibit 

extensive secondary structure but lack well-defined tertiary structure. The population of each 

state is dictated by the Boltzmann distribution. For a native protein structure, the free-energy 

gap, here referred to as Δ, must be large enough to significantly populate a distinct native 

state and fold into a unique three-dimensional structure. Thus, successful protein design 

requires sufficient thermodynamic stability to favor the folded state over the unfolded states, 

as well as a large free-energy gap (relative to the thermal energy, kT) to ensure 

conformational specificity. A hypothetical free-energy diagram for a protein is shown in 

Figure 2.

For natural proteins, Δ has evolved to be much larger than in de novo designed proteins. 

Thus, Nature explored the sequence space and selected some robust tridimensional 

organizations for peptide chains, which can be encoded by sequences, sharing even a very 

low number of residues,[62] generating what is known as the “fold alphabet”.[63]

In the context of folding and inverse folding problems, this robustness of structure in the 

sequence space has been referred to as designability.[64–66] The final aim of a protein 

designer is to a priori limit oneself to engineering only reasonably designable structure. In 

fact, the relationship between structure and designability is a fundamental problem in protein 

design and the proper selection of structural folds/motifs is the crucial first step in de novo 

protein design as it dramatically enhances the chances of success. Several automated 

methods are now available to identify designable structure, and two approaches are 

delineated in the literature that can be viewed as complementary: A bottom-up and a top-

down approach.

The first approach can be described as a statistical evaluation of designability, based on the 

frequency of finding a target topology in a representative subset of the Protein Data Bank 

(PDB). Zhang and Grigoryan adopted a cross-distance matrix to compute the similarity of 

the target backbone against a generated database of distance maps. Mining the ever-growing 
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structural database, the MaDCaT software assesses the convenience of a certain tertiary 

motif, even suggesting sequence patterns that may encode it.[67] More recently, they 

developed a new and more efficient search tool, named MASTER. MASTER is a RMSD-

based search engine; by enhancing 10-fold the speed, it allows the designer to identify the 

most common mutual orientation for the desired topology. Moll et al. developed an 

algorithm for substructure matching, named Label-Hash.[68] This algorithm is implemented 

in the UCSF Chimera molecular graphics,[69] and allows short-sequence motifs within some 

structural requirements to be identified. DeepView, or Swiss-PDBViewer,[70] allows the 

search for more complicated structural motifs based on tridimensional orientation even for 

noncontiguous residues. By means of such structural search engines, Johansson et al.[71] 

showed that such noncontiguous recurrent structural motifs (RSMs) can cover up to 60% of 

the structure of an unknown function protein (PDB ID: 2in5), which has a very low 

sequence identity in the whole PDB. Almost the full set of contacts for this protein, already 

categorized as New Fold in the SCOP classification, can be covered by RSMs. 

Computational alanine scanning of these RSMs further confirmed the role of these structural 

contexts in stabilizing the global fold. Gonzalez et al. implemented the Suns search 

engine,[72] which makes an even faster search for structural contexts in the whole PDB, 

visualizing already superimposed results in the PyMOL molecular graphics software. Suns 

outperforms the state-of-the-art all-atom search engine Erebus,[73] giving the designer the 

opportunity to search for specific, chemically meaningful, residue fragments.

The top-down approach in the identification of design-able structures, on the other hand, is 

related to the definition of “folding rules” by means of physical or knowledge-based 

chemical force fields. This approach has been extensively adopted and is reviewed 

elsewhere.[74] Recently, Koga et al. adopted a computational approach to identify several 

structural rules for the stabilization of α-β folds[75] by means of ab initio folding 

calculations in the Rosetta suite environment.

The second step of de novo protein design (parametrization/idealization of the selected 

tertiary arrangement) involves generating backbone coordinates from scratch, taking care of 

what has been learned from the previous analysis. Generally, this is possible through 

mathematical parametrization of the identified structural motif,[76–79] or by idealization of 

the selected topology by fragment-based tertiary structure composition.[80–83]

The concept of designability in the context of four-helix bundles and coiled coils in general 

is a classic example of a structural motif with strong geometric preferences.[84] This leads to 

easy mathematical formulation, fully describing the global organization of the peptide 

chains, which are then crucial for the de novo design of proteins from scratch. It was 

recently demonstrated which coiled coils are designable by a generalized mathematical 

model for backbone parametrization, producing deviation between ideal and real structures 

within 1 Å.[84] This model is the Crick parametrization of coiled coils, which can be easily 

expressed as the relationship between the superhelical frequency ω0 and the superhelical 

radius R0 according to the equation R0ω0 = dsinα, in which α is the pitch angle and d is the 

rise per residue.
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Several key factors are remarkable in the choice of the overall set of parameters, directing 

future work on the design of coiled coils and four-helix bundles and also providing a useful 

web-server for the automated fit and generation of coiled coils based on Crick 

parametrization, namely CCCP (www.grigoryanlab.org/cccp/).[84]

The last step of de novo protein design (search for the best sequence encoding it) points to 

achieving minimal frustration of the selected fold by the careful identification of sequences 

and their properties.[85] The exponential number of possible sequences determines the 

complexity of this search because 20N sequences are possible for an N-residue protein, 

taking into account only the 20 natural amino acids. The designer may count on several 

computational methods that help to narrow the search. Deterministic methods, such as the 

dead-end elimination (DEE),[86] self-consistent mean field,[87] or site-specific probabilistic 

methods (e.g., SCADS[88]), help to select a set of sequences with a higher confidence to give 

the desired conformation. Recently, new methods for sequence design have emerged that are 

not strictly related to physically meaningful features. Based on an evolutionary profile 

search, EvoDesign[89] generates sequences that are suitable for the input backbone, 

comparing it to PDB structures presenting the same global fold.

Unfortunately, none of these algorithms can identify a single solution, not only because of 

the intrinsic limits of the algorithms themselves, but mostly because there may not be a 

single solution to such a combinatorial problem. The inner flexibility of protein backbones, 

also known as “template flexibility”,[90] has been widely considered either implicitly, by 

scaling down the van der Waals radii,[91] or explicitly, by generating ensembles of structures 

for successive rounds of sequence design.[92,93] Even though a general understanding of 

hydrophobic core packing is well established, there are still several issues relating to the role 

of the residues exposed to solvent and the influence they exert on the destabilization of 

alternative folding (negative design). Few examples reported in the literature adopted 

explicit negative design,[51,94] probably because starting structures are generally biased 

precluding this possibility, even though in some cases it is possible to demonstrate that it is 

not necessary.[95,96]

With this perspective, four-helix bundles and more generally coiled coils are particularly 

amenable for design purposes as they are less affected by template flexibility,[48,90] leading 

to rationalization of a complete set of designs as the basis for further functional 

implementations.[97,98]

In the next sections we will focus on our personal efforts in the design of functional non-

heme de novo designed metalloproteins, highlighting the three steps of design (motif 

identification, template structure generation, sequence selection), and concluding with the 

latest achievements concerning the final efforts towards fully functional de novo 

metalloprotein catalysts.

2.2. Naturally Occurring Four-Helix Bundle Metalloproteins

As already outlined in the previous section, the four-helix bundle motif is a common 

structural motif among natural, functionally diverse proteins and metalloproteins. For 

example, four-helix bundles are involved in the RNA-binding process[53] and are found in 
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several proteins, such as tobacco mosaic virus protein,[99,100] growth hormones,[101] and 

cytokines.[102] Finally, four-helix bundle motifs are found in different classes of 

metalloproteins: Heme proteins, such as cytochrome C′,[103] cytochrome b562,[104] and 

carboxylate-bridged diiron proteins.[105–107]

In this section we focus on the carboxylate-bridged diiron protein family to highlight the 

fundamental role of the four-helix bundle in fine-tuning protein functions, illustrating how 

the same metal cofactor can be engaged in a number of different roles.

Carboxylate-bridged diiron proteins belong to a protein family involved in essential and 

different physiological processes, ranging from dioxygen transport and activation to 

phosphoryl transfer and iron storage.[106–110] Among them, particularly relevant are the 

following: Ferritin[111,112] and bacterioferritin, which use iron as a substrate for 

ferroxidation and iron storage,[113] the growing subclass of bacterial multicomponent 

monooxygenases (BMMs;[114,115] also referred to as soluble diiron monooxygenases, 

SDIMOs),[116] including soluble methane monooxygenase (MMO), toluene/o-xylene 

monooxygenases (ToMO), phenol hydroxylase (PH), and alkene monooxygenase (AMO), 

which hydroxylate a variety of organic substrates; hemerythrin (Hr) and myohemerythrin, 

which reversibly bind and transport oxygen;[117] the ribonucleotide reductase R2 subunit 

(RNR-R2), which generates a tyrosyl radical essential for the reduction of ribonucleotides to 

deoxyribonucleotides in DNA biosynthesis;[108,118–120] the stearoyl-acyl carrier protein 

(ACP) Δ9-desaturase, which introduces a double bond into saturated fatty acids.[121,122] 

More recently, the diiron carboxylate protein family was broadened to include p-amino-

benzoate N-oxygenase (AurF), which is involved in the biosynthesis of antibiotic aureothin, 

catalyzing the formation of p-nitrobenzoic acid from p-aminobenzoic acid,[123–125] and four 

membrane-associated enzymes, first identified only on the basis of six conserved amino 

acids, four carboxylate residues, and two histidines, which constitute the iron-binding motif. 

These proteins are alternative oxidase (AOX), plastid terminal oxidase (PTOX), 5-

demethoxyquinone hydroxylase (DMQ hydroxylase), and Mg protoporphyrin IX 

monomethyl ester hydroxylase (MME hydroxylase).[126] More recently, the crystal 

structures of the trypanosomal AOX, in the absence and presence of ascofuranone 

derivatives, were solved.[127]

Diiron proteins are highly divergent in their amino acid sequences, with sequence identities 

generally too low for conventional phylogenetic analysis. However, when the analysis is 

restricted to the four helices containing the active-site coordination ligands, the amino acid 

similarity rises to 16–31%.[128]

Extensive structural studies revealed that their active sites contain a non-heme diiron center 

located within a very simple D2-symmetric hydrophobic four-helix bundle. It was pointed 

out that a simple model for the four-helix bundle in terms of a D2 symmetric tetrameric 

coiled coil could satisfy the structural features of the natural proteins, with a slight RMSD 

deviation of around 1 Å (Table 1).

All the proteins share the so-called ExxH motif, in which a glutamate and histidine residue, 

involved in the metal binding, occupy the a and d positions of the coil, respectively.
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Nature selected the four-helix bundle scaffold and the ExxH motif because of their ability to 

fine-tune the chemistry of the metals by means of 1) the global orientation of the bundle, 2) 

the choice of residues in the first coordination sphere, 3) the choice of interacting residues in 

the second coordination sphere (proton shuttling, hydrophobic environment, pKa of the 

ligands, redox properties of the metal), and 4) the ability to bind exogenous cofactors and 

substrates.

The majority of these enzymes are involved in dioxygen activation, and their dimetal sites 

are bridged by a combination of oxo, hydroxo, or carboxylate donors; two histidine and four 

carboxylate ligands represent a mostly conserved protein-derived ligand set. The only 

exception is hemerythrin (Hr), which contains a relatively rigid His-rich metal-binding site 

and functions as an oxygen carrier in invertebrate marine organisms, similarly to 

hemoglobin in vertebrates.[117]

The active-site structures of carboxylate-bridged diiron proteins and their catalyzed reactions 

are summarized in Figure 3. Brief descriptions of some examples of oxygen-activating 

diiron–oxo proteins are reported below.

Ribonucleotide reductases (RNRs) are enzymes responsible for the conversion of 

ribonucleotides into their deoxyribonucleotide counterparts, thereby providing the 

precursors needed for both the synthesis and the repair of DNA. These proteins perform the 

reaction with the help of organic free radicals, which are stored by the enzyme until required 

for catalysis. Four distinct classes of RNRs have been found[129] that differ in their cofactor. 

Each metal co-factor is proposed to function as a radical chain initiator to generate a 

transient thiyl radical located on a cysteine residue within the protein, which initiates the 

nucleotide reduction. Class I RNRs are composed of two different sub-units, homodimeric 

proteins R1 and R2. The R2 proteins contain the dinuclear iron site that generates, stores, 

and delivers the radical essential for activity. The iron center is only involved in the 

activation of the Tyr122 radical. The stable tyrosyl radical (Tyr122·) is generated by 

oxidation of the binuclear ferrous center of R2, and plays the catalytic role, transferring its 

radical character to a remote cysteine in the R1 subunit during the catalytic turnover.

Soluble methane monooxygenases (MMOs) are the most notable members of bacterial 

multicomponent monooxygenases, a diiron-dependent family of enzymes found in many 

bacteria and Archaea. The catalytic chemistry of these enzymes is extraordinary in that they 

can catalyze the cleavage of the most stable bond in Nature, the C–H bond in methane, 

promoting the formation of methanol. They also catalyze the oxidation of a remarkable 

variety of substrates (saturated, nonsaturated, aromatic, heterocyclic halogenated 

hydrocarbons, etc.), and promote the formation of numerous chemically different 

products.[130]

MMOs are made up of three components: The hydroxylase subunit (MMOH), which houses 

the diiron site, the reductase component (MMOR), which accepts electrons from NADH and 

transfers them to the hydroxylase (for the reduction of the diiron site), and the regulatory 

protein (MMOB), which couples electron transfer to substrate oxidation.[106]
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Stearoylacyl carrier protein Δ9-desaturase (Δ9-D) is a key enzyme of fatty acid synthetic 

metabolism in higher plants, performing dehydrogenation reactions by activating molecular 

oxygen. Its diiron site, which is highly symmetric, is involved in a two-electron oxidation in 

which double bonds are formed in long-chain fatty acids. Located in plastid stroma, it 

catalyzes the desaturation of stearoyl-ACP, introducing a double bond into the fatty-acid 

chain between positions 9 and 10 to form oleoyl-ACP.[131]

p-Aminobenzoate N-oxygenase (AurF) catalyzes the stepwise oxidation of the arylamine via 

hydroxylamine and nitroso intermediates to yield nitroarenes. The active site of this enzyme 

represents a dimetal cluster that contains either dimanganese[123] or diiron,[124,132] as shown 

by the crystal structure analyses of two variants of AurF. In addition, the presence of a 

heteronuclear Fe/Mn cluster has been discussed.[133] Irrespective of the metal involved, 

AurF is active with all three possible cofactors, but shows maximum activity in its diiron 

form. The crystal structure of diiron AurF shows protein ligands reminiscent of other diiron–

oxo enzymes. An additional histidine coordinates one iron to afford a 3-histidine/4-

carboxylate metal coordination site (see Figure 3).

From the previous analysis, it emerges that, despite the striking structural similarities, the 

diiron–oxo proteins display a large functional diversity, which can be ascribed to different 

mechanisms in their interaction with dioxygen.

Most of these enzymes bind dioxygen in the diferrous (bis-Fe2+) state. This dioxygen 

complex evolves to the diferric–peroxide intermediate, the fate of which depends on the 

specific environment of the diiron site.[106,109,110] Fo r example, in hemerythrins the rigid 

and His-rich metal binding site allows cycling between the diferrous and diferric/peroxo 

states, which constitutes the molecular basis for reversible oxygen binding. In the fully 

reduced deoxy state of Hr, one ferrous ion (Fe1) is coordinatively saturated (six-coordinate) 

and one iron (Fe2) is five-coordinate. Thus, the binding and the concomitant two-electron 

reduction of O2 occur at Fe2, the open coordination site, generating oxyhemerythrin, a 

species that is best described as a peroxo adduct, with the iron ions in the ferric oxidation 

state.[134] The rigidity of the Hr diiron site allows only terminal O2 binding.

In MMOH, RNR-R2, and Δ9-D, the flexible and carboxylate-rich metal binding site allows 

changes in the carboxylate binding mode, giving rise to the so-called carboxylate shift, 

which occurs upon changes in the oxidation state of the diiron site. In these diiron sites, 

ligands coordinate to the Fe centers differently, depending on the enzymatic needs. Thus 

they coordinate as bidentate ligands (bridging or chelating) when saturation of the first 

coordination sphere of Fe ions is required, and as monodentate (terminal) ligands when one 

(or more) vacant coordination site(s) is needed in the Fe center (e.g., upon dioxygen or 

substrate coordination) to enable a certain reaction step to take place.

The consequence of these structural changes is that both five-coordinate iron(II) ions react 

with O2, thereby allowing O2 to bridge the two irons, and subsequently leading to a diferric 

intermediate with a symmetrical bridging peroxo group.[135–137] The catalytic relevance of 

the carboxylate shifts occurring in these enzymes is that they tend to consume oxygen, rather 

than binding it reversibly.[138] In fact, in these enzymes the diferric–peroxide intermediate 
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evolves towards the formation of a high-valent iron–oxo intermediate. This species then 

decays to the diferric–oxo or –hydroxo complex and is subsequently reduced back to the 

original diferrous complex. In ferritins, the diferric–peroxo complex may decay directly to 

the diferric–oxo species in a process known as the ferroxidase reaction. The catalytic cycle 

of MMO is presented in Figure 4, as an example.

The reaction between ferrous iron and oxygen is not simply a reaction, but the stabilization 

of high-valence intermediates, and the specific oxidation of substrates can only occur in a 

highly optimized protein frame. Moreover, the coordination sphere and the environment 

surrounding the diiron site in these proteins have apparently evolved to optimize a variety of 

reactions with O2.

In summary, the structural/functional analysis carried out on the carboxylate-bridged diiron 

proteins demonstrates the uniqueness of the four-helix bundle scaffold in hosting a metal 

cofactor and in providing the tunable structural flexibility needed to exert difficult chemical 

transformations.

3. Carboxylate-Bridged Dimetal Sites in de novo Designed Four-Helix 

Bundles: The Due Ferri Family

3.1. The Quest for Structural Robustness

As outlined above, Nature selected the four-helix bundle, as a common structural motif, for 

chemical processes needed to support life. This scaffold is compact, thermodynamically 

stable, and able to tolerate residue substitutions, deletions, and insertions without perturbing 

the global three-dimensional structure. As a consequence, the bundle orientation and the 

active-site environment (first and second coordination sphere) can be modified to fine-tune 

the chemistry of the metals and to accomplish specific functions.

As a consequence, the four-helix bundle represents a useful designable structure for 

structure/function relationship analysis.

We used a de novo design approach for the development of artificial diiron–oxo proteins. 

Starting from a retrostructural analysis of the natural diiron–oxo proteins (as mentioned in 

the previous paragraph), we developed the DF (due ferri, two-iron) family of artificial 

metalloproteins, minimal models for diiron and dimanganese protein.[15,16,140,141]

We divided the problem of designing catalytic metalloproteins into several parts: The first 

involves the design of stable, uniquely folded proteins that contain metal binding sites. This 

was followed by the engineering of a substrate recognition site that is capable of binding 

small molecules proximal to the metal center. The geometry, chemical reactivity, and 

electronic properties of the metal center were then finely tuned to provide catalytic 

functions.

The design started by taking advantage of the pseudo-C2 symmetry of this class of proteins. 

This symmetry has been shown to be particularly advantageous, simplifying the design and 

their structural characterization, and reducing the size of the synthesized peptides. The first 

Chino et al. Page 11

Eur J Inorg Chem. Author manuscript; available in PMC 2016 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



member of this family, DF1, is made up of two 48-residue helix-loop-helix (α2) motifs that 

specifically self-assemble into an antiparallel four-helix bundle and bind a dimetal cofactor 

near the protein center.[61,77,142] The amino acid sequence of the α2 motif (entry 1) together 

with the intended helical secondary structure are presented in Table 2.

To provide the ligands of the first coordination shell, two helices (helices 2 and 2′) bear the 

ExxH motif, as found in natural proteins, in which a bridging Glu residue (Glu36/Glu36′) is 

in the a position and a terminal His (His39/His39′) is in the d position of the coiled coil 

describing the four-helix bundle. A second Glu residue is placed in the other two helices 

(helices 1 and 1′), thereby providing a fourth ligand (Glu10/Glu10′) for each metal ion. 

Other keystone residues of the second coordination shell are intended to stabilize the polar 

metal binding site in the middle of the protein as in the natural counterparts. Thus, a 

Lys/Asp/His hydrogen-bonding network was designed similar to the Arg/Asp/His pattern 

found in BMMs, and a Tyr residue donates a proton to the nonbridging carboxylate ligand 

(Figure 5). Each metal is five-coordinate in order to host an exogenous ligand.

All of the residues in the core and those in contact with the solvent were placed to achieve 

good packing and the correct antiparallel topology. Finally, an idealized γ-αL-β interhelical 

loop was included to stabilize the α2 motif.

DF1 was demonstrated to bind ZnII, CoII, MnII, or FeII. The crystal structures of di-ZnII-

DF1,[77] di-MnII-DF1, and di-CoII-DF1,[142] reveal that the metal binding site and 

surrounding secondary interactions are very similar to the intended design. Furthermore, the 

solution NMR structure of the apo form[143] demonstrates that the metals bind the protein in 

a preorganized environment, as in the natural proteins. To the best of our knowledge, DF1 is 

the first protein, entirely designed from scratch, for which both crystallo-graphic and NMR 

structures have been obtained.

Although DF1 behaves as a native-like protein irrespective of its ligation state, it had low 

solubility in water, and unfortunately was not able to support any function because the 

access to its active site was hampered by a pair of Leu residues in the d positions opposite 

the His-binding residues (Leu13 and Leu13′), thereby forming a compact hydrophobic core 

around the metal center.[77,144]

In the first round of redesign, the DF1 subset of analogues was mainly devoted to 

overcoming the limits of DF1 in active-site accessibility. Thus, DF1 was redesigned to carve 

out a larger access channel to the active site by mutating each of the Leu residues to smaller 

side-chain amino acids, such as Ala and Gly.[144,145] The crystal structures of di-MnII-

L13A-DF1 and di-MnII-L13G-DF1 confirm the presence of a designed cavity, which 

increases in size on going from the larger Leu to Ala and the smaller Gly. A substrate access 

channel to the dimetal site is occupied by ordered water molecules, of which there are more 

in di-MnII-L13G-DF1 (Figure 6). In addition, a ligating dimethyl sulfoxide molecule, 

coming from the crystallization buffer, forms a monatomic bridge between the metal ions 

and occupies the cavity in di-MnII-L13A-DF1.

The presence of an exogenous bridging organic ligand in the di-MnII-L13A-DF1 active site 

is well precedented in the active sites of structurally characterized diiron and dimanganese 
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proteins. For example, dimethyl sulfoxide can coordinate directly to iron in the mixed-

valence state of methane monooxygenase.[146] An exogenous acetate molecule is observed 

in the diiron site of the hydroxylase component of MMO, which coordinates the metal ions 

in a η2-bridging manner. It has been suggested that this ion may occupy the position 

normally occupied by substrates during a catalytic cycle.[114,147]

Although the crystallographic data described above provide evidence that the L13A and 

L13′A mutations result in small molecule (DMSO) and solvent access to the dimetal center, 

experimental solution data were also desirable. Because this helical bundle system has been 

designed to serve as a minimal model for both natural diiron and dimanganese proteins, it is 

of interest to know whether the conclusions concerning small molecule and solvent access to 

the metal center from the crystallographic studies with di-MnII-L13A-DF1 would extend to 

the diiron derivative. To this end, we examined the binding of azide, a spectroscopic 

homologue of the anionic dioxygen species,[148,149] and acetate, a molecule known to inhibit 

manganese catalase,[150] to the diferric form of DF2[144] (see Table 2, entry 2), a variant of 

L13A-DF1 with increased water solubility (DF1 = 10 μM; DF2 = 0.5 mM).

The UV/Vis spectrum of di-FeIII-DF2 (Figure 7) is similar to those of proteins and inorganic 

complexes that contain FeIII–O–FeIII systems. These natural proteins and model complexes 

exhibit strong LMCT (oxo–FeIII ligand-to-metal charge transfer) absorption bands from 300 

to 350 nm and much weaker bands between 400 and 700 nm.[122,151–153] The weaker bands 

between 400 and 700 nm may include contributions from charge-transfer bands and d–d 

ligand field transitions.[154–156]

The addition of sodium azide results in the appearance of two intense bands at 340 and 460 

nm (Figure 7). The spectrum of the azide–di-FeIII-DF2 complex is nearly identical to the 

spectra of azide–di-FeIII-ACP Δ9-desaturase and the azide–methemerythrin 

complex.[122,151–153,157] The removal of the ligand by gel filtration restores the original 

absorption bands, which indicates that the diiron–oxo site is still intact.

Furthermore, the UV/Vis spectrum of di-FeIII-DF2 shows small changes upon the addition 

of acetate (see Figure 7). The intensities of the absorption bands at 330, 360, and 475 nm 

decrease upon sodium acetate addition. Moreover, the bands at 330 and 360 nm become less 

well resolved. These spectral changes suggest that acetate binds to the protein and alters the 

ligand field of the dimetal center. Similar spectral changes were observed upon the addition 

of benzoate or 4-hydroxybenzoate anions, which suggests that the carboxylate groups of 

these ligands interact with the metal center, similarly to natural diiron–oxo proteins.[144]

Comparison of the crystal structures and the spectroscopic data of the members of the DF1 

and DF2 subsets, containing either Ala or Gly at the access site position, suggested that the 

water-filled, active-site pocket, observed in the crystal structure of di-MnII-L13A-DF1, is 

also present in di-FeIII-DF2 in aqueous solution. These experiments proved that the 

dinuclear metal binding site of the diferric form of the protein is accessible to azide- and 

carboxylate-containing molecules and established the feasibility of building an active-site 

cavity into the structure of DF1 scaffold.
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The availability of crystal structures of the di-MnII, di-CoII, and di-ZnII complexes of several 

DF1 and DF2 analogues allowed an unprecedented examination of how a designed protein 

can accommodate different metal ions and exogenous ligands in the binding site.[142] The 

overall picture is of a prototypical binding site with two bridging carboxylates, two chelating 

carboxylates, and two monovalent His ligands. An open coordination site on both metal ions 

provides an attractive site for an approaching dioxygen molecule. Significant flexibility and 

more or less deviation from structure to structure were observed. For example, a high degree 

of variability was found in the bridging Glu residues, the carboxylate groups of which 

frequently lie in the same plane as the two metal ions, but in some structures are rotated out 

of this plane. Two orientations of the bridging carboxylates, as observed in the two dimers of 

the crystal structure of DF1, are shown in Figure 8.

The chelating carboxylates also show a high degree of variability, and can distort towards the 

bond lengths expected for monovalent ligands.

All these structural findings were investigated by first principles[158] and hybrid quantum 

mechanical/molecular modeling (QM/MM) molecular dynamics simulations.[159] These 

studies indicated that a shift in the binding of the carboxylate from chelated to monodentate 

occurs during the simulations, at least on one of the two bridging glutamates. The 

calculations also showed that the second-shell interactions contribute significantly to the 

structural stability of the active site, and that the bulk solvent water molecules play a critical 

role in fine-tuning the dynamics of the system.

A further example of DF structural flexibility comes from the crystal structure of di-MnII-

L13G-DF1, which crystallized with four dimers in the asymmetric unit.[145] In three of these 

dimers, a water molecule bridges between the metal ions (Figure 8) in a manner analogous 

to the di-MnII form of the R2 subunit of ribonucleotide reductase.[160] In the fourth dimer, 

two solvent molecules are bound trans to the His ligands. This finding was particularly 

interesting because the two structures resemble putative intermediates in the reaction 

mechanism of manganese catalases.[161] The major difference in the two sites was an 

increase of 0.6 Å in the metal–metal distance in the diaqua structure compared with the 

bridged structure. A rigid body shift of the helices accompanied this change in metal 

ligation. Although the C-terminal helices (2 and 2′) of the four crystal-lographic dimers are 

virtually invariant among the structures, the two copies of helix 1 undergo a shift in opposite 

directions (approximately 0.7 Å) along the z axis, away from the metal binding site in the 

dihydroxy structure. Indeed, this shift increases the length of the metal–metal distance. This 

sliding-helix mechanism may also occur in natural metalloproteins to accommodate changes 

in their coordination environment. However, such motions have not been observed in the 

parent natural metalloproteins, probably because it may be more difficult to be observed in a 

large complex molecule.

In conclusion, the overall structural and computational analysis performed on DF1 and DF2 

analogues showed the plasticity of the fundamental DF framework, its modes of motion, and 

the degree of similarity of their structures to natural diiron proteins. This observed flexibility 

may ultimately be important for changes in response to redox shifts and organic substrate 
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binding, towards the elaboration of catalysts capable of mediating a variety of oxygen-

dependent reactions.

3.2. Expanding the Scope of the DF Family: On the Road to Functional Molecules

The lesson learned from the iterative process of design and characterization of the DF family 

prompted us to shift from the problem of protein folding to the design of proteins with 

specific catalytic functions. The results obtained suggested that it would be feasible to 

transfer a functional active site from a natural enzyme onto a minimal scaffold, but also to 

alter its chemical reactivity through specific amino acid substitutions at the active site. In the 

examples described below, we show that mutations of very few residues could be introduced 

into simple and stable four-helix bundles, as DFs, to confer catalytic functions and to 

perform structure–function correlation studies.

The first step on the road to converting the DF protein scaffold into functional molecules 

was to open up the active-site cavity, to enable the protein to accommodate substrates. The 

shape and accessibility of the active-site cavity are controlled by the residues at positions 

“g” and “d”. Residues with different steric hindrance at the above-mentioned positions 

influence both stability and activity. As already described, by decreasing the bulk of the 

residue at the “d” position with Ala or Gly variants, we were able to induce the formation of 

a cavity just above the dimetal site (Figure 6). The L13A-DF1[144] and L13G-DF1[145] 

variants, as well as the DF2 subset,[162–165] bind exogenous ligands, such as phenol and 

acetate, and display ferroxidase activity, as shown in the previous paragraph.

Inspection of the structures revealed that also residues at position 9 should be crucial in 

modulating active-site accessibility and reactivity. However, as the number of mutations 

increases, a very large number of combinations are generated. Thus, an exhaustive analysis 

would require the preparation and purification of significant quantities of hundreds to 

thousands of variants, and their screening for the binding of small molecules and reactivity 

towards a variety of substrates.

To this aim, a first screening of the active-site requirements for function were gained through 

the design of the DFtet subset, made up of a four-helix bundle heterotetrameric system (see 

Figure 9 and Table 2, entry 7),[52] consisting of four disconnected helices, which could be 

combinatorially assembled to create an array of the desired helical bundles.

First, symmetric A2B2 and then asymmetric AaAbB2 systems[166] would give rise to a 

thousand different compounds starting from only 10 variants of each component. To 

stabilize the antiparallel coiled coil, the 24-long helices in DF1 were extended to 33 

residues, offering an increased hydro-phobic interface to drive the folding (Figure 10). Next, 

a course-grained energy function, accounting only for electrostatic interactions, drove the 

design of the solvent-exposed region in a way that could stabilize only the correct topology 

and destabilize undesired parallel tetramerization. This design was the first to be reported in 

which an explicit “negative design” was accomplished.

A series of asymmetrical variants were synthesized to explore the ferroxidase activity as a 

function of the accessibility of the metal binding site,[19] and mutations were introduced at 
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positions 15 and 19 (corresponding to the positions 9 and 13, respectively, of DF1). The 

variants of DFtetA2B2 are designated G4-DFtet (in which Leu15 and Ala19 of both A chains 

are substituted with Gly), L2G2-DFtet (in which Leu15 is retained and Ala19 is changed to 

Gly), A2G2-DFtet, and G2A2-DFtet (which have Gly or Ala at the indicated positions).

All the resulting proteins were found to assemble into a helical tetramer with considerable 

thermodynamic stability. Furthermore, they bound CoII, ZnII, and FeII in the expected 

stoichiometry. All the variants were screened for their ability to react with FeII and O2 

[Equation (1), Scheme 1]. To correlate the role of the bulkiness of the residues lining the 

active-site channel with functionality, the rate of formation of the oxo-bridged form in the 

ferroxidase reaction was evaluated. The variant with the fewest steric restrictions, namely 

G4-DFtet, showed the most rapid rate of oxidation and formation of the oxo species with no 

detectable intermediates. The same variant showed the greatest binding ability towards 

phenol, which binds to the diferric site, thus indicating a good reactivity towards dioxygen 

and exogenous substrates.

Then, several analogues were screened in the two-electron oxidation of 4-aminophenol (4-

AP). This reaction (Scheme 1) involves the use of O2 to oxidize the diferrous protein to a 

diferric species. The diferric protein then reacts with the substrate 4-AP to produce 

benzoquinone monoimine. The reduced diferrous form is then oxidized by O2, thereby 

initiating another catalytic cycle. The released quinone monoimine product is quenched and 

spectroscopically observed by reaction with m-phenylenediamine.[167,168]

G4-DFtet was able to enhance the reaction rate by around 1000-fold, relative to the 

background reaction, when the initial rate of the reaction in the presence and absence of the 

protein was compared. G4-DFtet catalyzed this reaction for at least 100 turnovers, and with a 

catalytic efficiency of kcat/KM = 1.540 m−1min−1. Changing either of the Gly residues at 

positions 19 or 15 to Ala gave a protein that reacted at a rate that was reduced by a factor of 

between 2.5 and 5.

Thus, changes as small as a methyl group had a significant effect on the catalytic activity of 

the protein, and the molecular basis of this effect can be deduced by inspection of a model 

structure in which the 4-AP has been sculpted into the DFtet active site (see Figure 11). 

Modeling suggested that when this molecule is inserted into the active site of the original 

DFtetA2B2 and modeled such that its phenolic oxygen bridges the metal ions, it makes 

unfavorable contacts with Leu15 and Ala19 (corresponding to positions 9 and 13, 

respectively, of DF1).

Reducing the side-chain hindrance around the metal greatly influences the catalytic 

efficiency of the protein. In addition, G4-DFtet showed substrate selectivity. In agreement 

with the proposed mechanism of reaction, the substrate 4-methoxyaniline, in which the 

hydroxy group of 4-AP is converted into a methoxy, was not a substrate for the protein. 

Also, 4-aminoaniline, in which the phenolic hydroxy is replaced by an amino group, was 

oxidized at a rate only two-fold greater than the background reaction.

The screening carried out with the DFtet subset encouraged us to take more steps forward on 

the road to functional molecules, even though it was necessary to jump some hurdles and 
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sometimes to change direction. Several drawbacks of the DFtet subset, such as the complex 

stoichiometry, marginal stability, and tendency to undergo ligand-exchange reactions, 

hampered attempts to fully characterize the structures and properties of these molecules.

Thus, the mutations important for functions were applied either to a single-chain protein or 

to the well-characterized helix-loop-helix scaffold. Both strategies aimed to obtain proteins 

that would have an unambiguous three-dimensional structure to investigate the structural 

bases for the functions.

A single-chain version of the DF proteins permitted mutations in only one position of the 

protein sequence, as opposed to the minimum of two for the homodimeric helix-loop-helix 

scaffold. A 114-residue protein, DFsc, which mimics the asymmetry of natural proteins, was 

designed adopting the helices of DFtet as a template for the bundle.[169] The keystone 

residues of the first and second coordination spheres, as well as the loop regions, were kept 

fixed, and SCADS[88] repacking algorithm guided the choice of the other residues. The 

resulting protein was highly soluble and expressed in E. coli in high yields. DFSC binds ZnII, 

CoII, FeII, and MnII in the intended stoichiometry with micromolar affinities. A QM/MM-

refined NMR structure was solved and proved to be in good agreement with the starting 

model. Even though DFsc has native-like folding characteristics and is monomeric and 

stable, it was not able to convert any substrate, probably because of the low flexibility of the 

scaffold. In addition, this protein presented four Ala residues at the entrance of the metal 

binding site, thus limiting accessibility to the active site.

To examine the effect of Ala to Gly mutation in the single-chain scaffold, a quadruple Ala-

Gly mutant (G4DFsc) was constructed by incorporating analogous Gly mutations (A10G, 

A14G, A43G, A47G) into the DFsc sequence.[22] As observed for the DF1 scaffold, these 

changes were expected to result in a large increase in the hydration and size of the active-site 

cavity (Figure 12).

The expansion of the substrate access channel into the single-chain version of the DF 

scaffold was effective, because, as observed for G4-DFtet, the protein showed activity 

towards the oxidation of 4-aminophenol to the corresponding quinone imine. Furthermore, 

these substitutions also minimized the formation of an off-pathway tyrosinate–iron complex 

that occurred in previous versions of the designed protein.[170] However, substitution of four 

Gly residues into the DFsc scaffold resulted in an apo form slightly less α-helical than the 

holo form. In addition, greater active-site accessibility increases the exposure of the iron 

atoms to the aqueous solvent, which renders them prone to hydrolysis. This reduces the 

stability of the Fe–protein complex and leads to the precipitation of iron oxides.

An impressive result was achieved through the incorporation of four mutations at different 

levels (one first shell, two second shell, and one third shell) in the DFsc protein, successfully 

switching the activity from hydroquinone oxidase to N-hydroxylase (Figure 13).

As reported in the previous section, AurF catalyzes N-hydroxylase activity, and is the only 

structurally characterized N-oxygenase known to contain a diiron catalytic center. To 

engineer this activity into the DFsc scaffold, a third metal-binding His residue, analogous to 

that found in AurF, was incorporated into the active site. The corresponding position in DFsc 
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was that of Ile100. Additional mutations were required to stabilize this buried His ligand 

close to the protein core. An iterative process, alternating computer-aided design stages and 

expression and purification of the designed sequences, led to three crucial mutations that 

were able to stabilize and accommodate the mentioned I100H mutation. In particular, 

calculations indicated that a Y18L mutation was needed to alleviate a clash in the second 

shell of coordination. Furthermore, a Leu to His mutation in the second shell was needed to 

provide both the appropriate distance and favorable energy for the newly introduced polar 

metal-binding residue. In the same manner, a third-shell mutation was therefore needed to 

fulfil the last designed hydrogen-bond donor. Several polar residues were thus evaluated by 

computational design, and an I37N was finally selected as the best candidate for further 

studies. Interestingly, the computationally designed residues in the final 3His-G4DFsc 

sequence recreated part of an even more elaborate hydrogen-bonding network found in AurF 

(Figure 13), emphasizing both the correctness of the design process as well as the 

evolutionary optimized sequence of the natural counterpart.

3His-G4DFsc successfully catalyzes the N-hydroxylation of arylamines, thus showing a 

reactivity similar to that observed for the natural protein AurF. The addition of p-anisidine to 

3His-G4DFsc in the presence of 2 equivalents of FeII resulted in the formation of 4-

nitroso-4′-methoxydi-phenylamine, a diaryl product that probably arises from a nucleophilic 

aromatic substitution reaction between the p-nitrosoanisole intermediate and unreacted p-

anisidine (Scheme 2). It is likely that the p-nitrosoanisole intermediate arises from the 

disproportionation of N-hydroxy-aminoanisole, which is the expected product of the initial 

hydroxylation reaction in the proposed AurF mechanism, but is not stable under these 

conditions.

Interestingly, no reaction was observed in the presence of G4DFsc, and the engineered 3His-

G4DFsc protein showed only background levels of activity towards arylamine oxidation. 

This finding demonstrates that selectivity towards substrates was achieved with the designed 

enzymes.

The second- and third-shell mutations needed to transform the DFsc protein from a 

hydroquinone oxidase into an N-hydroxylase partially disrupted the hydrophobic packing of 

the four-helix bundle, with a significant destabilization of the apo protein. As a consequence, 

apo-3His-G4DFsc is fully folded only in the presence of divalent metal ions. This finding is 

not unexpected given that the binding of the divalent metal ion is linked thermodynamically 

to protein stability in this class of proteins[169] and that 3His-G4DFsc incorporates numerous 

strongly helix-destabilizing substitutions as well as three apolar-to-polar substitutions within 

the solvent-inaccessible protein core. The addition of divalent cations provided enough 

driving force to promote folding, and once folded in the holo form, the protein proved 

sufficiently robust for characterization and reactivity studies.

It is well recognized that the requirements for protein stability and function are often 

diametrically opposed. The folded conformations are stabilized by maximizing the burial of 

hydrophobic groups, minimizing voids, and forming intramolecular hydrogen bonds. In 

contrast, to provide an artificial metalloprotein with functionality, the first point to be 

addressed is the design of a protein matrix able to accommodate all the changes occurring 
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close to the active site, as it cycles between different functional states, without losing the 

native structure. Functionality requires flexibility around the metal site, ligand exchanges, 

and the binding of substrates. These principles are strongly maintained also in de novo 

designed metalloenzymes. Compelling proof is the structure–activity relationship analysis of 

the 2-Gly-2-Ala variant of the 3His-G4DFsc protein, namely 3His-G2A2DFsc. The structure 

of this variant was determined by NMR spectroscopy with ZnII. The presence of two Ala 

and two Gly residues along the substrate access channel profoundly affected the properties 

of the molecule. Even though the two Ala residues stabilized the protein, and the expected 

tertiary structure was confirmed, this variant showed decreased rates of N-oxygenase activity

All these excellent results highlight the delicate balance between function and stability that 

Nature manipulates so elegantly In the context of trying to replicate this balance in a de novo 

designed scaffold, a similar approach to that used for the DFsc scaffold was followed by 

using the helix-loop-helix version of the DF family, namely DF1 and its variants.

Before introducing into the DF1 scaffold the active-site mutations thought to be crucial for 

function, that is, the Gly residue at both positions 9 and 13, we tried to trace the energetic 

consequences of these mutations. The analysis of the thermodynamics of folding carried out 

on DF1, L13A, and L13G variants showed that the stability decreases as the bulk of the 

residues at positions “d” decreases from Leu to Ala to Gly due to a loss of the hydrophobic 

driving force for folding. A single mutation of Leu13 to glycine destabilizes DF1 by 10.8 

kcalmol−1 dimer−1, thus precluding the introduction of a second glycine residue into this 

scaffold.

To increase the conformational stability of the DF1 scaffold, we modified the sequence of 

the interhelical turn, which adopts an αR-αL-β conformation.[77] Previous attempts to 

redesign the protein to accommodate different turn types[163,164] were not sufficiently 

successful to provide adequate stability to support the desired multiple glycine mutations. 

Thus, we used the database of the Protein Data Bank to derive statistical position-specific 

propensities for this solvent-exposed αR-αL-β turn,[163] leading us to change the original 

Val24-Lys25-Leu26 of DF1 to Thr24-His25-Asn26. In models, His25 appeared capable of 

forming stabilizing hydrogen-bonded C-capping interactions in helix 1, whereas Asn26 

could either form N-capping interactions with helix 2, or with the carbonyl group of Thr24, 

depending on its rotamer. Introduction of this sequence, along with the two leucine-to-

glycine mutations, resulted in a sequence designated DF3 (see Table 2, entry 4, and Figure 

14).[20]

The newly designed DF3 exhibited enhanced solubility (up to 3 mM in water) and an 

increased accessibility to the active site, as expected. DF3 was able to bind FeII, forming, 

upon exposure to dioxygen, a μ-oxo di-FeIII center. Notably, the di-FeIII-DF3 complex 

shows a long life-time, being stable under atmospheric O2 for at least 5 months at 4 °C. Only 

minor decomposition was observed for longer times. It can easily be reconstituted with 

different metal ions, and its diiron site is able to bind exogenous small molecules, such as 

dioxygen and azide. Compared with all DF proteins reported thus far, DF3 has the highest 

affinity for redox-active metals such as CoII and MnII.[172]
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The thermodynamic cost of carving an active-site access channel within DF3 was largely 

compensated by the increased stability of the interhelical loop. As mentioned above, the 

substitution of Leu13/13′ with Gly in the sequence of DF1 resulted in a destabilization of 

10.8 kcalmol−1 dimer−1 at pH 5.5 (ca. 5 kcal per substitution).[143] At this pH, apo-DF3 

showed a ΔGu
H2O value of 10.3 ± 0.6 kcalmol−1, with a destabilization of 13.2 kcalmol−1 

with respect to DF1. Considering that four Gly residues were introduced into the core 

structure of the DF3 dimer (replacing Leu13/13′ and Leu9/9′ of DF1), a minor 

destabilization (ca. 3 kcal per substitution) was observed. This finding indicates that the 

interhelical loop has a profound influence on the DF3 stability.

Moreover, DF3 retained the intended global fold in the holo form, as confirmed by the NMR 

solution structural characterization of the diamagnetic di-ZnII derivative.

Finally, the stability/function tradeoff was matched with di-FeIII-DF3, because this protein 

behaves like a phenol oxidase, similar to the natural enzymes alternative oxidase (AOX)[126] 

and plastid terminal oxidase (PTOX).[173] These catalysts cycle between the di-FeII and di-

FeIII states as they reduce O2, and then use the oxidizing equivalents to convert quinols into 

quinones.

Di-FeIII-DF3 was able to catalyze the oxidation of different substrates, such as 3,5-di-tert-
butylcatechol (3,5-DTBC), 4-AP, and p-phenylenediamine (PPD). The kinetic results are 

summarized in Table 3. In the presence of ambient oxygen, the protein follows Michaelis–

Menten kinetics for the oxidation of 4-AP to the corresponding benzoquinone monoimine 

with values of 1.97 ± 0.27 mM and 2.72 ± 0.19 min−1 for Km and kcat, respectively (Table 3, 

kcat/Km = 1380 m−1min−1, Figure 15, a). Measurement of the reaction over the course of an 

hour indicated that the protein was capable of at least 50 turnovers.

Kinetic investigations using other diamine and ortho-quinol substrates were consistent with 

the designed active-site cavity of di-FeIII-DF3. Indeed, di-FeIII-DF3 catalyzed the oxidation 

of 3,5-DTBC to the corresponding quinone 3,5-DTBQ (Figure 15, b), with a five-fold 

greater value of kcat/Km compared with 4-AP, reflecting an increase in kcat (Table 3). 

Amino-aniline substrates were expected to bind more weakly to the diferric center. Indeed, 

kcat/Km for the two-electron oxidation of PPD (Figure 15, c) was 75-fold lower than the 

value for 3,5-DTBC, and no catalysis was observed for o-phenylenediamine.

Enzymes are remarkable not only in their ability to catalyze reactions, but also in their 

ability to do so specifically. Oxygen-utilizing metalloproteins are particularly impressive in 

this regard because, unless single-electron processes are suppressed, O2 can react with iron 

ions to create radical oxygen species that engage in a wide variety of nonspecific radical 

reactions. Thus, it is significant that di-FeIII-DF3 did not catalyze the decomposition of other 

electron-rich aryl groups such as monophenols to biaryl species, catechols, and quinones. 

Furthermore, guaiacol was not converted into the corresponding quinone. Thus, the protein 

appears to catalyze the oxidation by the proposed two-electron reaction scheme while 

suppressing radical Fenton-like reactions.

In conclusion, catalytic diiron–oxo sites have been successfully engineered in de novo 

designed four-helix bundles by using both the single-chain approach and the helix-loop-
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helix dimerization. Each strategy holds advantages and disadvantages: for example, the 

single chain allows for the construction of asymmetric sites, whereas this is not possible in 

C2-symmetric homodimers, which, in turn, are more rigid and stable frameworks. Thus, 

merging the advantages of each system is highly desirable. More recently, we implemented 

our design strategy to obtain an asymmetric DF scaffold through the heterodimerization of 

two different α2 motifs, driven by selective chemical ligation.[174]

4. Conclusions

De novo metalloprotein design provides a powerful approach in many areas of research, 

from basic biology, for a more comprehensive understanding of reaction mechanisms, to 

catalysis, medicine, pharmacology, and biosensing.

The examples reported in this review show that designers can now approach with a high 

degree of confidence the construction of metalloenzymes in which the backbone of the 

protein as well as the catalytic site are elaborated from first principles.[6,9]

The development of the due ferri (DF) family of artificial proteins, based on the four-helix 

bundle fold, represents clear evidence that a metal binding site can be introduced into this 

simple scaffold. However, the principles employed during the design strategy can fail when 

applied to the construction of functional metalloproteins that must bind and act on 

substrates. In these cases, each structural element should be considered not individually, but 

in relation to the formation of a stable folded structure, and, most importantly, to the final 

desired function. Thus, the design and structure determination of metalloenzymes that fold 

into tertiary structures, with clefts that simultaneously bind and catalyze the transformation 

of organic substrates, has proved to be more challenging.

Through the development of the DF family of diiron/dimanganese proteins, we have 

demonstrated that the successful design of artificial metalloenzymes requires consideration 

of not only functional requirements, but also the careful redesign of the structural framework 

to compensate for stabilizing interactions lost during substrate binding-site incorporation. 

The introduction of catalytic activity into four-helix bundles requires engineering with Å-

level precision: 1) The first- and second-shell ligands, 2) the residues that define the shape 

and accessibility of the active-site cavity, and 3) the thermodynamic stability, achieved by 

careful design of the helical packing and the interhelical turn.

In conclusion, such a highly simplified four-helix bundle structure provides attractive 

opportunities for determining how systematic variations in amino acid sequence and bundle 

geometry affect the physical and spectroscopic properties of the active site and, ultimately, 

its function.
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Figure 1. 
Structures (top) and wheel (bottom) representations of the three main core packing in 

tetrameric antiparallel coiled coils: a) a-d, b) a-d-e, and c) a-d-g core packing. PDB IDs: 

1ROP, 1TLF, and 2B22. The structures and the wheel representations were generated with 

PyMol[52a] and DrawCoil,[52b] respectively.
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Figure 2. 
Hypothetical free-energy diagram for a protein. Each line or bar represents a distinct 

conformational state, with the native state as the lowest energy state and the unfolded states 

a densely populated, nearly isoenergetic ensemble. Between these extremes are non-native 

folded states, oftentimes referred to as the molten globule ensemble. (Adapted from ref.[61]).
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Figure 3. 
Metal binding sites of selected binuclear non-heme iron enzymes, and the reactions they 

catalyze. Pictures generated with PyMOL.[52a]
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Figure 4. 
Structures of MMO components and proposed reaction cycle. A) MMOH, B) the MMOR 

FAD and ferredoxin (Fd) domains, and C) MMOB. The MMOH α, β, and γ subunits are 

colored blue, green, and purple, respectively. Iron, sulfur, and FAD are colored orange, 

yellow, and red, respectively, and are depicted as spheres. The MMO reaction cycle is shown 

on the right with atoms colored according to type [iron (black), carbon (gray), oxygen (red), 

and nitrogen (blue)]. (Reprinted with permission from ref.[139] Copyright 2006 American 

Chemical Society.).
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Figure 5. 
X-ray structure of di-ZnII-DF1 (PDB ID 1EC5). a,b) Second-shell interactions observed in 

the X-ray structures of DF1. (Reprinted with permission from ref.[144] Copyright 2005 

American Chemical Society.).

Chino et al. Page 35

Eur J Inorg Chem. Author manuscript; available in PMC 2016 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Top view of the active-site cavity and relative coordination geometry of the dimetal center in 

a) di-MnII-DF1, b) di-MnII-DF1–L13A, and c) di-MnII-DF1–L13G. The access channel, 

indicated by black arrows, expands upon Leu to Ala to Gly mutation. The red spheres 

indicate the water molecules and the yellow spheres (in DF1–L13A) indicate the DMSO 

molecule. The different residues in position 13 are depicted as balls and sticks. Pictures 

generated with PyMOL.[52a]
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Figure 7. 
a) Spectrum of di-FeIII-DF2 and spectral changes that accompany the addition of the small 

molecules sodium azide and sodium acetate. b) Additional weaker di-FeIII-DF2 spectral 

features. (Adapted from ref.[144] Copyright 2001 American Chemical Society.).
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Figure 8. 
Superposition of the structure of the two independent dimers in di-ZnII-DF1. The two 

orientations of the bridging and chelating carboxylates observed in the two dimers of the 

crystal structure are shown. The side-chains of dimer 1 are in gray whereas the other side-

chains of dimer 2 are green (carbon), red (oxygen), and blue (nitrogen). (Adapted from 

ref.[141]).
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Figure 9. 
Different DF protein constructs as models of diiron proteins: Four-chain constructs (DFtet), 

dimeric protein (DF1), and single chain (DFsc). (Adapted from ref.[141]).
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Figure 10. 
Polar side-chains to drive the correct antiparallel pairing of the coiled coil in the DFtet 

subset. (Reprinted with permission from ref.[166] Copyright 2002 National Academy of 

Sciences, USA.).
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Figure 11. 
a) Computer model of 4-aminophenol bound to the active site of DFtetA2B2. b) Solvent-

accessible surface associated with G4-DFtet. The aminophenol ring in the pocket is 

represented in purple. (Adapted from ref.[19]).
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Figure 12. 
Surface models of DFsc (left; PDB ID: 2HZ8; ref.[52]) and the G4DFsc model (right) based 

on the initial DFsc computational design. The four Ala to Gly substitutions (shown in gray) 

significantly open the substrate access channel. Pictures generated with PyMOL.[52a]
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Figure 13. 
Mutations in the first, second, and third coordination spheres of the G4DFsc model (left) led 

to 3His-G4DFsc (right, Ala mutant PDB ID: 2LFD; ref.[22]), switching the activity from 

arylamine oxidase to arylamine hydroxylase. Pictures generated with PyMOL.[52a]
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Figure 14. 
Di-ZnII-DF3 (left; PDB ID:2KIK) catalyzes the oxidation of 3,5-DTBC to the corresponding 

quinone (3,5-DTBQ). Model of the interaction of the substrate interaction with the DF3 

active site (right). Pictures generated with VMD.[171]

Chino et al. Page 44

Eur J Inorg Chem. Author manuscript; available in PMC 2016 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 15. 
Catalytic activity of di-FeIII-DF3. Initial rate of the oxidation vs. substrate concentration for 

a) 4-AP, b) 3,5-DTBC, and c) PPD. The di-FeIII-DF3 concentration was 2 μm in (a) and (c), 

and 13 μm in (b). Kinetic parameters (kcat and Km) were determined from the Lineweaver 

Burk analysis (see insets). The analyzed substrates undergo a similar oxidation reaction as 

they bear two ortho- or para-related electron-donating groups (-OH or -NH2) in their 

molecular structures, giving rise to the corresponding benzoquinone monoimines, quinones, 

and diimines, respectively.

Chino et al. Page 45

Eur J Inorg Chem. Author manuscript; available in PMC 2016 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Proposed mechanism for the oxidation of 4-aminophenol. (Reprinted with permission from 

ref.[19] Copyright 2004 National Academy of Sciences, USA.).
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Scheme 2. 
Proposed reaction scheme illustrating the oxidation of p-anisidine to p-nitrosoanisole via the 

N-hydroxyaminoanisole intermediate and subsequent nucleophilic aromatic substitution 

with unreacted p-anisidine to form 4-nitroso-4′-methoxydiphenylamine.
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Table 3

Kinetic parameters obtained for the oxidation of the different substrates by di-FeIII-DF3.[a]

Protein Substrate Km [mM] Kcat [min−1] kcat/Km [M−1 min−1]

di-FeIII-DF3 3,5-DTBC[b] 2.09 ± 0.31 13.20 ± 1.21 6315

4-AP[c] 1.97 ± 0.27 2.72 ± 0.19 1380

PPD[v] 8.87 ± 2.58 0.73 ± 0.03 83

OPD[e] not detected

G4-DFtet 4-AP[c] 0.83 ± 0.06 1.30 ± 0.10 1540

[a]
All experiments were performed in 100 mM HEPES/100mM NaCl buffer (pH 7.0). Kinetic parameters represent mean values ± s.d., calculated 

by two independent measurements.

[b]
3,5-Di-tert-butylcatechol.

[c]
4-Aminophenol.

[d]
p-Phenylenediamine.

[e]
o-Phenylenediamine.
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