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The mutual relationship between peptides and metal ions enables metalloproteins to

have crucial roles in biological systems, including structural, sensing, electron trans-

port, and catalytic functions. The effort to reproduce or/and enhance these roles, or

even to create unprecedented functions, is the focus of protein design, the first step

toward the comprehension of the complex machinery of nature. Nowadays, protein

design allows the building of sophisticated scaffolds, with novel functions and excep-

tional stability. Recent progress in metalloprotein design has led to the building of

peptides/proteins capable of orchestrating the desired functions of different metal

cofactors. The structural diversity of peptides allows proper selection of first- and

second-shell ligands, as well as long-range electrostatic and hydrophobic interactions,

which represent precious tools for tuning metal properties. The scope of this review

is to discuss the construction of metal sites in de novo designed and miniaturized

scaffolds. Selected examples of mono-, di-, and multi-nuclear binding sites, from the

last 20 years will be described in an effort to highlight key artificial models of catalytic

or electron-transfer metalloproteins. The authors' goal is to make readers feel like

guests at the marriage between peptides and metal ions while offering sources of

inspiration for future architects of innovative, artificial metalloproteins.
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1 | INTRODUCTION

The tremendous progress in design strategies and computational

tools,1–5 the infinite array of sequences that can be produced (either

by chemical synthesis6–8 or recombinant methods9,10) and the deep

knowledge of the principles governing peptide folding and

stability,11–13 currently allow obtaining peptide-based molecules

with customizable behaviors. While peptides share the same amino

acid building-blocks as proteins, they can be easily tailored with a

range of modifications, which include the incorporation of non-

proteogenic amino acids (NPAAs), but also backbone (methylation,

acetylation)14,15 and sidechain (glycosylation, phosphorylation)16–18

functionalization. Such chemical modifications may have the poten-

tial to dramatically alter the conformation of a peptide, which repre-

sents a crucial aspect in developing functional molecules. All these

valuable aspects make designed peptides amenable for an extensive

range of applications, such as in biomedicine,19 as therapeutic

agents20 or molecular imaging probes,21 or, more recently as innova-

tive materials.22,23 Peptide-based nanospheres, nanotubes, fibers,

wires, and monolayers have been prepared and used as electro�/

photoactive materials and smart platforms for drug delivery and tis-

sue engineering.24 Thanks to the possibility of generating such a

variety of molecular architectures, starting from simple basic motifs,

the application of peptide-based structures spreads also in

catalysis.25–27 Taking inspiration from Nature, peptides can be used

to mimic enzyme active sites because they can be designed as pre-

cise replicas of protein fragments. In addition, catalytic functions

can be implanted into peptide scaffolds with structures completely

different and unrelated to natural systems. In summary, peptide-

based structures represent a blank canvas on which researchers

may ‘paint’ diverse functionalities. This aspect is especially reliable

for developing artificial metalloproteins.28–30

Most proteins involved in essential biochemical processes rely on

metal cofactors to accomplish their functions. Despite a limited num-

ber of metal ions are found in metalloenzymes, these can display

countless kinds of activities.31 This incredible diversity arises from the

synergistic cooperation between metal ions and protein scaffolds,

which modulate their properties each other through specific interac-

tions. Metalloproteins can be considered as special coordination com-

pounds, with the protein scaffold representing a sophisticated

macromolecular ligand.32 In this respect, the protein matrix directs the

properties of the metal ion by dictating the nature and the arrange-

ment of ligands in the first coordination shell.33 An additional level of

control is provided by second shell-interaction, as well as long-range

electrostatic and hydrophobic interactions within the surrounding

protein environment. These factors strongly influence the ligand field

strength and, consequently, the redox properties of the metal cofac-

tor, thus enabling similar sites to perform divergent reactivities. Unra-

veling the intricate mechanisms at the basis of metalloprotein

functions has been the subject of intense research for several

decades. A relevant approach for this purpose consists in lowering the

complexity found in natural systems and reproducing metalloproteins

activity into model compounds.34–39 In particular, the integration

between peptides and metal ions may afford limitless combinations of

metal binding sites, which may serve different functions, ranging from

structural role to electron transfer and catalysis.40

The most challenging aspect in designing metal-binding sites into

peptide-based structures is the construction of any desired catalytic

functions, either natural or “unknown to Nature”.41–45 To achieve this

difficult task, multiple factors should be considered. First, catalysis by

metalloenzymes is usually associated with metal ion redox activity,

thus the ligand platform should be able to fulfill the coordination

requirements of a metal in different oxidation states.46 Further, many

enzymatic reactions are assisted by the amino acid residues in the

proximity of the metal site, which act as proton shuttles or facilitate

substrate activation through direct interactions. Finally, the three-

dimensional protein structure discriminates among different

substrates and ensures their precise positioning within the active site,

giving rise to the exceptional selectivity of metalloenzymes. To

achieve such a level of control, the ligand architecture requires an

appropriate degree of complexity, which is somehow difficult to

reproduce in small-molecule coordination compounds.47 In this

respect, peptides represent a balanced compromise between the sim-

plicity of small-molecules and the complexity of protein structures.

Indeed, they possess adequate size and chemical diversity for satisfy-

ing the structural requirements of a functional metal center. By joining

the power of different and complementary strategies, peptide scaf-

folds can be shaped and optimized to accommodate metal binding

sites and tune their reactivity.48

Currently, a variety of functions are being implanted into pep-

tide/protein scaffolds, thus producing artificial metalloproteins and

metalloenzymes.26 We are aware that it is impossible to exhaustively

cover the huge amount of work in the field. For this reason, the ele-

gant approaches based on metalloprotein repurposing and other fasci-

nating examples, such as the insertion of synthetic catalytically

competent metal cofactors into naturally occurring proteins, are not

covered here, and readers can refer to other excellent reviews on

these topics.49–58

In this review, we will illustrate the efforts made in reproducing

the activities of metalloproteins into entirely designed peptide-based

systems. We will mainly focus on artificial metalloenzymes obtained

through miniaturization and de novo peptide design. The miniaturiza-

tion approach seeks to identify in the inspiring natural metalloprotein

the least number of interactions necessary to maintain the structural

and functional integrity of the metal center.59 These are then repro-

duced into the smallest possible self-sufficient peptide fragment. The

de novo design aims at generating “from scratch” a desired structure

(and function) with a peptide sequence unrelated to naturally occur-

ring proteins.60,61 The metal binding site is then engineered into the

de novo peptide scaffold, introducing and stabilizing the ligands

through properly designed interactions.

Nowadays, several structural motifs can be designed with the

highest degree of confidence and offer the benefit of withstanding

significant mutations.62 This is the case of α-helical bundles,63 which

have been widely used as templates for inserting a variety of metal

centers. It is relevant to note that metal binding sites have different

levels of “designability”, as some sites are more easily reproduced

than others. For instance, in heme centers the metal ion is tightly
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chelated by the porphyrin ligand, which greatly stabilizes the com-

plex.64 The peptide scaffold contributes to the first coordination shell

by supplying solely the axial ligand/s and exerts a fine modulation by

shaping the surrounding environment. Conversely, it is more difficult

to reproduce clusters, which feature bridging ligands and multiple

metal ions, where a subtle equilibrium between stability and flexibility

must be achieved.65 Therefore, we will not examine in this review the

considerable amount of work that has been devoted to replicating the

incredible catalytic promiscuity of heme-enzymes by using peptide

scaffolds. The reader can refer to recent literature on the subject.66–81

Starting from the analysis of metal centers found in natural pro-

teins, we will illustrate representative examples mainly acting as

models of catalytic or electron transfer metalloproteins. These will be

organized according to the different coordination environments of the

metal ions that have been implanted into peptide scaffolds. We will

describe metal binding sites with increasing level of complexity, start-

ing from mononuclear to dinuclear, and finally to multinuclear metal

sites.

2 | PEPTIDE SCAFFOLDS HOUSING
MONONUCLEAR METAL BINDING SITES

Over the past few decades, an extensive library of engineered peptide

scaffolds housing mononuclear binding sites was collected.49 A wide

range of transition metals were incorporated in fine-tuned chemical

environments, providing functional metalloproteins with diverse activ-

ities. In the next two paragraphs, we will highlight the plethora of

functions that have been incorporated in different scaffolds, compris-

ing helical bundles, zinc finger, and β-hairpin motifs, de novo amyloid

fibrils. The role of the metal ion in directing different activities will be

underlined. We categorize the challenge of developing artificial pep-

tides/proteins that incorporate mononuclear sites into catalytic and

electron-transfer sites.

2.1 | Artificial metalloproteins housing
mononuclear catalytic sites

The seminal work of Pecoraro and his research group in constructing

mononuclear metal-binding sites into designed peptide-based scaf-

folds represents an impressive contribution to this field. Indeed, they

reached important milestones in the de novo design of artificial metal-

loproteins by introducing mononuclear catalytic sites in designed

three-stranded coiled coils (3SCC), namely TRI and GRAND

(GR) peptides. Mutations in the first and second coordination spheres

of selected metals (Table 1) led them to reproduce natural enzymatic

activities in an artificial scaffold.

The hydrolytic activity of carbonic anhydrases (CAs) was explored

initially. Natural CAs catalyze the physiological reversible hydration of

CO2 with TON till to 106.92 However, CAs are also known to catalyze

many other reactions, such as the hydrolysis of several additional sub-

strates.93 All 16 recognized isoforms of CAs possess a structure pri-

marily composed of β-strands.94 This structure specifically comprises

a set of 10 β-strands forming a twisted β-pattern, surrounded by six

α-helices on the protein surface. The active site resides within a cavity

close to the protein core, wherein Zn(II) binds to three His residues

and a solvent molecule, arranged in a tetrahedral geometry.95 The arti-

ficial scaffold used by Pecoraro to model the active site of CA is based

on the TRI-family peptide sequence (Table 1), in which the helical

structure is designed based on a heptad repeat approach. Notably, the

CA binding site was reproduced in a peptide fold completely unrelated

to the natural CA fold (α-helical versus β-sheets).90,96 Furthermore,

the CA model ([Hg(II)]S[Zn(II)(H2O/OH�)]N(TRIL9CL23H)3
+) they

designed represented the first example of a peptide-based artificial

metalloenzyme housing two metal-binding sites with distinct func-

tions (catalytic and structural). The catalytic function was accom-

plished by a pseudo tetrahedral Zn(II)His3 site (as in natural CA), while

the structural role was provided by a trigonal Hg(II)Cys3 site. The

resulting metalloenzyme was proven to be a highly efficient CA-

mimic. Indeed, it catalyzed the hydrolysis of p-nitrophenyl acetate

(pNPA) as a model substrate with a catalytic efficiency that was only

�100-fold lower with respect to CA-II, the fastest α-CA isozyme.

Remarkable activity in the hydration of CO2 was observed, with a cat-

alytic efficiency that is within �500-fold that of CA-II. Notably, this

de novo designed metalloprotein behaves as the best CA mimic

reported to date, displaying a � 500-fold higher hydrolytic activity

and an over 70-fold better CO2 hydration activity with respect to any

previously reported small-molecule synthetic model.97,98 This work

showcases the power of de novo peptide design in the successful

reconstruction of the essential components required for catalytic

activity, within a peptide fold, entirely distinct from that found in the

natural enzyme.

Nonetheless, the symmetric nature of this peptide scaffold

showed as a limitation the failure in replicating precise interactions,

such as an extended H-bond network, found in the natural enzymes,

and important for function. In an attempt to overcome the symmetry

limitations, the same authors used a single-stranded antiparallel

three-helix bundle, named α3D, previously developed by DeGrado and

co-workers99 to construct a CA model. Three Leu residues in the

C-terminal region of α3D were substituted with three His, leading to

α3DH3.100 The latter model was able to bind Zn(II), and the resulting

complex was found to catalyze the CO2 hydration reaction with a cat-

alytic efficiency 14-fold higher compared to the top-performing small

molecule models,97,98 but it fell slightly lower in efficiency when com-

pared to TRI-based compounds.90

The development of de novo scaffolds, housing redox-active

metal centers, is even more challenging.

In this case, the coordination environment should be able to

accommodate the metal ion in different oxidation states. Pecoraro

and coworkers accomplished this goal by implanting the catalytic site

of the copper nitrite reductases (CuNiRs) within the above-described

TRI scaffold.91,101 Natural CuNiRs are homotrimeric metalloenzymes

containing two copper binding sites: a type 1 copper center (T1Cu)

and a type 2 copper center (T2Cu).102 T1Cu centers are characterized

by a conserved ligand composition, comprising two histidines and a

cysteine residue arranged in a trigonal planar geometry. The presence

and the nature of axial ligands are usually variable and, in many cases,
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one position is occupied by a methionine residue.103–106 Conversely,

T2Cu centers typically contain three histidine residues and one or two

solvent molecules.103–106 While the former usually function as elec-

tron transfer units in biological processes, the latter display catalytic

activity toward small-molecule substrates, such as dioxygen.103–106 In

CuNiR, the T2Cu site ([Cu(I)(His)3(OH2)]) catalyzes the reduction of

nitrite to nitric oxide (NO2
� + e� + 2H+ = NO + H2O), a key step in

the nitrogen cycle, occurring in a wide range of denitrifying bacteria

and fungi, while the T1Cu site provides the electron necessary for the

reduction of nitrite.107 Since the T2Cu site of CuNiR and the

Zn(II) binding site of CA share a similar His3 coordination environment,

swapping zinc with copper was chosen as a strategy for switching the

reactivity of TRI artificial metalloproteins from hydrolase to nitrite

reductase. The heavy metal structural site of the CA model was omit-

ted, and a more simplified peptide scaffold, TRIL23H, was used to

develop a CuNiR mimic. The spectroscopic analysis supported a five-

coordinate Cu(II) structure with three quasi-in-plane imidazoles and

one or two water molecules, while the reduced Cu(I) state showed a

trigonal planar geometry.91 The designed molecule was able to gener-

ate nitric oxide from nitrite using ascorbate as a sacrificial electron

donor. Although the activity was approximatively 6 orders of magni-

tude below that of native CuNiR, the artificial copper site represents

the first example of a functional Cu(His)3 site, stable in aqueous

solution and capable of multiple turnovers, with unvarying efficiency

up to 3.7 h. To further enhance the activity of this CuNiR model, addi-

tional design efforts were directed toward introducing mutations in

the second coordination shell of the copper ion.108 The re-design

rounds allowed an increase in the activity up to 75-fold compared to

previously reported systems.91,101 To better control the interactions

in the second coordination shell, the CuNiR binding site was also engi-

neered in the frame of an anti-parallel three-helix bundle based on the

α3D scaffold, as described for the CA model. In this case, a lengthened

version of α3D, namely Grand α3D99 was selected for incorporating

the T2Cu center, with the aim of further improving the stabilization of

the metal site by packing interactions. This approach was successful

since the resulting CuNiR model displayed an 18-fold enhanced cata-

lytic efficiency compared to the analogue based on the parallel TRI

scaffold.109

In the pursue of finding new strategies for modulating the packing

interactions around the metal binding sites, the same group analyzed

the impact of introducing a three-residue discontinuity, known as

stammer, in the above-described 3SCC metalloproteins.110 Stammer

insertion was intended to locally alter the twist of the helix, thus

exerting a destabilizing effect on the helical bundle. To balance this

effect, the stammer was inserted in a larger 3SCC scaffold, belonging

to the Grand family of peptides (GR), which includes an additional

TABLE 1 Peptide scaffolds within TRI family housing mononuclear binding sites with structural or catalytic role.

TRI peptide mutation Metal Binding site Coordination geometry Ref.

De novo designed peptide scaffolds binding heavy metals

TRIL16C Hg(II) S2/S3 Linear(a)/Trigonal planar(b) 82

Cd(II) S3/S3O Trigonal planar (35%)/distorted pseudo-tetrahedral (65%)(c) 83

Pb(II) S3 Trigonal pyramidal 84

Bi(III) S3 Trigonal pyramidal 84

TRIL12C Cd(II) S3/S3O Trigonal planar (60%)/distorted pseudo-tetrahedral (40%)(c) 83

Pb(II) S3 Trigonal pyramidal 84

Bi(III) S3 Trigonal pyramidal 84

TRIL9A/L16C Cd(II) S3/S3O Trigonal planar (90%) /distorted pseudo-tetrahedral (10%)(c) 85

TRIL12A/L16C Cd(II) S3O Distorted pseudo-tetrahedral 85

TRIL12LD/L16C
(d) Cd(II) S3 Trigonal planar 86

TRIL16Pen (e) Cd(II) S3 Trigonal planar 87

GRL16CL30H Pb(II) S3 Trigonal pyramidal 88

TRIL12AL16 Zn(II) S3O Distorted pseudo-tetrahedral 88

TRIL9C As(III) S3 Trigonal pyramidal 89

De novo designed peptide scaffolds for catalysis

TRIL9CL23H Hg(II) S3 Trigonal planar 90

Zn(II) N3O Distorted pseudo-tetrahedral 90

TRIL23H Cu(I) N3O Distorted trigonal-planar 91

Cu(II) N3O2 Pentacoordinate 91

TRI: Ac-G-(LKALEEK)4-G-NH2; GRAND (GR): Ac-G-(LKALEEK)5-G-NH2.
(a)Prevalent at low peptide/Hg(II) ratio.
(b)prevalent at high peptide/Hg(II) ratio.
(c)a mixture of coordination environments was observed. The relative % was determined by 113Cd nuclear magnetic resonance (NMR) and (111m)Cd

perturbed angular correlation (PAC) spectroscopy.
(d)LD: D-Leucine; (e)Pen: penicillamine.
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heptad repeat compared to the TRI scaffold.111 Unexpectedly, the

stammer insertion into the newly designed scaffold, GRW27sta-

mAELL33H, had divergent effects on CuNiR activity and zinc-catalyzed

pNPA hydrolysis. Indeed, the copper complex showed significantly

enhanced NiR activity, while the hydrolytic activity of the zinc com-

plex was nearly completely ablated, close to background levels. This

peculiar behavior was attributed to secondary coordination shell

effects, caused by stammer inclusion above the metal binding site.

X-ray absorption spectroscopic (XAS) data suggested that both metals

are bound in typical coordination geometries. The reduced steric

packing above the copper upon stammer insertion allows the Cu(I) ion

to adopt a more linear geometry, with the formation of a more open

complex. This in turn would favor the access of the small nitrite sub-

strate, leading to an enhanced catalytic activity, as previously

observed for the parent TRIW-H mutants.108 Conversely, the

Zn(II) pseudo tetrahedral geometry appears to be retained, and

the helices twisting caused by the stammer incorporation may disfa-

vor an intermediate of higher coordination number, and/or block the

access of the sterically bulkier pNPA molecule to the Zn(II) site. In

summary, a simple modification of the 3SCC scaffold may influence

the first and second coordination shell properties and improve or

reduce catalytic activities.

Toward the same goal of controlling the catalytic potential of the

zinc ion through designed peptides, other research groups have devel-

oped de novo designed artificial hydrolases.

In this regard, MID1 (metal interface design), a homodimeric pep-

tide, was developed by Kuhlman's group.112 MID1 is characterized by

a 46-residues helix-turn-helix motif, capable of self-assembling in the

presence of zinc ions (Figure 1A). The designed model featured two

zinc-binding sites, each consisting of four tetrahedrally arranged histi-

dines. Each peptide monomer provided two His residues to each

metal binding site. The crystal structure of MID1 surprisingly revealed

two ZnHis3 sites at the interface between monomers, with the fourth

ligand position occupied by a tartrate molecule derived from the crys-

tallization buffer, giving rise to a (His)3O coordination environment.

Zn(II)-MID1 promoted the hydrolysis of carboxyester (pNPA) and

phosphoester (p-nitrophenyl phosphate, pNPP) model substrates, cat-

alyzing the breakdown of pNPA with a pH-independent rate accelera-

tion of 105 compared to background reaction, and a kcat/Km value of

630 M�1 s�1. The same group, in collaboration with Hilvert's group,

converted MID1 in its corresponding single-chain globular version

(MID1sc),113 with the aim of constructing an asymmetric protein envi-

ronment around the metal site, resembling natural metalloenzymes.

They connected the adjacent N- and C- termini of the monomer units

by Gly-Ser-Gly linker and allowed the coordination of a single zinc ion,

by replacing the metal-binding residues of the zinc site farthest from

the linker, with non-coordinating amino acids. The reactivity of the

asymmetric prototype MID1sc was evaluated toward the hydrolysis

of a chiral ester-containing fluorogenic substrate. Notably, this

approach succeeded in introducing enantioselectivity into the MID1

scaffold, since the (R)-configured substrate enantiomer was preferen-

tially cleaved. However, MID1sc displayed lowered catalytic efficiency

(kcat = 0.011 ± 0.001 s�1 and kcat/Km = 18 ± 2 M�1 s�1) compared to

the former homodimeric analogue. Therefore, the authors optimized

its catalytic activity through various rounds of mutagenesis, obtaining

a model, named MID1sc10, which showed functional properties com-

parable to those of natural enzymes.113 MID1sc10 hydrolyzed pNPA

with a kcat value of 1.64 s�1, which is 10,000-fold higher than the par-

ent MID1sc. This remarkable catalytic activity was also accompanied

by a 990-fold kinetic preference for the hydrolysis of the (S)-

configured chiral phosphoester (Figure 1B).

In addition to hydrolytic activity, Zn(II)-mediated Lewis acid catal-

ysis is widely used to promote other synthetically relevant reactions.

This has inspired Hilvert and coworkers to widen the scope of

F IGURE 1 De novo design of
(A) MID1 homodimeric peptide112

and (B) MID1sc10113 (PDB IDs:
3V1C and 5OD1, respectively).
The zinc-binding site of
MID1sc10 containing the chiral
substrate is highlighted in the
circle. The His residues and the
substrate are depicted as sticks,
and the Zn(II) ion as a grey
sphere. Arg68 and Gln58 are
highlighted because they form
relevant hydrogen bonds to
phosphate.
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reactivities accessible by MID1sc proteins, including abiological trans-

formations. Toward this goal, the MID1sc scaffold was engineered to

catalyze enantioselective Diels-Alder reactions.114 First, a few punc-

tual mutations were introduced to optimize the substrate binding

pocket to accommodate model Diels-Alder substrates (azachalcone

and 3-vinylindole). The resulting protein (DA0) displayed modest

activity, but several cycles of laboratory evolution allowed for an

impressive enhancement of its catalytic performances. The best-

performing artificial Diels-Alderase (DA7) surpasses all the previously

reported artificial metalloenzymes based on the engineering of natural

protein scaffolds, performing at least 104 turnovers.

De novo hydrolytic mononuclear metalloenzymes were also

obtained by taking inspiration from natural zinc finger proteins, where

the metal center has a structural role and lacks any catalytic activ-

ity.115 A distinctive feature of a catalytic metal site is the presence of

one or more coordination vacancies for binding and activating sub-

strates during the catalytic cycle. Thus, converting a saturated zinc fin-

ger site into a catalytic one requires a careful redesign of the ligands

in the first coordination sphere. In this context, Durani and his team

de novo designed a zinc-binding site inspired by a natural zinc finger

protein and repurposed the structural metal site toward hydrolytic

activity (Figure 2).116,117 The first step was the design of a

21-residue peptide adopting the αββ fold, typical of zinc finger pro-

teins. Then, the Cys2His2 zinc finger binding site was converted into

the His3 zinc-binding site of CA. The zinc coordination was success-

fully accomplished, but the resulting complex was not able to perform

pNPA hydrolysis. In the next step, the sequence and stereochemistry

(unnatural amino acids were introduced) of such peptides were opti-

mized, and the resulting models exhibited catalytic activity in their

Zn(II) complexes. Remarkably, pNPA was hydrolyzed with an observed

efficiency only 1,000-fold lower than that of native carbonic anhy-

drase (CA) (Figure 2).

Similarly to Durani and coworkers, Iranzo and her group devel-

oped artificial hydrolases drawing inspiration from zinc finger proteins.

Toward this goal, they employed computational enzyme design (CED)

approaches. Through a combination of multi-state design (MSD) and

molecular dynamics simulations, they designed two peptide scaffolds

able to bind a Zn(II) metal ion, and emulate the hydrolytic activity of

zinc metalloproteases (MPs).118 The first peptide, named RD01, was

derived from the zinc-finger metallopeptide Sp1f2 (the finger 2 of the

Sp1 transcription factor), while the second one, named RD02, was de

novo designed based on the structure of villin headpiece C-terminal

subdomain, HP35. Both metallopeptides adopted an α-helical confor-

mation upon Zn(II) binding and their hydrolytic activity was tested

using pNPA as substrate. Both RD01 and RD02 behaved as more

robust catalysts compared to their natural counterpart, exhibiting

TON values higher than HP35 at pH 7.5.

While all the examples above described involve the incorpora-

tion of hydrolytic zinc sites into predominantly α-helical peptide

scaffolds, DeGrado, Korendovich, and coworkers implemented a

catalytic zinc site within amyloid forming β-sheet peptides. In par-

ticular, the authors developed small 7-residue de novo peptides,

alternating apolar and polar residues (e.g. Ac-Ile-His-Ile-His-Ile-Gln-

Ile-NH2, Figure 3A), capable of self-assembling in the presence of

Zn(II) ions and forming amyloid-like fibrils.119,120 The resulting amy-

loid assemblies acted as effective esterase mimics, catalyzing pNPA

hydrolysis (kcat = 0.026 ± 0.004 s�1; Km = 0.4 ± 0.1 mM; kcat/

Km = 62 ± 2 M�1 s�1 for the best candidate, Figure 3B).120 In addi-

tion to homomeric peptide assemblies, heteromeric aggregates were

also prepared by mixing different de novo amyloid sequences, for

evaluating the effect of specific interactions within the fibrils on their

hydrolytic activity.121 For this purpose, several analogues of a selected

heptapeptide were developed, by introducing either positively or neg-

atively charged residues. Interestingly, this study showed that several

factors play key roles in affecting the catalytic activity of the de novo

amyloid sequences: charge complementarity between the mixed

sequences and even small modifications of the peptide structure, such

as variation in the side-chain length, may both alter the catalytic per-

formances. To capture and lock such synergistic interactions within de

novo amyloid fibrils, the heteromeric constructs were further stabi-

lized by introducing linkers between the β-sheet fragments, leading to

self-assembling β-hairpins. Moreover, macrocyclic structures were also

developed by placing a linker at each end of the peptide, allowing a

precise control of the functional group locations, relative to each

other.122 This strategy was revealed to be effective in promoting

F IGURE 2 From a natural structural binding site (A) (His2Cys2;
PDB ID: 1JK2) to a hydrolytic metal-binding site (B) (His3; adapted
with permission from reference.116 Copyright: © 2014 Srivastava,
Durani). The artificial binding site (B) contains the substrate pNPA (p-
nitrophenyl acetate). The residues and pNPA are depicted as sticks,
and the Zn(II) ions as magenta spheres. The overlap of the two
binding sites is highlighted within the circle.
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faster fibril formation, preserving, or enhancing the hydrolytic activity

of the individual peptides in the constrained structures.

Korendovich's group expanded the catalytic versatility of this

peculiar amyloid-based scaffold beyond hydrolytic activity. Remark-

ably, a straightforward metal substitution from zinc to copper

afforded a catalytic system capable of promoting the oxidation of

dimethoxyphenol (DMP) in the presence of dioxygen (Figure 3C).123

Indeed, mononuclear copper sites are found in enzymes involved in

oxygen binding and activation in the frame of numerous biochemical

processes.105,106 Prominent examples of these metalloproteins are

Cyt c oxidase (CcO),124 lytic polysaccharide monooxygenases

(LPMO),125 galactose oxidase,126 amine oxidase,127 and the above

described CuNiR.102 While most of these enzymes contain a T2Cu

center, CcO, and LPMOs contain more peculiar sites. CcOs contain a

unique type of copper center, referred to as CuB, consisting of a trigo-

nal pyramidal copper site close to a heme center.124 LPMOs, instead,

contain a peculiar structural motif named as “histidine brace”, involv-
ing the N-terminal amino group and the imidazole Nδ coordination by

the N-terminal histidine.125 Despite their differences, all these

enzymes share some distinctive structural features. Copper is usually

five-coordinated, with two or three His residues and one or two sol-

vent molecules that are easily displaced for binding dioxygen or

hydrogen peroxide. At least one of the coordinating histidines binds

copper through its Nε nitrogen, while all histidines use their Nδ for

coordinating copper in electron transfer centers.

In this context, the Chakraborty's group reported the de novo

design of a tris-His coordinated artificial Cu peptide (ArCuP), [3SCC-

(I9H)3], as a functional model for peroxide activation and its reduction

to H2O (H2O2 + 2e� + 2H+ ! 2H2O).128 Spectroscopic analyses

demonstrated that the peptide was capable of binding copper, form-

ing a T2Cu environment. Electrocatalytic experiments led to determin-

ing the catalytic parameters (Km[H2O2] � 3mM and kcat = 0.72 s�1 at

pH 7.5), assessing the peroxidase activity of the new ArCuP enzyme.

The reactivity of ArCuP was further recently expanded to activate

C�H bonds of model organic substrates.129

A new and still underexplored area in de novo protein design is

represented by the identification of metalloenzymes tailored for

hydrogen evolution reactions (HERs). Whereas binuclear binding sites

are more prevalent (drawing inspiration from natural [NiFe] or [FeFe]

hydrogenases),130 designs of mononuclear binding sites aimed at this

purpose are still uncommon in artificial systems.

Chakraborty and his team have followed this path for construct-

ing artificial hydrogenase (ArH) metalloenzymes, able to catalyze H2

production in environmentally benign conditions. The first studies

focused on engineering a tetrahedral Cys4 nickel binding site into a

natural copper-binding protein.131 Recently, the authors described the

construction of a de novo designed ArH relying on the self-assembly

of two stranded coiled coils (2SCCs) featuring Cys-Xxx-Xxx-Cys

motifs on each peptide strand to build the NiCys4 site.
132 The activity

toward photocatalytic hydrogen evolution reaction was investigated

using a Ru(II) complex as a photosensitizer and ascorbic acid as a sacri-

ficial electron donor. H2 was produced under photocatalytic condi-

tions in a pH-dependent manner. In an effort to enhance the catalytic

activity, Chakraborty and co-workers de novo designed a new system,

namely 4SCC, having a dual Ni(II)Cys4 site.133 Even though designed

to be a four-stranded coiled coil, 4SCC was mainly present as a trimer

in the apo form, while in the presence of nickel ion, the equilibrium

shifted toward the formation of the dimer and monomer. The

F IGURE 3 De novo designed catalytic amyloids. A minimal de novo sequence (A) is capable of forming catalytic nanostructures in the
presence of metal ions. In particular, when it binds zinc (B), it promotes the hydrolysis of NPA. The same construct, when binding copper (C),
catalyzes the oxidation of DMP by activating dioxygen. The model was generated with PyMOL, starting from the ssNMR structure coordinates of
the analogue peptide: Ac-Ile-His-Val-His-Leu-Gln-Ile-NH2 (PDB ID: 5UGK).119
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remaining monomer was then trapped by free Ni(II) to give more

dimer, until Ni(II) consumption. When tested for hydrogen production,

4SCC resulted in slightly more active than 2SCC; however, the activity

was pH dependent as well, and highest at pH 5.5. The different oligo-

meric states, observed with respect to the design, could be ascribed

to disruption of the Van der Waals packing interactions essential for

generating precise oligomeric structures, upon introduction of the

coordinating residues. Although these models showed modest cata-

lytic activity, they had a significant impact on the de novo design of

innovative artificial metalloproteins catalyzing a crucial energy pro-

cess, such as hydrogen evolution.

Before delving into the principal examples of mononuclear sites

active in electron transfer, provided below, it is worth mentioning that

designed peptides housing mononuclear iron sites, named UFsc (Uno

Ferro single-chain)134 will be discussed in section 3 of this review, as

they are derived from the DF (Due Ferri) artificial diiron proteins.

2.2 | Artificial metalloproteins housing
mononuclear electron-transfer sites

While successful de novo designs of artificial metalloenzymes incor-

porating both a structural and a catalytic metal binding site have been

spectacularly achieved,90,96 combining an electron transfer and a cata-

lytic center within the same artificial peptide scaffold remains an unre-

ported challenge. With the goal of replicating such complexity found

in nature,104 we believe that examples of de novo designed artificial

mononuclear electron-transfer (ET) proteins deserve mention in this

review.

Among ET proteins, several research groups have endeavored to

model the coordination site of natural rubredoxins (Rds) within artifi-

cial peptide scaffolds. Rds are small (45–60 residues) metalloproteins

holding a mononuclear iron site coordinated by four Cys residues (Fe

(Cys)4) in a distorted tetrahedral environment.135 Their structure is

characterized by a C2-pseudo-symmetric fold, comprising two con-

served Cys-Xxx-Xxx-Cys-Xxx motifs in α-turns.136 The rigid coordina-

tion environment allows the redox cycling of the iron ion, providing

stabilization to both Fe(II) and Fe(III) oxidation states.

One of the first examples of de novo designed Rd mimic with

redox activity was reported by DeGrado and coworkers. They pre-

pared an artificial rubredoxin, named RM1 (Rubredoxin Mimic 1), a

single chain construct, using a dimeric miniRM peptide as a tem-

plate.137 They fused the two monomers of miniRM with a highly sta-

ble hairpin motif, the tryptophan zipper, and obtained a 40-residue

peptide with a different topology from that of the natural protein.

Spectroscopic studies demonstrated that RM1 binds transition metal

ions in a tetrahedral tetrathiolate coordination geometry, consistent

with the design. Remarkably, the iron complex of RM1 was able to

perform at least 16 reversible redox cycles under aerobic conditions

and was characterized by a midpoint potential of 55 mV, which is at

the top edge of the range (�50 mV to 50 mV) reported for bacterial

rubredoxins.135,138

Despite RM1 behaves as a functional mimic of rubredoxin, its

dimensions (40 amino acids) are still close to those of the natural

counterpart. With the aim of developing a minimal Rd model, Seneque

and coworkers identified an 18-residue fragment capable of reprodu-

cing structural and spectroscopic features of the FeCys4 site of Clos-

tridium pasteurianum (Cp) Rd.139 The small de novo peptide, named

LZR, comprises an 8-residue cyclic structure with a 10-residue linear

tail. Both the cyclic and the linear segments contribute to metal bind-

ing, each with a Cys-Xxx-Xxx-Cys motif. Notably, the NMR solution

structure of Zn(II) LZR closely matches the crystal structure of Zn-

substituted Cp Rd. Even more remarkably, the FeLZR complex could

undergo eight consecutive oxidation–reduction cycles with high

yields. This result is particularly significant because it represents the

smallest peptide-based rubredoxin model capable of sustaining

reversible redox activity. Further, FeLZR is characterized by a reduc-

tion potential of 144 mV, which surpasses those reported for natural

rubredoxins135,138 and is currently the highest among their designed

mimics. This high reduction potential was ascribed to the hydrophilic

environment given by polar residues close to the metal site in the LZR

scaffold, which stabilizes the reduced state.

In the same context, focusing on the structural unit of Rubredoxin

(Rd) and making use of its intrinsic symmetry, our group developed

synthetic rubredoxins models through a miniaturization approach.

First, the minimum unit needed to reproduce the Rds metal site was

identified by retrostructural analysis.140 Then, this was used to gener-

ate a minimal peptide scaffold, named METP (Miniaturized Electron

Transfer Protein; Figure 4). METP is made up of a β-hairpin undeca-

peptide with two properly spaced Cys residues that self-assembles in

the presence of a coordinating metal ion to form a C2 symmetric tet-

rathiolate binding site. The characterization by several spectroscopic

techniques showed that METP avidly binds Co(II), Zn(II), Fe(II), and

Fe(III), in the expected 2:1 stoichiometry. The geometry around the

metal ion was found to be as designed, resembling the Rd tetrahedral

environment. Even though the minimal METP scaffold was a suitable

structural model of the natural counterpart, being able to coordinate

both Fe(II) and Fe(III) with the expected Rd-like tetrahedral Cys4

geometry, it was unable to perform reversible redox cycles. An auto-

redox reaction may account for the observed instability of the Fe(III)-

tetrathiolate complex, with Fe(III) reduction to Fe(II), and disulfide

formation.

With the aim of achieving a redox-active metalloprotein, we have

recently focused our design efforts on constructing a more robust,

single-chain version of METP, named METPsc1.141 Starting from the

high-potential Cp Rd mutant V44A, we engineered METPsc1 in a step-

wise design process. First, a 13-residue fragment was extracted from

the parent protein, bearing the conserved Cys-Xxx-Xxx-Cys coordi-

nating motif. A C2 symmetry operation was applied to generate a

dimeric construct, similar to the METP prototype. Further, a properly

designed loop was introduced for linking the N-terminus of the mono-

meric fragment with the C-terminus of its symmetry-related copy.

Finally, a fixed-backbone design was performed to optimize side-chain

packing, leading to the 28-residue sequence of METPsc1. The newly

designed mini protein was thoroughly characterized in solution, and,

notably, the X-ray crystal structure of its zinc complex was in perfect

agreement with the designed model. Electrochemical analysis revealed

that the FeMETPsc1 showed a reduction potential (E'0 = 121 mV vs

8 of 27 LEONE ET AL.
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SHE), surpassing the classical range for prokaryotic rubredoxins,138

and closely matching the potential of rubrerythrins.142 FeMETPsc1

exhibited redox activity for more than 12 consecutive cycles, without

any loss in signal upon recycling. Furthermore, the good agreement

between the crystal structure and the designed model demonstrated

that the designed second-shell interactions were crucial in determin-

ing one of the highest potentials amongst the Rd family. This result

laid the foundation for the development of a fully synthetic electron

transfer chain, from a sacrificial electron donor (TEA) to a sacrificial

acceptor (O2), by matching FeMETPsc1 with another synthetic mini

enzyme (ZnMC6*a) acting as photosensitizer. Our research opens

new perspectives for studying more complex electron transfer chains

and may also represent a great opportunity for developing miniatur-

ized proteins for use in optoelectronics and light harvesting. It can

provide a starting point for creating multi-component mini-protein

devices on a nanoscale level.

Encouraged by these results, in a parallel study, we focused our

attention on exploring the ability of the METP scaffold to host differ-

ent metal binding sites. In this context, we developed a new METP

analogue (METP3) by converting the Cys4, rubredoxin-like binding

site, into a Cys2His2 binding site.143 Few changes in the sequence of

METP were needed for preserving the tetrahedral geometry of the

metal site upon modification of the first-coordination sphere ligands.

METP3 demonstrated the ability to self-assemble into a homodimeric

structure in the presence of divalent metal ions (Co(II), Zn(II), and

Cd(II)) with the desired tetrahedral geometry. METP3 represents the

first example of an artificial metalloprotein housing a mononuclear

Cys2His2 zinc-binding site. It establishes the suitability of the small

METP scaffold for accommodating different tetrahedral metal binding

sites, regardless of the first coordination sphere ligands.

In an elegant contribution, Pecoraro and coworkers described the

design of a new Rd mimic144 by re-engineering α3DIV.145 The latter is

a construct based on the α3D scaffold and contains three cysteine res-

idues at the C-terminal end. The incorporation of a fourth cysteine

residue led to α3DIV-L21C, housing a tetra thiolate metal binding site.

Once reconstituted with Fe(II) under anaerobic conditions, α3DIV-

L21C displayed the same spectroscopic properties of native rubre-

doxin, despite utilizing a secondary structure significantly different

from the canonical pair of Cys-Xxx-Xxx-Cys motifs found in the α-turn

region of the native protein. In a recent paper, the same peptide was

successfully reconstituted with molybdenum.146 The spectroscopic

characterization performed on Mo-α3DIV-L21C confirmed the pres-

ence of Mo mainly in a Mo(IV) oxidation state. Furthermore, the elec-

trochemical results showed a formal redox potential quite similar to

that of Mo-rubredoxin.147

Alongside Rds, cupredoxins represent an important class of

electron-transfer proteins in Nature. Among them, Blue Copper pro-

teins stand out for their remarkable characteristics, particularly their

unconventional coordination geometries. These proteins hold a T1Cu

center, in which the Cu(II) ion is situated within a trigonal plane

defined by two His residues and one Cys ligand (His2Cys), accompa-

nied by one or two weakly interacting axial ligands, resulting in either

a trigonal pyramidal or trigonal bipyramidal geometry.148 In an effort

to replicate this binding environment, Tanaka and coworkers, de novo

designed a four-stranded coiled coil scaffold capable of coordinating

Cu(II) in a trigonal geometry, dictated by a His2Cys binding site, as in

natural cupredoxins.149 The blue copper site was designed within the

hydrophobic core of the protein to prevent water coordination to

the copper ion. This would have a dual effect: (i) it would stabilize a

T1 Cu site with respect to a T2 Cu site; (ii) it would disfavor the

Cu(II) oxidation state, thus avoiding disulfide bond formation upon

Cu(II) reduction to Cu(I). The resulting model, named AM2C

(Figure 5A), was capable of binding copper, and cycling between

Cu(I) and Cu(II) oxidation states. The observed redox potential (E1/2)

F IGURE 4 De novo design and
miniaturization strategies were used by
our group to develop artificial rubredoxin
models. Starting from the natural
Clostridium pasteurianum rubredoxin (A;
PDB ID: 1C09), METP140 was first
designed (B) and then a single-chain
artificial metalloprotein, METPsc1 (PDB
ID: 5SBG),141 was engineered (C). An

artificial electron chain was obtained by
coupling METPsc1 to a photosensitizer
(ZnMC6*a). Cysteine residues are
depicted as sticks and iron ions as orange
spheres.
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was 328 mV vs NHE, close to that of natural Azurin (305 mV vs

NHE).151 While this similarity supported the classification of AM2C as

a new Type 1 Blue Copper artificial protein, the observed Kd value for

AM2C (2.1 μM) was significantly higher if compared to that of the

Azurin-Cu(II) complex (25 fM).152 Further investigations, involving

amino acid mutations may be necessary to address this difference.

When AM2C was designed, only the trigonal plane formed by the two

histidines and the cysteine in the cavity of the scaffold was consid-

ered; hence, the space for an exogenous ligand was still available. In a

subsequent paper, the same group exploited this vacancy to force the

trigonal planar geometry toward a tetrahedral-like one, by using dif-

ferent ligands (chloride, phosphate, sulfate, acetate, azide, and imidaz-

ole).153 The study of the spectroscopic features of the new

metalloenzyme was performed, leading to a new example of Green

Copper artificial protein,154 named AM2CE1, having an unusual

tetrahedral-like geometry, and bearing an imidazole as the axial ligand.

Blue Copper proteins have also been a source of inspiration for

the de novo design studies of Pecoraro and his research team. The

anti-antiparallel three-helix bundle scaffold α3D, was engineered to

house an electron transfer site, resulting in three constructs: α3D-CR,

α3D-CH, α3D-ChC (CR = core; CH = chelate; ChC = chelate core).155

α3DIV,156 already able to bind heavy metals, was used as a scaffold,

and the symmetric Cys3 site was mutated in a transition metal His2-

CysMet binding site (as found in plastocyanin and rusticyanin).105

Among all CR and CH constructs,155 which mostly produced T2Cu

sites as highlighted by spectroscopic properties, the electron transfer

activity of Cuα3D–CH3 was studied using five different photosensi-

tizers.157 A 400 nm absorption band in the transient UV–vis spectra

of Cuα3D–CH3 indicated the formation of a Cu(II) species, as desired,

and the complete depletion of the photo-oxidant, suggesting the

involvement of the copper center in an electron transfer reaction. If

AM2C (Blue Copper protein) was converted in AM2CE1 (Green

Copper protein) exploiting ligands exchange, Pecoraro and his team

successfully achieved the task of traversing the red-green-blue color

spectrum within the same rationally designed cupredoxin model,

GRα3DChC (where α3D is further stabilized with an additional hep-

tad).150 GRα3DChC2 was found to be a red copper-like protein with a

His2CysGlu copper binding site, due to an unexpected interaction of

copper ion with a surface Glu41.158 Mutation studies of GRα3DChC2

resulted in a green copper protein (GRα3DChC4) and a blue copper

one (GRα3DChC5, Figure 5B). Remarkably, this was the first instance

where binding site tuning of cupredoxins models was achieved with-

out the use of exogenous ligands.

3 | PEPTIDE SCAFFOLDS HOUSING
MULTINUCLEAR BINDING SITES

A wide number of metalloenzymes contain multinuclear metal clusters

to accomplish catalytic functions or serve as electron- or proton-

delivery systems.104,159 Multinuclear sites have been engineered into

peptide-based models in order to elucidate the main features control-

ling the activity of natural metal clusters and, ultimately, to construct

synthetic enzymes with tailored properties.28,65 Substantial part of

these enzymes contain dinuclear metal cofactors, which in turn could

be either homonuclear or heteronuclear. In this section, we will

describe prominent examples of artificial metalloproteins hosting

dinuclear and multinuclear metal sites, designed by drawing inspira-

tion from natural systems.

3.1 | Dinuclear binding sites

Diiron centers are the most abundant dinuclear metal sites and are

found in a class of metalloproteins referred to as bacterial multicom-

ponent monooxygenases (BMMs).160,161 Among them, the most stud-

ied are methane monooxygenases (MMOs), which activate molecular

oxygen to catalyze the insertion of an oxygen atom into the excep-

tionally stable C-H bond of methane.162–165 The hydroxylase compo-

nent holds the dinuclear iron site, where oxygen activation and

substrate oxygenation take place. The first coordination sphere of the

diiron site is composed of two histidines and four glutamates, two of

which are bridging the two metal ions. The diiron site coordination

and geometry, as well as the nature and relative orientations of sur-

rounding residues, are highly maintained within the BMMs family.

They are also similar to those found in other carboxylate-bridged

diiron enzymes, including functionally divergent proteins, such as fer-

ritins166 and ribonucleotide reductases.167 Further, the diiron site is

housed within a conserved four-helical coiled coil or four-helix

bundle.168,169

A prominent example of de novo designed metalloproteins con-

taining a diiron metal binding site within a four-helix bundle is the

“Due Ferri” (two-irons; DF) family, jointly developed by the DeGra-

do's and our group. DF design was aimed at reproducing the struc-

tural and functional properties of diiron oxidases and oxygenases in

a small and compact peptide scaffold.170 The first model, named

DF1 (Figure 6A), is a homodimer consisting of two 48-residue

helix–loop–helix (α2) peptide chains, self-assembling into an

F IGURE 5 Structure of T1 Cu sites in
de novo designed blue copper proteins.
(A) AM2C model, adapted with permission
from reference.149 Copyright: © 2010,
American Chemical Society.
(B) GRα3DChC5 model, adapted from
reference.150 Copyright: © 2020, American
Chemical Society.
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antiparallel four-helix bundle.171 In each α2 subunit, one helix bears

a Glu-Xxx-Xxx-His motif as found in natural proteins, where a bridg-

ing Glu residue is in the a position and a terminal His is in

d position of the coiled coil. An additional Glu residue is placed in

the other helix of each α2, providing the fourth ligand to each metal

ion. DF1 was highly stable, well-folded, and able to bind divalent

metal ions in the intended metal:protein ratio. Further, DF1 is the

first protein, entirely designed from scratch, for which both crystal-

lographic and NMR structures were obtained.171,176 Although DF1

behaved as a native-like protein, as it was designed to maximize the

bundle stability, its tightly packed peptide scaffold did not allow

access for substrates, preventing any kind of functionality. There-

fore, the four Leu residues close to the metal site were mutated to

either Ala or Gly, to open a channel for binding of small substrates

in the DF1 mutants.177,178 However, these mutations decreased the

buried surface area of the helical bundle, thus decreasing the overall

stability of the protein. These findings highlight that destabilizing

effects are necessary to achieve functionality, both in designed as

well as in native metalloproteins.176 In order to optimize the scaf-

fold for catalytic activity, a combinatorial approach was adopted, in

which the effects of systematic mutations on metal binding,

substrate binding, and catalytic properties were evaluated. The O2-

dependent oxidation of 4-aminophenol (4-AP) to 4-benzoquinone

monoimine (4-BQM) was selected as a test reaction to investigate

the ability of the artificial proteins to activate dioxygen while cycling

between the diferrous and the diferric state. For this screening, a

series of asymmetric hetero tetrameric four-helix bundles (DFtet)

were generated by self-assembly of disconnected helices. The

24-residue helices of DF1 were elongated to 33 residues, offering

an extended hydrophobic interface driving the folding of the coiled

coil.179 Further, an automated algorithm was developed to identify

the interactions stabilizing the desired topology and those destabiliz-

ing other possible topologies, using an approach termed as negative

design.180 The construct containing four glycine residues in the

proximity of the metal site (G4-DFtet) displayed the highest affinity

toward the phenol substrate and exhibited the most rapid initial rate

of 4-AP oxidation to 4-BQM, achieving a ≈ 1,000-fold enhancement

compared to the background reaction. The diferric complex of

G4-DFtet oxidized 4-AP with a saturation kinetics as natural

enzymes, thus allowing for the determination of the catalytic param-

eters through Michaelis–Menten analysis (kcat = 1.3 ± 0.1 min�1;

Km = 0.83 ± 0.06 mM; kcat/Km = 1.5 mM�1 min�1).180

F IGURE 6 Structures of DF
proteins with details of the metal-
binding sites. In the insets, the
most significant mutations
introduced in DF analogues are
labeled and depicted as green
sticks. (A) X-ray crystal structure
of the prototype model, DF1
(PDB ID: 1EC5).171 (B) NMR

structure of DF3 (PDB ID:
2KIK).172 (C) NMR structure of
the 3His-G2DFsc variant (PDB
ID: 2LFD).173 (D) Designed model
of the hetero-dimeric DF-C1.174

(E) X-ray crystal structure of the
multidomain protein DFP1 (PDB
ID: 7JH6).175
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Studies on the DFtet subset clearly provided precious insights into

the active site requirements for function. However, the tetrameric

assemblies were not amenable to structural characterization. As four

glycines were revealed to be crucial for substrate accessibility, these

mutations were introduced in the homodimeric assembly. In this case,

a redesign of the α2 loop of DF1 was necessary to balance the desta-

bilization induced by the introduction of the helix-breaking glycine

residues. The resulting protein, named DF3 (Figure 6B), behaved as an

efficient phenol oxidase and is the first de novo designed catalytic

metalloprotein to be structurally characterized by NMR.172,181 Partic-

ularly, DF3 displayed a 2-fold increased kcat (2.7 ± 0.2 min�1), despite

2.5-fold increased Km (2.0 ± 0.3 mM) with respect to G4-DFtet, yield-

ing a nearly unchanged catalytic efficiency (kcat/ Km = 1.4

mM�1 min�1). The expanded active site of DF3 was able to host even

a larger substrate, and to catalyze the oxidation of

3,5-di-tert-butyl-cathecol (DTBC) to the corresponding quinone

(DTBQ), with saturation kinetics, similar to alternative oxidase and

plastid terminal oxidase182 (kcat = 13.2 ± 1.2 min�1; Km = 2.1 ± 0.3

mM; kcat/Km = 6.3 mM�1 min�1, ambient O2).
172

A step further in the design process consisted in the modulation

of the second sphere and long-range interactions, with the aim of

inducing and controlling reaction selectivity. Natural enzymes exert

this kind of fine control by means of an asymmetric protein environ-

ment surrounding the active site. One approach to the design of less

symmetric proteins involved the construction of a monomeric single-

chain version of DF proteins (DFsc). DFsc was designed as a

114-residue protein consisting of four helices and three interconnect-

ing loops.183 Accurate design of the loop sequences was essential to

provide the protein with a robust scaffold, able to tolerate multiple

mutations. Several variants of the DFsc protein were developed, first

aimed at optimizing the substrate access channel for 4-AP

oxidation,184 and then to completely alter the O2-dependent reactiv-

ity.173,185,186 Particularly, redesign of the first coordination sphere

was directed to mimic the active site of p-aminobenzoate

N-oxygenase (AurF), which is the only structurally characterized diiron

protein displaying this kind of reactivity. Accordingly, a third His was

included as a ligand to the diiron center, as found in AurF, and a series

of additional mutations in the second and third coordination spheres

were introduced to create a hydrogen bond network stabilizing the

buried polar residue in the hydrophobic core.173 Notably, the resulting

proteins, named 3His-G4DFsc and 3His-G2DFsc (Figure 6C) selec-

tively catalyzed the N-oxygenation of arylamines, similarly to AurF.

Furthermore, the dizinc complex of 3His-G2DFsc was able to bind

and stabilize the semiquinone radical (SQ.-) formed from an equimolar

mixture of DTBC and DTBQ.187 Stabilization of reactive species in the

protein interior is a mechanism generally adopted by metalloenzymes

to fully control their reactivity avoiding side reactions, thus represents

a benchmark in de novo protein design.

The prominent role of the peptide scaffold in determining this

remarkable property was further established by altering the metal

binding site of DFsc from a binuclear to a mononuclear iron center

through the substitution of one bridging glutamate with a histidine.

The mononuclear metal-binding analog, namely UFsc (Uno Ferro

single-chain), was still able to stabilize the SQ.- radical upon binding of

a single equivalent of Zn(II) with a comparable yield to di-Zn(II)-3His-

G2DFsc.134 In a further study, UFsc was used to generate a library of

analogues for screening the effect of punctual mutations on the affin-

ity toward several divalent cations.188 This study provides a full

description of how the metal binding selectivity of a peptide scaffold

can be finely tuned by rationally designed mutations. Indeed, altering

the nature and the size of ligands in the first and second coordination

spheres results in improved selectivity toward a specific divalent

cation.

Recently, the promiscuity of DF proteins toward binding of differ-

ent metal ions was expanded beyond divalent cations, and the

dititanium(IV) complex of DFsc was reported.189 Notably, DFsc scaf-

fold effectively modulates the reactivity of Ti(IV) ions, promoting

hydrolytic cleavage of DNA over uncontrolled hydrolysis.

The construction of asymmetric DF proteins was also achieved

through an alternative strategy involving covalent ligation of two α2
subunits. Starting from the observation of natural toluene monooxy-

genase (TOMO),190 asymmetry was implemented by introducing spe-

cific mutations in the scaffold of DF3. In particular, two of the four

glycines were mutated to Thr and Phe in the inner and outer regions

of the substrate access channel, respectively, to favor specific recog-

nition of phenolic substrates. The resulting α2 peptide chains were

then modified to introduce clickable functionalities. The use of azide-

and alkyne-modified amino acids enabled the incorporation of func-

tional groups during the solid phase synthesis of peptides, avoiding

any subsequent functionalization.191 This method yielded the first

heterodimeric DF protein, named DF-C1 (DF-Click1, Figure 6D).174

DF-C1 not only was able to catalyze 4-AP oxidation to 4-BQM but

also stabilized this reactive product in the protein interior, promoting

its oxidative dimerization. The lack of hydrogen peroxide detection

upon 4-AP oxidation further indicated that DF-C1 promoted the net

four-electron reduction of dioxygen to water, preventing the release

of reactive intermediates in solution. These results represent an

important step forward in the design of de novo proteins capable of

promoting complex transformations in a selective and controlled man-

ner, closely resembling natural metalloenzymes. Altogether, studies on

DF proteins demonstrate the power of the de novo design approach

in developing functional enzymes. Lowering the complexity found in

natural systems allows for better control of the factors directing metal

cofactor reactivity, highlighting how simple mutations in the active

site can completely repurpose metalloprotein function and dictate

reaction selectivity.

Laying on these solid foundations, De Grado and our groups have

recently constructed an allosterically regulated metalloprotein by fus-

ing together two de novo designed protein domains.175 One of them

is based on DF1, while the other domain consists of PS1 (porphyrin-

binding sequence), a four-helix bundle protein capable of binding an

artificial Zn-porphyrin cofactor (ZnP).192 Since DF1 and PS1 possess

different bundle architectures, a computational method was devel-

oped to find the most designable helical connections suitable for

bridging the two topologies. The resultant protein, named DFP1

(Figure 6E), was a single-chain four-helix bundle retaining the cofactor
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binding properties of the separate domains, as confirmed by its crystal

structure, in perfect agreement with the design. Allosteric modulation

was expected to operate across the multidomain protein, as the bind-

ing of ZnP causes structural and dynamic changes in PS1, which

should impact the catalytic activity of the fused DF domain. As DFP1

was designed for the highest thermodynamic stability, some muta-

tions in its tightly packed core were introduced to achieve functional-

ity. In particular, in DFP2 four glycines replaced leucines and alanines

at the positions lining the substrate access cavity to the active site, as

in DF3. Both DFP1 and DFP2 existed in a monomer-dimer equilib-

rium, possibly due to the formation of an elongated domain-swapped

dimer.193 Redesign of the interhelical loop with a helix-breaking

sequence led to DFP3, which was mostly monomeric also in the

absence of cofactors. DFP3 behaved as an allosterically modulated

phenol oxidase. Indeed, the diiron form of DFP3 performed 4-AP

oxidation with saturation kinetics in the absence of ZnP, exhibiting

a slightly increased Km (2.9 ± 0.3 mM) and decreased kcat (0.70

± 0.04 min�1) and catalytic efficiency (kcat/Km = 0.24 mM�1�min�1)

compared to DF3.172 The corresponding ZnP-bound diiron DFP3 pro-

tein also showed Michaelis–Menten oxidation kinetics, but the cata-

lytic parameters were significantly influenced by the binding of the

allosteric modulator ZnP, resulting in a 4-fold higher Km (0.68 ± 0.15

mM) and a 7-fold decreased kcat (0.11 ± 0.01 min�1), corresponding to

an overall lowered catalytic efficiency (kcat/Km of 0.16

mM�1�min�1).175 The design strategy adopted for the construction of

DFP-fused proteins not only proved successful in preserving the

structural and functional properties of the original proteins but also in

enabling allosteric communication between the domains. This study

represents a milestone in protein design, offering a general approach

for the assembly of complex molecular machineries and allosterically

regulated multi-domain proteins.

A rather peculiar diiron site is found in [FeFe]-hydrogenases,

which catalyze reversible proton reduction to form hydrogen

(H2).
194,195 The diiron site is part of a remarkably complex metal

cofactor known as the H-cluster, which is formed by two redox-

coupled iron sites. One is an iron–sulfur cubane cluster, named

[4Fe4S]H, similar to those found in some ferredoxins and other elec-

tron transfer proteins, while the other is named [2Fe]H, and it is

where hydrogen formation or splitting takes place. The coordination

sphere composition of the [2Fe]H cluster is uncommon among

metalloproteins. It consists of two iron ions connected by a 2-aza-pro-

pane-(1,3)-dithiolate (ADT) and a CO molecule as bridging ligands. In

addition, each iron ion is coordinated by another CO molecule and a

CN� anion. One of the two irons (called proximal iron Fep) is also

bound to a thiolate from a cysteine sidechain, which is shared with

the [4Fe4S]H cofactor, making it six-coordinated, while the other iron

ion (distal iron or Fed), contains one vacancy to coordinate hydro-

gen.196 Despite the inner complexity of their metal cofactor, [FeFe]-

hydrogenases have been privileged targets for bioinorganic chemists,

aiming at reproducing their unique structural and catalytic properties

into peptide-based architectures. Countless synthetic mimics of the

hydrogenase diiron site have been reported, mostly in the form of

small molecule complex.197,198

Early work in this field was focused on anchoring synthetic dithio-

late bridged diiron hexacarbonyl complexes to peptide scaffolds. The

first peptide-based structural model of [FeFe]-hydrogenases was

reported by Dutton and coworkers, which consisted of a de novo heli-

cal peptide able to bind the diiron cluster through cysteine resi-

dues.199 The peptide-metal complex displayed spectroscopic features

matching those of the natural metalloproteins, but no redox activity

was reported. Subsequently, other research groups have constructed

[FeFe]-hydrogenase mimics employing either synthetic or natural pep-

tides containing dithiols to bind the diiron core. Weigand and

coworkers inserted diiron hexacarbonyl complex into the disulfide

bond of the cyclic peptide drug Sandostatin®, and studied the

structural and redox properties of the complex. Although the peptide-

diiron complex was not stable in aqueous solution, it was able to per-

form electrochemical proton reduction in DMF.200 Jones and

coworkers adopted a different approach to connect a diiron core to a

peptide scaffold without using thiolates as anchoring sites. They

added to the peptide sequence, an artificial phosphine amino acid to

replace a terminal CO molecule of the metal cluster.201 Since alkyl

phosphines have a larger electron-donating capacity than CO, they

act as better mimics of CN� found in hydrogenases. As a result, the

phosphine-bound dithiolate bridged diiron pentacarbonyl complex

showed improved electrocatalytic properties compared to previously

reported synthetic analogues. Furthermore, Hayashi and coworkers

developed a photocatalytic peptide-based system for hydrogen pro-

duction based on a peptide fragment derived from cytochrome

c556.
202 In this study, the 18-residue peptide served as a scaffold to

covalently bind both the diiron carbonyl core and a photoactive ruthe-

nium complex through the Cys-Xxx-Xxx-Cys-His heme-binding motif.

In particular, the native heme coordinating histidine was chosen as

the anchoring site for the ruthenium photosensitizer, and the two cys-

teines acted as ligands for the diiron hexacarbonyl complex. Notably,

the intramolecular system promoted light-driven hydrogen evolution

from water, although displaying a limited turnover number.

A hetero binuclear metal cofactor is found in [NiFe]-hydroge-

nases, which represent the most common type of hydroge-

nases.203,204 These enzymes hold a biologically unusual metal binding

site in which a nickel ion is tetracoordinated by four cysteine thiolates,

two of them bridging with a Fe (CO)(CN)2 moiety. While several

mimics of the [FeFe]-hydrogenases diiron cluster have been reported,

catalytic models of [NiFe]-hydrogenases are rare and consist of small

molecule synthetic complexes.205 Structural mimics of [NiFe]-

hydrogenases exhibit negligible activity, highlighting the essential role

that the protein environment plays in defining the metal cofactor

properties. The first peptide-based model of [NiFe]-hydrogenases was

reported by Dutta and coworkers, adopting a minimalist approach. In

this work, the N-terminal nickel-binding 7-residue fragment derived

from the enzyme nickel superoxide dismutase (NiSOD) was chosen as

a template for building heteronuclear metal complexes.206 As in the

parent enzyme, nickel is coordinated by the N-terminal amine, an

amide nitrogen from the peptide backbone, and two cysteine thiolates

which represent bridges to the additional metal site. The exchange of

labile ligands from various metal complexes with the peptide-derived
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thiolates provided an efficient general method for the synthesis of

heteronuclear complexes with different nature and nuclearity, open-

ing the gate to the construction of elaborated metal cofactors into

minimal peptide scaffolds.

Very recently, Falkoski, Nanda, and coworkers developed a mini-

malist di-nickel binding peptide as a functional hydrogenase model.207

In this study, a homo dinuclear metal site was engineered by taking

inspiration from the nickel site of [NiFe]-hydrogenases. Since in the

latter proteins, the nickel coordinating cysteines are far in

the sequence, the authors surveyed the PDB to find a short, continu-

ous, metal-binding motif able to accommodate nickel in its preferred

coordination geometries. A 12-residue fragment (Cys-Xxx-Cys-Gly-

Cys-Xxx-Xxx-Xxx-Xxx-Xxx-Cys-Gly) was identified and then the

variable positions were defined through structure-guided design. The

resulting nickelback (NB) model was able to bind nickel in a 2:1 metal-

to-peptide ratio, featuring a coordination geometry similar to that

found in [NiFe]-hydrogenases and closely resembling the di-nickel

cluster of acetyl-CoA (coenzymeA) synthase. The di-Ni-NB complex

was able to promote photocatalytic hydrogen production from water

upon matching with Eosin Y as photosensitizer and triethanolamine

(TEOA) as a sacrificial electron donor. Remarkably, this mini-enzyme

performed 500 turnovers, surpassing previously reported nickel-

containing artificial hydrogenases.208,209

In addition to diiron sites, dicopper sites are also diffused among

natural metalloproteins. For example, dinuclear copper clusters are

found in purple CuA cupredoxins (Figure 7A), which include

cytochrome c oxidase (CcO) and nitrous oxide reductase (N2OR).212

These are electron transfer proteins involved in essential processes

such as aerobic and anaerobic respiration.213 Cupredoxins have been

compelling targets for bioinorganic chemists, aiming at replicating the

coordination geometries found in their metal sites, which are not pre-

ferred by copper in any oxidation state. They are usually classified

based on their deep colors, resulting from charge-transfer bands.148

The mononuclear T1 site of Blue Copper proteins has been discussed

in section 2.2. The dinuclear copper cluster of purple cupredoxins is

bridged by two cysteine thiolates from a conserved Cys-Xxx-Xxx-Xxx-

Cys sequence, forming a Cu2S2 diamond structure. Each copper ion is

additionally coordinated by a histidine and a weakly coordinating

endogenous or exogenous ligand. Copper ions are constrained in a

fixed coordination geometry by a rigid protein environment, which

typically consists of a Greek key arrangement of β-sheets.214 Follow-

ing their previous studies on mononuclear cupredoxin models149,153

(see section 2.2), Tanaka and coworkers succeeded in implanting a

CuA purple site into a de novo designed four-helix bundle.210 The

single-chain metalloprotein AM2C153 served as a template, in which

two cysteines and two histidines essential for CuA coordination were

introduced. The resulting construct, named di-Cu(II)-biAM2C

(Figure 7B) displayed typical absorption and EPR features of purple

cupredoxins, which decayed with a half-life of 2.4 h due to cysteine

oxidation. These results indicate that a binuclear copper site could be

engineered in a completely different folding compared to that found

in the natural protein. Further, it is worth to note that no significant

F IGURE 7 Structure of dinuclear
copper sites in natural and de novo
designed metalloproteins. (A) CuA site of
nitrous oxide reductase from Parococcus
denitrificans (PDB ID: 1FWX) compared to
(B) di-Cu(II)-biAM2C model. Adapted with
permission from reference.210 Copyright:
© 2012 American Chemical Society.
(C) Type 3 copper site of tyrosinase from

Juglans regia (PDB ID: 5CE9) compared to
(D) di-Cu(II)-DR1 model.211
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steric constraints were necessary to reproduce the rigid coordination

environment of cupredoxins in the α-helical scaffold.

Dinuclear copper centers, referred as type 3 copper sites (T3Cu),

are found in several proteins committed to O2 transport, as hemocya-

nin, or its activation for catalyzing oxidative transformations.215 The

latter enzymes are usually defined as polyphenol oxidases (PPOs) and

include both monophenolase and diphenolase enzymes. Monopheno-

lase activity is typical of tyrosinases, which possess the unique ability

to perform hydroxylation of monophenolic substrates. Conversely,

diphenolase activity consists of the oxidation of a catechol substrate.

The active site of T3Cu proteins consists of two copper ions, each

coordinated by three histidine residues (Figure 7C). Each histidine

triad derives from an antiparallel α-helical pair, enclosing the metal site

in a four-helix bundle. The coordination and geometry of the active

site are highly conserved among T3Cu proteins, and the structural

basis for either mono or diphenolase activity is still under

debate.216,217 The absence of protein-derived bridging ligands pro-

vides an additional level of complexity to the reconstruction of T3Cu

centers into artificial peptide scaffolds. Recently, our group has faced

this challenge and developed the first T3 copper containing de novo

protein, named DR1 (Due Rame: two copper, Figure 7D).211 Starting

from the crystal structure of DF1, the first coordination sphere was

remodeled to convert the Glu4His2 diiron binding site into a His6

dicopper binding site. As described for the design of 3His-DFsc, addi-

tional mutations were introduced to optimize second-shell interac-

tions and create a hydrogen bond network spanning from the binding

site through the helical bundle. Spectroscopic and catalytic analysis

showed that DR1 properly hosts a T3Cu site into the designed helical

bundle and behaves as a functional diphenolase enzyme. Remarkably,

the modeled interactions within the protein active site enable to dis-

criminate among different catechol derivatives, endowing DR1 with

substrate selectivity proper of native enzymes.211

3.2 | Multinuclear metal sites

All the examples reported in the previous section emphasize the sig-

nificant progress achieved in the design of peptide-based scaffolds

binding dinuclear metal cofactors. Multinuclear clusters represent

attractive candidates for researchers since they are employed by

natural enzymes to promote some of the most difficult chemical

transformations relevant for life. Among them, multicopper oxidases

(MCOs) perform the oxidation of several substrates coupled to the

four-electron reduction of dioxygen to water.218,219 In doing this, a

mononuclear T1Cu center serves as an electron acceptor from the

substrate, then transfers the reducing equivalents far apart to a tri-

nuclear copper cluster, where dioxygen reduction occurs. Multicop-

per clusters are found also in metallothioneins,220 a family of

cysteine-rich metalloproteins involved in copper homeostasis and

protection against toxic elements, given their high affinity toward

d10 metal ions.

The design of multicopper sites was described by Ogawa and co-

workers, who reported the Cu(I) binding properties of a designed

four-helix bundle with spectroscopic properties resembling those of

natural metallothioneins.221,222 Further, the same group reported the

design of a three-helix bundle binding a tetra-Cd(II) cluster arranged in

a tetrahedral adamantane-like geometry coordinated by a Cys-Xxx-

Xxx-Cys-Glu motif.223

Iron-sulfur (FeS) clusters are among the most widespread electron

transfer centers within biological systems.224 This prevalence stems

from the incorporation of abundant reserves of iron and sulfur atoms

into early proteins during the anaerobic conditions of Earth's first bil-

lion years.225 These metal cofactors are indeed involved in a broad

range of life processes, acting as redox mediators in metabolic, mito-

chondrial respiratory, and photosynthetic pathways.226–228 The sim-

plest kind of iron-sulfur cluster is the mononuclear FeCys4 metal

center of rubredoxins, which has been described in section 2.2, dedi-

cated to mononuclear binding sites. Among multinuclear sites, the

[4Fe-4S] is the most ubiquitous form.229 These cofactors are com-

monly found in purely electron transfer proteins, named ferredoxins,

but are also integrated as electron delivery modules in complex

enzymes, such as hydrogenases230,231 and photosystem I (PSI).232 This

motif is characterized by four iron ions and four sulfide anions placed

at the vertices of a cubane-type cluster. The Fe centers are typically

further coordinated by cysteinyl thiolate ligands.

The assembly of artificial electron transport chains for their

potential application in energy-related catalysis has stimulated great

interest in the design of peptide scaffolds hosting [4Fe-4S] clusters.

As mentioned for cupredoxins and rubredoxins, major challenges have

to be faced in designing [4Fe-4S] proteins. Indeed, metal binding sites

of iron-sulfur proteins commonly contain loops and β-sheet

structures,224 while α-helical scaffolds have been generally preferred

in designed metalloproteins because of their high designability and

tolerance to multiple mutations. Early studies were directed at identi-

fying the essential requirements that enable the incorporation of the

[4Fe-4S] cofactor in natural ferredoxins. These proteins are character-

ized by a common α/β fold, which binds the cubane cluster through

four cysteines in a conserved sequence (Cys-Xxx-Xxx-Cys-Xxx-Xxx-

Cys-[Xxx]n-Cys). Following this minimalist approach, Dutton and

coworkers developed the first prototype of ferredoxin maquette

(FdM), consisting of a 16-aminoacid sequence derived from Peptococ-

cus aerogenes ferredoxin I.233,234 Later, several FdM mutants were

developed, serving as convenient models for screening the effect of

mutations on cluster formation and its redox activity.235,236 These

studies provided valuable insights into ferredoxin chemistry, elucidat-

ing that the exact cysteine spacing in the consensus cluster-forming

sequence is an essential requisite for cluster formation while

highlighting the role of non-binding amino acids in cofactor redox

modulation.235,236 Later, Mitchell and coworkers revisited FdMs and

explored their integration in a semi-synthetic electron transfer pro-

cess.237 Starting from a poly-glycine sequence bearing appropriately

spaced Cys residues, tuning of the cluster reduction potential was

pursued by switching a thiolate ligand of one cysteine with the sele-

nolate of a selenocysteine (Sec), but little changes were observed

among the screened sequences. Notably, the synthetic [4Fe-4S]

maquettes were coupled to [FeFe]-hydrogenase CaHydA from
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Clostridium acetobutylicum, effectively replacing its natural ferredoxin

partner in H2-oxidation.

Noy and coworkers were the first to transplant the [4Fe-4S] into

a fully α-helical de novo scaffold, using a strategy termed as “metal

first approach”.238 First, they identified a minimal helical fragment

from the protein Thermatoga maritima tryptophanyl-tRNA synthase,

which contains the [4Fe-4S] center within three helical elements.239

One of the helices containing a Cys-Xxx-Xxx-Cys motif was chosen as

the starting point for the design of the four-helix bundle. Then, by

extending the cluster symmetry to the entire protein scaffold, a coiled

coil iron-sulfur protein was designed (named CCIS1), containing two

of these motifs at an appropriate distance to bind the [4Fe-4S] cluster.

Though the protein was able to properly host the metal cofactor, it

was unable to perform reversible redox cycles, possibly because of

sulfur hydrolysis upon reduction of the cluster. Several variants of the

CCIS scaffold were also reported, displaying improved cofactor bind-

ing, and achieving a single oligomeric state.240

While previously mentioned examples describe isolated iron-

sulfur clusters, Ghirlanda, and coworkers were the first to incorporate

multiple [4Fe-4S] cofactors within de novo helical bundles.241 In doing

this, they exploited the formation of domain-swapped dimers (DSD).

In DSD, two identical peptides form helical hairpins, each consisting

of one helix that is double the length of the other.193 The hairpins

dimerize in an antiparallel orientation, where the short helices link

each other end-to-end and pair with the long helices forming a three-

helix bundle. This arrangement resembles that found in two-cluster

ferredoxins, which are characterized by two-fold internal symmetry.

Mirroring the active site of these proteins, three of the four coordinat-

ing cysteines were provided by one monomer, while the fourth came

from the other monomer. Despite the large dimensions of the clusters,

CD analysis of the apo (DSD-4Cys) and holo dimer (DSD-bis[4Fe-4S])

revealed that the secondary structure was not significantly altered

upon cofactor incorporation, indicating preorganized metal binding

sites.241 DSD-bis[4Fe-4S] displayed two clusters at the predicted dis-

tance of �30 Å, as confirmed by spectroscopic studies. Since this dis-

tance is too far for studying efficient electron transfer, the authors

developed a second generation of DSD bearing two clusters within

a biologically relevant distance for effective electron transfer pro-

cesses.242 Starting from the DSD-4Cys model, the metal binding

sites were moved by one heptad toward the center along the bun-

dle's longitudinal axis. The resulting model, named DSD-Fdm

(Figure 8A) was able to host two clusters with a 12 Å separation

and represents the first de novo [4Fe-4S] protein able to perform

reversible redox cycles, with a reduction potential (E'0 = � 479 mV

vs SHE) in the range of natural low-potential ferredoxins.244 Further,

the authors probed the ability of DSD-Fdm to effectively transfer

electrons to a natural redox protein, promoting the reduction of oxi-

dized cytochrome c. These findings show that coupling these two

F IGURE 8 Examples of de
novo designed [4Fe-4S]-binding
proteins. (A) Stepwise design of
DSD-Fdm. Adapted with
permission from reference.242

Copyright: © 2014, American
Chemical Society. (B) Structure-
based design of ambidoxins,
starting from the identification of
the minimal cluster-binding
sequence in natural ferredoxins,
and then its reconstruction in a de
novo sequence consisting of
alternating L (uppercase) and D
(lowercase) amino acids. Adapted
with permission from
reference.243 Copyright: © 2018,
American Chemical Society.
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[4Fe-4S] clusters within a de novo peptide scaffold resulted in the

formation of a redox-active electron transfer center, which could

potentially be used as part of an artificial system for catalysis or

synthetic biology applications. FdMs and [4Fe-4S]-binding helical

coiled coils all share the use of a fragment sequence found in natu-

ral proteins as the basis for their design.

Falkowski, Nanda, and coworkers approached the challenge with

a different strategy, aiming to replicate the structural features rather

than cluster-forming sequences of natural ferredoxins (Figure 8B).243

Their design started with a conformational analysis of the iron-sulfur

binding heptapeptide sequence (Cys-Xxx-Xxx-Cys-Xxx-Xxx-Cys) in

the structures present in the PDB, which showed a common pattern

alternating alpha-left (αL) and alpha-right (αR) backbone conformations.

Based on this observation, this structural motif was extended to a

12-residue peptide sequence, resulting in a peculiar, curved backbone

wrapping around the [4Fe-4S]-cluster. This unusual fold was achieved

using alternating L and D amino acids, which stabilize the αR and αL

backbone conformation, respectively, and was further stabilized by

hydrogen bonds between backbone amides and cysteine thiolates or

sulfides from the cluster. For this reason, this minimal ferredoxin

mimic was termed as “ambidoxin”. Three ambidoxin variants were

produced, containing either basic (lysine in the K peptide, arginine in

the R peptide) or acidic (glutamic acid in the E peptide) amino acids

in all the positions not occupied by cysteines. Iron–sulfur cluster

assembly was observed only with the positively charged peptides,

named K and R, whereas it was not observed for the negatively

charged E peptide. In this last case, electrostatic destabilization of the

4Fe�4S�4(Cys) complex, bearing a � 2 or �3 charge depending on

the oxidation state, would presumably hamper cluster assembly.

Importantly, the K and R ambidoxins not only displayed spectroscopic

and redox properties (E'0 = � 450 mV vs SHE) closely matching those

of bacterial ferredoxins244 but were able to perform over 1,000

reversible redox cycles, exhibiting superior robustness compared to

any artificial ferredoxin model.243

One of the ultimate goals of metalloprotein design is the inte-

gration of artificial enzymes in biological systems. To this end,

cofactor reconstitution in vivo is essential and still remains a crucial

task. Only a few examples of in vivo metalloprotein assembly have

been reported, and involved a covalent binding with the cofactor,

such as with heme c.245

Nanda and coworkers have tackled this challenge in a recent

work, by attempting reconstitution of CCIS protein in E. coli.246 Previ-

ous studies on this scaffold highlighted that the oligomerization state

of CCIS was variable and strongly dependent on the conditions of the

in vitro reconstitution protocol.240 Surprisingly, in vivo reconstitution

of CCIS led to a single oligomeric state corresponding to a trimer

instead of the expected monomer. This trimeric CCIS was still incor-

porating a single [4Fe-4S]-cluster, but its chemical properties were

significantly altered compared to those of the in vitro assembled pro-

tein. In particular, the cluster exhibited slightly improved oxygen toler-

ance and a higher resistance to reduction by dithionite, indicating a

more negative reduction potential compared to ferredoxins.246 Muta-

genesis studies provided useful insights into the reconstitution

mechanism, but there is still limited mechanistic understanding of how

cluster assembly occurs. This study represents a starting point for

in vivo biogenesis of artificial metalloproteins and their integration

into living cells.

Whereas a number of models have been obtained using cysteines

or inorganic sulfur as bridging ligands, the design of multinuclear cen-

ters with oxygen-rich ligands has been much less diffused, despite

their significance to enzymes involved in essential biological pro-

cesses. Indeed, one of the most prominent examples of multinuclear

metal sites found in living systems is the Mn4Ca cluster of photosys-

tem II (PSII), promoting the four-electron oxidation of two water mol-

ecules to form dioxygen.247 The Mn4Ca cluster is arranged in a

distorted cuboidal geometry, bridged by five oxygen atoms, and

bound to the protein by seven amino acid residues (Figure 9A). Due

to its unique properties, it has been the subject of extensive spectro-

scopic and structural characterization,249–252 inspiring the design of

artificial catalysts for water oxidation.253

De Grado and our groups have tackled the challenge of assem-

bling for the first time a fully carboxylate-bridged tetranuclear metal

cluster into a de novo designed peptide scaffold248,254 (Figure 9B).

Starting from a symmetric antiparallel four-helix bundle, the tetranuc-

lear cluster was engineered by introducing specific mutations with

respect to the active site of DF proteins. In the newly designed pro-

teins, named 4DH1 and 4DH2, the glutamate residues of DF were

replaced with the shorter aspartates to widen the metal binding site,

enabling the accommodation of a tetranuclear cluster. Moreover, two

additional histidines were introduced as metal ligands. Strong hydro-

phobic packing interactions were modeled at both ends of the helical

bundle to stabilize the global structure, allowing the insertion of the

metal cluster in the protein core.248 Notably, the stabilization of

hydrophilic metal binding residues in the protein interior was achieved

through the construction of an extended hydrogen bond network,

including second- and third-shell H-bonds. This study represents a

crucial step forward in the development of synthetic analogues of the

oxygen-evolving complex and other elaborated multinuclear metal

clusters.

Structural and functional similarities observed between the

Mn4Ca cluster of PSII and the Mn2 cluster of manganese catalase

stimulated the researchers to develop artificial proteins holding a

dinuclear manganese binding site, as a basis for understanding the

complex chemistry performed by the Mn4Ca center in PSII. Although

they cannot replicate the four oxidation steps, dinuclear Mn com-

plexes exhibit some features of the Mn4Ca cluster, including the abil-

ity to perform catalytic oxygen formation. Along these lines, the Allen

group developed a series of dimanganese-binding artificial proteins

and tested their reactivity in one of the key steps of photosynthe-

sis.255 Due to the complex nature of PSII, they selected the bacterial

reaction center from Rhodobacter sphaeroides as the target and inves-

tigated the ability of their de novo proteins to bind and reduce the

oxidized bacteriochlorophyll dimer (P865
+), which is the primary elec-

tron donor in photosynthetic bacteria. For these studies, Allen and

coworkers used the structure of the homodimeric four-helix bundle

DF2t as a template.256 The first protein (P0) shared the same
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sequence of DF2t, housing a dinuclear manganese center in the mid-

dle of the helical bundle.255 Further design was devoted to engineer-

ing additional Mn2 binding sites in the outer regions, close to the

connecting loops. Due to the symmetry of the P0 protein dimer, intro-

ducing Mn-binding ligands far from the center results in two dinuclear

sites with identical sets of ligands that are symmetrically located at

equal distances from the center. Accordingly, the analog named P1

was characterized by three Mn2 binding sites. Conversely, the central

metal site was replaced with hydrophobic residues in P2, thus retain-

ing only the two outer binding sites of P1. Spectroscopic studies evi-

denced that all the de novo proteins promoted electron transfer to

P865
+, with P1 displaying the highest efficiency.257 The relative effec-

tiveness of the three proteins correlates with the number of Mn2 cen-

ters since a higher number of metal sites increases the possibility of

electron transfer. However, it could be due to other parameters, such

as different reduction potentials between the central and outer metal

sites, or the distance between the Mn cofactor and P865
+ when the

protein is bound to the reaction center. This study represents an

example in which de novo metalloproteins have been integrated into

biological machinery, highlighting the ability of artificial proteins to

replace natural components in complex enzymatic systems. Further-

more, Allen and coworkers expanded the array of Mn2-binding metal-

loproteins, shifting the position of the outer metal binding site still

further from the center of the bundle. Due to their close similarity

with the Mn catalase metal site, all these proteins were tested for

their ability to promote hydrogen peroxide disproportionation to O2

and H2O.257 A detailed kinetic analysis showed that the catalytic effi-

ciency depended on the number of dimanganese sites but not on their

position. Interestingly, P1 protein displayed a Km for H2O2 similar to

that of native Mn catalase, but significantly lower kcat value, prompt-

ing future design toward engineering of second-shell interaction

favoring substrate activation.

4 | CONCLUSIONS

In this review, we have illustrated the impressive progress made over

the last 20 years in designing peptide-based artificial metalloproteins.

By collecting significant examples of peptide scaffolds housing mono-

nuclear and multinuclear metal sites, we have highlighted the great

potential of de novo design and miniaturization approaches in repro-

ducing the structural features of natural metalloproteins and in pro-

viding them with electron transfer or catalytic activity.

Despite the huge amount of literature concerning the design of

heme protein mimics,258–260 we have decided to focus on the engi-

neering of metal sites, characterized by an increased level of complex-

ity compared to heme centers. Indeed, in the design of non-heme

centers, the coordination requirements of the metal site must be fully

satisfied by the protein ligand, seeking the balance between thermo-

dynamic stability and flexibility, essential for functionality.

F IGURE 9 (A) X-ray crystal structure
of photosystem II from
Thermosynechococcus elongatus (PDB ID:
1SL5) with a detail on the oxygen-
evolving Mn4Ca cluster. (B) X-ray crystal
structure of the de novo designed 4DH1
model (PDB ID: 5WLL), with a detail of
the Zn4 cluster.
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Although mononuclear metal sites may appear simple, there is

considerable complexity lying outside of the first coordination sphere,

which has not been yet thoroughly explored or understood.

In this context, an inestimable contribution has been given by

Pecoraro and coworkers, who were the first to recreate the ZnHis3

site of carbonic anhydrase within α-helical peptide structures.90 Their

pioneering work has inspired several other research groups, who have

implanted the CA site within different de novo scaffolds, affording

artificial hydrolases. Remarkably, the TRI-based CA mimic displays

only 500-fold lower CO2 hydration activity compared to the fastest

CA isoform, which is still unparalleled among artificial metalloen-

zymes. The same scaffold was shown to effectively host a redox-

active copper center, producing an efficient CuNiR mimic, without the

need for modulation of secondary sphere interactions.91 Controlling

interactions beyond the first coordination sphere has been achieved

in CA models by stammer insertion,110 and then by directed evolution.

In this respect, Hilvert and coworkers have recently demonstrated the

power of this technique for the optimization of a de novo designed

metalloprotein (MID1sc),113 succeeding not only in enhancing its

hydrolytic activity but also in introducing enantioselectivity and

expanding its reactivity toward abiotic transformations.114 Con-

versely, modeling secondary interactions has been widely pursued in

artificial rubredoxin models. Lessons learned from the extensive muta-

genesis studies on natural rubredoxins have been transplanted and

upgraded in their peptide-based mimics, achieving the modulation of

reduction potential beyond the limits observed for natural

counterparts.139,141

Moving from single to multiple metal sites, the equilibrium

between stability and flexibility in the host peptide scaffold becomes

even more delicate and challenging to achieve. The DF family of

four-helix-bundle metalloproteins, developed by DeGrado and our

groups, represents a paradigm of the most widely adopted approach

for the construction of functional multinuclear metalloproteins. This

strategy starts with the construction of a prototype model, endowed

with the highest stability and carefully reproducing the active site

structure of the parent protein. Such a model was then subjected to

an iterative re-design process, in which some mutations were intro-

duced to achieve functionality, and others were needed to balance

the consequent destabilization. The initial design was facilitated by

the nearly symmetric nature of the inspiring metal cluster found in

natural diiron-containing metalloproteins. Indeed, once identified the

peptide sequence for binding one of the two iron ions, a symmetry-

related copy could be easily generated, yielding a homodimeric struc-

ture housing the diiron site. Similar considerations can be extended

to more complex metal centers, such as [4Fe-4S] clusters, which have

been engineered into highly symmetric peptide scaffolds, as domain-

swapped dimers242 and coiled coils.238 However, different from iron-

sulfur clusters, which are purely electron-transfer centers, the protein

matrix in diiron enzymes has the power to dictate substrate specific-

ity and product selectivity. These properties, typical of native

enzymes, have been introduced in the DF scaffold by breaking the

symmetry while moving further from the active site. This extraordi-

nary level of control has been achieved by generating hetero-

tetrameric (DFtet),
179 single-chain (DFsc),183 and heterodimeric

(DF-C1) proteins,174 in which secondary interactions, including

hydrogen bond networks and steric bulk modulation, have been suc-

cessfully designed. Finally, the DF scaffold has also served as a tem-

plate for shaping different functionalities, by altering the nature of

the metal ions and/or changing the ligands in the primary coordina-

tion sphere.173,189,211,255

In summary, all the examples reported in this review unequivo-

cally illustrate that peptide-based scaffolds are excellent candidates

for “getting married” with metal ions and constructing an “inclusive
family” of artificial, functional metalloproteins.

Looking at the future, we believe that combining rational design

and directed evolution approaches will be effective for developing

robust artificial metalloenzymes tailored for any desired activity. We

are also confident that the current computational tools will be pow-

ered by machine-learning-based methods, improving the speed and

accuracy of model prediction. Even though it is not easy to foresee in

which direction this research field will move, we expect that the fol-

lowing pathways will be explored. One route involves the design of

stable, robust, and easily tailorable peptide-based nanomaterials. This

actually represents a rapidly growing research trend, which aims at

merging the advantages of both enzymatic and heterogeneous cata-

lysts.261,262 Compared to inorganic nanomaterials, peptide-based

nanostructures are inherently biodegradable and can function in bio-

compatible conditions. Prominent examples reported in this review

have demonstrated the great potential of amyloid fibrils, which can be

designed to bind multiple metal sites, promoting tandem cataly-

sis.80,120,123 Another pathway involves in vivo production of artificial

metalloproteins capable of functioning in whole cells. Indeed, aside

from a few exceptional cases reported so far,246 some breakthroughs

would be required to reach this goal, as whole-cell transformations

represent future methods for the synthesis of high-added value com-

pounds. With these challenges and opportunities in mind, we envision

that precise and accurate metalloprotein design will enable us to

obtain customized biocatalysts for satisfying a wide range of social

needs.
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