
De Novo Design of Tetranuclear Transition Metal Clusters 
Stabilized by Hydrogen-Bonded Networks in Helical Bundles

Shao-Qing Zhang1,2, Marco Chino3, Lijun Liu2,4, Youzhi Tang2,5, Xiaozhen Hu2,†, William F. 
DeGrado2,*, and Angela Lombardi3,*

1Department of Chemistry, University of Pennsylvania, 209 South 33rd Street, Philadelphia, PA 
19104-6396, United States

2Department of Pharmaceutical Chemistry and the Cardiovascular Research Institute, University 
of California at San Francisco, San Francisco, CA 94158-9001, United States

3Department of Chemical Sciences, University of Napoli “Federico II”, Via Cintia, 46, I-80126 
Napoli, Italy

4DLX Scientific, Lawrence, KS 66049, United States

5College of Veterinary Medicine, South China Agricultural University, Guangdong 510642, China

Abstract

De novo design provides an attractive approach to test the mechanism by which metalloproteins 

define the geometry and reactivity of their metal ion cofactors. While there has been considerable 

progress in designing proteins that bind transition metal ions including iron-sulphur clusters, the 

design of tetranuclear clusters with oxygen-rich environments has not been accomplished. Here, 

we describe the design of tetranuclear clusters, consisting of four Zn2+ and four carboxylate 

oxygens situated at the vertices of a distorted cube-like structure. The tetra-Zn2+ clusters are 

bound at a buried site within a four-helix bundle, with each helix donating a single carboxylate 

(Glu or Asp) and imidazole (His) ligand, as well as second- and third-shell ligands. Overall, the 

designed site consists of four Zn2+ and 16 polar sidechains in a fully connected hydrogen-bonded 

network. The designed proteins have apolar cores at the top and bottom of the bundle, which drive 

the assembly of the liganding residues near the center of the bundle. The steric bulk of the apolar 

residues surrounding the binding site was varied to determine how subtle changes in helix-helix 

packing affect the binding site. The crystal structures of two of four proteins synthesized were in 
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good agreement with the overall design; both formed a distorted cuboidal site stabilized by 

flanking second and third-shell interactions that stabilize the primary ligands. A third structure 

bound a single Zn2+ in an unanticipated geometry and the fourth bound multiple Zn2+ at multiple 

sites at partial occupancy. The metal-binding and conformational properties of the helical bundles 

in solution, probed by circular dichroism spectroscopy, analytical ultracentrifugation and NMR, 

were consistent with the crystal structures.
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Introduction

De novo protein design is an excellent approach to test and refine our understanding of 

protein structure and function.1–4 Here, we use this approach to probe the features governing 

the assembly of metalloproteins that incorporate covalently bridged multinuclear metal 

clusters.5 Natural metalloproteins generally include direct interactions between sidechains 

and the metal ions (first-shell interactions) as well as second- and third-shell hydrogen-

bonded interactions that create hydrogen-bonded networks important for function.6,7 Thus, it 

has been important to include hydrogen-bond networks in the de novo design of 

metalloproteins.8–12 Recently, Rosetta has been used to design hydrogen-bonded networks 

into helical bundles,13 which has been heralded as a major accomplishment in de novo 
protein design.2 Although these proteins designed using Rosetta lacked any function, the 

desired structures were confirmed by X-ray crystallography. Also, Woolfson and coworkers 

have implanted a hydrogen-bond in a heptameric helical bundle, which is crucial for 

hydrolytic function14 but the use of extensive hydrogen-bonded networks to reinforce 

binding has not been reported, outside of early work on the DF class of proteins.8–12 In the 

present work we reinforce the binding of an abiological cofactor by designing significantly 

more extensive networks, than in previously designed proteins, including the bundles 

described by Baker and coworkers13 or our previously designed metalloproteins.8–12
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Natural enzymes use these bridged multinuclear centers to perform diverse transformations, 

including some of the more difficult chemical conversions: Oxygen is reductively activated 

in multi-copper laccases,15,16 bridged diiron proteins17,18 and type 3 copper proteins.15,19 

Di-Mn(II/III) catalases catalyze the disproportionation of hydrogen peroxide.20 Cytochrome 

c oxidase (CcO) catalyzes the four-electron reduction of O2
21–23 while water is oxidized to 

O2 at the Mn4CaO5 oxygen evolving complex (OEC) of photosystem II.24,25 NO and N2O 

are reduced at the FeB site of nitric oxide reductase (NOR) and at the CuZ site of nitrous 

oxide reductase, respectively.26–28 Electron and metal transfer reaction are mediated by 

metallothioneins (MT)29 and FeS proteins.30 Finally, small molecule fixation occurs at 

hybrid FeS clusters, as in sulfite reductase,31 CO dehydrogenase (CODH),32,33 the [FeFe] 

and [NiFe] hydrogenases34 and FeMo nitrogenase.35,36

Structural and functional studies of these multinuclear inorganic cofactors have been 

hampered by the intrinsic complexity. Common strategies in the design of small synthetic 

ligands have led to significant results in the stabilization of these bridged multinuclear 

clusters,5,37,38 but the unique geometries are particularly demanding in terms of the relative 

positioning of metals and ligands. Inherent synthetic difficulties may be overcome in 

principle by self-assembly, since a thermodynamic driving force has to be expected in the 

spontaneous formation of some of these clusters.37,39 However, ungoverned oligomerization 

may represent a serious issue. Therefore, several groups have undertaken the challenge to 

design tailored metallopeptides and proteins recapitulating the structural and hopefully the 

catalytic features of their natural counterparts.40–42 Progress has been made in both 

introducing novel sites into natural proteins43 as well as de novo design. De novo 
approaches show the following advantages: (i) a high degree of confidence in the design of 

secondary and tertiary structures can be reached thanks to the modern computational 

techniques of protein design; (ii) the intrinsic modularity of these compounds allows one to 

design the geometry and identity of first and second interactions surrounding the metal ion; 

(iii) the solvent accessibility of the site can be varied to assess the role of the aqueous 

solvent and substrate trafficking.

There has been significant progress in the design of proteins with stable metal ion clusters,
40, 44–46 including many examples of metal-sulphur and metal-Cys complexes. Several 

groups have adopted the well-known Cys-Xaa-Xbb-Cys (CXXC) binding motif, which is 

frequently found in several unrelated proteins.47 Nanda, Noy and co-workers have designed 

a symmetrical four-helix bundle that encapsulates a Fe4S4 cluster.48 Dutton and co-workers 

inserted the CXXCXXC ferredoxin loop to bind the Fe4S4 cluster in heme-binding helical 

bundles,49 and Laplaza and Holm used a related approach to bind a {Ni2+-(μ2-S•Cys)-

[Fe4S4]2+} cluster.50 Tanaka and co-workers designed a protein harboring a purple copper 

site similar to the CuA site of the CcO.51 Multi-copper clusters have been also obtained by 

Ogawa and co-workers, who reported the Cu(I) binding properties of a designed four-helix 

bundle,52,53 with spectroscopic features similar to cysteine rich metallothioneins. More 

recently, the same group has reported the design of a three-helix bundle binding a tetra-Cd2+ 

cluster54 featuring a tetrahedral adamantane like cluster [Cd4(μ2-S•Cys)6(O2C•Glu)3(H2O)] 

stabilized by a CXXCE motif. Of particular significance, the structure was determined by X-

ray crystallography, which has not always been possible for many of the above-mentioned 

examples.
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There has been significantly less diversity in the design of multinuclear centers with oxygen-

rich carboxylate and water ligands, despite of their importance in many enzymes involved in 

oxygen reduction or water oxidation. Our groups have designed the DF (Due Ferri) series of 

di-metal carboxylate bridged clusters stabilized helical bundles,55,56 originally designed as 

mimics of diiron proteins. A number of versions of these proteins were prepared in which 

the four-helix bundle was assembled from four helical peptides, two helix-loop-helix 

peptides or a recombinantly expressed single-chain protein.55,56 In each case, the 

crystallographic and NMR studies showed the proteins folded into their designed 

conformations, which recapitulated the main structural features of much larger and more 

complex diiron proteins.8–10,57 A highly symmetrical starting protein was used in the initial 

design, but this symmetry was eliminated in subsequent functional studies in which the 

coordination environment of each metal ion was systematically varied.10–12,57–59 The DF 

scaffold was ultimately exploited to examine the structural requirements for two-electron 

and four-electron reduction of dioxygen with concomitant substrate oxidation.10–12,57,59 

Futhermore, a di-Zn2+ form of a DF protein was also found to stabilize the radical 

semiquinone form of catechols in aqueous solution at room temperature for weeks.11

In this paper we address two design challenges in the area of de novo protein design and 

metalloprotein engineering. The first challenge was to design tetranuclear clusters that 

assembled within a protein without the aid of elemental sulphur or Cys as bridging ligands. 

The ability to design such clusters represents an important step towards the ultimate 

construction of mimics of the oxygen-evolving complex and other complex multi-nuclear 

clusters. A second challenge is to design extensive hydrogen-bonded networks that stabilize 

the primary ligands that surrounding the metal ions, as discussed above. Here, we explore 

solutions to these goals through the design of a tetra-Zn2+cluster, whose geometry is not 

found in biological proteins or small molecule complexes as defined by a search in the 

Cambridge Structural Database (CSD).60 The metal ion clusters are assembled in a vast 

hydrogen-bonded network of 16 polar amino acids, all involved in predetermined metal ion-

ligand and hydrogen-bonding interactions.

Results

Protein design

We designed a series of D2-symmetric tetra-Zn2+-binding proteins, starting from the 

backbone geometry of DF1 protein,9 a dimeric antiparallel four-helix bundle with precise C2 

symmetry and quasi-D2 symmetry (Figure 1A). The two-fold axis, which is orthogonal to 

the main axis of the bundle, bisects the center of mass of the two metal ions (Figure 1A). 

The four helices are arranged with approximate D2 symmetry, each donating a single Glu to 

the site. Two additional His ligands reduce the D2 symmetry of the structure to C2 (in DF 

proteins, the ligation sites trans to the two His residues are often left vacant to facilitate 

interactions with O2 and substrates). The two His residues pull the metal ions away from the 

central axis of the bundle by 1 to 2 Å.61 This displacement from the central bundle axis 

provides an opportunity to build a binding site for two additional metal ions, creating a 

tetranuclear complex (Figure 1B).
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To generate a tetranuclear complex, we built an antiparallel, four-stranded coiled coil using 

the Crick parameterization62,63 to create an idealized D2-symmetric backbone9 (Figure 1C). 

Each helix was 26 residues long, with the N- and C-termini acetylated and amidated, 

respectively. With the capping groups, this length corresponds to 4-heptads, which can 

facilitate crystallization by end-to-end packing of the helices via hydrogen-bond formation, 

as previously described.64,65 Asp and His ligands were added to each of the four helices at 

the a and d positions of the middle helptad of the coiled coil. This placement positions four 

metal ions in close juxtaposition at four corners of a tetrahedron (Figure 1D); the Asp 

carboxylate ligands bridge the metal ions and each His serves as a monodentate ligand.

The designed tetranuclear-binding site differs in two significant aspects from DF1. First, the 

EXXH motif of DF1 was converted to a DXXH motif. Modeling suggested that replacing 

Glu with the smaller Asp sidechain would better accommodate four rather than two metal 

ions. Peptides with Glu as the primary carboxylate ligand were also synthesized to verify 

this hypothesis. Secondly, the number of His ligands per bundle was increased from two, as 

in DF1, to four in the present design.

The remainder of the peptide sequence was designed using a combination of structural 

bioinformatics and de novo computational methods. A database search of the 

crystallographic structures using the program MASTER66 revealed that the idealized 

backbone of the designed structure was nearly identical to tetrameric antiparallel coiled coils 

in the PDB, with Leu and Ile occupying each a and d position, respectively.67 Therefore, we 

placed these residues in the hydrophobic core, except those a and d positions occupied by 

the metal ligands. An Asp residue from a neighbouring helix (at a g position of the heptad 

repeat) was included to form a second-shell hydrogen-bond to the His ligand, stabilizing the 

+8 charge associated with 4 Zn2+ ions. Thus, considering these second-shell Asp residues 

together and the four Asp/Glu primary ligands, the charge on the four metal ions would be 

entirely neutralized. An Arg sidechain was included to salt bridge to this second-shell Asp, 

forming a third-shell interaction.

All other positions of the sequence were designed using the Rosetta fixed-backbone 

symmetry design module,68 with the exception of a Trp that was manually placed at a C-

terminal g position, for peptide concentration measurement. The sequences were designated 

4DH1 and 4EH1 (Figure 1E), in which the integer 4 reflects the 4-helix design and the 

letters define the ligands in single-letter code. In addition to the primary ligand exploration 

as either Glu or Asp, we also varied the interfacial residues at positions b and e. It was 

expected that these positions could indirectly affect the binding site by modulating the inter-

helical distance and solvent access to the binding site. Thus, the residues at these positions 

(Leu9, Ala13 and Val16 in 4DH1 and 4EH1) were substituted to all beta-branched amino 

acids, Ile9, Val13, Ile16 in two additional peptides designated 4DH2 and 4EH2.

The crystallographic structures of 4EH1, 4DH1, 4EH2 and 4DH2 reveal closely related 4-
helix bundles, stacked into an infinite coiled coil in the crystal

Despite the differences in their sequences, the four peptides crystallized as antiparallel 

tetrameric helical bundles in the P 31 2 1 space group (Table 1, Figure S1). The structures 

were solved using molecular replacement and the locations of the zinc ions were 
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unambiguously determined by anomalous scattering (Figure S2). As in the design, exposed 

C-terminal amides hydrogen-bond with neighbouring helices to create infinite coiled coils 

(Figure 2B). Each helical bundle makes one quarter turn of a super-helix, such that four 4-

helix bundles comprise a single turn of the super-helix, with a pitch of about 130 Å. The 

crystal structures match very well the design model with Cα RMSDs less than 1 Å (Table 

S1).

The overall structures of the four-helix bundles observed for the four proteins, 4DH1, 4EH1, 

4DH2 and 4EH2 are very closely related (Cα RMSD ranges from 0.24 to 0.59 Å, Table S2). 

For each protein, the unit cells are built from two nearly identical (Cα RMSD ranges from 

0.35 to 0.80 Å) four-helix bundles, which have precise crystallographic two-fold symmetry 

and deviate only slightly from D2 symmetry. In the crystallographic lattice one of the two 

four-helix bundles is surrounded by water channels and has systematically higher Debye-

Waller crystallographic b-factors (Figure S3). Thus, the following analysis focuses on the 

helical bundles with the lower b-factors and more clearly defined electron density maps.

Each of the proteins has two well-packed hydrophobic cores at opposite ends of the bundle, 

flanking the metal-binding site near the central region of the coiled coil. In precise 

agreement with the design, the hydrophobic residues within these cores pack in three layers, 

each layer comprised of two Leu and two Ile residues from the a and d positions of the 

heptad repeats, respectively (Figure 2A). These well-packed cores provide structural and 

thermodynamic stability and help position the metal-binding residues Glu/Asp12 and His15 

within the interior of the central portion of the helical bundle. The helical bundles all display 

a-d packing, as assessed by the global axial helix rotation69,70 (Table S3).

4DH1 and 4DH2 form tetranuclear clusters

4DH1 and 4DH2 both bind four Zn2+ in a distorted cuboidal geometry. The cluster is formed 

by the four Zn2+ ions and four carboxylate oxygens from the Asp12 sidechains (Figures 3A 

– 3D). The site has nearly precise D2 symmetry, matching the symmetry of the bundle. Each 

Zn2+ is strongly coordinated by three ligands (metal-ligand distance < 2.5 Å; bold line, 

Figures 3A and 3B): one carboxylate oxygen of Asp12, the Nδ of His15 and a bridging 

water. One or two weaker carboxylate-Zn2+ interactions (< 3 Å distance, dashed lines, 

Figures 3A and 3B) complete the first coordination sphere. Two bridging solvent molecules 

were assigned as water, based on its shape and ability to donate two hydrogen-bonds with a 

carboxylate in the 4DH1 complex (Figure 3A). Although not explicitly included in the 

design, they appear to help stabilize the designed coordination geometry of the metal site, 

and are well positioned to participate in proton-coupled electron transfer reactions (in future 

extensions of this work with redox-active metal ions). The designed Asp11 second-shell 

interaction to His15 Nε is clearly observed, as is the third-shell Arg interaction.

There are no significant differences in the binding-site geometries of 4DH1 in the two 

distinct tetramers seen in the asymmetric unit. On the other hand, there are significant 

differences in the geometries of tetranuclear clusters seen for 4DH1 versus 4DH2 (Figure 3), 

which we ascribe to differences in the protein sequence rather than crystal packing. In the 

4DH1 cluster one oxygen of each of the Asp12 ligands binds to Zn2+ ions (Figure 3A), 

while the other oxygen forms a hydrogen-bond with the bound water. However, in 4DH2 the 
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hydrogen-bonds to water are broken, and each Asp forms a primary liganding interaction 

with a different Zn2+ ion (to the left or right of it as viewed in Figure 3C). The other 

carboxylate oxygen of Asp12 forms weaker electrostatic interactions with the cluster. This 

same arrangement was seen in both helical bundles in the asymmetric unit of 4DH2 (Figure 

3D), supporting the conclusion that the geometric differences between the tetranuclear sites 

in 4DH1 and 4DH2 are due to differences in their primary sequences rather than packing 

within the crystal lattice.

The shift in geometry between the two proteins is a result of a rotation of approximately 40° 

about the Cβ-Cγ bond (χ2 torsional angle) of the Asp sidechain, along with small shifts in 

the helical bundle geometry discussed below. Small changes in the second-and third-shell 

ligands in 4DH2 (relative to 4DH1) accompany these changes in geometry. These findings 

show how small geometric changes in a helical bundle can influence the detailed geometry 

of their bound metal ion cofactors.

Comparison of tetranuclear Zn2+ clusters from 4DH1 and 4DH2 with small molecule 
complexes

Proteins often enforce somewhat unusual geometries onto metal ions or metal ion clusters, 

which are not easily achieved in small molecule complexes.71,72 We therefore searched the 

Cambridge Crystallographic Database, to probe the novelty of the tetranuclear stabilized in 

the designed structures. We discovered one tetranuclear Zn2+ cuboidal site.73 The ligands in 

this cuboidal site are methoxides and t-butoxides, and hence would not be stable in water. A 

second 4-Zn2+ site is organized around a central O2−, but, again, this site is not stable in 

water.74 Also, the metal-metal distances in both complexes are significantly closer (3.1-3.3 

Å), due to 1,1 bridging interactions. Other tetranuclear Zn2+ sites appeared to be embedded 

in larger complexes that contain up to more than eight Zn2+ ions.75,76

4EH2 binds a single Zn2+ at the center of an extended network of hydrogen-bonded 
sidechains

The Glu sidechain ligands are accommodated in the core of 4EH1 and 4EH2, relative to the 

corresponding 4DH1 and 4DH2, without a significant accompanying change in the radius of 

the helical bundle. The longer Glu sidechains are therefore more compressed in a cavity of 

fixed size, which has a large influence on the metal-binding sites for these proteins. In 

4EH2, the single Zn2+ is tetrahedrally coordinated by one Glu13 carboxylate oxygen in each 

chain (Figure 4A). This primary ligand is stabilized by a hydrogen-bond network of second-, 

third- and fourth-shell interactions. His15 serves as a second-shell ligand, rather than 

binding directly to the metal as in 4DH1 and 4DH2. His15 appears protonated based on the 

fact that both basic nitrogens make close approaches to the primary Glu13 ligand and a 

third-shell ligand, Asp12. Additionally, Cε-H of His15 also makes a very close approach 

(3.1 Å) to the Oδ of Asp12 from a neighboring chain, suggesting that it might provide 

additional stabilization by “C-H–O hydrogen-bonds”.77 Finally, the hydrogen-bonded 

network surrounding the primary ligand extends to Arg14, which serves as a fourth-shell 

ligand by interacting with Asp12. In summary, the structure of mono-Zn2+ 4EH2 shows a 

remarkable network of concentric shells of interacting sidechains, each shell alternating in 
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charge in the order of Zn2+ (+2), four Glu13 residues (−4), four His37 (+4), four Asp12 

(−4), and finally four Arg14 (+4) (Figure 4B).

To confirm that His15 was positively charged in solution, we examined its NMR spectrum in 

the absence and presence of a single equivalent of Zn2+ per tetramer, matching the 

stoichiometry seen for this peptide in the crystal structure. The chemical shifts of the His 

residue clearly indicated that this residue was protonated under both conditions (Figure S4 

and Table S4 for peak assignment).

4EH1 binds multiple Zn2+ at partial occupancy

4EH1 binds multiple metal ions at a number of partially occupied sites (Figure 5A). In 4EH1 

five Zn2+ ions are seen near the center of the structure: four form a 4-Zn2+ cuboidal structure 

similar to that seen in 4DH1 and 4DH2 (Figures 5B and 5C); additional density is seen at a 

position similar to the monovalent site observed in 4EH2. It is not sterically feasible to 

accommodate both the 4-Zn2+ and 1-Zn2+ structures within the same bundle, which is 

consistent with the partial occupancy seen for the two overlapping sites. Thus, the crystal 

lattice contains a mixture of the two new ion complexes. One final interesting feature of this 

structure is the presence of yet additional Zn2+ ions that intercalate between His15 and 

Asp12, in a doubly coordinated imidazolate geometry (Figures 5D and 5E), similar to that 

recently been seen in a designed beta-sheet forming peptide.78

Concerted helical rotations and translations accompany changes in Zn2+ coordination 
geometry

The four peptides studied here vary in terms of the bulk of the hydrophobic residues at the b 
and e heptad positions surrounding the metal-binding site, as well as the nature of the 

carboxylate ligand (Glu versus Asp). While these changes had little effect on the overall 

structure of the helical bundles or their packing within the lattice, they led to deep-seated 

changes in the geometry and stoichiometry of the bound metal ions. Thus, we sought to 

identify more fine-tuned variations in the backbone geometries of the helical bundles that 

underlie these differences. The geometric features that mostly contribute to the variation 

between the structures (Figures 6A – 6C, Table S5) consist of a rotation of the helices about 

their own axes by up to 10° (Figure 6C) and a shift of the antiparallel helices relative to one 

another by up to 0.8 Å (Figure 6B). By contrast, the radius remains constant at 7.41 ± 0.08 

Å, and the super-helical phase remains constant at 104.4° ± 0.4°. The small helical rotation 

allows the bulkier residues of 4EH2 and 4DH2 to be displaced towards the protein surface 

(Figure 6D); in parallel the helices slide relative to one another, thereby maintaining good 

packing along the b/e interface. These correlated rotations and translations, along with more 

local carboxylate shifts (associated with changes in the χ angles of Asp and Glu) define a 

continuum of designable geometries that might be used in future designs of helical bundles 

with pre-programmed structures and dynamics.

Association of the peptides into helical bundles in solution

The association state of each peptide was next examined using sedimentation equilibrium 

ultracentrifugation. The apparent MW of 4EH2, 4DH2, and 4EH1 were slightly lower than 

expected for a tetramer (Table 2), but the computed MW increased to that expected for a 
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tetramer in the presence of a 1.5-fold excess of Zn2+ (6 equivalents per tetramer). Thus, 

binding of Zn2+ appears to stabilize the 4-helical conformation observed in the crystal 

structures. By contrast, 4EH1 formed a dimer in the absence of metal ions, which was 

converted to a tetramer only in the presence of a large excess of Zn2+. At lower Zn2+, this 

peptide formed higher-order aggregates. Thus, the tetrameric form of this peptide is less 

stable and conformationally exploratory than the other three bundles. Finally, far UV CD 

spectroscopy confirmed that all peptides had substantial helical content, both in the presence 

and absence of metal ions (Figure S6).

Conclusions

In this work, we report the structural characterization of a tetranuclear zinc site stabilized by 

a de novo designed four-helix bundle scaffold. The design procedure started by the 

parametric generation of the backbone coordinates resulting in a perfect D2 symmetric anti-

parallel coiled coil. The protein core was then stabilized by strong hydrophobic packing on 

both ends of the bundle, thus allowing the insertion of the metal cofactor in the middle of the 

protein. The key factor for the stabilization of the hydrophilic metal binding residues has 

been the rational design of the second up to the third-shell H-bond interactions, and even 

fourth-shell interactions were observed in 4EH2 mono-Zn2+ complex. Recently, Baker and 

coworkers13 demonstrated the incorporation of hydrogen-bonded networks into the 

structures of helical bundles by introducing up to nine hydrogen-bonds in helical bundles, 

although these proteins lacked any binding or other function. Previously, we had designed 

complex hydrogen-bonded networks to tune the properties of diiron-binding proteins,8–12 

which help stabilize the protein in the metal-free state,8 and additionally tune the electronic 

properties in the metal-coordinated state.10–12,59 Here, we use even more extensive networks 

to reinforce the binding of an abiological cofactor building networks of sixteen sidechains 

and four metal ions. Moreover, we have shown that the fine modulation of the metal binding 

geometry could be achieved by changing the size of the hydrophobic packing interactions, 

resulting in slightly different metal complexes differing in the relative ligand topology 

and/or in the metal content.

This new class of metalloproteins should serve as an attractive starting point to design more 

complex redox-active multinuclear clusters. In our previous studies with dinuclear centers, 

we began with a simple, highly symmetrical di-Zn2+ protein, which served as a versatile 

scaffold for varying both the metal ions and the protein sequence. Ultimately, it was possible 

to generate fully asymmetric proteins capable of two and four-electron reduction of O2 with 

concomitant oxidation and hydroxylation of substrates.10,12,59 Here, we have engineered a 

more complex cofactor with four transition metal ions, which might similarly serve as a 

starting point for the design of demanding O2-dependent functions. The tetranuclear cluster 

in 4DH1 and 4DH2 includes bridging water molecules – well positioned to serve as proton 

donors for future studies of proton-coupled electron transfer in mimics of the OEC of PSII. 

Such future designs might also incorporate proton-pathways79 and additional light and 

redox-active cofactors, which have previously been built in 4-helix bundle architectures.
50,80,81 Thus, this work provides a minimal system for studying the physical principles 

underlying water oxidation, oxygen reduction, with the ultimate goal of building devices for 

energy conversion and storage. Finally, as described recently by Suzuki, Tezcan and 

Zhang et al. Page 9

J Am Chem Soc. Author manuscript; available in PMC 2018 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



coworkers, the addition of metal-binding sites onto the surface of natural proteins can yield 

supramolecular lattices with remarkable auxetic material properties.82 The ability to expand 

the pallet to fully designed metalloproteins should provide additional attractive possibilities 

for the design of responsive soft materials.

Methods

Protein design

The starting backbone was generated by fitting a coiled coil to the DF1 protein (PDB: 

1EC5)9 using the program CCCP.63 The identity of liganding residues Asp12 and His14, the 

second-shell residue Asp11, and the third-shell residue Arg15 were based on their abilities to 

form the desired interactions in low-energy rotamers. We used the TERMS method66 to 

define the hydrophobic core of the structure. In the course of search for the fragment, we 

found the backbone fitted well to an existing antiparallel homotetrameric 4-helix bundle 

(PDB: 2CCN)67 with a Cα RMSD of 0.86 Å. The hydrophobic packing motif of 2CCN, Leu 

on position a and Ile on position d, was therefore adopted for the designed scaffolds. 

Peripheral residues are computationally picked by the fixbb module in Rosetta,68 and 

residues on positions b and e are systematically varied to β-branched amino acids in the 

second-generation designs.

Peptide Synthesis

Peptides were solid-state synthesis at 0.1 mmole scale on a Biotage Initiator+ microwave 

synthesizer with Rink Amide Chemmatrix resin. Double coupling was conducted on each 

residue by 5 eq. Fmoc amino acid, 4.98 eq. HCTU and 10 eq. DIPEA in DMF for 5 minutes 

at 75°C (30 min at room temperature for His residue). Decoupling is performed by 20% 4-

methylpiperidine and 0.1 M HOBt in DMF for 5 minutes at 70°C. Cleavage was done in a 

TFA cocktail with TFA:TIPS:H2O at a ratio 95:2.5:2.5. Purification was performed by 

reverse-phase HPLC with water and acetonitrile as eluants. Purity of the peptides was 

verified by analytical reverse-phase HPLC.

Crystallography

The peptides were dissolved at 5 mg/ml in water with addition of 1 equivalent of ZnCl2. The 

hanging-drop vapor-diffusion method at room temperature was used for crystallization. The 

crystallization condition for 4EH1 is 0.2 M NaCl, 6% (v/v) isopropanol and 0.1 M HEPES 

pH 7.5, for 4DH1 is 2.0% PEG1000, 1.0 M AmSO4 and 0.1 M HEPES pH 7.5, for 4EH2 is 

0.2 M Li2SO4, 1.0 M potassium/sodium tartrate and 0.1 M Tris pH 7.0, and for 4DH2 is 

0.01 M NiCl2, 1.0 M Li2SO4 and 0.1 M Tris pH 8.5. Crystals were flash frozen with the 

cryoprotectant 25%-30% (v/v) glycerol, and diffraction data were collected at the Advanced 

Light Source, Lawrence Berkeley National Laboratory in Berkeley CA at the Beamline 8.3.1 

on an ADSC Q315 CCD Detector with X-ray wavelength of 1.1158 A. Data collection 

temperature was 100 K.

Data were processed with HKL200083 and/or XDS84 packages. Statistics for data processing 

and structural refinement were shown in Table 1. The 4EH1 structure was first solved by 

molecular replacement with Phaser85 using the designed 4EH1 single helix as searching 
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model. For the other 3 structures, a single helix of 4EH1 served as search models. In general, 

Refmac86 was used for the most of refinements. For helical bundles, rigid-body refinement 

appeared to be particularly important and was carried out at any time whenever large 

displacement observed and fixed. TLS domains were set down to single helices, with 

binding metal ions technically grouped into a tightly interacted helix. To remove initial 

model biases, simulated-annealing refinement was carried out with Phenix.87 Metal ion sites 

were determined based on the anomalous maps phased from metal ion-free models after 

molecular repacement. The occupancy refinement for metal sites, as well as for partially 

occupied site chains, was performed also in Phenix. Protein model rebuilding and 

adjustment were done in Coot.88 It is also noteworthy that 4DH2 dataset had pseudo-

hexagonal symmetry and the refinement was largely improved with twinning operators 

applied.

NMR

The 1D spectra were recorded at 298K on a Bruker Avance II 900 MHz spectrometer 

equipped with a cryogenic probe with the pulse sequence zgesgp with tmax = 151 ms, 256 

scans. The 1H carrier frequency was set at 4.75 ppm. All spectra were processed and 

analyzed using the program topspin.

Analytical Ultracentrifugation

Sedimentation equilibrium studies were performed with the peptides at concentrations of 

80-100 μM in the buffer 10 mM MOPS, pH 7.0, 100 mM NaCl, at speeds of 25 K, 30 K, 35 

K, 40 K and 45 K r.p.m. in a Beckman XL-I ultracentrifuge at 25°C. Data collected on UV 

absorbance at 280 nm for each sample from the five speeds were fit globally to single-

species of equilibrium sedimentation by a non-linear least squares method using Igor Pro.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design of tetranuclear clusters in helix bundles. (A) Previously designed diiron protein DF1 

has 4 Glu and 2 His residues with 2 metal ions bound positioned off of the superhelical axis. 

The positions of second-shell Asp and the C2 symmetry axis are also indicated. (B) D2-

symmetrical DF1 has four Asp and four His residues coordinating 4 ions at the core. The 

positions of the three orthogonal two-fold axes are indicated. Second-shell Asp residues at 

an interfacial g position (shown in red) are also included to interact with the first-shell Asp 

ligands. (C) Crystal structure of dimeric DF1, showing the displacement of the two metal 

ions away from the central bundle axis towards the His ligands. Two orientations of DF1 can 

be conceptually combined to create a structure that binds four metal ions. (D) Designed 

tetranuclear binding site, showing the positions of the carboxylates and Zn2+ ions. (E) 

Designed peptide sequences are shown with heptad repeat designation. The peptides are N-

acetylated and C-amidated. The primary ligands are in bold. Residues at positions b and e, 
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which were varied to probe the effect of interhelical packing on the structure of the metal-

binding site are shown in green.

Zhang et al. Page 17

J Am Chem Soc. Author manuscript; available in PMC 2018 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Packing of the hydrophobic cores and hydrogen-bonding interactions connecting individual 

four-helix bundles within the unit cell. (A) Each protein has two hydrophobic cores at the 

top and bottom of the bundle, which enforce the geometry of the central metal-binding site. 

The hydrophobic Leu and Ile residues pack in layers, alternately coloured in grey and green 

in bundle 1, and magenta and green in the neighbouring bundle 2 in the asymmetric unit. (B) 

Hydrogen-bonded interactions that extend the superhelix running through the crystal. These 

interactions include direct hydrogen-bonds between amides from the N-terminus of one 

helix and the C-terminus of the neighbour. Additionally, water-mediated hydrogen-bonds are 

observed at this interface. (C) – (D) Map computed from the Zn2+ anomalous scattering 

observed in 4EH2 and 4DH2, respectively.
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Figure 3. 
Crystallographic structure of the metal-binding site in 4DH1 and 4DH2. (A) The 

tetranuclear cluster formed in 4DH1 and 4DH2; for clarity, only the Asp carboxylates, 

waters and Zn2+ ions are shown (carbon atoms are shown in green; oxygen in red; zinc in 

grey and interactions are drawn with dashed and solid lines as indicated). A carboxylate shift 

leads to a difference in the primary coordination shell and hydrogen-bonding to a bound 

water molecule. (B) Overall axial view of the 4DH1 and 4DH2 sites, including the first-shell 

ligand His16, the second-shell Asp11 and the third-shell Arg14. Carbon atoms of the 

secondary Asp11 and tertiary Arg14 ligands are in pink and cyan, respectively.
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Figure 4. 
Crystal structure of 4EH2. (A) A single Zn2+ is bound, surrounded by four monodentate Glu 

ligands. (B) The primary ligand sphere is surrounded by concentric rings of oppositely 

charged residues, which form an extensive hydrogen-bonded network.

Zhang et al. Page 20

J Am Chem Soc. Author manuscript; available in PMC 2018 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Crystal structure of 4EH1. (A) A large number of Zn2+ ions are observed, all at partial 

occupancy. (B) and (C) depict in grey and orange, respectively, two alternatively occupied 

Zn2+ complexes observed near the center of the bundle. They resemble the tetranuclear and 

mononuclear clusters shown in Figures 3 and 4, respectively. The same arrangement was 

observed in the other crystallographically distinct 4-helix bundle in the structure of 4EH1. 

(D) and (E) depict partially occupied Zn2+ ions, observed at the periphery of the bundle.
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Figure 6. 
Structural differences between the crystal structures of 4EH1, 4EH2, 4DH1 and 4DH2. The 

backbones surrounding the metal-binding sites (11 residues/helix) were analysed using a 

mathematical parameterization of the coiled coil, resulting in an excellent fit to the 

experimental structures (0.2 to 0.4 Å Cα RMSD, Table S5). (A) Plot of the parameters that 

mostly contributed to the structural variability: (B) shift of the helices relative to one 

another, ΔZoff and (C) their axial rotation, ϕ1. (D) Slight helix rotation and sliding that avoid 

steric overlap as the bulkiness of the varied residues (A13V, V16I) and the degree of β 
branching (A13V, V16I, L9I) increase. These two motions appear to be correlated, as shown 

in (A): the values plotted represent the average over the two crystallographically distinct 4-

helix bundles observed for each crystal structure.
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Table 1

Statistics of data collection and structure refinement

Dataset 4EH1
(PDB: 5WLJ)

4EH2
(PDB: 5WLK)

4DH1***
(PDB: 5WLL)

4DH2
(PDB: 5WLM)

Data Collection:

Software HKL2000 HKL2000 XDS XDS

Wavelength (Å) 1.11587 1.11587 1.11587 1.11587

Resolution (Å)* 80.9–1.60
(1.66–1.60)

80.9–1.80
(1.86–1.80)

80.8–1.90
(2.02–1.90)

81.2–1.95
(2.06–1.95)

Cell constants

 a, b, c (Å) 80.828,
80.828,
64.388

80.995,
80.995,
65.308

80.782,
80.782,
64.923

81.156,
81.156,
66.331

 α, β, γ (°) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120

Space group P3(1)21 P3(1)21 P3(1)21 P3(1)21

Unique reflections 32467 (3210) 23242 (2285) 19614 (3086) 17914 (2867)

Completeness (%) 99.9 (100.0) 99.6 (100.0) 99.2 (96.2) 99.8 (99.2)

Redundancy 10.8 (10.6) 3.7 (3.7) 10.4 (10.0) 7.5 (7.4)

I/σ(I) 25.9 (2.9) 14.6 (4.4) 11.8 (2.2) 7.0 (1.9)

Rmerge (%) 8.6 (76.3) 12.7 (74.4) 9.7 (84.4) 17.9 (84.8)

Refinement:

Resolution (Å) 70.0–1.60
(1.64–1.60)

70.1–1.80
(1.85–1.80)

70.0–1.90
(1.95–1.90)

48.2–1.95
(2.00–1.95)

R factor (%)** 14.8 16.9 22.0 17.2

Rfree factor (%) 16.7 17.8 23.8 18.7

RMSD from standards

 Bonds (Å) 0.008 0.006 0.009 0.010

 Angles (°) 1.1 0.9 1.2 1.1

Ramachandran plot

 Favored (%) 100.0 100.0 100.0 100.0

*
Values in parentheses are for the outmost resolution shell.

**
Rfree factor value was calculated for R factor using a subset of reflections data (5%, randomly chosen). For dataset 4DH2, an overall 2.5% 

randomly chosen data, which corresponded to 5% of data free of twin pairs, were used for Rfree factor calculation.

***
This dataset was subjected to anisotropic scaling.
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Table 2

Sedimentation equilibrium results.

Protein Monomer M.W. (Dalton) AUC Mass (Apo) (Dalton) AUC Mass (Holo) (Dalton)

4EH1 3232 10.08 K – 11.91 K

(3.38)*
14.82 K – 17.51 K (+1.5 eq Zn)

(4.97)*

4DH1 3218 5.184 K – 6.119 K

(1.74)*
23.37 K – 27.58 K (+1.5 eq Zn)

(7.86)*
13.67 K – 16.14 K (+5.0 eq Zn)

(4.60)*

4EH2 3274 11.63 K – 13.77 K

(3.85)*
13.34 K – 15.80 K (+1.5 eq Zn)

(4.42)*

4DH2 3260 10.01 K – 11.84 K

(3.33)*
13.91 K – 16.45 K (+1.5 eq Zn)

(4.62)*

*
The value in the parenthesis is the computed oligomerization state of the monomer calculated by the AUC fitted mean mass divided by the 

monomer molecular weight. The molecular weights (M.W.) were computed from the equation

in which M.W.(buoyant) is the apparent mass calculated directly by fitting the curves, ρ is the solvent density and ῡ is the partial specific volume, 
both computed using the program SEDNTERP. The fitting errors for the buoyant M.W. were less than 1 % in each case, so the largest error was 
associated with the specific volume computed by SEDNTERP, which is approximately 0.02 ml/g. The sedimentation curves are shown in Figure 
S5.
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