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ABSTRACT OF THE DISSERTATION 

Design of Metal-Controlled Protein-Protein Interactions 

by 

Brian Maniaci 

Doctor of Philosophy in Chemistry 

 

University of California San Diego, 2019 

 

San Diego State University, 2019 

 

 

Professor John J. Love, Chair 

 The field of protein design strives to engineer new molecules that interact in a specific, 

controlled manner to form novel functional complexes.  Engineered proteins that generate 

specific complexes upon the addition of an exogenous agent, such as metal ions, will likely be 

integral elements of these efforts. Molecular control over protein assembly and disassembly is 

possible through the introduction of novel metal-binding sites at precise locations in protein 

complexes. These methods have primarily generated metal-mediated and metal-controlled 
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homodimers. The overall goals of my dissertation projects were to increase our understanding of 

metal-mediated associations and improve the utility of metal-controlled dimerization systems. 

 As a model system, we used the β1 domain of Protein G (Gβ1) as a scaffold to build 

novel dimer complexes.  A published report from a different research group described the 

generation of a Gβ1 variant that forms a constitutive, symmetric homodimer. This small, well-

characterized dimer was an excellent starting model for the design of metal-controlled dimers as 

considerable biophysical analysis was performed on this variant, and the high resolution three-

dimensional structure was solved with X-ray crystallography. We used structure-based rational 

design to engineer histidine residues at the dimeric interface, which ultimately resulted in high-

affinity, metal-controlled protein-protein interactions. Almost all of our design attempts, which 

contained various interfacial modifications, were shown to form metal-controlled homodimers 

that bind with moderate to extremely high affinity.   

 In addition to the successful design of high-affinity symmetric homodimers, we were also 

interested in generating novel heterodimers that also bind with relative high-affinity. To achieve 

this we reengineered one of the metal binding sites of a metal-controlled homodimer with 

oppositely charged side-chains to generate intermolecular protein salt-bridges between an 

arginine residue on one monomer and two glutamic acid residues on the other.  The crystal 

structures revealed both the designed salt bridges and tetrahedral zinc coordination site.  We also 

demonstrated that binding of the heterodimer complex, which contains the designed salt bridges, 

was disrupted upon addition of increasing concentrations of sodium chloride. The novel, high-

affinity metal-controlled homo- and hetero-dimer proteins could potentially be used as highly 

effective building blocks for novel biomaterials.  
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Chapter 1:  Introduction 

 

1.1 Protein-Protein Interface Design 

Interactions between proteins are essential for life.  Some examples of protein-protein 

interactions includes assembly of macromolecular structures, transfer of genetic information, 

activation and inhibition of function, and molecular recognition.  Since in any given cell there 

are thousands of different proteins, it is highly important that protein-protein interactions 

maintain and promote cellular functions.  Improving our understanding of what drives and 

governs protein-protein interactions are important components in advancing basic and applied 

research.  This sought-after goal could lead to the creation of new biomaterials and 

biotechnological tools.  In this work, structure-guided design was used to generate high-affinity 

metal-controlled dimers.   

Our understanding of what drives and governs protein-protein interactions is aided 

through the structural analysis and classification of naturally occurring protein-protein 

interactions.  Atomic-level structural models are essential for understanding the structure-

function relationship of proteins.  The Protein Data Bank (PDB) is a public archive of 

macromolecular structures determined using NMR, X-Ray Crystallography, theoretical 

modeling, and Cryo-Electron Microscopy1.  Structural models from the PDB may provide 

insights into the diversity of proteins, protein-protein interfaces, and assemblies2.  Protein 

structures in the PDB might highlight the overall three-dimensional shape, different 

conformational states, metal ions and/or cofactors, the binding orientation and intermolecular 

contacts between subunits and other proteins.   
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The dynamic association and dissociation of protein complexes plays an important role in 

many biological systems3.  A large fraction of proteins exist in multimeric forms, but some exist 

independently of other proteins.  Monomers are characterized by their non-self-interacting 

surfaces.  Proteins can interact and assemble into multimeric assemblies by a process called 

protein oligomerization.  Evolutionary and functional advantages for protein oligomerization 

might include reduced genome size, the generation of new protein surfaces, and improved 

stability4. Discrete structures of oligomeric proteins have a defined composition and subunit 

stoichiometry.  Oligomeric proteins are composed of identical (homo-oligomeric) or non-

identical (hetero-oligomeric) subunits.  The association between protein subunits can vary in 

duration and strength.  

Protein complexes are held together by the sum of many non-covalent interactions spread 

over an extensive binding surface5.  Non-covalent interactions commonly found in protein-

protein interactions might include van der Waals, hydrophobic and electrostatic interactions, and 

hydrogen bonding.  The process of protein assembly requires sufficient enthalpic and entropic 

contributions, which must overcome the loss of entropy associated with complex formation6.  

Specific protein-protein contacts may influence the affinity and specificity of protein-protein 

interactions.  

During complex formation, two or more protein molecules interact and generate a new 

protein-protein interface.  This newly generated interface is characterized by interacting and 

nearby residues, which are involved in stabilizing the protein-protein interaction.  Most 

oligomeric protein complexes in the PDB have a contact area in the 500 – 1500 Å2 range3.  The 

protein-protein interface of complexes typically have a high degree of physical and chemical 

complementarity7.  The analysis of numerous protein-protein interfaces have not led to 
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conclusive chemical and physical properties common in all transient and permanent protein 

complexes8,9.   

Oligomeric proteins are common in nature, comprising approximately 1/3 of all 

proteins10.   The most prevalent complexes in the PDB are homodimers and heterodimers5.  

Homodimers are abundant in nature, often have large non-polar protein-protein interfaces, and 

tend to form permanent complexes8.  Many homodimers form symmetric structures which might 

confer structural or functional advantages11.  Approximately 75 % of all oligomers found in 

nature are characterized as homo-oligomers10.  Heterodimers were found to have fewer 

hydrophobic groups and more polar groups at the protein-protein interface when compared with 

homodimers9.   

The association of homodimers and heterodimers use certain recognizable binding motifs 

at the protein-protein interface.  The binding motifs of homodimers and heterodimers were 

classified using regular and non-regular secondary elements12.  The four classes of secondary 

elements found at protein-protein interfaces included α, β, mixed αβ, and non-regular regions 

(loops, turns, and other non-rotameric confirmations).  Analysis of the secondary structures 

elements in many protein-protein interfaces may provide additional insights for rationalizing and 

designing protein binding motifs.   

Regular secondary structure segments in homodimers contribute almost half of the 

protein-protein interface, while in heterodimers they contribute about one-third.  Secondary 

structure pairing at the interface shows that only α-helical interactions are twice as abundant for 

homodimer interfaces (22.4 %) compared with heterodimer interfaces (10.9 %)12.  In 

comparison, only β-strand interactions are equally favored between homodimers (8.8 %) and 

heterodimers (8.4 %)12.  The most common secondary structural segment at the interface of 
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homodimer (40.3 %) and heterodimers (46.3 %) was the non-regular region interacting with 

short segments of helices/strands12.   

1.2 Metal Coordination in Proteins 

Metal ions are associated with an estimated 30 - 40% of all proteins13,14.  The presence of 

a metal in a protein structure or protein-protein interface might imply important structural and/or 

functional roles.  Metal ions may promote catalytic activities, conformational changes, activation 

and inhibition of function, and formation of transient protein-protein interactions15.  Metal ions 

found at the protein-protein interface might form and stabilize natural and engineered protein-

protein interactions16,17.  In addition, metal coordination sites are responsive to external stimuli 

since they may be broken or formed through changes in pH or metal chelating agents.   

Metal binding sites in proteins utilize the chemical functionalities of certain amino acids.  

Late-first row transition metals may form metal-ligand bonds with the side chains of histidine, 

cysteine, glutamate, and/or aspartate18.  Metal coordination may occur by the nitrogen atom in 

histidine and the sulfur group in cysteine or by carboxylate ions in aspartate and glutamate.  In 

the Lewis acid-base theory, transition metal ions are Lewis acids and nitrogen, sulfur, and 

oxygen atoms are Lewis bases.  The Lewis acids and Lewis bases are an electron pair acceptor 

and donor, respectively.  A metal coordination complex is a product of the Lewis acid-base 

reaction, where the central metal ion is bound by ligands from the macromolecule or 

environment.   

Transition metal binding generally occurs via a few amino acid sequence motifs 

involving histidine and cysteine residues19.  A bidentate ligand arrangement occurs when two 

metal binding amino acids are in close spatial proximity and donate two pairs of electrons to the 

Lewis acid.  The “chelate effect” describes the close proximity of two metal-binding ligands, 
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which have enhanced affinity for metal ions.  Bidentate metal chelation sites in proteins are 

engineered by specific amino acid sequence motifs:  HX3H (H is histidine and X is any amino 

acid) in an α-helix, HXH in a β-strand, and HX2H in a reverse β-turn19.  Novel metal binding 

sites have been engineered to generate proteins that self-assemble and form oligomeric 

structures19,17,20,21.  Unfortunately, there is no canonical amino acid sequence or surface topology 

that will universally lead to a predictable oligomerization state22. 

Metal-ions and cofactors found at the protein-protein interface may mediate the assembly 

of protein oligomers and macromolecular assemblies.  Within the PDB, analysis of metal-

mediated oligomeric proteins may provide valuable insights into the diversity and positioning of 

metal ions and cofactors at the protein-protein interface15.  This survey found approximately 22 

% of oligomeric proteins are associated with a transition metal or cofactor15.  Of these oligomeric 

protein, around 8 % contain a late-first-row transition metal (Mn, Fe, Co, Ni, Cu, Zn) or cofactor 

(iron-sulfur clusters and heme coordination complexes) at the protein-protein interface15.  Metal 

ions and cofactors were characterized as interfacial if they were directly coordinated to residues 

of different molecules and share a buried surface. In the subset of oligomeric proteins, zinc and 

heme were found in approximately 40 % and 15 - 20 % of all cases, respectively15. The most 

predominant late-first-row transition metal or cofactor in the protein-protein interface is zinc, 

followed by heme. 

It was found that only a small subset of oligomeric proteins contain a late-first-row 

transition metal or cofactor at the protein-protein interface15.  Of this subset, a majority of 

oligomeric proteins are likely to contain binding sites for zinc or heme15.  The prevalence of zinc 

in oligomeric proteins might be due to its high bioavailability and functional properties.  Zinc is 

the second most abundant trace metal found in eukaryotic organisms23.  The bioavailability of 
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zinc in E. coli is approximately 0.1 mM24.  Important functional properties of zinc (II) include 

high binding stability, Lewis acid, flexible coordination geometry, and redox inactivity18.  Zinc 

(II) binding sites often display distorted tetrahedral coordination geometry15,25.   

Zinc coordination sites often plays important structural and/or functional roles in 

proteins26.  Structural roles of zinc vary depending upon whether it stabilizes tertiary or 

quaternary structures.  Zinc plays an important functional role in the catalytic mechanism of 

zinc-dependent enzymes.  The tetrahedral coordination geometry of the enzyme active site is 

characterized by an open coordination sphere exposed to an aqueous environment25.  The fourth 

coordinating ligand is usually occupied by a water molecule or hydroxyl ion.  The specificity of 

the biochemical reaction depends upon the arrangement of amino acids in the second and third 

coordination spheres of the active site.    

1.3 Protein-Protein Interactions Driven By Metal Coordination 

Selective incorporation of metal binding sites onto monomeric scaffolds have generated 

both metal-mediated and metal-controlled interactions20,17,21.  Metal-mediated interactions are 

loosely defined as protein-protein interactions occurring in the presence of metal ions.  In some 

metal-mediated interactions the protein-protein interaction occurs in the absence and presence of 

metal ions20.  In comparison, the interface of metal-directed protein assemblies are devoid of 

favorable side chain interactions that might promote protein oligomerization in the absence of 

metal ions17.  For a metal-directed interaction, the metal ion is responsible for bringing together 

non-interacting partners.  Protein oligomerization of metal-directed interactions are driven by 

metal coordination and stabilized by favorable interfacial contacts17.    

 The Tezcan group at U.C.S.D. demonstrated the practicality of metal-directed protein 

assembly of cytochrome B 562 (cb562), a monomeric four-helix bundle17.   The crystal lattice of 
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wild-type cb562, demonstrates the α-helical positions of different molecules being in close spatial 

proximity, despite being monomeric in solution up to millimolar concentrations17.  A variant 

called His4-cb562 was generated by incorporating a di-histidine motif at i and i + 4 positions on 

the α-helix at the crystal contact points of the individual cb562 molecules.  A metal chelating sites 

generated by the di-histidine motif enhances affinity for metal ions17.  The incorporation of metal 

binding sites at the crystal contacts of cb562 provides a stimuli responsive element to modulate 

and control protein-protein interactions.  Metal-directed protein self-assembly of His4-cb562 was 

confirmed by adding EDTA or lowering the pH below 6, which disrupts the metal-controlled 

complex. 

The supramolecular arrangement of His4-cb562 was controlled by the metal coordination 

geometry of zinc (II)22.  At high protein concentrations, the dominant quaternary structure of 

His4-cb562 was a tetramer.  The crystal structure of the 4 Zn: 4 His4-cb562 assembly shows a 

distorted tetrahedral coordination environment with metal binding sites from three His4-cb562 

molecules22.  The designed di-histidine sites of His4-cb562 were found to participate in 

intermolecular zinc (II) metal coordination and protein oligomerization. The metal-directed 

assembly of His4-cb562 was due to the strength and directionality of metal-ligand coordination 

bonds17.  

Oligomeric assemblies of His4-cb562 are influenced by the coordination geometry of 

different late-first row transition metals at the protein-protein interface22,21.  Different oligomeric 

assemblies of His4-cb562 were controlled by the non-tetrahedral coordination preferences of 

nickel (II) and copper (II).  Zinc (II) coordination yields a symmetric tetramer, while the square 

planar preferences of copper (II) and nickel (II) leads to an antiparallel dimer and a parallel 
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trimer, respectively.  Different supramolecular assemblies of His4-cb562 protein can be generated 

through different late-first row transition metals.    

A collaborative research project between Tezcan and the Khulman group at U.N.C. 

Chapel Hill introduced a new metal-directed design strategy.  This strategy, called Metal 

Templated Interface Redesign (MeTIR), provides a route for engineering de novo protein 

interfaces and metal-independent protein-protein interactions.  This design strategy involved an 

initial metal templating step followed by computational redesign of the protein-protein interface.  

This research project used the previously generated His4-cb562 variant, which formed a metal-

directed protein assembly17.  The computational redesign of the 4 Zn: 4 His4-cb562 complex 

focused on redesigning the protein interface by incorporating hydrophobic residues at selected 

positions while maintaining the metal binding sites.   

Two redesigned variants of His4-cb562 (RIDC-1 and RIDC-2) were redesigned with an 

increase in surface hydrophobicity to form a well-packed core.  Design strategies between RIDC-

1 and RIDC-2 involve incorporation of hydrophobic bulk in the designed interface, with RIDC-2 

having a smaller and less-than-optimally packed hydrophobic core21.  A significant increase in 

surface hydrophobicity might improve the stability and binding affinities of de novo protein-

protein interactions21.  The monomer-dimer dissociation constants of RIDC-1 and RIDC-2 were 

25 and 55 μM, respectively21.  Two redesigned variants of His4-cb562 (RIDC-1 and RIDC-2) self-

assemble in both the presence and absence of metal ions.  A MeTIR design strategy converted a 

non-self-associating protein into a metal-independent protein-protein interaction with a binding 

affinity in the low micromolar range.   

The MeTIR collaborative research project further explored metal-mediated 

oligomerization of the redesigned protein interfaces20.  Metal-mediated oligomerization of 
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RIDC-1 differs due to the preferred coordination geometry of zinc (II) and copper (II) ions.  

Upon the addition of zinc (II), the His4-cb562 and RIDC-1 variants both form tetrameric 

structures.  Structural analysis of the metal-templated His4-cb562 and RIDC-1 interfaces suggest 

the computationally redesigned interface has improved stability in terms of metal binding and 

oligomerization21.  In comparison, a precise dimer of RIDC-1 was generated due to the square 

planar coordination of copper (II).  The distortion of the copper (II) coordination environment 

suggests the RIDC-1 has a preference for zinc (II) coordination.  

The Tezcan group also developed a reverse Metal-Templated Interface Redesign 

(rMeTIR) strategy by engineering a self-assembling protein into a metal-directed protein 

assembly27.  The self-interacting surfaces of Human H-maxiferritin (Ferritin) assemble into a 

symmetric, cooperative 24-meric protein cage28.  This metal-templated interface redesign of the 

Ferritin involved three distinct steps including the installation of metal coordination motifs, 

crystal structure determination, followed by the elimination of key interfacial interactions in the 

Ferritin scaffold27.  The rMeTIR strategy generated a monomeric Ferritin molecule with metal 

coordination motifs.  Assembly of the 24-meric protein cage was dependent on copper (II) 

coordination27.  The chemically inducible nature of the redesigned protein might enable passive 

encapsulation of guest molecules in the Ferritin protein cage.   

Using a computational design approach the Khulman group expanded the utility of metal-

templated design strategies20.  A Metal Interface Design (MID1) strategy was used to redesign a 

monomeric protein for metal-mediated self-assembly.  Both MeTIR and MID1 design strategies 

generated a de novo protein-protein interaction.  The MeTIR and rMeTIR design strategies 

involved three separate steps; an initial metal templating event, crystal structure determination, 
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and rationally redesign of the protein-protein interface21,27.  The novelty of the MID1 approach is 

the simultaneous design of metal-binding sites and protein-protein contacts. 

A monomeric protein scaffold was designed to promote a symmetric metal-mediated 

interaction with novel metal-binding sites and favorable intermolecular contacts20.  This design 

strategy generated a zinc (II)-mediated symmetric homodimer with high binding affinity and 

orientation specificity20.  This de novo protein-protein interaction had a binding affinity lower 

than 30 nM20.  The computationally designed protein formed a symmetric homodimer in the 

presence and absence of zinc (II).  A metal interface design strategy might be one methodology 

to increase affinity and selectivity of protein binding20.  Another advantage of the MID1 design 

strategy is the ability to rationally control the orientation specificity of a design protein-protein 

interaction.   

Metal-directed assembly strategies had limited success in generating metal-mediated 

interactions involving different binding partners29.   Wild-type Ubiquitin has an open 

coordination sphere at histidine 68, which might be used for intermolecular zinc (II) 

coordination29.  Using computational protein design, a monomeric scaffold was re-engineered 

with three histidine residues and favorable contact points at the protein-protein interface.  The 

metal-mediated interaction involves three engineered histidine residues from the re-engineered 

scaffold and histidine 68 from Ubiquitin, representing a 3:1 zinc coordination arrangement 

model.  The metal-mediated interaction between Ubiquitin and the designed protein contained a 

single metal coordination site, while other metal-directed strategies have multiple zinc 

coordination sites17,20,21.  One metal coordination site provides fewer energetically favorable 

interactions between the different proteins.   
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In the design of a metal-mediated heterodimer, a single metal coordination site was 

designed between Ubiquitin and the re-engineered scaffold.  The designing protein scaffold, 

called Speltzer, binds Ubiquitin with a Kd of 20 µM and 68 µM in the presence and absence of 

zinc, respectively29.  NMR and mutagenesis suggests the binding arrangement between Spelter 

and Ubiquitin does not occur via the predicted 3:1 coordination model.  The researchers 

suggested a 2:2 coordination arrangement (i.e., each protein contributes two ligands for metal 

coordination) might generate a more energetically favorable metal-mediated interaction29.   

The metal-directed assembly of monomeric proteins provides a method for generating 

novel protein-protein interactions through metal coordination.  This metal-directed assembly has 

several advantages over other methodologies to generate novel protein-protein interactions.  The 

strength of metal-ligand bonds are stronger than non-covalent bonds found at the protein-protein 

interface17.  The preferred coordination geometry of different metal ions may change the 

arrangement and oligomeric states of engineered proteins21.  Metal-ligand bonds can be broken 

or formed or broken through external ligands or changes in pH.  In addition, interfacial metal 

coordination sites might provide intrinsic reactivity and have implications for rational enzyme 

design30.   Collectively, these advantages make metal-directed assembly a viable methodology to 

generate high affinity protein-protein interactions.  We plan on applying these attributes of 

metal-directed assembly to improve the binding affinity of a previously generated de novo 

protein-protein interaction31.   

1.4 Streptococcal Protein G 

The β1 domain of Protein G (Gβ1) is the protein used in my structure-guided design 

project.  Protein G is displayed on the cell surface on group G Streptococcus.  The protein binds 

to the Fc region of immunoglobulin G (IgG), which might help the organism evade host defense 
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systems32.  Gβ1 consists of 56 amino acids which folds into a four-stranded antiparallel β-sheet 

with an overlapping α-helix.  Gβ1 has high thermal stability with a melting temperature of 87 

oC32.  It is important to highlight that wild-type Gβ1 contains no histidine or cysteine residues, 

since they may act as metal ligands.  

 

Figure 1.1: Cartoon representation of the β1 domain of Streptococcal protein G (Gβ1). PDB 

entry 1PGA34. 

In dilute systems, wild-type Gβ1 remains monomeric since intermolecular hydrogen 

bonds do not unable to overcome hydrogen bonding between the molecule and solvent33.  Protein 

oligomerization may be favored at higher concentrations common in NMR and X-Ray 

crystallography.  Favorable intermolecular associations of Gβ1 generally involve the outer β-

strands rather than the α-helix.  Gβ1 molecules have an intrinsic propensity to interact via 

unsatisfied hydrogen bond donors and acceptors on the outer β-strands (β-2 strand or β-3 strand).  

The intermolecular β-strand associations of Gβ1 are defined as head-to-tail (β-2 strand and β-3’ 

strand) or head-to-head orientation (β-2 strand and β- 2’ strand).  The crystal structures of wild-

type Gβ1 (PDB entry 1PGA) showed intermolecular β-strand interactions are stabilized by four 

to five hydrogen bonds in the head-to-tail association34,35.  In comparison, a head-to-head 

orientation promoted inverted protein symmetry and six hydrogen bonds stabilizing the 
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intermolecular interaction33.  In self-assembling systems, intermolecular interactions of Gβ1 may 

be stabilized by non-polar protein-protein interfaces33,36,37.    

Gβ1 is a model protein for studying the relationships between sequence, stability, and 

complex formation33,37,36,31.  Modifications to Gβ1 have resulted in formation structures of side-

by-side dimers, domain-swapped dimer, and an intertwined tetramer33,36,37,38.  In the side-by-side 

dimers, hydrophobic mutations promote dimer formation through rearrangement of tyrosine at 

position 33 in a head-to-head association33,37.  The dissociation constant of the side-by-side 

dimers were in the low micromolar range.  Destabilizing mutations near the protein core of Gβ1 

resulted in an intertwined tetramer36.  Analysis of the intertwined tetramer showed how a single 

point mutation promoted further structural rearrangement into a domain-swapped dimer38.  Core 

and surface residue mutations can change the overall topology and oligomerization state of Gβ1 

variants33,36,37,38. 

1.5 Previous Studies in the Love Group 

A de novo protein-protein interface strategy was explored using Gβ1 as a protein design 

scaffold.  In a previous study, computational docking and amino acid sequence design were used 

to generate a heterodimeric complex31.  Using a predefined protein-protein binding mode, de 

novo interactions of Gβ1 were restricted to a helix-to-helix arrangement.  Backbone docking was 

followed by the use of the ORBIT suite of design algorithms to determine optimal amino acid 

substitutions at the newly created interface39.  In addition to the hydrophobic interface, cross-

dimer polar interactions were generated in the structural model between Monomer A and 

Monomer B.  These mutations resulted in the creation of a Gβ1 heterodimer referred to as 

MonA/MonB.  Heteronuclear Nuclear Magnetic Resonance (NMR) techniques were used to 
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verify that the two monomers did form a complex although analytical ultracentrifugation 

revealed the binding constant to be quite weak ~300 μM31.  

 

Figure 1.2:  Computational Model of MonA/MonB Complex.  The MonA/MonB complex are 

docked in a helix-to-helix arrangement31. 

 In an attempt to increase the binding affinity of the designed MonA/MonB heterodimer, 

rational design was used to ‘bootstrap’ stronger intermolecular interactions between the 

monomers. In one example, pairs of metal-coordinating histidine residues were introduced at 

select interfacial positions using the computationally derived helix-face-to-helix-face model. 

This design did not give rise to increased heterodimer affinity but did result in the formation of 

MonA homo-complexes. The mutations that gave rise to the MonA homo-complexes are the 

following: MonA(A32H, A36H), MonA(F16H, A18H), and MonA(E21H, L25H).  In three cases 

the mutations resulted in MonA variants that are monomeric in the absence of metal, yet form 

mixtures of higher-order complexes upon the addition of zinc.   

 The main structural feature of MonA homo-complexes MonA(A32H, A36H) and 

MonA(E21H, L25H) is that dimer and complex formation occurs via extension of the four-

stranded β-sheet.  The crystal structures of the MonA homo-complexes also reveal that zinc ions 

are, for the most part, bound by the engineered histidine pairs, but not at the experimentally 
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determined interface.  Thus we believe that metal binding to histidine residues functions to 

induce intermolecular interactions that significantly promote crystallization.  The experimentally 

determined binding arrangement of MonA/MonA variants are similar to other dimeric forms of 

Gβ1.  

1.6 Design of Metal-Controlled Protein Dimers 

The metal-binding variants of MonA and another research group’s symmetric 

homodimer33 called Gβ1-M2 (PDB entry 3FIL) both form head-to-head assemblies.  Gβ1-M2 is 

a constitutive dimer generated by directed evolution from wild-type Gβ133.  The head-to-head 

association promotes a symmetric homodimer with favorable cross-strand and helical 

interactions33.  Four thermally stabilizing mutations E15V, T16L, T18I, and N37L promote 

dimer formation by enlarging the hydrophobic core of the protein-protein interface.  The Gβ1-

M2 molecules show inverted symmetry and are self-contained allowing for formation of discrete 

oligomers.  Gβ1-M2 provides an excellent starting model for the design of metal-controlled 

dimers.  In addition to providing a protein design scaffold, GB1-M2 also forms a high-affinity 

symmetric homodimer with a binding dissociation constant in the range of 1 μM33.  Structure-

guided design was used to incorporate metal-binding sites along the Gβ1-M2 dimer interface.   
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Figure 1.3: Comparison of Gβ1 and Gβ1-M2.  A.  Residues found in wild-type Gβ1 (PDB entry 

1pga)34.  B.  Four thermally stabilizing mutations in Gβ1-M2 (PDB entry 3FIL)33.  C. The 

biological assembly of wild-type Gβ1 is a monomer.  D.  The biological assembly of Gβ1-M2 is 

a symmetric dimer.   

Using a structure-guided approach, novel metal binding sites were engineered on Gβ1 

promoting formation of metal-controlled homodimers.  In addition, we used hydrophobic 

mutations found in Gβ1-M2, a dimeric scaffold of Gβ1, to help promote a symmetric 

homodimer33.  We incorporated three histidine residues at the protein-protein interface of Gβ1-

M2, which allowed for the generation of two metal binding sites.  The symmetric nature and 

small interface of Gβ1-M2 limited the sites for engineering novel metal binding sites.  Histidine 

residues on the alpha helix and loop generated an intermolecular metal coordination site.  The 

designed metal binding sites binding zinc and function to drive dimer formation.   

Another goal of the project was to study the effects of interfacial modifications on 

binding affinity.  After the initial generation of a metal-controlled homodimer, we further 

modified the interface to generate additional metal-controlled homodimers with varying binding 

affinity.  Modifications to the metal-controlled homodimer included reversion of hydrophobic 
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interfacial residues back to wild-type Gβ1 and/or conservative replacements with a smaller 

hydrophobic residue.  The metal-controlled dimers are generated by zinc (II) coordination with 

hydrophobic residues contributing to dimer stability and affinity.  Modifications to the interface 

of Gβ1 led to the generation of three high-affinity metal-controlled homodimers.  These variants 

were further modified to contain a GC linker at the C-terminus enabling fluorescent labeling of 

the metal-controlled dimers.  The binding affinity of the fluorescently labeled metal-controlled 

dimers were assessed using analytical ultracentrifugation with fluorescence detection.  

In a new research aim, our goal was to re-engineer a metal-controlled dimer into a metal-

controlled heterodimer.  This was accomplished by replacing one of the metal binding centers 

with an intermolecular salt bridge that functions to contribute favorable binding energy.  The 

metal controlled association between two different proteins involved an intermolecular metal 

coordination site and salt bridges, where both sites contribute favorable binding energy and 

promote the formation of a heterodimer.  The newly designed binding partners contains a portion 

of the metal coordination site, requiring both partners for the generation of an intermolecular 

metal coordination site.  The designed binding partners replaced the other metal binding site with 

oppositely charged residues.  The generation of “networked” salt bridges may provide 

heterodimer specificity and promote favorable interactions at the designed protein-protein 

interface.  One binding partner contains the positively charged arginine residue, while the other 

binding partner has negatively charged glutamic acid residues.  The binding affinity of the metal-

controlled dimers was assessed using analytical ultracentrifugation. 

The work discussed here addresses two fundamental applications of protein-protein 

interface design:  incorporation of novel functionality using structure-guided design and re-

engineering of protein-protein interactions.  Using structure-guided design we generated a metal-
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controlled homodimer.  We then modified the interface to generate two additional metal-

controlled homodimers with variable binding affinity.  After structural validation of the metal-

controlled homodimers, we redesigned the interface to generate two protein pairs.  The metal 

interface of the protein pairs requires metal coordination to drive the designed protein-protein 

interaction.  The metal-controlled heterodimer has two sites for interactions: an intermolecular 

metal coordination site and designed salt bridges.   
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Chapter 2:  Design of High-Affinity Metal-Controlled Protein Dimers 

2.1 Abstract 

The ability to precisely control protein complex formation has high utility in the 

expanding field of biomaterials. Driving protein−protein binding through metal−ligand bridging 

interactions is a promising method of achieving this goal. Furthermore, the capacity to precisely 

regulate both complex formation and dissociation enables additional control not available with 

constitutive protein complexes. Here we describe the design of three metal-controlled protein 

dimers that are completely monomeric in the absence of metal yet form high-affinity symmetric 

homodimers in the presence of zinc sulfate. The scaffold used for the designed dimers is the β1 

domain of streptococcal protein G. In addition to forming high affinity dimers in the presence of 

metal, the complexes also dissociate upon addition of EDTA. Biophysical characterization 

revealed that the proteins maintain relatively high thermal stability, bind with high affinity, and 

are completely monodisperse in the monomeric and dimeric states. High-resolution crystal 

structures revealed that the dimers adopt the target structure and that the designed metal-binding 

histidine residues successfully bind zinc and function to drive dimer formation. 

2.2 Introduction 

The ongoing production of novel biomaterials will continue to entail the design of 

synthetic proteins that self-assemble into complexes with a specific structure. Significant 

progress in this area has come from robust computational methods1−5 and powerful directed 

evolution screens6−8, both inevitably enhanced through rational design. The ability to chemically 

control protein assembly and disassembly is highly useful in this expanding field. This level of 

molecular control can be achieved through the substitution of metal-binding residues at select 

interfacial amino acid positions. This method was originally utilized to increase protein stability9 
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and has since been used to drive specific protein complex formation. Considerable research in 

this area has been advanced by the Tezcan group, which initially exploited crystal packing 

contacts observed for the protein cyt cb562 to introduce metal-binding residues between closely 

packed helices in the crystal lattice, which resulted in the formation of a tetramer (16-helix 

bundle protein) upon addition of Zn(II)10. Additional mutagenesis studies of that variant 

provided further insights into the particular forces that give rise to supramolecular specificity for 

this system as well as natural protein complexes11. In subsequent metal-mediated designs, hybrid 

coordination motifs were engineered between introduced histidine residues and residues 

conjugated with non-natural synthetic metal ligands12−14. The resulting complexes adopt discrete 

structures upon addition of metal and demonstrate that novel structures can be generated without 

the need for extensive reengineering of interfacial protein surfaces.  

In another seminal project, Der et al. used Rosetta-Match to introduce two-residue zinc-

binding sites on the surface of known monomeric protein scaffolds followed by exhaustive 

computational assessment of symmetric interface starting structures and rigorous filtering based 

on interfacial physicochemical parameters15. Biophysical characterization of variants of the best 

design, termed MID1, provided proof that metal-mediated high affinity protein−protein 

interactions were successfully generated using this primarily computational approach. In a joint 

project, members of the Kuhlman and Tezcan groups used a metal-templated interface redesign 

(MeTIR) approach to reengineer the noncomplementary surfaces of the cyt cb562 variant to form 

discrete complexes in the presence of various metals16. These efforts gave rise to a number of 

protein complexes that form in the presence and absence of metal ligands and provide unique 

perspectives and interesting conjecture with regard to how natural protein complexes may have 

originally evolved. A reverse approach to metal-driven complex formation was also reported for 
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the human H-maxiferritin protein, which naturally forms a constitutive 24-subunit cagelike 

complex that functions to encapsulate Fe(II) and O2
17. The reverse method, termed reverse 

metal-templated interface redesign (rMeTIR), was used to mutate interfacial residues to first 

abolish complex formation in the absence of metal and, more importantly, to then drive complex 

formation of cagelike complexes in the presence of divalent copper. The resulting engineered 

variants were also shown to effectively encapsulate various exogenous compounds under 

physiological conditions, which is not possible with wild-type H-maxiferritin.  

Here we describe three engineered metal-controlled dimers (MCDs) that are completely 

monomeric in the absence of metal yet form monodisperse, high-affinity dimers in the presence 

of metal (zinc). The dimers that form upon addition of metal also dissociate in the presence of 

the metal-chelating compound EDTA. The overall design of the MCDs was inspired by the 

combination of three distinct protein design approaches: (1) an earlier purely computational de 

novo dimer design, (2) subsequent incorporation of key elements from a constitutive dimer 

generated by a different research group via directed evolution18,19, and (3) structure-based 

rational design. 

2.3 Materials and Experimental Details   

2.3.1 Gene Synthesis, Protein Expression, and Purification.  

The scaffold used for the MCD variants is the β1 domain of streptococcal protein G 

(Gβ1). The β1 domain [Protein Data Bank (PDB) entry 1PGA] consists of amino acids 228−282 

of immunoglobulin protein G. The genes for all Gβ1 mutant variants and Gβ1-M2 (PDB entry 

3FIL) were synthesized using standard polymerase chain reaction (PCR) methods and cloned 

into the NdeI (5′-end) and EcoRI (3′-end) sites of the pet21a vector (Novagen, San Diego, CA). 

Additional variants of Gβ1 and Gβ1-M2 were constructed using PCR-based methods and cloned 
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into the NdeI (5′-end) and EcoRI (3′-end) sites of pet21a. Correct gene sequences were verified 

using standard DNA sequencing. Escherichia coli strain BL21(DE3) was chemically 

transformed with the corresponding plasmids and grown to an OD600 of ∼0.8. Protein 

expression was induced for ∼3 h upon addition of isopropyl β-D-1-thiogalactopyranoside at a 

final concentration of 1 mM. Cells were pelleted by centrifugation at 6000 rpm for 10 min and 

stored at −80 °C. A freeze−thaw protein extraction cycle was utilized and included incubation of 

the cell pellet on ice for 30 min and room temperature for 15 min, followed by a dry ice/ethanol 

bath for 10 min, and repeated three times. The cell pellet was gently resuspended in ∼20 mL of 

phosphate-buffered saline (pH 6.8) for 60 min. The sample was centrifuged at 10000 rpm for 30 

min, and acetonitrile was added to the resulting supernatant [to 30% (v/v)] to induce 

precipitation of impurities. The resulting supernatant was lyophilized to remove acetonitrile and 

water. The lyophilized sample was resuspended in water and purified using a Varian 10 μm C8 

high-performance liquid chromatography (HPLC) preparative reverse-phase column with a 

linear 1%/min acetonitrile/water gradient containing 0.1% trifluoroacetic acid. The purified 

proteins were lyophilized, and the resulting dry protein was suspended in water. The pH was 

adjusted to ∼7 and buffered with 20 mM Tris, 100 mM sodium chloride, and 200 ppm sodium 

azide (pH 7.0). Protein purity was assessed using sodium dodecyl sulfate−polyacrylamide gel 

electrophoresis (SDS−PAGE), and protein concentration determined by absorbance at 280 nm 

using calculated extinction coefficients. The proteins were concentrated using centrifugal 

concentration to approximately 2 mM (∼12 mg/mL) and stored at −20 °C. 

2.3.2 Size Exclusion Chromatography.  

Stock concentrations of the three MonA homodimer variants were diluted to 500 μM and 

analyzed using size exclusion chromatography (SEC). SEC was performed using a FPLC 
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instrument (GE Healthcare) with ultraviolet (UV) detection at 280 nm; 100 μL of each sample 

was injected onto a 25 mL Superdex75 10/300 GL size exclusion column (GE Healthcare), and 

the elution volumes were compared with that of an AB-fusion tandem protein. The AB fusion 

functions as a standard for dimer formation, which corresponds to the expression of MonA fused 

to MonB at the level of the gene. The two genes are expressed in tandem with a (Gly4Ser)2 

intervening linker. The three MonA variants were injected individually in (1) 20 mM Tris and 

100 mM sodium chloride (pH 7.0) and (2) 20 mM Tris, 100 mM sodium chloride, and 1 mM 

zinc sulfate (pH 7.0).  

2.3.3 SEC−MALS Characterization.  

Stock proteins of Gβ1, MCD variants, and controls were diluted to 1 mM in buffer 

containing the following four sets of solution components: (1) 20 mM Tris and 100 mM sodium 

chloride (pH 7.0), (2) 20 mM Tris, 100 mM sodium chloride, and 5 mM EDTA (pH 7.0), (3) 20 

mM Tris, 100 mM sodium chloride, and 500 μM zinc sulfate (pH 7.0), and (4) 20 mM Tris, 100 

mM sodium chloride, and 1 mM zinc sulfate (pH 7.0). Size exclusion chromatography was 

performed using a FPLC instrument (GE Healthcare) with UV detection at 280 nm. The FPLC 

instrument was connected inline with multiangle light scattering (Wyatt miniDAWN TREOS 

detector system). ASTRA software (Wyatt Technologies) was used to analyze elution peak(s) 

and determine the molecular weight calculated from the light scattering data.  

2.3.4 Circular Dichroism (CD).  

CD data were collected on an Aviv 420 instrument using a 2 mm path-length cuvette. 

Protein concentrations were ∼25 μM with buffer consisting of 20 mM MOPS, 10 mM sodium 

chloride, and 1.5 M guanidinium hydrochloride (pH 7.0). Metal-induced dimerization was 

measured with 20 mM MOPS, 10 mM sodium chloride, 1.5 mM guanidinium hydrochloride, and 
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25 μM zinc sulfate (pH 7.0). Far-UV scans confirmed that the Gβ1 and MCD variants have a 

mixed α-helical/β-sheet secondary structure with minima at 208 and 222 nm. The CD signal at 

222 nm was monitored as a function of temperature and fit to a two-state unfolding model. 

Folded protein and unfolded states were measured between 25 and 95 °C.  

2.3.5 X-ray Crystallography.  

For crystallization purposes, the MonA homodimer variants and the MCD variants were 

expressed and purified as described above and concentrated to a minimum 2 mM. MCD variants 

were screened in the absence and presence of zinc sulfate. To study the effects of metal-

controlled association, excess zinc sulfate was added to the MonA and MCD stock solutions 

before crystallization. A Mosquito LPC nanoliter crystallization robot was used for high-

throughput screening of crystal formation conditions. Crystals were obtained by vapor diffusion 

at room temperature from hanging drops. The optimized crystallography conditions for the 

variants are listed in Table 2.8. Optimized crystallization buffer with 50% glycerol was used for 

storage and transport in liquid nitrogen. Data were collected from two sources: San Diego State 

University home source (Rigaku RU-H39) with a rotating anode generator and Berkley Lab 

Advanced Light Source (ALS-5.0.1). Data were processed using the program HKL200020. 

Structures were determined by molecular replacement with the program PHASER21 in the CCP4 

suite22.  The protein Gβ1 domain (PDB entry 1PGA) was used as a molecular replacement 

model. The refinement was carried out with REFMAC23 using several cycles of the least-squares 

refinement fit interspaced with manual editing of the structure in COOT24.  Several of the 

structures required inclusion of disordered residues and careful examination of the metal ion-

binding sites as they required inclusion of counterions such as chlorine. The refinement 

procedure usually converged with fewer than 10 macrocycles of the refinement and manual 
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inspection. The structures were analyzed using PISA25, SFCHECK26, and PROCHECK27.  The 

final validated structures (by internal PDB audit) were deposited as PDB entries 6NL6, 6NL7, 

6NL8, 6NL9, 6NLA, and 6NLB. Some additional analysis of the metal ion-binding sites was 

performed using the CheckMyMetal28 (CMM) Web site. Descriptive software tools such as 

Proteins, Interfaces, Structures, Assemblies (PISA) and CCM provide an estimate for binding 

energies and a secondary validation tool for organization of the lattice and the binding sites. Data 

collection and refinement statistics are listed in Table 2.9. 

2.3.6 Fluorescent Labeling of MCD Variants.  

  MCD variants were fluorescently labeled to increase their sensitivity for analysis using an 

AUC instrument equipped with fluorescence detection. To generate fluorescently labeled MCD 

variants, the C-terminus of each variant was extended with a -Gly-Cys extension for directed 

fluorescent conjugation to the cysteine side chain with fluorescein 5-maleimide (Thermo 

Scientific). The MCD variants with the -Gly-Cys extensions were expressed and purified using 

the same methods described above. Following initial purification, the lyophilized protein was 

buffered with 20 mM sodium phosphate, 100 mM sodium chloride, and 10 mM EDTA (pH 7.3). 

A 10 mM fluorescein 5-maleimide stock solution was prepared using dimethylformamide (DMF) 

as the solvent. Fluorescent labeling entailed using a 20-fold molar excess of fluorescein 5-

maleimide dye over the concentration of each MCD protein. The optimal labeling efficiency was 

found when the final volume of DMF was Optimal labeling efficiency occurred when the final 

volume of DMF was < 10% (v/v). The labeling reaction mixture was incubated at room 

temperature for 1 h, and followed by overnight incubation at 4 °C. The labeled proteins were 

purified using reverse-phased HPLC to separate free dye and unlabeled proteins. Following 

purification, the lyophilized protein was buffered in 20 mM Tris, 100 mM sodium chloride, at 
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pH 7.0. Labeling efficiencies for the MCD-Gly-Cys variants were measured using UV-

absorbance and a molar extinction coefficient of 68,000 M-1 cm-1 at 495 nm for fluorescein-5-

maleimide.  

2.3.7 Sedimentation Velocity Measured Using Standard Analytical Ultracentrifugation.  

  MCD_C1 was initially subjected to sedimentation velocity analytical ultracentrifugation 

assessment at the Sanford Burnham Prebys Medical Discovery Institute using a Beckman 

Coulter XL1 analytical ultracentrifuge equipped with a UV absorption detector. MCD_C1 was 

analyzed in the presence and absence of an equimolar zinc concentration to determine the effects 

of metal-mediated dimerization. A 35 μM MCD_C1 sample was prepared in (1) 20 mM Tris and 

100 mM sodium chloride (pH 7.0) and (2) 20 mM Tris, 100 mM sodium chloride, and 35 μM 

zinc sulfate (pH 7.0). Samples were loaded into both sectors of a double-sector cell equipped 

with sapphire windows. Data were collected at 21 °C for 24 h at a rotor speed of 42000 rpm with 

a 50 Ti rotor. Data were analyzed in Sedfit29 using the c(s) model. The molecular masses, partial 

specific volumes, solvent density, and viscosity used in the data analysis were calculated in 

Sednterp30. 

2.3.8 Sedimentation Velocity with Fluorescence Detection.  

  Additional sedimentation velocity analytical ultracentrifugation assessment was 

performed using a Beckman Coulter XL-I analytical ultracentrifuge equipped with an AU-FDS 

fluorescence detector (AVIV Biomedical, Inc., Lakewood, NJ) at the Center for Open Research 

Resources and Equipment, University of Connecticut. Samples were prepared in 20 mM Tris, 

100 mM sodium chloride, and 1 mM zinc sulfate (pH 7.0). Due to slow equilibration, MCD_C2 

samples were diluted to their final concentrations and equilibrated at 4 °C for 24 h. Samples were 

loaded into both sectors of double-sector cells equipped with quartz windows. Data were 
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collected at 20 °C for 16 h at a rotor speed of 50000 rpm with an An50 Ti rotor. Data were 

analyzed in Sedfit29 using the c(s) model. The molecular masses, partial specific volumes, 

solvent density, and viscosity used in the data analysis were calculated in Sednterp30. 

2.4 Results and Discussion 

  In a previous protein design study, a geometric recognition algorithm was modified to 

dock the backbone coordinates of the β1 domain of streptococcal protein G (Gβ1) to itself using 

surface complementarity as a measure of intermolecular fitness31,32. This resulted in an 

orientation in which the helices of the two monomers are positioned in the proximity of and 

relatively parallel to one another. This model is termed the helix face-to-helix-face orientation 

(Figure 2.1).  

 

 

 

 

 

 

 Backbone docking was followed by the use of the ORBIT suite of design algorithms33 to 

determine optimal amino acid substitutions at the newly created interface. The mutations resulted 

in the creation of a Gβ1 heterodimer termed MonA/ MonB. Nuclear magnetic resonance (NMR) 

was used to verify that the two monomers did form a complex, although analytical 

ultracentrifugation revealed the binding constant to be quite weak (∼300 μM)31,32,34. 

Figure 2.1: Intermolecular Orientation of the Helix-Face-to-Helix Face 

Computational Design Model.  A) side view, B) bottom-up view 
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  In an attempt to increase the binding affinity of the engineered MonA/MonB 

heterodimer, rational design was used to “bootstrap” stronger intermolecular interactions 

between the monomers. In one example, pairs of metal-coordinating histidine residues were 

introduced at select interfacial positions using the computationally derived helix-face-to-helix-

face model. This design did not give rise to increased heterodimer affinity but did result in the 

formation of MonA homo-complexes. In three cases, the mutations resulted in MonA variants 

that are fully monomeric in the absence of metal yet form mixtures of higher-order complexes 

upon addition of zinc (SEC results for these variants are shown in Figure 2.7 A−C). 

  Structural characterization of two of these redesigns [i.e., MonA(A32H, A36H) and 

MonA(E21H, L25H)] provided important insights into metal-mediated self-association. Crystals 

were grown for these variants in the presence of 20 mM zinc sulfate, and the resulting structures 

revealed that the variants do not adopt the helix-face-to-helix-face model orientation but instead 

form complexes primarily through extension of the β-sheet (Figure 2.2). Because this structure is 

quite different from helix-face-to-helix-face model orientation, the designed metal-binding 

residues are generally not located at the interface. We believe that metal−histidine interactions 

drive dimer and higher-order associations as for example that depicted in Figure 2.2 D. 
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Figure 2.2: Structure of the MonA Homo-Complex A32H A36H Variant.  A) and B) illustrate 

that complex formation occurs primarily through extension of the β-sheet.  C) Designed metal-

ligand histidine residues (32H, 36H) do bind zinc but not across the interface.  D) Cross-dimer 

interaction between wild-type Glu27 (black arrow) and the introduced metal-ligand histidine 

residues 32H and 36H.   

  On the basis of these results, we pursued metal-controlled dimerization using the 

experimentally derived complex structures formed through β-sheet extension. The rationale for 

this is based on three factors: (1) favorable enthalpic interactions derived from cross-interface β-

sheet hydrogen bonding, (2) the dimer orientation in the crystal structures of the MonA homo-

complexes, and (3) an identical orientation of a crystal structure from an unrelated project in 

which a highly stable constitutive Gβ1 dimer was generated using directed evolution18. 

Wunderlich et al. used a directed evolution method termed “Proside” to select for stabilizing 

amino acids at four Gβ1 “boundary” positions18. Codon randomization of four boundary 

positions resulted in a library displayed on phage, incubated with immobilized antibodies, and 
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challenged with the protease chymotrypsin. They determined the crystal structure of a strongly 

stabilized variant, Gβ1-M2 (Figure 2.3A, C), which revealed that the four mutations induce 

dimer formation through the highly similar β-sheet extension observed for the crystal structures 

of the MonA metal-induced homo-complexes (Figure 2.2A, B). 

 

Figure 2.3: Structure of the Gβ1-M2 constitutive dimer generated with the Proside directed 

evolution method (PDB entry 3FIL)18,19.  The amino acid positions of the four residues that give 

rise to Gβ1-M2 (E15V, T16L, T18I, N37L) are depicted in green in panels A & C. The three 

residues that, when mutated to histidine (described in this work), provide cross-interface metal 

ligands (L12H, V29H, Y33H) are depicted in yellow in panels B & D. Panel C & D are ~90o 

rotations of panels A & B respectively.   

2.4.1 Design and SEC−MALS Characterization of Metal-Controlled Dimers.  

  The dimer structure derived from the Proside-generated Gβ1-M2 variant (Figure 2.3A, C) 

was an excellent starting model for the design of metal-controlled dimers because its X-ray 

crystal structure was determined to high resolution and it forms a high-affinity symmetric 

homodimer with a binding dissociation constant in the range of 1 μM19. It differs from wild-type 

Gβ1 at four positions: E15V, T16L, T18I, and N37L. To engineer metal-controlled dimers, 
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metal−ligand histidine residues were combined with variations of the four Gβ1-M2 mutations. 

For the work reported herein, structure-based rational design was used to identify two sets of 

three amino acid positions that, upon mutation to histidine, would potentially form cross-

monomer interactions driven by metal binding. The two sets consist of positions 11, 29, and 33 

and positions 12, 29, and 33. Positions 11 and 12 were chosen on the basis of the cross-interface 

proximity to positions 29 and 33. Positions 29 and 33 are located on the α-helix and are thus 

ideal as metal ligands as they are in the proximity of one another in standard i to i + 4 helical 

positions. 

  The first set of three mutations was introduced in the context of the four Gβ1-M2 

mutations and consists of T11H, V29H, and Y33H. This variant (termed M2_11H) was subjected 

to SEC−MALS analysis, which revealed that it does not form a metal-controlled dimer but 

instead forms a constitutive dimer in the presence and absence of metal (Table 2.1). 

Table 2.1: Biophysical Parameters of Metal-Controlled Dimers and Controls 

 

  The SEC−MALS-determined molecular weights of this variant are 12.2 kDa without 

metal and 12.3 kDa with zinc sulfate. The second variant, termed MCD_M2, consists of the four 

Gβ1-M2 mutations and the metal−ligand mutations L12H, V29H, and Y33H. SEC−MALS 

analysis revealed that this variant is monomeric in the absence of metal (6.7 kDa) yet forms a 

monodisperse dimer (12.2 kDa) in the presence of zinc (Figure 2.4). Initially, there was minor 

evidence of dimer formation in the absence of metal, but after the addition of EDTA to the 

MCD_M2 solution, the minor dimer peak was no longer observed (Figure 2.4 A). We believe 
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that residual metal carried over from bacterial expression may be the source of the observed 

minor dimerization. It is likely that MCD_M2 successfully functions as a metal-controlled dimer, 

as opposed to the constitutive dimer, M2_11H, because intermolecular hydrophobic contacts 

were reduced upon mutation of the wildtype leucine residue at position 12 to a metal-binding 

histidine residue (i.e., the L12H mutation in MCD_M2). 

  For the study reported herein, we were interested in designing metal-controlled dimers 

with variable affinities. To achieve this, we relied on the biophysical analysis originally 

performed on Gβ1-M219. Thoms et al. used both X-ray crystallography and NMR spectroscopy 

to fully characterize the high-resolution structure of the Gβ1-M2 variant (PDB entry 3FIL). They 

also performed an extensive series of biophysical experiments on permutations of the four Gβ1-

M2 mutations19. In short, they found that mutations to larger hydrophobic residues at positions 

16 and 37 (T16L and N37L) provide the greatest contribution to thermal stabilization of the 

symmetric Gβ1-M2 dimer. To generate MCD variants with altered affinities, we designed two 

additional variants using different combinations of the four Gβ1- M2 mutations. These 

modifications essentially altered the degree of hydrophobic contact at the MCD interface. This 

approach, albeit at a more complex level, was used to convert the H-maxiferritin protein from 

one that spontaneously self-assembles into one that assembles only in the presence of divalent 

copper17.  This was achieved by reducing intermolecular contacts at one of the complex 

interfaces combined with the introduction of metal-binding residues that drive complex 

formation. For one of the variants we examined, hydrophobic contacts were reduced by reversion 

back to wild-type Gβ1 residues at positions 15 and 18 (V15E and I18T, respectively). This 

variant, MCD_C1, is also a monodisperse monomer in the absence of metal (6.4 kDa) and forms 

a clean dimer (12.5 kDa) in the presence of zinc (Figure 2.4 B). To further study the effects of 
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interfacial mutations on binding affinity, a third MCD variant was designed in which positions 

16 and 37 were mutated to alanine, whereas positions 15 and 18 consisted of Gβ1-M2 mutations. 

This construct, termed MCD_C2, contains the three metal−ligand mutations and E15V, T16A, 

T18I, and N37A at the dimer interface. SEC−MALS analysis in which the protein concentration 

was 1 mM (Figure 2.4 C) revealed that MCD_C2 also functions as a metal-controlled dimer. 

Mutation to residues with a smaller average surface area functioned to reduce thermal stability 

and binding affinity relative to those of MCD_M2 and MCD_C1. 
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Figure 2.4: SEC-MALS Chromatographs.  Overlaid SEC-MALS traces for A) MCD_M2, B) 

MCD_C1, and MCD_C2. Each sample was run in the presence of zinc (darker trace on left) and 

the absence of metal (lighter trace on right). In A) the broader (gray) trace on the right 

corresponds to the monomer with no added EDTA while the more symmetric trace (red) 

corresponds to the same variant after EDTA was added to the solution.   

2.4.2 Thermal Characterization of the MCDs.  

  Circular dichroism was used to measure the thermal stabilities of the three designed 

MCD variants, in addition to associated controls (Table 2.1). The parent Gβ1-M2 variant is a 

hyperthermophile and thus does not denature below 100 °C19. Therefore, it was necessary to 
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record CD spectra in the same manner in which Gβ1-M2 was initially studied, i.e., in 1.5 M 

guanidinium hydrochloride19. Overall increases in the measured melting temperatures (Tm) 

reflect both stabilization via dimer formation and the degree of hydrophobic contact at the 

interfaces. In general, incorporating hydrophobic residues with smaller accessible surface areas 

at interfacial positions resulted in variants with lower melting temperatures.  

  The parent variant, Gβ1-M2, has the highest recorded Tm of 87 °C, which is higher than 

that of wild-type Gβ1 by ∼38 °C. The Tm for MCD_M2 (in the absence of metal) is 63.6 °C, 

which is reduced relative to that of Gβ1-M2 by 23.4 °C (Table 2.1). This is likely due to the loss 

of hydrophobic packing contributed by valine 29 and tyrosine 33, but especially leucine 12 as it 

is relatively close to the cross-monomer positions of isoleucine 18 and leucine 37 (Figure 2.3). 

The Tm for the constitutive dimer M2_11H is 73.8 °C, which is 10.2 °C higher than that of the 

metal-controlled dimer, MCD_M2. These variants differ only by substitution of a histidine for 

leucine at position 12. M2_11H does exhibit an increase in its Tm of ∼5 °C in the presence of 

metal, which indicates that stabilization by metal−ligand bridging likely occurs to some degree at 

position 11 even for this constitutive dimer. 

  To test whether the metal−ligand mutations alone could drive dimer formation, a Gβ1 

control variant was generated that contained only the three metal−ligand mutations (i.e., L12H, 

V29H, and Y33H). This variant, termed Gβ1_3H, was subjected to CD-based thermal analysis in 

1.5 M guanidine hydrochloride, which indicated that its Tm (35.9 °C) was reduced relative to 

that of wild-type Gβ1 by ∼13 °C. This demonstrates that wild-type residues L12, V29, and Y33 

contribute to some extent to the thermal stability of Gβ1. SEC−MALS analysis performed on the 

Gβ1_3H control indicates that it does not form a dimer (or higher-order complexes) in the 

presence or absence of metal. 
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  Of the three successful MCD variants, MCD_M2 exhibits the highest Tm of 63.6 °C, 

which increases by 10.3 °C upon addition of metal. The Tm for the MCD_C1 variant, which 

contains only the two dominant Gβ1-M2 mutations (T16L and N37L),19 is reduced to 52.2 °C in 

the absence of metal yet increases 12.7 °C to a value of 64.9 °C in its presence. MCD_C2, which 

has alanine substitutions at the two critical positions 16 and 37, does form a metal-controlled 

dimer at 1 mM even though its Tm is reduced to 48.1 °C with no appreciable increase upon 

addition of metal (Table 2.1). The increases in Tm for MCD_M2 and MCD_C1, in the presence 

of metal, further demonstrate that metal-driven dimer formation is robust as these complexes 

form even in the presence of 1.5 M guanidinium hydrochloride. 

2.4.3 Sedimentation Velocity Analytical Ultracentrifugation.  

  The successful MCD variants were subjected to analytical ultracentrifugation (AUC) 

analysis in which differences in sedimentation velocity were used in an attempt to measure the 

metal-controlled binding affinities. Initially, MCD_C1 was analyzed using sedimentation 

velocity with standard A280 absorbance detection. The protein concentration for this analysis 

was ∼35 μM, and the results indicated that the protein is monodisperse in the presence and 

absence of zinc. In the absence of zinc, only a single monomer peak is observed (1.041 S, 

apparent MW of 6.7 kDa), and in the presence of an equimolar concentration of zinc (35 μM), 

only a single dimer peak is observed (1.514 S, apparent MW of 11.8 kDa). Because there is no 

evidence of dimer dissociation in the presence of zinc, we initially estimated the Kd to be < 200 

nM.  SEC−MALS analysis run at 1 mM for this sample indicated that, even at this relatively high 

concentration, there is no evidence of dimer formation or any higher-order aggregation in the 

absence of metal. 
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  For enhanced detection sensitivity, all three MCDs were fluorescently labeled with 

fluorescein and analyzed using sedimentation velocity with fluorescence detection. For 

MCD_C1, the c(s) continuous sedimentation coefficient distributions show an ∼1.8 S dimer with 

no evidence of dissociation down to the lowest concentration of 15 nM, indicating that the Kd < 

75 pM. For MCD_C2 (the variant designed with the lowest degree of interfacial hydrophobicity), 

the distributions reveal a monomer peak at ∼1.2 S whose relative amplitude increases as the 

concentration decreases. This behavior is characteristic of a reversible monomer−dimer 

equilibrium that is slow on the time scale of sedimentation. In an attempt to determine the 

dissociation constant, the signal average sedimentation coefficients were calculated and plotted 

as a function of the total protein concentration to produce a binding isotherm. The data do not fit 

well to a monomer−dimer equilibrium model, suggesting that equilibrium has not been achieved, 

and it is not possible to obtain a precise dissociation constant; thus, we estimate the Kd to be in 

the range of ∼400 nM. Finally, MCD_M2 (the variant with all four Gβ1-M2 mutations) exhibits 

evidence of dissociation at concentrations of < 50 nM, and therefore the Kd appears to lie in the 

low nanomolar range and thus exhibits a binding affinity that is intermediate between those of 

MCD_C1 and MCD_C2. This is not unexpected as the hydrogen bonding register for MCD_M2 

(described below) is different compared to those of the other variants and may reflect non-

optimal packing of residues at the dimer interface. 

2.4.4 X-ray Crystal Structures of Designed Dimers.  

  Crystals were grown for the two higher-affinity metal-controlled dimers, MCD_M2 and 

MCD_C1, in both the presence and absence of zinc (crystallographic data collection and 

refinement statistics are listed in Tables 2.8 and 2.9). The resulting structures very closely match 

the target model structure, Gβ1-M2, as well as the MonA homo-complex structures (Figure 2.5). 
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Figure 2.5: Crystal Structures of MCD_M2 (A) and MCD_C1 (B).  The designed metal-ligand 

histidine residues are illustrated as stick-bonds.  Zinc atoms are illustrated as amber spheres. 

  Root-mean-square deviation (RMSD) values for comparisons of all structures are 

relatively low (Table 2.4 and Figure 2.9) with an average value of 0.50 Å for Cα atom 

alignments and 0.56 Å for all atom alignments. As with the structure of the parent variant, Gβ1-

M2, all structures adopt a head-to-head intermolecular orientation in which a dyad-symmetric 

dimer is formed through extension of the β-sheets. The structures revealed that the β-sheets form 

intermolecular hydrogen bonds with the symmetrically related counterparts resulting in a 

continuous extended β-sheet. The structures and cross-interface hydrogen bond register for Gβ1-

M2, the two MonA homo-complexes, and MCD_C1 are highly similar, with the one exception 

being MCD_M2. For the MonA complexes, MCD_C1, and Gβ1-M2, there are six interfacial 

hydrogen bonds: two between positions 17 and 13′, two between positions 15 and 15′, and two 
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between positions 13 and 17′ (the numbering for cross-interface positions is denoted with a 

prime). For MCD_M2, there are only four interfacial hydrogen bonds: two between positions 17 

and 15′ and two between the symmetrically related positions 15 and 17′. The alternative 

intermolecular hydrogen bond register for MCD_M2 implies that the interface is malleable, 

which is likely due to the predominantly hydrophobic nature of interfacial residues that, in 

combination with the metal−ligand histidine residues, drive dimer formation. 

  The designed zinc coordination sites are formed by two histidine residues located in i to i 

+ 4 positions (29 and 33) on the Gβ1 α-helix and an additional cross-interface interaction 

involving a histidine at position 12, which is located on the turn between the first and second β-

strands. Tetrahedral zinc ion coordination involves three histidine ligands and a chloride ion. 

Analysis of the crystal structure of the two MCD complexes, in the presence of zinc sulfate, 

demonstrates that the distances and bond angles between the zinc atom and the three histidine 

ligands are within range of standard tetrahedral values (Tables 2.6 and 2.7). In the crystal 

structure of MCD_C1, there is an additional ordered chloride ion in the proximity of the 

tetrahedral coordination site. It appears to be aligned with the histidine-coordinated zinc atom 

and the tetrahedral chloride ion and likely functions as a counterion. 

2.5 Conclusion 

  The challenges associated with novel protein interface design are on par with standard 

protein design but with the additional criterion of incorporating protein−protein bridging 

interactions that do not cause nonspecific aggregation. Metal−ligand interactions, designed to 

bridge interfaces, can provide significant intermolecular binding energy and reduce the need for 

the precisely balanced size of hydrophobic patches on the surface of designed binding partners. 

In addition, various approaches have utilized structural motifs (e.g., β-strands) for anchoring and 
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enhancing designed protein−protein interactions15,35,3. Results from our previous de novo 

interface design, as well as the constitutive Gβ1-M2 dimer (generated in a different laboratory), 

indicate that the preferred intermolecular interaction for Gβ1 is also through β-strand pairing. By 

combining cross-monomer metal−ligand interactions with β-strand pairing, we aimed to generate 

high binding affinity and also provide insight into the energetics of molecular self-assembly. The 

metal-controlled variants we engineered are completely monomeric in the absence of metal yet 

form relatively high-affinity exceptionally clean dimers in the presence of zinc. The designed 

proteins are monodisperse in the presence and absence of metal and exhibit no evidence of 

multistate complexes or aggregation in either state. We plan to use tandemly expressed variations 

of the designed MCDs as building blocks of biomaterial that can be customized to specifically 

assemble and disassemble upon addition of metal and chelating agents, respectively. 
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2.7 Supporting Information 

2.7.1 Complete Amino Acid Sequences for all Variants  

Table 2.2: Complete Amino Acid Sequences for MCD Variants and Controls 

Table 2: All interfacial mutations from wild-type Gβ1 are bolded.   

Table 2.3: Complete Amino Acid Sequences for MonA, MonB, MonA Homo-Complexes 

Variants and the Fusion Dimer Control 

Variant Name Protein Sequence 

MonA MTYKLILNGKTLKGEFTAEAEDAALAEYIFRALAKAQGVDGEWTYDD

ATKTFTVTE 

MonB MTYKLILNGKTLKGETTTEAVDIATAADVFAQYAADNGVKGEWTADE

ATKTFTVTE 

AB-fusion 

(dimer control) 

MTYKLILNGKTLKGEFTAEAEDAALAEYIFRALAKAQGVDGEWTYDD

ATKTFTVTEGGGGSGGGGSH- 

MTYKLILNGKTLKGETTTEAVDIATAADVFAQYAADNGVKGEWTADE

ATKTFTVTE 

MonA  

(A32H, A36H) 

MTYKLILNGKTLKGEFTAEAEDAALAEYIFRHLAKHQGVDGEWTYDD

ATKTFTVTE 

MonA  

(F16H, A18H) 

MTYKLILNGKTLKGEHTHEAEDAALAEYIFRALAKAQGVDGEWTYDD

ATKTFTVTE 

MonA  

(E21H, L25H) 

MTYKLILNGKTLKGEFTAEAHDAAHAEYIFRALAKAQGVDGEWTYDD

ATKTFTVTE 

Table 3: All interfacial mutations from wild-type Gβ1 are bolded 

Variant 

Name 

Mutations Sequence 

Gβ1 Wild-type MTYKLILNGKTLKGETTTEAVDAATAEKVFKQY

ANDNGVDGEWTYDDATKTFTVTE 

Gβ1-M2 E15V, T16L, T18I, N37L MTYKLILNGKTLKGVLTIEAVDAATAEKVFKQY

ANDLGVDGEWTYDDATKTFTVTE 

M2_11H T11H, E15V, T16L, T18I, 

V29H, Y33H, N37L 

MTYKLILNGKHLKGVLTIEAVDAATAEKHFKQH

ANDLGVDGEWTYDDATKTFTVTE 

MCD_M2 L12H, E15V, T16L, T18I, 

V29H, Y33H, N37L 

MTYKLILNGKTHKGVLTIEAVDAATAEKHFKQH

ANDLGVDGEWTYDDATKTFTVTE 

MCD_C1 L12H, T16L, V29H, Y33H, 

N37L 

MTYKLILNGKTHKGELTTEAVDAATAEKHFKQH

ANDLGVDGEWTYDDATKTFTVTE 

Gβ1_3H L12H, V29H, Y33H MTYKLILNGKTHKGETTTEAVDAATAEKHFKQH

ANDNGVDGEWTYDDATKTFTVTE 

MCD_C2 L12H, E15V, T16A, T18I, 

V29H, Y33H, N37A 

MTYKLILNGKTHKGVATIEAVDAATAEKHFKQH

ANDAGVDGEWTYDDATKTFTVTE 
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2.7.2 X-Ray Crystal Structures and Associated Omit Maps 

 

 

Figure 2.6: X-Ray Crystal Structures and Omit Maps. High-resolution crystal structures (left) 

for MCD_M2 (A) and MCD_C1 (B). The 2Fo-Fc electron density map omit maps (contouring 

level=1.5σ) are shown on the right for the metal-ligand histidine residues (His 12, 29, 33) and 

also the hydrophobic residues, Leu 16 and Leu 37, that contribute to complex formation. Side-

chains are illustrated as stick-bonds, zinc atoms as amber spheres, and chlorine atoms as light 

gray spheres. 
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2.7.3 Size Exclusion Chromatography Performed on MonA Homo-Complexes  

In a project that followed the initial computational de novo protein-protein design 

project32, the helix-face-to-helix-face model was used, in combination with rational design, to re-

engineer the MonA/MonB complex with the goal of increasing the binding affinity. This did not 

result in an increase to the binding affinity for the MonA/MonB complex but did result in three 

MonA mutants that formed homo-complexes in the presence of the metal yet remained 

completely monomeric when no metal was present. The mutations that gave rise to these variants 

are the following: MonA(A32H, A36H), MonA(F16H, A18H), and MonA(E21H, L25H). The 

degree of complex formation, for these three MonA homo-complexes was assessed using size-

exclusion chromatography (Figure 2.7, next page). In an attempt to ascertain the molecular 

weights of the MonA homo-complexes, and thus the degree of multimerization, the different 

MonA samples were subjected to SEC combined with multiangle-light scattering (SEC-MALS) 

analyses. The results of this analysis revealed that it is not be possible to determine the molecular 

weights of the MonA homo-complexes as the SEC-MALS measured values were extremely 

variable and did not correlate with SEC retention times. We believe this is likely due to that fact 

that accurate MW values can only be measured by MALS on samples that are exceptionally 

mono-dispersive. If there is even exceedingly minor bleed over between SEC peaks the poly-

dispersive nature of the resulting solution precludes the ability to accurately determine MW 

values. This was the case for the MonA homo-complexes but definitely not for the Gβ1-M2 (the 

constitutive homo-dimer) as well as the three successful MCD designs as these are all highly 

mono-dispersive and generate very consistent SEC-MALS derived MW values. In Figure 2.7 the 

AB-fusion (dimer control) corresponds to the expression of MonA fused to MonB at the level of 

the gene. The two genes are expressed in tandem with a (Gly4Ser)2 intervening linker. 
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Figure 2.7: Size-Exclusion Chromatography of MonA Homo-Complexes. A) 

MonA(A32H, A36H, B) MonA(F16H, A18H), C) MonA(E21H, L25H). Blue trace - 

sample with no added zinc sulfate, pink trace - MonA/MonB fusion control, red trace - 

sample run with 1 mM zinc sulfate. The y-axis corresponds to absorbance at 280 nm and 

the x-axis corresponds to retention volume in mL 
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2.7.4 X-ray Crystal Structures for the MonA Homo-Complexes 

The X-ray crystal structure of the MonA homo-complex variant A32H, A36H (in the 

presence of zinc) was solved by single wavelength anomalous dispersion (SAD) phasing using 

the absorption edge of zinc and refined to 1.49 Å resolution. This allowed for the direct 

calculation of zinc positions within the protein unit cell and calculation of experimental electron 

density maps from these initial zinc positions. The main structural feature of this MonA homo-

complex is that dimer and complex formation occurs via extension of the four-stranded β-sheet 

(Figure 2.2 D in manuscript). This mode of dimerization is analogous to the constitutive homo-

dimer Gβ1-M2 and the successful MCD complexes. The crystal structures of the MonA homo-

complexes also reveal that zinc ions are, for the most part, bound by the engineered histidine 

pairs, but not at the experimentally determined interface. Both MonA variants crystallize much 

more readily in the presence of zinc although the structures revealed that metal-ligand histidine 

residues do not participate in cross-dimer interactions. Therefore we believe that metal binding to 

histidine residues (as well as to wild-type residues, e.g., Glu27, main manuscript, Figure 2.2 D) 

functions to induce intermolecular interactions which significantly promote crystallization.  

The crystal structure of wild-type Gβ1 (PDB: 1PGA)36 was used with molecular 

replacement to solve the structure of MonA homo-complex E21H L25H (Figure 2.8). The 

structure was refined to 1.48 Å resolution. The complex forms a tetramer within the asymmetric 

unit and it appears that the zinc atoms function as catalysts for crystallization in addition to 

driving self-assembly. For this structure, in addition to extension of the β-sheet between the 2nd 

β-strands from each monomer, as observed for all structures, there is also additional 

intermolecular interactions between 3rd β-strands in the structure MonA E21H L25H variant 

(Figure 2.8). 
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2.7.5 RMSD Values for Structural Alignment 

 

Table 2.4: RMSD Values for Structural Alignment (Pymol) in Angstroms 

 MonA  

A32H, A36H 

MonA  

E21H, L25H 

Gβ1-M2 MCD_C1 MCD_M2 

MonA  

A32H, A36H 

 0.72 (0.74) 0.45 (0.50) 0.52 (0.56) 0.40 (0.61) 

MonA 

E21H, L25H 

0.72 (0.74)  0.67 (0.60) 0.54 (0.53) 0.36 (0.38) 

Gβ1-M2 0.45 (0.50) 0.67 (0.60)  0.60 (0.63) 0.39 (0.54) 

MCD_C1 0.52 (0.56) 0.54 (0.53) 0.60 (0.63)  0.38 (0.46) 

MCD_M2 0.40 (0.61) 0.36 (0.38) 0.39 (0.54) 0.38 (0.46)  

The first value in each box is the RMSD values for the alignment based on the Cα carbon atoms 

while the value in the parenthesis is the RMSD value for the alignment of all atoms. 

 

 

Figure 2.8: Structure of the MonA homo-complex E21H L25H variant.  Metal-ligand histidine 

residues are shown as rods and zinc atoms as amber sphere. Black arrows illustrate that complex 

formation occurs through β-strand pairings. 
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Figure 2.9: Structure Overlays of the MCDs relative to Gβ1-M2. In all four panels the structure 

of Gβ1-M2 is colored pink and the MCD variant is colored green. (A & B) MCD_M2, (C & D) 

MCD_C1. Panels C & D are approximately 90° rotations (along the Y axis) of the structures in 

panels A & B. Zinc atoms are represented as amber spheres. 

 

2.7.6 SEC-MALS Analysis of the Successful MCD Variants 

 The three successful MCD variants, the constitutive homo-dimer Gβ1-M2, plus various 

Gβ1 mutant controls, were subjected to SEC-MALS analysis. It is believed that accurate SEC-

MALS determined molecular weights were measured for these variants because they are all 

highly mono-dispersive in both the presence and absence of added metal (zinc). This fact is in 

agreement with the exceptionally clean data generated by both standard AUC as well as 

fluorescence-based AUC. In both cases the MCD variants ran as a single monomer peak in the 
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absence of metal and a single dimer peak when metal is present. Below are the SEC-MALS 

determined molecular weights for all variants. 

Table 2.5: SEC-MALS Measured Molecular Weights (kDa) 

Variant 

Name 

EDTA No EDTA 

Additive 

500 µM Zn 1 mM Zn 2 mM Zn 

Gβ1 7.3 6.8 6.8 6.9 6.6 

Gβ1-M2 12.0 12.0 12.2 12.2 12.2 

M2_11H 12.2 12.3 12.3 12.2 12.4 

MCD_M2 6.2 6.7 12.1 12.2 12.3 

Gβ1_3H 6.0 6.1 7.7 7.6 7.3 

MCD_C1 6.4 6.5 12.5 12.5 12.7 

MCD_C2 6.4 6.3 11.6 11.7 11.9 

 

2.7.7 Physical Characteristics of the Zinc Tetrahedral Coordination Sites 

Zinc binding sites found in protein structures show that standard zinc nitrogen (histidine) 

distances in zinc metalloproteins is 2.09 ± 0.14 Å37. The crystal structures for MCD_M2 and 

MCD_C1, in the presence of zinc, each contain one molecule in the asymmetric unit. The 

biological assembly of both the MCD_M2 and MCD_C1 is a dimer in the presence of zinc ions. 

Molecular symmetry, based on space groups and a single molecule in the asymmetric unit, was 

used to generate the structure of each metal-controlled dimer. Non-ideal differences in bond 

angles may arise from minor errors in unit cells, which may give rise to differences from ideal 

zinc coordination for the bond distances and angles.   

Table 2.6: Distances between each Zinc Atom and the Side-Chain Nitrogen Atom 

Residue  MCD_M2 (Å) MCD_C1 (Å) 

H12 2.05 1.72 

H29 2.04 2.33 

H33 1.78 2.17 
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Table 2.7: Angles at Zinc Atoms between pairs of Metal-Ligand Histidine Residues 

Residue  MCD_M2 (o) MCD_C1 (o) 

H12 and H29 107.13 111.07 

H12 and H33 99.60 109.21 

H29 and H33 100.67 82.49 

 

2.7.8 Thermal Denaturation of all Variants Monitored with Circular Dichroism  

 The thermal denaturation melting temperatures for wild-type Gβ1, the constitutive homo-

dimer Gβ1-M2, various Gβ1 mutant controls, and the successful MCD variants were measured 

using circular dichroism. The increase in the CD signal at 222 nm was monitored as a function of 

increasing temperature under different experimental conditions. Normalized curves with both the 

folded and unfolded states for the Gβ1 and MCD variants are shown below.     
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A 

B 

Figure 2.10: CD Thermal Melts for MCD Variants plus Controls. A) Solution containing no 

added metal, and B) CD collected in the presence of metal.  Normalized curves are illustrated 

for the various proteins listed to the right. The buffer consisted of 20 mM MOPS, 10 mM 

sodium chloride, 1.5 M guanidinium hydrochloride, and pH 7.0. For B) the solutions with 

metal consisted of 25 µM zinc sulfate.  
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2.7.9 Summary of Crystal Formation  

Table 2.8: Crystallization buffer, space group, cell parameters, and resolution 

Protein Crystallization buffer Space group Molecules in 

asymmetric 

unit 

Resolution 

(Å) 

MonA  

A32H A36H 

 

70 mM acetic Acid pH 3.6, 30 mM 

acetic acid pH 5.8, 30% 2,4-

methylpentanediol, 100 mM NaCl, 

and 20 mM zinc sulfate 

P32 4 1.4 

MonA 

E21H L25H 

 

80 mM acetic acid pH 3.6, 20 mM 

acetic acid pH 5.8, 30% 2,4-

methylpentanediol, 200 mM NaCl 

and 20 mM zinc sulfate 

P21 4 1.4 

MCD_M2, 

apo 

 

31% PEG 4,000 0.1M Tris pH 8.5  

200mM MgCl2 

P31 4 2.3 

MCD_M2, 

zinc 

4M NaCl 0.1M HEPES pH 7.5  

50mM MgCl2, 5mM zinc sulfate 

I41 1 1.3 

MCD_C1, 

apo 

 

30% PEG 4000 0.1M HEPES pH 7.5 

200 mM MgCl2 

P21 4 1.7 

MCD_C1, 

zinc 

18.5% PEG 400 0.1M HEPES pH 

7.5  

50 mM MgCl2, 5mM zinc sulfate 

I41 1 1.5 

 

2.7.10 SDS-PAGE Run for all Reported Variants 

Figure 2.11: SDS PAGE Run for All Reported Variants. All purified samples were subjected 

to SDS PAGE analysis in an 18% acrylamide gel. Lanes 2 through 6 correspond to various 

MonA variants. Lane 7 corresponds to the forced dimer in which the gene for MonB was 

cloned behind the gene for MonA (plus a 15 amino acid linker). 
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2.7.11 X-Ray data collection parameters and structure refinement statistics 

Table 2.9: X-ray data collection parameters and structure refinement statistics. 

Data collection MonA (A32H, 

A36H) 

twinned: 

0.51-0.49 

PDB:  6NL6 

MonA (E21H, 

L25H) 

PDB: 6NL7   

MCD_C1, zn 

PDB:  6NL8 

MCD_C1, apo 

PDB: 6NL9 

MCD-M2, zn 

PDB: 6NLA 

MCD-M2, 

apo 

twinned: 

0.52-0.48 

PDB: 6NLB 

Space group P32 P21 I41 P21 I41 P31 

Unit cell (Å) 

 

 

48.29, 

48.29,  

83.34 

40.93,  

63.06,  

53.23 

69.83,  

69.83,  

24.16 

45.81,  

52.03,   

50.15 

63.16,  

63.16, 

39.61 

42.89,  

42.89,  

102.17 

Wavelength (Å) 1.00002  1.098 1.0083 1.0083 1.0083 1.54 

Resolution  (Å) 1.4 1.4 1.5 1.7 1.3 2.3 

Unique reflections 38,948  44,547 8,881 21,921 16,453 7,581 

Completeness (%) 95.7 (97.4) 98.73 (80.1) 97.38 (81.27) 96.70 (76.28) 97.95 (83.64)) 85.96 (33.65) 

Redundancy (%) 9.5 (6.5) 9.2 (7.3) 6.9 (5.0) 3.5 (3.2) 7.0 (5.8) 9.9 (6.5) 

Rmerge (%)2 0.115 (0.72) 0.13 (0.53) 0.054 (0.42) 0.098 (0.49) 0.057 (0.41) 0.10 (0.29) 

<I/σ(I)> 19.5 (2.0) 14.2 (3.1) 26.8 (3.0) 22.4 (2.6) 24.6 (3.1) 7.8 (2.1) 

Refinement       

Resolution range (Å) 37.38 – 1.40  40.06 – 1.40 49.38 – 1.50 45.64 – 1.70 31.58 – 1.34 37.15 – 2.30 

No of subunits No of 

atoms 

4 4 1 4 1 1 

total 2092 932 523 1277 1038 126 

water/metal ion 264 / 6 309 / 4 57 / 2 145 / 1 107 / 2 88 / 1 

R-cryst3 / R-free4  0.149 / 0.214 0.113 / 0.158 0.165 / 0.235 0.185 / 0.223 0.110 / 0.146 0.192 /  

0.258 

Rmsd bond lengths (Å) 0.037 0.016 0.031 0.009 0.033 0.020 

Rmsd bond angles (Å) 3.18 1.85 2.48 1.12 2.89 2.25 

Average B-factor       

Protein 16.5 19.2 32.2 28.9 23.7 42.6 

Metals 19.56 14.3 29.2 18.1 17.9 40.9 

Ramachandran Plot 

(%) 

      

favored 98.1 98.1 98.1 97.6 97.9 98.1 

allowed 1.9 1.9 1.9 2.4 2.1 1.9 

1 Highest-resolution shell (2.502 - 2.567 Å) information in parentheses. 
2 Rmerge=  (h i | I(h) - I(h)i | )  h i I(h)i, where I(h)i is the ith observation of reflection h and I(h) is the mean 

intensity of all observations of reflection h.  
3
 Crystallographic R-factor =  ( h || Fobs(h) | - | Fcalc(h) || ) / h | Fobs(h) |, where Fobs(h) and Fcalc(h) are the 

observed structure factor amplitude and the structure factor amplitude calculated from the model, respectively. 
4
 The free R-factor was monitored with 5% of the data excluded from refinement. 
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2.7.12 Analytical Ultracentrifugation Data for MCD Variants 
 

 

Figure 2.12: Sedimentation velocity analysis of the three MCD complexes monitored using 

fluorescence detection. Top, MCD_C1; middle, MCD_C2; bottom, MCD_M2. The c(s) 

sedimentation coefficient distributions were obtained at several concentrations for each construct 

and were normalized by maximum peak amplitude.   
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Figure 2.13: Analysis of MCD_C2 monomer-dimer equilibrium. MCD_C2 is the variant with 

the lowest degree of hydrophobicity at the dimer interface. The signal-average sedimentation 

coefficients are plotted as a function of protein concentration. The data were fit to monomer-

dimer equilibrium model with the sedimentation coefficients of the monomer and dimer fixed at 

1.25 S and 2.0 S, respectively.  The data do not fit well to this model, suggesting that the system 

is not at equilibrium.   
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Chapter 3: Design of a Metal-Controlled Heterodimer 

 

3.1 Abstract: 

The field of protein design strives to engineer new molecules that interact in a specific, 

controlled manner to form novel functional complexes1,2,3.  Engineered proteins that generate 

specific complexes upon the addition of an exogenous agent, such as metal ions, will likely be 

integral elements of these efforts. Molecular control over protein assembly and disassembly is 

possible through the introduction of novel metal-binding sites at precise locations in monomeric 

proteins.  These methods have primarily generated metal-mediated and metal-controlled 

homodimers4,5,6,7,8. To broaden the repertoire of biomaterial-based tools, we undertook the re-

engineering of a metal-controlled homodimer into a metal-controlled heterodimer.  The 

generation of a metal-controlled heterodimer would increase our understanding of metal-

mediated associations and improve the utility of metal-induced protein dimerization systems. 

3.2 Introduction: 

Modifications of the β1 domain of streptococcal protein G (Gβ1) has led to the 

generation of a highly stabilized constitutive dimer9, a de novo heterodimer10, and metal-

controlled homodimers11.  In the previous chapter we described the successful design and 

biophysical characterization of three metal-controlled homodimer proteins11. This work was 

based on a constitutive homodimer of Gβ1 that was generated via directed evolution by another 

research group9.  The thermally stabilized constitutive homodimer, termed Gβ1-M2 (PDB entry 

3FIL), was utilized by our research group as a design scaffold for the generation of metazal-

controlled homodimers9.  Gβ1-M2 is a four-fold mutant of wild-type Gβ1 that forms a symmetric 

homodimer through extension of the β-sheet.  The four mutations that cause Gβ1 to dimerize are 
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located at the dimer interface and consisted of the following mutations:  E15V, T16L, T18I, and 

N37L9.   

We generated metal-controlled homodimers by incorporating hydrophobic mutations 

found in Gβ1-M2 (Figure 3.1 A) and metal binding residues L12H, V29H, and Y33H.  Our 

method generated two intermolecular metal coordination sites at the symmetric protein-protein 

interface.  These mutant variants of Gβ1 are completely monodisperse in the monomeric state, 

yet form clean, monodisperse dimers upon the addition of zinc (II). The metal-controlled dimer 

with the strongest binding affinity, MCD_C1, contains the followin0g mutations relative to wild-

type Gβ1:  L12H, T16L, V29H, Y33H, and N37L (PDB entry 6NL8, Figure 3.1 B)11.  The 

metal-controlled homodimer interface of MCD_C1 contains hydrophobic interfacial residues and 

two tetrahedral zinc (II) coordination sites.  The symmetric interface of MCD_C1 contains 

leucine residues at interfacial positions 16 and 37 and interface bridging histidine residues at 

positons 12, 29, and 33.  These five mutations promoted a metal-controlled dimer variant with 

very high binding affinity (i.e., < 75 pM)11.   
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Figure 3.1: Comparison of Gβ1-M2 and MCD_C1.  A) Gβ1-M2 is a constitutive dimer of Gβ1 

(PDB entry 3FIL)9.  B)  MCD_C1 (PDB entry 6NL8)11 contains two metal binding sites using 

histidine residues at positions 12, 29, and 33.  The zinc (II) metal is colored grey.   

A number of natural multimeric complexes12 in addition to our metal-controlled 

homodimers form symmetric structures.  Advantages associated with protein complexes that 

bind symmetrically might include enhanced binding enthalpy, greater thermal stability, enhanced 

protein folding, reduced aggregation, and the possibility for allosteric regulation13.  The interface 

of a symmetric protein complex contains sets of pair-wise interactions, which double 

energetically favorable interactions. Strong binding for both homodimers and heterodimers may 

occur when hydrophobic residues are matched on interacting surfaces14.  Relative to 

heterodimeric structures, homodimers can be more energetically favorable as symmetry elements 

can function to enhance self-association and interaction propensity14. 

The conversion of a homodimer protein to a heterodimer is a potentially challenging 

process due to the loss of favorable energetic contributions associated with symmetrically related 

elements.  Therefore one can potentially expect concomitant loss of binding affinity upon 

conversion of favorable symmetry elements at the interface to asymmetric elements.  In the 
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evolution of heterodimers from homodimers, nature invariably used both negative and positive 

selection for the generation of stable heterodimeric interactions.  An example of negative 

selection, or design, which functions to prevent the formation of self-associated structures, is the 

positioning of charged residues across the interface on proteins that are meant to interact with 

one another. The opposite charges at the heterodimeric interface provides favorable binding 

energy (i.e., positive design), while also providing negative design elements that prevent 

homodimer formation through like charge repulsive forces.  Therefore the incorporation of 

charged residues at the interacting surface of homodimers represents a positive and negative 

design strategy for the generation of heterodimers.   

Successful design strategies for engineering a homodimer into a heterodimer have 

involved remodeling a symmetric complex with complementary steric and/or favorable 

electrostatic interactions15,2,16.  In the design of complementary steric interactions, the surface of 

a symmetric protein may be modified to generate complementary knobs and holes.  Knobs are 

created by replacing a small amino acid with a larger one, while holes are created by replacing a 

large amino acid with a smaller one.  In the design of favorable electrostatic interactions, 

complementary charged residue pairs at the interface are involved in promoting and stabilizing 

heterodimer assembly.  The engineering of charged residues at the interface of a symmetric 

assembly are thought to prevent self-association.  Both design strategies required the alteration of 

hydrophobic residues at the heterodimeric protein-protein interface to prevent unwanted 

homodimer formation16,15.  Another research group used computational protein design to 

redesign a homodimer into a heterodimer by incorporating both steric and electrostatic 

interactions at the protein-protein interface.  This design strategy generated a new protein pairs 
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that approach 80 – 90% pure heterodimers, suggesting some amount of homodimerization 

remains2.  

 To engineer a metal-controlled heterodimer, we used a metal-controlled homodimer, 

MCD_C1, as the starting design scaffold.  The engineering of a metal-controlled heterodimer 

entailed the design of two distinct protein binding partners, instead of only one for the previous 

metal-controlled homodimer project.  Difficulty associated with engineering a metal-controlled 

heterodimer is that each binding partners might exhibit a higher propensity to bind to itself, as 

opposed to selectively binding to the designed binding partner.  In the conversion of a symmetric 

metal-controlled homodimer into a heterodimer it was necessary to not only redesign the metal-

associated aspects of a homodimer, but also the metal independent hydrophobic interactions 

known to exist at the dimer interface.  This was necessary to avoid unwanted interactions that 

can lead to metal-controlled homodimers, metal-independent heterodimers, metal-independent 

homodimer, as well as modifications that would abrogate dimer formation.   

To generate a metal-controlled interaction between two different proteins, we used 

rational design to modify the recognition specificity of MCD_C1.  Previous strategies to modify 

the recognition specificity of a protein-protein interface has led to the generation of protein pairs 

with altered interacting specificity3.  For example, the recognition specificity of a DNase-

inhibitor protein pair is a function of complementary charges and charged interactions at the 

protein-protein interface17.  The re-engineering of the DNase-inhibitor protein pair involved 

altering charged interactions and sequence changes in both binding partners to generate a new 

protein pair3.  In our project, we envision one of the metal-binding sites would be removed to 

change the recognition specificity and binding mode of MCD_C1.  The site of metal-binding 
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interaction specificity would be replaced with favorable interactions that destabilize the original 

metal-controlled homodimer and stabilize the designed metal-controlled heterodimer.    

Proteins, protein-protein interfaces, and macromolecular assemblies frequently contain 

salt bridges.  These geometrically specific interactions may contribute to conformational 

stability, molecular recognition, and catalysis18.  Salt bridges may contain basic side chain 

residues (e.g., histidine, arginine, and lysine) and acidic side chain residues (e.g., aspartic acid, 

glutamic acid).  Oppositely charged residues were defined as interacting if the Nitrogen and 

Oxygen atoms of the side chains are within 4 Å18. A simple salt bridge is defined as an 

interaction between a single pair of oppositely charged side chain, while a complex salt bridge 

involves interactions among two or more charged side chains19. Complex salt bridges, sometimes 

referred to as “networked” salt bridges, often involve interactions with multiple acidic side 

chains and one basic side-chain in single or adjacent chains18.  Complex salt bridges may play 

important roles in driving complex formation of protein subunits or joining proteins in protein 

assemblies19.   

We re-engineered the specificity of MCD_C1, a metal-controlled dimer, to generate a 

new metal-controlled heterodimer.  Our design strategy required mutations that promote and 

stabilize the metal-controlled heterodimer (i.e. ‘positive state’ design) and simultaneously 

destabilize metal-controlled homodimeric states and metal-independent homodimeric states (i.e. 

‘negative state’ design).  Modification of the MCD_C1 interface involved replacing one the zinc 

tetrahedral coordination sites with complementary charged residues at the design protein-protein 

interface.  Optimizing the specificity and chemical control of oligomeric association required 

elements of both ‘positive and negative state’ design.  
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3.3 Experimental Methods:   

3.3.1 Gene Synthesis, Protein Expression, and Purification 

The scaffold uses for the metal-controlled heterodimer is the β1 domain of streptococcal 

protein G (Gβ1).  The β1 domain consists of amino acids 228-282 of immunoglobulin protein G 

(PDB entry 1PGA).  The genes for variants of Gβ1 were synthesized using standard polymerase 

chain reaction (PCR) methods and cloned using restriction sites Nde1 (5’-end) and EcoR1 (3’-

end) in the pet21a (Novagen, San Diego, CA). E. coli strain BL21(DE3) was chemically 

transformed with the corresponding plasmids and grown to an OD600 ~0.8. Protein expression 

was induced for ~3 hours upon addition of IPTG at a final concentration of 1 mM. Cells were 

pelleted by centrifugation at 6,000 rpm for 10 minutes and stored in a -80 °C freezer. A freeze-

thaw protein extraction cycle was utilized and included incubation on ice for 30 minutes, room 

temperature for 15 minutes, followed with a dry-ice ethanol bath for 10 minutes, and repeated 

three times. The cell pellet was gently resuspended in PBS, pH 6.8 for 60 minutes. The sample 

was centrifuged at 10,000 rpm for 30 minutes and acetonitrile was added to the resulting 

supernatant (to 30% v/v) to induce precipitation of impurities. The resulting supernatant was 

lyophilized to remove the acetonitrile-water. The lyophilized sample was resuspended in water 

and purified using a Varian 10 micron C8 HPLC preparative reverse-phased column with a linear 

1%/min acetonitrile/water gradient containing 0.1% trifluoroacetic acid. The purified protein was 

lyophilized and the resulting dry protein suspended in water. The pH was adjusted to ~7 and 

buffered with 20 mM Tris, 100 mM sodium chloride, 200 ppm sodium azide, pH 7.0. Protein 

purify was assessed using SDS-PAGE and protein concentration determined by absorbance at 

280 nm using theoretical extinction coefficients. The proteins were concentrated using 

centrifugal filtration to approximately 2 mM (~12 mg/mL) and stored at -20 oC.    
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3.3.2 SEC-MALS Characterization  

Stock proteins of the three binding partners were diluted to 1 mM in buffer containing the 

either 1) 20 mM Tris, 100 mM sodium chloride, pH 7.0 or 2) 20 mM Tris, 100 mM sodium 

chloride, 1 mM zinc sulfate, pH 7.0. Interactions between the different binding partners was 

performed by diluting both proteins to 0.5 mM, for an overall protein concentration of 1 mM.   

Interactions between the two binding partners, when measured in the presence of increasing 

concentrations of sodium chloride, were performed at a protein concentration of 100 µM, with 

both binding partners being 50 µM.   Designed proteins were diluted in buffers containing 20 

mM Tris, 1 mM zinc sulfate and varying concentrations of sodium chloride: 100, 300, 500, 1000, 

and 2000 mM.  Size exclusion chromatography was performed using a FPLC (GE Healthcare) 

with UV detection at 280 nm. 100 µL of each sample was injected onto a 25 mL Superdex75 

10/300 GL size exclusion column (GE Healthcare).  The FPLC was connected in-line with 

multiangle light scattering (Wyatt miniDAWN TREOS detector system). ASTRA software 

(Wyatt Technologies) was used to analyze elution peaks and determine the molecular weight 

calculated by light scattering.   

3.3.3 Circular Dichroism 

  CD data was collected on an Aviv 420 instrument using a 2 mm path-length cuvette. 

Protein concentrations were approximately 25 μM with buffer consisting of 20 mM MOPS, 10 

mM sodium chloride, 25 µM zinc sulfate, 1.5 M guanidinium hydrochloride, pH 7.0.  Far-UV 

scans confirmed that the binding partners have a well-defined alpha helical secondary structure 

element due to minima at 208 nm and 222 nm. The CD signal at 222 nm was monitored as a 

function of temperature and fit to a two-state unfolding model. Folded protein and unfolded 

states were measured between 25 and 95 °C.    
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3.3.4 X-ray Crystallography 

For crystallization purposes, binding Partners A, B, and C, were expressed and purified as 

described above and concentrated to a minimum 2 mM. To study the effects of metal-controlled 

association, excess zinc sulfate was added to an equimolar solution containing 1 mM of binding 

Partner A and B or binding Partner B and C before crystallization. Crystals were obtained by 

vapor diffusion at room temperature from hanging drops. The 3 µL drop consisted of 2 mM 

Protein (1 mM Partner B and 1 mM Partner A or C supplanted with 4 mM zinc sulfate) was 

mixed with 3 µL of the crystallization solution.  The optimized crystallography conditions for 

binding Partner A + B and B + C were 0.1 M HEPES pH 7.5 200 mM MgCl2 24 % PEG 3000 

and 0.1 M HEPES pH 7.5 200 mM MgCl2 26 % PEG 10000, respectively. Optimized 

crystallization buffer with 5% glycerol was used for storage and transport in liquid nitrogen. Data 

were collected at the Berkley Lab Advanced Light Source (ALS-5.0.1). Data were processed 

using the programs XDS20 and iMOSFLM21. Structures were determined by molecular 

replacement with the program PHENIX22. The protein Gβ1 domain (PDB entry 1PGA) was used 

as a molecular replacement model. The refinement was carried out with PHENIX refine using 

several cycles of the least-squares refinement fit interspaced with manual editing of the structure 

in COOT23.  The refinement procedure usually converged with fewer than 10 macrocycles of the 

refinement and manual inspection. The structures were analyzed using PISA24 and MolProbity25. 

The structures are currently being prepared for submission to the Protein Data Bank (PDB).  

Some additional analysis of the metal ion-binding sites was performed using the CheckMyMetal 

(CMM)26 online server. Descriptive software tools such as PISA and CCM provide an estimate 

for binding energies and a secondary validation tool for organization of the lattice and the 

binding sites. Data collection and refinement statistics are listed in Table 3.9.  
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3.3.5 Analytical Ultracentrifugation:  Sedimentation Velocity   

  Binding Partners B and C were subjected to sedimentation velocity analytical 

ultracentrifugation assessment at the Sanford Burnham Prebys Medical Discovery Institute.  

Binding Partners B and C were individually prepared in 20 mM Tris, 100 mM sodium chloride, 

pH 7.0 and 20 mM Tris, 100 mM sodium chloride, 25 µM zinc sulfate, pH 7.0. Binding Partners 

B and C were incubated together and analyzed using the previously mentioned conditions.  

Samples were analyzed using a Beckman Coulter ProteomeLab XL-1 analytical ultracentrifuge 

equipped with UV-absorption detector. Samples were loaded into both sectors of double sector 

cell equipped with sapphire windows.  Data were collected at 21 ºC for 24 hours at a rotor speed 

of 42,000 rpm with a 50 Ti rotor. Data were analyzed in Sedfit27 using the c(s) model. The 

molecular masses, partial specific volumes, solvent density and viscosity used in the data 

analysis were calculated in Sednterp28.   

3.5.6. Analytical Ultracentrifugation:  Sedimentation Equilibrium 

  Sedimentation equilibrium experiments were performed using a Beckman Coulter 

ProteomeLab XL-I analytical ultracentrifuge at the Sanford Burnham Prebys Medical Discovery 

Institute.  Samples were prepared in 20 mM Tris, 100 mM sodium chloride, 60 µM zinc sulfate, 

pH 7.0 buffer.  Protein samples at concentrations 40 µM, 20 µM, and 10 µM were loaded in a 6-

channel equilibrium cells and spun in an An-50 Ti Analytical 8-place titanium rotor at 21 oC 

until equilibrium was reached.  Data sets for Binding Partner B, Binding Partner C, and Binding 

Partners B + C were collected at 30,000 rpm and 35,000 rpm.  HeteroAnalysis AUC software 

was used for the data analysis of the binding Partners.  The analytical ultracentrifugation data 

sets determining apparent molecular weight were fitted to the single ideal species model.  The 

data sets determining the association constant were fitted to a monomer-dimer model. 
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3.4 Results  

3.4.1 Rational Design of Metal-Controlled Heterodimer 

For the work reported herein a rational design approach was used to re-engineer a metal-

controlled homodimer into a metal-controlled heterodimer.  To engineer a metal-controlled 

heterodimer, we used a metal-controlled homodimer, MCD_C1, as the starting design scaffold11.  

MCD_C1 contains the following mutations relative to wild-type Gβ1:  L12H, T16L, V29H, 

Y33H, and N37L (PDB entry 6NL8)11.  The metal-controlled homodimer interface of MCD_C1 

is formed from hydrophobic interfacial residues and two tetrahedral zinc (II) coordination sites.  

The engineering of a metal-controlled heterodimer entailed the design of two distinct protein 

binding partners, instead of only just one for the previous metal-controlled homodimer project.   

The intermolecular binding interactions we previously designed to drive successful 

metal-controlled dimer formation was made up of histidine residues from one monomer (located 

in standard i to i + 4 α-helical positions) across from a histidine residue located on the other 

binding partner11.  These residues generated two tetrahedral zinc coordination sites, where three 

ligands are histidine and the fourth ligand consisted of a chloride ion11.  These symmetric metal-

controlled homodimers have two metal binding sites per dimer.  The monomer that provides two 

histidine residues at one side provides only one histidine at the other site, and vice versa (Figure 

3.1 B). 

To generate two distinct binding partners, structure-based design was utilized to eliminate 

one of the metal binding interaction and replace it with “networked” salt bridges.  The goal was 

to create a metal-controlled heterodimer by providing two distinct sites of intermolecular 

interactions that are meant to bridge the dimer interface and drive complex formation: 1) a metal 
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binding site consisting of three histidine residues and 2) a site made up of residues that form 

intermolecular salt-bridges driven by favorable electrostatic interactions.   

 

Figure 3.2: Cartoon Diagram of the Metal-Controlled Homodimer and Metal-Controlled 

Heterodimer.  A. The metal-controlled dimer has two metal-coordination sites.  B. A metal 

coordination site was replaced with charged residues to generate “networked” salt bridges. 

 In an attempt to enhance heterodimer formation and binding affinity, and inspired by 

naturally occurring “networked” salt bridges (i.e., 2:1 ratio of acidic to basic side-chains), we 

converted one of the metal binding sites to “networked” salt bridges consisting of an arginine 

residue on one monomer across from two glutamic acid residues on the other.  To achieve this 

we substituted the single histidine from the metal binding center with a basic residue (arginine). 

Arginine is planar and has five possible sites for hydrogen bonding, while Lysine is nonplanar 

and has three possible sites.  The arginine side chain has the ability to form two hydrogen bonds 

on one side of the side-chain and one hydrogen bond on the other.  Arginine was found to be the 

most abundant charged residue at the interface of protein-protein interactions and complex salt 

bridges19,29.  We chose to use an arginine residue, as opposed to histidine and lysine, due to its 
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prevalence in naturally occurring salt bridges, the number of sites possible for hydrogen bonds, 

as well as charge density.    

To enhance the likelihood that the designed monomers of the heterodimeric pair form 

favorable hydrogen bonding interactions, the arginine residue was positioned across from two 

amino acids which have acidic side chains.  This was done so that the engineered arginine 

residue could potentially form favorable hydrogen bonding interactions with the carboxyl 

functional groups of cross-monomer aspartic or glutamic acid residues.  In natural protein 

complexes, the prevalence of glutamic and aspartic acid in salt bridges are approximately equal, 

with a slight preference for glutamic acid19.  The longer chain length of glutamic acid might 

promote more conformational freedom, while also providing less steric hindrance upon 

interacting with arginine19.  We ultimately choose to incorporate two glutamic acid residues in an 

attempt to generate intermolecular salt bridges. One might imagine many different possible 

complementary charged interactions may be designed in the engineering of intermolecular salt 

bridges. 

We replaced a metal-binding site in the metal controlled dimer with charged residues to 

engineer an intermolecular salt bridge between an arginine residue on one binding partner and 

two glutamic acid residues on the other heterodimeric binding partner.  The two distinct binding 

partners are referred to herein as binding Partner A and B.  Binding Partner A consists of a 

histidine residue at position 12, which is positioned across the metal-binding histidine residues at 

positions 29 and 33 on binding Partner B.  To generate “networked” salt bridges, positions 29 

and 33 on binding Partner A were engineered to contain glutamic acid residues.  Therefore, for 

binding Partner B the conserved metal-binding site consists of histidine residues at positions 29 

and 33, and a positively charged arginine residue at position 12.  These mutations ultimately 
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resulted in the conservation of one metal binding site, and the conversion of the other to novel 

intermolecular salt bridges made up of an arginine residue from binding Partner B, and two 

glutamic acid residues from binding Partner A.   

The juxtaposition of the arginine and glutamic acid residues, across the dimer interface, 

were meant to generate favorable intermolecular salt bridges (Figure 3.3 A).  Using a central 

arginine residue, the proposed orientation of the putative “networked” salt bridges contain two 

nitrogen groups contributed by arginine 12 (binding Partner B) that form cross-interface 

electrostatic interactions with the carboxyl group of glutamate 29 (binding Partner A).  In 

addition, a third nitrogen from Arginine 12 would interact favorably with the carboxyl group 

from glutamate 33 (binding Partner A).   

 

Figure 3.3: Designed interactions between binding partner A and B.  A)  Two distinct 

interactions between A and B are 1) a metal binding site consisting of three histidine residues 

and 2) a site consisting of residues that form intermolecular salt-bridges.  B) Distances between 

Nitrogen and Oxygen atoms in binding Partners A and B.  Zinc is represented by an amber 

sphere.   

3.4.2 Analysis of Heterodimeric Binding Partners 

Size exclusion chromatography (SEC) undertaken in the presence and absence of metal 

ions, was used to investigate metal-dependent and metal-independent interactions, respectively.  
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Molecular weights for the protein variants were determined from size-exclusion chromatography 

coupled with multi-angle light scattering (SEC-MALS).  Analysis of binding Partner A by itself 

revealed that it is a monomer in the absence of metal, yet forms a metal-controlled homodimer 

upon the addition of 1 mM zinc.  A bidentate ligand arrangement was formed through glutamic 

acid residues that are in close proximity such as the designed amino acids at positions 29 and 33.  

This arrangement may contribute to homodimer formation for binding partner A through the 

chelation of metal ions.  The metal-controlled interface of binding Partner A contains interfacial 

metal binding sites, designed amino acids at positions 29 and 33, and leucine residues at 

positions 16 and 37 (located at the hydrophobic dimer interface).  The combination of these 

interfacial residues appears to promote an unwanted metal-controlled homodimer. Upon 

subjecting binding Partner B to the same analysis, the results revealed that Binding Partner B 

remains monomeric in both the presence and absence of zinc (II) ions.  This is likely due to the 

fact that arginine residues do not contain a metal-coordinating side chain.    

To determine if these two newly designed variants would preferentially form a 

heterodimer, binding Partners A and B were mixed together in a one-to-one molar ratio in both 

the presence and absence of zinc (II) ions.  The theoretical size of a dimeric complex between 

binding Partners A + B complex is 12.4 kDa.  In the absence of metal, associations between 

binding Partners A + B resulted in an average molecular weight of 11.1 kDa.  In comparison, for 

the sample in which metal was added, binding Partner A and B exhibited an average molecular 

weight of 13.4 kDa.  Thus, metal-mediated and metal-independent interactions may occur 

between binding Partners A + B (Figure 3.4). 
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Figure 3.4: SEC-MALS Characterization of Binding Partners A and B.  Interaction of Binding 

Partners A and B, 0.5 mM of each protein was loaded onto a Superdex 75 column.  Multi-angle 

light scattering was collected in the absence of metal (black) or presence of 1 mM Zinc sulfate 

(red). The molecular weight from the interactions of binding Partner A and B were 11.1 and 13.4 

kDa in the absence (black) and presence of zinc (red), respectively.   

Based on these results we believe a metal-mediated heterodimer interaction occurs 

between binding Partner A and B for the following reasons.  First, SEC-MALS results indicated 

an interaction occurs between binding Partners A + B in the absence of metal.  Second, if metal-

mediated interactions between binding Partners A + B did not occur, then we should observe 

equivalent monomeric and dimeric peaks in SEC-MALS, which would be associated with 

binding Partner B and binding Partner A, respectively.  Our goal of generating a metal-controlled 

heterodimer is hindered by metal-independent and metal-dependent interactions between binding 

Partners A + B.  To design a metal-controlled heterodimer, it is critical that each individual 

binding partner remains monomeric in the absence and presence of zinc.   

3.4.3 Redesign of Binding Partner A 

SEC-MALS results indicate that binding Partner A remains monomeric in the absence of 

metal, yet forms a metal-controlled homodimer in the presence of zinc.  In an attempt to reduce 

the propensity of binding Partner A to form a homodimer in the presence of zinc, the designed 



 

 

77 

 

glutamic acids residues at positions 29 and 33 were left intact, and the hydrophobic nature of the 

dimer interface was modified to reduce its propensity to self-associate in the presence of zinc.  

Modification of the dimer interface might also reduce favorable interactions with binding Partner 

B, with interactions between binding Partners A and B occurring in the absence of zinc.  In an 

attempt to reduce these unwanted interactions the amino acids at positions 16 and 37 were 

mutated to valine residues.  This resulted in the design and production of the third variant, 

binding Partner C, which contains valine residues at positions 16 and 37, while retaining 

histidine at position 12 and the designed glutamic acid residues at positions 29 and 33.   

Table 3.1: Amino Acid Mutations at the Heterodimeric Metal-Controlled Protein Interfaces 

 

3.4.4 Biophysical Characterization of Binding Partners A, B, and C 

A project goal was to generate a heterodimer in which each binding partner remains 

monomeric in the absence and presence of zinc, when incubated by themselves, yet form a 

heterodimer only with one another in the presence of zinc.  Previous analysis indicated binding 

Partner B is monomeric in the absence and presence of zinc.  SEC-MALS analysis performed on 

binding Partner C revealed this variant remains monomeric in the presence and absence of zinc 

(Figure 3.11).  As opposed to binding Partner A, binding Partner C remains monomeric in the 

presence and absence of zinc and therefore no further modifications were needed for this variant.  
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In the absence of metal, the SEC-MALS retention time suggests binding Partner B + C do not 

interact, as the measured molecular weight, 7.0 kDa, reveals both these variants remain 

monomeric.  Upon the addition of zinc (II), binding Partners B + C formed a metal-controlled 

heterodimer with a calculated molecular weight of 12.0 kDa.  Binding Partners B and C do not 

form metal-mediated homodimers or exhibit evidence of interaction in the absence of zinc.   

 

Figure 3.5: SEC-MALS Characterization of Binding Partner B and C.  B.  When incubated 

together binding Partners B and C do not exhibit evidence of interaction and have a calculated 

molecular weight of 7.0 kDa.  In the presence of zinc, Binding Partners B + C form a metal-

controlled heterodimer with a calculated molecular weight of 12.0 kDa.   

 Thermally-induced unfolding of the binding Partners was monitored by circular 

dichroism.  The high thermal stability exhibited by the parent constative dimer, Gβ1-M2, as well 

as our designed metal-controlled dimers, require that the thermal unfolding experiments be 

performed in the presence of 1.5 M Guanidine-HCl9,11. In the presence of equimolar zinc (II), the 

thermal unfolding temperatures (Tm) were measured for the different binding partners.  The 

measured melting temperatures for binding Partners A, B, and C were 73.5 oC, 78.0 oC, and 56.0 

oC, respectively.  The melting temperatures measured for metal-controlled interactions between 

binding Partners A + B and B + C were 76.9 oC and 68.8 oC, respectively.  It was determined 
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that metal-controlled interactions between binding Partner A + B and B + C increased the 

thermal stability by ~1oC.   

Table 3.2: Biophysical Characterization of Binding Partners A, B, and C 

 

3.4.5 Analytical Ultracentrifugation Experiments  

In addition to subjecting the metal-controlled complexes to SEC-MALS analysis, the 

molecular weights were also measured using two different analytical ultracentrifugation methods 

(i.e., sedimentation velocity and equilibrium experiments).  For the velocity experiments, 

molecules migrate as a function of size, shape, and interaction with other macromolecules30.  For 

the equilibrium experiments, molecules migrate and separate until an equilibrium state is 

reached, which provides a distribution of associated and non-associated states.  When performing 

equilibrium experiments under different protein concentrations, one can accurately determine the 

molecular weights and binding affinities for self- and hetero-associations30.   

Binding Partners B and C were subjected to sedimentation velocity analysis to measure 

the molecular weight of the individual components, in addition to potential interaction between 
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Partners B + C.  Binding Partner B and binding Partner C were evaluated individually in the 

absence and presence of zinc.  The measured molecular weights for binding Partner B and C 

indicated the proteins remain monomeric under both experimental conditions.  Interactions 

between binding Partners B + C were not detected in the absence of zinc (Figure 3.20).  Binding 

Partners B + C form a metal-controlled heterodimer with an apparent molecular weight of 11.7 

kDa (Figure 3.22).   

Table 3.3: Apparent Molecular Weight and Binding Affinity Determined by Analytical 

Ultracentrifugation 

 

For the sedimentation equilibrium experiments, binding Partners B, Partner C, and 

Partners B + C were evaluated over a broad concentration range in the presence of zinc (II).  

Binding Partner B remains monomeric and has an apparent molecular weight of 6.7 kDa.  

Binding Partner C has an apparent molecular weight of 7.8 kDa, which is ~ 25% higher than the 

monomer molecular weight.  Fitting binding Partner C to a monomer-dimer equilibrium model 

yields a dissociation constant of 571 µM and 1,456 µM at 30,000 and 35,000 rpm, respectively.  

Binding Partner B + C have an apparent molecular weight of 11.7 kDa, and a binding affinity of 

~18 and ~19 µM at 30,000 and 35,000 rpm, respectively. The specific nature and strength of the 

metal-controlled binding Partner B + C interaction was confirmed by similar dissociation 

constants at two different rotor speeds.  
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3.4.6 Salt Dependence on Dimer Formation 

The designed salt bridges consisting of an arginine residue on binding Partner B and two 

glutamic acid residues on binding Partner C.   To further confirm that the salt bridges contributes 

favorable enthalpy for complex formation we disrupted dimer formation under increasing 

concentrations of sodium chloride.  All samples were measured using SEC-MALS in a buffer 

that consists of 20 mM Tris, 1 mM Zinc sulfate, pH 7.0 with increasing concentrations of sodium 

chloride.  The AUC determined dissociation constant for the metal-controlled heterodimer 

(binding Partner B and C) is approximately 19 µM.  Preliminary SEC-MALS analysis was 

performed with the protein concentration at 1 mM, which is approximately 50 times the 

dissociation constant.  To ensure that the complexes were closer to an ideal state of dynamic 

equilibrium the concentrations for both binding partners were reduced to 100 µM, which is 

approximately 5 times the AUC determined dissociation constant.   

 

 

Figure 3.6: SEC-MALS measured Salt-Dependence on Dimer Formation.  The intermolecular 

salt bridge of the metal-controlled heterodimer is disrupted upon increasing concentrations of 

sodium chloride.   
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 In comparison to the preliminary SEC-MALS analysis, the protein concentration was 

reduced to 100 µM of Binding Partner B + C with increasing concentrations of sodium chloride. 

At 100 mM sodium chloride, the metal-controlled heterodimer has a molecular weight of 10.7 

kDa, which is comparable with the molecular weight of 12.0 kDa determined at a higher protein 

concentration (1 mM). As the salt concentration was increased, the measured molecular weight is 

reduced from a dimer to a value observed for an individual binding partner.  Binding Partner B + 

C are effectively monomeric when incubated in the presence of 1 M and 2 M sodium chloride.    

The results of this analysis indicates complex formation is dependence on salt concentrations. 

This provides additional evidence that the designed salt-bridges provides favorable binding 

energy and contributes to dimer formation.  

Table 3.4: Salt-Titration Molecular Weights determined by SEC-MALS 

 

3.4.7 X-Ray Crystal Structures of Binding Partners A + B and B + C 

Binding Partners A, B, and C were generated from the MCD_C1 protein design scaffold.  

As with the structure of the parent variant, MCD_C1, the structures of binding Partner A + B and 

B + C adopt a dimeric head-to-head assembly in which a heterodimer is formed through 

extension of the β-sheets. The structures and cross-interface hydrogen bond register for Gβ1-M2, 
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MCD_C1, and binding Partners A + B, and binding Partners B + C are very similar. For all the 

structures, there are six interfacial hydrogen bonds: two between positions 17 and 13′, two 

between positions 15 and 15′, and two between positions 13 and 17′ (the numbering for cross-

interface positions is denoted with a prime).  

The designed zinc coordination site of binding Partners A + B and B + C are formed by 

two histidine residues located in i to i + 4 positions (binding Partner B) on the Gβ1 α-helix and 

an additional cross-interface interaction involving a histidine at position 12 (binding Partner A 

and C), which is located on the turn between the first and second β-strands. Tetrahedral zinc 

coordination involves three histidine ligands and a chloride ion. Analysis of the crystal structure 

of the binding Partners A + B and B + C complexes, demonstrates that the distances and bond 

angles between the zinc atom and the three histidine ligands are within range of standard 

tetrahedral coordination geometry (Tables 3.7 and 3.8).  
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Figure 3.7: Crystal structures of Binding Partners A + B and B + C (A) Binding Partners A + B 

and (B) Binding Partners B + C. The designed metal–ligand histidine residues are illustrated as 

stick bonds, with the corresponding 2Fo – Fc omit electron density map (1.5σ). Zinc atoms are 

illustrated as amber spheres, and chlorine atoms as light grey spheres 

In addition to the intermolecular zinc coordination site, the interface of binding Partners 

A + B contained “networked” salt bridges.  These “networked” salt bridges contains a central 

arginine residue being surrounded by two glutamic acid residues.  The side chain of arginine 
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contains a guanidinium group, which provides five possible sites for electrostatic interactions.  

Analysis of the crystal structure of binding Partners A + B demonstrates that the glutamic acid at 

position 29 forms electrostatic interactions with Nη and Nε sites of the arginine side chain 

(Figure 3.8 B).  In addition, the arginine side chain is stabilized through additional electrostatic 

interactions with glutamic acid at positon 33.  The designed salt bridges between binding 

Partners A + B was confirmed by the arrangement and distances between residues.  Near the site 

of the “networked” salt bridges, there was an additional zinc (II) and chloride ion embedded at 

the protein-protein interface.   

     

 

Figure 3.8:  “Networked” Salt Bridges between binding Partners A + B.  A. “Networked” salt 

bridges between binding Partner A (glutamic acid at positons 29 and 33) and B (arginine at 

position 12).  B.  Electrostatic interactions between glutamic acid (position 29) and arginine. C. 

An electrostatic interaction between glutamic acid (position 33) and arginine.  Selected residues 

of binding Partners A and B are colored light pink and green, respectively.       
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Binding Partner A was redesigned to generate Binding Partner C, where leucine residues 

at positions 16 and 37 were modified to valine.  Binding Partner C remains monomeric in the 

presence and absence of metal ions.  The protein-protein interface of binding Partners B + C 

contains intermolecular salt bridges and a zinc coordination site.  Analysis of the crystal 

structures of binding Partners B + C demonstrates the formation of “networked” salt bridges with 

a central arginine atom surrounded by two glutamic acid residues.  Three hydrogen bonding 

interactions occur between glutamic acids at positions 29 and 33 and arginine at position 12.  

While a similar electrostatic interactions were observed for both structures, the distances 

between Nitrogen and Oxygen are slightly longer for binding Partners B + C.  Variations in the 

electrostatic distances might be due to the crystallization conditions.  Both binding Partner A + B 

and Partner B + C contain an additional zinc (II) and chloride ion near the “networked” salt 

bridges. 
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Figure 3.9: “Networked” Salt Bridges between binding Partners B + C.  A. “Networked” salt 

bridges between binding Partner C (glutamic acid at positons 29 and 33) and B (arginine at 

position 12).  B.  Electrostatic interactions between glutamic acid (position 29) and arginine. C.  

An electrostatic interaction between glutamic acid (position 33) and arginine.  Selected residues 

of binding Partners B and C are colored green and grey, respectively.            

3.5 Discussion:  

3.5.1 Metal-mediated interactions between two different proteins 

There are many naturally occurring metal-mediated heterodimer structures in the Protein 

Data Bank (PDB)31,32.  In one example, a metal-mediated heterodimer interaction occurs between 

human growth hormone and prolactin receptor complex (PDB entry 1BP3)31.  The coordination 

bonds of the metal-mediated heterodimer are spread over two different subunits, where each 

subunit contributes two ligands for metal coordination.  Upon addition of zinc (II), binding 
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between the hormone and receptor is enhanced by a factor of 10,00031.   In the hormone-receptor 

complex one zinc (II) ion mediates protein assembly, suggesting a single metal coordination site 

is a viable strategy for engineering metal-mediated interactions between two different proteins. 

Another zinc-mediated heterodimer interaction occurs between the N-terminal fragment 

of non-receptor protein tyrosine kinase (Lck) and the cytosolic C-terminal fragment of the CD4 

receptor (PDB entry 1Q68)32.  The structure of the Lck-CD4-Zn2+ complex demonstrated that 

Lck and CD4 both contribute two ligands for zinc (II) coordination.  In addition, biophysical 

analysis suggests Lck and CD4 form both metal-mediated homo- and hetero-dimeric species33.  

In late 2018, another researcher group reported modifications to the CD4 cytoplasmic tail which 

enhanced metal-mediated heterodimer specificity34.  The selective metal-mediated heterodimer 

might be used for protein heterodimerization assembly and molecular biology routes34.   

  There has been limited success in engineering new metal-mediated interactions between 

two different monomeric protein scaffolds35. Wild-type Ubiquitin has an open coordination 

sphere at histidine 68, which might be used for intermolecular zinc (II) coordination35.  Using 

computational protein design, a monomeric protein scaffold was re-engineered with three 

histidine residues and favorable contact points at the designed protein-protein interface.  The 

metal-mediated interaction involves three engineered histidine residues from the monomeric 

protein scaffold and histidine 68 from Ubiquitin, representing a 3:1 zinc coordination 

arrangement model.  The metal-mediated interaction between Speltzer, the designed protein 

scaffold, and Ubiquitin contained a single metal coordination site, which provides fewer 

energetically favorable interactions between the different proteins.  Previously engineered metal-

mediated and metal-controlled homodimers contained two metal coordination sites4,5,6,7,8,11.   
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In the design of a metal-mediated heterodimer, a single metal coordination and favorable 

contact points were designed between Ubiquitin and Speltzer.  Speltzer binds Ubiquitin with a 

binding dissociation constant of 20 µM and 68 µM in the presence and absence of zinc, 

respectively35.  NMR and mutagenesis suggests the binding arrangement between Spelter and 

Ubiquitin does not occur via the predicted 3:1 coordination model.  The researchers suggested a 

2:2 coordination arrangement (i.e., each protein contributes two ligands for metal coordination) 

might generate a more energetically favorable metal-mediated interaction33.  A single zinc 

coordination site, containing of a 2:2 coordination arrangement, was common in naturally 

occurring metal-mediated heterodimers31,32.  

3.5.2 Our metal-controlled dimers and its variants 

In this work, we described the design of a metal-controlled heterodimer using a metal-

controlled homodimer, MCD_C1 as the protein design scaffold.   Our research goal was to re-

engineer a high affinity metal-controlled dimer into a non-promiscuous protein pair.  Ultimately, 

we designed a protein pair that had two unique sites for protein-protein interactions.  Binding 

Partner C contains negatively charged glutamic acid residues at positions 29 and 33, while 

binding Partner B contains a positively charged arginine residue at position 12.  The metal 

coordination site between binding Partners B and C are formed by the juxtaposition of histidine 

residues at positions 12, 29 and 33.  Heterodimer recognition specificity was generated by having 

each binding partner contain a portion of the metal binding site and oppositely charged residues.  

Binding Partner B and C do not interact in the absence of metal ions or form metal-controlled 

homodimers.   

In our metal-controlled heterodimer system, zinc (II) coordination controls the 

association of binding Partner B and C.  The heterodimer structures of binding Partners B + C 
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and Partners A + B adopt a head-to-head intermolecular orientation similar to MCD_C111 

(metal-controlled homodimer) and Gβ1-M29 (constitutive dimer of Gβ1).  Both heterodimer 

structures revealed metal coordination bonds and “networked” salt bridges at the designed 

interface.  Interactions between binding Partners B + C formed a metal-controlled heterodimer 

with a binding dissociation constant of ~ 19 µM.  Binding Partners B and C represent an 

orthogonal protein pair since the engineered protein-protein interaction occurs only upon 

addition of zinc (II).   

Table 3.5: Designed Oligomerization states of Gβ1 

 

3.5.3 Potential applications of the metal-controlled dimers and its variants 

These designed binding Partners B and C are completely monodisperse in the monomeric 

state, yet form clean, monodisperse heterodimers upon the addition of zinc (II). The metal-

controlled heterodimers are readily converted back to monomers upon the addition of metal-

chelating agents such as EDTA. The ability of these proteins to switch between high affinity 

heterodimers and monodisperse monomers enables them to function as valuable biotechnological 

tools. For example, one can envision using these proteins to bring attached macromolecules 
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(such as proteins) together, and also induce them to separate under predefined experimental 

conditions. We envision using the our generated metal-controlled homodimers11 and metal-

controlled heterodimers as a functional tag for metal-directed protein assembly.  

Attachment to the metal-controlled homodimers and heterodimers would likely occur at 

the level of the gene, where the gene for an attached passenger protein could be expressed in 

tandem with that of the metal-controlled dimer.   Designing fusion proteins containing multiple 

protein domains remains a successful approach for engineering new protein functions36.  This 

strategy involves the attachment of two different gene sequences to generate a fusion gene.  

Expression of the fusion gene would generate a fusion protein containing the engineered protein 

with metal binding sites, followed by a protein of interest, with an intervening structural linker.   

A fusion protein with a metal-controlled dimer functional tag provides chemical control 

over the interaction between linked proteins.  Depending on the external environment, these 

metal-controlled dimers could switch between high affinity dimers and monodisperse monomers.  

The separation distance of the functional proteins can be influenced by the length and flexibility 

of the structural linker.  Metal coordination changes the orientation and distance of the fusion 

protein, which further enables the close spatial proximity of the proteins containing multiple 

domains.   

The metal-directed assembly of identical fusion proteins remains relatively 

straightforward for metal-controlled homo- and hetero-dimers.  In comparison, the directed 

assembly of non-identical fusion proteins using the metal-controlled homodimer scaffold would 

involve intrinsic complications. If two non-identical proteins (X and Y) were fused to the metal-

controlled homodimer (MCD), the resulting assemblies would be 25 % MCD-X/MCD-X, 25 % 

MCD-X/MCD-Y, 25 % MCD-Y/MCD-X, and 25 % MCD-Y/MCD-Y.  Operating under the 
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assumptions of no biases in protein binding and MCD-X/MCD-Y AND MCD-Y/MCD-X are 

functionally identical, a heterologous MCD-X/MCD-Y assembly would have a maximum yield 

of 50 %.   A more efficient approach would be utilizing the metal-controlled interaction between 

binding Partners B and C, which may generate a metal-directed assembly of non-identical 

proteins with a yield closer to 100 %.   

Metal-mediated and metal-controlled heterodimers would significantly improve the 

utility of metal-directed protein assembly.  Interactions between engineered heterodimers have 

been utilized in applications extending to affinity purification37, directed assembly38, and 

biomaterials39.  Metal-controlled protein dimerization systems provides a mechanism to regulate 

the physical distance between proteins.   In addition to the previously mentioned applications, a 

metal-controlled interaction between two different proteins enables chemical control over 

assembly and disassembly8 and may contain properties of metalloenzymes40.  A selective metal-

controlled heterodimer might be used for protein heterodimerization assembly and manipulation 

of cellular processes.   

Metal-controlled protein assembly has been the subject of ongoing research to expand the 

utility of chemically-induced dimerization systems.  These methods have generated high affinity 

and orientation specific metal-mediated and metal-controlled homodimers7,11.  In our work, we 

generated a metal-controlled heterodimer from a metal-controlled homodimer, where 

heterodimerization assembly is controlled by zinc (II) coordination.  A metal-controlled 

heterodimer assembly provides an engineering scaffold for directed and controllable assembly of 

different proteins.  The interplay between metals and protein scaffolds might allow for new 

connections in biotechnology, synthetic biology, biomaterials, and supramolecular chemistry.   
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3.6 Supporting Information 

3.6.1 Amino Acid Sequences of Gβ1 and its variants 

Table 3.6: Amino Acid Sequences for Metal-Controlled Dimer and Binding Partners 

 Mutations  Sequence 

Gβ1  wild-type MTYKLILNGKTLKGETTTEAVDAATAE

KVFKQYANDNGVDGEWTYDDATKTFT

VTE 

Metal-Controlled 

Dimer 

L12H, T16L, V29H, 

Y33H, N37L 

MTYKLILNGKTHKGELTTEAVDAATAE

KHFKQHANDLGVDGEWTYDDATKTFT

VTE 

Binding Partner A L12H, T16L, V29E, 

Y33E, N37V 

MTYKLILNGKTHKGELTTEAVDAATAE

KEFKQEANDLGVDGEWTYDDATKTFT

VTE 

Binding Partner B L12R, T16L, V29H, 

Y33H, N37L 

MTYKLILNGKTRKGELTTEAVDAATAE

KHFKQHANDLGVDGEWTYDDATKTFT

VTE 

Binding Partner C  L12H, T16V, V29E, 

Y33E, N37V 

MTYKLILNGKTHKGEVTTEAVDAATAE

KEFKQEANDVGVDGEWTYDDATKTFT

VTE 

 The mutations, relative to wild-type Gβ1, are bolded.   

3.6.2 SEC-MALS Analysis of Binding Partners A, B, and C 

Size exclusion chromatography with multi-angle light scattering (SEC-MALS) used to analyze 

Binding Partners A, B, and C.  The individual samples were analyzed in the presence or absence 

of 1 mM zinc buffer.   



 

 

94 

 

 

Figure 3.10: SEC-MALS Characterization of binding Partner A.  Multi-angle light scattering 

was collected in the absence of metal (black) or presence of 1 mM Zinc sulfate (red).  The 

molecular weight for binding Partner A was 6.8 and 12.2 kDa, respectively. 

 

Figure 3.11: SEC-MALS Characterization of binding Partner B.  Multi-angle light scattering 

was collected in the absence of metal (black) or presence of 1 mM Zinc sulfate (red).  The 

molecular weight for binding Partner B was 7.1 and 7.5 kDa, respectively. 
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Figure 3.12: SEC-MALS Characterization of binding Partner C.  Multi-angle light scattering 

was collected in the absence of metal (black) or presence of 1 mM Zinc sulfate (red).  The 

molecular weight for binding Partner C was 6.9 and 8.3 kDa, respectively. 

 

Figure 3.13: Metal-mediated interactions between binding Partner A and Partners A + B.  

Binding Partner A (green) and binding Partner A/binding Partner B (orange) in the presence of 1 

mM zinc buffer.  The calculated molecular weight of binding Partner A in 1 mM zinc buffer was 

12.2 kDa.  The calculated molecular weight of binding Partner A and B was 13.4 kDa.   
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3.6.3 SDS-PAGE analysis of Binding Partners 

The purity of the Binding Partners was assessed using SDS-PAGE.  An 18% SDS_PAGE 

gel was used to analyze the individual components.  The migration of the individual proteins do 

not correspond to the theoretical molecular weight of around 6.5 kDa. 

 

Figure 3.14: SDS-PAGE Gel of Binding Partners A, B, and C 

3.6.4 Thermal Denaturation of all Variants Monitored with Circular Dichroism  

  The thermal denaturation melting temperatures for the Binding Partners were measured 

using circular dichroism. The increase in the CD signal at 222 nm was monitored as a function of 

increasing temperature under different experimental conditions. Normalized curves with both the 

folded and unfolded states for the Binding Partners are shown below.     
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Figure 3.15: Thermal Denaturation of Binding Partner A, B, and C 

3.6.5 Analytical Ultracentrifugation:  Sedimentation Velocity of Binding Partners B and C 

 

 

Figure 3.16: Selected Raw Sedimentation Velocity Data for Binding Partner B 
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Figure 3.17: C(S) Distribution of Binding Partner B 

 

 

Figure 3.18: Selected Raw Sedimentation Velocity Data for Binding Partner C 
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Figure 3.19: C(S) Distribution of Binding Partner C 

 

Figure 3.20: Selected Raw Sedimentation Velocity Data for Binding Partner B + C 
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Figure 3.21: C(S) Distribution of Binding Partner B + C 

 

Figure 3.22: Selected Raw Sedimentation Velocity Data for Binding Partner B + C, zinc 
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Figure 3.23: C(S) Distribution of Binding Partner B + C, zinc 

3.6.6 Analytical Ultracentrifugation:  Sedimentation Equilibrium of Binding Partner B and 

C 
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Figure 3.24: Sedimentation Equilibrium Data for Binding Partner B, zinc at 30,000 rpm 
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Figure 3.25: Sedimentation Equilibrium Data for Binding Partner B, zinc at 35,000 rpm 
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Figure 3.26: Sedimentation Equilibrium Data for Binding Partner C, zinc at 30,000 rpm 
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Figure 3.27: Sedimentation Equilibrium Data for Binding Partner C, zinc at 35,000 rpm 
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Figure 3.28: Sedimentation Equilibrium Data for Binding Partner B + C, zinc at 30,000 rpm 
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Figure 3.29: Sedimentation Equilibrium Data for Binding Partner B + C, zinc at 35,000 rpm 
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3.6.7 X-Ray Crystal Structures and Associated Omit Maps of Binding Partners A + B and 

B + C 

 

Figure 3.30: X-Ray Crystal Structure and Omit Maps of Binding Partners A + B.  The 2Fo – Fc 

electron density maps (contour level – 1.5 σ) of binding Partner B (light green color) and binding 

Partner A (light pink color) are shown on the right for the metal-histidine residues (His 12, 29, 

33) and also the hydrophobic residues, Leu 16 and Leu 37, that contribute to complex formation.  

Side-chains are illustrated as sticks, zinc atoms as amber spheres, and chloride ions as light grey 

spheres.   
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Figure 3.31: X-Ray Crystal Structure and Omit Maps of Binding Partners B + C.  The 2Fo – Fc 

electron density maps (contour level – 1.5 σ) of binding Partner B (light green color) and binding 

Partner C (light grey color) are shown on the right for the metal-histidine residues (His 12, 29, 

33) and also the hydrophobic residues, Leu 16 and Leu 37 (binding Partner B) and Val 16 and 

Val 37 (binding Partner C) that contribute to complex formation.  Side-chains are illustrated as 

sticks, zinc atoms as amber spheres, and chloride ions as light grey spheres.   

3.6.8 Physical Characteristics of the Zinc Tetrahedral Coordination Site 

Zinc binding sites found in protein structures show that standard zinc nitrogen (histidine) 

distances in zinc metalloproteins is 2.09 ± 0.14 Å41.  The crystal structures for binding Partners 

A + B and binding Partners B + C each contains four molecules in the asymmetric unit. The 

biological assembly of binding Partners A + B and B + C is a dimer, in the presence of zinc (II).  

Table 3.7: Distances between each Zinc Atom and the Side-Chain Nitrogen Atom 

 Binding Partners A + B Binding Partners B + C 

Residue Chains A and D Chains B and C Chains A and B Chains B and C 

H12 2.17 2.15 2.08 2.19 

H29 1.99 2.03 2.05 1.98 

H33 1.82 1.83 1.86 1.85 
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Table 3.8: Angles at Zinc Atoms between pairs of Metal-Ligand Histidine Residues 

 Binding Partners A + B Binding Partners B + C 

Residue Chains A and D Chains B and C Chains A and B Chains B and C 

H12 and H29 104.5o 100.1 o 97.3 o 102.4 o 

H12 and H33 97.4 o 96.9 o 90.9 o 88.8 o 

H29 and H33 103.9 o 99.6 o 98.3 o 102.0 o 
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3.6.9 X-ray data collection parameters and structure refinement statistics 

Table 3.9:  X-ray data collection parameters and structure refinement statistics 

Data collection Binding Partner A + B Binding Partner B + C 

Space Group P1 P1 

Unit Cell (Å) 25.68   86.33 

50.82   75.36 

50.82   75.36 

25.73   86.35 

51.04   75.40 

51.04   75.40 

Resolution (Å) 1.5 1.4 

Observations 123665 132390 

Source ALS 5.0.1 ALS 5.0.1 

Wavelength (Å) 0.977410 0.977410 

<I/σ(I)> 23.2(8.8) 31.8(11.3) 

Completeness 95.11 (93.58) 93.46% (88.69%) 

Structure solution by MR  

Molecular replacement model  1pga 1pga 

Z-score 22.3 78.7 

LLG score 842.241 8093.472 

Refinement   

Resolution range (Å) 34.77  - 1.5 (1.554  - 1.5) 34.930 - 1.400 (1.450 - 1.4) 

Unique reflections 36666 (3612) 44838 (4288) 

Protein residues  224 224 

Ligand atoms 16 16 

Water Atoms 370 356 

R-work 0.1690 (0.2353) 0.1799 (0.2583) 

R-free 0.1895 (0.2332) 0.2078 (0.2716) 

Geometry   

RMS (bonds) 0.003 0.005 

RMS (angles) 0.58 0.71 

Clash Score 1.14 2.01 

Ramachandran plot  

Favored (%) 98.15 98.15 

Allowed (%) 1.85 1.85 

MolProbity score 0.91 0.97 
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