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 Metal ions are indispensable to biological function, as they are utilized for a myriad of 

processes encompassing signaling, electron transfer, and catalysis. These functions are made 

possible by exploiting intrinsic properties of the metal ions and the ligands to which they bind, 

represented by small molecules and metalloproteins. From the perspective of a synthetic chemist, 

proteins can be conceived as “macromolecular ligands”. Like those of small molecule ligands, the 
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properties of “macromolecular ligands” can be parameterized at two discrete coordination spheres. 

The primary sphere is composed of the amino acid residues and exogenous ligands that coordinate 

the metal ion, and thus has the most direct impact on metal-based function. The secondary sphere 

is composed of residues that form mainly non-covalent interactions—hydrogen bonding, 

hydrophobic, and van der Waals (vDW) interactions—with the primary sphere. Although 

secondary sphere features do not directly bind the metal ion, they play an indispensable role in 

controlling metal-based reactivity. For example, the oxygen-binding affinity of myoglobin is 

influenced significantly by hydrogen bonding interactions between a histidine residue in its 

secondary sphere and the oxygen ligand that binds the heme co-factor.  The large functional scope 

of metalloproteins is a testament to the wide diversity of primary and secondary spheres, and the 

efficiency with which metalloproteins execute these functions is a testament to the intricate 

interplay between the spheres. The functional potential of natural metalloproteins has long inspired 

protein design efforts. Two major metalloprotein design approaches are rational and de novo 

design. In rational design, primary and/or secondary sphere features of a natural protein are 

repurposed to mediate non-native functions. This approach has culminated in the engineering of 

new-to-nature functions spanning metal-hydride mediated ketone reduction and carbon-silicon 

bond coupling.  While rational design represents an effective path to engineer metal-based 

functions, such functions are achieved within rigid and highly evolved protein folds/interfaces. 

Therefore, important questions remain unanswered: how does metal-based function emerge from 

an initially nonfunctional metalloprotein, and what are the minimum primary/secondary sphere 

coordination requirements to achieve metal-based functions?  The work described in this 

dissertation stems from a de novo design approach in which both the quaternary structure and metal 

coordination site(s) of a metalloprotein are designed from scratch. The building block of our 
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designed metalloprotein structures is cytochrome cb562, a natively monomeric, four-helix bundle 

protein. With cytochrome cb562 as our starting point, we obtain a diverse array of metalloprotein 

assemblies that serve as platforms for pursuing complex metal-based functions encompassing 

redox-based signaling and oxygen activation.  

 In Chapter 2, we describe the sequential design of three metalloprotein trimers, TriCyt1, 

TriCyt2, and TriCyt3. TriCyt1, our initial trimeric construct, is obtained through a single 

hydrophobic mutation (G70W) at the interface of a cytochrome cb562 variant. Solution experiments 

indicated that TriCyt1 assembled as a trimer in the presence of all mid-to-late first row transition 

metals (MnII-ZnII), with yields ranging from 12% (+MnII) to 89% (+CoII).  Crystal structures of 

NiII and CuII-supplemented TriCyt1 revealed a biologically rare His6 coordination motif. The only 

known natural His6 motif is present in calprotectin, a metal sequestering protein that coordinates 

MnII with nanomolar affinity. Motivated by the prospect of obtaining from scratch a MnII:His6 site 

of such high affinity, which had not yet been achieved in protein design,  we sought to increase 

the preorganization of this metal coordination site through redesign of the C2 and C3 interfaces of 

TriCyt1. Computationally prescribed, mostly hydrophobic mutations at the C3 interface led to 

TriCyt2, a construct that trimerized with near-quantitative yield in the presence of MnII. A second 

round of redesign, in which salt bridges were installed at the C2 interface, led to a metal-

independent, pH-switchable trimer which bound MnII with ~ 50 nM affinity. While a His6 primary 

sphere is suitable for achieving high affinity metal binding sites, our ability to design 

metalloproteins with broad functional potential hinges on our ability to engineer multiple types of 

metal binding sites. In Chapter 3, we describe our efforts to diversify the primary and/or secondary 

spheres of the TriCyt scaffold in pursuit of metalloprotein constructs which could coordinate 
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lanthanides with high affinity and selectivity, mediate metal-dependent catalysis, and stabilize 

multinuclear metal coordination sites.   

The TriCyt series illustrates metal-ion-identity-independent assembly: the assembly path 

converges on the same architecture with the same metal coordination motif regardless of the metal 

ion added.  In the TriCyt series there is low cooperativity between metal-ligand and non-covalent 

interactions, as metal coordination preferences play a minimal role in directing assembly. In 

Chapter 4, we describe our design and characterization of a variant of Rosetta interface design 

cytochrome 1 (A74/C96RIDC1) in which the cooperative interplay between metal-ligand and non-

covalent interactions could be tuned by the redox state of the protein. In the oxidized state, C96-

C96 disulfide bonds rigidify a tetrameric architecture (A74/C96RIDC14
ox) whose assembly is 

independent of metal ion identity. Chemical reduction of the disulfide bonds gives rise to 

A74/C96RIDC1red, whose assembly is governed in larger part by the metal coordination preferences 

of exogenous metal ions. Whereas A74/C96RIDC14
ox can only access two structural states (apo and 

metal-bound), A74/C96RIDC1red can access three distinct, metal-ion-identity dependent structural 

states with unique coordination environments. With five structural states whose accessibility is 

dependent on solution redox potential and metal ion identity, A74/C96RIDC1 represents a rare 

protein construct whose oligomerization path is varied through two different types of stimuli. We 

characterize the oligomeric and conformational states of A74/C96RIDC1 under disulfide-oxidized 

and disulfide-reduced states and in the presence of different mid-to-late first row transition metal 

ions, both in solution and via X-ray crystallography. We also employ density functional theory 

(DFT) and Rosetta interface calculations to attempt to quantify the energetic contributions of 

metal-ligand and non-covalent interactions and rationalize how differences in metal ion identity 

result in divergent metal-directed assembly paths.  
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Chapter 1: Emulating and expanding on natural metalloprotein functions via design 

1.1 Introduction 

It is estimated that over 25% of proteins require a metal ion or metal co-factors to carry out 

functions critical to Life.1 The biological importance of metal ions, while long acknowledged and 

explored by chemists, can also be recognized by the non-scientist, as just a cursory glance at the 

list of ingredients for a daily multivitamin reveals that a plethora of metal ions are required to 

ensure healthy bodily function. While many biologically important metal ions reside in the mid-

to-late first row of the d-block (MnII-ZnII), certain alkali metal ions and lanthanides also play 

important structural and functional roles. While the scope of metalloprotein function is vast– 

commensurate with the diversity of available metal ions–these functions will be broadly 

categorized herein as sequestration, hydrolysis, or oxygen activation (Figure 1.1). From our 

perspective, these types of functions represent three levels of complexity that we hope to achieve 

in our designed metalloprotein assemblies, with oxygen activation representing the pinnacle.  

1.2 Natural Metalloprotein Functions 

1.2.1 Metal Sequestration 

Sequestration is the high affinity coordination of metal ions within a protein scaffold, often 

in response to a biological event/stimulus (Figure 1.1a).2-5 It was discovered by Corbin et. al. that 

in the event of bacterial infection by Staphylococcus aureus, neutrophils release a metalloprotein 

called calprotectin that inhibits bacterial growth through the chelation of nutrient MnII near tissue 

abscesses.6 This discovery established a new framework for conceptualizing host-pathogen 

interactions in which host-derived calprotectin engages in a “tug-of-war” with pathogen-derived 

metal transporters to prevent them from acquiring metal ions critical to their survival.7, 8 Crystal 

structures of calprotectin reveal two EF-hand domains, a His3Asp site, and a His6 site (Figure 
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1.2a).8-12 Calcium binding through the EF-hand domains triggers oligomerization from a 

heterodimer, which binds transition metal ions (MnII, FeII, NiII, ZnII) with low affinity, to a 

heterotetramer that binds these metal ions with at least nanomolar affinity.10, 11, 13, 14 Thus, while 

the release of calprotectin by neutrophils is triggered by bacterial invasion, its ability to sequester 

metal ions from pathogens, and thus its antibacterial function, is stimulated by calcium.6, 8, 10, 11, 15 

 
Figure 1.1 | Fundamental metalloprotein functions. (a) Sequestration, (b) Hydrolysis, (c) 
Oxygen activation. The types of stimuli triggering metal ion sequestration include metal ions, 
redox state changes, and small molecules.  Within each category of metalloproteins, there are many 
different mechanisms for carrying out the general function. 
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The biological role of calprotectin illustrates the importance of regulating metal 

localization and concentration in cells. The intracellular concentration of free metal ions is 

stringently controlled by small molecule and metalloprotein “chelators”.16 Metallothioneins 

represent a versatile class of metalloprotein chelator, as they can bind a wide range of metal ions 

such as CuI, ZnII, AgI, and CdII (Figure 1.2b). 5, 17 Their abnormally high cysteine content (13-

35%, in contrast to 2% across the proteome) allows them to accommodate up to eight metal ions 

within a single domain. 17, 18 Researchers have established a direct link between metalation state 

and tertiary structure, with the compactness of metallothionein structures correlating directly with 

metalation state.18 Interestingly, the compact, “supermetallated” form of metallothionein is much 

 
Figure 1.2 | Structural overviews of calprotectin and metallothionein. (a) Calprotectin (PDB 
ID: 4GGF). The binding of calcium (green spheres) to EF-hand domains pre-organizes the His6 
coordination sites (left). The MnII-binding affinity of the His6 site increases by over 3 orders of 
magnitude in the presence of CaII (center and right). (b) Cu-metallothionein (PDB ID: 1AQR). 
The ability of this protein to sequester copper is directly tied to the cellular concentration of 
reduced glutathione (GSH), which is itself an indicator of the cellular redox state (right). 
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less prone to degradation than the apo form, suggesting that the intracellular metallothionein 

concentration is tied directly to the intracellular concentration of free metal ions.19, 20 The high 

cysteine content of metallothionein renders it both a metal and redox sensor, as the metal binding 

affinity of cysteine residues can be reversibly lowered/increased through the formation/cleavage 

of disulfide bonds.21, 22 Metallothioneins, with their ability to signal and participate in redox and 

metal equilibria changes, could represent an important hub in coordinating cellular responses to 

redox and/or metal-based stress.23-25 

1.2.2 Hydrolysis 

Metal ions can serve both structural roles–as evidenced above–and catalytic roles within 

their protein hosts. One important class of reactions mediated by metalloproteins is hydrolysis, 

which is linked to important biological processes spanning cellular signaling, pH regulation, and 

the degradation of insoluble substrates. 26-28 In hydrolysis, a water molecule is “activated” by the 

metalloprotein host to cleave a substrate (Figure 1.1b). Activating the water molecule is defined 

as lowering its pKa and thus the thermodynamic barrier for deprotonating it into a nucleophilic 

hydroxide ion.  As exemplified by carbonic anhydrase and nitrile hydratase, two biologically 

important and extensively studied hydrolytic enzymes, the primary and secondary coordination 

spheres function in tandem to activate the water molecule and enable catalysis (Figure 1.3).29-33  

Carbonic anhydrase catalyzes the reversible addition of water to carbon dioxide (CO2) to 

produce bicarbonate (HCO3
-), and thus has long been studied for its role in carbon dioxide transport 

(Figure 1.3a).27, 34, 35 The protein hosts a mononuclear ZnII:His3 coordination site and an extensive 

hydrogen bond network that interacts with bound water and ZnII coordinating residues (Figure 

1.3a).27, 29, 30 Kreba et. al. discovered that Thr-199 of human carbonic anhydrase II (hCAII) plays 

a critical role in the hydrolytic rate, presumably by stabilizing the ZnII-hydroxide species through 
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hydrogen bonding to the active site water molecule.29 Substitutions of Thr-199 with aliphatic 

residues, which would eliminate hydrogen bonding interactions, destabilized the ZnII-hydroxide 

species by two pH units.29 In addition to the electrostatics of the active site water, the electrostatics 

of the zinc center also influence the catalytic rate of hCAII.30, 36 Kiefer et. al. found that replacing 

Gln-92 with a glutamate residue increased the pKa of the zinc-bound water by one pH unit, 

  
Figure 1.3 | Structural overviews of carbonic anhydrase and nitrile hydratase. (a) Carbonic 
anhydrase (PDB ID: 1ZNC). Thr199 (highlighted in magenta) has been implicated through 
mutagenesis studies to play a critical role in stabilizing the ZnII-hydroxide species through 
hydrogen bonding. (b) Nitrile hydratase (PDB ID: 1UGP). It has been suggested that the serine 
residue proximal to the coordination site (highlighted in magenta) plays a role in hydrolysis by 
functioning as a general base. 
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presumably by increasing the electron density on zinc and thus lowering its Lewis acidity.30 The 

decrease in the Lewis acidity of ZnII corresponded to a 9-fold decrease in the CO2 hydration 

efficiency (represented by kcat/KM).30 

Nitrile hydratase (NHase), like carbonic anhydrase, utilizes both primary and secondary 

sphere interactions to increase the electrophilicity of its substrates (Figure 1.3b). NHase is an αβ 

heterodimer that catalyzes the hydrolysis of a wide array of nitrile-containing substrates into their 

amide forms.32, 33 Given the ubiquity of amide-containing molecules such as acrylamide, 

nicotinamide, and 5-cyanovaleramide in organic synthesis, NHase has been used at industrial scale 

for decades.32, 37 It binds either Fe(III) or Co(III) at a mononuclear, square pyramidal coordination 

site featuring three cysteine residues, two deprotonated nitrogen atoms from backbone amides, and 

an activated nitrile substrate in the axial position (Figure 1.3b).33, 38 Fe(III) and Co(III), by virtue 

of their +3 oxidation states and high charge/radius (z/r) ratios, are strong Lewis acids. Nitrile 

coordination to the metal center via the nitrogen atom would increase polarization of the CN triple 

bond and the electrophilicity of the carbon atom, making the nitrile more prone to nucleophilic 

attack by a water molecule.39  

The primary sphere of NHase is unlike that of any other enzyme, as coordinating thiols for 

two of the three cysteine ligands are oxidized to either sulfenic or sulfinic acids.33, 40 Murakami et. 

al. established that modification of the thiol moiety of βCys114 into sulfenic acid is required for 

catalysis.40 Several reaction mechanisms have been proposed wherein sulfenic acid carries out a 

nucleophilic attack on the carbon atom of the coordinated nitrile, forming a cyclic intermediate 

which is then cleaved by an activated water molecule.39, 41 Although NHase and carbonic 

anhydrase both utilize activated water molecules to carry out catalysis, the coordination 

environment and catalytic mechanism of NHase is unique.  
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1.2.3 Oxygen activation 

In both carbonic anhydrase and nitrile hydratase, the redox state of the metal ion does not 

change. However, some biologically important reactions such as alkane hydroxylation and thiol 

oxidation require that metal ions hosted within metalloprotein scaffolds adopt two or more redox 

states.42, 43 Redox state changes of the metal center enable it to activate oxygen, reducing the 

diatomic molecule to generate metal-superoxide, metal-hydroperoxo, and/or metal-oxo species 

that ultimately oxidize substrates (Figure 1.4). 43-45 Although redox switching and oxygen 

reduction are universal features of oxygen activating metalloenzymes, their primary spheres, 

secondary spheres, and activation mechanisms vary widely in accordance with the variety of 

reactions they catalyze. Herein, we will describe two very different but important oxygen 

activating metalloenzymes: cytochrome P450 and cysteine dioxygenase (Figure 1.4). Unlike the 

metalloenzymes described thus far, which utilize “bare” metal ions for catalysis, cytochrome 

P450s utilize an iron-porphyrin metallocofactor to efficiently catalyze a wide range of reactions, 

including alkane hydroxylation, aromatic oxidation, and olefin epoxidation (Figure 1.4a).46 The 

large reaction scope is due to the large number of P450 isozymes, each possessing unique protein 

pockets that select for substrate size, shape, and electronic characteristics.44, 47 While the deviation 

of secondary spheres is high, many cytochrome P450s utilize the same primary sphere 

environment and oxygen activation mechanism to carry out different reactions.46 The primary 

sphere is comprised of a porphyrin iron coordinated by four porphyrin-derived nitrogen ligands 

and an axial cysteine residue (Figure 1.4a).44 In contrast to cytochromes involved only in electron 

transfer, which are hexacoordinate and thus coordinatively saturated, cytochrome P450s have one 

open site available to bind oxygen.46, 48 The high preorganization and electron donating properties 
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of the primary sphere allow the iron center to access oxidation states as high as +4 over the course 

of oxygen activation (Figure 1.4a).44 

 As the oxidation state of the iron center sequentially increases from +2 to +4, oxygen is 

sequentially reduced, culminating in the elimination of a water molecule and formation of 

compound I, an Fe(IV)-oxo species that ultimately carries out catalysis for a number of cytochrome 

 
Figure 1.4 | Structural overviews of cysteine dioxygenase and cytochrome P450. (a) 
Cytochrome P450 (PDB ID: 1N97). The FeIV-oxo species (termed Compound I) forms without 
direct coordination by substrate, as the porphyrin ligand can stabilize Fe in multiple oxidation 
states. (b) Cysteine dioxygenase (PDB ID: 4IEV). The cysteine ligand is excluded in the close-up 
of the coordination site. The FeIII-superoxide species can only form once the cysteine substrate 
coordinates the metal ion. It is hypothesized that the binding of cysteine lowers the reduction 
potential of the FeII coordination site, increasing the thermodynamic favorability of oxygen 
binding. 
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P450s.44, 45 The reaction mechanisms of cytochrome P450s are decidedly more complex than those 

of hydrolytic enzymes due to redox switching of the metal center and multi-step, proton-coupled 

activation of oxygen. The need to couple oxygen activation to proton transfers makes oxygen 

activating metalloenzymes particularly difficult to design in protein scaffolds that lack an 

evolutionary “history” of this function. 

Cysteine dioxygenase (CDO), in contrast to cytochrome P450, uses a mononuclear, Fe:His3 

coordination site to carry out catalysis. While its His3 primary sphere is identical to that of carbonic 

anhydrase, it catalyzes a very different reaction, namely the oxidation of cysteine into cysteine 

sulfenic acid (Figure 1.4b). This oxidation reaction is a critical step in the biological catabolism 

of cysteine and thus the regulation of cellular cysteine levels.49-51 In cysteine dioxygenase, oxygen 

activation is gated by the bidentate coordination of cysteine to the FeII:His3 site, which is believed 

to lower the redox potential of the FeII center and consequently the thermodynamic barrier for 

electron transfer to oxygen.43 Electron transfer from the FeII center to oxygen is hypothesized to 

yield an FeII-superoxo complex that is stabilized by the protein pocket, a testament to the influence 

of the secondary coordination sphere in modulating reactivity.52 In addition to stabilizing the FeII-

superoxo species, the secondary coordination sphere may also impact both the optimal pH for 

catalysis and substrate positioning.43, 53, 54 Proximal to its primary sphere, CDO hosts a cysteine 

residue that is covalently linked to a tyrosine through a thioether bond, an especially rare post-

translational modification (Figure 1.4b).53-55 Recent studies by Davies et. al. found that this 

crosslink ensures high catalytic efficiency at pH values above 7.54 It is hypothesized that the 

incorporation of the secondary sphere cysteine residue into a covalent crosslink prevents its 

thiolate functionality from reacting with the cysteine substrate at elevated pH, thereby ensuring 

that substrate binding is solely coupled to oxygen activation.53, 54 CDO provides a notable example 
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of how metalloprotein pockets serve to not only activate the target reaction but also to inhibit 

unwanted side reactions. 

1.3 Metalloenzyme re-engineering 

1.3.1 General approaches 

The metalloproteins described above represent just a small fraction of functional 

metalloproteins present in Nature. Metalloenzymes not only catalyze a broad range of reactions 

but execute these reactions with a catalytic efficiency and selectivity that is difficult to emulate in 

small molecule systems. When compared to small molecule catalysts, metalloenzymes benefit 

immensely from a vast primary (amino acid composition), secondary (α-helical/β sheet 

composition), tertiary (discrete folds), and quaternary (interdomain interactions) structural space. 

Improving the performance of a small molecule catalyst can require laborious, synthetically 

challenging modifications. To improve the performance of a metalloenzyme, one can harness 

evolution and thus more efficiently expand the sequence space. While metalloenzymes are not 

natural catalysts for every reaction of synthetic interest, their efficiency, selectivity, and 

evolvability has inspired synthetic chemists to utilize them as macromolecular hosts for new-to-

nature reactions. This general principle of “metalloenzyme re-engineering”, can be further 

classified into two approaches, metalloenzyme repurposing and artificial metalloenzyme design 

(Figure 1.5). In the former, both the primary and secondary spheres of the natural metalloprotein 

are harnessed for catalysis, whereas in the latter, the primary sphere is derived from a synthetic 

co-factor while the secondary sphere/protein pocket is derived from the protein (Figure 1.5). We 

will describe in detail two well-known examples of metalloenzyme re-engineering: the 

repurposing of cytochrome P450 to mediate new-to-nature reactions and the utilization of the 

streptavidin-biotin interactions to construct artificial metalloenzymes. 
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1.3.2 Repurposing of cytochrome P450 for new-to-nature reactions 

As described previously, cytochrome P450s represent a class of enzymes that perform a 

broad range of reactions while uniformly employing an iron porphyrin as their functional unit. The 

Arnold Group has harnessed the functional promiscuity of the iron porphyrin co-factor, 

modifications of the primary sphere residues, and directed evolution of the protein pocket to render 

cytochrome P450 variants that perform new-to-nature reactions , including carbene and nitrene 

transfer, with exquisite efficiency and selectivity (Figure 1.6a).56 It was determined by the Arnold 

Group that the iron porphyrin co-factor can not only bind oxygen to form Fe-oxo species, but also 

nitrene and carbene precursors to render Fe-nitrene and Fe-carbene species.56-59 Without 

modifying the original primary sphere environment of cytochrome P450, these species can mediate 

a broad range of reactions in vitro, including aziridination, amination, and cyclopropanation 

(Figure 1.6b).57-59 Unlike Fe-oxo, the Fe-nitrene and Fe-carbene are catalytically active when iron 

is in the +2 oxidation state. 56, 60 In order to maintain this oxidation state in vivo, the Arnold Group 

replaced the axial cysteine residue in the primary sphere with a serine and thus increased the 

reduction potential from -430 to -293 mV, allowing for the iron center to be reduced by biological 

 
Figure 1.5 | Metalloenzyme re-engineering approaches. (a) Metalloenzyme repurposing. (b) 
Artificial metalloenzyme design. The co-factor (blue) can be incorporated into protein hosts 
through a variety of methods, including direct coordination by a protein-derived ligand (“dative 
anchoring”, left), non-covalent interactions between the protein host and a co-factor moiety 
(“supramolecular anchoring”, center), and covalent binding by a protein-derived nucleophile 
(“covalent anchoring”, right). 
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reductants like NADPH (E°’= -320 mV).59, 61, 62 This single mutation, along with other primary 

sphere mutations, has expanded the biological compatibility and the substrate scope of reactions 

catalyzed by reengineered cytochrome P450s.58, 59, 61, 63  

Mutations of the primary sphere are often paired with directed evolution of the protein 

pocket surrounding the Fe-porphyrin to improve turnover and increase enantioselectivity (Figure 

1.6b).56, 64, 65 As a notable example of the reaction novelty achievable in reengineered proteins 

hosting Fe-porphyrins, the Arnold Group recently evolved a cytochrome c variant to promote the 

formation of carbon-silicon bonds, which have no biological precedence.65 In addition to 

cytochrome P450, azurin and carbonic anhydrase have served as natural metalloprotein scaffolds 

for engineering new-to-nature functions encompassing electron transfer and hydride reduction.66-

70 

 
Figure 1.6 | Repurposing of cytochrome P450 for new-to-nature reactions. (a) Reaction 
schemes for forming FeII-nitrene (top) and FeII-carbene (bottom) species in cytochrome P450 
using azide and ethyl diazoacetate derivatives. (b) Reaction scheme for the formation of a bicyclic 
compound mediated by carbene transfer onto a cytochrome P450 variant (top). Directed evolution 
of wild-type cytochrome P411 (axial cysteine of P450 replaced by serine) led to significantly 
higher catalytic efficiency for the cyclization reaction, with TTN increasing ~24-fold.  
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1.3.3 Biotin-streptavidin host-guest pair for artificial metalloenzyme design  

In the cytochrome reengineering efforts described above, the primary sphere is derived 

from the native metalloprotein. With an eye toward expanding the functional scope of 

metalloenzymes farther, researchers have used proteins as hosts for abiotic metal complexes, with 

the protein being harnessed to tune reactivity/enantioselectivity through outer sphere interactions, 

shield metal complexes from aqueous bulk solution, and enable directed evolution of metal-based 

functions.71 To bind the metal complexes to protein pockets, researchers synthesize molecules that 

feature a metal complex moiety and an “anchor” moiety (Figure 1.5b).71 Anchoring is usually 

achieved through dative coordination of a native metal-binding residue to a coordinatively 

unsaturated metal complex, non-covalent interactions with the protein, or covalent immobilization 

proximal to a protein pocket (Figure 1.5b).71 The Ward Group has anchored metal complexes to 

protein pockets by exploiting high affinity biotin/streptavidin and sulfonamide/ZnII interactions, 

which has led to the construction of a wide range of artificial metalloenzymes that perform a wide 

range of reactions both in vitro and in vivo (Figure 1.7). 71-75 The biotin-streptavidin approach has 

been especially fruitful owing to the high stability of streptavidin and the high affinity (Kd ~ 10-17 

M) of the interaction, and has given rise to metalloenzymes that perform reactions encompassing 

imine reduction, metathesis, and C-H activation (Figure 1.7).74 Recently, the Ward Group has 

identified strategies such as cell surface display and periplasmic localization which have mediated 

the directed evolution of their artificial metalloenzymes in vivo.76 The biotin-streptavidin and 

sulfonamide-ZnII strategies are a small fraction of the myriad approaches researchers have adopted 

to achieve abiotic catalysis within biological protein hosts.71 Numerous covalent chemistries such 
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as cysteine-maleimide conjugation and the azide-alkyne click reaction have been exploited to 

immobilize a diverse set of metal complexes into a diverse set of protein hosts.77-79  

1.4 De novo metalloprotein design 

The engineering of metal-based functions within natural protein scaffolds has proven to be 

a relatively straightforward and thus industrially useful approach to design metalloenzymes. 

However, utilizing complex, highly evolved scaffolds restricts one’s ability to assess how 

metalloprotein structure is coupled to function, and whether complex metal-based functions 

necessitate complex metalloprotein structures. Constructing a metalloprotein de novo offers the 

potential to establish the minimum requirements of a protein scaffold to mediate metal-based 

functions, as the building blocks tend to be structurally simple. For example, through de novo 

design a researcher can address whether stabilizing a Zn-His3 primary sphere within a protein 

scaffold is the only requirement for hydrolytic activity. Most de novo designed metalloprotein 

constructs are obtained using peptide building blocks that fold into target structures (Figure 1.8).80 

The “protein folding problem” has largely limited the structural scope of de novo designed 

 
Figure 1.7 | Artificial metalloenzyme design using biotin-streptavidin anchoring strategy. (a) 
Cartoon scheme of the biotin-streptavidin anchoring strategy, adapted from [76]. (b) Reduction of 
NAD+ derivatives mediated by a streptavidin-bound iridium piano stool complex. 
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metalloproteins to α-helical bundles and coiled coils, yet these structurally simple constructs have 

been shown to mediate a wide range of catalytic activities (Figure 1.8).81, 82   

Two prominent structural motifs that have been engineered for metal-based functions are 

the four-helix bundle and the trimeric coiled coil (Figure 1.8).83 The DeGrado Group observed 

that Δ9 ACP desaturase, while on the whole a structurally complex metalloenzyme, hosts its 

catalytically active di-iron site within a simple four-helix bundle domain.84 Using computationally 

guided peptide sequence design, the DeGrado Group recapitulated the di-iron site containing four-

 
Figure 1.8 | Examples of de novo designed metalloenzyme scaffolds. (a) DF1 (PDB ID: 1JMB). 
The dinuclear site can accommodate metal ions beside Fe, including ZnII. FeII-bound DF1 variants 
have been shown to catalyze aminophenol oxidation and p-anisidine oxygenation (right). (b) TRI 
(PDB ID: 3PBJ). The His3 site of this scaffold, when bound to ZnII or CuII, can mediate CO2 
hydration and one electron reduction of nitrite (right). 
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helix bundle in a new peptide construct, termed “Due Ferri 1” (DF1, Figure 1.8a).84 In subsequent 

studies, modifications of the primary sphere and peptide pocket gave rise to constructs that mediate 

amine oxidations, stabilize radical species, and even accommodate tetranuclear zinc clusters.85-88 

In contrast to the monomeric, four-helix bundle generated by the DeGrado Group, the Pecoraro 

Group developed a coiled-coil peptide that self-assembles into a trimer, α3D (Figure 1.4b).82 In 

early studies, the Pecoraro Group demonstrated that this homotrimeric construct can accommodate 

a Cys3 coordination site that binds heavy metals such as HgII, CdII, and AsIII.89, 90 In later studies 

the thiol-rich site was replaced with a His3 site which could stably bind CuI, CuII, and ZnII, 

facilitating metal-based functions such as CO2 hydration and nitrite reduction (Figure 1.8b).91, 92 

Recently, the Pecoraro Group successfully carried out quantum mechanics/molecular mechanics 

(QM/MM)-guided design of an A2B heterotrimer which had improved p-nitrophenyl acetate (p-

NPA) hydrolysis activity compared to the parent homotrimer, illustrating how, as in natural 

metalloproteins, asymmetry plays a valuable role in mediating efficient catalysis in designed 

metalloproteins.93, 94  

1.5 Protein self-assembly in Nature and by design 

1.5.1 Natural protein assemblies  

While the de novo design of metalloproteins using peptide building blocks has yielded 

several functional constructs, the reliance on such building blocks limits the structural/functional 

complexity and evolvability of designed metalloproteins, which are key elements of functional 

metalloenzymes in Nature. In Nature, complex functions can be achieved by evolving new protein-

protein interactions (PPIs) at interfaces of simple protein building blocks.95-97 Four-helix bundle 

proteins, while on their own structurally simple and functionally limited, can be incorporated  

through PPIs into complex assemblies with functions encompassing  signaling, electron transfer, 
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and metal storage (Figure 1.9).98-100 Ferritin, a protein cage comprised of 24 four-helix bundle 

proteins and involved in iron mineralization/storage, is a notable example of how function emerges 

through protein self-assembly  (Figure 1.9c).96 While the four-helix bundle proteins cannot 

accumulate iron individually, they assemble through extensive non-covalent interactions at six 

symmetry-related interfaces (one two-fold, two three-fold, three four-fold) into the functional 

cage.96 Ferritin is just one example of many natural metalloprotein assemblies (e.g., insulin, 

hemoglobin, and nitrogenase) that perform metal-based functions critical to Life (Figure 1.10).95 

Each metalloprotein assembly varies markedly with regards to the structure, stoichiometry, 

and heterogeneity of their protein building blocks.95 An important example of how structural and 

 
Figure 1.9 | Incorporation of the four-helix bundle motif into functionally diverse oligomers.  
Four-helix bundle domains are highlighted in blue. PDB IDs: 1IXM (top), 6RX4 (middle), and 
6B8F (bottom).  
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functional complexity are tightly coupled, nitrogenase consists of multiple discrete domains which 

couple multiple functions (nucleotide binding, electron transfer, nitrogen reduction) within a single 

 
Figure 1.10 | Constituent domains and metal co-factors of natural metalloprotein assemblies. 
(a) Insulin (PDB ID: 1ZNI), a signaling peptide, assembles into a hexamer in the presence of ZnII 
(b) Hemoglobin (PDB ID: 1HHO), an oxygen transporter, forms a heterotetrameric assembly that 
binds Fe-heme co-factors. (c) Nitrogenase (PDB ID: 1M1N), the only enzyme known to reduce 
N2 to NH3, is a complex heteromeric assembly comprised of three unique domains and metal co-
factors. 
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macromolecular machine (Figure 1.10c).95, 101 Given the ubiquitous imprint of protein self-

assembly in natural metalloproteins, it represents a promising tool for the de novo design of 

functional metalloproteins. The assembly of folded proteins into quaternary structures and the 

folding of polypeptide chains into tertiary structures are distinct processes. Compared to protein 

folding, protein self-assembly is highly concentration-dependent, acutely sensitive to 

physiological conditions (pH, salt composition/concentration), requires specific interactions 

between chemically distinct components, and has a “rougher” free energy profile.95, 102-104 

Algorithms like Alphafold have greatly improved researchers’ ability to predict protein folds based 

on primary sequence alone.105 No analogous algorithm has been developed that can accurately and 

reproducibly predict self- assembly paths based solely on the sequences and/or structures of  folded 

proteins.95 Despite the challenges posed by the “protein assembly problem”, numerous approaches 

have been developed to assemble proteins into larger order structures.95 Herein, we will describe 

two approaches, computational design and metal-directed self-assembly, as these are most relevant 

to our designed metalloprotein constructs. An extensive survey of protein assembly design 

methods is provided by the Tezcan Group in a recent review.95  

1.5.2 Computational protein assembly design 

The computational design of protein assemblies is rooted in protein-protein docking, 

wherein the structure of a protein-protein complex is predicted based on the structures of the 

individual proteins.106, 107 Our advances in protein-protein docking stem from improvements in 

sampling techniques and scoring functions.106, 107 To efficiently sample as many conformations as 

possible, researchers have relied on fast Fourier transform (FFT) docking.107, 108 FFT docking 

generates an ensemble of structures that are then scored based on steric and physicochemical 

complementarity.107 Scoring steric complementarity requires the prediction of preferred rotamer 
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conformations for interfacial residues, whereas scoring physicochemical complementarity requires 

the prediction of favorable interactions (vdW, electrostatic, H-bonding) between those residues 

(Figure 1.11a).106 Score functions often incorporate physical parameters based on free energy 

functions and empirical parameters based on high resolution crystal structures of known protein-

protein complexes.106, 109, 110 The pairing of efficient sampling methods with effective energy 

functions has enabled computational design to be applied beyond the realm of protein dimer 

prediction and into the realm of de novo self-assembly of complex and functional protein 

architectures (Figure 1.11b).109-111  

 
Figure 1.11 | General computational protein design methodology and examples of 
computationally designed/redesigned protein assemblies. The assemblies include a homodimer 
(left, PDB ID: 1JML), an endonuclease redesigned for altered DNA cleavage specificity (center 
left, PDB ID: 2FLD), an octahedral cage protein (center right, PDB ID: 4DDF), and a heterodimer 
whose assembly is reversibly controlled through pH changes (right, PDB ID: 6MSQ). 
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A ubiquitous algorithm in de novo computational protein design is Rosetta, developed by 

the Baker Group.110 With improvements in the Rosetta energy function, the scope of successful 

designs has expanded from discrete oligomers to extended assemblies.112, 113 Characterization of 

many Rosetta-generated designs reveals close correlation to the computationally predicted 

structure, a testament to the high atomic accuracy attainable through the algorithm.  The recent 

emergence of a new Rosetta-based method for identifying hydrogen bonds, HBnet, has led to the 

design of pH-switchable assemblies (Figure 1.11b) and highly specific hetero-oligomers that 

function as protein logic gates in vivo.114-116 One significant limitation of the Rosetta energy 

function is its inability to account for metal-ligand interactions, which, given their relatively high 

thermodynamic stabilization, would be a useful interaction type for protein self-assembly. The 

interaction types incorporated into the Rosetta energy function (vdW, hydrogen bonding, 

hydrophobic) tend to be weaker and of lower specificity (Figure 1.11). Consequently, 

computational protein design incurs a large design footprint, as the generation of a target structure 

requires extensive mutagenesis of the protein building blocks.117 

1.5.3 “Metal-directed” protein assembly design   

Given their strength, tunability, and geometric specificity, metal-ligand interactions are an 

attractive interaction type to harness for the assembly of proteins into stable, reversible, and well-

defined architectures, all while incurring a smaller design footprint (Figure 1.12).  In contrast to 

synthetic chemists, who for many decades utilized metal coordination to construct discrete and 

extended supramolecular architectures, the explicit utilization of metal-ligand interactions for de 

novo protein self-assembly was only first reported in 2007 by the Tezcan Group.118-121 They found 

that the addition of ZnII to a variant of cytochrome cb562 bearing two i/i+4 bis-His motifs (metal 

binding cytochrome-1, or MBPC1) reversibly triggered its assembly into a tetramer hosting four 
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tetrahedral, His3Asp coordination sites (Zn4:MBPC14).121 The designed assembly only required 

three mutations on the protein surface, indicative of a small design footprint.  A subsequent study 

by Salgado et al revealed that depending on the coordination geometry preferences of exogenously 

added mid-to-late first row transition metal ions (NiII: octahedral, CuII: square planar, ZnII: 

tetrahedral), MBPC1 crystallized into different oligomers (NiII: trimer, CuII: dimer, ZnII: tetramer) 

(Figure 1.13).122  

In this new protein design method, termed metal-directed protein self-assembly (MDPSA), 

the metal-ion-identity specific nature of metal coordination enables a single building block to 

access multiple structural states.  This is difficult to achieve via design methods that solely rely on 

weak, non-covalent interactions, which lack the geometric specificity and diversity of metal-ligand 

interactions. However, in contrast to computational protein design, the lack of an energy function 

to approximate metal-ligand interactions renders it very difficult to establish the assembly path a 

priori. Indeed, it is likely that absent a corresponding energy function, MDPSA will remain a less 

popular tool for de novo protein self-assembly compared to Rosetta. 

 
Figure 1.12 | Overview of MDPSA and MeTIR. The protein building block should be natively 
monomeric. Designed noncovalent and covalent interactions are highlighted in blue and yellow, 
respectively. 
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As a corollary of the geometric diversity of metal coordination complexes, metal 

complexes can mediate a wide range of functions spanning sequestration and catalysis. Functional 

small molecule complexes often feature ligand environments that are rigidified through covalent 

tethering, as exemplified by the scorpionate ligands.123, 124 Analogous to these small molecule 

strategies, the Tezcan Group installed non-covalent and covalent interactions at the interfaces of 

MBPC1-based assemblies, a strategy termed metal-templated interface redesign (MeTIR), to 

render more stable architectures that preorganize the metal coordination environments (Figure 

1.12-13).95, 125-127 One such assembly, Rosetta Interface Design Cytochrome-1 (RIDC1), was 

 
Figure 1.13 | Metalloprotein assemblies obtained via MDPSA and MeTIR. PDB IDs: 3DE8 
(Cu2:MBPC12), 2QLA (Zn4:MBPC14), 3DE9 (Ni3:MBPC13), 3IQ6 (Zn4:C96RIDC14), 3IQ5 
(C96RIDC14). 
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obtained by using the crystal structure of Zn4:MBPC14 as a template for installing auxiliary non-

covalent interactions .125 The Zn-directed RIDC1 tetramer, Zn4:RIDC14 has served as a starting 

point for engineering a variety of functions, including selective Zn binding, in vivo Zn 

sequestration, allostery, and ampicillin hydrolysis (Figure 1.13).126, 128-131 The consolidation of 

MDPSA and MeTIR into a single workflow exploits the best aspects of metal-directed and 

computational protein design approaches. In MDPSA, we use rationally guided metal-ligand 

interactions to obtain a robust initial assembly with minimal sequence design, and with 

computational protein design we can apply an algorithmic approach to stabilize this emergent 

assembly in a predictable manner. The interplay between metal-ligand and non-covalent 

interactions at designed interfaces is a central theme of subsequent chapters, which highlight 

various cytochrome cb562 mutants hosting a diverse array of metal coordination environments.  
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Chapter 2: Metal-templated design of chemically switchable protein assemblies with high-

affinity coordination sites 

2.1 Abstract 

To mimic a hypothetical pathway for protein evolution, we previously developed a design 

strategy (Metal-Templated Interface Redesign), in which a monomeric protein (cytochrome cb562) 

was tailored for metal-mediated self-assembly, followed by the re-design of the resulting 

oligomers for enhanced stability and metal-based functions. Here we show that a single 

hydrophobic mutation on the cytochrome cb562 surface can drastically alter the outcome of metal-

directed oligomerization to yield a new trimeric architecture, (TriCyt1)3, featuring an unusual 

hexa-histidine coordination motif. Through computational and rational redesign, this nascent 

trimer is converted into second and third-generation variants (TriCyt2)3 and (TriCyt3)3 with 

increased structural stability and preorganization for metal coordination. The three TriCyt variants 

combined furnish a unique design platform to a) provide tunable coupling between protein 

quaternary structure and metal coordination, b) enable the construction of metal/pH-switchable 

protein oligomerization motifs, and c) generate a robust metal coordination site that can 

accommodate all mid-to-late first-row transition metal ions with high affinity, including Mn(II) 

with nanomolar dissociation constants,  rivaling those of the strongest Mn(II)-binding protein, 

calprotectin. 

2.2 Introduction 

 Metalloproteins perform countless biological functions despite the fact that they co-opt 

barely more than a handful of transition metal ions.1-3 Underlying this functional diversity is a 

complex interplay between metal coordination/reactivity and protein structure/dynamics.4-6 

Although the metal-protein interplay can often be understood through detailed, top-down studies 
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of natural metalloproteins, it remains considerably more challenging to build this interplay from 

scratch in the form of new metalloproteins. Starting with pioneering studies in the 1990’s, there 

have  been notable successes in the de novo design of functional metalloproteins, which are 

predominantly based on four-helix bundle and α-helical coiled-coiled motifs with readily 

parametrizable structures.7-10 On the one hand, the fact that diverse bioinorganic functions can be 

obtained only with a limited set of structural motifs illustrates the versatility of the de novo design 

approach. On the other hand, it also highlights the challenge of – and the need for – devising 

alternative strategies and designing new protein architectures for building bioinorganic complexity 

in a bottom-up fashion.   

 It has been hypothesized that some modern metalloproteins may have emerged through the 

metal-nucleated oligomerization of small peptides or protein domains, followed by the evolution 

of the resulting assemblies into stable, functional architectures.11-13 Based on this hypothetical 

trajectory, we previously developed a protein design strategy termed Metal-Templated Interface 

Redesign (MeTIR),14-16 primarily using a monomeric, four-helix bundle protein (cytochrome 

cb562) as a building block.17 First, we installed two bis-His motifs (H59/H63, H73/H77) on the 

Helix3 surface of cyt cb562 to enable metal coordination.18 The resulting construct, MBPC1, 

assembled into different oligomeric states depending on the coordination preferences of nucleating 

metal ions (NiII-trimer; CuII-dimer; ZnII-tetramer) (Figure 2.1).18-20 Given the extensive protein-

protein interfaces in the D2 symmetric Zn4:MBPC14 tetramer, this assembly was chosen as a 

platform for MeTIR.14 Zn4:MBPC14 was  elaborated through rational redesign and directed-

evolution to build functional architectures that selectively bound metal ions,21-23 displayed 

allostery,24, 25 and performed catalytic reactions in vivo.26, 27 Yet, despite the functional versatility 

of the Zn4:MBPC14 progeny, they are inherently biased by the metal-templating strategy toward 
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ZnII coordination chemistry. Moreover, because of their D2 symmetry, they possess at least four 

copies of each metal center of interest, complicating the examination and modification of the 

individual metal centers.  

 

Figure 2.1 | Previous (top) and current (bottom) applications of MeTIR using cytochrome 
cb562 as a building block. In the previous route, the K59H/D73H/K77H mutant of cytochrome 
cb562 (MBPC1), assembled into a variety of oligomeric states upon the addition of NiII, CuII, or 
ZnII, with the oligomerization state dictated by the geometric coordination preferences of the 
metal ion. The ZnII-dependent tetramer ZnII

4:(MBPC1)4 was subsequently used as a structural 
template for computational redesign to generate the variant RIDC1. The ZnII-dependent 
tetramer of RIDC1, ZnII

4:(RIDC1)4, served as a diversifiable scaffold to obtain ZnII 
metalloproteins with a wide range of functions. The MeTIR strategy described in this study is 
based on the D66N/G70W variant of MBPC1 (TriCyt1), which oligomerizes into a trimer 
regardless of the metal identity, yielding a highly preorganized scaffold for the design of 
functional metalloproteins using a large variety of metals. 

 



36 
 

 Here we aimed to direct the self-assembly of MBPC1 toward more pre-organized 

architectures in lower oligomerization states, possibly with fewer metal centers. It is well-

established that surface-exposed hydrophobic residues can effectively induce protein-protein 

interactions and aggregation.28, 29 Thus, we incorporated a Trp residue (W70) onto the MBPC1 

Helix3 surface between the H59/H63 and H73/H77 motifs to enable the formation of a 

hydrophobic core upon metal-mediated oligomerization (Figure 2.2a and Figure 2.1). We also 

mutated the negatively charged Asp66 sidechain on the same surface to Asn to avoid repulsive 

electrostatic interactions during self-assembly.   

 

Figure 2.2 | Solution and crystallographic characterization of TriCyt1. (a) Structural model 
of TriCyt1 monomer. (b) Crystal structure of the NiII:(TriCyt1)3 trimer (PDB ID: 6WZA), which 
is essentially identical to that of CuII:(TriCyt1)3 (PDB ID: 6X8X). The upper panels show the side- 
and top-views of the trimer and the bottom panels depict the primary and secondary coordination 
environments that comprise the “core motif”. The 2Fo–Fc maps (grey mesh) are contoured at 1σ.  
(c) Sedimentation velocity (SV) profiles of TriCyt1 (30 µM monomer) in the absence and presence 
of 10 µM MnCl2, NiCl2, and CuCl2 (see Figure 2.5 for a complete set) 
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2.3 Results and Discussion 

2.3.1 Assembly of TriCyt1 

 The metal-dependent assembly of the resulting variant, TriCyt1, was first screened by 

crystallization in the presence of one equivalent (3 mM) of all mid-to-late first-row transition metal 

ions (MnII to ZnII). Regardless of the metal ion identity, we observed crystals with hexagonal 

morphologies, suggesting that they shared an underlying protein arrangement with three-fold 

symmetry. We obtained 2.5-Å resolution crystal structures of the NiII- and CuII-TriCyt1 complexes 

(Figure 2.2b and Figure 2.3). These structures revealed isostructural trigonal (P321) lattices, 

formed by trimeric TriCyt1 substructures containing a single NiII or CuII ion coordinated in a near-

octahedral geometry by three pairs of H73/H77 residues. The trimeric substructures feature a 

close-packed, parallel arrangement of TriCyt1 monomers. Near the center is a hub of T-stacked 

W70 sidechains that non-covalently buttress the metal-coordinating H73 residues (Figure 2.2b 

and Figure 2.4). Additionally, there are three pairs of intermonomer, salt-bridging interactions 

 

Figure 2.3 | Superposition of NiII:(TriCyt1)3 (PDB ID: 6WZA) and CuII:(TriCyt1)3 (PDB 
ID: 6X8X) structures. The octahedral, hexacoordinate CuII binding site is unusual given the 
tendency of octahedral CuII complexes to undergo Jahn-Teller distortion toward a tetragonal or 
square planar geometry 
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between R34 and D74 residues that surround the metal coordination site and the tris-W70 hub. 

The D74 carboxylates are further H-bonded to the δ-N’s of H73 imidazoles from the same 

monomer, thus completing an extensive network of interactions surrounding the metal 

coordination site (Figure 2.2b). Interestingly, H59/H63 pairs are not coordinated by metal ions. 

Collectively, these structural details suggested that the crystallographically observed trimeric 

TriCyt1 structure possesses a high degree of preorganization, which allows it to accommodate only 

a single metal ion within the same His6 coordination motif independently of the metal identity. 

Indeed, analytical ultracentrifugation (AUC) and size-exclusion chromatography (SEC) 

experiments showed that TriCyt1 was monomeric in solution, but exclusively formed trimers upon 

addition of one equiv. of MnII, FeII, CoII, NiII, CuII and ZnII (Figure 2.2c, Figure 2.5, and Figure 

 

Figure 2.4 | Non-polar residues (purple) positioned at the core interface of NiII:(TriCyt1)3 
(PDB ID: 6WZA). W70 and H73 residues are positioned to form a π-π interaction. 
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2.6).  The yield of trimer formation in solution roughly followed the Irving-Williams (IW) series,2, 

3 ranging from 12% for MnII to ~95% for CoII (Figure 2.2c and Figure 2.5).   

2.3.2 Design and assembly of TriCyt2 

Metal coordination by a His6 motif is exceedingly rare in bioinorganic chemistry.   The 

only well-established biological example is found in the immune protein calprotectin,30, 31 which 

is involved in the sequestration of metal ions (particularly MnII) to limit microbial growth and 

boasts one of the highest MnII affinities among natural proteins.32 Given the rarity of the His6 

motif, in addition to the challenge of generating stable Mn coordination sites in proteins, we asked 

whether the TriCyt1 structure could be subjected to MeTIR to design progressively more stable 

trimers, which can subsequently bind MnII (and other divalent ions) with high affinity. The 

MII:(TriCyt1)3 trimer presents extensive intermonomer interactions (>3000 Å2), which are 

dominated by a central interface formed by Helices3 of the monomers and peripheral interfaces 

between neighboring Helices2 and 3 (Figure 2.2b). We first undertook a computational redesign 

of these interfaces, whereby the “core motif” (His6 site + tris-W70 hub + R34/D74 salt-bridges) 

and the protein backbone positions were maintained. Through an iterative process involving 

sidechain and rotamer optimization with Rosetta and visual inspection, we generated the second-

generation variant, TriCyt2, which includes six additional surface mutations on TriCyt1 (Table 

2.1). AUC and SEC experiments showed that TriCyt2 was stable and monomeric in solution but 

now trimerized in near-quantitative yield upon binding MnII (as well as the other tested metal ions) 

(Figures 2.5- 2.6, Figure 2.7a). Notably, this represents an 8-fold improvement in MnII-induced 

oligomerization. 
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Figure 2.5 | Sedimentation velocity profiles for (a) TriCyt1, (b) TriCyt2, and (c) TriCyt3 in 
the presence of divalent metal ions. 
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Table 2.1 | Rosetta-prescribed mutations obtained from interface redesign of TriCyt1      
using a rigid backbone protocol. 

Residue 
Position 

TriCyt1 Rosetta-
prescribed 
mutations 

Mutational 
Frequency 

(%)[a] 

TriCyt2 

34 Arg Ala 
Arg 

58 
29 
 

Arg 

38 Leu Met 
Leu 

58 
30 
 

Leu 

41 Gln Lys 
Ala 

96 
3 

Lys 
 
 

54 Asp Ala 
Ser 

96 
4 

Ala 
 
 

59 His Ile 
Phe 

86 
5 

Ile 
 
 

63 His Val 
Ile 

97 
3 

Val 
 
 

66 Asn Asp 
Leu 

96 
3 

Asp 
 
 

69 Val Leu 
Ala 

88 
6 

Leu 

        [a] Only two of the highest frequency mutations are shown. 
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Figure 2.6 | Normalized HPLC chromatograms of (a) TriCyt1, (b) TriCyt2, and (c) TriCyt3 
in the presence or absence of divalent metal ions. 
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These observations indicate that interface redesign was successful and furnished a unique 

protein construct that can conditionally assemble into trimers in the presence of all relevant first-

row transition metal ions. We determined the 1.7-Å-resolution crystal structure of FeII-bound 

TriCyt2 complex, which is nearly isostructural with MII:(TriCyt1)3 complexes (rmsd = 0.86 Å over 

all 318 α-C’s) (Figure 2.7b). As designed, the H59I, H63V, V69L mutations contribute to 

hydrophobic packing in the Helix3 central core while eliminating the non-coordinating H59/H63 

motif, whereas the Q41K and N66D substitutions generate a closed network of H-bonding 

interactions in the same core (Figure 2.7c). Additionally, the D54A mutation eliminates the 

potential repulsive interactions between the Asp54 chains, which causes a slight compaction of the 

trimer near the 50’s loops (Figure 2.8). In combination, the six designed mutations yield an 

 

Figure 2.7 | Solution and crystallographic characterization of TriCyt2 (a) SV profiles of 
TriCyt2 (30 µM monomer) in the absence and presence of 10 µM MnCl2. (b) Structural overlay 
of FeII:(TriCyt2)3 (grey, PDB ID: 6WZ0) and NiII:(TriCyt1)3 (cyan, PDB ID: 6WZA).  (c) 
Hydrophobic packing (left) and H-bonding (right) interactions at the core interface of 
FeII:(TriCyt2)3. The 2Fo–Fc maps (grey mesh) are contoured at 1σ. 
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increase in sidechain packing in the TriCyt2 trimer interior (buried surface area or BSA = 3440 

Å2) compared to TriCyt1 (BSA = 3050 Å2) (Figure 2.9), consistent with increased trimer stability. 

Notably, TriCyt2 forms a trimer in the crystal lattice even in the absence of metal ions, revealing 

an essentially identical structure (rmsd = 0.37 Å) to the FeII:(TriCyt2)3 complex that includes a 

pre-organized His6 site (Figure 2.10).  

 

 

 

 

 

 

Figure 2.8 | Superposition of FeII:(TriCyt2)3 (PDB ID: 6WZ0) and NiII:(TrCyt1)3 (PDB 
ID: 6WZA) structures. Structural overlays reveal significant conformational changes in the 
50’s loop region (residues 52-56). 
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Figure 2.9 | Overview of residues comprising the C3 interfaces of (a) NiII:(TriCyt1)3 (PDB 
ID: 6WZA) and (b) FeII:(TriCyt2)3 (PDB ID: 6WZ0), shown as sticks (top) or Connolly 
surfaces (bottom). The buried surface area of the core interface (BSA) increased by 390 Å2 
upon interface redesign. 
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Figure 2.10 | Superposition of metal-free (PDB ID: 6WYU) and FeII-
bound (PDB ID: 6WZ0) (TriCyt2)3 structures. 
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2.3.3 Design, assembly, and metal-binding characterization of TriCyt3   

In the next stage of redesign, we sought to stabilize the peripheral interfaces between 

Helices2 and 3 from neighboring monomers to obtain a metal-independent trimer in solution. 

Although the peripheral interfaces are wider and less packed compared to the central interface, 

they appeared amenable to engineering complementary electrostatic interactions. Accordingly, we 

incorporated three Lys (T31K, A35K, N80K) and two Glu (I67E, Q71E) residues into TriCyt2 

(Table 2.2). The resulting third-generation variant, TriCyt3, indeed formed trimers even in the 

absence of metal ions (Figure 2.11). Consistent with their electrostatic stabilization, TriCyt3 

trimers reversibly dissociate into monomers upon lowering the solution pH to <4 (likely due to 

protonation of Glu/Asp residues), even in the presence of tightly binding metal ions such as CuII 

(Figure 2.12), thus providing a pH-switchable protein assembly platform. We determined the 

TriCyt3 trimer structure in complex with MnII, CoII, NiII and CuII ions (resolutions ranging from 

          Table 2.2 | Mutations to convert TriCyt2 into TriCyt3. 

Residue Position TriCyt2 TriCyt3 Purpose 

31 Thr Lys Salt Bridge 

35 Ala Lys Salt Bridge 

67 Ile Glu Salt Bridge 

69 Leu Ala Steric 

71 Gln Glu Salt Bridge 

76 Leu Ala Steric 

80 Asn Lys Salt Bridge 
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1.8 to 2.2 Å), which showed little deviation from the TriCyt2 trimers (overall rmsd = 0.37 Å) 

(Figure 2.11b and Figure 2.13).  

 

 

Figure 2.11 | Solution and crystallographic characterization of TriCyt3 (a) SV profiles of 
TriCyt3 in the absence and presence of MnCl2. (b) Crystal structure of CoII:(TriCyt3)3 (PDB 
ID: 6WZ2), highlighting engineered H-bonding/electrostatic interactions in peripheral 
interfaces. (c) His6-MnII coordination environment in MnII:(TriCyt3)3 (PDB ID: 6WZ1). The 
2Fo–Fc (grey) and MnII-anomalous difference (purple) maps are contoured at 1σ and 5σ, 
respectively. 

 

 

Figure 2.12 | Sedimentation velocity profiles for TriCyt3 at pH 7.5 and pH 3.5, 
demonstrating pH-reversible assembly/disassembly. TriCyt3 disassembles into monomers 
even in the presence of CuII as shown in the middle panel. 
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The redesigned peripheral interfaces exhibit increased electrostatic complementarity, 

owing largely to a network of H-bonding/electrostatic interactions involving the Lys and Glu 

residues (Figure 2.11b and Figure 2.14). An examination of metal coordination in the four 

MII:(TriCyt3)3 structures point to a stable His6 site that can accommodate all tested metal ions in 

near-octahedral geometries (Figures 2.11c and Figure 2.15a-c). Of particular note is the unusual 

CuII-His6 coordination, which has–to the best of our knowledge–not been previously observed in 

a protein scaffold and highlights the ability of the TriCyt3 scaffold to enforce a hexacoordinate 

geometry (Figure 2.15a, 2.15c). Electron paramagnetic resonance (EPR) spectra of Mn-, Co- and 

Cu-TriCyt3 complexes are all consistent with metal centers in +2 oxidation states (Figures 2.17a 

and Figure 2.18). Despite the enforcement of His6 binding by the TriCyt3 scaffold, there appears 

to be some flexibility in metal coordination, as evidenced by a) the relatively high temperature 

factors of the H77 residues in all structures (Figure 2.15a), b) the observation of both Λ and ∆ 

isomers for the CoII-His6 species (Figure 2.15b), and c) varying extents of deviation of the 

 

Figure 2.13 | Superposition of NiII:(TriCyt3)3 (PDB ID: 6WZC), FeII:(TriCyt2)3 (PDB ID: 
6WZ0), and NiII:(TriCyt1)3 (PDB ID: 6WZA) structures. 
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coordination bond angles from perfect octahedral geometry among different metal centers (Figure 

2.16).  

 

  

 

Figure 2.14 | Interfacial salt bridging/H-bonding networks in (MII:TriCyt3)3 assemblies. 
The conformation of K35 and the intermolecular distances of the E71”/K42/E67” salt bridge 
vary among different metal-bound structures of TriCyt3. 
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Figure 2.15 | Geometries of the His6 coordination sites in the metal-bound TriCyt3 
trimers. (a) Coordination sites largely featured the Λ configuration, which enables H-bonding 
interactions between the H73 δ-N’s and chloride ions. (b) CoII:(TriCyt3)3 trimers display both 
Δ or Λ conformations, illustrating fluxionality in the primary coordination sphere. The Δ 
conformation enables H-bonding interactions between the H73 δ-N’s and D74. (c) Metal 
coordination sites of metal-bound TriCyt3 variants colored according to B-factors, indicating 
higher mobility/disorder of the H77 residues. 
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Figure 2.16 | Bond distances and select bond angles of the His6 coordination sites of (a) 
MnII:(TriCyt3)3, (b) CoII:(TriCyt3)3, (c) NiII:(TriCyt3)3, and (d) CuII:(TriCyt3)3. Distorted   
octahedral geometries are observed in all metal-bound TriCyt3 crystal structures. 
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Figure 2.17 | Metal-binding characterization of TriCyt3. (a) X-band EPR spectrum of 
MnII:(TriCyt3)3. (b) MnII-binding isotherm for competitive binding titration of TriCyt3 in the 
presence of Mag-Fura-2. (c) Dissociation constants for MII:(TriCyt3)3 complexes determined 
by competition titrations (see also Figures S14 and S15, and Tables S7 and S8). Metal was 
added in 2.5 µM increments from 2.5 mM metal chloride stock solutions. The standard errors 
shown are the standard errors of the fits as calculated by the data fitting program DynaFit. 
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Figure 2.18 | X-band EPR spectra of (a) CuII-bound TriCyt3 and (b) CoII-bound TriCyt3. 
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Having uncoupled protein oligomerization from metal binding, we measured the metal 

binding affinities of (TriCyt3)3 via competitive titrations, using Mag-Fura-2 and Fura-2 as 

chelating indicators.23, 33 All titrations were consistent with one MII/one trimer stoichiometry, 

yielding dissociation constants (Kd) ranging from 50 nM for MnII to <1 pM for CuII (Figures 2.17b, 

2.17c, 2.19-2.20, Tables 2.3-2.4). The MnII affinity is noteworthy as it approximates the lowest 

Kd’s reported for the Mn-His6 center of calprotectin (which range from low nM to low µM)32 and 

is >1000-fold lower than that for the Mn-regulatory protein, MntR (Kd = 50-160 µM)34 and >14-

fold lower than that for a designed protein with the highest reported MnII-binding affinity (Kd = 

700 nM).35  Despite the apparent crystallographic disorder in H77 positions, the X-band EPR 

spectrum of MnII:(TriCyt3)3 (Figure 2.16a) is very similar to that of the His6-MnII site in 

calprotectin.30 The zero-field splitting of MnII:(TriCyt3)3 (300 MHz; E/D = 0.30) is in fact lower 

than that of MnII-calprotectin (485 MHz; E/D = 0.30), consistent with a highly symmetrical 

coordination environment (Table 2.5).   

While the X-band EPR spectrum of MnII:(TriCyt3)3 indicates a symmetrical coordination 

environment in solution, the crystal structure reveals that the environment is distorted from an 

ideal octahedral geometry (Figure 2.16a). These distortions are likely enabled by the relatively 

high flexibility of His77 residues (Figure 2.15c), so we aimed to lower their flexibility through 

the installation of hydrogen bonds to the Nδ’s of His77. We surmised that the mutation of Lys80 

to Glu80 could lead to hydrogen bonding between Glu80 and the Nδ’s of His77 residues, helping 

to lower the conformational flexibility of His77 and thus enforcing an ideal octahedral geometry 

at the His6 coordination site. In addition to the K80E mutation, we mutated Glu81 to Lys81 so that 

salt bridge interactions between the 80 and 81 residue positions could be retained. The crystal 

structure of MnII: (E80/K81TriCyt3)3 revealed a mononuclear MnII:His6 primary sphere with an 
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average bond angle of 91 ± 6.7°, which correlates more closely to an ideal octahedral geometry 

than that measured in MnII: (TriCyt3)3 (average bond angle = 94 ± 23°)  (Figure 2.16, 2.21). 

Additionally, we observed secondary sphere hydrogen bonds between Glu80 and His77 with an 

average donor-acceptor distance of 2.7 Å, which corresponds to moderately strong hydrogen 

bonding interactions. The MnII-bound crystal structure of (E80/K81TriCyt3)3 demonstrated our 

ability to modulate primary sphere features of our trimeric architecture through the design of 

secondary sphere interactions. Facile control over the hydrogen bonding environment could allow 

us to tune the coordination thermodynamics of the metal binding by tuning the sigma-donor 

character of Nε’s of His73 and His77.   

2.4 Conclusions 

 In summary, we have reported here the metal-templated design of a series of trimeric 

protein assemblies (TriCyt1-3), which a) provide tunable coupling between protein quaternary 

structure and metal coordination, b) furnish metal/pH-switchable protein oligomerization motifs, 

and c) enable the construction of a robust coordination site for all mid-to-late first-row transition 

metal ions, including the highest MnII affinities achieved in an artificial protein. From a practical 

standpoint, the TriCyt platform offers important advantages for the bottom-up design of functional 

metalloproteins. Owing to its construction from cytochrome cb562 monomers (rather than peptide 

chains), it is stable and structurally tractable. At the same time, it enables the metal centers to be 

built in extensive, evolutionarily-naïve interfaces that can be liberally modified to tune the metal-

protein interplay and protein oligomerization without affecting protein stability (which stands in 

contrast to de novo designed α-helical metalloproteins).36, 37 This could, among other possibilities, 

enable systematic investigations of the redox properties of the unusual Cu-His6 (and likely also 

Fe-His6) coordination motif, as well as the design of coordinatively unsaturated metal centers with  
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Figure 2.19 | Metal-binding isotherms obtained via competitive binding titrations of 
TriCyt3 (~10 µM trimer) and Fura-2 (~10 µM) and fitted using a cubic equation. Metals 
were added sequentially in 1 µL aliquots from either 2.5 mM or 5 mM stock solutions. 
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Figure 2.20 | Metal-binding isotherms obtained via competitive binding titrations of TriCyt3 
(~10 µM trimer) and Fura-2 (~10 µM) and fitted using DynaFit. Metals were added 
sequentially in 1 µL aliquots from either 2.5 mM or 5 mM stock solutions. 
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Table 2.3 | Dissociation constants determined for Metal:TriCyt3 complexes  
using DynaFit. 

Metal Kd (TriCyt3) 

(M) [a] 

Kd (competing 

ligand) 

(M) 

Kd (TriCyt3)/Kd 

(competing 

ligand) 

MnII 5 ± 2 x 10-8 1 x 10-6 [b] 0.05 

CoII 6 ± 3 x 10-9 9 x 10-9 [c] 0.7 

NiII 7 ± 3 x 10-9 7 x 10-9 [c] 1.0 

CuII 8 ± 7 x 10-13  3 x 10-13 [c] 2.0 

ZnII 4 ± 2 x 10-10 6 x 10-9 [c] 0.07 

          [a] Standard deviations calculated by DynaFit.   

           [b] Mag-Fura-2  

   

      Table 2.4 | Dissociation constants determined for Metal:TriCyt3 complexes  
       using a cubic fit. . 

Metal Kd (TriCyt3) 

(M) [a] 

Kd (competing 

ligand) (M)  

Kd (TriCyt3)/Kd 

(competing 

ligand) 

MnII 5 ± 1 x 10-8  1 x 10-6 [b] 0.05 

CoII 8 ± 2 x 10-9 9 x 10-9 [c] 0.9 

NiII 9 ± 1 x 10-9 7 x 10-9 [c] 1.3 

CuII   7 ± 2 x 10-13  3 x 10-13 [c] 2.3 

ZnII   5 ± 1 x 10-10 6 x 10-9 [c] 0.08 

        [a] Standard deviations calculated based on fits of two separate titrations.   

         [b] Mag-Fura-2  

         [c] Fura-2 
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Figure 2.21 | Crystal structure of MnII: (E80/K81TriCyt3)3. (a) The 2Fo-Fc map of the 
coordination site reveals that all six histidine ligands fully occupy a position in which they 
coordinate the MnII center. (b) Topview of the coordination site illustrating H-bonding 
interactions between E80 and the H77 δ-N’s. (c) Select bond lengths and (d) bond angles of the 
coordination. Both parameters indicate a coordination geometry that more closely approximates 
an octahedral geometry when compared to those of the coordination site of MnII:(TriCyt3)3.  

 

 

 

 

 

 

Table 2.5 | EPR spectroscopic parameters for MnII:(TriCyt3)3 derived  
using EasySpin. 

Variant g aiso-
55Mn 

(MHz) 
|D| (MHz) |E| (MHz) |E/D| 

MnII:(TriCyt3)3 2.002 247 300 100 0.3 
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potential chemical reactivities. From an evolutionary standpoint, our findings illustrate that even 

a single mutation on a protein’s surface (e.g., W70) can divert protein self-assembly into drastically 

different pathways, in turn leading to the emergence of new structural motifs with nascent 

functional sites in protein-protein interfaces. 

2.5 Materials and Methods 

2.5.1 Protein Mutagenesis, Expression, and Purification 

All protein constructs reported in this study are variants of metal-based cytochrome-1 

(MBPC1), which is itself a variant of cytochrome cb562. 
17 PCR-based site-directed mutagenesis of 

plasmids encoding MBPC1 (pET20b-[MBPC1]) was performed as previously described (Table 

2.6).38 Purified plasmids were transformed into competent BL21 (DE3) E.coli cells containing the 

ccm (cytochrome c maturation) cassette plasmid, pEC86.39 Colonies were grown overnight on 

LB/agar plates containing ampicillin (100 μg/mL) and chloramphenicol (34 μg/mL). Starter 

cultures were grown for 16 hours at 37°C in LB media supplemented with the same antibiotic 

concentrations, diluted 100-fold into fresh, antibiotic supplemented LB media, and then grown for 

3-5 hours at 37°C until the OD600 reached 0.6-1. Cultures were inoculated into 2.8 L glass flasks 

containing 1 L of LB media supplemented with antibiotics and shaken at 100 RPM for 20-24 hours 

at 37°C. Cells were pelleted via centrifugation (5,000 RPM, 4°C, 5 min) and the media discarded. 

The red cell pellets were resuspended in a 10 mM NaPi buffer solution (pH 8.0) and vigorously 

stirred for 30 minutes. The resulting mixture was sonicated for 15 min in pulses of 30 seconds on 

and 60 seconds off (Qsonica). The lysate was treated with sodium hydroxide to a pH of 10, acetic 

acid to a pH of 8.0, and then cleared by centrifugation (10,000 RPM, 4°C, 20 min). The cleared 

lysate was applied to a Q Sepharose Fast Flow resin preequilibrated with a 10 mM NaPi buffer 

solution (pH 8.0) and eluted using a step-gradient of 0-500 mM NaCl. The visibly red eluate was 
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pooled, concentrated, and exchanged into 10 mM sodium acetate buffer solution (pH 3.5). The 

protein was then loaded onto a CM Sepharose Fast Flow resin preequilibrated with the same buffer 

solution and eluted using a step-gradient of 0-1 M NaCl. Fractions with Reinheitzahl ratios 

(A415/A280) above 6 were pooled, concentrated, and exchanged into a 20 mM MOPS buffer solution 

supplemented with 5 mM EDTA/DPA (pH 7.5). ESI-MS experiments were performed to confirm 

the identity of purified TriCyt constructs (Figure 2.22). 

Table 2.6 | Amino acid sequences of the TriCyt series[a]  
TriCyt1 

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAQKATPPKLEDKSPDSPEMHDF  

FNILVWQIHDALHLANEGKVKEAQAAAEQLKTTCNACHQKYR 

TriCyt2  

ADLEDNMETLNDNLKVIEKADNAAQVKDALTKMRAAALDAKKATPPKLEDKSPASPEM IDF  

FDILLWQIHDALHLANEGKVKEAQAAAEQLKTTCNACHQKYR 

TriCyt3             

ADLEDNMETLNDNLKVIEKADNAAQVKDALKKMRKAALDAKKATPPKLEDKSPASPEMIDFR 

VGFDELAWEIHDAAHLAKEGKVKEAQAAAEQLKTTCNACHQKYR 

[a] Mutated amino acids in reference to parent TriCyt1 are bolded and underlined. 
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Figure 2.22. | ESI-mass spectra of (a) TriCyt1, (b) TriCyt2, and (c) TriCyt3. 
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2.5.2 Sedimentation velocity analytical ultracentrifugation (SV-AUC)  

Protein solutions (10 µM trimer) were treated with either 1 equivalent of metal chloride 

salt or 5 mM EDTA/DPA. Sedimentation velocity (SV) measurements were made in a solution of 

either 20 mM HEPES (pH 7.5) or 20 mM sodium acetate (pH 3.5) at 25°C on a Beckman XL-A 

instrument equipped with a AN-60 Ti rotor and at 41,000 RPM. Samples were monitored at 420 

nm up to 12 h. Scans were processed using SEDFIT software with buffer density (0.99978 g/mL), 

buffer viscosity (0.01016 poise), and partial specific volume (0.7313 mL/g) parameters calculated 

by SEDNTERP.40, 41 SV profiles are shown at a confidence level of 95%. Oligomerization yields 

were estimated based on Riemann integrations of the peaks of the SV profiles.  

2.5.3 Size exclusion chromatography-HPLC (SEC-HPLC) 

Solutions of 30 μM protein (10 μM trimer) were treated with 1 equivalent of metal chloride 

salt. SEC-HPLC analysis was carried out in a solution of 20 mM HEPES (pH 7.5) on a Zenix SEC-

300 column (Sepax) at 25°C, operating at a flow rate of 1 mL/min. Samples were monitored at 

415 nm and eluted in 20 mM HEPES (pH 7.5). Metal-bound trimeric species eluted in 5.4-5.8 min 

while monomeric species eluted in 6.2-6.5 min.     

2.5.4 Computational redesign of TriCyt1 into TriCyt2 via PyRosetta  

The crystal structure of NiII:(TriCyt1)3 served as the structural model to redesign the 

interface using the protein design program Rosetta through its Python-based interface 

(PyRosetta).42-44 As the metal-binding site and with it the overall conformation was to be kept in 

the crystallized geometry, no backbone movements were allowed throughout the calculations. 

Therefore, the nickel atom and heme prosthetic group could be removed prior to calculations. 

Calculations were performed using a fixed backbone design protocol, which included an initial 

repacking of sidechains with the natural amino acids followed by sidechain packing and mutation 
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of 24 amino acids (excluding Cysteine) per monomer through the packer function. The first 1000 

trajectories converged to 31 sequences (with >90% of trajectories covered by the 6 most abundant 

sequences) due to the limited design space afforded by the fixed backbone protocol. Since the 

differences between the generated models in Rosetta Energy Units (REU) were small, all 

sequences were aligned and mutational frequencies at all mutated residue positions calculated 

using UGENE (UniPro).45 Computationally prescribed mutations with frequencies >80% were 

considered beneficial and incorporated into TriCyt1 to generate TriCyt2.     

2.5.5 X-ray structure determination  

Crystals of all TriCyt variants were obtained by sitting-drop vapor diffusion at 25°C (Table 

2.7- 2.8). To obtain TriCyt1 and TriCyt2 crystals, 1 μL of the protein stock solution (pre-incubated 

for 1 hour with 1 equivalent of metal per monomer) was mixed with 1 μL mother liquor. To obtain 

TriCyt3 crystals, 1 μL of a metal-free protein stock solution was mixed with 1 μL mother liquor 

(pre-incubated with 2.0 equivalents of metal chloride salt per monomer). All crystals appeared 

within 1 week and were harvested within 1-4 weeks thereafter. Crystals obtained using MPD or 

PEG400 precipitants were directly frozen in liquid nitrogen, while crystals obtained with other 

precipitants were transferred into perfluoro polyether (Hampton) for cryoprotection prior to 

freezing. Diffraction data were collected at 100 K on ALS Beamline 5.0.1, ALS Beamline 5.0.2, 

ALS Beamline 8.3.1, SSRL 12-2, and SSRL 9-2. Diffraction data were processed and scaled using 

XDS and XSCALE.46 Molecular replacement was carried out using Phaser with monomeric 

cytochrome cb562 (PDB: 2BC5) as the search model.47 Refinement was performed using 

phenix.refine48 while model building and placement of metal ions/water was performed using 

COOT.49 Electron density maps were generated using Phenix and then converted into CCP4 map 

files using a Fast Fourier Transform (FFT, CCP4i).50 All final models and CCP4 electron density 
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maps were rendered in PYMOL (www.pymol.org). Surface calculations were performed using 

PISA.   

Table 2.7 | Crystallization conditions for TriCyt variants 
Protein Metal [Protein][a] [Metal] Mother liquor 

TriCyt1 NiSO4 3 mM 3 mM[b] 22.5% PEG 400, 0.1 M HEPES pH 7.5,  

0.2 M NaCl 

TriCyt1 CuSO4 3 mM 3 mM[b] 25% PEG 2000, 0.1 M Tris pH 8.5,  

0.2 M CaCl2 

TriCyt2 None 3 mM - 43% MPD, 0.1 M Tris pH 8.5,  

0.2 M (NH4)2SO4 

TriCyt2 FeSO4 3 mM 3 mM[b] 25% PEG 400, 0.1 M Tris pH 8.5,  

0.2 M (NH4)2SO4 

TriCyt3 MnCl2 3 mM 3 mM[c] 30% PEG 400, 0.1 M Bis-Tris pH 6.5,  

0.2 M CaCl2 

TriCyt3 CoCl2
[d] 3 mM 3 mM[c] 25% PEG 1500, 0.1 M HEPES pH 7.5,  

0.2 M MgCl2 

 

TriCyt3 CoCl2
[e] 3 mM 3 mM[c] 25% PEG 1500, 0.1 M Tris pH 8.5,  

0.2 M MgCl2 

 

TriCyt3 NiSO4 3 mM 3 mM[c] 25% PEG 2000, 0.1 M Bis-Tris pH 6.5,  

0.2 MCaCl2 

 

TriCyt3 CuSO4 3 mM 3 mM[b] 25% PEG 1500, 0.1 M Bis-Tris pH 5.5,  

0.2 M MgCl2 

 

[a] [Protein] relates to the concentration of monomeric cytochrome.                                                                                                                                                                          
[b] Protein solutions were mixed with 3 mM metal ion 1 hour prior to crystallization.                                                                                                                                            
[c] 3 mM metal ion salts were mixed with mother liquor prior to crystallization.                                                                                                                                          
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Table 2.8 | X-ray refinement statistics for TriCyt1, TriCyt2, and TriCyt3 crystal structures   
(numbers in parentheses correspond to values in the highest resolution shell). 

Variant NiII: 
(TriCyt1)3 

CuII: 
(TriCyt1)3 

Apo 
(TriCyt2)3 

FeII: 
(TriCyt2)3 

MnII: 
(TriCyt3)3 

PDB ID 6WZA 6X8X 6WYU 6WZ0 6WZ1 

Data 
Collection 

     

Space group P 3121 P 321 P 1211 P 1211 P 1211 

Cell 
dimensions (Å) 

82.12 82.12 
137.52 

142.16 82.15 
48.04 

48.26 79.75 
50.80 

48.20 79.26 
49.92 

46.76 77.39 
47.94 

Cell angles (°) 90 90 120 90 90 90 90 105 90 90 107 90 90 111 90 

Resolution (Å) 39.35-2.50 39.81-2.51 40.25-1.76 47.78-1.70 34.79-2.00 

No. unique 
reflections 

19138 (1865) 12469 (2010) 15659 (3676) 28873 (3931) 21230 (2105) 

Rmerge 0.142 (0.688) 0.038 (0.163) 0.416 (0.416) 0.433 (0.499) 0.079 (0.233) 

Multiplicity 19.2 (19.5) 19.5 (20.0) 6.3 (6.3) 6.3 (6.0) 6.6 (6.3) 

CC ½ 1.0 (0.98) 1.0 (1.0) 0.92 (0.93) 0.91 (0.86) 1.0 (0.98) 

< I / σ(I) > 18.23 (6.38) 53.10 (13.13) 3.05 (2.40) 2.94 (2.11) 18.90 (8.26) 

Completeness 
(%) 

99.7(99.9) 99.8 (99.9) 99.8 (100.0) 98.7 (99.7) 98.1 (96.9) 

Refinement      

Rwork/Rfree 0.240/0.306 0.284/0.344 0.170/0.191 0.182/0.211 0.176/0.229 

B-factors (Å2) 34.6 48.1 29.7 29.9 23.1 

Protein 34.6 47.9 28.7 29.3 22.9 

Ligand/ion 29.6 50.6 27.6 26.4 16.6 

Solvent 44.2 50.0 39.4 37.7 29.1 

R.m.s 
deviations 

     

Bond lengths 
(Å) 

0.009 0.010 0.008 0.007 0.009 

Bond angles (°) 1.05 1.15 1.19 0.84 1.04 

Clashscore 18.24 12.21 9.81 3.43 8.18 

Ramachandran 
plot (%) 

     

Favored 98.40 96.15 99.68 99.36 99.36 

Outliers 0.00 0.00 0.00 0.00 0.32 

Rotamer 
outliers (%) 

0.00 0.00 0.38 0.76 0.77 
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Table 2.8 (cont.) | X-ray refinement statistics for TriCyt1, TriCyt2, and TriCyt3 crystal 
structures (numbers in parentheses correspond to values in the highest resolution shell). 

Variant CoII: 
(TriCyt3)3 (Λ) 

 
CoII: 

(TriCyt3)3 (Δ) 
NiII: 

(TriCyt3)3 
CuII: 

(TriCyt3)3 

PDB ID 6WZ2 (Λ) 6X7E 6WZC 6WZ3 

Data Collection     

Space group P 1211 P 1211 P 321 C 121 

Cell dimensions 
(Å) 

48.25 78.11 49.56 48.09 78.00 50.19 82.46 82.46 53.12 78.45 81.21 56.43 

Cell angles (°) 90 107 90 90 106 90 90 90 120 90 93 90 

Resolution (Å) 35.05-2.00 39.70-2.00 35.71-2.20 39.18-1.80 

No. unique 
reflections 

22997 (1947) 23245 (2160) 10686 (1068) 31695 (3241) 

Rmerge 0.060 (0.425) 0.0418 (0.09344) 0.744 (0.578) 0.034 (0.282) 

Multiplicity 6.7 (5.8) 3.4 (3.2) 12.7 (6.6) 3.2 (2.9) 

CC ½ 1.0 (0.93) 0.998 (0.99) 0.89 (0.89) 1.0 (0.89) 

< I / σ(I) > 20.34 (3.64) 23.76 (9.79) 2.96 (1.89) 22.13 (3.16) 

Completeness (%) 96.6 (82.1) 96.34 (90.83) 99.6 (97.4) 97.8 (98.9) 

Refinement     

Rwork/Rfree 0.166/0.211 0.189/0.240 0.183/0.218 0.186/0.236 

B-factors (Å2) 23.5 21.8 31.3 32.6 

Protein 26.2 21.84 30.6 31.9 

Ligand/ion 21.9 19.16 30.4 29.6 

Solvent 35.5 24.64 38.8 40.1 

R.m.s deviations     

Bond lengths (Å) 0.820 0.008 0.910 0.007 

Bond angles (°) 0.008 0.97 0.008 0.80 

Clashscore 5.00 3.05 3.37 11.22 

Ramachandran 
plot (%) 

    

Favored 100 99.04 100 100 

Outliers 0.00 0.32 0.00 0.00 

Rotamer outliers 
(%) 

0.78 0.77 1.12 2.21 
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2.5.6 Spectroscopic characterization methods 

X-band continuous wave (CW) EPR experiments were carried out on a Bruker E500 

spectrometer equipped with a Bruker superhigh QE (SHQE) resonator operating in perpendicular 

mode at 9.4 GHz. Manganese, cobalt, and copper spectra were collected at 10 K using an Oxford 

ESR900 liquid helium cryostat. Samples were prepared at 1.2 mM protein (400 µM trimer) and 

320 μM MnCl2, CoCl2, and CuCl2 (0.8 equiv. metal/trimer) in a 20 mM MOPS buffer solution 

with 150 mM NaCl (pH 7.5). Spectra were simulated using EasySpin.51 

2.5.7 Determination of metal-binding affinities of TriCyt3 via competition assays  

Competition assays using Mag-Fura-2 and Fura-2 were performed to determine the 

dissociation constants for binding of divalent metal ions. All buffer solutions were pre-treated with 

Chelex 100 overnight. Mag-Fura-2 and Fura-2 stocks (1 mM) were prepared in HPLC-grade H2O. 

To a 1-mL solution of 20 mM MOPS and 150 mM NaCl (pH 7.5), ~10 μM Mag-Fura-2 or Fura-2 

or was added. To this solution, ~30 µM of metal-free protein (~10 μM trimer) was added from a 

concentrated stock solution. Following a 10-minute equilibration period, 1 μL aliquots of either 

2.5 mM or 5 mM MnCl2, CoCl2, NiCl2, CuCl2, or ZnCl2 stock solutions were added. Irreversible 

electron transfer between free ferrous ions and the ferric-heme co-factors of TriCyt3 precludes the 

accurate determination of a dissociation constant (Kd) for FeII binding, therefore FeII binding 

titrations were not performed. Metal binding was monitored via UV-visible spectroscopy 10-15 

minutes after each metal addition. For titrations with Mag-Fura-2, an increase in absorbance at 324 

nm correlated with an increase in the concentration of metal-bound Mag-Fura-2. For titrations with 

Fura-2, an increase in absorbance at 324 nm (ZnII), 335 nm (NiII and CuII), or 342 nm (CoII) 

correlated with an increase in the concentration of metal-bound Fura-2. In all cases, the metal-

binding isotherms were fit using two different methods. In the first method, the average of two 
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metal-binding isotherms for a given metal was fit to a one-site binding model using DynaFit as 

previously described.52 The standard deviations of the calculated Kd values were determined by 

DynaFit. In the second method, each metal-binding isotherm was fit to a cubic equation as 

previously described.53 Notably, the data fitting methods yielded very similar Kd values (Table 2.3 

and 2.4). Dissociation constants of metal:Fura-2 and metal:Mag-Fura-2 complexes were obtained 

from previous studies.33 A DynaFit script and a description of the cubic fitting method can be 

found in Appendix 1. 
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Chapter 3: Primary and outer sphere diversification of TriCyt in pursuit of metal-based 

functions 

3.1 Abstract 

In pursuit of a protein architecture that could bind all mid-to-late first row transition metals 

with nanomolar affinity at a mononuclear coordination site, we previously redesigned the metal-

directed trimer M:(TriCyt1)3 (M = MnII-ZnII) into second and third-generation variants (TriCyt2 

and TriCyt3, respectively) which feature increased preorganization of a hexahistidine (His6) 

coordination site. The culmination of our redesign efforts, TriCyt3, is a constitutive trimer which 

binds MnII with nanomolar affinity (Kd ~ 50 nM) at the His6 site.1 While TriCyt3 in its first iteration 

functions as a high affinity binder of mid-to-late first row transition metals, we aimed to establish 

whether this metalloprotein could undergo further modification to mediate metal-based functions 

encompassing lanthanide coordination, catalysis, and iron-sulfur (Fe-S) cluster binding. Since the 

functional role of a metalloprotein is inextricably linked to its primary and outer coordination 

sphere characteristics, we describe herein the diversification of primary and outer sphere features 

of TriCyt3 in pursuit of a diverse array of metal-based functions. 

3.2 Introduction 

 If one were to build a functional metalloprotein from scratch, what would be the key 

components? To start, we require ligands to coordinate the metal ion and furnish a primary 

coordination sphere. The primary sphere features should be compatible with the desired function. 

For example, if we were interested in designing a hydrolytic metalloenzyme we would avoid 

utilizing coordinatively saturated metal binding sites, as such sites preclude a direct interaction 

between the hydroxide nucleophile and the metal ion. Beyond the primary sphere is the outer 

sphere, which is composed of residues that interact either directly or indirectly with the primary 
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sphere and/or substrate. Metalloprotein function hinges on an interplay between the outer and 

primary spheres.2 For example, substituting Thr-199 of carbonic anhydrase with an alanine residue 

and thus eliminating a hydrogen bonding interaction near the active site lowers the enzyme’s 

catalytic efficiency (kcat/KM) almost 60-fold.3 To emulate the interplay between primary and outer 

spheres present in natural metalloproteins, our design approach involves modification of the 

primary sphere to generate the desired metal coordination environment (Figure 3.1). If there is 

evidence for an emergent function, we then carry out additional modifications around the metal 

coordination site to improve the function. 

 

 
Figure 3.1 | Proposed mutations of the His6 coordination site of TriCyt to render new 
coordination environments. Each new coordination environment (left) represents a platform to 
pursue a wide array of metal-based functions. Excluding the His3 model, all other TriCyt models 
with modified primary spheres were manually generated in PYMOL and not based on crystal 
structures.  
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3.3 Results and Discussion  

3.3.1 High-throughput screening of lanthanide coordination in TriCy2 

 Lanthanides represent an important class of rare earth elements (REEs) for utilization in a 

broad range of technologies, including batteries, MRI contrast agents, and single molecule 

magnets.4-6 However, their efficient extraction and separation are key challenges in their 

technological use. It has been estimated that 90% of the global production of REEs can be 

attributed to major ore deposits in China, highlighting the need to identify new extraction methods 

and thus ensure wider geographical distribution of this critical resource.7 Biology offers an 

attractive means to extract lanthanides in a sustainable manner. In recent years, the Cotruvo Lab 

discovered and characterized the protein lanmodulin, which uses a modified EF hand motif to bind 

lanthanide ions (LnIII) with picomolar affinity and 108 fold selectivity over CaII.8-10 In contrast to 

its LnIII/CaII selectivity, the range of apparent Kd for LnIII coordination (LaIII-YIII) only spanned 

two orders of magnitude, with moderate selectivity for smaller lanthanide ions (LaIII-SmIII).8  

Given the unique spectroscopic properties and technological applications of metal ions 

within the lanthanide series,11, 12 metalloprotein constructs with high selectivity for individual 

lanthanide ions are an attractive protein design target. Recently, Slope et. al. demonstrated that the 

size selectivity of LnIII binding within a peptide trimer could be systematically tuned based on the 

location of the Asn3Asp3 coordination site along the C3 symmetry axis.13  Notably, placement of 

the coordination site in more structurally flexible regions of the peptide resulted in lower size 

selectivity.13 Though this study provides insight into engineering size discrimination in lanthanide 

binding proteins through pre-organization, its scope is limited by the use of a peptide scaffold and 

only two primary sphere environments (Asp3 and Asn3/Asp3). Peptides are often difficult to 

crystallize, which limits the structural insight that can be gained regarding size selective metal 
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coordination, while Asp3 and Asn3/Asp3 represent only a small fraction of hard, oxygen-rich 

coordination environments that could comprise a lanthanide binding site. In addressing these 

limitations, we propose a high-throughput screening approach to quickly identify TriCyt variants 

which bind LnIII ions and establish whether this binding behavior is size selective (Figure 3.2).  

In this approach, we would generate our library using VAN codon randomization at residue 

positions 73 and 77 of TriCyt (Figure 3.2a). Notably, the VAN codon encompasses all O-based 

ligands present in landmodulin (Asn, Asp, Glu). As TriCyt is expressed in the periplasm, 

chloroform “shock” would serve as a rapid method to extract variants from the cellular milieu 

 
Figure 3.2 | High-throughput screening approach to identify lanthanide binding variants of 
TriCyt2. (a) Library generation. The VAN codon encompasses all amino acid residues with O-
based ligands, excluding Tyr. V: A/C/G, N: A/C/G/T. (b) Periplasmic extraction using chloroform 
“shock”. The “aqueous” phase is composed of 20 mM HEPES/MOPS (pH 7.5). (c) Proposed 
method to assess oligomerization state of protein variants in the absence and presence of LnIII via 
SEC-HPLC. (d) Proposed method to assess oligomerization state of protein variants in the absence 
and presence of LnIII via fluorescence quenching experiments. Given that Trp70 is located ~7.7 Å 
away from the metal coordination site, fluorescence energy transfer (FRET) to metal ions is 
another possible quenching mechanism in addition to protein oligomerization. 
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(Figure 3.2b). Once extracted, the protein variants could be screened for lanthanide coordination 

using two different approaches (Figure 3.2c-d). In the first method, protein variants would be 

mixed with LnIII ions at 0.3 equivalents (equiv.) LnIII/monomer and the resulting oligomerization 

states assessed via size exclusion chromatography-HPLC (SEC-HPLC, Figure 3.2c). In this 

method, the absorption of the heme co-factor at 415 nm (A415) would serve as the spectroscopic 

handle for oligomerization, as interference from other absorbing species present in the extracts is 

more likely when measuring A280.  In the second method, significant changes in the fluorescence 

emission of Trp70 upon metal addition could indicate metal-directed oligomerization, as the 

solvent environments around the tryptophan residues should shift upon the conversion of monomer 

to trimer (Figure 3.2d).14 We anticipated that TriCyt2 would be the ideal scaffold for our high-

throughput screening methodology, as its metal-dependent trimerization behavior makes it 

amenable to the oligomerization screening approaches described above.  

Before implementing a full screen of our proposed protein library, we carried out 

experiments to test the viability of each aspect of the high-throughput screening method (Figure 

3.2). Sequencing following VAN codon randomization of residue positions 73 and 77 of TriCyt2 

revealed low sequence diversity, with bias toward His73/Asp77 and His73/Glu77 coordination 

sites (Figure 3.3a). Additional rounds of randomization would be needed to increase the sequence 

diversity. In parallel, we tested the efficiency of cytochrome extraction from the periplasm via 

chloroform “shock”. From a 20 mL growth of TriCyt3 we extracted about 0.4 mL of 25 μM protein 

monomer (estimate of [protein] based on A415), enough for an SV-AUC measurement. The major 

oligomeric species identified was a trimer (Figure 3.3b), demonstrating that chloroform “shock” 

is an effective method for extracting TriCyt variants from cells without lowering their propensity 

to self-assemble. 
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Having established a suitable method for periplasmic extraction of TriCyt, we proceeded 

to extract TriCyt2 and assess its oligomerization behavior by SEC-HPLC. To our surprise, TriCyt2 

extract in the absence of exogenously added metal ions had a retention time of ~6.5 minutes when 

eluting from the column, while extract mixed with 10 mM EDTA/DPA had a retention time of ~8 

minutes (Figure 3.4). The retention time of apo TriCyt2 extract correlated closely with that of NiII-

supplemented extract, suggesting that TriCyt2 could acquire trace metal ions from the periplasm 

or buffer solutions to form metal-directed assemblies. For high-throughput experiments, we would 

need to incubate extracts with excess EDTA/DPA overnight and then perform buffer exchange 

into strictly metal-free buffer prior to metal addition. Such steps would lower the potential for 

“false positives” when screening for lanthanide-directed oligomerization. While we have 

demonstrated that SEC-HPLC can be used to assess oligomerization states of nominally impure 

TriCyt extracts when monitoring A415 and is thus a promising high-throughput screening approach, 

it is possible that lanthanide-bound protein complexes with lower affinity than MII:(TriCyt2)3 (M 

= Mn-Zn) would not be isolable via HPLC.  

 
Figure 3.3 | Sequence chromatogram following VAN codon randomization and assembly 
properties of periplasmic extract of TriCyt3. (a) Sequence chromatogram following VAN 
codon randomization of residue positions 73 and 77 of TriCyt2. (b) SV-AUC of TriCyt3 following 
chloroform-mediated extraction from the periplasm. [TriCyt3] = 25 μM 
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Tryptophan fluorescence experiments represent an alternative screening approach, 

whereby Trp70, ubiquitous in the TriCyt series, would serve as a fluorescent reporter for 

oligomerization state changes upon the addition of metal ions (Figure 3.2d). As a proof-of-

concept, we incubated a purified TriCyt2 variant (C15TriCyt2) with mid-to-late first row transition 

metals (MnII, CoII, NiII, CuII, ZnII) which are known to direct self-assembly and monitored the 

change in fluorescence emission at 350 nm (λexc = 280 nm) relative to apo sample. The addition of 

these metal ions led to an average change in the fluorescence emission of -2211 ± 619 AU relative 

to apo protein (Figure 3.5a). The addition of MgII and LaIII, which is not known to direct assembly 

of TriCyt, induced fluorescence emission changes almost 10-fold lower (~305 AU and ~-230 AU, 

respectively). Notably, although the addition of all mid-to-late first row transition metal ions at 30 

μM TriCyt2 monomer leads to near-quantitative trimer yield (Figure 2.5), metal addition to 

C15TriCyt2 induces changes in fluorescence emission that vary by as much as 1350 AU (Figure 

 
Figure 3.4 | Scaled SEC-HPLC chromatograms of TriCyt2 extracts following chloroform 
“shock”. Apo (black), + 0.3 equivalents NiII/protein monomer (green), + 10 mM EDTA/DPA 
(blue). The running buffer is 20 mM MOPS (7.5). Protein extract was incubated with metal for 
at least one hour prior to loading onto column. 
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3.5a). This large difference in fluorescence emission at 350 nm may be due to fluorescence 

resonance energy transfer (FRET) from Trp70 to the exogenously added metal ions. As described 

by the Zagotta Group, the magnitude of transition metal ion FRET would depend on the 

absorptivity of each metalloprotein complex at 350 nm, which should be metal-ion-identity 

dependent.15, 16 Encouraged by the fluorescence emission data obtained for a purified TriCyt2 

variant, we conducted fluorescence experiments for periplasmic extracts of TriCyt2 and a ΔHis6 

variant, A73/A77TriCyt2. Experiments with A73/A77TriCyt2 were intended to control for other 

potential mechanisms of tryptophan fluorescence enhancement/quenching, including FRET from 

Trp70 to surface-bound metal ions and enhancement/quenching by other periplasmic proteins. 

Among three separate periplasmic extracts of TriCyt2, the average change in fluorescence 

emission upon the addition of NiII was -1238 ± 653 AU (Figure 3.5b). The average value was >2-

fold lower than that obtained with NiII-supplemented C15TriCyt2, while the percent error (53%) 

 
Figure 3.5 | Tryptophan fluorescence emission experiments with in vitro purified and 
chloroform extracts of TriCyt2 variants. (a) Change in fluorescence emission at 350 nm (relative 
to apo protein) upon metal addition to pure C15TriCyt2. (b) Change in fluorescence emission at 350 
nm (relative to apo protein) upon metal addition to periplasmic extracts of TriCyt2 variants. All 
measurements were performed in triplicate and at 21-30 μM protein monomer. In all experiments, 
protein was mixed with 0.3 equivalents metal ion/monomer. 
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was >20-fold higher. Replicate measurements of Luria-Bertani (LB) media and A73/A77TriCyt2 

(Figure 3.5b) yielded an average fluorescence emission change upon NiII addition of 106 ± 106 

AU and 413 ± 767 AU, respectively.  

The very high percent errors, which likely reflect the heterogeneity of the sample matrix, 

could complicate the interpretation of high-throughput screening data, especially for metal-

directed assemblies with below 90-100% trimer yield. Future implementation of this methodology 

to screen for lanthanide binding variants of TriCyt2 may require variants of higher purity. This 

could be achieved through a purification step such as affinity chromatography, though the affinity 

tag itself may interfere with protein self-assembly. An alternative, less laborious means to obtain 

purer variants would be to express TriCyt2 in the media, precluding the need for an extraction step 

while placing protein variants in a less heterogenous sample matrix. Since heme incorporation into 

cytochrome cb562 takes place in the periplasm17, media expression would require the design of a 

stable, heme-less version of the protein. As described in subsequent sections, this has recently been 

achieved in our group through the design of “no chrome” (Chapter 3.4-3.5).18 While media 

expression could better facilitate high-throughput screens, the need to use a heme-less building 

block prevents us from using heme absorption as a spectroscopic handle for SEC-HPLC 

measurements. If we can demonstrate that tryptophan fluorescence is a reliable indicator of 

TriCyt2 assembly in the media, then we could foreseeably rely on fluorescence experiments to 

screen for lanthanide-directed assembly of TriCyt variants in a high-throughput manner. Yet 

another alternative is mass-spectrometry, which, while lower throughput, could provide us with a 

less ambiguous readout for the formation of protein-lanthanide complexes. 
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3.3.2 Structural characterization and functional screening of a His3 site in the TriCyt3 

scaffold 

 A significant fraction of metalloenzyme functions rely on the presence of at least one 

coordinatively unsaturated metal binding site. Coordinative unsaturation at the primary sphere is 

critical for the binding and activation of substrates and nucleophiles for a wide range of chemical 

transformations (Figure 3.6). Evidently, coordinative unsaturation is just one requirement for 

efficient catalysis, as metalloenzymes which mediate distinct chemical transformations often 

utilize identical primary sphere features. For example, carbonic anhydrase and cysteine 

 
Figure 3.6 | His3 and Tp ligand frameworks. (a) Examples of reactions mediated by M:His3 
sites in proteins: peroxidation (top), oxygen insertion (middle), and hydrolysis (bottom). MnII 
catalyzed oxidation was achieved through repurposing of the His3 site of carbonic anhydrase. (b) 
M:Tp complexes have been harnessed for epoxidation (top), amination (middle), and methylation 
(bottom). The boron atom is colored orange.  
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dioxygenase, which catalyze different classes of reactions, utilize the same mononuclear, His3 

coordination site (Figure 3.6a). Notably, the His3 coordination site and its close synthetic 

analogue, trispyrazolyl borate (Tp), have been harnessed for a diverse array of reactions (Figure 

3.6a-b).3, 19-24 Through the installation of a His3 site in TriCyt3 followed by the design of outer 

sphere interactions, we aspire to mediate one or more of these functions. In this section, we 

describe our efforts to achieve catalysis in TriCyt3 variants bearing a His3 primary sphere, with 

particular focus on peroxidase (Figure 3.7a-c) and hydride transfer reactions (Figure 3.7d).  

 Monitoring product formation via UV-vis spectroscopy is a valuable means to screen for 

catalysis, especially in high-throughput settings. However, the high absorptivity of the heme co-

factor in the visible range (ε415 = 148,000 M-1 x cm-1)17 and its intrinsic reactivity hinder our ability 

to characterize the catalytic activity of TriCyt3 variants. Recently, we applied Rosetta 

computational design25 to obtain a heme-less variant of TriCyt3, termed no chrome TriCyt3 

(ncTriCyt3) (Figure 3.8a).18 Like TriCyt3, ncTriCyt3 assembles quantitatively into a trimer at mid 

μM concentrations and in the absence of metal ions (Figure 3.8b). Crystal structures reveal a 

 
 

Figure 3.7 | Reactions for screening catalytic activity in TriCyt3 variants hosting His3 
coordination sites. (a-c). H2O2-mediated oxidation reactions with o-dianisidine (ODA), catechol, 
and syringol substrates. (d) Hydride transfer.   
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backbone RMSD between apo TriCyt3 and ncTriCyt3 of only 0.41 Å (Figure 3.8c), illustrating 

that removal of the heme and redesign of the pocket did not significantly distort the trimeric 

architecture.18  

 Having isolated and characterized ncTriCyt3, we proceeded to make systematic 

modifications to the outer sphere while retaining the His3 coordination site. One outer sphere 

 
Figure 3.8 | Design and characterization of ncTriCyt3. (a) Summary of design workflow. 
Iterative cycles of sequence design and energy minimization were employed before final scoring. 
The main score metrics were 1. RMSD between helix3 of the design model and TriCyt3 and 2. 
Rosetta score. Helix3 contains most mutations that are required for self-assembly, and so a low 
RMSD in this region should correlate with similar oligomerization behavior. Ultimately, the model 
with the lowest helix3 RMSD relative to TriCyt3 was selected for further experimental 
characterization. (b) SV-AUC demonstrating trimeric assembly of apo ncTriCyt3 and TriCyt3. 
SV-AUC measurements were performed at 60 μM monomer. (c) Structural overlay of apo 
ncTriCyt3 and TriCyt3. 
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parameter that is universally important for catalytic function is the cavity space around the active 

site.26 We surmised that ncTriCyt3 mutants with varying levels of steric occlusion around the 

coordination site, and thus varying degrees of substrate accessibility, would catalyze reactions with 

different efficiencies.  To systematically tune the cavity size of ncTriCyt3, we carried out 

mutagenesis of residue positions 77, 80, and 81. Collectively, these positions mark the two “layers” 

along the three-fold interface separating the His73 coordination site from bulk solution (Figure 

3.9a). With A77ncTriCyt3 as a starting point, we modeled different mutations at residue positions 

 
Figure 3.9 | Modeling cavity size of ncTriCyt3 mutants. (a) Model of A77ncTC3, with residue 
position 77 highlighted in magenta and positions 80 and 81 highlighted in cyan. Residue positions 
80 and 81 mark the apex of the cavity. (b) Topview of various ncTriCyt3 models and predicted 
cavities (represented by cyan spheres). The active site metal ion is shown as a red sphere.  
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77, 80, and 81 and then carried out calculations of the cavity size using Caver.27 To our surprise, 

mutating Ala77 into Gly77, which ultimately removes only three methyl groups from the pocket, 

led to a 2.7-fold increase in average cavity volume (Figure 3.9b). Further mutations of Lys80 and 

Glu81 into serine residues led to an overall increase in volume of 213 Å3 (Figure 3.9b). Serine 

substitutions were selected as they are small but also polar, giving rise to mutants that may be less 

prone to aggregation compared to mutants that feature more hydrophobic residues. With molecular 

models in hand, we expressed, purified, and analyzed the oligomerization behavior of all three 

pocket mutants via SV-AUC (Figure 3.10).  

 
Figure 3.10 | SV-AUC distributions of (a) A77ncTriCyt3, (b) G77ncTriCyt3, (c) 
G77/S80/S81ncTriCyt3. Measurements were performed with 60 μM protein monomer and 16 μM 
CuSO4.  
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Interestingly, while A77ncTriCyt3 and G77/S80/S81ncTriCyt3 were both almost quantitatively trimeric 

in the absence of metal, the distribution of apo G77ncTriCyt3 revealed a significant population of 

monomeric species (~30% based on relative c(S) values) (Figure 3.10b). The addition of 0.24 

equiv. CuII/monomer to G77ncTriCyt3 increased the relative trimer population to ~82%, while CuII 

addition to G77/S80/S81 ncTriCyt3 symmetrically broadened the distribution around S = 3.18 relative 

to apo, suggesting an increase in the flexibility of the architecture (Figure 3.10b-c). No symmetric 

broadening is observed upon the addition of CuII to A77ncTriCyt3 (Figure 3.10a). Taken together, 

the SV-AUC distributions illustrate how just a small number of mutations can significantly 

influence the assembly of TriCyt3. Each variant in this trio represents a potential starting point for 

screening and eventually improving catalytic functions, such as peroxidation. 

 In all our peroxidase screens, H2O2 is present at 10 mM. Among the peroxidase substrates 

selected for our screens (Figure 3.7a-c), syringol is expected to be the easiest to oxidize owing to 

its small size and the presence of two electron donating substituents positioned ortho to the 

hydroxyl group, which should lower its reduction potential (Figure 3.7c). The syringol oxidation 

 
Figure 3.11 | Syringol oxidation activity of A77ncTriCyt3. (a) Reaction scheme, (b) UV-vis 
spectroscopy following incubation of CuII-loaded A77ncTriCyt3 with 1 mM syringol and 10 mM 
H2O2 for 0 minutes (black trace), and 60 minutes (red trace). The black and red traces fully overlap, 
indicating no product formation.  
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product has an absorbance maximum at 470 nm, which allows us to assay for activity using UV-

vis spectroscopy (Figure 3.11a) We initially tested the syringol oxidation activity of CuII-loaded 

A77ncTriCyt3, employing the same protein/CuII concentrations used for SV-AUC (Figure 3.11b). 

We observed that over the course of 60 minutes there was no increase in the absorbance at 470 

nm, indicating no catalytic activity (Figure 3.11b).   

 By contrast, incubating syringol with CuII-bound G77ncTriCyt3 under the same reaction 

conditions led to the formation of oxidation product within 10 minutes (Figure 3.12a). Monitoring 

the change in absorbance at 470 nm every 10 minutes, we observed a rapid increase in A470 up to 

30 minutes followed by a decrease which we attribute to the formation of precipitate (Figure 

3.12a). While the chemical identity of this precipitate has not been determined, oxidative 

polymerization of syringol is a possible rationale, as that would yield polymers with lower aqueous 

solubility than the monomeric oxidation product (Figure 3.12a).28, 29 Ultimately, precipitation 

made it difficult to obtain an accurate estimate of the reaction rate (expressed as ΔA470 x s-1) of 

 
Figure 3.12 | Syringol oxidation activity of G77ncTriCyt3. (a) UV-vis spectroscopy following 
incubation of CuII-loaded G77ncTriCyt3 with 1 mM syringol and 10 mM H2O2. Spectra were 
recorded every 10 minutes over the course of 1 hour. (b) Summary of syringol oxidation rates 
under different reaction conditions. 
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CuII-loaded G77ncTriCyt3 over the initial 60 minutes of the reaction. The reaction rate, while about 

3.0-fold higher than the reaction rate of apo G77ncTriCyt3, was about 2.0-fold lower than that of 

free CuII (Figure 3.12b). Interestingly, no precipitation was observed under catalyst conditions in 

which both protein and CuII were present, suggesting either a distinct mechanism for oxidation 

under these conditions or CuII-induced precipitation of the protein. Ultimately, the observation that 

CuII-loaded G77ncTriCyt3 had higher peroxidase activity than apo protein encouraged us to screen 

for peroxidase activity of this variant with additional substrates. When using catechol and o-

 
Figure 3.13 | Catechol and ODA oxidation activity of G77ncTriCyt3. (a) UV-vis spectroscopy 
following incubation of CuII-loaded G77ncTriCyt3 with 1 mM catechol and 10 mM H2O2. Spectra 
were recorded every 10 minutes over the course of 1 hour. (b) Summary of catechol oxidation rates 
under different reaction conditions. (c) UV-vis spectroscopy following incubation of CuII-loaded 
G77ncTriCyt3 with 1 mM ODA and 10 mM H2O2. Spectra were recorded every 10 minutes over 
the course of 90 minutes. (d) Summary of ODA oxidation rates under different reaction conditions. 
The oxidation rate in the absence of both protein and CuII was not measured. 
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dianisidine (ODA) as substrates, we observed a general correlation to the syringol oxidation data. 

whereby metal-loaded protein exhibited a higher peroxidase activity compared to apo protein but 

a lower activity compared to free CuII (Figure 3.13 and Table 3.1).  

Our initial screens revealed that while CuII-bound A77ncTriCyt3 did not exhibit peroxidase 

activity for our most easily oxidizable substrate, G77ncTriCyt3 exhibited enhanced peroxidase 

activity for all three substrates of interest (Figure 3.7a-c) when pre-incubated with sub-

stoichiometric equivalents of CuII. The initial peroxidase data obtained with the G77ncTriCyt3 

scaffold motivated us to probe whether this emergent catalytic activity could be improved through 

directed evolution.  

The reaction of interest for directed evolution experiments was ODA oxidation, as the 

difference in oxidation activity between apo and CuII-loaded G77ncTriCyt3 was lowest for the ODA 

substrate (Figure 3.13d, Table 3.1). Our library was generated through NYT codon randomization 

at residue positions 80 and 81 (Figure 3.14a), which results in 64 mutants with larger cavities 

compared to G77ncTriCyt3. These mutants also have a higher likelihood of engaging in CH-π or 

other non-covalent interactions with the phenyl rings of ODA than G77ncTriCyt3. Since the 80/81 

mutations would eliminate the K80/E81 salt bridge, we installed a glutamate residue in position 

78 to increase the probability of a compensatory, intermolecular salt bridge (Figure 3.14a). 

   Table 3.1 | Syringol, catechol, and ODA oxidation rates of G77ncTriCyt3[a] 

Substrate Rate (AU x s-1) 
Buffer only 

Rate (AU x s-1) 
Protein only 

Rate (AU x s-1) 
 Cu(II) only 

Rate (AU x s-1)  
Protein + Cu(II) 

Syringol 1.3 x 10-3 (0.5) 3.0 x 10-3 (2) 2.0 x 10-2 (2) 9.1 x 10-3 (20) 

Catechol 1.3 x 10-3 (2) 1.2 x 10-3 (2) 6.3 x 10-3 (4) 3.5 x 10-3 (2) 

ODA ND 8.5 x 10-5 (9) 4.5 x 10-4 (1) 1.6 x 10-4 (0.8) 

[a] Values in parenthesis represent errors in the last digit reported, as calculated based on the standard deviations                                   
of replicate measurements.  
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Iterative rounds of site saturation mutagenesis were performed to ensure a random distribution of 

sequences (Figure 3.14a). All sequences included a media export tag, which allowed us to avoid 

labor-intensive cell lysis and thus maximize the protein yields of our high throughput screening 

protocol (Figure 3.14b). In this protocol, 192 colonies were each grown in 2 mL LB media to 

ensure an oversampling factor of 3 and then induced with 0.6 mM IPTG overnight. After a 16-

hour induction period, the media was passed through centrifugal filters with a molecular weight 

cutoff (MWCO) of 100 kDa, then incubated overnight with 10 μM CuSO4. After the addition of 

H2O2 and ODA, we observed for some samples a significant rate enhancement relative to free CuII 

ion, with improvements of up to 4-fold (Figure 3.15a). For these experiments, the oxidation rate 

was calculated by plotting the natural log of the concentration of product as a function of reaction 

time.  

When sequencing the wells that yielded enhanced oxidation rates, only one sequence 

(G77/E78/A80/L81ncTriCyt3) appeared twice despite the large oversampling factor (Figure 3.15a). 

 
Figure 3.14 | Library generation and outline of high throughput screening protocol for 
improving ODA peroxidase activity of G77ncTriCyt3. (a) Sequence of TriCyt3 mutants and 
sequence chromatograms following two rounds of SSM on positions 80 and 81. Sequences from the 
first round of SSM served as templates for the second round. Oversampling factor = 3. 
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Nevertheless, we set out to purify and characterize in vitro two unique mutants that were sequenced 

from the wells, G77/E78/A80/L81ncTriCyt3 (GEAL) and G77/E78/S80/L81ncTriCyt3 (GESL). When 

remeasuring ODA oxidation rates with in vitro purified protein, we observed significant deviation 

from the in vivo oxidation data (Figure 3.15b). Notably, the oxidation rate for the GESL mutant 

measured in vivo was over 3-fold higher than that determined in vitro (Figure 3.15b). For the 

GEAL mutant, the in vitro and in vivo rates were more closely correlated. The deviations between 

 
Figure 3.15 | ODA oxidation data for (a) Mutants directly characterized in vivo and (b) 
Mutants purified in vitro. For the in vivo experiments, the CuII only sample was prepared by adding 
CuSO4 directly to LB media. G77ncTC3 is defined as WT. Notably, only one mutant characterized 
in vivo was sequenced more than once (GEAL). The concentration of oxidized ODA was 
determined based on ε460 = 11300 M-1 x cm-1. Values in parenthesis represent errors in the last digit 
reported, as calculated based on the standard deviations of replicate measurements. Both in vivo and 
in vitro experiments were performed in the presence of 1 mM ODA and 10 mM H2O2. 
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the in vivo and in vitro rates may be due to the presence of endogenous peroxidase enzymes in the 

impure in vivo samples. In 40 mL scale media expressions of G77ncTriCyt3 and GEAL, the protein 

purity ranged from 42-52% (data not shown). Despite the inconsistencies between in vivo and in 

vitro oxidation rates, both GESL and GEAL mutants exhibited enhanced oxidation rates compared 

to G77ncTC3 (up to 1.8-fold higher) and an average oxidation rate either equal to or greater than 

that of free CuII ion. Encouraged by these results, we carried out SV-AUC measurements of the 

mutants in the absence and presence of 0.30 equiv. CuII/monomer to ensure that they assembled 

as trimers (Figure 3.16). For the GEAL mutant, the trimer yield was estimated to be 56% in the 

apo state and 72% upon the addition of CuII. By contrast, the trimer yields for the GESL mutant 

were 81% and >90% in the absence and presence of CuII, respectively. The SV-AUC data suggests 

that a significant fraction of the oxidation activity of CuII-loaded GEAL is attributable to free CuII, 

while the oxidation activity of GESL can be largely attributed to protein-bound CuII. Notably, the 

large differences in oligomerization yields are observed for mutants which differ by only one 

 
Figure 3.16 | SV-AUC distributions of (a) GEAL and (b) GESL mutants of TriCyt3. 
Measurements were performed with 60 μM protein monomer and 20 μM CuSO4. 
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mutation, at residue position 80. We speculate that the A80 substitution, which results in a 

hydrophobic patch at the end of a helix, lowers protein fold stability and consequently the 

propensity to trimerize. We would need to perform circular dichroism (CD) spectroscopy 

measurements to test this hypothesis. Given its improved oxidation activity compared to 

G77ncTriCyt3 and propensity to trimerize both in the absence and presence of CuII, the GESL 

mutant of ncTriCyt3 represents a promising scaffold for future screening of our target catalytic 

functions (Figure 3.7). 

Molecular zinc hydrides have been isolated using a variety of ligand frameworks30-33 and 

are known to mediate hydride transfer to a broad range of substrates.30 One ligand framework 

known to stabilize zinc hydrides is Tp (Figure 3.6b), which has been shown in its ZnII-bound form 

to react with silanes to form a monomeric ZnII-hydride species.31 Ji et. al. recently recapitulated 

the catalytic activity of synthetic zinc hydride complexes in the protein scaffold human carbonic 

anhydrase II (hCAII).23 The researchers demonstrated that in the presence of the hydride source 

phenylsilane, ZnII-bound hCAII was able to catalyze the reduction of a broad range of ketones 

with yields and enantioselectivities as high as >99%.23 This reaction was considered an attractive 

target for screening, as hCAII and ncTriCyt3 both feature mononuclear ZnII:His3 coordination sites 

and near-quantitative product formation was achieved without directed evolution of the active site 

of hCAII, suggesting less stringent secondary sphere coordination requirements. Notably, Ji et. al. 

observed that substitution of the active site residue Val121 to larger non-polar residues such as 

Phe and Trp abolished activity, demonstrating the impact of cavity size on zinc hydride formation 

and ketone reduction at the hCAII active site.23 Given these results, we hypothesized that the 

requisite characteristics of the protein catalyst to achieve minimal activity could simply be its 
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ability to coordinate ZnII in a tetrahedral, His3 coordination environment and to accommodate the 

hydride donor/ketone substrate in the surrounding pocket. 

To test this hypothesis, we aimed to screen the hydride transfer activity of ZnII-bound 

ncTriCyt3 pocket mutants (Figure 3.9), with phenylsilane serving as the hydride donor and 4-

acetylpyridine as the ketone substrate. Ketone reductions with phenylsilane were demonstrated by 

Ji et. al. to give the highest product yields, while acetyl pyridine is more water soluble and smaller 

than other potential substrates.23 As the substrates and products do not have strong UV-vis 

absorbances, we chose to monitor product formation via 1H NMR spectroscopy. We obtained both 

individual NMR spectra of reagents/products and an NMR spectrum of all components mixed at 

the stoichiometric ratios to be used for our catalysis screens (Figure 3.17). As these measurements 

were performed in 90% 50 mM MOPS (pH 8.0)/10% D2O, a large signal corresponding to H2O is 

present at a chemical shift of 4.7 parts per million (ppm), precluding full characterization and 

comparison of the NMR spectra.  However, we identified a signal at ~8.38 ppm unique to the 

ketone reduction product (Figure 3.17, inset) that could serve as a spectroscopic handle for 

product formation during our initial catalysis screens. The first variant we tested was A77ncTriCyt3, 

which was predicted to have the smallest cavity size of all ncTriCyt3 pocket mutants (Figure 3. 

We first incubated 75 μM A77ncTriCyt3 monomer with 1.0-2.0 equiv. ZnCl2 for 1 hour to ensure 

equilibration. We then added a large molar excess of hydride transfer reagents (2000 equiv. 

phenylsilane and 660 equiv. 4-acetyl pyridine) at room temperature and assayed for product 
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formation via 1H NMR (Figure 3.18, red trace). The signal at 8.38 ppm corresponding to the  

ketone reduction product was not present in the reaction mixture after an 18-hour incubation, 

suggesting that ZnII-bound A77ncTriCyt3 was not active for the hydride reduction of 4-acetyl 

pyridine. However, we cannot rule out the possibility that the zinc-hydride species still forms at 

the coordination site. One experiment to establish whether this species forms would be to perform 

NMR analysis of the headspace gases of the reaction in the absence of ketone substrate to monitor 

the formation of H2.23  

 
Figure 3.17 | Overlaid NMR spectra of 4-acetyl pyridine reduction reagents and products, 
including ketone substrate (magenta), product (orange), and phenylsilane (blue). The NMR 
spectrum of the component mixture (gray) features slight chemical shift differences compared to 
individual spectra of the components (inset). All samples were prepared in 50 mM MOPS (pH 
8.0)/10% D2O /10% D2O. [Phenylsilane] = 36 mM, [substrate] = 12 mM, [product] = 12 mM. 
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3.3.3 Incorporation of Fe4S4 clusters into TriCyt to obtain electronically coupled redox 

centers 

Iron-sulfur (Fe-S) clusters are redox-active co-factors involved in a myriad of biological 

processes encompassing small molecule binding,34, 35 electron transfer,36-38 and catalysis.39, 40 

Commensurate with their diverse functional roles, protein-bound Fe-S clusters vary widely in their 

nuclearity, atomic composition, and redox potentials.34 Fe-S clusters can be as compositionally 

simple as the [2Fe-2S] clusters of Rieske dioxygenases34, 41 or as complex as the [8Fe-7S] and 

[Mo-7Fe-9S-C-homocitrate] clusters of nitrogenase,39 while their redox potentials can span -600 

 
Figure 3.18 | Overlaid NMR spectra monitoring 4-acetyl pyridine reduction with no 
ZnII/protein present (gray), with only ZnII present (blue), and with ZnII and protein present 
(red). An NMR spectrum of the product is shown in orange. All reactions were prepared in 50 mM 
MOPS (pH 8.0)/10% D2O /10% D2O. Phenylsilane and 4-acetylpyridine were present in reaction 
mixtures at 50 mM and 16.5 mM, respectively. 



99 
 

to +450 mV.34, 40 Given the functional importance of Fe-S proteins, there have been extensive 

efforts to both design such proteins de novo42-45 and repurpose functional protein scaffolds into Fe-

S cluster binding proteins.46-48 Early de novo design efforts by the Dutton Lab involved the 

incorporation of [4Fe-4S] clusters into four-helix bundle peptides through the ligation of four 

protein-derived cysteines, rendering protein-cluster complexes reminiscent of ferredoxins.42  

Owing to the popularity of four-helix bundles as target folds and their ability to preorganize Cys4 

coordination environments, the vast majority of Fe-S proteins generated via de novo design 

recapitulate the coordination environment of ferredoxins.43-45 While these de novo designed 

ferredoxin mimics have previously exhibited electron transfer activity,44 each iron ion in 

ferredoxin-like [4Fe-4S] clusters is coordinatively saturated, precluding any possibility of 

engineering other functions such as small molecule binding and catalysis.  

An alternative [4Fe-4S] cluster environment that could reasonably be stabilized in a 

designed protein is that found in aconitase, an enzyme which binds a single [4Fe-4S] cluster in a 

Cys3 environment (Figure 3.19).49, 50 In this coordination environment, the apical iron is 

coordinatively unsaturated and thus able to interact with citrate and catalyze its isomerization into 

isocitrate, a key step in the Krebs cycle (Figure 3.19).49-52 When exposed to O2, this apical iron 

“leaches” out of the cluster, resulting in a catalytically inactive [3Fe-4S] form (Figure 3.19). 
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Consequently, aconitase functions as both a Lewis acid catalyst and an O2 sensor. Aussignargues 

and co-workers recently demonstrated that an aconitase-like site can be engineered into a bacterial 

microcompartment (BMC) shell  protein through the installation of cysteine residues at a 3-fold 

interface.46 The authors, while demonstrating successful incorporation of this cluster motif via 

solution methods and X-ray crystallography, did not indicate whether this cluster could bind 

exogenous ligands.46 Notably, the three-fold symmetry axis at which the [4Fe-4S] cluster is placed 

in the BMC shell protein lacks an extended pocket comparable to that observed at the three-fold 

interfaces of the TriCyt scaffolds.46 The extended pocket of our scaffolds (Figure 3.9) not only 

 
Figure 3.19 | Overview of aconitase structure (PDB ID: 1L5J) with close-up view of the [4Fe-
4S] cluster and reaction scheme for the conversion of citrate to isocitrate. The cluster 
composition within aconitase can shift from [4Fe-4S] to [3Fe-4S]. In the [4Fe-4S] form, only three 
cysteine residues ligate the cluster, leaving one coordinatively unsaturated iron that functions as a 
Lewis acid to catalyze the isomerization of citrate to isocitrate. The catalytically active iron is 
shown as a solid sphere, while the rest of the cluster atoms are shown as transparent spheres.  
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provides the prospect of stabilizing ligand bound [Fe-S] clusters, but also to accommodate two 

distinct redox centers within the trimer: the exogenously added cluster and the endogenous 

MII:His3 site formed with His73 (Figure 3.20).  

With the goal of placing an aconitase-like [4Fe-4S] cluster proximal to the MII:His3 site, 

we modeled cysteine mutations at residue position 77 for FeII:(TriCyt2)3 (PDB ID: 6WZ0) and 

 
Figure 3.20 | Docking of [4Fe-4S] clusters from natural metalloproteins into FeII:(TriCyt2)3. 
(a) Select Fe-S metalloproteins from which clusters were extracted and docked into 
FeII:(TriCyt2)3. All docked clusters feature Cys4 ligation. All bond angles and metal-ligand 
distances associated with the Fe4S4Cys4 clusters were fixed during docking. (b)  Topviews (top) 
and sideviews (bottom) of [4Fe-4S]-bound TriCyt2 models. The FeII ion of the FeII:His6 site and 
His77 are omitted for clarity. 
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NiII:(TriCyt3)3 (PDB ID: 6WZC). The average distance between the sulfur atoms of Cys77 was 

6.2 Å for FeII:(TriCyt2)3 and 7.5 Å for NiII:(TriCyt3)3, with the intersulphur distance of the former 

more closely correlating to that of aconitase (6.4 ± 0.3 Å, PDB ID: 1L5J). We thus chose 

FeII:(TriCyt2)3 as a model for [4Fe-4S] cluster docking calculations (Figure 3.20a). In these 

calculations, [4Fe-4S] clusters were extracted from protein crystal structures in the PDB and 

superimposed onto the three-fold interface of the trimer (Figure 3.20a). In addition to residue 

position 77, clusters were docked in residue positions 52, 54, 59, 62, 66, and 70. Ultimately, these 

positions were not selected for mutagenesis, as the docking simulations revealed that they were 

not as compatible for cluster binding as position 77 (data not shown). Cluster-docked structures 

varied significantly in the proximity between the apical iron of the cluster and the His73 

coordination site (Figure 3.20b), an indication of the geometric variability of natural, protein-

associated [4Fe-4S]. After confirming that residue position 77 was the optimal location to install 

cysteine residues to ligate the cluster, we mutated ncTriCyt2 into C77ncTriCyt2. Given that UV-vis 

features of both heme prosthetic groups and Fe-S clusters are present in the 300-600 nm range, it 

was imperative to use a heme-less version of the TriCyt2 scaffold to ensure that we could assess 

cluster incorporation via UV-vis and other spectroscopies.  

After expressing and purifying our new mutant, we had to select a strategy for cluster 

incorporation into our trimeric scaffold (Table 3.2). Previous strategies for forming Fe-S proteins 

include in-vitro reconstitution,44, 46 in-vivo biogenesis,45 and incorporation of synthetic small-

molecule [4Fe-4S] clusters (Table 3.2).48, 53 Of these methods, in-vitro reconstitution is 

operationally the simplest. In this method, protein is mixed with an Fe3+ source (often FeCl3), a 

sulfide source (Na2S, Li2S), and small-molecule thiol ligands such as dithiothreitol (DTT) and 

beta-mercaptoethanol (β-ME) under an anaerobic atmosphere.54, 55 While it is hypothesized that 
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incorporation occurs via in-situ formation of a small-molecule DTT/β-ME-ligated cluster followed 

by substitution onto the Cys-containing protein scaffold,54, 55 to the best of our knowledge there is 

no evidence that this small molecule cluster is generated in high yield in situ, if at all.  Therefore, 

unless the protein scaffold already has some fraction of endogenously incorporated cluster to 

effectively “preorganize” reconstitution, the yield of [4Fe-4S] incorporation into the protein 

scaffold is limited by the yield of DTT/β-ME-ligated [4Fe-4S] cluster produced in situ. A second 

method, recently adopted by the Nanda Group for the design of Fe-S proteins,45 is to exploit 

bacterial mechanisms for cluster incorporation into natural Fe-S proteins, namely the Isc and Suf 

pathways of E.coli.56 This approach benefits from the highly efficient cellular machinery 

responsible for loading Fe-S proteins with their cognate co-factors, and thus has the potential to 

produce [4Fe-4S]-loaded proteins in higher yield compared to in-vitro reconstitution approaches. 

However, the mechanism by which the cellular machinery designates proteins for cluster 

installation is not well understood, potentially limiting the generalizability of this in vivo route to 

Fe-S proteins. A third option for cluster incorporation is to mix protein scaffolds with discrete, 

synthetic [4Fe-4S] clusters (Figure 3.21). This approach has been reported in only a few 

instances,43, 48, 53 yet represents the most efficient path to incorporate clusters in high yield and 

with few side products. Moreover, the compositional diversity of synthetic Fe-S clusters57, 58 

         Table 3.2 | Cluster incorporation strategies 

Method Advantages Disadvantages References 

In-vitro 
reconstitution 

Operationally 
simple 

Yield of in-situ 
generated cluster 

unknown 
[43], [45]  

In-vivo 
biogenesis 

High 
incorporation 

fidelity/efficiency 
Incorporation 

mechanism not 
well-established 

[44] 

Synthetic 
incorporation 

High 
incorporation 

fidelity/efficiency 
Synthesis 

requires dry, air-
free conditions 

[42], [47] 
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provides researchers the opportunity to form Fe-S proteins with greater structural and functional 

complexity than [4Fe-4S]-bound proteins.  

Averill et. al. (Figure 3.21a) and Appelt and Vahrenkamp (Figure 3.21b) have reported 

two distinct procedures for [4Fe-4S] cluster synthesis in organic solvent, with the method of 

Averill et. al. rendering a thiol-substituted cluster and that of Appelt and Vahrenkamp resulting in 

a chloride substituted cluster. These clusters are insoluble in aqueous solution in the absence of 

thiol-based ligands such as β-ME, and even with excess β-ME one could infer based on previous 

studies of peptide-substituted Fe-S clusters that the β-ME-ligated cluster would degrade within 

hours.59 However, when mixing the cluster with protein it is expected that the cysteine residues of 

the protein should readily substitute for the β-ME ligands and solubilize the cluster before a 

 

Figure 3.21 | Synthetic routes to [4Fe-4S] clusters. (a) Synthetic route developed by the Holm 
Group. It was later demonstrated that β-ME could substitute for the tert-butyl thiol substituents 
of this cluster. (b) Synthesis developed by the Vahrenkamp Group which results in a chloride-
substituted cluster. Unlike the protocol developed by the Holm Group, which utilizes FeIII and 
NaSH as the sulfide source, this synthesis utilizes FeII and elemental sulfur (S8) as the sulfide 
source.  
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significant fraction of it degrades. With regards to cluster incorporation, the main barrier presented 

by the above approaches is synthetic experience, as both syntheses must be carried out in 

stringently dry and air-free conditions.  Recently, Invernici et. al. reported on a synthesis of 

glutathione-substituted [4Fe-4S] clusters (Figure 3.21c) that only requires mixing GSH, a sulfide 

source, and FeCl3 in alkaline solution.60 While the synthetic procedure is simple, 400 equiv. 

GSH/cluster are required to stabilize the cluster in aqueous solution. Given the large excess of 

GSH relative to our protein scaffolds that would be required during incorporation and the fact that 

GSH utilizes cysteine residues to ligate Fe-S clusters, we surmised that GSH would be a less labile 

cluster ligand than other small molecule thiols, leading to slower transfer to C77ncTriCyt2 (Figure 

3.21a-b). Given the potentially slow incorporation kinetics posed by a GSH-ligated cluster, we 

opted to use the cluster synthesized by Appelt and Vahrenkamp as our [4Fe-4S] source.  

Synthetic [4Fe-4S] cluster (hereafter referred to as Fe4S4
syn) was generously provided by 

the Suess Group at MIT. We considered two different incorporation protocols. In the first, a 60 

mM stock of Fe4S4
syn in DMF would be added dropwise to 3 mM C77ncTriCyt2 monomer to give 

1-3 mM cluster, or 1-3 equiv. cluster/trimer. In the second, 300 μM C77ncTriCyt2 would be initially 

mixed with 1 equiv. CuCl2, and then, following a one-hour incubation at room temperature, would 

be mixed with 60 mM Fe4S4
syn such that 1-3 equiv. cluster/trimer is present in solution. The 

purpose of the second incorporation protocol would be to assess whether the protein scaffold could 

simultaneously form the MII:His3 site while coordinating Fe4S4
syn at the Cys3 site (Figure 3.20). 

Both reactions would be carried out in a buffer containing 50 mM TRIS and 25 mM β-ME (pH 

8.5), under anaerobic conditions, at room temperature, and for up to 20 hours. As a qualitative 

assessment of whether cluster could be incorporated into C77ncTriCyt2, we compared color 

changes in a reaction based on the first incorporation protocol with those of a solution with only 
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Fe4S4
syn, TRIS, and β-ME present. Over the course of six hours, the color of the (-) protein solution 

changed from yellow to clear while a significant quantity of black precipitate formed (Figure 

3.22a). While some black precipitate was also observed in the (+) protein solution, the solution 

remained yellowish brown, suggesting that C77ncTriCyt2 bound some fraction of the cluster 

molecules present and prevented their degradation. After 20 hours, the reaction was passed over a 

PD-10 column equilibrated in 50 mM TRIS, 25 mM β-ME (pH 8.5) to remove unreacted cluster. 

As a negative control, we added free Fe4S4
syn to the column and carried out the gel filtration step 

under the same conditions performed for the {protein + cluster} reaction. After eluting in 0.7 mL 

buffer, UV-vis spectroscopic features suggestive of Fe-S species were observed for the {protein + 

cluster} reaction but not for Fe4S4
syn (Figure 3.22b), validating gel filtration as an effective method 

for separating unbound and protein-bound Fe4S4
syn. The UV-vis spectrum of C77ncTriCyt2 + 

Fe4S4
syn featured a broad absorption band with a λmax of 426 nm (Figure 3.22b-c), which is red-

 
Figure 3.22 | Initial observations and UV-vis characterization of {C77ncTriCyt2 + Fe4S4syn}. 
(a) Fe4S4

syn in the absence (top) and presence (bottom) of C77ncTriCyt2 following a six-hour 
incubation in 50 mM TRIS, 25 mM β-ME. In both reactions, [Fe4S4

syn] = 3 mM. (b) UV-vis 
spectra of protein + Fe4S4

syn (magenta trace) and Fe4S4
syn (orange trace) following elution from 

a PD-10 desalting column. At an elution volume of 0.7 mL, no visible spectroscopic features 
of free Fe4S4

syn are observed, indicating that free cluster is retained on the column while protein-
cluster adducts elute. (c) UV-vis spectra of Fe4S4

syn (black trace) and protein + Fe4S4
syn 

(magenta trace) following a linear baseline correction, indicating distinct λmax values for the 
Cys—Fe LMCT transition in the 400-450 nm range. The red shift in λmax has been previously 
observed when mixing protein scaffolds with synthetic Fe4S4

 clusters. [47].  
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shifted relative to the UV-vis spectrum of Fe4S4
syn (λmax = 410 nm). The red shift in λmax (Δλmax = 

+16 nm) upon incubation of the cluster with protein suggests that, assuming Fe4S4
syn is bound to 

C77ncTriCyt2, the coordination environment around Fe4S4
syn is distinct from that of the unbound 

cluster.48  

The UV-vis spectrum of {protein + cluster} revealed putative LMCT bands at 350 and 426 

nm suggestive of Cys77-iron bonding. Assuming that all protein-bound iron was associated with 

Fe4S4
syn, we aimed to quantitate the yield of cluster incorporation by quantitating iron content with 

a 2,2'-bipyridine (bipy) chelation assay (Figure 3.23). Bipy molecules bind FeII in an octahedral 

FeII-(bipy)3 complex with a metal-to-ligand charge transfer (MLCT) band centered at 522 nm (ε522 

= 8650 M-1 x cm-1).61, 62 In the assay, {protein + cluster} is mixed with a “bipy cocktail” (Figure 

3.23a) composed of 7 M guanidine HCl (GdnHCl), 10 mM DT, and 2 mM bipy.  

 
Figure 3.23 | Bipy chelation assay to quantitate [Fe] in {protein + cluster} reaction. (a) 
Schematic of the bipy chelation assay. All additions were made in an anaerobic Coy chamber. 
(b) UV-vis spectrum of {protein + cluster} following incubation with the “bipy cocktail” for at 
least 15 minutes. Correction factors were applied to the A522 values to account for the intrinsic 
absorbances of the bipy cocktail and {protein + cluster}.  
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The iron content was estimated based on the [FeII-(bipy)3] determined by A522. The purpose of 

including Gdn HCl and DT was to unfold the protein and ensure all iron present is reduced to FeII, 

respectively. In parallel to UV-vis measurements on {protein + cluster} mixed with the bipy 

cocktail, we measured the A280 of {protein + cluster} to determine [protein], with the assumption 

that absorbance features of the cluster contribute minimally to the total absorbance at 280 nm.44 

Based on the ratio A522/A280, we estimated 2.4 Fe atoms/protein trimer, or, assuming that all Fe 

present is cluster-associated, ~60% Fe4S4
syn incorporation efficiency (Figure 3.23b). Notably, this 

incorporation efficiency is significantly lower than that previously reported for Fe4S4
syn 

incorporation into a designed protein , which was nearly quantitative.48 In this report, the authors 

unfolded the protein prior to the reaction with Fe4S4
syn. Such an approach, though likely to lower 

potential kinetic barriers to cysteinyl coordination of the cluster, would require extensive screening 

to identify conditions for refolding TriCyt variants.  

 Having estimated the iron content of {protein + cluster}, we next aimed to characterize the 

electronic states of the iron atoms via electron paramagnetic resonance (EPR) spectroscopy. In the 

absence of exogenous reductants or oxidants, Fe4S4
syn is expected to be EPR silent due to the 

antiferromagnetic coupling of two [Fe2+, Fe3+] centers with S = 9
2
.63 To our surprise, {C77ncTriCyt2 

+ Fe4S4
syn} in the absence of reductants/oxidants was EPR-active, with the EPR data featuring an 

isotropic signal at g ~ 2.01 (Figure 3.24a, top). This feature has previously indicated a Fe3S4 

cluster in the oxidized 1+ state with S = 1
2
.64, 65 Previous studies of protein-bound Fe3S4  clusters 

have shown that the [Fe3S4]1+species can be reduced to the EPR-silent (S = 2) [Fe3S4]0 with DT.65, 

66 Upon the addition of 10 mM DT to {protein + cluster}, the g ~ 2.01 signal remained, though the 

overall signal from g = 1.98-2.03 was reduced ~ 1.8-fold (Figure 3.24a, middle). If the g ~ 2.01 
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feature indeed represents a [Fe3S4]1+ species, then it would have an unusually low redox potential 

such that the addition of excess dithionite does not fully yield the EPR-silent [Fe3S4]0 species.  

Notably, the UV-vis spectrum of {protein + cluster} in the presence of DT shows a ~ 2-

fold decrease in ε426, suggesting a change in the electronic states of the protein-bound Fe species 

(Figure 3.24b, blue trace). The same discrepancy between the UV-vis and EPR spectroscopic 

data is observed upon extended exposure of {protein + cluster} to air. After over 60 minutes of 

exposure, the UV-vis spectrum reveals that the characteristic shoulder centered at 426 nm and 

attributed to a Cys-Fe LMCT band is no longer present (Figure 3.24b, red trace). However, the 

 
Figure 3.24 | EPR and UV-vis characterization of {C77ncTriCyt2 + Fe4S4syn} in the presence 
of redox stimuli. (a) X-band EPR of {protein + cluster} in the absence of redox stimuli (top), 
in the presence of 10 mM DT (middle), and after prolonged exposure to air (bottom). (b) 
Corresponding UV-vis spectra of EPR samples. The g ~ 2.01 signal is present in all samples 
despite UV-vis spectra suggesting a change in the electronic states of protein-bound Fe species. 
EPR parameters: temperature = 40K, microwave frequency = 9.36 GHz, modulation amplitude 
= 9.77 G, microwave power = 0.2 mW. All EPR samples were transferred to sealed tubes in an 
anaerobic Coy chamber and then flash frozen in liquid N2 prior to measurements. All samples 
were prepared with 10% (v/v) glycerol as a glassing agent. 
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EPR spectrum still features the g ~ 2.01 signal, with little difference in the signal intensity relative 

to the spectrum of {protein + cluster} in the absence of stimuli. Given these discrepancies, the 

observation that dithionite addition does not generate an EPR silent species, and the lack of 

Mössbauer spectroscopy data, we could not say with confidence based on our initial solution data 

that the iron species bound to the protein over the course of the {protein + Fe4S4
syn) reaction is 

[Fe3S4]1+.  

 In parallel to solution characterization via EPR and UV-vis spectroscopies, we aimed to 

characterize the composition and coordination environment of potential protein-bound clusters 

through X-ray crystallography. We observed a mixture of clear and yellow-brown crystals in 

conditions with either Poly(ethylene glycol) (PEG) 1500 or PEG 400 (Table 3.3). Yellow-brown 

crystals were brought outside the tent, incubated for < 30 seconds in cryoprotectant (Table 3.3), 

then flash frozen in liquid N2. We observed that while this approach did temporarily expose 

Table 3.3 | Crystallization conditions for {C77ncTriCyt2 + Fe4S4syn} 
Condition Appearance Cryoprotectant Space Group/Unit Cell 

/Resolution 
25% PEG400, 200 

mM CaCl2, 100 mM 
Bis-Tris (pH 6.5) 

Yellow-brown 
Plates/needles/cubes 

25% glycerol, 12.5% 
PEG400, 100 mM 

CaCl2, 50 mM Bis-Tris 
(pH 6.5) 

NA (twinned) 

 
25% PEG1500, 200 

mM MgCl2, 100 mM 
Bis-Tris (pH 5.5) 

 
Yellow-brown  

Plates 

 
25% glycerol, 12.5% 
PEG1500, 100 mM 
MgCl2, 50 mM Bis-

Tris (pH 5.5) 

 
NA (twinned) 

 
25% PEG1500, 200 
mM NaCl, 100 mM 

HEPES (pH 7.5) 

 
Yellow-brown 

Diamond-shaped 

 
25% glycerol, 12.5% 
PEG1500, 100 mM 

NaCl, 50 mM HEPES 
(pH 7.5) 

 
P 32 

a = 43.24, b = 43.24,  
c = 265.2, α = 90, β = 

90, γ = 120 
2.5 Å 

 
25% PEG1500, 200 
mM NaCl, 100 mM 

Tris pH 8.5 

 
Yellow-brown 

Triangular prisms 

 
25% glycerol, 12.5% 
PEG1500, 100 mM 
NaCl, 50 mM Tris  

(pH 6.5) 

 
NA (twinned) 
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crystals to air, the crystals maintained their yellow-brown color, suggesting qualitatively that 

oxygen damage did not occur. Notably, exposing the crystals to air for at least 30 minutes led to a 

loss of color. Prior to data collection, wavelength scans around the K-edge of Fe were performed. 

A large increase in X-ray absorption around the Fe K-edge (Figure 3.25a) was observed, 

suggesting that Fe was bound to the protein. While twinning was observed for most crystals (Table 

3.3), we were able to determine the structure for one by solving it in the P 32 space group (Table 

3.3) at a resolution of 2.5 Å, with two trimers (termed trimer1 and trimer2, Figure 3.25b-c) 

comprising the asymmetric unit (ASU). To identify Fe binding sites within the ASU, we collected 

diffraction data above (E = 7200 eV) and below (E = 7000 eV) the Fe K-edge (Figure 3.25b-c). 

At E = 7200 eV, discrete anomalous density that can be modeled with two Fe atoms, one proximal 

to the Cys77 layer and another to the His73 layer, is observed in both trimers of the ASU (Figure 

3.25b-c). However, density corresponding to an Fe atom at the His73 layer is much weaker in 

trimer2 than in trimer1 (Figure 3.25c), suggesting lower occupancy. Indeed, the occupancy of Fe 

 
Figure 3.25 | Characterization of Fe binding in {C77ncTriCyt2 + Fe4S4syn}. (a) Wavelength 
scan from 6900-7350 eV, illustrating a large increase in X-ray absorption around the K-edge of 
Fe. Based on this scan, diffraction data was collected at 7200 and 7000 eV. (b-c) Anomalous 
difference maps at 7200 (above) and 7000 eV (below) for trimer1 and trimer2 of the ASU. The 
large difference in anomalous density at wavelengths just above and below the Fe K-edge points 
to the presence of Fe at the three-fold interface.  
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at the His73 site of trimer2 was ultimately refined to 0.51, while the latter three Fe atoms in the 

ASU were refined to full occupancy (Figure 3.26).  

The lack of discrete anomalous density assignable to four individual Fe atoms at the Cys77 

layers, coupled with the uncharacteristically short Sγ distances (4.9 ± 1.0 Å, compared to 6.3 ± 0.3 

Å for aconitase) between Cys77 residues, led us to conclude that Fe-S clusters were not bound to 

the protein. The crystallographic data instead suggests the presence of two unusual di-Fe sites at 

the three-fold interfaces of each trimer of the ASU, each with distinct coordination numbers and 

geometries (Figure 3.26). Given the highly diffuse nature of the anomalous difference maps and 

the quality of the dataset, we are not fully confident that our placement of the Fe atoms and 

calculation of Fe-ligand distances is accurate, especially for trimer2. At the trimer1 interface, Fe1 

is coordinated by two Cys77 residues and an aqua ligand in a distorted trigonal planar geometry, 

while Fe2 is coordinated by the Nε atoms of three His73 residues, again in a distorted trigonal 

planar geometry (Figure 3.26a). While in other crystal structures of TriCyt coordinatively 

unsaturated Fe:His3 complexes include an aqua ligand and are thus tetrahedral, we speculate that 

in this case Fe1 sterically occludes coordination of an aqua ligand to Fe2. The coordination 

environment around Fe2 is similar at the interface of trimer2 (Figure 3.26b). However, the 

estimated Fe1-Fe2 distance (2.5 Å) at the trimer2 interface is 0.7 Å shorter than at the trimer1 

interface and suggestive of metal-metal bonding. Notably, none of the Cys77 sulfur atoms are 

within coordinating distance of Fe1 (Figure 3.26b). Given that Fe1 is at full occupancy, it is likely 

that our placement of the Fe1 atom is incorrect. However, to limit bias we modeled all Fe atoms 

at the center of the anomalous densities, and so an alternative position would not reflect the best 

placement based on the initial anomalous difference maps. A higher resolution crystal structure is 
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expected to provide more clarity about the coordination environments of the Fe atoms in 

C77ncTriCyt2. 

  While the di-Fe site present in trimer1 of the ASU was an unexpected finding, we were 

intrigued by its coordination environment, which has no known precedence in Nature. We aimed 

to establish whether this di-Fe site could be isolated in solution and the scope of metal ions that 

can form a similar coordination site. Although the inter-Sγ distances in the crystal structure (4.9 

 
Figure 3.26 | Electron density maps around His73/Cys77 residues of {C77ncTC2 + Fe4S4syn} 
crystal structure and schemes illustrating salient geometric features of the di-Fe 
coordination sites. (a) Superimposition of anomalous difference (magenta) and 2mFo-Dfc 
(gray) maps at trimer1 interface (left), bond distances for the interfacial Fe-ligand complexes 
(middle), select bond angles for the Fe-ligand complexes (right). (b) Superimposition of 
anomalous difference (magenta) and 2mFo-Dfc (gray) maps at trimer2 interface (left), bond 
distances for the interfacial Fe-ligand complexes (middle), select bond angles for the Fe-ligand 
complexes (right). The evidence for a di-Fe site is stronger at the trimer1 interface than at the 
trimer2 interface. Anomalous difference maps were contoured at 5σ and 2mFo-Dfc maps at 2σ. 
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Å) were ~1.3-fold smaller than those predicted by the PYMOL model, the metal coordination 

metrics at trimer2 (Figure 3.26b) suggest that a scaffold in which the cysteine residues may 

approach closer to each other would be better suited for isolating dinuclear complexes for a wide 

range of metal ions. One scaffold of interest is the chemically-inducible trimer (CIT), based on the 

TriCyt3 scaffold (Figure 3.27a, CIT = I67/A73/M76/N80/H81/L83ncTriCyt3). While originally designed 

to form a ligand-directed assembly, it was found instead to trimerize in the absence of stimuli. 

Modeling Cys77 mutations into CIT yielded an average inter-Sγ distance of 5.4 Å (Figure 3.27b), 

0.8 Å smaller than the average distance observed when modeling Cys77 into ncTriCyt2.  

We hypothesized based on the PYMOL model of C77CIT that the cysteine layer in this 

scaffold could more closely approach the 3-fold axis than in C77ncTriCyt2 and thus be in position 

to coordinate metal ions encompassing a larger range of ionic radii.  

 

 
Figure 3.27 | Crystal structure of CIT and modeling of Cys77 mutation. (a) Overview of 
CIT with Cys77 mutations installed. (b) Closeup of putative coordination site of C77CIT, with 
inter-Sγ of Cys77 and inter-Nε distances of His81 indicated in magenta and black, respectively. 
Unlike in C77ncTriCyt2, the His3 layer is positioned closer to the surface than the Cys3 layer.   
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We initially screened for C77CIT binding to FeII-ZnII in solution using ESI-MS (Figure 

3.28). Herein, we report mass/charge (m/z) peaks corresponding to trimeric species at z = 15 and 

z = 13 (Figure 3.28). At z = 15 and z = 13, m/z peaks above background corresponding to metal-

trimer complexes with 1:1 and 3:1 metal:trimer stoichiometries are observed for C77CIT + NiII and 

C77CIT + CuII (Figure 3.28).  Notably, at z = 13 only a triply metalated trimeric species is observed 

for C77CIT + NiII (Figure 3.28, right).   

 

 
Figure 3.28 | ESI-MS of C77CIT + {FeII-ZnII}. The m/z peaks shown correspond to trimeric 
species with z = 15 (left) and z = 13 (right). All samples were measured in 20 mM ammonium 
bicarbonate buffer, which was prepared using mass spectrometry-grade water. Am = 
ammonium ion. 
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We were surprised to observe 3:1 metal:trimer stoichiometries, as all metal additions were made 

at 2.0 equiv. metal/trimer. Considering this result, we surmise that the protein/metal mixtures were 

not allowed enough time to equilibrate, giving rise to both singly and triply metalated trimeric 

species. Another surprising observation regarding the preliminary ESI-MS data is the absence of 

metal-protein complexes for C77CIT + ZnII at z =15 and z = 13, as ZnII is positioned above NiII on 

the IW Series and is thus expected to form more stable complexes with C77CIT. We would need to 

carry out additional characterizations, including competitive binding titrations and X-ray 

crystallography, to confirm the potential anti-IW behavior.  

While no C77CIT-FeII complexes were observed by ESI-MS, the addition of 0.6 equiv. 

FeCl2/monomer at a monomer concentration of 1 mM led to the formation of a magenta-colored 

species with an absorption band centered at 496 nm (Figure 3.29a, blue trace). This result was 

surprising given that such absorption features are often associated with LMCTs to FeIII, yet the 

addition of FeCl2 to C77CIT was performed under anaerobic conditions and in the absence of 

exogenous oxidants. The addition of 0.6 mM FeCl2 to buffer in the absence of protein did not yield 

the same visible absorption band, confirming that the UV-vis feature at 496 nm was not the result 

of iron oxidation by buffer components (Figure 3.29a, black trace).  The addition of DT to 

{C77CIT + 0.6 equiv. FeII/monomer} led to the disappearance of this absorption band (Figure 

3.29a, orange trace), while extended exposure (0.5 h) to air resulted in a > 2-fold increase in the 

absorbance at 496 nm (Figure 3.29a, red trace). Taken together, the UV-vis spectra suggested 

the formation of Fe3+-containing species, yet X-band EPR measurements of {C77CIT + 0.6 equiv. 

FeII/monomer} revealed an EPR-silent species (Figure 3.29b).  
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Crystals of C77CIT loaded with 0.6 equiv./monomer of FeCl2 were prepared under 

anaerobic conditions and had a magenta hue, as observed in solution (data not shown). Crystal 

structures of {C77CIT + FeII} revealed a trimeric ASU (Figure 3.30a). Two observations 

immediately surprised us. First, the His81 residues were not observed to coordinate a Fe ion, and 

second, instead of engaging in the T-stacking interactions observed in all other TriCyt variants, 

Trp70 residues were engaged in cation-π interactions with Arg34 (Figure 3.30b). Instead of being 

coordinated at a dinuclear site composed of Cys77 and His81, we observed that Fe was coordinated 

by Cys77 residues in a mononuclear, trigonal planar, Cys3 coordination environment (Figure 

3.30b-c and 3.31a). The identity of the metal ion was confirmed by collecting reflection data at 

the K-edge of Fe (Figure 3.30b). According to the database MetalPDB,67 no metalloproteins have 

 

 
Figure 3.29 | UV-vis and EPR spectra of C77CIT mixed with 0.6 equiv. FeII/monomer. (a) 
UV-vis spectra of {C77CIT + FeII} in the absence (blue trace) and presence (red and orange 
traces) of redox stimuli. A UV-vis spectrum of FeCl2 in the absence of protein (black trace) did 
not reveal the same spectral features as those observed in the protein-containing samples, 
confirming that the broad absorption band observed at 496 nm (blue and red traces) was not 
attributable solely to FeII oxidation by buffer components. (b) X-band EPR spectrum of {C77CIT 
+ FeII} indicating the presence of an EPR-silent species. EPR parameters: temperature = 10K, 
microwave frequency = 9.36 GHz, modulation amplitude = 5.00 G, microwave power = 2.0 
mW. 
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been reported which feature a trigonal planar, Fe:Cys3 coordination site. The closest synthetic 

analogue to this site is a trigonal planar [FeSR3]- complex (R = C6H2-2,4,6-tertbutyl3) whose 

electronic structure was extensively characterized by the Holm and Power Groups using 

Mossbauer spectroscopy.68, 69 Thus far, no studies have been performed probing the reactivity of 

this complex, but three-coordinate Fe complexes have previously been shown to possess a wide 

range of functions encompassing C-F bond cleavage,70 oxygen activation,71 NO binding,72 and 

hydrazine reduction.73 As indicated by the pyramidalization angle (θ1-90°, Figure 3.31b), the 

Fe:Cys3 site observed in our structure has significant distortions away from a trigonal planar and 

toward a trigonal pyramidal geometry. At our Fe:Cys3 complex, θ1-90° = 10°, indicative of a 

coordination geometry intermediate between trigonal planar (θ1-90°  = 0°) and trigonal 

pyramidal/tetrahedral (θ1-90° = 19.5°). Such a distortion could enable the coordination complex to 

bind small molecule ligands through π back-bonding, such as CO and CN (Figure 3.31c). It has 

previously been observed by Chambers et. al. 

 
Figure 3.30 | Crystal structure of {C77CIT + FeII}. (a) Overview of trimer. (b) Electron density 
maps highlighting a R34/W70 cation-π interaction (average inter-ring distance = 3.5 ± 0.2 Å, 
left) and a mononuclear, Fe:Cys3 coordination site (right) with two discrete coordination modes. 
2mFo-Dfc maps (gray) and the anomalous difference map (magenta) are contoured at 1σ and 
9σ, respectively. (c) Schemes of Fe coordination modes observed in the crystal structure. The 
occupancy of the Fe atom is 0.56, thus the total occupancy of trigonal planar-coordinated Fe in 
the ASU is 0.36.  



119 
 

that FeII complexes featuring coordination by alkoxide ligands in a trigonal planar geometry react 

with oxo-transfer reagents to render high valent, FeIV-oxo species.71 Like alkoxide, cysteine is a 

weak field ligand, and so it is possible that a Fe:Cys3 complexes could mediate the same reactivities 

observed in the Fe-alkoxide complex. Unlike alkoxide, however, cysteine is itself prone to 

oxidation, potentially leading to oxo-transfer to the ligands rather than or in addition to the metal 

center.74, 75 In future studies, we will assess the reactivity of the Fe:Cys3 site toward various ligands 

(Figure 3.31c) using UV-vis, Mössbauer, X-band EPR, and NMR spectroscopies. These solution 

characterizations will parallel efforts to crystallize ligand-bound Fe:Cys3 complexes.  

3.4 Conclusions 

 The primary and secondary sphere characteristics of a metalloprotein play a critical role in 

determining its function. Achieving multiple, distinct metal-based functions within a designed 

metalloprotein thus requires primary and secondary sphere diversification.  In pursuit of selective 

 
Figure 3.31 | Geometry of coordination mode 1 observed in {C77CIT + FeII} crystal 
structure and candidate ligands to bind the complex. (a) Modeled Fe ion superimposed onto 
the Cys3 plane. As the coordination plane does not divide the sphere into two equal parts, we 
can surmise that there is deviation from the ideal trigonal planar coordination geometry. (b) 
Scheme of the coordination site with selected angles (θ1 and θ2). In an ideal trigonal planar 
geometry, θ1 = 90°, whereas in a tetrahedral geometry, θ1 = 109.5°. (c) Small molecules that 
could coordinate to or react with the Fe:Cys3 site. Iodosylbenzene (bottom) is an oxo-transfer 
reagent previously used to obtain Fe-oxo adducts. Possible resting redox states of the iron center 
required for binding/reacting with each molecule are denoted in parentheses.  
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LnIII coordination, redox-dependent/hydrolytic catalysis, and Fe-S cluster binding, we assessed the 

functional potential of TriCyt2 and TriCyt3 mutants featuring a wide range of primary and 

secondary sphere environments.  

Our vision for obtaining selective LnIII binding proteins centered on high-throughput 

screening protocols in which a library of TriCyt2 mutants would be screened for lanthanide-

directed trimerization via either SEC-HPLC or fluorescence spectroscopy. Control experiments 

revealed that our periplasmic extraction method, which we used to isolate our mutants without 

column purifications, introduced artifacts to our readouts. Possibly due to the high metal content 

and heterogeneity of the periplasm,76 periplasmic extracts of TriCyt2 were revealed by SEC-HPLC 

to assemble as trimers in the absence of exogenously added metal ions, while fluorescence 

spectroscopy measurements on the extracts had low reproducibility. Future protocols would 

include media expression of protein constructs to ensure samples are in a less heterogenous milieu 

and the utilization of ESI-MS to identify protein-LnIII complexes, which would enable us to screen 

for LnIII binding in both TriCyt2 and TriCyt3-based libraries.  

In pursuit of a catalytic variant of TriCyt3, we first mutated His77 into Gly/Ala and sought 

to establish whether the resulting mutants had metal-dependent activity. G77ncTriCyt3 exhibited 

CuII-dependent peroxidase activity for three distinct substrates, including ODA, and thus became 

a starting point for directed evolution. We aimed to improve our emergent ODA peroxidase 

activity by generating and screening mutants with larger cavities than the starting point. Following 

library generation and high-throughput screening of catalytic activity via UV-vis spectroscopy, we 

identified a variant (GESL) which exhibited a ~1.6-fold improvement in peroxidase activity 

compared to G77ncTriCyt3 while remaining trimeric in the presence of CuII. While the increase in 

catalytic rate is notable, we envision that GESL could serve as a novel starting point for obtaining 
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even more active peroxidases through additional modifications of the secondary sphere. Future 

studies could include catalytic screening of a GESL-based library in which residue position 77 or 

positions along the 80s loop are randomized. 

The coordination of two or more compositionally distinct yet electronically coupled metal 

centers within protein assemblies is essential to complex transformations encompassing proton 

and nitrogen reduction.39, 77 In pursuit of electronically coupled metal centers, we mutated His77 

of TriCyt2 into Cys to generate a metalloprotein construct (C77ncTriCyt2) which could 

simultaneously bind a synthetic 4Fe-4S cluster (Fe4S4
syn) and single metal ions at (Cys77)3 and 

(His73)3 coordination sites, respectively. While initial solution characterization suggested the 

incorporation of an unusually low potential, protein-Fe3S4 complex, crystal structures revealed that 

C77ncTriCyt2 coordinated single Fe ions at Cys77 and His73 residues, resulting in a dinuclear 

coordination site with a maximum Fe-Fe distance of 3.2 Å. This serendipitous discovery has led 

to two new pursuits, the first to stabilize heterometallic, dinuclear coordination sites in 

C77ncTriCyt2 by harnessing differences in metal binding affinity for His/Cys ligands, and the 

second to assess the reactivity of mononuclear, Fe:Cys3 complexes within our trimeric scaffold. 

These investigations could lead to the discovery of new-to-nature metalloprotein functions while 

improving our understanding of reactivity at low-coordinate iron complexes. 
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3.5 Materials and Methods 

3.5.1 Mutagenesis, Expression, and Purification 

Mutagenesis and Sequencing. PCR-based site-directed mutagenesis of plasmids encoding 

TriCyt2 or TriCyt3 (pET20b-[TriCyt2] or pET20b-[TriCyt3]) was performed as previously 

described.78 To generate heme-less variants for cytoplasmic expression, the periplasmic leader 

sequences of pET20b-[TriCyt2] and pET20b-[TriCyt3] were deleted via PCR-based site-directed 

mutagenesis. To generate heme-less variants for expression in LB media, the periplasmic leader 

sequences of pET20b-[TriCyt2] and pET20b-[TriCyt3] were replaced via PCR-based site-directed 

mutagenesis with the following media export sequence: MRKSLLAILAVSSLVFSSASFA.79 All 

PCR products were transformed into competent XL-1 Blue E. coli cells and allowed to grow on 

LB/agar plates containing ampicillin (100 μg/mL). When generating mutant libraries, the number 

of colonies grown following transformation and for DNA sequencing exceeded the number of 

expected unique sequences by a factor of ~3. Colonies were grown in LB media supplemented 

with ampicillin (100 μg/mL) and shaken at 150 rpm for 16 hours at 37°C prior to miniprep and 

sequencing.  

Protein expression. Purified plasmids of heme-containing mutants were transformed into 

competent BL21 (DE3) E. coli cells containing the ccm (cytochrome c maturation) cassette 

plasmid, pEC86,80 and allowed to grow for 20 hours on LB/agar plates containing ampicillin (100 

μg/mL) and chloramphenicol (34 μg/mL). Purified plasmids of heme-less mutants were 

transformed into competent BL21 (DE3) E. coli cells without the ccm cassette plasmid and allowed 

to grow for 20 hours on LB/agar plates containing ampicillin (100 μg/mL). Starter cultures were 

grown overnight for 16 hours at 37°C in LB media supplemented with the same antibiotic 

concentrations, diluted either 50- or 100-fold into fresh, antibiotic supplemented LB media, and 
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then grown at 37°C until the OD600 reached 0.6-1. For heme-containing mutants, cultures were 

then diluted 10,000-fold into LB media supplemented with ampicillin (100 μg/mL) and 

chloramphenicol (34 μg/mL) and shaken at 100 RPM for 20-24 hours at 37°C. For heme-less 

mutants, expression was induced by isopropyl β-D-1-thiogalactopyranoside (IPTG, 0.6 mM) and 

cultures were shaken at 200 rpm for 6 hours at 37°C post-induction. For mutants expressed in the 

periplasm or cytoplasm, cells were pelleted via centrifugation (5,000 x g, 4°C, 5 min) and the 

media discarded. For mutants exported to the media, media was decanted off the cell pellet 

following centrifugation. Mutants exported to the media did not undergo column purifications 

prior to analysis. 

Protein Purification. Cell pellets were resuspended in a 10 mM NaPi buffer solution (pH 

8.0) and vigorously stirred until all pellets were resuspended. The resulting mixture was sonicated 

for 15 min in cycles of 30 seconds on and 60 seconds off (Qsonica). After the pH of the lysate was 

readjusted to 8.0, it was clarified by centrifugation (10,000 x g, 4°C, 20 min). The cleared lysate 

was diluted 10-fold into a 10 mM NaPi buffer solution (pH 8.0) and applied to a Q Sepharose Fast 

Flow (Biorad) resin preequilibrated with the same buffer solution. Protein was eluted in 125 mL 

fractions with a step-gradient of 0-1 M NaCl (total volume = 1.25-2.50 L).  Fractions which 

contained target protein in significant quantities as determined by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) were pooled, concentrated, and exchanged into 

10 mM sodium acetate buffer solution (pH 4.5). The protein was then loaded onto a 5 mL High-S 

cartridge column (Biorad) preequilibrated with the same buffer solution and eluted using a step-

gradient of 0-400 mM NaCl. Protein identity and purity were determined by ESI-MS and 15% 

SDS-PAGE gels, respectively. When purifying mutants with Cys residues, all buffer solutions 

were supplemented with 5 mM DTT.  
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 For the high-throughput screening of lanthanide-binding metalloproteins, heme-containing 

TriCyt2 mutants were expressed in the periplasm and extracted via chloroform shock.81 Cell pellets 

were resuspended in chloroform and allowed to incubate for 15 minutes. Afterwards, the 

suspension was diluted with 10 equivalents by volume of 10 mM HEPES (pH 7.5) and centrifuged 

(10,000 x g, 4°C, 15 min) to separate the aqueous and organic layers. The red aqueous layer was 

decanted off the organic layer and analyzed without further purification. 

For the high-throughput screening of ODA oxidation by TriCyt3 mutants, individual 

colonies were grown in ~2 mL LB media in deep well culture plates (Genesee Scientific) 

supplemented with ampicillin (100 μg/mL). After the OD600 of three unique wells reached 0.6-0.8 

OD, each well was induced with 0.6 mM IPTG and allowed to grow for 16 hours. Following the 

16-hour growth period, cells were pelleted via centrifugation (5,000 x g, 4°C, 10 min) and the 

media transferred to 96-well filter plates with a 100 kDa cutoff (Pall). The media was then passed 

through the filter plates via centrifugation (5,000 x g, 4°C, 30 mins) and transferred to 96-well 

filter plates with a 3 kDa cutoff (Pall). Samples were then extensively buffer exchanged into a 50 

mM HEPES buffer solution supplemented with 150 mM NaCl (pH 7.5) and transferred to UV-star 

96 well microplates (Grenier Bio-One) for analysis. Pellets obtained from the initial centrifugation 

step were preserved for miniprep and sequencing. 

3.5.2 Sedimentation velocity analytical ultracentrifugation (SV-AUC) 

Sedimentation velocity (SV) measurements were made in solutions of either 20 mM MOPS 

(pH 7.5) or 20 mM HEPES (pH 7.5) at 25°C on a Beckman XL-A instrument equipped with a AN-

60 Ti rotor and at 41,000 RPM. Heme-containing samples were monitored at 415 nm 

(corresponding to the Soret band of the heme) for up to 12 h. To ensure A415 ≥ 1.0 AU, SV-AUC 

measurements were performed at a minimum concentration of 7 μM protein monomer. Heme-less 
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samples were monitored at 280 nm, and to ensure A280 ≥ 1.0 AU, measurements were performed 

at a minimum concentration of 60 μM protein monomer. When analyzing metal-directed 

oligomerization, protein samples were mixed with metal chloride salts at 1 equiv. metal ion/trimer. 

Following metal addition, samples were equilibrated for at least one hour at 25°C prior to SV 

measurements. Scans were processed and molecular weight distributions calculated using SEDFIT 

software.82 Fitting parameters such as the buffer density (0.9988 g/mL), buffer viscosity (0.01007 

poise), and partial specific volume (0.7313 mL/g) were calculated by SEDNTERP.82 SV profiles 

are shown at a confidence level of 95%. Oligomerization yields were estimated based on Riemann 

integrations of the peaks of the SV profiles, where the bounds of each discrete peak were defined 

by the FWHM. 

3.5.3 Spectroscopic characterization methods 

UV-vis spectra were acquired on Agilent 8453 and Cary 60 spectrometers. For UV-vis 

measurements of potentially air-sensitive samples, all samples were prepared under anaerobic 

conditions and transferred to quartz cuvettes sealed with parafilm and septa.  X-band continuous 

wave (CW) EPR experiments were carried out on a Bruker EMXplus EPR spectrometer (Bruker 

Biospin) equipped with a high-sensitivity resonator (ER4119HS) operating in perpendicular mode 

at 9.4 GHz. Spectra were collected at 10-40 K using a Waveguide cryostat (ColdEdge 

Technologies). Samples of {C77ncTriCyt2 + Fe4S4
syn} were prepared at ~1.2 mM protein monomer 

and nominally ~0.96 mM FeII/FeIII. Samples of {C77CIT + FeII} were prepared at ~0.83 mM protein 

monomer and 0.5 mM FeCl2. All samples were prepared under anaerobic conditions in a 25-50 

mM HEPES buffer solution supplemented with 10% (v/v) glycerol (pH 7.5) as a glassing agent. 

Spectra were plotted using EasySpin.83 
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Tryptophan fluorescence intensity scans and high-throughput UV-vis measurements were 

performed on an Infinite M Nano 200Pro plate reader (Tecan). To measure tryptophan 

fluorescence intensity, fluorescence excitation was carried out at 280 nm and emission monitored 

from 300-450 nm (step size = 1 nm). Samples were prepared at ~30 μM protein monomer and 10 

μM metal chloride salt and allowed to equilibrate for at least 30 minutes prior to being transferred 

to UV-star 96 well microplates (Grenier Bio-One). Before measuring CuII-dependent ODA 

oxidation activities, media containing TriCyt3 mutants was supplemented with 10 μM CuSO4 and 

allowed to equilibrate overnight in UV-star 96 well microplates (Grenier Bio-One). The media 

was then further supplemented with 10 mM H2O2 and 1 mM ODA immediately prior to analysis. 

To monitor ODA oxidation, A460 was measured every 60 s across a total reaction time of 1800 s. 

Natural log plots were generated for the first ten time points. To estimate protein concentrations 

in the sample wells, absorbance scans were performed with a wavelength range of 250-800 nm 

(step size = 2 nm). 

3.5.4 Size exclusion chromatography-HPLC (SEC-HPLC) 

Prior to SEC-HPLC analysis, periplasmic extracts of TriCyt2 were passed through a spin 

filter with a 100 kDa cutoff to remove potential protein aggregate. The flowthrough was then buffer 

exchanged extensively into filtered 20 mM HEPES (pH 7.5) and the protein concentration 

estimated based on the absorbance at 415 nm. Samples were prepared at ~30 μM protein monomer 

and 10 μM metal chloride salt in a solution of 20 mM HEPES (pH 7.5) and allowed to equilibrate 

for at least one hour. Samples were passed through a Zenix SEC-300 column (Sepax) at 25°C, 

operating at a flow rate of 1 mL/min and in 20 mM HEPES (pH 7.5). Sample elution was monitored 

at 415 nm and over the course of 12-15 minutes. 
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3.5.5 X-ray structure determination 

Crystals of TriCyt2 and TriCyt3 mutants were obtained by sitting-drop vapor diffusion at 

25°C. Samples of {C77ncTriCyt2 + Fe4S4
syn} were prepared at ~0.55 mM protein monomer in 50 

mM TRIS supplemented with 25 mM β-ME (pH 8.5). All other samples were prepared at ~3 mM 

protein monomer in 25 mM HEPES (pH 7.5). Cys-containing mutants were mixed with HEPES 

buffer solution supplemented with 25 mM β-ME before being extensively buffer exchanged into 

HEPES buffer solution without β-ME. All samples with Cys-containing mutants or initially mixed 

with Fe4S4
syn were crystallized under anaerobic conditions. Samples were mixed at a ratio of 1 μL: 

1 μL with mother liquor.  Crystals were transferred into either mother liquor supplemented with 

glyercol (25% v/v) or perfluoro polyether (Hampton) for cryoprotection prior to freezing. 

Diffraction data for crystals of {C77ncTriCyt2 + Fe4S4
syn} and {C77CIT + FeII} were collected at 

100 K on ALS Beamline 8.3.1. Diffraction data were processed using XDS and scaled using 

XSCALE.84 Molecular replacement was carried out using Phaser with either monomeric 

ncTriCyt2 ({C77ncTriCyt2 + Fe4S4
syn}) or trimeric CIT ({C77CIT + FeII}) as the search model.85 

Refinement was performed using phenix.refine86 while model building and placement of metal 

ions/water was performed using COOT.87  

3.5.6 Native electrospray ionization (ESI) mass spectrometry 

ESI-MS experiments were performed using an LTQ XL linear ion trap mass spectrometer 

equipped with a heated-electrospray ionization (HESI) source (Thermo). All solutions for ESI-MS 

were prepared using LC-MS grade water (JT Baker). Samples were prepared at ~50 μM protein 

monomer and 33 μM metal chloride salt in 20 mM NH4HCO3 (pH 8.0). Samples were analyzed in 

high mass mode for a m/z range of 1500-3000 and with the following instrument parameters: 

source voltage = 2.52 kV, source temperature = 101.36°C, sheath gas flow rate = 11.94 AU, 
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auxiliary gas flow rate = 11.97 AU, capillary temperature = 225°C.  To prevent cross-

contamination, peek tubing and steel capillary were sequentially washed using 0.5 mL 0.1% formic 

acid and 0.5 mL 20 mM NH4HCO3 between measurements. Distributions were analyzed using 

Qual Browser (Thermo). 
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Chapter 4: Redox- and metal-directed structural diversity in designed protein assemblies 

4.1 Abstract 

Herein we describe a designed protein building block whose self-assembly behavior is 

dually gated by the redox state of disulfide bonds and the identity of exogenous metal ions. This 

protein construct is shown–through extensive structural and biophysical characterization–to access 

five distinct oligomeric states, exemplifying how the complex interplay between hydrophobic, 

metal-ligand, and reversible covalent interactions could be harnessed to obtain multiple, 

responsive protein architectures from a single building block. 

4.2 Introduction 

The propensity of a single protein sequence to form multiple conformations or assembly 

states has been crucial for the generation of structural and functional diversity during evolution.1-

3 For instance, protein folds such as the Rossman,4 four-helix bundle,5 and βαβββ motifs6 have 

been repeatedly used as modular building blocks for larger architectures or quaternary assemblies 

with a wide variety of functions. Similarly, obtaining multiple structural outcomes from a single 

protein sequence also is a prerequisite for building switchable systems that transduce external 

stimuli into functionally relevant changes to their tertiary folds or quaternary assembly states.7-12 

These processes are underpinned by reversible interactions between proteins and external stimuli, 

which include ligand binding,13, 14 metal coordination,15, 16 phosphorylation,17, 18 and cysteine 

oxidation/reduction.19, 20 While most designed protein switches process a single type of stimulus 

to toggle between two structural states,3, 13-18, 21-23 the ability to design proteins that respond to 

more than one type of stimulus or to obtain more than two structurally distinct states from a single 

protein sequence/structure has been limited (Figure 4.1a).24 This is primarily due to the fact that 

most protein design strategies involve the implementation of extensive noncovalent interactions 
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(in particular, hydrophobic packing) to obtain single, stable structures that correspond to deep free 

energy minima.25-27 This strategy lowers the potential for structural diversification and the ability 

of the resulting protein architecture to be stimuli-responsive and reconfigurable. 

Due to their simultaneous strength and reversibility, metal-ligand and disulfide bonding 

interactions represent promising conduits for the design of dynamic, multistate protein switches.20, 

 

Figure 4.1 | Engineering multi-stimuli responsiveness in protein assemblies. (a) General 
workflow to design a multi-stimuli-responsive protein construct. A and B represent different 
stimuli. (b) Cartoon schemes of previously designed cytochrome cb562 variants. Hydrophobic 
surface mutations are highlighted in cyan. 
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28-31 Our group has previously exploited metal coordination, disulfide bonding, and hydrophobic 

packing to construct cytochrome (cyt) cb562-based assemblies with diverse conformations, 

oligomeric states and metal coordination environments.15, 32-37 MBPC1, an early designed variant 

of cyt cb562, was shown to form different assemblies with distinct oligomeric states and structures 

based on the coordination preferences of exogenously added metal ions.15, 32 One of these 

assemblies, the Zn-directed tetramer Zn4:MBPC14, served as a structural template for the 

computational design of a hydrophobic interface (highlighted in cyan in Figure 4.1b, Figure 4.2a) 

on the surface of MBPC1.34 Owing to the designed interactions between the hydrophobic surface 

residues, the resulting variant, RIDC1, formed a considerably more stable Zn-directed tetramer 

(Zn4:RIDC14) with a nearly identical structure to that of Zn4:MBPC14 (Figure 4.2b).34 

Importantly, Zn4:RIDC14 served as a starting point for designing assemblies with functions that 

Figure 4.2 | Crystal structures of previously designed RIDC1 variants. (a) Crystal structure 
of Zn4:C96RIDC1ox

4 (PDB ID: 3IQ6). One of the two C96-C96 disulfide bonds is highlighted in 
magenta while the designed hydrophobic residues are highlighted in cyan. (b) Crystal structure 
of Zn2:A74RIDC13 (PDB ID: 3M15). One of the two Zn:His4 coordination sites is highlighted in 
red while the designed hydrophobic residues are highlighted in cyan. C96RIDC1 enforces the 
tetrameric architecture through covalent preorganization of the i1 interface while A74RIDC1 
features a decoupling of Zn binding to tetramerization. This decoupling takes place despite the 
presence of hydrophobic residues installed to stabilize a tetramer, which suggests that Zn 
coordination by D74 plays a valuable role in directing the tetramerization of RIDC1. 
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ranged from selective metal binding and metal-based allostery to in vivo enzymatic activity.35, 38, 

39  

In the course of our previous studies, we observed that single mutations of the RIDC1 

construct alter the assembly outcomes.40, 41 One RIDC1 variant, C96RIDC1, formed a redox-

dependent but metal-independent tetramer (Zn4:RIDC14) stabilized by both hydrophobic and 

Cys96-Cys96 disulfide bonding interactions (Figure 4.1b). A second RIDC1 variant, A74RIDC1 

(wherein the metal binding residue Asp74 was mutated to Ala), assembled into a Zn-dependent 

trimer (Zn2:A74RIDC13) stabilized by hydrophobic packing interactions and tetrahedral, Zn:His4 

coordination sites that had not been observed in other RIDC1 variants (Figure 4.1b, Figure 

4.2b).41 Here, with the aim of developing a protein construct that can respond to redox and metal-

based stimuli to access multiple structural states, we combined the A74 and C96 mutations to 

 
Figure 4.3 | Structural states of A74/C96RIDC1 obtained through the addition of redox 
and/or metal-based stimuli. Hydrophobic mutations are highlighted in cyan. Each cylinder 
represents a protein monomer. 
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generate A74/C96RIDC1 (Figure 4.3). We found that the interplay between hydrophobic, metal-

ligand, and covalent interactions enabled this variant to form five discrete structural states in a 

redox- and metal-responsive fashion (Figure 4.3).  

4.3 Results and Discussion 

4.3.1 Assembly properties of A74/C96RIDC1ox  

We surmised that in the oxidized state of A74/C96RIDC1 (A74/C96RIDC1ox), the Cys96-Cys96 

disulfide bonds would enforce tetramerization, as observed in the case of C96RIDC1.40 Indeed, both 

in the absence and presence of metal ions (CoII, NiII, CuII, ZnII), A74/C96RIDC1ox formed a tetrameric 

species in solution in near quantitative yields as determined by sedimentation velocity- analytical 

ultracentrifugation (SV-AUC) measurements (Figure 4.4). We were also able to confirm 

tetramerization in solution using native electrospray ionization mass spectrometry (ESI-MS, 

Figure 4.5). The crystal structures of CoII-, and ZnII-bound [A74/C96RIDC1ox]4 are nearly identical 

to one another, with a root-mean-square deviation (RMSD) of 1.24 Å between all α-C’s (Figure 

4.6-4.8). On average, the buried surface area (BSA) of the metal-bound tetramers is about 40% 

smaller (1018 Å2) than that of the apo structure (1388 Å2) (Table 4.1). This indicates that the 

tetrameric assembly undergoes a structural change upon metal binding, with an average RMSD of 

2.55 Å between apo and metal-bound structures (Figure 4.6). Both Co and Zn-bound 

[A74/C96RIDC1ox]4 tetramers contain two C2-symmetry-related coordination sites, with E81 and 

H77 residues from two different monomers serving as ligands. (Figure 4.7-4.9). The 

[A74/C96RIDC1ox]4 structures illustrate that simultaneously exploiting the flexibility of and 

structural constraints imposed by disulfide bonds and hydrophobic packing interactions can 

engender a flexible protein assembly with well-defined metal coordination sites (Figure 4.3, 4.7-

4.9).  
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Figure 4.4 | SV-AUC distributions of metal-supplemented A74/C96RIDC1ox. Analysis was 
performed with 200 μM protein monomer and 1 equivalent metal salt.  
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Figure 4.5 | Native ESI-MS distributions of metal-supplemented A74/C96RIDC1ox. Analysis 
was performed with 50 μM protein monomer and 1 equivalent metal salt. Distributions with a 
charge state of +8 correspond to a dimer, while those with a charge state of +16 correspond to 
a tetramer.  
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Figure 4.6 | Crystal structures of metal-bound A74/C96RIDC1ox. (a) Overlays of Apo, CoII-, 
and ZnII-bound A74/C96RIDC1ox crystal structures (b) Overlay of CoII-, and ZnII-bound 
A74/C96RIDC1ox crystal structures. (c) Overlay of C2 coordination sites of the metal-loaded 
assemblies, illustrating close correlation in the positions of coordinating residues.   
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Table 4.1 | Buried surface area (BSA) calculations of RIDC1 assemblies[a] 

Variant Reductant MII BSA/monomer (Å2) 

A74/C96RIDC1 - - 1665 
A74/C96RIDC1 - Co 968 
A74/C96RIDC1 - Zn 1068 
A74/C96RIDC1 THPP Fe 1038 
A74/C96RIDC1 THPP Ni 768 
A74/C96RIDC1 THPP Cu 1743 
A74/C96RIDC1 THPP Zn 1650 

C96RIDC1 - - 1063 
C96RIDC1 - Zn 1388 
A74RIDC1 - Zn 1007 

[a] BSA calculations based on crystal structures 
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Figure 4.7 | Overview of Co2:[A74/C96RIDC1ox]4 crystal structure, including 2Fo-2Fc maps 
of metal coordination sites. All electron density maps were generated in CCP4i. 

 

 

 

 

 

 

 

 
Figure 4.8 | Overview of Zn4:[A74/C96RIDC1ox]4 crystal structure, including 2Fo-2Fc maps 
of metal coordination sites. All electron density maps were generated in CCP4i. At the C2 
coordination site, Zn occupies two discrete positions with occupancies of 0.6 and 0.4.  
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4.3.2 Assembly properties of A74/C96RIDC1red  

We next turned to the reduced form of our construct, A74/C96RIDC1red, with the hypothesis 

that the lack of disulfide-mediated interfacial constraints could allow it to access different 

oligomeric states upon metal coordination. A74/C96RIDC1red was obtained by adding 5-fold excess 

of the reductant tris(3-hydroxylpropyl) phosphine (THPP) to A74/C96RIDC1ox. At a protein 

concentration of ≥200 μM and up to 5-fold excess of metal ions, FeII, NiII and CuII addition to 

A74/C96RIDC1red led primarily to trimeric species in solution, whereas ZnII and CoII addition yielded 

tetrameric or higher-order assemblies (Figure 4.10, Table 4.2). All metal-directed A74/C96RIDC1red 

 
Figure 4.9 | Geometries of coordination sites of Co- and Zn-bound A74/C96RIDC1ox, 
including bond distances and angles. (a) Coordination geometries of Co-bound 
A74/C96RIDC1ox, (b) Coordination geometries of Zn-bound A74/C96RIDC1ox. 

 

 

 

 

 

 



146 
 

oligomers could be completely disassembled by the addition of a mixture of 

ethylenediaminetetraacetic acid (EDTA) and dipicolinic acid (DPA) (Figure 4.10).  

  

 
Figure 4.10 | SV-AUC distributions of A74/C96RIDC1red upon the addition/removal of metal 
ions. Analysis was performed with 200 μM protein monomer and 1 equivalent (CoII, NiII, CuII, 
ZnII) or 5 equivalents (FeII) metal salt. Metal ions were removed from the protein via the 
addition of 10 mM EDTA/DPA (black traces).  
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The crystal structures of FeII-, NiII-, CuII-, and ZnII-directed assemblies of A74/C96RIDC1red 

were determined at resolutions of 1.6 Å to 2.7 Å (Table 4.3). These structures revealed a 

correspondence between the oligomerization states observed in solution and crystals for the FeII 

(n=3), NiII (n=3) and ZnII (n=4) complexes (Figure 4.11-4.13). By contrast, there was a deviation 

in the case of the CuII-directed A74/C96RIDC1red assembly (n=4 in crystals vs. n=3 in solution) 

(Figure 4.14). A closer look at the latter structure showed that all four Cu centers in the tetrameric 

assembly adopted a tetrahedral coordination geometry, strongly suggesting that they were in the 

+1 oxidation state and thus reduced by the excess THPP present in the crystallization solution 

(Figure 4.14-4.15, Table 4.4). In light of the complex redox equilibrium that exists between Cu 

ions, Cys-disulfide bonds, and THPP, we decided to focus our further analyses on FeII, NiII and 

ZnII complexes of A74/C96RIDC1red. 

  

Table 4.2 | SV-AUC parameters for apo, metal-loaded A74/C96RIDC1[a] 

Reductant[b] Metal[c] Frictional Ratio (f/f0) MWmax (kDa)[d] 

- - 1.31 51 
- CoCl2 1.20 54 
- NiCl2 1.20 48 
- CuCl2 1.21 44 
- ZnCl2 1.12 54 

THPP - 1.20 17 
THPP FeSO4

[e] 1.37 41 
THPP CoCl2 1.16 22 
THPP NiCl2 1.21 33 
THPP CuCl2 1.21 31 
THPP ZnCl2 1.19 54 

[a] [protein monomer] = 0.2 mM monomer 
[b] [THPP] = 1 mM 
[c] Unless otherwise indicated, [metal] = 0.2 mM 
[d] Theoretical MW = 12258 (monomer), 24516 (dimer), 36774 (trimer), 49032 (tetramer), 61305 (pentamer) 
[e] [FeSO4] = 1 mM 
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Table 4.3 | X-ray refinement statistics for A74/C96RIDC1 crystal structures (numbers in 
parentheses correspond to values in the highest resolution shell). 

Variant Apo 
[A74/C96RIDC1ox]4 

Co2: 
[A74/C96RIDC1ox]4 

Zn4: 
[A74/C96RIDC1ox]4 

Fe2:                             
[A74/C96RIDC1red]3 

PDB ID 7RWV 7SU2 7RWW 7RWY 
Space group I4 P21 P21 P21 

Cell dimensions 
(Å) 

92.58, 92.58, 
91.26 

47.88 90.02 52.04 47.79, 86.91, 
49.18 

52.55, 82.68, 
74.14 

Cell angles (°) 90.00, 90.00, 
90.00 

90.00 95.91 90.00 90.00, 109.16,  
90.00 

90.00, 95.22, 
90.00 

Resolution (Å) 46.29-2.20 37.00-2.00 35.96-1.70 44.65-2.20 

No. unique 
reflections 

19413 29302 40172 30358 

Rmerge 0.150 (0.544) 0.017 (0.059) 0.115 (0.752) 0.096 (0.374) 

Multiplicity 2.5 (2.6) 2.0 (2.0) 14.8 (10.9) 3.9 (3.8) 

CC½ 0.984 (0.363) 1 (0.989) 0.996 (0.617) 0.992 (0.863) 

< I / σ(I) > 3.7 (1.9) 26.7 (7.4) 11.7 (3.2) 8.0 (2.8) 

Completeness (%) 98.0 (98.7) 98.4 (96.0) 99.9 (99.5) 99.1 (99.7) 

Refinement     

Rwork/Rfree 0.1946/0.2520 0.1904/0.1915 0.1704/0.2020 0.2023/0.2592 

B-factors (Å2) 34.36 34.32 29.84 39.71 

Protein 34.76 34.37 29.15 39.64 

Ligand/ion 28.36 29.71 29.63 39.86 

Solvent 32.76 37.65 39.39 41.08 

R.m.s deviations     

Bond lengths (Å) 0.016 0.009 0.012 0.009 

Bond angles (°) 1.871 1.150 1.123 1.159 

Clashscore 16.87 7.63 10.23 19.73 

Ramachandran 
plot (%) 

    

Favored 99.76 97.84 99.76 97.44 

Outliers 0.00 0.00 0.00 0.16 

Rotamer outliers 
(%) 

0.00 2.60 0.29 1.99 
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Table 4.3 (cont.) | X-ray refinement statistics for A74/C96RIDC1 crystal structures 
(numbers in parentheses correspond to values in the highest resolution shell). 

Variant Ni2:               
[A74/C96RIDC1red]3 

Cu4:               
[A74/C96RIDC1red]4 

Zn4: 
[A74/C96RIDC1red]4 

PDB ID 7RWU 7TEP 7RWX 

Space group P4132 P21 R 3 2 

Cell dimensions (Å) 94.26, 94.26, 94.26 47.08 80.57 49.44  111.65, 111.65, 
148.33 

Cell angles (°) 90.00, 90.00, 90.00 90.00 102.33, 90.00 90.00, 90.00, 120.00 

Resolution (Å) 42.15-1.80 45.99-2.70 37.01-1.60 

No. unique 
reflections 

25101 9589 27879 

Rmerge 0.069 (0.191) 0.0571 (0.146) 0.055 

Multiplicity 68.0 (68.5) 3.3 (3.3) 4.1 (3.7) 

CC ½ 1.000 (0.998) 0.998 (0.953) 0.995 (0.898) 

< I / σ(I) > 58.1 (28.2) 16.66 (6.50) 8.5 (2.7) 

Completeness (%) 100.0 (100.0) 95.9 (89.6) 96.2 (91.3) 

Refinement    

Rwork/Rfree 0.1641/0.1892 0.2536/0.3385 0.2369/0.2897 

B-factors (Å2) 23.60 28.62 50.21 

Protein 21.49 28.66 50.60 

Ligand/ion 16.75 28.86 44.24 

Solvent 36.29 26.39 49.03 

R.m.s deviations    

Bond lengths (Å) 0.010 0.019 0.008 

Bond angles (°) 0.994 1.960 1.006 

Clashscore 15.07 51.51 10.12 

Ramachandran plot 
(%) 

   

Favored 99.04 77.88 98.08 

Outliers 0.00 6.75 0.00 

Rotamer outliers (%) 0.00 10.5 4.22 
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Figure 4.11 | Overview of Fe2:[A74/C96RIDC1red]3 crystal structure, including 2Fo-2Fc maps 
of metal coordination sites. All electron density maps were generated in CCP4i. 

 

 

 

 

 

 

 
Figure 4.12 | Overview of Ni2:[A74/C96RIDC1red]3 crystal structure, including 2Fo-2Fc maps 
of metal coordination sites. All electron density maps were generated in CCP4i. 
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Figure 4.14 | Overview of the Cu4:[A74/C96RIDC1red]4 crystal structure, including 2Fo-2Fc 
maps of metal coordination sites. The tetrahedral coordination of the Cu ions suggests in situ 
reduction of copper ions by THPP to CuI, which is more frequently observed in tetrahedral 
coordination geometries.  

 

 

 

 
Figure 4.13 | Overview of Zn4:[A74/C96RIDC1red]4 crystal structure, including 2Fo-2Fc 
maps of metal coordination sites. All electron density maps were generated in CCP4i. 
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Figure 4.15 | Geometries of coordination sites of metal-bound A74/C96RIDC1red, including 
bond distances and angles. (a) Coordination geometries of Fe-bound A74/C96RIDC1red, (b) 
Coordination geometries of Ni-bound A74/C96RIDC1red, (c) Coordination geometries of Cu-
bound A74/C96RIDC1red, (d) Coordination geometries of Zn-bound A74/C96RIDC1red. 
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Interestingly, the FeII- and NiII-directed assemblies, while both trimeric, adopt different 

structural conformations and metal coordination environments (Figure 4.3, 4.11-4.12, 4.15). The 

Fe2:[A74/C96RIDC1red]3 complex features two protein monomers with their C-termini projecting 

downward and one monomer with its C-terminus projecting upward, resulting in an antiparallel, 

“up-up-down” arrangement similar to that observed for Zn2:A74RIDC13 (Figure 4.3, 4.11, 4.16).41 

The two FeII centers, termed Fe1 and Fe2, are distinct from one another, with Fe1 in a square 

pyramidal geometry formed by five His residues and Fe2 in a similar geometry but with three His 

and two H2O ligands (Figure 4.11, 4.15a). By contrast, the Ni2:[A74/C96RIDC1red]3 assembly has 

C3 symmetry with an all-parallel, “up-up-up” arrangement of protein monomers and two 

octahedral, hexa-His-coordinated NiII centers (Figure 4.3, 4.12, and 4.15b). The structure of 

Ni2:[A74/C96RIDC1red]3 is nearly identical to that of the previously characterized Ni2:MBPC13 

assembly (RMSD = 0.66 Å, Figure 4.16). While buried surface area and Rosetta interface 

calculations predict that the “up-up-up” trimer is less stable compared to the “up-up-down” 

configuration based purely on interfacial hydrophobic interactions (Table 4.1, 4.5), we propose 

Table 4.4 | Crystallization conditions for apo, metal-loaded A74/C96RIDC1 

Reductant[a] Metal [Protein][b] [Metal] Mother liquor 
- - 2.6 mM - 30% PEG400, 0.1 M HEPES pH 7.5, 

0.2 M MgCl2 
- CoCl2 3.0 mM 3.0 mM 30% PEG400, 0.1 M HEPES pH 7.5, 0.2 M 

NaCl 
- ZnCl2 2.6 mM 2.6 mM 45% MPD, 0.1 M HEPES pH 7.5, 0.2 M 

MgCl2 
THPP[a] FeSO4 2.8 mM 9.0 mM 40% PPG, 0.1 M Bis-Tris 6.5, no salt 
THPP[a] NiCl2 2.6 mM 4.8 mM 45% MPD, 0.1 M Tris pH 8.5, 0.2 M MgCl2 
THPP[a] CuCl2 3.0 mM 3.0 mM 25% PEG1500, 0.1 M Bis-Tris pH 6.5, 0.2 M 

AmAc 
THPP[a] ZnCl2 2.6 mM 5.0 mM 30% PEG400, 0.1 M HEPES pH 7.5, 0.2 M 

CaCl2 
 

[a] [THPP] = 10 mM 

[b] Indicates monomer concentration 
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based on DFT calculations of the metal coordination sites that the stability of the two octahedral 

NiII:His6 coordination motifs in the “up-up-up” trimer compared to that provided by hydrophobic 

packing in the “up-up-down” trimer is sufficiently high such that NiII-directed assembly is biased 

toward the “up-up-up” trimer (Figure 4.17, Table 4.6). Notably, the “up-up-up” trimer appears to 

preorganize an ideal octahedral coordination environment more effectively than the “up-up-down” 

trimer, as enforcing a His6 coordination environment in Fe2:[A74/C96RIDC1red]3 led to a more 

distorted octahedral coordination environment (Figure 4.18). 

 
Figure 4.16 | Comparisons of metal-bound A74/C96RIDC1red structures with other 
cytochrome cb562 variants. (a) Comparison of Fe2:[A74/C96RIDC1red]3 and Zn2:[A74RIDC1red]3, 
(b) Comparison of Ni2:[A74/C96RIDC1red]3  and Ni2:[MBPC1]3. Sequence-independent 
alignments were carried out in PYMOL. 
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In contrast to the FeII and NiII-directed assemblies, the crystal structure of the ZnII-directed 

assembly revealed a tetrameric, D4-symmetric architecture (Zn4:[A74/C96RIDC1red]4) in which the 

free Cys96 residues coordinate the metal ion (Figure 4.13, 4.15d). The assembly features four 

identical, tetrahedral His2GluCys coordination sites (Figure 4.13a, 4.15d). Each antiparallel dimer 

Table 4.5 | Rosetta Interface Energy Calculations[a] 

Structure Trimer Energy  
(REU) 

Monomer Energy 
(REU) 

Trimer-Monomer 
Energy          
(REU) 

Ni2:[A74/C96RIDC1]3 -515.20 -539.44 24.25 

Fe2:[A74/C96RIDC1]3 221.29 246.37 -25.08 

[a] Excludes energetic contribution of coordinating histidine residues and metal ions 

 

 

 
 

Figure 4.17 | DFT calculations on the relative stability of His3, His5, and His6 coordination 
environments at (a) NiII and (b) FeII centers. Prior to the calculations, NiII was substituted 
into the Fe:His3 and Fe:His5 coordination sites extracted from the Fe2: [ A74/C96RIDC1red]3 
crystal structure, while FeII was substituted into one of the NiII:His6 coordination sites extracted 
from the Ni2: [ A74/C96RIDC1red]3 crystal structure. Calculations were performed without 
geometry optimization. The calculations predict that NiII is more stabilized by His6 
coordination than FeII, by 41 kcal/mol. We surmise that the relative stabilization of NiII in a 
His6 coordination environment is enough to bias trimerization in the “up-up-up” arrangement. 
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is oriented about 75° with respect to the other (Figure 4.19). This canted arrangement contrasts 

with the nearly collinear arrangement (θ = 21°) of antiparallel dimers in Zn4: [A74/C96RIDC1ox]4 

(Figure 4.19). Taken together, the Zn4:[A74/C96RIDC1red]4 and Zn-bound [A74/C96RIDC1ox]4  

structures illustrate the dual functional role of cysteine as a metal coordinating ligand and covalent 

handle, which is critical to redox signaling in biological systems.11, 42, 43 Our results demonstrate 

that A74/C96RIDC1red can adopt three unique and stable architectures in the presence of different 

metal ions (Figure 4.3, 4.11-4.14), exemplifying how metal coordination preferences and 

hydrophobic packing can collectively influence assembly outcomes.  

4.4 Conclusions 

The ability of a single protein construct to switch between multiple structural states upon 

exposure to different stimuli is indispensable to biological functions spanning signal transduction 

Table 4.6 | DFT-computed energies of metal coordination sites[a] 

Protein Coordination  Multiplicity Overall 

Charge 

Energy  

(B3LYP)[b] 

A74/C96RIDC1red FeII:His3 5 +2 -2093.28 

A74/C96RIDC1red FeII:His5 5 +2 -2394.33 

A74/C96RIDC1red FeII:His6 5 +2 -2620.57 

A74/C96RIDC1red NiII:His3 3 +2 -2337.81 

A74/C96RIDC1red NiII:His5 3 +2 -2638.86 

A74/C96RIDC1red NiII:His6 3 +2 -2865.13 

A74/C96RIDC1red NiII:His6 (alt. 

conf.) 

3 +2 -2864.94 

[a] Coordination sites extracted from crystal structures and without geometry optimization                                                                                            
[b] Energies reported in hartrees. 1 hartree = 627.50 kcal/mol  
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and gene regulation.1, 2, 7, 8, 10 Herein, we have demonstrated that a single designed construct 

(A74/C96RIDC1) can be subjected to redox- and metal-based stimuli to obtain five structurally 

distinct assemblies (Figure 4.3). The large structural diversity of A74/C96RIDC1 assemblies can be 

attributed to an intricate interplay between metal-ligand, disulfide bonding, and hydrophobic 

interactions. While potentially serving as starting points for engineering downstream functions, 

the dynamic A74/C96RIDC1 assemblies also pave the path to the generation of multistate protein 

switches.  

 
Figure 4.18 | Modeling and DFT calculations of a hypothetical His6 coordination site in 
Fe2:[A74/C96RIDC1red]4. (a) Overlay of coordination sites in the FeII-directed trimer with and 
without the alternative H77’’ conformation that would give rise to a FeII:His6 site. The 
alternative conformation of H77’’ (magenta) represents the highest probability rotamer within 
coordinating distance of FeII as predicted by the Dunbrack rotamer library. (b) Model of 
NiII:His6 in the NiII-directed trimer. (c) Model of the hypothetical FeII:His6 site in 
Fe2:[A74/C96RIDC1red]3 substituted with NiII. Significant deviations from ideal bond angles of an 
octahedral coordination geometry were observed in the hypothetical site, which led to a lower 
DFT-computed energy. This result suggests that the “up-up-down” trimer topology is less 
effective than the “up-up-up” topology at preorganizing octahedral His6 coordination t 
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4.5 Materials and Methods 

4.5.1 Mutagenesis, Expression, and Purification 

A74/C96RIDC1 is a variant of Rosetta interface design cytochrome-1 (RIDC1), which is itself 

a variant of cytochrome cb562. 34 PCR-based site-directed mutagenesis of plasmids encoding 

RIDC1 (pET20b-[RIDC1]) was performed as previously described.44 Purified plasmids were 

transformed into competent BL21 (DE3) E.coli cells containing the ccm (cytochrome c maturation) 

cassette plasmid, pEC86.45 Colonies were allowed to grow for 20 hours on LB/agar plates 

containing ampicillin (100 μg/mL) and chloramphenicol (34 μg/mL). Starter cultures were grown 

overnight for 16 hours at 37°C in LB media supplemented with the same antibiotic concentrations, 

diluted 100-fold into fresh, antibiotic supplemented LB media, and then grown at 37°C until the 

OD600 reached 0.6-1. Cultures were inoculated into 2.8 L glass flasks containing 1 L of LB media 

supplemented with antibiotics and shaken at 100 RPM for 20-24 hours at 37°C. Cells were pelleted 

 
Figure 4.19 | Topviews of Zn4:[A74/C96RIDC1red]4 (left) and Zn4:[A74/C96RIDC1ox]4 (right) 
illustrating significant differences in the tetramer topologies. Each cartoon cylinder 
represents a protein monomer. Interhelical angles were calculated in PYMOL. 
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via centrifugation (5,000 x g, 4°C, 5 min) and the media discarded. The red cell pellets were 

resuspended in a 10 mM sodium acetate buffer solution (pH 5.0) and vigorously stirred until all 

pellets were resuspended. The resulting mixture was sonicated for 15 min in pulses of 30 s on and 

60 s off (Qsonica). The lysate was titrated with sodium hydroxide to a pH of 10, and then acetic 

acid to a pH of 5.0, and then clarified by centrifugation (10,000 x g, 4°C, 20 min). The cleared 

lysate was applied to a CM Sepharose Fast Flow (Biorad) resin preequilibrated with a 10 mM 

sodium acetate buffer solution (pH 5.0) and eluted using a step-gradient of 0-500 mM NaCl. The 

visibly red eluate was pooled, concentrated, and exchanged into 10 mM NaPi buffer solution (pH 

8.0). The protein was then loaded onto a 5 mL High-Q cartridge column preequilibrated with the 

same buffer solution and eluted using a step-gradient of 0-1 M NaCl. Fractions with Reinheitszahl 

ratios (A415/A280) above 3 were pooled, concentrated, exchanged into a 20 mM MOPS buffer 

solution supplemented with 150 mM NaCl, and loaded onto a Superdex S75 size column. Fractions 

with Reinheitszahl ratios (A415/A280) above 5.5 were pooled, concentrated, and treated with 5 mM 

EDTA/DPA. Protein identity and purity were determined by ESI-MS and SDS-PAGE gels, 

respectively (Figure 4.20-4.21).  

4.5.2 Sedimentation velocity analytical ultracentrifugation (SV-AUC) 

Oxidized protein samples (200 μM monomer) were mixed directly with metal salts. To 

obtain reduced protein samples (200 μM monomer), the samples were incubated with 5 equivalents 

Tris(3-hydroxypropyl) phosphine (THPP) for 15 minutes prior to metal addition. CoII, NiII, CuII, 

and ZnII additions were made at 1 equivalent metal/monomer under aerobic conditions, while FeII 

additions were made at 1 or 5 equivalents/monomer in an anaerobic chamber. Due to the possibility 

of irreversible electron transfer from non-heme FeII
 to the ferric-heme cofactors of A74/C96RIDC1 

under oxidized conditions, SV measurements of A74/C96RIDC1ox mixed with FeII are not reported. 
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Sedimentation velocity (SV) measurements were made in a solution of 20 mM TRIS (pH 7.5) at 

25°C on a Beckman XL-A instrument equipped with a AN-60 Ti rotor and at 41,000 RPM. 

Samples were monitored at 570 nm (corresponding to a Q band of cytochrome) up to 12 h. Scans 

were processed and molecular weight distributions calculated using SEDFIT software.46 Fitting 

parameters such as the buffer density (0.9988 g/mL), buffer viscosity (0.01007 poise), and partial 

specific volume (0.7313 mL/g) were calculated by SEDNTERP. SV profiles are shown at a 

confidence level of 95%.46, 47 Oligomerization yields were estimated based on Riemann 

integrations of the peaks of the SV profiles, where the bounds of each discrete peak were defined 

by the full width at half maximum (FWHM). 

 
Figure 4.20 | Raw and deconvoluted (inset) ESI-MS spectra of A74/C96RIDC1ox. Charge 
states and m/z values in the raw spectrum correspond to the dimer. 



161 
 

4.5.3 X-ray structure determination 

Crystals of A74/C96RIDC1 variants were obtained by sitting-drop vapor diffusion at 25°C. 

To obtain crystals of oxidized samples, 2-2.5 mM protein monomer was mixed with 1-5 

equivalents of metal salts for at least one hour at 25°C. To obtain crystals of reduced samples, 2-

2.5 mM protein monomer was mixed with 5-10 equivalents of either THPP or tris(2-

carboxyethyl)phosphine (TCEP) prior to metal addition in an anaerobic chamber. Metal-loaded 

samples were mixed at a ratio of 1 μL: 1 μL or 2 μL: 1 μL with mother liquor. All crystals were 

transferred into perfluoro polyether (Hampton) for cryoprotection prior to freezing. Diffraction 

data were collected at 80-100 K on ALS Beamline 5.0.1 (Apo [A74/C96RIDC1ox]4), SSRL 

Beamline 9-2 (Co2:[A74/C96RIDC1ox]4, Zn2:[A74/C96RIDC1ox]4, Fe2: [A74/C96RIDC1red]3, Ni2: 

[A74/C96RIDC1red]3, Zn4: [A74/C96RIDC1red]4), and ALS Beamline 8.3.1 (Cu4: [A74/C96RIDC1red]4). 

Diffraction data were processed using either iMOSFLM or XDS and scaled using SCALA.48 

Molecular replacement was carried out using Phaser with monomeric cytochrome cb562 (PDB: 

                             
Figure 4.21 | Denaturing SDS-PAGE gel of A74/C96RIDC1. The gel was run at 200 V for 45 
minutes and under reducing conditions. 
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2BC5) as the search model.49 Refinement was performed using phenix.refine while model 

building and placement of metal ions/water was performed using COOT.50 Electron density 

maps were generated using Phenix and then converted into CCP4 map files using a Fast Fourier 

Transform algorithm (FFT, CCP4i).48 All final models and CCP4 electron density maps were 

rendered in PYMOL (www.pymol.org). Surface calculations were performed using PISA.51 

4.5.4 Rosetta interface energy calculations 

To estimate the stability of Fe2:[A74/C96RIDC1red]3 and Ni2:[A74/C96RIDC1red]3 based on non-

covalent interactions while excluding the contribution of metal-ligand interactions, Rosetta score 

calculations were performed on Fe2:A74/C96RIDC1red
3 and Ni2:A74/C96RIDC1red

3 crystal structures. 

In each case, the heme cofactors and all metal ions and water molecules were removed prior to 

loading the trimeric complex into Rosetta. After evaluating the Rosetta score of the trimer, the 

chains were moved 100 Å apart and the Rosetta score of the system was re-evaluated. Following 

these calculations, the sum of REU values for metal-binding histidine residues (H59, H63, H73, 

H77) was subtracted from each Rosetta score. Finally, the adjusted Rosetta score of the trimer was 

subtracted from that of the separated chains to obtain a ∆REU value that serves as a proxy for the 

∆∆G of trimerization.52 

4.5.5 DFT calculations 

All metal complexes were extracted from crystal structures of RIDC1 variants. Input files 

were prepared using Avogadro software.53 Single point calculations were performed at the level 

of B3LYP theory using the 6-31G basis set.54 Calculations were performed without an initial 

geometry optimization step to avoid introducing model bias. To generate the hypothetical NiII:His6 

coordination site in Fe2: [A74/C96RIDC1red]3, the position of the His77 residue of the FeII:His5 site 

was modified to be within coordinating distance of the metal center. This new rotamer was 
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predicted by the Dunbrack rotamer library to be the most stable metal-binding rotamer 

accessible.55 

4.5.6 Native electrospray ionization (ESI) mass spectrometry 

ESI-MS experiments were performed using an Elite hybrid linear ion trap-orbitrap mass 

spectrometer equipped with a heated-electrospray ionization (HESI) source (Thermo). All 

solutions for ESI-MS were prepared using LC-MS grade water (JT Baker). A74/C96RIDC1 samples 

were prepared at 50 μM protein monomer in 20 mM NH4HCO3. High mass mode at 240,000 

resolution mode was applied to obtain the best resolution limit. To prevent cross-contamination, 

peek tubing and steel capillary were sequentially washed using 0.1% formic acid and 20 mM 

NH4HCO3 between measurements. The estimated resolution (m/Δm) of the mass spectrometer was 

~80,000 around the +11 charge state. Distributions were analyzed using Qual Browser (Thermo). 
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Chapter 5: Conclusions 

5.1 Introduction 

 Metalloproteins mediate a wide range of biological processes critical to Life.1-5 Given their 

biological importance, metalloproteins have long inspired efforts to emulate and even expand on 

their natural functions through de novo design or repurposing.6-8 While the vast majority of 

designed metalloproteins are monomeric, many complex functions performed by natural 

metalloproteins are achieved through the assembly of discrete protein domains into oligomeric 

structures hosting interfacial metal coordination sites.4, 5 Given the critical role of protein assembly 

in rendering functional metalloprotein architectures, our work is oriented toward the design of 

metalloprotein assemblies using structurally simple, monomeric building blocks. We have 

demonstrated that via the application of MDPSA and MeTIR methodologies to a four-helix bundle 

(cytochrome cb562), we can design metalloprotein assemblies with a wide variety of structures, 

metal coordination environments, and potential functions. 

5.2 Metal-templated design of protein trimers with high affinity, His6 coordination sites 

Previously, all metalloprotein assemblies designed using the MDPSA methodology formed 

assemblies whose oligomeric states were dependent on the coordination preferences of the 

exogenous metal ions. TriCyt1, an engineered variant of cytochrome cb562, crystallized into a 

trimer in the presence of NiII or CuII.9 Crystal structures of the metal-protein complexes revealed 

that both metal ions, despite possessing distinct coordination preferences, were bound in 

mononuclear, octahedral, His6 coordination environments. In correlation with the crystallography 

data, TriCyt1 formed trimeric assemblies in solution in the presence of all mid-to-late first row 

transition metal ions (MnII-ZnII), with trimer yields ranging from 12% (+MnII) to 89% (+CoII). 

Calprotectin, an immune protein involved in metal ion sequestration,1 is the only known 
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metalloprotein to coordinate MnII at a His6 coordination site with nanomolar affinity. Inspired by 

this natural example and the rarity of high affinity MnII coordination sites in designed proteins,10 

we implemented MeTIR to redesign TriCyt1 into more stable trimers which could bind MnII-ZnII 

with at least nanomolar affinity (Figure 5.1).  

The first round of MeTIR converted TriCyt1 into TriCyt2 through the computationally 

prescribed installation of hydrophobic packing and salt-bridge interactions at the C3 interface. 

TriCyt2 trimerized with near-quantitative yield in the presence of MnII but remained monomeric 

in the absence of metal ions. A second round of MeTIR involved the rationally guided installation 

 
Figure 5.1 | Workflow to convert TriCyt1 (left) into TriCyt3 (right) via sequential interface 
redesign. The His6 site is shown in gray, Trp70 residues are shown in magenta, select mutations 
resulting from Rosetta Design are shown in cyan, and select mutations resulting from the rational 
design step are shown in orange. Metal ions are shown as red spheres.  For each SV-AUC graph, 
percentages indicate trimerization yields as estimated from numerical integration of the 
distributions. One advantage of the sequential design process was the ability to isolate both MnII-
switchable (TriCyt2) and MnII-independent (TriCyt3) trimeric constructs, which could each 
provide unique downstream functions. 
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of salt-bridge interactions at the two-fold interfaces of TriCyt2, resulting in TriCyt3. TriCyt3 

formed a metal-independent trimer whose oligomerization could be reversibly triggered by 

changes in solution pH. Competitive binding titrations, X-ray crystallography, and X-band EPR 

spectroscopy collectively showed that TriCyt3 coordinates MnII at a highly symmetrical, His6 

coordination site with near-nanomolar affinity (Kd ~ 50 nM).9 Mutagenesis studies and X-ray 

crystallography experiments demonstrated our ability to modulate the secondary coordination 

sphere around the His6 site via the engineering of new hydrogen bonding interactions with primary 

sphere residues.  

TriCyt represents a promising starting point for engineering metal-based functions, as it 

binds a wide range of metal ions at a single, well-defined coordination site while being amenable 

to secondary sphere modifications. Current studies are oriented toward the diversification of the 

primary and secondary spheres of TriCyt in pursuit of functions encompassing metal sequestration, 

electron transfer, and catalysis.  

5.3 Primary and secondary sphere modifications of TriCyt in pursuit of metal-based functions 

 The potential functions of natural and designed metalloproteins are inextricably tied to their 

coordination site/primary sphere characteristics. For example, the mononuclear, His6 primary 

sphere of TriCyt3 could be utilized for high affinity metal binding and sequestration due to 

coordinative saturation around the metal ion. Mononuclear, coordinatively saturated primary 

spheres represent just one of many metal coordination motifs that are utilized by metalloproteins 

for metal-based functions. Therefore, expanding the potential functionality of the TriCyt scaffold 

requires diversification of the primary coordination sphere. In pursuit of protein constructs which 

could bind lanthanide ions with high affinity and selectivity, mediate hydrolytic and redox-
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dependent transformations, and stabilize multinuclear metal coordination sites, we carried out 

rationally guided primary sphere mutations of TriCyt2 and TriCyt3 (Figure 5.3a).  

 First, we aimed to establish whether high-throughput screening of TriCyt2 variants 

featuring amino acid residues with O-based ligands could lead to the discovery of selective 

lanthanide binding proteins. To this end, we carried out SSM of residue positions 73 and 77 of 

TriCyt2, using VAN codon randomization to generate a sequence library encompassing four amino 

acid residues which have previously been observed in coordination sites of lanthanide binding 

proteins: Gln, Glu, Asn, and Asp. Armed with a library of TriCyt2 variants, we combined a 

periplasmic protein extraction method with SEC and tryptophan fluorescence quenching 

experiments to rapidly monitor protein oligomerization in the presence of lanthanide ions, 

hypothesizing that protein oligomerization would be coupled to lanthanide coordination. Control 

experiments demonstrated significant flaws in this approach. An SEC chromatogram of TriCyt2 

extracted from the periplasm indicated metal-independent assembly, while fluorescence 

spectroscopy measurements were not reproducible when carried out on protein extracts. Future 

protocols to efficiently screen for lanthanide binding proteins would involve direct measurements 

of metal-protein complex formation via mass spectrometry and expression of library constructs in 

the media, which should be a less heterogenous milieu than the periplasm.  

 Another motivation for primary sphere modification of TriCyt was to obtain metalloprotein 

constructs which mediate redox-dependent or hydrolytic transformations. As a first step toward 

the design of such metalloproteins, we replaced His77 residues of TriCyt3 with Gly/Ala to obtain 

a mononuclear, His3 coordination site reminiscent of the primary sphere environments of cysteine 

dioxygenase and carbonic anhydrase (Figure 5.3a). We also mutated these constructs into their 

heme-less variants (ncTriCyt3),11 enabling reaction monitoring via UV-vis spectroscopy and 
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abrogating potential background catalysis by the heme moiety. We then screened for emergent 

peroxidase and hydride transfer activity using UV-vis and NMR spectroscopies, respectively. In 

our initial screens, A77ncTriCyt3 did not exhibit any metal-dependent catalytic activity. By 

contrast, CuII-loaded G77ncTriCyt3 exhibited an enhancement in peroxidase activity relative to apo 

protein for three substrates: syringol, catechol and ODA. However, the protein-CuII complex did 

not have enhanced catalytic activity compared to free CuII, with the difference in rates being as 

high as 0.0003 AU x s-1 (substrate = ODA). With the aim of improving the CuII-dependent ODA 

peroxidase activity of G77ncTricCyt3, we implemented a high-throughput screening protocol. Prior 

to screening, we generated a sequence library via SSM of residue positions 80 and 81. We utilized 

NYT codon randomization to obtain 64 mutants which should have larger substrate binding 

pockets than G77ncTriCyt3. In vivo and in vitro screens revealed two mutants with oxidation rates 

on par or exceeding that of free CuII, GESL and GEAL. SV-AUC experiments revealed that GESL 

was nearly quantitatively assembled in the presence of CuII and at protein concentrations used in 

the catalytic assays, suggesting that the observed activity is largely attributable to protein-bound 

CuII. Meanwhile, the CuII-dependent trimer yield of GEAL was only 72%, implying that a smaller 

fraction of the catalytic activity is mediated by protein-bound CuII. Moving forward, GESL 

represents a promising starting point for various catalytic screens and directed evolution of 

emergent catalytic functions. 

 Our third path of primary sphere modification was to mutate His77 of ncTriCyt2 to Cys77 

to obtain metalloprotein constructs which could stabilize [4Fe-4S] clusters (Figure 5.3a). We 

envisioned that C77ncTriCyt2 could simultaneously coordinate [4Fe-4S] at a (Cys77)3 site and a 

non-cluster metal ion at a (His73)3 site, rendering metalloprotein constructs which host two 

electronically coupled, compositionally distinct metal centers. Such metal centers are commonly 
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featured in functionally complex metalloenzymes4, 12, 13 but are rarely obtained through design.14 

The successful construction of proteins hosting multinuclear, heterometallic coordination sites 

could thus increase the scope of natural metalloprotein functions which we can emulate or expand 

on via design.  

 The formation of protein-cluster adducts following the reaction of C77ncTriCyt2 with a 

synthetic cluster ([Fe4S4Cl4]2-, or Fe4S4
syn) was probed in solution using UV-vis and EPR 

spectroscopies. Taken together, the solution data suggested 60% incorporation of an unusually low 

potential, protein-Fe3S4 complex. Crystal structures did not corroborate the formation of such a 

complex, instead revealing a dinuclear Fe complex with Fe-Fe distances of 2.5-3.2 Å. Inspired by 

the prospect of stabilizing similar dinuclear sites in solution, we assessed the metal coordination 

behavior of a TriCyt3 variant termed C77CIT, which features Cys77 and His81 coordination layers. 

We expected that C77CIT would be a more suitable scaffold for a multinuclear site, as PYMOL 

modeling predicted that the Sγ atoms of the Cys77 layer would be in closer proximity than those 

of C77ncTriCyt2. Crystallization of C77CIT in the presence of excess FeII led to a serendipitous 

discovery: instead of a dinuclear site, we observed a mononuclear, trigonal planar Fe:Cys3 

coordination complex with distortions toward a trigonal pyramidal geometry (Figure 5.3b). This 

particular Fe coordination environment is not only unprecedented in biology15, but resembles that 

of synthetic Fe coordination complexes which bind and activate a wide variety of small molecules 

(Figure 5.3b).16-18 In future studies, we will focus not only on assessing reactivity at the Fe:Cys3 

site but also establishing more effective and predictable methods for stabilizing multinuclear 

sites/metal clusters in designed metalloproteins. One potential method involves using the target 
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metal cluster as a structural template for designing a protein assembly that more effectively pre-

organizes the cluster coordination environment, analogous to MeTIR.  

5.4 Design of a metalloprotein that forms multiple redox- and metal-directed assembly states 

Most protein design strategies involve the implementation of extensive noncovalent 

interactions in a protein building block to mediate its assembly into a single, stable structure (“one 

sequence/one assembly”). However, the propensity to form multiple distinct conformations or 

assembly states from a single protein sequence plays a critical role in biological function.19-22 

 

 
Figure 5.2 | Primary sphere modifications of TriCyt2 and TriCyt3 mutants in pursuit of 
diverse metal-based functions. (a) Scheme illustrating three distinct modifications of the TriCyt 
coordination site (originally His6) in pursuit of metal-dependent catalysis, electron transfer via Fe-
S clusters, and lanthanide binding. (b) Crystal structure of C77CIT-FeII (left) and schematic of the 
mononuclear, Fe:Cys3 coordination site (right). The pyramidalization angle (θ-90° = 10°) is 
intermediate between that of ideal trigonal planar (θ-90° = 0°) and trigonal pyramidal (θ-90° = 
19.5°) complexes. Given its low coordination number and non-zero pyramidalization angle, the 
Fe:Cys3 complex may bind to or react with a wide array of small molecules. Reactivity will likely 
vary depending on the resting redox state of the Fe ion. 

       



175 
 

While there are some examples of designed proteins whose assembly can be triggered by a single 

type of stimulus,23-26 the ability to design proteins that respond to more than one stimulus type to 

access more than two structurally distinct states has been limited. Previously, we characterized the 

assembly states of two RIDC1 variants, C96RIDC1 and A74RIDC1. We observed that C96RIDC1 

formed a metal-independent tetramer upon the oxidation of Cys96 to form disulfide bonds, while 

A74RIDC1 assembled into a trimer upon the addition of ZnII.  

Motivated by the prospect of obtaining a protein construct which can access multiple 

oligomeric states in response to both redox- and metal-based stimuli, we generated a new protein 

construct incorporating both mutations (A74/C96RIDC1).27 We found that A74/C96RIDC1 formed five 

structurally distinct assemblies upon the addition of redox- and metal-based stimuli (Figure 5.3). 

In its disulfide-oxidized form (A74/C96RIDC1ox), the construct assembled into two different but 

closely related tetrameric conformations, one corresponding to the metal-free state and the other 

to a CoII/ZnII-bound state.27 Evidently, the covalent preorganization induced by Cys96/Cys96 

disulfide bonds helped restrict the oligomeric/conformational diversity of A74/C96RIDC1ox. By 

contrast, the disulfide-reduced form of the protein (A74/C96RIDC1red) could assemble into three 

highly distinct architectures upon the addition of metal ions: an “up-up-down” trimer (+FeII), an 

“up-up-up” trimer (+NiII), and a canted tetramer (+ZnII).27 Rosetta interface and DFT calculations 

led us to surmise that the large structural diversity of A74/C96RIDC1red assemblies is due to a 

complex interplay between the formation of favorable hydrophobic packing interactions and 

metal-ligand interactions which satisfy the coordination preferences of the exogenous metal ion. 

A74/C96RIDC1 assemblies serve as potential starting points for engineering downstream functions 

encompassing metal sequestration, electron transfer, and catalysis. Because of its multi-stimuli-

responsiveness, A74/C96RIDC1 also serves as a promising building block for obtaining protein 
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constructs whose redox- and metal-directed assembly states are interconvertible. Achieving a 

redox- and metal-gated switch would likely require computational redesign of A74/C96RIDC1 such 

that the construct could access redox- and metal-directed architectures representing equally 

shallow energy minima.    

 

 

 
Figure 5.3 | Structural states of A74/C96RIDC1 obtained through the addition of redox and/or 
metal-based stimuli. Hydrophobic mutations are highlighted in cyan. Ox. = oxidant, red. = 
reductant. The oligomeric states of the assemblies were determined using SV-AUC and X-ray 
crystallography. 

       



177 
 

5.5 References 

1. Zygiel, E. M.; Nolan, E. M., Transition Metal Sequestration by the Host-Defense Protein 
Calprotectin. Annu. Rev. Biochem. 2018, 87, 621-643. 
2. Subramanian Vignesh, K.; Deepe, G. S., Jr., Metallothioneins: Emerging Modulators in 
Immunity and Infection. Int. J. Mol. Sci. 2017, 18 (10). 
3. Sly, W. S.; Hu, P. Y., Human carbonic anhydrases and carbonic anhydrase deficiencies. 
Annu. Rev. Biochem. 1995, 64, 375-401. 
4. Rutledge, H. L.; Tezcan, F. A., Electron Transfer in Nitrogenase. Chem. Rev. 2020, 120 
(12), 5158-5193. 
5. Nelson, N.; Ben-Shem, A., The complex architecture of oxygenic photosynthesis. Nat. Rev. 
Mol. Cell Biol. 2004, 5 (12), 971-82. 
6. Chalkley, M. J.;  Mann, S. I.; DeGrado, W. F., De novo metalloprotein design. Nat. Rev. 
Chem. 2021, 6 (1), 31-50. 
7. Davis, H. J.; Ward, T. R., Artificial Metalloenzymes: Challenges and Opportunities. ACS 
Cent. Sci. 2019, 5 (7), 1120-1136. 
8. Miller, D. C.;  Athavale, S. V.; Arnold, F. H., Combining chemistry and protein 
engineering for new-to-nature biocatalysis. Nat. Synth. 2022, 1 (1), 18-23. 
9. Kakkis, A.;  Gagnon, D.;  Esselborn, J.;  Britt, R. D.; Tezcan, F. A., Metal-Templated 
Design of Chemically Switchable Protein Assemblies with High-Affinity Coordination Sites. 
Angew. Chem., Int. Ed. Engl. 2020, 59 (49), 21940-21944. 
10. Rittle, J.;  Field, M. J.;  Green, M. T.; Tezcan, F. A., An efficient, step-economical strategy 
for the design of functional metalloproteins. Nat. Chem. 2019, 11 (5), 434-441. 
11. Hoffnagle, A. M.;  Eng, V. H.;  Markel, U.; Tezcan, F. A., Computationally Guided 
Redesign of a Heme-free Cytochrome with Native-like Structure and Stability. Biochemistry 2022, 
61 (19), 2063-2072. 
12. Crane, B. R.;  Siegel, L. M.; Getzoff, E. D., Sulfite reductase structure at 1.6 A: evolution 
and catalysis for reduction of inorganic anions. Science 1995, 270 (5233), 59-67. 
13. Sendovski, M.;  Kanteev, M.;  Ben-Yosef, V. S.;  Adir, N.; Fishman, A., First structures of 
an active bacterial tyrosinase reveal copper plasticity. J. Mol. Biol. 2011, 405 (1), 227-37. 
14. Klein, A. S.; Zeymer, C., Design and engineering of artificial metalloproteins: from de 
novo metal coordination to catalysis. Protein Eng. Des. Sel. 2021, 34. 
15. Andreini, C.;  Cavallaro, G.;  Lorenzini, S.; Rosato, A., MetalPDB: a database of metal 
sites in biological macromolecular structures. Nucleic Acids Res. 2013, 41 (Database issue), D312-
9. 
16. Davies, S. C.;  Durrant, M. C.;  Hughes, D. L.;  Richards, R. L.; Sanders, J. R., Iron, cobalt 
and vanadium complexes of the N(CH2CH2S)33− ligand with chloride, azide, cyanide and 
carbonyl co-ligands. J. Chem. Soc., Dalton Trans. 2000,  (24), 4694-4701. 
17. Lu, T. T.;  Chiou, S. J.;  Chen, C. Y.; Liaw, W. F., Mononitrosyl tris(thiolate) iron complex 
[Fe(NO)(SPh)3]- and dinitrosyl iron complex [(EtS)2Fe(NO)2]-: formation pathway of dinitrosyl 
iron complexes (DNICs) from nitrosylation of biomimetic rubredoxin [Fe(SR)4]2-/1- (R = Ph, Et). 
Inorg. Chem. 2006, 45 (21), 8799-806. 
18. Chambers, M. B.;  Groysman, S.;  Villagran, D.; Nocera, D. G., Iron in a trigonal 
tris(alkoxide) ligand environment. Inorg. Chem. 2013, 52 (6), 3159-69. 
19. Rosenbaum, D. M.;  Rasmussen, S. G.; Kobilka, B. K., The structure and function of G-
protein-coupled receptors. Nature 2009, 459 (7245), 356-63. 



178 
 

20. Groitl, B.; Jakob, U., Thiol-based redox switches. Biochim. Biophys. Acta 2014, 1844 (8), 
1335-43. 
21. Chang, Y. G.;  Cohen, S. E.;  Phong, C.;  Myers, W. K.;  Kim, Y. I.;  Tseng, R.;  Lin, J.;  
Zhang, L.;  Boyd, J. S.;  Lee, Y.;  Kang, S.;  Lee, D.;  Li, S.;  Britt, R. D.;  Rust, M. J.;  Golden, S. 
S.; LiWang, A., Circadian rhythms. A protein fold switch joins the circadian oscillator to clock 
output in cyanobacteria. Science 2015, 349 (6245), 324-8. 
22. Fillat, M. F., The FUR (ferric uptake regulator) superfamily: diversity and versatility of 
key transcriptional regulators. Arch. Biochem. Biophys. 2014, 546, 41-52. 
23. Ghanbarpour, A.;  Pinger, C.;  Esmatpour Salmani, R.;  Assar, Z.;  Santos, E. M.;  Nosrati, 
M.;  Pawlowski, K.;  Spence, D.;  Vasileiou, C.;  Jin, X.;  Borhan, B.; Geiger, J. H., Engineering 
the hCRBPII Domain-Swapped Dimer into a New Class of Protein Switches. J. Am. Chem. Soc. 
2019, 141 (43), 17125-17132. 
24. Salgado, E. N.;  Lewis, R. A.;  Mossin, S.;  Rheingold, A. L.; Tezcan, F. A., Control of 
protein oligomerization symmetry by metal coordination: C2 and C3 symmetrical assemblies 
through Cu(II) and Ni(II) coordination. Inorg. Chem. 2009, 48 (7), 2726-8. 
25. Signarvic, R. S.; DeGrado, W. F., De novo design of a molecular switch: phosphorylation-
dependent association of designed peptides. J. Mol. Biol. 2003, 334 (1), 1-12. 
26. Ballister, E. R.;  Lai, A. H.;  Zuckermann, R. N.;  Cheng, Y.; Mougous, J. D., In vitro self-
assembly of tailorable nanotubes from a simple protein building block. Proc. Natl. Acad. Sci. 
U.S.A. 2008, 105 (10), 3733-8. 
27. Kakkis, A.;  Golub, E.;  Choi, T. S.; Tezcan, F. A., Redox- and metal-directed structural 
diversification in designed metalloprotein assemblies. Chem. Commun. 2022, 58 (49), 6958-6961. 

 

 
 



179 
 

Appendix 1: Script and derivation used for generating fits of metal-binding isotherms 

A.1 Script 1: This Dynafit script1 describes the competition between Fura-2 and TriCyt3 for CoII 
assuming a single metal binding site on the protein. Scripts identical to this one were used to 
generate fits of MnII-, NiII-, CuII-, and ZnII-binding isotherms. Annotations are in bold. 
 

[task] 

task = fit 

data = equilibria 

; L ... Fura-2 

; P ... TriCyt3 

; M ... Co 

 

[mechanism] 

L + M <==> LM : Kd1 dissoc  

P + M <==> PM : Kd2 dissoc 

 

[constants] 

Kd1 = 8.6E-9   Published Kd of CoII:Fura-2 complex 

Kd2 = 1E-7 ?   Initial estimate of the Kd of CoII:TriCyt3 complex 

 

[concentrations] 

L = 10e-6 

[responses] 

L = 30000 ? LM = 50000 ? 

 

[data] 

directory ./data_directory  

extension txt                                   

variable M 

file | concentration P = 10e-6  
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[output] 

directory ./output_directory  

[end  

 

 
A.1 Derivation 1: Competitive binding for metal (CoII in this example) between Fura-2 and 
TriCyt3 can be described by a cubic equation whose derivation is described below.2 The cubic fit 
of metal-binding isotherms can only be used when assuming a single metal binding site on the 
protein. 
 

The cubic equation can be derived based on the following initial equations: 

 

(1) 𝐾𝐾1 = [𝑀𝑀] ∗ [𝐹𝐹]
[𝑀𝑀𝑀𝑀] 

(2) 𝐾𝐾2 = [𝑀𝑀] ∗ [𝑃𝑃]
[𝑀𝑀𝑀𝑀] 

(3) [𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀] =  [𝑀𝑀] +  [𝑀𝑀𝑀𝑀] +  [𝑀𝑀𝑀𝑀] 

(4) [𝑀𝑀𝑀𝑀]  =  [𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃]  −  [𝑃𝑃] 

(5) [𝑀𝑀𝑀𝑀]  =  [𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹]  −  [𝐹𝐹] 

 

where M represents CoII, P represents TriCyt3, and F represents Fura-2                                                                
From equations (2) and (4): 

 

(6) [𝑀𝑀𝑀𝑀] =  [𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃] ∗ [𝑀𝑀]
[𝑀𝑀]+ 𝐾𝐾2

 

 

From equations (1) and (5): 

(7)  [𝑀𝑀𝑀𝑀]  =  [𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹] ∗ [𝑀𝑀]
[𝑀𝑀]+ 𝐾𝐾1

 

 

Substituting (6) and (7) into (5) and forming this into a cubic equation for [M] gives: 

(8) [𝑀𝑀]3 +  [𝑀𝑀]2 ∗  𝑎𝑎 +  [𝑀𝑀] ∗ 𝑏𝑏 +  𝑐𝑐 =  0   with 

(9) 𝑎𝑎 =  [𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃] +  𝐾𝐾1 +  𝐾𝐾2 +  [𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹] −  [𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀] 

(10) 𝑏𝑏 = 𝐾𝐾1 ∗ 𝐾𝐾2 +  𝐾𝐾1 ∗  ([𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃]  −  [𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀])  +  𝐾𝐾2 ∗  ([𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹]  −  [𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀]) 
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(11) 𝑐𝑐 =  − 𝐾𝐾1 ∗ 𝐾𝐾2 ∗ [𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀] 

 

We then can solve for [M]: 

(12) [𝑀𝑀] =  −𝑎𝑎
3

+ 2
3
∗  �(𝑎𝑎2 − 3𝑏𝑏) ∗ cos �𝜃𝜃

3
� with 

(13) 𝜃𝜃 =  𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ��−2𝑎𝑎
3+ 9𝑎𝑎𝑎𝑎 – 27𝑐𝑐�

2∗ �(𝑎𝑎2−3𝑏𝑏)3
� 

 

Substituting (12) in (7) gives 

(14) [𝑀𝑀𝑀𝑀] =
[𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹]∗(2 ∗√𝑎𝑎2− 3𝑏𝑏 ∗cos�𝜃𝜃3�– 𝑎𝑎) 

3∗𝐾𝐾1 + �2 ∗  √𝑎𝑎2− 3𝑏𝑏 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐�𝜃𝜃3�– 𝑎𝑎�
 

 

In our setup the absorbance of CoII alone can be assumed to be 0 at 342 nm and similarly the 
absorbance of TriCyt3 at 342 nm can be assumed to be constant with or without metal bound. 
Therefore, any change in absorbance (ΔA) during the titration experiment can be attributed to the 
change in absorbance at 342 nm for Mag-Fura/Mag-Fura2 in its free and metal-bound state, 
respectively. 

 

(15) Δ𝐴𝐴 = [𝑀𝑀𝑀𝑀] ∗ (𝜖𝜖𝑀𝑀𝑀𝑀 − 𝜖𝜖𝐹𝐹) 

 

With K1, [Ptot], and [Ftot] known and constant, the sum of squared deviations between 
experimental and calculated values for [Mtot] can be minimized by adjusting the dissociation 
constant for the Metal:TriCyt3 complex (K2). 
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