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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.
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A metal-template-based protein design strategy is used to generate a series of trimeric protein 

assemblies with chemically tunable self-assembly properties and a rare hexa-histidine coordination 

motif that can accommodate all mid-to-late first-row transition metal ions with high affinity, 

including Mn(II) with nanomolar dissociation constants.
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Bioinorganic Chemistry; EPR spectroscopy; Metalloproteins; Protein design; Protein structures; 
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Metalloproteins perform countless biological functions despite the fact that they co-opt 

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

a complex interplay between metal coordination/reactivity and protein structure/dynamics.[2] 

Although the metal-protein interplay can often be understood through detailed, top-down 

studies of natural metalloproteins,[3] it remains considerably more challenging to build this 

interplay from scratch in the form of new metalloproteins.[4] Starting with pioneering studies 

in the 1990’s,[5] there have been notable successes in the de novo design of functional 

metalloproteins,[6] which are predominantly based on four-helix bundle and α-helical 

coiled-coiled motifs with readily parametrizable structures.[7] 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.[8] Based on this 

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

Templated Interface Redesign (MeTIR),[9] primarily using a monomeric, four-helix bundle 

protein (cytochrome cb562) as a building block.[10] First, we installed two bis-His motifs 

(H59/H63, H73/H77) on the Helix3 surface of cyt cb562 to enable metal coordination.[11] 

The resulting construct, MBPC1, assembled into different oligomeric states depending on 
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the coordination preferences of nucleating metal ions (NiII-trimer; CuII-dimer; ZnII-

tetramer) (Figure S1).[11–12] Given the extensive protein-protein interfaces in the D2 

symmetric Zn4:MBPC14 tetramer, this assembly was chosen as a platform for MeTIR.[9a] 

Zn4:MBPC14 was elaborated through rational redesign and directed-evolution to build 

functional architectures that selectively bound metal ions,[13] displayed allostery,[14] and 

performed catalytic reactions in vivo.[15] Yet, despite the functional versatility of the 

Zn4:MBPC14 progeny, they are inherently biased by the metal-templating strategy toward 

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.

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.[16] 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 1a and S1). We also 

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

repulsive electrostatic interactions during self-assembly.

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 1b and S2). 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 closepacked, 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 1b and S3). Additionally, there are three pairs of 

intermonomer, salt-bridging interactions 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 1b). 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 1c and S4–S5). The yield of trimer formation in solution roughly followed the 

Irving-Williams series,[1c, 17] ranging from 12% for MnII to ~95% for CoII (Figure 1c and 

S4).
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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,[18] 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.[19] 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 1b). 

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. 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) (Figure 2a and S4–5). 

Notably, this represents an 8-fold improvement in MnII-induced oligomerization.

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 2b). 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 2c). 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 S6). In combination, the 

six designed mutations yield an increase in sidechain packing in the TriCyt2 trimer interior 

(buried surface area or BSA = 3440 Å2) compared to TriCyt1 (BSA = 3050 Å2) (Figure S7), 

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 S8).

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. The resulting third-generation variant, TriCyt3, indeed 

formed trimers even in the absence of metal ions (Figure 3a). 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 S9), thus providing a pH-

switchable protein assembly platform. We determined the TriCyt3 trimer structure in 
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complex with MnII, CoII, NiII and CuII ions (resolutions ranging from 1.8 to 2.2 Å), which 

showed little deviation from the TriCyt2 trimers (overall rmsd = 0.37 Å) (Figure 3b and 

S10). 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 3b and Figure S11). 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 3c and S12). 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. Electron paramagnetic resonance (EPR) spectra of Mn-, Co- and Cu-TriCyt3 

complexes are all consistent with metal centers in +2 oxidation states (Figures 4a and S16). 

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, b) the observation of both Λ and Δ isomers for the CoII-

His6 species (Figure S12), and c) varying extents of deviation of the coordination bond 

angles from perfect octahedral geometry among different metal centers (Figure S13).

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.[13c, 20] 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 4b, 4c and S14–15). 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)[19] and is >1000-fold lower than that for the Mn-regulatory protein, MntR (Kd = 

50–160 μM)[21] and >14-fold lower than that for a designed protein with the highest reported 

MnII-binding affinity (Kd = 700 nM).[22] Despite the apparent crystallographic disorder in 

H77 positions, the X-band EPR spectrum of MnII:(TriCyt3)3 (Figure 4a) is very similar to 

that of the His6-MnII site in calprotectin.[18a] 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.

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).[7] 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 potential chemical reactivities. From an evolutionary standpoint, our findings illustrate 
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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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
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 (Figure S2, 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 S4 for a complete set).
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Figure 2. 
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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Figure 3. 
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.

Kakkis et al. Page 11

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
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 (see Supporting Materials and Methods 

section of the SI).
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