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Nature has long been a source of fascination, inspiration and humility for 

chemists. Despite our best efforts, the rate enhancements delivered by our catalysts 

fall orders of magnitude short of those achieved by enzymes, our drug delivery 

systems do not offer the selectivity and efficiency of viruses, and our polymers do not 

have the ability to self-organize, self-repair and adapt to our changing needs the way 

that biological supramolecular polymers, such as the cytoskeleton, does. A common 

theme in the above examples is nature’s use of proteins to achieve these goals. Based 

on this premise, we set out to devise a method for hierarchically programming the self-

assembly of a monomeric protein into functional materials. By using metal ions as the 

“molecular glue” that holds these complexes together, we have overcome many of the 

traditional issues in programming their assembly and shown that an unprecedented 

degree of chemical and thermal stability can be imparted on the protein subunits. 

Although we have not yet achieved the level of sophistication demonstrated by natural 

systems, our approach, which combines the fields of coordination chemistry, 

supramolecular chemistry and computational design, has allowed us to assemble a 

single molecular precursor into a range of potentially useful structures. 

 



1 

Chapter 1: Taking Lessons from Nature: Bottom-Up Assembly of Functional 

Architectures from their Molecular Precursors 

 

1.1 Abstract 

 

Proteins are nature’s building block of choice. The structural and chemical 

sophistication achieved within the folded structure of monomeric proteins, and 

through the self-assembly of proteins into supramolecular structures is unsurpassed by 

any other molecule. Of particular relevance to the studies presented here, is the fact 

that at all levels of structural hierarchy, examples abound where metals are required 

for the assembly, stabilization or functionality of protein-based architectures. The 

examples presented below, as well as many others, serve as the basis for the work 

contained within this thesis, as well as an inspiration for scientists working in fields as 

diverse as supramolecular chemistry, nanoscience, materials design and protein 

engineering. 

 

 

 

 

 

 

 

 



2 

 

 
 

Figure 1.1. Examples of metal-stabilized protein oligomers found in nature. (a) 

X-ray crystallographic models of the insulin hexamer, which is composed of six 

identical protein subunits and two tricoordinate Zn ions chelated in its core. (b) X-ray 

crystallographic model of !-carbonic anhydrase, which is a trimeric complex with one 

Zn ion chelated in a catalytic His3 triad at each of its interfaces. (a) and (b) were 

adapted from references 5 and 6, respectively (PDB IDs 1MPJ and 1QRG) 

1.2 Discrete Protein Oligomers and their Metal-Templated Evolution 

 

 At their most basic level of structure, proteins function as monomers or small 

oligomers that house a wide variety of functional groups. Metals, in particular, are 

commonly encountered as catalytic centers or as the structural glue that holds protein 

complexes together.  Indeed, it has been estimated that up to a third of all proteins 

incorporate metal ions.
1
 One of, if not the most important role these metals may have 

historically played is in templating the formation of the very complexes that now 

house them.
2-4

  

 It has been proposed, for instance, that metal ions can nucleate the formation 

of functional protein structures.
2
 Two illustrative examples of this effect are the insulin 

hexamer
5
 and the !-carbonic anhydrase trimer

6
 (Figure 1.1). Both of these structures 



3 

 

are stabilized by Zn ions ligated at the interface of monomeric subunits. In the case of 

insulin, Zn binding imparts an increase in the thermal, mechanical and chemical 

stability of the protein. Zn binding at the protomeric interfaces of !-carbonic 

anhydrase, on the other hand creates a three coordinate (His3) Zn site that catalyzes the 

hydration of CO2 to bicarbonate.
6,7

 Thus, by binding metals at their interfaces, proteins 

initially experience a structural advantage, and can then further evolve to perform 

complex chemical tasks, such as catalysis, signaling and redox chemistry.  

One class of enzymes that showcases the feasibility of this evolutionary 

process is the vicinal oxygen chelates.
3
 This enzyme superfamily catalyzes a range of 

chemical transformations, including isomerizations, epimerizations, oxidative 

cleavage of C-C bonds, and nucleophilic substitutions via active sites that contain a 

range of metal ions, including Mg, Fe, Mn, Zn, Ni and Co. It was proposed that the 

evolution of this class of enzymes proceeded through an initial metal-mediated 

oligomerization event that enhanced the stability of the protein fold, followed by gene 

fusion and domain swapping, to create the catalytic diversity seen today.
3
 This 

example illustrates a method employed by nature to create functional proteins and 

could serve as the basis for synthetic protein design strategies. 

 

1.3 Assembly of Proteins into Highly-Ordered Zero-, One- and Two-Dimensional 

Architectures 

 

In addition to their possible role in nucleating and stabilizing small oligomeric 

complexes, metals also bind at the interfaces of larger architectures, or within the 
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Figure 1.2. 0-, 1- and 2-dimensional nanostructures assembled from protein 

building blocks. (a), (b) and (c) were adapted from references 12, 13 and 14  

subunits from which they are assembled. Examples of biological supramolecular 

assemblies include 0-D structures such as viruses
8
 and ferritin

9
, 1-D tubes and 

filaments such as tobacco mosaic virus
10,11

 and actin, and 2-D arrays such as bacterial 

surface layers.
10

 Below, an example from each structural class (0-, 1-, and 2-D) will be 

given and the role of metals discussed. 

Human ferritin (Figure 1.2a) is a 24 subunit octahedral (432-symmetry) 

nanocage that is responsible for iron storage and transport in the cell.
9
 Detailed 

structural
12

 and functional characterization of ferritins have revealed that they house a 

di-Fe ferroxidase center within each subunit. This site is responsible for catalyzing the 

coupling of iron and oxygen to produce nuclei for the formation of iron oxide 

nanoparticles that fill the core of the structure. Although the metal sites of human 

ferritin are not at an interface, the assembly of this structure shows how catalytic 

proteins can be assembled into structures that have functions not accessible by 

monomers (e.g. sequestration of Fe and formation of nanoparticles). 
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In addition to discrete architectures such as ferritin, nature also makes use of 

extended assemblies, such as helical nanotubes and 2-D arrays, both of which have 

been shown to incorporate metal ions and depend upon them for structural integrity. 

Tobacco Mosaic Virus (TMV) (Figure 4.1b) has been extensively studied and consists 

of a helical nanotube 300 nm long and 18 nm in diameter that houses a central strand 

of RNA. Recently, the role of Ca ions in the functionality of this virus was revealed by 

cryo TEM microscopy;
11

 because the capsid of TMV is highly stable, a mechanism 

must exist by which it releases its RNA cargo upon cellular entry. This is 

accomplished through a structural switch that occurs upon cell entry. The relatively 

low Ca concentrations in the cell, relative to the extracellular space, cause its release 

from the protein and the ensuing electrostatic repulsion of the carboxylates  to which 

Ca was previously bound cause a conformational shift and release of the RNA cargo. 

This example illustrates how allosteric regulation, which is commonplace in 

monomeric or low order oligomers such as metal sensors, which often bind metals at 

protein-protein interfaces, can be applied to a supramolecular complex.  

S-layers (Figure 4.1c) are periodic 2-D lattices composed of proteins or 

glycoproteins that surround the cytoplasmic membrane of bacteria and archae.
13,14

 The 

porous nature of these structures allows selective transport into, and protects cells 

from the harsh extracellular environments in which bacteria thrive. Notably, although 

these structures have been shown to be extremely stable,
15,16

 they dissolve upon 

addition of the metal-chelating molecule, EDTA, demonstrating that their structural 

integrity is most likely dependent on metal binding. This observation also raises the 

possibility of using metal ions to stabilize the supramolecular structure of other protein  



6 

 

arrays, such that they can be used in applications that require nonphysiological 

conditions. 

 

1.4 Hierarchical Assembly of Protein-Based Materials with Molecular 

Periodicity, Nanoscale Order and Macroscale Dimensions 

 

At the highest level of structural hierarchy, protein nanostructures further 

assemble into supramolecular materials that display molecular periodicity and 

nanoscale order over macroscopic distances.
17

 One of the most versatile molecules 

 
 

Figure 1.3. Hierarchical organization of the mussel byssal thread and the 

coordination chemistry-based explanation for its superior chemical properties. 

(a) Collagen triple-helix that is the basis of many hierarchical materials. (b) Image of 

a mussel showing the byssus that is responsible for allowing it to adhere to surfaces. 

(c) SEM micrograph showing the microstructure of the byssus. (d) Coordination of Fe 

to DOPA in the byssus cuticle is responsible for many of its remarkable mechanical 

properties. Panels b-d adapted from reference 17. 
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available for self-assembly at this scale is collagen. Collagen is an integral component 

of connective tissue, and therefore plays a major role in assembling biological 

materials as diverse as skin, bone and tendons. In the case of the byssal thread, which 

is used by mussels for surface attachment, nature has employed collagen and DOPA-

rich proteins in a coordination chemistry-based approach to create materials with 

superior mechanical properties (Figure 1.3).
18

 Briefly, the byssal thread contains a 

collagen core and an outer, protein-rich cuticle that is crosslinked through DOPA-Fe 

complexes. The reversibility of metal binding allows filaments in the cuticle to slide 

relative to one another rather than fracturing upon extension during periods of 

mechanical stress caused by, for instance, ocean waves. 

 

1.5 (Re)programming Natures Building Blocks: Designed Assembly of Protein-

Based Superstructures 

 

Given the enormous number of protein-based functionalities available, and 

nature’s widespread use of proteins as building blocks for functional materials, it is at 

first surprising that they have not gained more widespread use in technological 

applications, especially in their self-assembled state. The lack of success on this front 

is largely a result of two factors. First, most natural protein architectures are assembled 

via relatively weak, non-covalent bonds, including electrostatic interactions, hydrogen 

bonds and Van der Waals interactions, whose exact contributions to the stability of the 

overall complex are still only partially understood.
19-22

 Operating cooperatively over 

large surfaces, these non-covalent bonds are highly successful in stabilizing complex 
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functional assemblies made from protein building blocks. However, the de novo 

programming of these interactions has proven to be extremely difficult. An additional 

complication regarding using proteins as materials is their instability. Because the 

function of proteins is dependent on their folding into the correct structure, and 

because these folds are only marginally more stable than other states, most proteins 

are relatively sensitive to elevated temperatures and the presence of nonaqueous 

solvents. Therefore, the goal of assembling functional materials using proteins as 

molecular precursors requires improvements in methods for programming their self-

assemby and improving their stabilities.  

Programming the self-assembly of even a single interface has proven to be 

quite difficult.
23

 Nevertheless, successes in designing discrete protein complexes have 

been achieved, and applied for a variety of applications.
24

 The design of proteins that 

assemble into large oligomers or structures such as cages, tubes or 2-D arrays is even 

more difficult, as it necessitates the successful programming of multiple interfaces. 

Successes on this front have been few, and include the use of symmetric building 

blocks or ligand-protein interactions to produce cages,
25-27

 filaments,
25,28,29

 crystals
30,31

 

and nanotubes.
32-35

 However, none of the strategies presented is truly generalizable, 

because each requires building blocks with pre-existing symmetry or a protein with 

affinity for a specific ligand. Therefore, an approach that can be easily applied to an 

arbitrary protein, and that produces structures in high yields is still an outstanding 

goal. 

 

 



9 

 

 
 
Figure 1.4. Design of the engineered metal binding protein, MBPC1 and 

characterization of its self-assembly in response to Zn binding. (a) Cartoon 

depiction of the four-helix bundle hemeprotein, cyt cb562. (b) Addition of metal-

chelating bis-His motifs produces MBPC1. (c) Addition of Zn to MBPC1 produces 

the tetrameric complex MBPC14Zn4. (Inset, c) Coordination environment for Zn ions 

holding tetrameric complex together. All panels were adapted from reference 37. 

 

1.6 Metal-Directed Protein Self-Assembly 

 

The universal role of coordination chemistry in organizing and imparting functionality 

on protein assemblies at all levels of structural hierarchy makes it a natural choice for 

engineering semisynthetic protein complexes. Additionally, metal-ligand interactions 

have the added advantages of being reversible, which should allow the formation of 

thermodynamically favorable products; are directional, meaning that the 

stereochemical preferences of the metal ion employed can control the structure of the 

resulting complex; and, when applied to proteins, have been shown to impart them 

with increased stability.
36,37

 Therefore, using coordination chemistry to assemble 
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proteins into functional complexes has the potential to surmount many of the 

challenges involved in designing protein-protein interactions, impart upon them the 

increased stability that is necessary for their use in routine applications and endow 

them with metal-based functionalities, such as catalysis.  

 Metal-directed protein self assembly (MDPSA)
38

 was developed with this goal 

in mind. The small, four-helix-bundle heme protein, cytochrome cb562 (cyt cb562)
39

 

(Figure 1.4a), was chosen as a model system as it is easily expressed in high yields, is 

monomeric at mM concentrations and contains a heme prosthetic group that can be 

used for imparting function on protein superstructures that are designed from it. 

Because the surface of Cyt cb562, and most proteins in general, is replete with potential 

metal-binding groups, it was necessary to engineer high affinity sites, such that they 

would outcompete all other potential metal binding sites on the surface of the protein. 

For this purpose, two metal-chelating bis-His motifs were engineered on the surface of 

Cyt cb562 (Figure 1.4b). This produced the protein variant termed Metal Binding 

Protein Complex 1 (MBPC1, Figure 1.4c).
40

 Bis-histidine (Bis-his) motifs are 

composed of two imidazole moieties from histidine side-chains oriented such that they 

protrude from the same face of an !-helix, ideally poised to bind metals. These motifs 

are common in natural protein assemblies such as Zn fingers,
41

 where they impart 

stability on the protein fold, and have also been used by others to stabilize secondary 

structure in peptides and proteins.
42

 The affinity of these sites is in the !M range
42

 and 

should therefore allow them to outcompete other potential metal-binding sites on the 

protein surface. 
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In an initial test of the ability of these engineered metal-binding sites to control 

the self-assembly of a monomeric protein, MBPC1 was incubated with equimolar Zn 

and the assembly state of the protein was characterized by sedimentation velocity and 

X-ray crystallography.
40

 These studies demonstrated that a D2 symmetric, tetrameric 

complex, Zn4:MBPC14, formed The ligation mode responsible for stabilization of this 

complex consisted of a bis-His motif (H73/H77) from one protomer, a single His 

(H63) from a second, and an Asp (D74) from a third (Inset, 1.4c).  

 

1.7 Goals of this Thesis 

 

Although initial studies using the method of MDPSA were promising, several 

limitations and challenges remained. First, a detailed analysis of the metal affinity and 

specificity of these complexes had not been established. Because the proteins 

engineered up to this point were monomeric in the absence of metals, metal-binding 

and protein oligomerization were intrinsically coupled, making this analysis difficult. 

Second, the design of higher order protein arrays, such as nanotubes and 2-D arrays 

had not been attempted. 

To address the challenges of designing higher affinity protein complexes and 

to engineer extended protein arrays, we aimed to combine recent advances in 

computational protein design
23,24

 with our approach of MDPSA. By designing a 

protein complex around the metal-binding site we reasoned that metal ion affinity and 

specificity would be increased and that open coordination sites could be stabilized on 
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the surface of the protein, allowing further assembly into higher order arrays. The 

results of these studies are discussed herein. 
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Chapter 2:  Evolution of Metal Affinity and Selectivity in Templated Protein 

Interfaces 

 

 

 

2.1 Abstract 

 

Selective binding by metalloproteins to their cognate metal ions is essential to 

cellular survival. How proteins originally acquired the ability to selectively bind 

metals and evolved a diverse array of metal-centered functions despite the availability 

of only a few metal-coordinating functionalities remains an open question. Using a 

rational design approach (Metal-Templated Interface Redesign), we describe the 

transformation of a monomeric electron transfer protein, cytochrome cb562, into a 

tetrameric assembly (
C96

RIDC1) that stably and selectively binds Zn
2+

, and displays a 

metal-dependent conformational change reminiscent of a signaling protein. Our results 

suggest that an initial, metal-driven nucleation event, followed by the formation of a 

stable protein architecture around the metal, provides a straightforward path for 

generating structural and functional diversity. 

 

 

 

 

 

 

 



16 

 

2.2 Introduction 

 

The incorporation of metal ions into correct cellular targets is a formidable 

chemical task. Modern-day organisms use a number of strategies to ensure that a metal 

ion associates with the right target (frequently a protein), including the control of 

absolute and relative ambient metal concentrations,
1
 active delivery via chaperones,

2
 

and compartmentalization.
3
 Nevertheless, these strategies still require the target 

protein to possess an intrinsic affinity and selectivity for the desired metal ion. This is 

achieved within the 3-D framework of proteins despite the availability of only a 

handful of metal-coordinating side chain functionalities. 

An outstanding question is how protein structures have evolved to stably and 

selectively bind metal ions and how they have developed metal-dependent functions 

such as signal transduction (which necessitates conformational flexibility) and electron 

transfer or catalysis (which generally require rigid architectures). Some contemporary 

metalloproteins likely were based on pre-existing protein folds that acquired the ability 

to bind metals through random genetic events and subsequently attained their current 

structures and functions in the course of natural selection.
4
 In an alternative pathway, 

metal ions could first have templated the formation of a protein/peptide aggregate, 

followed by the evolution of the protein structure around the metal ion.
5
 Although this 

pathway would not have the benefit of re-using existing genetic material and a 

preformed scaffold, it may lead to greater flexibility towards generating bioinorganic 

diversity. We have developed a rational design approach (Metal-Templated Interface 

Redesign, MeTIR), which follows the time course of this latter hypothetical pathway 
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Figure 2.1. Metal-templated interface redesign (MeTIR).  

 

(Scheme 1).
6
 Using MeTIR, we describe here the construction of an oligomeric 

protein architecture–
 C96

RIDC1–that stably and selectively binds Zn
2+

, and displays a 

large, metal-dependent conformational change akin to signaling/regulatory proteins. 

 

2.3 Results and Discussion 

 

Design strategy and initial characterization of 
C96

RIDC14 

We have previously shown that variants (termed MBPC’s) of a four-helix-

bundle heme protein, cytochrome cb562, with appropriately genetically engineered 

metal-binding motifs on their surfaces (represented by Species 2 in Figure 2.1) can 

adopt discrete supramolecular architectures upon metal coordination.
7-9

 Because the 

parent cyt cb562 (Species 1, Figure 2.1) is a monomeric protein whose surface carries 
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Figure 2.2. Interprotomeric interfaces in the D2-symmetric Zn4:MBPC14 

complex. Residues subjected to redesign as well as those that coordinate Zn
2+

 ions are 

shown as sticks. Interface 1 (i1) was chosen for design due to its relatively large 

buried surface area and interface 2 (i2) was stabilized via a covalent disulfide linkage. 

 

no bias towards oligomerization, its supramolecular assembly is largely dictated by 

metal coordination. Accordingly, all MBPC assemblies initially formed through metal 

binding (Species 3 in figure 2.1) feature interfacial metal ions with saturated 

coordination spheres and ligand arrangements that obey the preferred stereochemistry 

of the metal ions: Zn
2+

 – tetrahedral, Cu
2+

 – tetragonal, Ni
2+

 – octahedral.
9
 If the 

protein assembly surrounding a particular metal ion can be stabilized without changing 

the overall supramolecular architecture, one would expect the binding affinity and 

specificity to increase for that metal ion. We decided to put this “template-and-
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Figure 2.3. SEC (a) and SDS-PAGE (b) characterization of  the oligomerization 

state of 
C96

RIDC1. Red and blue traces in (a) correspond to absorbance at 415 nm and 

280 nm, respectively. 

stabilize” strategy to the test using a tetrameric, Zn-mediated assembly, Zn4:MBPC14 

(Figure 2.2). 

MBPC1 (Species 2, Figure 2.1; Figure 2.2) is a cyt cb562 variant with two i, i+4 

bis-His metal-binding motifs (H59/H63 and H73/H77) installed on its Helix3. Upon 

Zn coordination, MBPC1 forms a D2 (222) symmetrical tetramer, Zn4:MBPC14, which 

is held together by four identical Zn ions coordinated to one bis-His motif (73/77) 



20 

 

from one protomer, His63 from a second, and Asp74 from a third.7 Owing to its 

twofold dihedral symmetry, Zn4:MBPC14 presents three pairs of C2-symmetric 

interfaces (i1, i2, i3) between its four protomeric constituents (Figure 2.2). Of these 

interfaces, only i1 presents an extensive surface (>1000 Å2) with close protein-protein 

contacts. We therefore undertook computationally-guided redesign of i1 to examine if 

a favorable set of interactions could be built into i1 to stabilize the entire Zn-driven 

assembly (Step b in Figure 2.1). A construct, RIDC1, which features six mostly 

hydrophobic mutations (R34A/L38A/Q41W/K42S/D66W/V69I) in i1, indeed was 

found to form a considerably stabilized tetrameric assembly (Zn4:RIDC14, Species 4 

in Figure 2.1) with a supramolecular geometry identical to the parent tetramer.6 

Despite this stabilization, Zn4:RIDC14 (like Zn4:MBPC14) remains a dynamically 

exchanging assembly that does not stay intact, for instance, upon passage through a 

size-exclusion column. Consequently, it has not been possible to uncouple protein 

oligomerization from Zn binding and directly assess whether interface redesign has led 

to improvements in Zn affinity and selectivity. In order to obtain a stable tetrameric 

complex that would also form in the absence of Zn, we sought to further engineer 

RIDC1. 

As the dihedral symmetry of the Zn-tetramer dictates, the concurrent 

stabilization of any two of the three interfaces could in principle lead to the formation 

of a persistent tetrameric assembly. While interface i2 is not as tightly packed as i1 

and therefore is less amenable to redesign, it presents position 96 from two protomers 

within distance for disulfide crosslinking (Figure 2.2). Thus, we combined the six 

mutations in i1 with the T96C mutation in i2 to generate C96RIDC1. Under oxidizing 
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Figure 2.4.  Characterization of the oligomerization state and affinity constant of 
C96

RIDC1. (a) Sedimentation coefficient distributions for various cyt cb562 constructs 

at 5 !M monomeric concentration and equimolar Zn
2+

 where indicated. For MBPC1 

and RIDC1, the Zn-induced tetrameric species are fully populated at >1 mM and >20 

!M protein and Zn, respectively. At 5 !M protein and Zn, MBPC-1 is still 

predominantly monomeric (Smax= 1.8), while RIDC1 is a mixture of dimeric (Smax= 

2.8) and tetrameric (Smax= 4.5) forms. (b) Sedimentation equilibrium profile for 2.5 

!M 
C96

RIDC12 obtained at 20000 rpm. The sedimentation data are equally well 

described by a dimer-tetramer equilibrium (Kd = 52 nM) or a tetramer-only model, 

which suggests the tetramer dissociation constant to be <100 nM. 

 

conditions 
C96

RIDC1 readily forms a disulfide-crosslinked dimer as shown by non-

reducing SDS-PAGE and size exclusion chromatography (Figure 2.3). Sedimentation 
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velocity (SV) experiments indicate that the predominant oligomeric form of C96RIDC1 

in solution is a tetramer (C96RIDC14,  Species 6 in Figure 2.1), even in the absence of 

metals (Figure 2.4). 

The tetramer-dimer dissociation constant (Kd(4mer-2mer)) for C96RIDC14 was 

determined by sedimentation equilibrium (SE) measurements to be <100 nM (Figure 

2.4b), which to our knowledge makes it one of the most stable engineered protein 

complexes yet characterized. 

Zn-dependent changes in 
C96

RIDC14 conformation 

C96RIDC14 remains tetrameric upon Zn binding. SV population distributions 

indicate that the resulting tetramer (Species 5, Figure 2.1) forms at significantly lower 

protein and Zn concentrations and therefore is more stable than its progenitors 

Zn4:MBPC14 and Zn4:RIDC14 (Figure 2.4a). SV measurements also suggest that 

C96RIDC14 undergoes a Zn-induced rearrangement, as evidenced by a shift in its 

sedimentation coefficient from 4.25 S to 4.5 S (Figure 2.4a). To characterize this 

conformational change, we solved the crystal structures of C96RIDC14 and its Zn 

adduct at 2.1 and 2.4 Å resolution, respectively (PDB ID’s 3IQ5 and 3IQ6).  

As illustrated in Figure 2.5, these structures reveal an allosteric rearrangement 

of C96RIDC14 upon Zn binding, measuring ~16 Å at the N-terminus of Helix3. One of 

the keys to the simultaneous stability and conformational plasticity of C96RIDC14 lies 

with the redesigned interface i1. Each of two equivalent i1 interfaces in C96RIDC14 is 

formed between two protomers oriented in an antiparallel fashion. These interfaces 

feature an extensive network of hydrophobic interactions (~1300 Å2 buried surface), 

the main contributors being the two pairs of engineered Trp (41 and 66) and His (59 
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Figure 2.5. Crystal structures of 

C96
RIDC14 (left) and Zn4:

C96
RIDC14 (right). 

Redesigned residues in i1 and i2 are shown as sticks. Interfacial SS-bond 
configurations are shown below each structure along with corresponding Fo – Fc omit 
difference maps (cyan mesh – 4.5 s (apo), 3 s (Zn); purple mesh – 11 s (apo), 5 s 
(Zn)). See Figure 2.6 for detailed views of interfacial residues. 

and 77) residues (Figure 2.6). Not surprisingly, this hydrophobic interface was 

predicted and found to be rather fluid.6 Upon binding Zn, the fluidity of the engineered 

hydrophobic interactions allows the four protomers to pivot around i1. The resulting 

architecture of Zn4:
C96RIDC14 features a well-packed hydrophobic core in i1 (~1400 

Å2 buried surface) built around the engineered residues originally proposed by 

computation. Zn4:
C96RIDC14 is superimposable onto both Zn4:MBPC14 and 

Zn4:RIDC14 structures with respective root-mean-square deviations of 0.59 and 0.63 Å 

over 424 Ca’s (Figure 2.7). Importantly, the four equivalent Zn coordination 

environments remain unchanged as intended by the template-and-stabilize strategy. 

The interfacial disulfide bonds incorporated into i2 are the second key 

component for the bistability of C96RIDC14. The electron density maps for C96RIDC14 
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Figure 2.6. Interactions between engineered residues in interfaces i1 and i2. (a) 
C96RIDC14; (b) Zn4:

C96RIDC14. 

and Zn4:
C96RIDC14 clearly outline the C96-C96’ linkages, which are found in distinct 

conformations to accommodate the two different supramolecular arrangements (Figure 

2.5). Using the disulfide bonds as “loose hinges”, the pairs of protomers that share i2 

undergo a significant translational and rotational motion relative to one another, while 

maintaining the ideal bond distance (2.05 Å) and the stereochemical requirements for 

a disulfide bond. Operating together, the fluid, non-covalent interactions in i1 and the 

adaptable disulfide bonds in i2 allow the formation of two stable and interconvertible 

tetrameric architectures in the absence or presence of Zn. 
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Figure 2.7. Superposition of Zn4:MBPC14 (yellow), Zn4:RIDC14 (magenta) and 

Zn4:
C96

RIDC14 (grey) crystal structures. 

Zn binding by 
C96

RIDC14 

Having uncoupled protein oligomerization from metal binding, we examined if 

our interface templating strategy leads to increased Zn affinity. Because Zn is 

spectroscopically silent, its binding to 
C96

RIDC14 was assessed through two different 

indirect methods. In the first method, which was modeled after a procedure used for 

determining uranyl binding to NikR,
10

 we used nitrilotriacetic acid (NTA) as a 

competing Zn ligand (Kd(Zn-NTA) = 18.2 nM at 22°C and ! = 0.15 M) and 4-(2-

pyridylazo)resorcinol (PAR), which exhibits an increase in absorbance at 500 nm 

upon binding Zn,
11

 as an indicator. Briefly, increasing amounts of NTA were added to 

samples of nearly equimolar Zn and 
C96

RIDC14. The resulting mixtures were subjected 

to centrifugation in 10-kDa-cutoff protein concentrators, which allowed the separation 

of the Zn fraction bound to 
C96

RIDC14 from that bound to NTA at each NTA 
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Figure 2.8. Determination of 
C96

RIDC14 Zn affinity constants. (a) Zn-binding 

isotherm of 
C96

RIDC14 determined using NTA as a competing ligand. (b) Changes in 

the absorbance spectrum of a solution containing 7.5 !M 
C96

RIDC14 and 11 !M Fura-

2 upon addition of Zn. (c) Zn-binding isotherm derived from (b). The data are 

corrected for dilution and background absorbance by the protein. The tick marks 

shown on the top x-axis correspond to theoretical endpoints for titration if 
C96

RIDC14 

bound to one, two, three or four equivalents of Zn. The fits obtained using DynaFit are 

shown for the following different models: solid line, four consecutive Zn binding 

equilibria (1+1+1+1); dashed line, two consecutive binding equilibria (2+2); dotted 

line; single binding equilibrium (4!1). Equilibrium constants obtained with these 

different models are listed in Table 1. 

 
concentration. This, in turn, permitted the calculation of the extent of Zn binding to 

C96
RIDC14 versus free Zn concentration, which was inferred from the Zn-NTA 



27 

 

binding equilibrium. The NTA titrations are reasonably well described by an n-

equivalent binding sites model, and indicate that each 
C96

RIDC14 complex binds four 

Zn equivalents with an apparent dissociation constant of 3.3 nM (Figure 2.8a). 

In a second, “higher-resolution” method that obviates the need for separation 

step and the secondary indicator, we used the chromophore Fura-2 (Kd, Zn = 5.7 nM)
12

 

as a competing Zn ligand/indicator in a similar fashion to previously published 

procedures.
13

 In these experiments, increasing amounts of Zn were added to samples 

that contained 
C96

RIDC14 and Fura-2, and the Zn-dependent changes in the Fura-2 

spectrum were directly monitored (Figures 2.8b and 2.8c). These titrations revealed 

that Zn binding to 
C96

RIDC14 is best described by four individual, consecutive binding 

equilibria or nearly equally well by two consecutive binding events by pairs of Zn
2+

 

ions, with corresponding dissociation constants that range from 0.5 nM to 60 nM in 

the case of the 1+1+1+1 model and from 0.5 to 40 nM in the case of the 2+2 model  

(Table 1).
14

  

Owing primarily to its flexibility, 
C96

RIDC14 apparently can accommodate Zn 

binding through several different modes; in other words, the intermediate Zn bound 

states may and most likely do utilize different ligand sets from one another. In any 

case, given that i, i+4 bis-His motifs on ! helices display Zn dissociation constants in 

the low !M range,
15

 the Zn binding titrations suggest that the pre-formation of a 

tetrameric, templated acceptor complex results in a "1000-fold increase in Zn-binding 

affinity relative to the monomeric parent species, MBPC-1. 
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Figure 2.9. Divalent metal binding properties of 
C96

RIDC14. Equivalents of M
2+

 

bound to 
C96

RIDC14 following size exclusion chromatography, as determined by ICP-

OES measurements (in 20 mM MOPS buffer). The protein concentration 

wasdetermined using the single heme Fe of each RIDC1 monomer as an internal 
standard. 

Zn binding selectivity of 
C96

RIDC14 over other divalent metal ions 

 To elucidate if 
C96

RIDC14 also displays increased selectivity for Zn binding, its 

interactions with several other divalent metal ions (M
2+

) were examined, including the 

neighboring transition metals Co
2+

, Ni
2+

 and Cu
2+

, which typically are effective 

competitors for Zn binding sites. To this end, 
C96

RIDC14 was incubated with the metal 

ion of interest in a noncoordinating buffer solution (20 mM 3-(N-

morpholino)propanesulfonic acid, MOPS), followed by the separation of the 

C96
RIDC14-metal complex via gel filtration and subsequent metal analysis by ICP-

OES. These experiments show that 
C96

RIDC14 retains ~1 equivalent of Co
2+

, ~2 

equivalents of Ni
2+

 and ~4 equivalents of Cu
2+

 (Figure 2.9).  

In competition studies, the initial 
C96

RIDC14/metal mixture was additionally 

incubated with Zn at various metal/Zn ratios prior to gel filtration and metal analysis. 
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Each competition experiment was also carried out in reverse order - incubation with 

Zn followed by addition of other metals - to ascertain the formation of thermodynamic 

products (Figure 2.10). These experiments reveal that C96RIDC14 displays significant 

Zn selectivity over all ions except Cu2+, especially relative to its parent structure, 

MBPC1 (Figures 2.10 and 2.11). Previous studies have shown the affinity of the i, i+4 

bis-His motif for Zn2+ to be comparable to that for Ni2+ and 5-10 fold higher than that 

for Co2+,15,16 following the Irving-Williams (IW) series.17 In contrast, Zn2+ completely 

outcompetes Co2+ for C96RIDC14 binding at all ratios measured (up to 100 Co:1 Zn), 

and has an effective affinity roughly 100-fold higher than Ni2+. 

 Cu2+ presents a special case in terms of Zn selectivity. Due to a combination 

of its d9 configuration and high Lewis acidity, Cu2+ is situated at the top of the IW 

series, leading to its higher affinity for most ligand platforms designed for specific Zn 

binding13,18 and even natural Zn enzymes.19 The results shown in Figure 2.10 initially 

indicated that neither Cu2+ nor Zn2+ outcompete each other for C96RIDC14 binding; 

rather, each tetrameric C96RIDC14 unit appeared to bind ~3 equivalents of each ion in 

the non-coordinating MOPS buffer solution. To ascertain whether this apparent 

oversaturation of C96RIDC14 is due to the binding of Cu2+ or Zn2+ ions to the 

C96RIDC14 surface (in addition to the core binding sites) or due to the formation of an 

actual Cu-Zn heterometallic core species, we obtained crystals of C96RIDC14 grown in 

the presence of equimolar amounts of both ions. The resulting 2.1-Å resolution 

diffraction data reveal a structure (PDB ID: 3M79) identical to that of Zn4:
C96RIDC14 

(Figure 2.12). To identify the four observed interfacial metal ions in this complex, we 

collected full data sets at the Zn and Cu K edges (1.28 Å and 1.38 Å), respectively.  
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Figure 2.10. Determination of metal selectivity for 

C96
RIDC14. Complete Zn

2+
 

versus M
2+

 competition binding assay for 
C96

RIDC14 binding (in 20mM MOPS buffer 

or in 20 mM TRIS where indicated). This plot includes metal competition assays 

carried out in both directions (incubation with Zn
2+

 followed by M
2+

, or incubation 

with M
2+

 followed by Zn
2+

). The results show that the metal content is the same in 

both directions in each case, indicating that metal binding to 
C96

RIDC14 is under 
thermodynamic control under the conditions employed. 

The corresponding anomalous difference maps clearly show that the interfacial ions 

are Zn
2+

,
  

and that there are no detectable Cu
2+

 ions associated with the core or the 

surface of the tetramer (Figures 2.12a and b), despite the fact the crystal clearly 

contained Cu as indicated by an X-ray fluorescence excitation scan (Figure 2.12c). 

These observations suggest that Zn
2+

 completely outcompetes Cu
2+

 for binding to the 

core sites. This is further supported by the finding that when the Zn-Cu competition 

experiments are carried out in a weakly coordinating buffer solution (20 mM 

tris(hydroxymethyl)aminomethane, TRIS), the amount of Cu
2+

 associated with
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Figure 2.11. Zn
2+

 versus M
2+

 competition binding assay for MBPC1 and RIDC1.. 

These experiments were performed in an identical fashion as those for metal binding 

to 
C96

RIDC14. Note that the y-axis reports metal equivalents per monomer instead of 

tetramer, since MBPC1 and RIDC1 do not form persistent tetramers without metal. 

These competition binding experiments show that both Ni
2+

 and Cu
2+

 outcompete Zn
2+

 

for MBPC1 binding. In the case of RIDC1, Cu
2+

 still outcompetes Zn
2+

 (though not to 

the same extent as MBPC1). 

C96
RIDC14 is significantly diminished, whereas the amount of bound Zn

2+
 stays 

constant (see the last two rightmost bars in Figure 2.10). 

 To describe the Zn selectivity of 
C96

RIDC14 in a more quantitative fashion, we 

examined its affinity for Co
2+

, Ni
2+

 and Cu
2+

, again using Fura-2 as a competing 

ligand (Kd, Fura-Co = 8.6 nM,
20

 Kd, Fura-Ni = 6.9 nM,
12

 Kd, Fura-Cu = 0.3 pM
12

). The titrations 

indicate that 
C96

RIDC14 has no Co
2+

 binding sites that can compete with Fura-2 (not 

shown), and it can accommodate only two equivalents of Ni
2+

 and Cu
2+

 with 

comparable affinities to Fura-2 (Figure 2.13 and Table 2.1).
21

 Both Ni
2+

 and Cu
2+

 

binding curves are well described by two consecutive binding equilibria. 
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Figure 2.12. Anomalous difference maps (4!) for the 

C96
RIDC14 structures 

grown in the presence of equimolar Cu
2+

 and Zn
2+

 obtained at the Zn (a) or Cu 

(b) K edges. As expected, the heme Fe centers show anomalous signals at both 

wavelengths, whereas the core metal sites do the same only at the higher energy Zn 

edge, unambigously identifying them as Zn ions. (c) X-ray fluorescence excitation 

scans of the same crystal – which was thoroughly washed with non-metal containing 

solutions – indicate the presence of both Zn and Cu. 
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Figure 2.13. (a and b) Ni

2+
 and (c and d) Cu

2+
 binding isotherms for Fura-2–

C96
RIDC14 competition experiments. Changes in the Fura-2 absorbance spectrum 

are shown in (a) and (c) for Ni and Cu, respectively. The samples contained 7.5 !M 
C96

RIDC14 and 11 !M Fura-2. The tick marks shown on the top x-axis correspond to 

theoretical endpoints for titration if 
C96

RIDC14 bound to one, two, three or four 

equivalents of metal. The fits obtained using DynaFit are shown for the following 

different models: solid line, two consecutive binding equilibria (1+1); dashed line, 

single binding equilibrium (2). Equilibrium constants obtained with these different 

models are listed in Table 2.1. 
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Table 2.1. Dissociation constants for various metal binding equilibrium models for 
C96

RIDC14, as determined through competitive Fura-2 titrations. (pH 7, 295 K). The total 

free energies for metal binding correspond to the free energy sums of individual equilibria 

(times their multiplicity) for every model. Corresponding titrations and fits are shown in 

Figure 2.8  (Zn
2+

) and Figure 2.13 (Cu
2+

 and Ni
2+

). Numbers in parentheses correspond to 

standard deviation in the last reported significant figure, were obtained through DynaFit, and 

do not include any experimental errors. 

 

Although the derived affinities are either similar to those for Zn
2+

 (in the case 

of Ni
2+

) or considerably higher (in the case of Cu
2+

), the higher multiplicity for Zn
2+

 

binding apparently results in a more favorable overall free energy (Table 2.1), and 

ultimately in the Zn selectivity of 
C96

RIDC14 over these ions.
21

 Thus, templated 

interface engineering leads to increased bias not only towards Zn coordination 

geometry but also towards Zn binding multiplicity, which is a rare, and perhaps 

unique, case in designed/synthetic systems. Studies are currently underway to 

elucidate the coordination modes/environments of Co
2+

, Ni
2+

 and Cu
2+

 to 
C96

RIDC14 

(which we expect to be different from each other and from Zn
2+

) and associated 

changes in protein structure. 

Total  

metal 

equivalents 

Number of 

Consecutive 

Binding 

Equilibria 

Kd1 

(M) 

Kd2  

(M) 

Kd3  

(M) 

Kd4 

(M) 

Total -!G 

for metal 

binding 

(kJ mol
-1

) 

4 Zn
2+

 2 
5.2(4)  

" 10
-10 

4.3(2)  

" 10
-8

 
  189 

 4 
1.3(3)  

" 10
-9

 

5.3(7)  

" 10
-10

 

3.3(8) 

" 10
-8

 

5.8(8) 

" 10
-8

 
186 

2 Cu
2+ 

1 
1.0(1)  

" 10
-12

 
   136 

 2 
2.5(3)  

" 10
-13

 

1.4(1)  

" 10
-12

 
  138 

2 Ni
2+ 

1 
8.0(9)  

" 10
-9

 
   92 

 2 
9.0(1)  

" 10
-10

 

4.9(5)  

" 10
-9

 
  93 
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2.4 Conclusions 

 

Metal-templated synthesis is a powerful approach for constructing ligands with 

enforced coordination geometries that provide stable and specific metal binding.
22-24

 

We have shown here that such templating strategies used for smaller systems can also 

be applied to proteins, which, owing to their extensive surfaces rich in chemical 

functionality, allow the formation of an extensive network of covalent and non-

covalent interactions around the template. Significantly, the templating of protein 

interfaces around the target metal ion, Zn
2+

, has led to the evolution of a flexible, 

multi-stable protein complex that not only presents an increased bias towards the 

tetrahedral Zn
2+

 coordination geometry, but also towards the Zn
2+

 binding multiplicity 

of four, ultimately resulting in considerable selectivity over other divalent ions 

including Cu
2+

. It is well established that Cu
2+

 can readily outcompete Zn
2+

 (or any 

other physiologically important metal ion) for binding even rigid, tetrahedral 

coordination environments that favor Zn
2+

.
19

 Such thermodynamic dominance by the 

Cu
2+

 ion indeed necessitates various cellular strategies – often operating under kinetic 

control – to be employed for the incorporation of other metal ions into their intended 

protein targets.
25

 Our findings suggest that control of metal binding multiplicity may 

be a viable thermodynamic strategy alongside the design and restraint of the inner-

sphere coordination environment to enhance metal selectivity in natural or synthetic 

systems.  

Our study further demonstrates that cyt cb562 – a monomeric, putative electron 

transfer protein – can be transformed into a Zn-responsive complex through amino 
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acid substitutions that amount to less than 10% of its primary structure. It is 

conceptually straightforward to envision how the Zn4:
C96

RIDC14 architecture can be 

further rigidified and modified around the Zn centers to promote metal-based 

functions such as Lewis acid catalysis. While the role of metal templating in the 

evolution of metalloproteins can only be postulated, MeTIR clearly provides a 

practical route to generating structural and functional diversity. It remains to be seen if 

this approach can also be extended to non-metallic substrates, which could have 

served as nucleants in the early emergence of protein folds.
26,27

 

 

2.5 Materials and Methods  

 

Site-directed mutagenesis and protein expression/purification.  

The T96C mutation was introduced into pET-ridc1
6
 using QuikChange 

(Stratagene) site-directed mutagenesis and primers obtained from Integrated DNA 

technologies, yielding the expression vector pET-
C96

ridc1. pET-
C96

ridc1 was 

transformed into XL-1 blue E. coli cells, purified using the QIAprep Spin Miniprep 

Kit (QIAGEN) and sequenced by Retrogen. pET-
C96

ridc1 was transformed into 

BL21(DE3) E. coli cells along with the ccm heme maturation gene cassette plasmid, 

pEC86.
28

 Cells were plated on LB agar containing 100 µg/ml ampicillin and 34 µg/ml 

chloramphenicol and grown overnight. 3 mL starter cultures were inoculated from the 

resulting colonies, grown to an Abs600 of 0.6 and used to inoculate 1 L of LB medium. 

These 1 L cultures were then incubated for 16 hours with rotary shaking at 250 rpm. 

No induction was necessary.  
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Protein was obtained by sonicating cells in the presence of lysozyme, bringing 

the lysate to pH 5 with HCl and isolating the soluble fraction by centrifugation at 

16,000 g, 4° C, for 1 hr. Initial purification was by cation-exchange chromatography 

on a CM-Sepharose matrix (Amersham Biosciences) using an NaCl step gradient in 

sodium acetate (pH 5). After dialysis into sodium phosphate (pH 8), the protein was 

further purified by anion exchange on an Uno-Q (BioRad) column using a DuoFlow 

chromatography workstation (BioRad) and a linear NaCl gradient. A protein sample 

was then exchanged into water, mixed 1:1 with sinapinic acid matrix (Agilent 

Technologies) and subjected to MALDI mass spectrometry to verify the T96C 

mutation (expected mass 12305 amu, observed 12299 amu). The small mass 

difference is within experimental molecular weight determination using MALDI. 

Dimeric 
C96

RIDC12 was separated from monomeric protein on a preparative 

scale size exclusion chromatography column (GE Healthcare) packed with Superdex 

75 (GE Healthcare) resin equilibrated in 20 mM Tris HCl (pH 7) and 150 mM NaCl. 

Separation of dimer (which effectively is a tetramer at concentrations > 1 mM) from 

monomer was verified by non-reducing SDS-PAGE gel electrophoresis using a 15% 

acrylamide gel.  Typical protein preparations yielded 8-10 mg of protein per liter of 

culture based on an extinction coefficient of 148,000 M
-1

cm
-1

 at 415 nm. After 

purification, dimeric 
C96

RIDC12 was concentrated to ~2 mM using an Amicon stirred 

cell (Millipore), flash frozen in liquid nitrogen and stored at -80° C. 

Analytical ultracentrifugation.  

SV and SE samples were prepared in 20 mM Tris (pH 7) and 150 mM NaCl 

using appropriate volumes of 5 mM metal stock solutions or 50 mM EDTA. After 
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incubating in the presence of M
2+ 

or EDTA for 1 hour,
 
SV measurements were carried 

out at 25 °C on a Beckman XL-I Analytical Ultracentrifuge using an An-60 Ti rotor at 

41,000 rpm for a total of 250 scans per sample. The following wavelengths were used 

to monitor 
C96

RIDC12 sedimentation at different protein concentrations: 415 nm (5 

µM), 440 nm (30 µM). All data were processed using SEDFIT
29

 software with the 

following fixed parameters: buffer density (r) = 1.0049 g/ml; buffer viscosity = 

0.010214 poise; Vbar = 0.73084. 

SE measurements were carried out at 25 °C using speeds between 10,000 and 

20,000 rpm. Scans were taken at 14 and 16 h and visually inspected to verify that 

sedimentation equilibrium was achieved. The following wavelengths were used to 

monitor 
C96

RIDC12 sedimentation at different protein concentrations: 415 nm (1 µM), 

420 nm (2.5 µM), and 500 nm (12.5 µM). Scans taken after 16 h were fit to a 

monomer-dimer (where monomer = 
C96

RIDC12) or a dimer-only model using 

SEDPHAT.
30

 The molecular mass of 
C96

RIDC12 (24610 Da) and the menisci were 

fixed while floating the association constant. Standard deviation for the resulting 

log10(K) value was determined through Monte-Carlo analysis within SEDPHAT.
30

  

Crystallography (See Table 2.2).  

All crystals were grown by sitting drop vapor diffusion at room temperature 

(20-25 °C) in drops consisting of 2 µL of protein and 1 µL of precipitant solution. For 

apo and Zn
2+

 crystals, a 2.1 mM protein stock solution in 20 mM Tris (pH 7) and 150 

mM NaCl was used. The precipitant solution for apo-
C96

RIDC14 crystals consisted of 

100 mM Bis-Tris (pH 6.5) and 30% PEG 400. The precipitant solution for 

Zn4:
C96

RIDC14 crystals was 100 mM Tris (pH 7.5), 20% PEG 2000 and 2.5 mM 
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ZnCl2.  Crystallization of C96RIDC14 in the presence of Zn and Cu (Zn/CuC96RIDC14) 

was performed by incubating 60 µM protein with one molar equivalent of Zn for one 

hour followed by addition of one equivalent of Cu and incubation overnight to ensure 

the formation of the thermodynamic product. The mixture was then concentrated to 

2.6 mM using 4 mL Amicon Ultra (Millipore) centrifugal filters. Crystallization was 

performed as above with a precipitant solution consisting of 24% PEG 2000 and 100 

mM  Bis-Tris (pH 6.5). Crystals used for diffraction were exchanged stepwise into a 

solution containing 20% glycerol as a cryoprotectant and frozen in liquid nitrogen or 

directly in the cryostream.  

Diffraction data were collected at the Stanford Synchrotron Radiation 

Laboratory (SSRL) Beamline 9-2 for C96RIDC14 and Zn4:
C96RIDC14 or Beamline 7-1 

for Zn/CuC96RIDC14 at 100 K. 1.0-Å radiation datasets were collected for all crystals 

and additional datasets were collected using 1.28-Å and 1.38-Å radiation, 

corresponding to Zn and Cu K edges, respectively, for Zn/CuC96RIDC14.
 The data 

were processed using MOSFLM and SCALA.31 The structures of C96RIDC14, 

Zn4:
C96RIDC14 and Zn/CuC96RIDC14 were determined at 2.05, 2.35 and 2.1 Å 

resolution, respectively, by molecular replacement with MOLREP,32 using the RIDC1 

monomeric structure (PDB ID: 3HNI) as the search model. Rigid-body, positional and 

thermal refinement with CNS33 or REFMAC,34 along with manual model rebuilding 

and water/ligand placement with XFIT35 or COOT36 produced the final models. For all 

structures, non-crystallographic symmetry (NCS) restraints (tight main-chain and 

medium side-chain restraints) were applied throughout the positional/thermal 

refinement process. The Ramachandran plots were calculated with PROCHECK.37 All 
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figures were produced with PYMOL (www.pymol.org). Data collection and 

refinement statistics are summarized in Table 2.2. 

Inductively-coupled plasma-optical emission (ICP-OES) spectroscopy.  

ICP-OES samples were in 20 mM MOPS (pH 7) and 150 mM NaCl or 20 mM 

Tris (pH 7) and 150 mM NaCl. To determine the stoichiometry of metal binding to 

C96
RIDC14, 60 µM protein was incubated with one or two molar equivalents of the 

desired metal ion. For competition studies, 60 µM protein was incubated with one 

molar equivalent of Zn
2+

 for one hour, after which, one, ten or one hundred molar 

equivalents of competing metal (M
2+

) were added, bringing the final volume to 1 ml. 

The same experiments were also done in reverse order. All samples were allowed to 

equilibrate overnight at room temperature and free/loosely bound metal was 

subsequently removed using a 10DG gel filtration column (Bio-Rad). Samples were 

prepared for ICP-OES by diluting 1.3 mL of protein solution collected off the 10DG 

column to a final volume of 2 ml and adding 90 µl of 69% reagent grade nitric acid 

(Fluka) to achieve a final concentration of 3%. Standards were prepared from 1000 

ppm certified ICP-OES metal stock solutions (Ricca) by mixing equal volumes of all 

metal analytes and diluting to a final concentration of 200 ppm of each metal. A 

standard curve with eleven points between 0.05 and 10 ppm was then constructed by 

diluting appropriate volumes of the 200-ppm stock to 10 ml with 3% nitric acid in 

deionized water. Data were collected on a Perkin-Elmer Optima 3000 DV ICP-OES 

spectrometer located at the Analytical Facility of the Scripps Institute of 

Oceanography. Because each 
C96

RIDC1 monomer contains one Fe atom as part of the 

covalently linked heme molecule, the experimentally determined M(II):Fe ratios 
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directly yielded the M
2+

:protein ratios. Wavelengths used for the detection of various 

metal ions were as follows:  Mg (279.077, 280.271 and 285.213 nm), Ca (315.887 and 

317.993), Fe (234.349, 238.204, 239.562, 259.939 and 273.055 nm), Co (228.616 and 

238.892 nm), Ni (221.648 and 231.604 nm), Cu (224.7, 222.778, 221.459, 327.393 

and 324.752 nm), and Zn (202.548, 206.2 and 213.857 nm). Values reported for each 

metal are averages of those for all wavelengths indicated.  

Competitive binding assays using nitrilotriacetic acid (NTA).  

The stability constant for Zn
2+

 binding to 
C96

RIDC14 was determined based on 

a previously published protocol for the determination of uranyl binding to NikR,
10

 

with the exception that NTA was substituted as the competing ligand. Titrations were 

performed in 20 mM MOPS (pH 7) and 150 mM NaCl at 22 °C.  Trace metal was 

removed from all buffers by passage through a Chelex 100 (Bio-Rad) column. 

For each titration point, 22 µM protein was mixed with 28 µM of Zn and 

variable amounts of NTA. Samples were allowed to equilibrate overnight at room 

temperature and subsequently centrifuged in 0.5 mL Amicon Ultra (Millipore) protein 

concentrators (10 KDa MW cutoff) for ten minutes at 2000 rpm to allow free Zn, free 

NTA and NTA:Zn to pass through the membrane. Zn concentrations were determined 

for the flow-through and protein chamber at each titration point using 4-(2-

pyridylazo)resorcinol (PAR), which exhibits an increase in aborbance at 500 nm upon 

binding Zn (!"500 = 59100 M
-1

cm
-1 

in buffer and 54800 M
-1

cm
-1 

in 5 M guanidine 

hydrochloride), essentially as previously described.
11

 To a 1 cm pathlength cuvette 

was added 1800 µL of 1 mM PAR and the absorbance spectrum recorded. 

Subsequently, 100 !l of flow-through was added, allowed to stir for five minutes to 
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ensure that equilibrium had been reached, and absorbance at 500 nm was again 

recorded. Metal content in the protein chamber was determined similarly to flow-

through samples, except that 1800 µl of 5 M buffered guanidine hydrochloride was 

used to denature protein and allow the complete release of bound metal for 

measurement. Absorbance at 500 nm was corrected for dilution and protein 

absorbance, and Zn concentrations determined using the !"500 values listed above. 

The fraction of protein bound to metal as a function of competing ligand 

concentration was determined by the following equation: 

      

! 

fractionbound =
[M]

P.C.
" [M]

F.T.

[P]
T

 

where [M]P.C. is the concentration of metal in the protein chamber, [M]F.T. is the 

concentration of metal in the flow-through and [P]T is the total concentration of 

protein measured after centrifugation. For calculating dissociation constants, the 

concentration of free metal was determined based on the concentration and 

dissociation constant of the competing ligand (NTA) and metal in the flow-through 

using the program MaxChelator (http://maxchelator.stanford.edu). The data were fit to 

the following models
38

 using Igor Pro v. 6.02a (Wavemetrics, Inc.).  
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where B is the molar equivalents of metal bound per 
C96

RIDC14, n is the number of 
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binding sites, [M] is the concentration of free metal and K1-4 are stoichiometric 

association constants. Equation (1) assumes four identical binding sites with invariant 

affinities. Equation (2) assumes two stepwise binding events each of which involves 

binding of two Zn
2+

.  Equation (3) assumes four stepwise binding events. 

Binding affinity of Fura-2 for Ni
2+

, Cu
2+

 and Zn
2+

.  

1 mg of lyophilized Fura-2 (Invitrogen) was suspended in 1 mL of deionized 

water and its concentration was determined based on a published extinction coefficient 

of 27,000 M
-1

cm
-1

 at 362 nm.
39

 EGTA competition binding assays were used to 

determine dissociation constants for Ni
2+

, Cu
2+

 and Zn
2+ 

using the following 

EGTA:M
2+ 

logK values obtained from the online program MaxChelator 

(http://maxchelator.stanford.edu): Cu
2+

:EGTA – 13.2, Ni
2+ 

– 9.0, Zn
2+ 

– 8.1. These 

values are corrected for pH, temperature and ionic strength. In a 3 mL quartz cuvette, 

11 µM Fura-2 was mixed with 100 µM EGTA in 20 mM MOPS (pH 7) and 150 mM 

NaCl to a final volume of 2 mL at 22 °C. M
2+ 

was titrated into the solution with an 

equilibration time of 10 minutes at ambient conditions between each addition, and 

absorbance spectra were recorded from 190-800 nm using a Hewlett Packard 8452A 

diode array spectrophotometer (Figure 2.14). For Cu
2+

, a separate titration into a 

solution of 100 µM buffered EGTA was conducted and subtracted from the Fura-2 

titration points to account for absorbance from aqueous Cu
2+ 

and the Cu
2+

:EGTA 

complex. Absorbance and M
2+ 

concentrations were corrected for dilution and data 

were fit to a 1:1 M
2+

:Fura-2 model using DynaFit
40

 scripts (Appendix) modeling the 

competition between EGTA and Fura-2 for M
2+

. The Zn
2+

:Fura-2 value determined by 

this method (logK = 8.2) compares favorably with a value previously determined at 
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pH 7.15 (logK = 8.5).
41

 The logK values determined for the Fura-2 complexes of Cu
2+

 

and Ni
2+

 complexes are 12.5 and 8.2, respectively. 

Competitive binding assays using Fura-2.  

Competition assays using the Fura-2:M
2+

 dissociation constants determined 

above were used to measure 
C96

RIDC14:M
2+ 

affinities. Prior to measuring binding 

constants, 
C96

RIDC14 was fully demetallated by addition of a 10-fold molar excess of 

EDTA relative to 
C96

RIDC14. After demetallation, it was essential to ensure that all 

EDTA was removed from protein stocks to prevent it from competing with protein and 

Fura-2 for metal binding throughout the assay. This was accomplished by passage 

through a 10DG desalting column followed by concentration and further buffer 

exchange (10 times) in an Amicon Ultra microspin column.  After demetallation, 

competition assays were performed in a 3-mL quartz cuvette, in which a stock solution 

of 
C96

RIDC14 was diluted to 7.5 µM in 20 mM MOPS (pH 7) and 150 mM NaCl at 

22° C and absorbance was recorded. Fura-2 was then added to a final concentration of 

10 µM and absorbance was recorded again. Stock metal solutions were then titrated 

into the Fura-2/
C96

RIDC14 mixture in ~2 µM steps, allowed to equilibrate with stirring 

for 10 minutes at ambient conditions and absorbance recorded. Protein and metal 

concentrations were corrected for dilution, protein absorbance was subtracted from 

total absorbance and plots of Abs373 versus total metal added were fit to various 

models using custom DynaFit scripts (see Appendix 1).  
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Table 2.2. X-ray data collection and refinement statistics. (* denotes highest resolution 
shell). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 96C
RIDC14 Zn4:

96C
RIDC14 Cu/Zn4:

96C
RIDC14 

Data collection location SSRL BL 9-2 SSRL BL 9-2 SSRL BL 7-1 

Unit cell dimensions 
(Å) 

69.2 x 69.2 x 186.9 

! = " = # = 90° 

63.3 x 76.8 x 177.6 

! = " = # = 90° 

63.5 x 78.1 x 178.3 

! = " = # = 90° 

Symmetry group I41 P212121 P212121 

Resolution (Å) 46.3 – 2.05 88.8 – 2.35 89.2 – 2.10 

X-ray wavelength (Å) 0.98 0.98 1.00 

Number of unique 
reflections 

27287 36701 49272 

Redundancy 5.0 4.0 9.5 

Completeness (%)* 99.6 (100) 99.5 (99.9) 93.6 (84.2) 

$I / %I&* 10.8 (1.5) 4.9 (1.8) 4.0 (1.5) 

Rsymm* (%) 8.0 (44.8) 9.8 (35.6) 10.2 (17.6) 

Rwork/Rfree (%) 22.9 / 27.7 22.8 / 29.6 22.5 / 27.1 

Number of atoms    

 Protein 3272 6544 6544 

 Ligands/ions 171 352 352 

 Water 236 145 395 

B-factors (Å2)    

 Protein 37.2 47.0 27.2 

 Ligands/ions 30.1 41.9 27.0 

 Water 42.4 42.4 31.4 

R.m.s deviations    

 Bond lengths (Å)  0.015 0.016 0.009 

 Bond angles (°) 1.46 1.37 1.01 
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Figure 2.14. Binding isotherms and UV-vis spectra for fura-2-EGTA competition 

binding experiments. (a) Binding isotherm for 11 µM fura-2 and 94 µM EGTA 

titrated with Zn
2+

. (b) UV-vis spectra corresponding to individual points in (a). (c) 

Binding isotherm for 11 µM fura-2 and 94 µM EGTA titrated with Cu
2+

. (d) UV-vis 

spectra corresponding to individual points in (c). (e) Binding isotherm for 11 µM fura-

2 and 94 µM EGTA titrated with Zn
2+

. (f) UV-vis spectra corresponding to individual 

points in (d). All titrations were fit to 1:1 M
2+

:Fura-2 and 1:1 M
2+

:EGTA using 

DynaFit. In b, d and f, arrows correspond to an increase or decrease at the indicated 

wavelengths upon Zn addition of M
2+ 
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Chapter 2 is reproduced in part with permission from Brodin, J. D., Medina-

Morales, A., Ni, T., Salgado, E. N., Ambroggio, X. I., Tezcan, F. A. 2010. Evolution 

of Metal Selectivity in Templated Protein Interfaces. J. Am. Chem. Soc. 132, 8610-

8617. Copyright 2010 American Chemical Society. 
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Chapter 3: Metal-directed, Chemically Tunable Assembly of One-, Two- and 

Three-Dimensional Crystalline Protein Arrays 

 

3.1 Abstract 

 

Proteins represent the most sophisticated building blocks available to an 

organism or the laboratory chemist. Yet, in contrast to nearly all other types of 

molecular building blocks, the designed self-assembly of proteins has been largely 

inaccessible owing to the chemical and structural heterogeneity of their surfaces. To 

circumvent the challenge of programming extensive non-covalent interactions for 

controlling protein self-assembly, we previously (See Chapters 1 and 2) exploited the 

directionality and strength of metal coordination interactions to guide the formation of 

closed, homoligomeric protein assemblies and showed that those assemblies exhibited 

high metal affinities and selectivity for the templating metal. Here, we greatly expand 

the scope of this approach by showing that it can by used to engineer protein arrays 

with long range order and short range periodicities. We show that a monomeric 

protein with properly oriented coordination motifs on its surface can arrange upon 

metal binding into one-dimensional nanotubes, and two- or three-dimensional 

crystalline arrays whose dimensions collectively span nearly the entire nano- and 

micrometer length scale. Additionally, due to the nature of metal binding, the 

assembly of these arrays is tunable through external stimuli, such as metal 

concentration and pH. 
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3.2 Introduction 

 

Proteins are nature’s most versatile building blocks, programmed at the genetic 

level to perform myriad functions and largely responsible for the complexity of an 

organism. The exquisite, error-free self-assembly of proteins into ordered and dynamic 

nano- and microscale architectures, such as 0D virus capsids, 1D microtubules and 2D 

bacterial surface layers (S-layers), is a cornerstone of life
1
 and has served as a major 

inspiration for synthetic supramolecular chemistry
2
 and nanoscience

3
. In fact, such 

self-assembled protein arrays themselves have been widely exploited as well-ordered 

and genetically/chemically modifiable structural templates in numerous 

nanotechnological applications
4-6

. A bottom-up strategy for arranging proteins into 

periodic structures would expand upon these applications by allowing access to novel 

biological polymers that incorporate the wide range of chemical functionalities 

afforded by the proteins.  

 In contrast to simpler building blocks such as DNA
7,8

, RNA
9,10

, and 

peptides
11,12

, the designed self-assembly of proteins has largely been inaccessible due 

to the chemical heterogeneity and size of the molecular surfaces required for protein-

protein interactions
13

. Previous efforts in designed protein self-assembly have had 

limited success: they have generally required building blocks with high preexisting 

symmetry, allowed little or no external control over self-assembly, and yielded static 

protein architectures that did not display long-range order beyond a few hundred 

nanometers
14-18

.  
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 Inspired by efforts in supramolecular coordination chemistry,
19-21

 we have 

adopted the strategy of using directional metal coordination bonds to control protein 

self-assembly, which led to the facile generation of discrete superprotein 

architectures
22,23

. In this study, we dramatically expand the range of structures that can 

be formed through this approach from small oligomers to 1, 2, and 3D periodic arrays. 

The premise of our approach is that metal-bonding interactions capture all salient 

features of protein-protein interactions (stability, specificity, directionality, symmetry, 

reversibility) on a much smaller surface than is needed by non-covalent interactions, 

and thus require “little design”. Additionally, the use of metal coordination for the 

formation of supramolecular assemblies allows for formation of energetically stable 

structures with long-range order rather than disordered aggregates. Importantly, 

chemical control and tunability are inherent in this approach: metal-directed protein 

self-assembly is, by default, dependent on external stimuli (i.e., metal binding or any 

stimulus that affects metal coordination), and all defining features of protein self-

assembly listed above can be dictated by the choice of the metal ion and the 

coordination motif.  

 Using this approach, we show here that a monomeric protein (cytochrome 

cb562) with properly oriented metal coordinating motifs on its surface can self-

assemble upon Zn
2+

 binding into 1D helical nanotubes, and 2- or 3D crystalline arrays. 

The dimensions of these arrays collectively span nearly the entire nano- and 

micrometer scale (5 nm - 200 !m). In-depth characterization by X-ray crystallography 

and image reconstruction of cryo-TEM micrographs revealed the structural basis of 
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cyt cb562 self-assembly in atomic detail, and guided the design of a variant whose 3D 

assembly was further controlled by surface-attached functional groups.  

 

3.3 Results and Discussion 

 

Design of a self-assembling building block, RIDC3.  

Previously, we used the four-helix-bundle heme protein, cyt cb562, as a 

building block because it is stable, monomeric at mM concentrations, and has a 

compact, cylindrical shape
22

. We showed that the cyt cb562 variant, MBPC1, with just 

two metal-chelating bis-histidine motifs (His59/His63 and His73/His77) on its surface, 

assembled into discrete oligomeric states upon stoichiometric Zn
2+

, Cu
2+

 or Ni
2+

 

binding
24,25

. When Zn
2+

 was added in greater than 1.5-fold molar excess, MBPC1 

formed heterogeneous aggregates, which we attributed to multiple and indiscriminate 

modes of Zn-mediated interprotein coordination. Combining the symmetry- and 

directional bonding-based self-assembly strategies of others
17,19,20

, we posited that, if 

two or more selective Zn coordination sites on the MBPC1 surface could be stabilized 

in appropriate orientations relative to each other, it should be possible to dictate the 

self-assembly of the protein into regular, extended arrays through metal coordination. 

 Here we accomplished this using RIDC3 

(RosettaInterfaceDesignedCytochrome3) (Figure 3.1a), which incorporates ten 

Rosetta
26

-prescribed surface amino acid substitutions (K27E, D28K, T31E, R34L, 

L38A, Q41L, H59R, D66A, V69M, L76A) into MBPC1. These mutations stabilize a 

C2- symmetric dimer (the “C2-dimer”) that forms upon Zn
2+

 binding by His73 and 
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Figure 3.1. Design and initial crystallographic characterization of RIDC3. a) 

Cartoon representation of the RIDC3 monomer. Surface residues predicted by 

RosettaDesign to stabilize the Zn-induced RIDC3 dimer, the high-affinity and the 

low-affinity Zn binding sites are highlighted as cyan, magenta and pink sticks, 

respectively. b) Zn binding by RIDC3 produces a C2-symmetric dimer (Zn2:RIDC32 

or C2-dimer) with two orthogonal coordination vectors (red and blue arrows) 

originating from the two high-affinity Zn sites. The C2-dimer geometry is derived 

from the structure of the Zn-mediated tetramer of MBPC1 (Zn4:MBPC14) as 

illustrated in Supplementary Figure 3.2) Rotated view of the C2-dimer showing the 

crystallographically observed hydrophobic (dashed green lines) and polar (dashed red 

lines) interactions in the dimeric interface. d) Pairwise Zn coordination interactions 

between neighboring C2-dimers involving the high-affinity sites and E81 (inset) in the 

lattice leads to a helical 1D chain. Shown below is a cartoon representation of the C2-

dimer units in this chain, illustrated as pairs of blue and red arrows that approximately 

represent the direction of Zn coordination vectors. 

 

 

His77 from one monomer and His63 from the other (the ”high-affinity site”, Figure 

3.1b); this particular Zn coordination mode and the resulting C2-dimer geometry were 

derived from the structure of the Zn-directed tetramer of MBPC1
24

 (Figure 3.2). Each 

RIDC3 monomer also possesses a weaker metal binding site (the “low-affinity site”) 

formed by the N-terminal alanine and Asp39, which we have seen in various cyt cb562 

structures (PDB IDs: 3QVY, 3QVZ, 3DE9). C2-dimers contain three key design 
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Figure 3.2. The derivation of the C2-dimer geometry from the Zn4:MBPC14 

architecture. MBPC1 is a derivative of cytochrome cb562, decorated with two metal-

chelating motifs (H59/H63 and H73/H77) on its surface. Upon equimolar Zn
2+ 

addition, MBPC1 assembles into a D2 symmetric tetramer, Zn4:MBPC14, which is 

held together by four equivalent Zn ions coordinated to H73/H77 from one monomer, 

H63 from a second, and D74 from a fourth. Because of its D2 symmetry, Zn4:MBPC14 

contains three C2 symmetric interfaces (i1, i2, i3), of which only i1, i2 are shown 

above. This means that Zn4:MBPC14 can be halved in three different orientations to 

obtains three alternative sets of C2 symmetric dimers. The particular C2-dimer 

geometry that constitutes the focus of this study (and is stabilized by surface 

mutations to produce RIDC3) is obtained by halving Zn4:MBPC14 along i2, which 

yields two equivalent, three-coordinate Zn coordination sites formed by H73/H77 

from one monomer and H63 from the second. The coordination vectors originating 

from these coordination sites are depicted as red and blue arrows.  

 
elements: 1) The tricoordinate high- and low-affinity sites provide stable and selective, 

yet labile, Zn
2+

 binding motifs that allow metal-directed self-assembly to proceed 

under thermodynamic control. 2) Each metal-binding motif leaves one Zn 

coordination site open for binding to another C2-dimer. Coordination vectors 

originating from the high-affinity sites are nearly orthogonal to one another, 

suggesting that they could promote the self-assembly of C2-dimers in two 

perpendicular directions. 3) Small, hydrophobic residues are incorporated into the 

center of the dimeric interface for enhanced stability, and polar residues are 

incorporated onto the periphery for geometric specificity (Fig. 3.1c), generating a 

pattern commonly observed in transient, but specific protein-protein interactions
27

.  
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Figure 3.3. Sedimentation coefficient distributions for RIDC3 as determined by 

analytical ultracentrifugation. Samples were prepared at 5 µM (light blue) or 600 
µM (blue) RIDC3 in the presence of equimolar Zn or 600 µM (red) RIDC3 in the 
presence of 5 mM EDTA. We attribute the tetrameric species populated at 600 µM 
RIDC3+ 600 µM Zn to the Zn1-linked dimer of C2-dimers observed in both the PEG-
precipitated (Fig. 3.1) and Zn-directed (Fig. 3.11) crystals. 
  Sedimentation velocity experiments showed that RIDC3 was monomeric, but 

that it fully converted into a dimeric form upon binding equimolar Zn2+ at 5 !M 

concentration (Figure 3.3). The 2.3 Å crystal structure of the Zn-mediated dimer 

(Zn2:RIDC32), obtained using polyethylene glycol (PEG)-precipitated crystals, 

confirmed that it possessed the desired C2-dimer geometry. The overall root mean 

square deviation (rmsd) in the !-C positions between the crystallographically-

determined and the Rosetta-predicted C2-dimer conformations is <0.6 Å (Figure 3.4). 

In the crystal lattice, C2-dimers formed 1D coordination polymers, in which each 

high-affinity-site-bound Zn is ligated to E81 from a neighboring dimer (Figure 3.1d). 

This arrangement provided the first evidence that C2-dimers might indeed self-

assemble into extended arrays in solution, particularly in the presence of excess Zn2+. 
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Figure 3.4. Superposition of Rosetta-predicted (magenta) and 

crystallographically-determined (grey) Zn2:RIDC32 (C2-dimer) structures. 

 
Zn-directed self-assembly of RIDC3 in solution.  

We examined RIDC3 self-assembly in solution with respect to Zn and RIDC3 

concentrations and pH, the parameters expected to govern Zn-RIDC3 interactions. The 

macroscopic and microscopic characteristics of RIDC3 self-assembly as a function of 

the [Zn]:[RIDC3] ratio at [RIDC3]=50 !M and pH=5.5 were monitored by light and 

electron microscopies (Figure 3.5). It is important to note that RIDC3 concentrations 

used here are significantly lower than those (>2 mM) needed during conventional cyt 

cb562 crystallization procedures that require precipitants like PEG. Upon Zn addition, 

RIDC3 rapidly formed precipitates, which evolved into planar, rectangular crystalline 

arrays over the course of several days (Figure 3.6). We refer to these as “arrays” rather 

than “crystals” to emphasize that they are obtained by bottom-up self-assembly. These 

2D arrays decreased in size as the [Zn]:[RIDC3] ratio was increased (Fig. 3.5a). The 

lattice parameters for all 2D arrays were identical within experimental error (a=37±1 
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Figure 3.5. Zn-induced RIDC3 self-assembly in solution characterized by light 

and electron microscopy. (a) Dependence of the morphology of self-assembled 

RIDC3 arrays on the [Zn]:[RIDC3] ratio at [RIDC3]=50 µM and pH=5.5. (b), 

Dependence of the morphology of self-assembled RIDC3 arrays on pH at 

[RIDC3]=100 µM and [Zn]=300 µM. These microscopy images illustrate a trend of 

decreasing array size with either an increase in the [Zn]:[RIDC3] ratio (a) or an 

increase in pH (b). For [Zn]:[RIDC3]=2 at pH=5.5 (column i in a), only macroscopic 

crystalline arrays were observed and were viewed by light microscopy with (top) and 

without (bottom) polarizers. The birefringence of the RIDC3 arrays is indicative of 

crystalline order. In all other experiments, the top and the bottom rows show low and 

high magnification TEM images, respectively, with the computed Fourier transforms 

of the high-magnification images shown as insets. Discrete reflections in the Fourier 

transforms with identical spacings under all conditions demonstrate that all RIDC3 

arrays are crystalline and contain the same underlying two-dimensional lattice. The 

overlapping lattice axes in the tubular structures (column iv) are highlighted with 

black and red arrows (bottom right of transform).  
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Figure 3.6. Time course of Zn-directed RIDC3 self-assembly monitored by TEM. 
For sample preparation, 3 !L aliquots of a solution containing 100 mM RIDC3 and 
300 mM Zn at pH=5.5 were pipetted onto carbon-coated Cu grids and stained with 
uranyl acetate. These images reveal mostly small, disordered aggregates until Day 2, 
after which large crystals (shown with arrows) begin to appear.  

 
Figure 3.7. Width distributions of negatively stained RIDC3 nanotubes. (a) 
Solutions containing 450 µM RIDC3 and 4.5 mM Zn were deposited on carbon-
coated Cu grids and stained with uranyl acetate. After imaging at a nominal 
magnification of 25,000x, 125 independent width measurements were taken manually 
using Image J, binned into 4 nm ranges and the frequency of each range was plotted. 
(b), A solution of 100 µM RIDC 3 and 300 µM Zn was imaged and analyzed 
identically to (a). 

Å, b=137±1 Å, a=90±1°), indicating that they share the same underlying 2D 

arrangement of RIDC3 molecules. At 100-fold excess Zn, the arrays converted into 

uniformly thin, unbranched tubes up to 15 !m long and with widths distributed around 

80 nm (Figure 3.5a and Figure 3.7). Fourier transforms computed from transmission 

electron microscopy (TEM) images of these tubes indicated the presence of two, 

mirror-symmetric lattices (interlattice angle ~85°). Such overlapping lattices are 
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typical of hollow, helical tubes flattened during specimen preparation for negative-

stain TEM 
28

 

The same morphological trend was observed at a higher [RIDC3] (400 !M), 

except that the transitions occurred at lower [Zn]:[RIDC3] ratios (Figure 3.8). 

Similarly, when pH was raised from 5.5 to 8.5 at a fixed [Zn]:[RIDC3] ratio, the 

morphology of the assembled arrays gradually changed from 2D plates into helical 

nanotubes (Figure 3.5b). Under these conditions, the lattice constants remained the 

same as those at pH=5.5. However, the nanotubes obtained at pH=8.5 featured a 

different interlattice angle (~60°) and greater width (~90 nm, Figure 3.7), indicating 

pH-dependent polymorphism. All RIDC3 assemblies were stable for at least six 

months at room temperature and remained intact upon exchange into a solution with 

no Zn, but could be dissolved by adding ethylenediaminetetraacetic acid (EDTA). 

Nanotubes obtained at pH=8.5 fully converted into 2D arrays upon lowering the pH to 

5.5, but this transition was not reversible. 

 Based on these results, we propose a mechanism for the Zn-mediated self-

assembly of RIDC3 (Figure 3.9a), in which all observed arrays originate from 2D 

nuclei that have the same arrangement of RIDC3 molecules. At high [Zn]:[RIDC3] 

ratios or at high pH, where the high-affinity sites are fully deprotonated, Zn-RIDC3 

interactions are favored and nucleation is rapid, resulting in a large number of small 

nuclei that “roll up” into helical nanotubes. This hypothesis is supported by the 

observation of monolayered, 2D sheets at intermediate maturation times at pH=8.5 

and near the frayed ends of the nanotubes (Figure 3.9b). At pH=5.5, where the high-

affinity sites are partially protonated, and at low [Zn]:[RIDC3] ratios, nucleation is 
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Figure 3.8. Zn-induced RIDC3 self-assembly in solution characterized by light 

microscopy and TEM after negative staining.. For all images, [RIDC3]=450 µM 

and pH=5.5. At a 1:1 Zn:protein ratio (first column), only macroscopic crystals are 

observed and were characterized by light microscopy with (top) and without (bottom) 

polarizers. For all other cases, the top and the middle rows show low and the high 

magnification TEM images, respectively, with the Fourier transforms of the latter 

given in the bottom row. The overlapping lattice axes in the tubular structures are 

illustrated as black and red arrows. 

 
relatively slow, yielding a smaller number of large 2D sheets. Because RIDC3 (pI = 

5.3) is essentially charge neutral at this pH, repulsion between RIDC3 molecules is 

minimized, which encourages stacking and lateral growth. As demonstrated by the 

structural studies described below, the crystalline RIDC3 arrays are products of Zn-

directed self-assembly and do not result from chemically-indiscriminite protein 

precipitation caused by changes in pH or [Zn]. 
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Figure 3.9. Model for RIDC3 self-assembly. (a) Hypothetical model for Zn-

mediated RIDC3 self-assembly under fast and slow nucleation conditions. Fast 

nucleation/growth conditions (high pH or high [Zn]:[RIDC3] ratio) promote the 

formation of many 2D nuclei, which “roll up” into helical nanotubes. Under slow 

nucleation conditions (low pH and low [Zn]:[RIDC3]), a smaller number of large 2D 

nuclei form, which can stack up in the third dimension due to the lack of repulsive 

interactions near the isoelectric point (pI = 5.3) of RIDC3.  (b) TEM images of a 2D 

RIDC3 ribbon and a tubular structure with frayed ends, illustrating the interconversion 

between tubular and sheet-like morphologies. Shown in the right bottom corner is the 

2D image reconstruction of a single-layered portion of the ribbon, indicating the 

molecular arrangement of RIDC3 molecules. 

 
Structural basis of RIDC3 self-assembly 

 To help determine the structural basis of Zn-mediated RIDC3 self-assembly, 

we set out to grow 3D arrays large enough for X-ray diffraction analysis. This was 

accomplished by further retarding the nucleation rate via the use of a weakly 

coordinating buffer. Using this strategy, anisotropic planar crystals (!200 ! 20 ! 5 

"m
3
)  (Figure 3.10) were obtained in a pH=6.0 solution that contained 2.5 mM 

RIDC3, 8 mM Zn
2+

, and 200 mM bis-Tris, which acted as a dual pH and Zn buffer. 
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Figure 3.10. Light micrographs of Zn-directed, 3D RIDC3 crystalline arrays 

used for X-ray diffraction studies. 

The X-ray crystal structure of 3D Zn-RIDC3 arrays, determined at 2.3-Å resolution 

(Table 3.1), corroborated our self-assembly model and revealed the central role of Zn 

coordination. The b and c axes of these 3D arrays (C2 spacegroup, a=95.6 Å, b=37.8 

Å, c=138.5 Å, != 112.6°) match the lattice constants determined for the 2D arrays.  

 Intermolecular associations between RIDC3 molecules in the bc-plane are 

mediated entirely through three different types of Zn coordination at the previously 

described high- and low-affinity sites and involve no other surface contacts (Figures 

3.11a and 3.11b). The layers are built through the repetition of the stabilized C2-

dimers (depicted as a pair of dark and light grey monomers). The observed 

arrangement of C2-dimers perfectly matches the pattern seen in monolayered, 2D 

sheets (Fig. 3.9b, see Figure 3.12 for an overlay). Geometric relationships between the 

Zn-mediated protein interactions in the bc-layer are best understood by considering a 

single C2-dimer as the origin of nucleation (green shaded box in Figures 3.11a and 

3.11c). The orthogonal Zn1 and Zn2 coordination vectors that originate from the two 

high-affinity sites are the key determinants of crystal growth along the c and b cell 
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Figure 3.11. Structural basis of Zn-mediated RIDC3 assembly. (a) 

Crystallographically-determined molecular arrangement in 2D Zn-RIDC3 sheets, 

viewed normal to the bc plane of 3D crystalline arrays. A single C2-dimer is 

highlighted in the shaded green box. (b) Close-up view of the three different Zn 

coordination environments that enable RIDC3 self-assembly in two dimensions. Zn1 

and Zn2 sites are formed by the high affinity coordination motif described in Figure 

3.1, whereas Zn3 is formed by the low affinity coordination motif. (c) Close-up view 

of the T-shaped boxed area in (a). (d) Contacts between each 2D RIDC3 layer, 

responsible for growth in the third dimension, are highlighted in shaded green boxes 

and detailed in e. 

 

axes, respectively, and yield the 90º angle between them. Along the c axis, two C2-

dimers interconnect through pairwise Zn1-Glu81 interactions (same mode of 

interaction as in Figure 3.1). Along the b axis, neighboring C2-dimers connect in a 

head-to-tail fashion through Zn2 and Glu49 (“E491”), giving rise to an infinite chain. 

Finally, a second set of pairwise interactions mediated by Zn3 bound to a low-affinity 

site and a second Glu49(“E492”) introduce 2-fold symmetry normal to the bc-plane, 

allowing propagation along c and formation of the 2D array. As opposed to these 
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Figure 3.12. Superposition of Zn1-linked dimers of C2-dimers onto a 2D 

projection map of negatively-stained, monolayered RIDC3 sheets obtained at pH 

8.5. The opposing rows composed of two-fold symmetrical, bilobed densities can be 
well modeled with Zn1-linked dimers of C2-dimers (Zn4:RIDC34) present both in 
Type 1 (PEG-precipitated) and Type 2 (Zn-directed) crystals. See Appendix 2 for a 
description of the 2D reconstruction process. 

strong Zn-mediated interactions, growth along the a axis involves two small (<250 Å2) 

surface patches of polar interactions between the 2D layers (Figures 3.11d and e). 

These only promote crystal growth along a when the interlayer repulsions are 

minimized at low pH (5.5-6.0). 

 To complete our characterization of RIDC3 arrays, we determined the structure 

of non-flattened RIDC3 nanotubes using cryo-TEM. Images of the pH=5.5 nanotubes 

(Figure 3.13a) that have C9 helical symmetry (See Appendix 3 for symmetry 

derivation) were processed using helical, real-space reconstruction methods29, which 

yielded a final map at near-nanometer resolution (Figures 3.13b and 3.13c). Each 

subunit of the tube contains four discrete densities, each of whose volume is consistent 

with a C2-dimer. The outer and inner surfaces of the nanotubes display the same 
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Figure 3.13. RIDC3 nanotube structure and assembly. (a) A typical vitrified, 

unstained nanotube used for helical cryo-EM reconstruction. (b) Tetrameric RIDC3 

units (Zn1-linked dimer of C2-dimers) modeled into the reconstructed tube density 

map. (top) View of the outer surface showing the alternating orientations (cyan and 

magenta) of tetrameric units; (middle) closeup view of tube surface with modeled 

tetramers; (bottom) lateral view of the tube highlighting its curvature. (c) Radially 

color-coded representations of the outer (top) and inner (bottom) surfaces of the 

reconstructed nanotube revealing ridges and plateaus consistent with the X-ray crystal 

structure.(a). Crystallographically-determined molecular arrangement in 2D Zn-

RIDC3 sheets, viewed normal to the bc plane of 3D crystalline arrays. A single C2-

dimer is highlighted in the shaded green box. (b) Close-up view of the three different 

Zn coordination environments that enable RIDC3 self-assembly in two dimensions. 

Zn1 and Zn2 sites are formed by the high affinity coordination motif described in 

Figure 1, whereas Zn3 is formed by the low affinity coordination motif. (c) Close-up 

view of the T-shaped boxed area in (a). (d) Contacts between each 2D RIDC3 layer, 

responsible for growth in the third dimension, are highlighted in shaded green boxes 

and detailed in e. 

pattern of ridges and plateaus (Figs. 3.13b and c) seen in each 2D layer of the 3D 

RIDC3 arrays (Figure 3.11). This finding, again, is in accord with our model that both 

nanotubes and 3D arrays emerge from the same 2D arrangement of RIDC3 molecules. 
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Figure 3.14. Comparison of metal-linked interfaces in nanotubes and 2D sheets 

from the X-ray crystallographic structure. Comparison of Zn2 (a) and Zn3 (b) 

interfaces in nanotubes (top, colored in cyan and magenta) with those in 2D sheets 

(bottom, colored in shades of grey), highlighting the curvature of RIDC3 nanotubes 

and the resulting changes in intersubunit distances based on D21 residues. 

 

 Conversion of a 2D crystalline sheet into a helical tube arises when curvature 

is induced along both lattice vectors of the sheet. Using the Zn1-linked dimer of C2-

dimers as a rigid unit (see experimental methods for details), we built a pseudo-atomic 

model of the tube to help identify the structural origins of this curvature (Figure 

3.13b). In this model, the crystallographically observed Zn2 coordination geometry 

appears to be maintained (Figures 3.14 and 3.15). In contrast, the Zn3 interface must 

simultaneously bend and twist to enable the transformation of the 2D sheet into a 

hollow tube (Figures 3.16 and 3.17). Such a significant conformational change 

precludes the Zn3-Glu492 coordination observed in crystals. Instead, the EM model 

indicates that other nearby acidic residues (Asp2 and Asp50) may participate in an 

alternative mode of Zn coordination  (Figure 3.16).  
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Figure 3.15. Comparison of the crystallographically observed Zn2 interface (gray 

backbone; orange coordination sphere; see Fig. 3b) with that based on docking 

into the reconstructed nanotubes (cyan). Two dimers of Zn1-linked C2-dimers from 
each structural model were aligned using Pymol (RMSD = 1.63 Å over 848 Ca’s) and 
show little change in their Zn2 coordination modes. 

 
Figure 3.16. Comparison of the crystallographically observed Zn3 interface (gray 

backbone, red coordination sphere; see Figure 3b) with that based on docking 

into the reconstructed nanotubes (cyan and magenta). Two Zn3-linked C2-dimers 
(cyan or magenta) were docked into the reconstructed density map, yielding a ridge 
comparable to that seen in the Type 2 crystal structure. Because of the asymmetry 
introduced by bending the lattice into a tube, the ridges pointing towards the outside 
(left) and inside (right) of the tube are different, as indicated by a structural alignment 
using Pymol (RMSD = 4.28 Å and 3.7 Å over 424 C!’s for the exterior and interior 
ridges, respectively). The bending and twisting necessary for the curving of the 2D 
sheet into a tube result in a displacement of the residues involved in the primary 
coordination sphere (bottom left) and generation of a new potential metal binding site 
(bottom right). 
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Directed stacking of RIDC3 sheets in the third dimension through chemical 

functionalization.   

Because RIDC3 self-assembly is mediated by easily identifiable intermolecular 

interactions in all three dimensions (Figure 3.11), we can correlate crystal morphology 

with the strength of these interactions. Strongest are the pairwise interactions between 

C2-dimers mediated by Zn1 and Zn3 along c, followed by a singular Zn2 interaction 

between adjacent C2-dimers along b. Consequently, the 2D sheets observed under fast 

nucleation conditions are rectangular (Figure 3.9), with their long edges parallel to c (b 

in 2D designation) and short edges parallel to b (a in 2D designation). 3D crystalline 

arrays are thinnest along a, which is consistent with the weakest interactions occurring 

in this direction.   

Given these considerations, we asked whether RIDC3 crystal morphology can 

be further directed through designed interactions. To test this possibility, we 

quantitatively labeled the D21C variant of RIDC3 with Rhodamine Red C2 maleimide 

at the surface position 21, which is involved in interlayer interactions in 3D arrays 

(Figures 3.11 and 3.17). Rhodamine was chosen for functionalization because its 

derivatives are known to dimerize with sub-mM affinities
30

, which should be strong 

enough to promote interlayer interactions and 3D growth, but weak enough to allow 

self-healing during self-assembly such that ordered arrays are formed. Rhodamine has 

the added benefit of exhibiting distinct spectral changes upon dimerization
31

, which 

can be used to monitor self-assembly.  
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Figure 3.17. Rhodamine-directed stacking of 2D RIDC3 arrays. (a) Structural 
model of a 2D RIDC3 sheet uniformly labeled with Rhodamine Red C2 (green sticks) 
at Cys21. (b) and (c), TEM images of fully matured, negatively stained rhodamine-
C21RIDC3 crystals obtained at pH 8.5 (b) and pH 5.5 (c). The formation of 3D 
structures at pH 8.5 rather than nanotubes evidences that rhodamine labels promote 
favorable interactions between 2D, Zn-mediated RIDC3 layers. (d) UV-visible 
absorption spectrum of a 50 !M rhodamine-C21RIDC3 (1-mm pathlength) sample 
obtained prior to Zn addition (black), after crystal maturation (red) and upon 
dissolution of crystals by addition of EDTA (green). The intense band at 415 nm is 
due to the haem Soret absorption. (e) CD spectra of the same rhodamine-C21RIDC3 
sample. The increase in absorption at 534 nm upon Zn addition (d) indicates the 
formation of rhodamine dimers, while the emergence of a CD signal in the 520-630 
nm region (e) during the maturation of rhodamine-C21RIDC3 crystals suggests that the 
rhodamine dimers are in discrete, rigid environments.     
 

 As a critical test, we examined the Zn-mediated assembly of rhodamine-

D21CRIDC3 (R-C21RIDC3) under fast nucleation conditions (pH=8.5 and 10-fold 

excess [Zn]), which yield nanotubes with unmodified RIDC3. As expected, R-

C21RIDC3 instead assembled into multilayered crystalline arrays with the previously 

observed 2D lattice parameters (a=36±1 Å, b=137±1 Å, a=90±1°) (Figure 3.17b). At 

pH=5.5, which is near the isoelectric point of RIDC3, the 3D growth of R-C21RIDC3 

was further amplified (Figure 3.17c). The UV-visible spectrum of a suspension of Zn-
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Figure 3.18. Time course for the maturation of rhodamine-

C21
RIDC3 crystals at 

pH 8.5. (a) TEM images of negatively stained samples at the indicated time points 

show the presence of crystalline arrays at Day 3 and an increase in the number and 

relative proportion of arrays versus aggregate by day 10. (b) The emergence of a CD 

signal from samples containing 50 µM rhodamine-
C21

RIDC3 and 500 µM Zn 

coincides with the presence of crystalline arrays as determined by TEM. (c) The UV-

visible absorbance spectrum of the same sample shows a blue-shifted band 

immediately after the addition of Zn and a time-dependent increase in turbidity. 

 

mediated R-
C21

RIDC3 crystals showed the rhodamine dimer band emerging at 534 nm 

(Figure 3.17d), which is not pronounced when the protein is monomeric in solution. 

The CD spectrum of the same crystal suspension featured a distinct signature in the 

520-630 nm region associated with the formation of a rigid environment around the 

rhodamine dimers (Fig. 3.17e), and this signature only emerged upon full crystal 

maturation (Figure 3.18). These observations suggest that the R-
C21

RIDC3 arrays 

display order along the third dimension as well.  
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3.4 Conclusions 

 

Our results demonstrate that the self-assembly of a protein can be directed in 

all three dimensions to yield periodic arrays with nano- and microscale long-range 

order. The 1- and 2D RIDC3 arrays described here resemble natural assemblies like 

microtubules
32

, helical viruses
33

 and S-layers
34

 in terms of their dimensions and 

structural uniformity. More importantly, they recapitulate the ability of these 

macromolecules to assume distinct conformational states in response to environmental 

cues such as pH and metal concentrations
35

. A particular advantage of metal-directed 

protein self-assembly (MDPSA) lies in its inherently chemically-tunable and modular 

nature. Self-assembling proteins can be chosen based on their built-in functions (e.g., 

electron transfer for cyt cb562), and/or be functionally augmented through 

derivatization (e.g., by rhodamine) or through the interfacial metals themselves. 

Additionally, self-assembly of functionalized nanostructures can alter its chemical 

properties (absorbance spectra in the case of rhodamine). Together, these features 

create a versatile platform for engineering functional biomaterials and for studying the 

fundamentals of protein self-assembly and crystallization under highly controllable 

conditions. 

The practical challenge in the general application of MDPSA stems from the 

broad and relatively smooth energy landscape of metal-protein interactions, 

particularly when exchange-labile metal ions like Zn
2+

 are utilized. That is, owing to 

the abundance of coordinating residues on any protein’s surface, there are potentially 

many metal-mediated aggregation states that lie close in energy with small barriers 
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separating them
22

. The breadth of the MDPSA landscape would make it difficult to 

design from scratch or reengineer a protein that self-assembles into discrete 

supramolecular arrays rather than a heterogeneous mixture of metal-crosslinked 

aggregates. Our findings suggest that the search space for finding discrete protein 

assemblies can be significantly reduced by a) constructing symmetrical protein 

building blocks, and b) installing properly oriented metal coordination motifs on the 

protein surface that selectively, stably and reversibly bind metal ions. Once these 

design criteria are met, the smoothness of the MDPSA landscape can help ensure that 

protein self-assembly proceeds under thermodynamic control to yield the lowest-

energy conformational states, which can interconvert in response to external stimuli. 

Indeed, such stimulus-responsive switching between nearly isoenergetic states is a 

hallmark of biological self-assembly. 

 

3.5 Materials and Methods  

 

Computational interface redesign.  

RIDC3 was designed starting from the Zn4:MBPC14 platform as previously 

described
36

, with the following modifications. During rotamer optimizations, the 

standard Lennard–Jones van der Waals repulsive term of RosettaDesign did not 

include any non-canonical Dunbrack rotamers; and the final design was selected from 

redesigns of multiple models generated through symmetric rigid body perturbations of 

the monomers of the MBPC1 crystal structures in a procedure described in detail 

below. 
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Building off of previously reported design methodologies
37,38

, we sought to 

expand the search space for the redesigns and compensate for explicit energy-based 

modeling of rotational, translational, and backbone degrees of freedom by generating 

multiple starting models through plausible rigid body rotation trajectories and 

selecting the redesigns with the most favorable properties. For the rigid body rotations, 

two monomers of MBPC1 making up the desired C2-dimer geometry (initial dimer 

geometry was based on the symmetric halves of Zn4:MBPC14) were rotated 

symmetrically inwards or outwards from each other around the Zn-Zn axis. In the first 

stage, starting models were generated from rotations of one degree increments from 10 

degrees inwards to 10 degrees outwards using PDBCUR
39

 and the interface residues 

of the models were redesigned using RosettaDesign as described above. In the second 

stage, redesigns were performed for models generated by 0.1 degree increment 

rotations throughout the rotation range (2-4 degrees inwards) which resulted in first 

stage redesigns with computed energies below zero and SASApack
40

 values below 

0.8. The effect of each individual amino acid substitution of the redesign, with the 

lowest SASApack value, on the predicted DDG of binding, total energy, and 

SASApack score was evaluated, and those substitutions that did not significantly 

affect the scores were reverted to the starting amino acids. Through this design 

procedure, 10 surface mutations 

(K27E/D28K/T31E/R34L/L38A/Q41L/H59R/D66A/V69M/ L76A) to MBPC1 were 

predicted for the construct we named RIDC3. 

Protein biochemistry.  
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Generation of plasmids, expression of RIDC3 and 
C21

RIDC3 and SV analysis 

were performed according to previously published procedures
24

. After purification, 

mutations were verified by MALDI mass spectrometry (RIDC3: MWcalc=12,235 Da, 

MWmeasured=12241 Da; 
C21

RIDC3: MWcalc=12,209 Da, MWmeasured=12210 Da).  

Prior to labeling with Rhodamine Red C2 maleimide, 
C21

RIDC3 was reduced 

with 10 mM DTT and exchanged into a buffer containing 20 mM HEPES (pH 7.5). A 

mixture containing 95 !M 
C21

RIDC3 and 330 !M Rhodamine Red C2 maleimide was 

then let to react in the dark for one hour at room temperature with gentle stirring. After 

quenching the reaction with 10 mM DTT, singly-labeled protein was purified by anion 

exchange chromatography, and quantitative labeling of the single free cysteine was 

verified by MALDI mass spectrometry (MWcalc=12890 Da, MWmeasured=12889 Da). 

Macromolecular Crystallography.  

The PEG-precipitated RIDC3 crystals (Type 1, Fig. 3.1) and those formed 

through Zn-directed self-assembly (Type 2, Fig. 3.11) were both obtained by sitting 

drop vapor diffusion at room temperature (see Table 3.1 for solution composition). 

Crystals suitable for diffraction experiments were transferred to a solution of mother 

liquor containing 20% glycerol as the cryoprotectant and flash-frozen in liquid 

nitrogen. X-ray diffraction data were collected at 100 K and subsequently integrated 

using MOSFLM and scaled with SCALA
39

. Structures were then determined by 

molecular replacement using PHASER
41

 and subjected to rigid-body, positional, 

thermal and TLS refinement in REFMAC
42

, along with manual rebuilding in COOT
43

. 

All figures of the resulting structures were produced using PYMOL
44

.  

Preparation and imaging of RIDC3 nanostructures.  
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2D RIDC3 arrays or 1D nanotubes were produced at the indicated 

concentrations in 1-mL or 200-!L volume solutions buffered with either 20 mM MES 

(pH 5.5 and 6.5), MOPS (pH 7.5) or CHES (pH 8.5).  Samples were incubated at room 

temperature for 1 month, unless indicated otherwise, after which 3 !L aliquots were 

deposited on home-made, carbon-coated Cu grids and stained with 3% uranyl acetate. 

After being allowed to dry, grids were imaged in an FEI Sphera transmission electron 

microscope equipped with an LaB6 electron gun operated at 200 keV. Images were 

recorded on a Gatan 2K2 CCD using objective lens underfocus settings ranging from 

400-800 nm. Where indicated, 2D image reconstructions were generated using the 2dx 

software package (See Appendix 2 for details)45.  

For cryo-EM samples, solutions containing 450 !M RIDC3 and 4.5 mM Zn 

were incubated at room temperature for one week in a 20 mM MES buffer (pH 5.5) to 

allow the formation of protein nanotubes. A 3 !L aliquot of this solution was then 

deposited onto a home-made, lacey carbon grid covered with a thin layer of 

continuous carbon, plunged into liquid ethane after blotting, and transferred into a 

precooled, FEI Polara multi-specimen holder. Images were then recorded on a Gatan 

4K2 CCD camera in an FEI Polara microscope using low-dose conditions (~12 e-/Å2) 

at a nominal magnification of 39,000 ! (calibrated pixel size = 2.883 Å), with 

objective lens underfocus settings ranging from 1.5-4 µm. 

Image processing and 3D reconstruction (See Appendix 4 for futher details). 

  Image preprocessing was carried out essentially as previously described29. 

Briefly, helical particles were boxed using the helixboxer routine in EMAN46 and 

padded to 81922 pixels, after which IHRSR++ was used for the following steps. A 
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diffraction pattern was calculated for each tube using “helixautomation”, and tubes 

with the presence of specific layer lines were included in the reconstruction. Each tube 

was then cut into segments using “helixcutstk”, diameters were computed for each 

segment using “get_tube_diameters”, and segments with consistent diameters were 

selected for further processing (diameter range 518-635 Å). Finally, the images were 

corrected for the CTF (estimated using RobEM 

(http://cryoEM.ucsd.edu/programs.shtm)) and merged into a single image stack for the 

final helical reconstruction. 

 Initial parameters as input for reconstruction using IHRSR++ were estimated 

from images of negatively stained tubes based on the interlattice angle and tube width. 

Tubes yielding consistent reconstructions, as indicated by alternating dimers of C2-

dimers in the 3D density map, convergence to the same refined helical parameters and 

a computed Fourier transform consistent with an averaged spectrum from the raw 

images, were chosen for inclusion in the final reconstruction. Ultimately, the starting 

values for !Z and !" were varied to ensure the global minimum was reached in the 

final reconstruction. 

Docking of the crystallographic model into the reconstructed RIDC3 nanotube 

volume.  

Docking of dimers of C2-dimers into the reconstructed density map and production of 

figures was performed using Chimera47. The dimer of C2-dimers was chosen as a 

model for docking studies because it was observed in both Type-1 and Type-2 crystal 

structures and is formed by pairwise, Zn1-mediated interactions that are firmly 

anchored on rigid helices and should therefore be less flexible than Zn2 and Zn3-
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mediated interactions, which involve loops. In addition to the orientation depicted in 

Figure 3.13, where there is a two-fold screw axis along the length of the subunit, an 

arrangement with all tetramers facing the same end of the tube was also tested. In this 

model, every other tetramer exhibited a relatively poor fit, verifying the alternating 

arrangement of tetrameric subunits. 
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Table 3.1. Crystallization, X-ray data collection and refinement information and 

statistics for the PEG-precipitated (Type 1) and Zn-directed (Type 2) RIDC3 crystals. * 
denotes highest resolution shell. 

 Type 1 Crystals  

(PEG-Precipitated) 

Type 2 Crystals 

(Zn-directed) 

Crystallization 
Conditions 

  

     Precipitant solution 20 % PEG 3350, 2.1 mM 
ZnCl2, 0.2 M CaCl2, and 
100 mM Bis-Tris (pH 6.5) 

8 mM ZnCl2 and 200 
mM Bis-Tris (pH 6.0) 

    [RIDC3] (mM) 2.1 2.5 
     Vprot:Vprecipitant (!L) 2:1 2:1 
Data collection location SSRL BL 7-1 SSRL BL 9-2 
Unit cell dimensions (Å) 56.5 ! 69.5 ! 126.6 

"=#=$=90° 
95.7 ! 37.8 ! 138.5 
"=$=90°, #=112.6 

Space group P212121 C2 
Resolution (Å) 63.28 – 2.00 127.8 – 2.3 
X-ray wavelength (Å) 0.976 0.979 
Number unique 
reflections 

34063 19645 

Redundancy 3.5 3.5 
Completeness (%)* 99.0 (99.8) 94.3 (92.8) 
<I/%I>* 7.7 (2.2) 4.7 (1.5) 
Rsymm (%)* 7.0 (34.9) 10.8 (48.9) 
Rwork/Rfree (%) 19.0/24.5 21.0/28.6 
B-factors (Å2)   
     Protein 29.2 37.0 
     Ligands/ions 26.1 31.4 
     Water 35.2 35.8 
R.m.s. deviations   
     Bond lengths (Å) 0.0125 0.0157 
     Bond angles (°) 1.351 1.659 
Ramachandran plot (%)   
     Most favored 97.9 96.1 
     Allowed 2.1 3.9 
     Generously allowed 0.0 0.0 
     Disallowed 0.0 0.0 
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Table 3.2. Cryo-EM data collection and image reconstruction statistics. 

Cyclic symmetry (Cn) 9 
Pixel size (Å) 2.883 
Objective lens defocus range (!m) 1.7 – 3.7 
Total number of micrographs recorded 139 
Total number of boxed helices 229 
Number of tubes used in the 
reconstruction 

5 

Number of segments 1780 
Segment length (pixels) 200 
Shift between segments (pixels) 4 
Padded segment size (pixels) 350 
Range of initial D!!"Å) 24 – 27 
Refined value of D!#"Å) 25.8 
Range of initial D" (º) 5.0 – 5.5 
Refined value of D"#(º) 5.3 
Smallest diameter (Å) 520 
Largest diameter (Å) 635 
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Chapter 3 was reproduced in part with permission from Brodin, J. D., 

Ambroggio, X. I., Tang, C., Parent, K. N., Baker, T. S.,; Tezcan, F. A. 2012. Metal-

Directed, Chemically Tunable Assembly of One-, Two- and Three-Dimensional 

Crystalline Protein Arrays. Nature Chem. 4, 375-382. Copyright 2012 Nature 

Publishing Group. 
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Chapter 4: Exceptional Stability and Protein-based Functionalities of Designed, 

Metal-templated Protein Nanostructures 

 

4.1 Abstract 

 

 Owing to their immense structural and chemical diversity, proteins represent 

attractive building blocks for the bottom-up self-assembly of sophisticated 

nanomaterials. Having demonstrated the use of coordination chemistry as a powerful 

approach for assembling such structures (Chapter 3), here, we describe the 

considerable physical and chemical advantages that are derived from metal-directed 

protein self-assembly. We show that nanotubes and 2-D arrays assembled from the 

cytochrome cb562 variant, RIDC3, are exceptionally thermally and chemically stable, 

and that their assembly imparts a dramatic stabilization on their individual protein 

subunits. We then demonstrate that the innate redox activity of the protein building 

blocks is retained in the self-assembled arrays and can be employed to direct the 

templated growth of platinum nanocrystals on their surfaces. Thus, the incorporation 

of catalytically active proteins into these nanostructrues is used to control the 

deposition of inorganic precursors onto their surfaces in a manner unique from, but 

reminiscent of the incorporation of catalytically active silicatein proteins into fibers to 

direct biomineralization of silica on their surfaces.  
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4.2 Introduction 

 

 An outstanding goal of nanotechnology is the bottom-up fabrication of low-

dimensional (0-, 1- or 2-D), functional architectures that provide high surface area-to-

volume ratios, are stable, possess both short-and long-range order, and have chemical 

and structural properties that are controllable by external stimuli.
1,2

 Nowhere are such 

properties better combined than in highly evolved, natural protein assemblies,
3
 

including 0-D compartments like virus capsids and ferritin,
4,5

 1-D tubes and molecular 

tracks like filamentous bacteriophages
6,7

 and microtubules,
8
 and 2-D sheets like the 

bacterial and archeal S-layers.
9
 Such protein assemblies have not only inspired efforts 

in the design of synthetic biomimetic materials,
10

 but have themselves been frequently 

utilized as scaffolds for the construction of functional devices
11-14

 and for the 

templated organization
15-19

 or growth
20-24

 of inorganic nanomaterials. A particularly 

promising, but currently under-expolored, use of proteins is the incorporation of their 

functionalities into higher order arrays. Although to some extent this has been realized 

with naturally occurring protein assemblies such as chaperonins, actin and 

microtubules,
17-19

 the restriction to use only proteins that naturally self-assemble into 

such ordered arrays has led to the underutilization of the enormous number of 

available, protein-based functionalities. 

To fully benefit from the range of protein functionalities available, a 

generalizable strategy for assembling proteins into ordered nanoscale arrays is 

desirable and would have immense utility in nano- and biotechnology (e.g., in 

catalysis or sensing). In contrast to top-down nanofabrication strategies, the bottom-up 
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assembly of such protein arrays would ensure a high density of chemical 

functionalities in a given surface area and lend access to collective properties such as 

supramolecular stabilization, allostery, cooperativity and self-healing. However, the 

assembly of such arrays and the use of proteins in biotechnolgical applications in 

general is made difficult by two factors. First, proteins are chemically and structurally 

heterogeneous entities with no universal interaction motifs (like Watson-Crick base 

pairing in DNA) to guide their organization. A second inherent limitation of protein-

based materials is the building blocks themselves; most proteins adopt a folded state 

that is only marginally stable over other, unfolded forms. Therefore, the use of 

proteins in nonaqueous solvents or at elevated temperatures often causes their 

unfolding and inactivation.  

 In Chapter 3 we detailed the successes and failures of strategies for 

overcoming the first issue, that of programming protein self-assembly, as well as our 

own solution. Here, we address the issues of stability and functionality. First, because 

the interactions that stabilize metal-templated nanostructures are based on 

coordination chemistry rather than typical PPIs (hydrogen bonds and hydrophobic 

interactions), they are exceptionally stable under a wide range of chemical and thermal 

processing conditions. Not only do the protein arrays themselves remain intact under 

these conditions, but their assembly also imparts a large differential stability on the 

monomeric building blocks. The second advantage of this approach is that the 

functionalities of monomeric proteins are incorporated in the nanoscale assemblies. 

We demonstrate this concept here by employing the redox functionality of the 
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hemeprotein building blocks to control the nucleation kinetics and final morphology of 

Pt nanoparticles templated by the arrays. Although biological templates, including 

DNA,
25-28

 lipids,
29

 peptides
30-32

 and proteins,
22-24,33

 have been used as templates in 

nanoparticle syntheses, they generally act solely as a structural scaffold, whereas here, 

we show that protein-based functionalities incorporated in these supramolecular 

assemblies can play an active role in nanocrystal formation.  

 

4.3 Results and Discussion 

 

RIDC3 self-assembly 

 The self-assembling cyt cb562 variant used for these studies is called RIDC3 

(Rosetta Interface Designed Cytochrome 3) (Figure 4.1a).
34

 With respect to wild-type 

cyt cb562, RIDC3 carries three amino acid substitutions on its surface for Zn 

coordination and ten additional amino acid substitutions to promote its dimerization in 

a C2-symmetric arrangement (Figure 4.1b). We previously showed that upon the 

addition of excess Zn, RIDC3 assembles into a crystalline lattice held together in two 

dimensions by three distinct Zn coordination sites per RIDC3 dimer (Figure 3.11), and 

that this lattice adopts morphologies that are controlled through pH or relative Zn 

concentration with respect to RIDC3 (Figures 3.9 and 4.1).
34

 For this study protein 

arrays were assembled at pH 5.5 (in 20 mM MES), where the addition of a large Zn 

excess (100 eq.) favors unidimensional lattice growth and subsequent folding into 
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Figure 4.1. Assembly of RIDC3 into supramolecular arrays and structural 

characterization of the arrays. Addition of Zn to monomeric RIDC3 (a) effects the 

formation of a dimeric complex (b) that further assembles into nuclei. Depending on 

the relative amount of Zn with respect to RIDC3 monomer, these nuclei either grow 

unidimensionally and fold into helical nanotubes (c and d) or bidimensionally and 

stack into multilayered 2-D periodic arrays (e and f). Nanotubes and 2-D arrays were 

structurally characterized by TEM (c and e) and AFM (d and f). Fourier transforms 

(insets, c and e) show that the arrays are crystalline and have the same unit cell 

parameters. 

 
helical nanotubes (Figures 4.1c and d). Lower Zn:protein ratios (10 eq.) favor the 

formation of planar arrays that stack into multilayered sheets (Figures 4.1e and f).
34

 

Under these conditions, helical nanotubes and crystalline 2D sheets are produced in 

yields of 97.5±0.5% and 98.6±0.1%, respectively, as determined by measuring the 

concentration of RIDC3 that remained in solution after centrifugation. Analysis of the 

tubes and sheets by AFM revealed that flattened 1D RIDC3 nanotubes were 5±1 nm 

high (Figure 4.1d), in the vicinity of the expected height (8 nm) of two single layered 
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Figure 4.2. Chemical stability of 1D helical nanotubes assembled from RIDC3, as 

measured by TEM. Nanotubes were assembled by the addition of 100 eq. of Zn
2+

 to 

a solution containing 50 !M RIDC3 and 20 mM MES (pH 5.5), diluted 10-fold into 

the indicated solution and imaged after a 12 h incubation period. Low magnification 

images (top row) demonstrate that the nanotubular structure is retained and that the 

arrays remain well dispersed. Higher magnification images (middle row) and their 

computed fast Fourier transforms (bottom row) show that the arrays remain crystalline 

after incubation in these  solvents. 

 

RIDC3 sheets, and the 2D RIDC3 arrays were 20-85 nm high, which corresponds to 5-

20 stacked sheets (Figure 4.1f). 

Chemical and thermal stability of RIDC3 arrays 

 The employment of natural supramolecular protein assemblies such as virus 

capsids and S-layers in nano- and biotechnological applications is enabled by their 

high chemical/thermal stabilities (Table 4.1), allowing them to maintain their 

structural integrity under non-physiological conditions. Because the formation of 2-D, 

single-layered RIDC3 sheets is mediated almost exclusively by a network of strong Zn 

coordination interactions (rather than hydrogen bonds or hydrophobic interactions 
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typical of PPIs), we envisioned that both the 1D RIDC3 nanotubes and 2D RIDC3 

arrays may be particularly stable under demanding materials processing conditions,  

Table 4.1. Stability of natural, protein-based nanostructures. 

 

Structure Stability Ref. 

Filamentous 

bacteriophage f1 

 

Retention of infectivity, and fluorescence and CD 

spectroscopies indicated structural changes in the 

arrays at ~ 80% MeOH, 60% EtOH and 25% 

iPrOH.  

35 

2-D S-layer from 

Bacillus sphaericus 

(SbpA)  

S-layer proteins were recrystallized on hydrophilic 

Si and characterized by AFM, revealing a loss of 

crystallinity in 80% EtOH or at 70 °C. 

36 

2-D S-layer from 

Bacillus sphaericus 

CCM2177  

S-layer proteins were recrystallized on a 

polyelectrolyte multilayer and characterized by 

AFM and quartz microbalance with dissipation, 

revealing a loss of crystallinity at 55 °C.  

37 

Icosahedral bursal 

disease subviral 

particles 

DLS and TEM revealed that the particles are 

stable in 20% EtOH or DMSO, at temperatures up 

to 65 °C and from pH 2.5 – 9. 

38 

Icosahedral cowpea 

mosaic virus 

SEC and TEM revealed that the virus is stable for 

> 2 wks, several hours and 30 min. in 20, 50 and 

80% DMSO, respectively. 

39 

Rod-shaped SIRV2 

from the 

hyperthermophilic 

archaeon, Sulfolobus 

islandicus 

TEM, UV-Vis and retention of infectivity revealed 

that the virus retains its structure for at least 6 d in 

50% EtOH or DMSO 

40 

TEM and SEM revealed that TMV undergoes 

changes in morphology at 60 and 90 °C in the 

absence or presence of an RNA template, 

respectively. 

41 Nanotubular tobacco 

mosaic virus (TMV) 

 

RNA accessibility studies revealed that, in 72% 

DMSO, TMV undergoes polar disassembly. 

42 
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Figure 4.3. Aggregation of RIDC3 helical nanotubes in THF and iPrOH. 

Nanotubes were assembled by the addition of 100 eq. of Zn
2+

 to a solution containing 

50 !M RIDC3 and 20 mM MES (pH 5.5), diluted 10-fold into the indicated solution 

and imaged after a 12 h incubation period. Low magnification images (left column) 

show aggregation of nanotubes into bundles at these solvent concentrations. Higher 

magnification images (middle column) and their computed fast Fourier transforms 

(right column) show that individual tubes contained in the aggregates remain 

crystalline. 

 

 

 

such as those that involve exposure to organic solvents or high temperatures. The 

chemical stabilities of RIDC3 superstructures were determined by measuring their 

resistance to morphological changes upon incubation in four polar organic solvents 

that covered a wide range of hydrophobicities (i.e., octanol/water partition 

coefficients, Pow): tetrahydrofuran (THF, log Pow = 0.46), isopropanol (iPrOH, 0.05) 

methanol (MeOH, –0.74) or N,N-dimethylformamide (DMF, –1.01).
43

 1-D RIDC3 

nanotubes, which are single-walled and thus represent the minimal stabilizing unit, 

remained well dispersed and retained their native morphologies and crystalline order, 
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as measured by TEM, for at least 12 h in up to 40% (v/v) THF, 40% iPrOH, 70% 

DMF and 60% methanol. (Figure 4.2). Changes to the supramolecular structure of the 

protein arrays upon further increases in organic solvent were dependent on solvent 

polarity. In less polar solvents (THF and iPrOH), the tubes form dense aggregates 

above organic solvent concentrations of ~50%, but individual tubes remain crystalline 

after aggregation (Figure 4.3). In more polar solvents (DMF and MeOH), there was a 

sharp transition from well-dispersed tubes with intact lattices (Figure 4.2) to partially 

disassembled, noncrystalline tubes (Figure 4.4). The tendency of nanotubes to 

aggregate in less polar solvents is likely a result of unfavorable interactions of charged 

and polar surface amino acids with solvent molecules, which promotes bundling of 

tubes. This is especially true at pH values near the pKa of the protein subunits (pKa ~ 

5.3), where aggregation is already favorable. The more polar solvents (DMF and 

MeOH) are able to hydrogen bond with the surface of the tubes and promote their 

solubilization up to high concentrations, at which point they also act as protein 

denaturants and cause disassembly of the nanostructures.  

 The 2-D RIDC3 arrays, owing to the additional interlayer stacking interactions, 

showed even greater structural stability, with no changes in either their overall 

morphology or underlying crystalline lattice after incubation for 12 h in up to 90% 

(v/v) of all four solvents tested (Figure 4.5). Unlike 1-D nanotubes, the 2-D arrays 

were also resistant to aggregation, even in high concentrations of THF and iPrOH. In 

fact, in many of the solutions tested, even after 2 months at room temperature, or after 

repeated isolation of the arrays by centrifugation and re-suspension, we found no 
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Figure 4.4. Dissolution of RIDC3 helical nanotubes in high concentrations of DMF and 

MeOH, as determined by TEM. Nanotubes were assembled in 20 mM MES buffer (pH 5.5) 

and diluted 10-fold into either 90% DMF (top row, a and b) or 80% MeOH (bottom row, c and 

d) and incubated for 12 h at room temp. Low magnification micrographs showed that in both 

DMF (a) and MeOH (c), elongated structures, similar to RIDC3 nanotubes were still present. 

However, higher magnification images revealed that several regions along the length of the 

nanotubes have dissolved and that the structures are devoid of the crystallinity seen in the 

native structures (b and d). 

 

 

evidence for their dissolution, for the loss of their crystalline order or for their 

aggregation. 

 Both 1-D and 2-D RIDC3 assemblies were also found to be highly 

thermostable, maintaining their supramolecular architecture and crystallinity upon 

incubation at 70 °C for 12 h (Figure 4.6). At 80° C, the 2-D arrays began to 

disassemble slowly (the percentage of assembled protein decreased from 97.5% to 

91.6±0.6% after 12 h) and some disorder in the supramolecular lattice was apparent, 

although the lattice constants remained unaffected (Figure 4.7). This disorder could be 
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Figure 4.5. Structural stability of RIDC3 2D arrays in organic solvents, as 

measured by TEM. 2D arrays were assembled by the addition of 10 eq. of Zn
2+

 to a 

solution containing 50 !M RIDC3 and 20 mM MES (pH 5.5), diluted 10-fold into the 

indicated solution and imaged after a 12 h incubation period. Low magnification 

images (top row) demonstrate that the planar 2D structure is retained and that the 

arrays remain well dispersed. Higher magnification images (middle row) and their 

computed fast Fourier transforms (bottom row) show that the arrays remain crystalline 

after incubation in these solvents. 

 due to unfolding of a surface layer of protein, leaving molecules between the 

outermost layers unaffected.  

Interestingly, incubation of nantotubes at 80° C results in a slow conversion of tubes 

into sheets over ~ 5 h (Figure 4.8), but not to an increase in the free monomer 

concentration (96.2 +/- 0.1% of the protein is isolable by centrifugation). Although we 

cannot directly visualize the transformation, it is likely driven by the higher stability of 

2D arrays relative to 1D nanotubes. This explanation is consistent with our previous 

observations that under certain conditions, such as at pH 7.5 or in the presence of 
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Figure 4.7. Changes in lattice packing of 2D arrays upon incubation at 80 °C. Low 

magnification TEM micrograph (left column) of a negatively stained sample prepared 

from a solution of 2-D RIDC3 arrays after incubation at 80 °C for 12 h demonstrates 

retention of the structure of the arrays. A higher magnification image (middle column) of 

a single representative array shows increased disorder of the crystal lattice. The computed 

fast Fourier transform of the image of the lattice (right column) demonstrates that the 

lattice constants are unaffected by this disorder. 

 

 

 

 

 

 

 

Figure 4.6. Thermal stability of RIDC3 2D arrays and helical nanotubes as 

determined by TEM. Low magnification TEM micrographs (left column) of negatively 

stained samples prepared from a solution of either 2D RIDC3 arrays (top row) or 1D 

nanotubes (bottom row) after incubation at 70 °C for 12 h demonstrate the retention of 

the structure of the arrays. Higher magnification images (middle column) of a single 

representative 2-D array or nanotube and its computed fast Fourier transform (right 

column) demonstrate retention of the crystallinity of the arrays. 

 

weakly chelating buffers such as bis-TRIS, helical nanotubes are an intermediate in 

the formation of multilayered sheets (Figure 4.8).  

  

 



 

 

97 

 

Figure 4.8. Conversion or RIDC3 nanotubes into 2D arrays. TEM micrographs of 

a sample of RIDC3 nanotubes incubated at 80 °C in 20 mM MES (pH 5.5) show an 

initial aggregation of the tubes and subsequent transformation into thick 2D arrays 

over the course of 1 week (top row). Similar transformations were observed for 

samples of RIDC3 prepared at pH 7.5 with 3 Zn eq. (middle row) or in 50 mM Bis-

TRIS (pH 5.5, bottom row), although the time scale of these transformations varied.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 For naturally occurring protein cages and arrays, comparable thermo- or 

chemo-stability data are scarce (Table 4.1); for the handful of designed protein 

architectures, they are nonexistent. Reasonable comparisons of the 1-D RIDC3 

nanotubes can be made to TMV, which depolymerizes in 72% DMSO
42

 and undergoes 

structural deformations at 90 °C or 65 °C in the presence or absence of an RNA 
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scaffold, respectively.
41

 Likewise, the stability of the 2-D RIDC3 arrays compare 

favorably or even exceed those of bacterial S-layers (supported on Si), which become 

disordered in 80% ethanol or upon heating to 70° C.
36

   

Stabilization of RIDC3 monomers upon self-assembly 

 Although the stability of the RIDC3 assemblies as a whole is crucial for 

nanotechnological applications (e.g., templated nanoparticle synthesis and labeling 

with molecules not soluble in aqueous solutions), biotechnological/industrial 

applications such as enzymatic catalysis rely more on the structural and functional 

integrity of the individual protein building blocks.
44,45

 Thus, we next examined 

whether the stabilities of individual RIDC3 monomers were improved upon assembly 

into ordered 1-D and 2-D arrays. This was accomplished by monitoring the Soret band 

of the heme, which is highly sensitive to changes in solvation and Fe-coordination, 

and therefore frequently used to assess the structural integrity of hemeproteins.
46

 

Because RIDC3 monomers are already highly thermostable (thermal denaturation 

midpoint ~80 °C, Figure 4.9), the differential stabilization effect was most apparent in 

organic solvents, in particular those with high Pow’s (i.e., hydrophobicities).  

 As isolated in solution, RIDC3 monomers unfolded at <30% THF and ~50% 

iPrOH (Figure 4.9) but were less sensitive to solvents with higher polarities and 

remained partially folded in up to 80% DMF and 90% MeOH (Figure 4.10). The trend 

of decreasing stability upon increases in solvent hydrophobicity are expected based on 

previous studies of both monomeric proteins such as chymotrypsin
47,48

 and 

supramolecular protein assemblies such as bacteriophage.
35

 In contrast, once 
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Figure 4.9.  Thermal unfolding of RIDC3, as measured by CD spectroscopy. 

assembled in 1-D nanotubes and 2-D arrays, RIDC3 did not display any unfolding 

transition at up to 90% THF or iPrOH (Figure 4.10). The unfolding of nanotubes in 

high concentrations of MeOH and DMF correlates well with the point at which they 

began to disassemble, as visualized by TEM (Figure 4.4). Based on the lack of 

evidence for unfolding in even in high concentrations of THF and iPrOH, the 

aggregation of tubes into bundles apparently imparts additional stabilzation. 

A number of strategies have been devised to improve the stabilities of proteins 

and enzymes to make them suitable for biotechnological processes,
45

 including 

computational design,
49-51

 rational
52,53

 or random mutagenesis,
54

 chemical 

modification with polymers,
55,56

  immobilization on solid supports including nanoscale 

carriers,
57

 or in covalently crosslinked crystal lattices.
58-62

 Although the idea of metal-

mediated protein stabilization has been previously reported,
63

 these studies 

investigated the stabilization of monomeric proteins but did not test for stabilization in 
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Figure 4.10. Unfolding of monomeric and self-assembled RIDC3 in organic 

solvents, as measured by UV-Vis spectroscopy. Absorbance spectra measured after 

12 h of incubating monomeric RIDC3 (blue triangles), self-assembled nanotubes (red 

squares) or 2-D arrays (black circles) in solutions containing various concentrations of 

THF (e) or iPrOH (f). The decrease in the 415:408 ratio observed for monomeric 

RIDC3 is indicative of unfolding. For monomeric RIDC3, data were not plotted above 

60% THF or iPrOH due to nonspecific aggregation. The lines connecting points are 

for visual purposes and do not represent a fit to the data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

organic solvents, which is an important consideration for catalysis and templating 

applications. Stabilization of proteins through the formation of ordered supramolecular 

arrays, such as demonstrated here, perhaps combines the best of these approaches: it is 

minimally invasive (meaning that the monomers can be recovered in their native 

forms by metal chelation), presents proteins in an easily recyclable form with a high 

surface area/volume ratio, and boasts a near-unity protein weight fraction.  The 

principle of supramolecular stabilization is, in fact, a powerful strategy used by nature 

to construct very stable architectures out of very unstable protein building blocks.
64
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Templating Pt nanoparticle growth on RIDC3 arrays 

 Having established the tunability and stability of Zn-mediated RIDC3 

superstructures, we set out to examine whether these advantages could be coupled 

with the built-in redox activity of RIDC3 monomers to control the templated growth 

of Pt nanoparticles (NPs). Using a modified version of published protocols, we first 

synthesized NPs via the ascorbate-mediated reduction of Pt.
65,66

 1-D nanotubes (10 

!M total RIDC3 concentration) and 2-D arrays (50 !M total RIDC3) were incubated 

overnight with 10 and 5 mM Pt, respectively, at room temperature. The addition of 50 

mM ascorbate resulted in a gradual color change of the suspensions from red (due to 

the protein) to black over the course of approximately 4 h. TEM images of unstained 

samples of 2D arrays showed that the protein arrays remained intact (Figure 4.12) and 

that dendritic nanoparticles 23±8 nm in diameter, as well as some single nanoparticles, 

grew along their surfaces (Figure 4.11f). HRTEM images revealed that the 

nanodendrites are crystalline and composed of single particles 3±0.5 nm in diameter, 

and that in many cases the lattice fringes of individual particles are aligned throughout 

the dendritic clusters (Figure 4.13). Alignment of individual nanoparticles throughout 

crystalline dendrites has previously been provided as supporting evidence for their 

growth mechanism; namely, that denedritic particles grow from single seeds bound to 

the support instead of nucleating homogeneously in solution and subsequently 

attaching.
65

 In the case of RIDC3-templated nanoparticle growth, it is likely that both 

mechanisms are operating, as evidenced by some background reduction.  

Nevertheless, the use of these arrays as supports is clearly critical for controlled 
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Figure 4.11. Self-assembly of RIDC3 1D helical nanotubes and 2D arrays and 

their use as templates for PtNP growth. (a) Monomeric RIDC3. The heme cofactor 

(red) and amino acid substitutions for metal binding (magenta) or for directing the 

formation of a C2 symmetric dimer (cyan) are shown as sticks Addition of 100 or 10 

equivalents of Zn per RIDC3 monomer directs the assembly of single layer nanotubes 

(b) or 2D arrays (c). These arrays serve as templates for the nucleation and growth of 

dendritic (d and f) or single (e and g) Pt nanoparticles. 

 

 

 

 

 

 

growth of nanocrystals, as evidenced by control reactions in the absence of a template 

that resulted in the formation of only large aggregates, (Figure 4.14a). 
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Figure 4.13. HRTEM of dendritic nanoparticles templated by RIDC3 2-D arrays. A 

HRTEM image of a single Pt nanodendrite demonstrates the crystallinity of the templated 

nanocrystals. The lattice fringes visible in the HRTEM image can be assigned to Pt(111) 

planes based on the 0.22 nm spacings. 

 

 

 

 

 

 

 

 

Figure 4.12. Retention of the supramolecular structures of RIDC3 1-D nanotubes 

and 2-D arrays after incubation with Pt and reduction with ascorbate. RIDC3 2D 

arrays (top row) or helical nanotubes (bottom row) were incubated with a 100 or 

1000-fold excess of Pt, after which nanoparticles were formed by the addition of 5 

mM ascorbate at R.T. (left column) or 99 °C (right column). In all cases the 

supramolecular structures of the arrays were maintained after these treatments. 

 



 

 

104 

 

Figure 4.14. Reduction of Pt in the absence of a protein template. (a) Reduction of 5 mM 

Pt upon the addition of 50 mM ascorbate at 25 °C results in the formation of large aggregates 

of Pt, rather than the dendritic particles seen in the presence of 2D scaffolds. (b) Reduction of 

5 mM Pt at 90 °C in MES buffer (pH 5.5) effects the formation of single nanoparticles and 

large aggregates, which were not observed in the presence of a protein template. 

 

 

 

 

 

 

 Finally, addition of 50 mM ascorbate to a solution containing 5 mM Pt and 50 

!M RIDC3 monomer, rather than arrays, resulted in a decrease in the reduction of the 

Pt precursor. Apparently, the high negative charge on the monomeric protein is 

sufficient to cap growing seeds and prevent their growth into larger nanoparticles. In 

contrast, growth on self-assembled RIDC3 is likely allowed by the high local 

concentrations of Pt that result from multiple binding sites on the arrays. 

 To demonstrate that RIDC3 could be used as a building block for nanoparticle 

arrays with alternate morphologies, we applied the same strategy used with 2D arrays 

to 1D nanotubes. Again, the templates were unaffected by treatment with Pt and 

ascorbate (Figure 4.12), and reduction led to the formation of dendritic Pt nanocrystals 

along the length of the nanotubes (Figure 4.11d). The nanodendrites formed here were 

larger than those produced on 2D arrays. The single layer nature of nanotubes most 

likely presents a smaller number of binding sites along their surfaces, relative to 2D 
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Figure 4.15. TEM images of control reactions for templating nanoparticles on 2D 

arrays at 99° C. (a) Reduction of 5 mM Pt upon the addition of 50 mM ascorbate at 

99 °C and in the presence of 2-D arrays, but without the initial incubation step. (b-f) 

2-D RIDC3 arrays were incubated with Pt nanoparticles formed in the absence of any 

protein and incubated at room temperature (c and d) or 99 °C (e and f). 

 

 

 

 

 

 

 

 

arrays, resulting in fewer nucleation events, and therefore a larger final size.  
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During these experiments, we found that overnight incubation with Pt
2+

 

resulted in further thermo-stabilization of the RIDC3 superstructures (due likely to 

additional interfacial crosslinking by Pt ions), such that templated PtNP synthesis 

could be carried out high temperatures, which should increase the nucleation rate and 

favor the growth of smaller Pt nanoparticles. Although this simple approach offers the 

potential for the bulk synthesis of valuable nanoparticle catalysts, only recently have 

protein-based materials been shown to be capable of withstanding the necessary high 

temperatures.
67

 Using the aforementioned experimental conditions, Pt
2+

-soaked 1D 

and 2D RIDC3 structures were heated to 99 °C for 10 min in the presence or absence 

of 50 mM ascorbate, respectively. This heat treatment resulted in a considerable 

decrease in the size of PtNPs, yielding in near uniformity single particles with a 

narrow size distribution (2.2±0.7 nm in diameter, Figure 4.11). Again, repetition of the 

same experiments in the absence of the RIDC3 arrays resulted in aggregated PtNPs, 

although to a lesser extent than with reduction at room temperature (Figure 4.14). 

Omission of the overnight incubation step with Pt
2+

 prior to heating resulted in an 

increase in background reduction and sparse PtNP coverage of the RIDC3 arrays 

(Figures 4.15a and b). Incubation of pre-formed particles with RIDC3 arrays at room 

temperature (Figures 4.15c and d) or after a 10 min period at 99 °C (Figures 4.15e and 

f) resulted in only disordered aggregates. Taken together, these results suggest that 

stabilization of the protein template by Pt crosslinking is an essential component of 

these syntheses and that the protein template can be used to affect the morphology of 

the templated particles.  
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Figure 4.16. Characterization of ZnP-RIDC3. UV-vis (a) and fluorescence (b) 

spectroscopies demonstrate the substitution of heme Fe centers with Zn. Low (c) and 

high (d) magnification TEM images show that ZnP-RIDC3 forms 2-D arrays similar 

to those obtained with FeP-RIDC3 that have identical unit cell parameters (d and 

inset).  

 

 

 

 

 

 

Light-controlled nucleation of PtNP seeds via a photocatalytic RIDC3 variant 

(ZnP-RIDC3)  

 Although the physiological role of E. coli cyt b562, the parent of RIDC3, is not 

clearly established, it almost certainly functions as a redox mediator based on its 

His/Met-coordinated heme center. To investigate whether the RIDC3 arrays are 

functionally involved in the reductive growth of PtNPs and do not merely act as 

structural templates, we synthesized ZnP-RIDC3, in which the heme Fe center was 

replaced by Zn
2+

. The particular advantage of the Zn-porphyrin (ZnP) cofactor in the 
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context of our experiments is that it is redox-inactive in its ground state, but becomes a 

strong reductant/oxidant upon UV-visible excitation.
68,69

 Indeed, previous reports have 

shown that supramolecular structures which are postsynthetically modified with
65

 or 

are themselves assembled from
70,71

 photoredox-active porphyrins can be used to seed 

the growth of metal nanostructures upon exposure to visible light. ZnP-RIDC3 was 

prepared in high purity according to established protocols,
72-74

 by using HF/pyridine to 

extract the heme Fe centers and produce apoP-RIDC3, followed by the reconstitution 

of the latter with Zn
2+

, yielding ZnP-RIDC3. ZnP-RIDC3 displayed the expected 

absorption and emission features for a ZnP species (Soret maximum at 426 nm, 

emission maxima at 594 and 645 nm) (Figures 4.16a and b), and formed the same Zn-

mediated crystalline 2-D arrays with near-identical lattice constants (a=37 nm, b=136 

nm, !=90°) (Figures 4.16c and 4d) as the FeP counterpart, verifying that metal 

substitution did not affect the structure of the RIDC scaffold and its self-assembly.  

 2D ZnP-RIDC3 arrays were incubated with 5 mM Pt
2+

 overnight, after which 

unbound Pt and unpolymerized protein were removed by centrifugation. Pt-bound 

ZnP-RIDC3 arrays were then resuspended in a buffer solution that contained 50 mM 

ascorbate (now intended as a sacrificial electron donor in the photocatalytic scheme, 

see Figure 4.17a), but no additional Pt
2+

, and illuminated with white light for 10 min 

to create Pt
0
 seeds for nanoparticle growth at room temperature (Figure 4.17b). 25 mM 

Pt
II
 was then added to this suspension, and the growth of PtNPs was followed by an 

increase in absorbance at 650 nm (Figure 4.17c) as well as by TEM (Figure 4.18). The 

same procedure was carried out in parallel for a ZnP-RIDC3 sample that was not 
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Figure 4.17. Use of ZnP-RIDC3 as a photoreductant for seeding the growth of Pt 

nanoparticles. (a) Photocatalytic cycle for reduction of Pt
2+ 

to Pt
0
.
 
(b) Scheme for the 

light-induced deposition of Pt nanoparticles on ZnP-RIDC3 arrays. (c) The reduction 

of Pt in the presence of ZnP-RIDC3 arrays (red) or FeP-RIDC3 (black) arrays with 

(circles) or without (squares) prior exposure to 300 watt white light was tracked by 

absorbance changes at 650 nm. Analysis of ZnP-arrays not exposed to light by TEM 

(d) and SEM (e) revealed a non-uniform coverage of the arrays with relatively 

polydisperse particles (inset, d). TEM (f) and SEM (g) analysis of arrays exposed to 

light revealed that they were uniformly covered with comparatively monodisperse 

particles (inset, f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

exposed to light, and two FeP-RIDC3 samples that were either illuminated or not 

(Figures 4.17c, 4.19). The various one-to-one comparisons between these four samples 

in terms of their Pt-nanoparticle growth kinetics are highly revealing (Figure 4.17c). In 

the irradiated ZnP-RIDC3 sample, the PtNP growth commenced immediately and was 

nearly complete by ~1h, whereas in the non-irradiated ZnP sample there was nearly a 

2-hour lag phase prior to growth. As expected, for the FeP-RIDC3 samples, light 

exposure did not have any effect on the PtNP growth. However, the growth kinetics 

were significantly accelerated relative to non-irradiated ZnP-RIDC3 templates, but 

slower than those of the irradiated ZnP-RIDC3 sample. In addition, PtNPs on non-
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irradiated ZnP-RIDC3 arrays were highly irregular with a broad size distribution 

(37±24 nm, with some particles exceeding 100 nm in diameter) and unevenly 

distributed over the array surfaces (Figures 4.17d and e). In contrast, the irradiated 

ZnP-RIDC3 arrays supported the growth of smaller PtNP clusters with a tighter size 

distribution (30±10 nm) and the surface coverage was uniform (Figures 4.17f and g). 

These observations are consistent with two conclusions: 

1) The built-in FeP cofactor of RIDC3, which has an Fe(III/II) reduction potential 

(EredIII/II) of 0.18 V,
46

 acts as a redox conduit between ascorbate (E°!0.1 V at pH 

5.5)
75

 and the surface-bound Pt
2+

 ions, thus giving rise to more efficient and uniform 

nucleation/growth of PtNPs compared to that observed with the ground-state, redox-

inactive ZnP-RIDC3 arrays.  In the latter case, the nucleation and growth of PtNPs by 

necessity occurs through the bimolecular reduction of PtII by ascorbate, which offers 

far less spatiotemporal control compared to the intramolecular reduction of surface-

immobilized Pt
2+

 by integrated FeP cofactors, leading to random and continuous 

nucleation events and distribution of PtNPs on their surfaces.  

2) The triplet excited state of ZnP (3ZnP, E° ! –0.8 V)
72

 is a significantly more potent 

reductant than FeP, which leads to a higher-yield generation of Pt0 seeds on the array 

surface and the growth of PtNPs without a detectable induction period. 

Undoubtedly, a firm establishment of these conclusions will require a detailed 

examination of the various possible electron transfer pathways operative during 

templated PtNP nucleation and growth. Nevertheless, our findings clearly show the 

RIDC3 arrays are actively involved in the redox chemistry of these processes. 
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4.4 Conclusions 

 

 In summary, we have described here the considerable physical and chemical 

advantages that can be derived from the designed, metal-directed assembly of a 

functional monomeric protein into ordered 1- and 2D supramolecular architectures. 

The regularity and density of these protein arrays not only lead to their stability as a 

whole, but also the dramatic stabilization of their individual components, which is 

crucial for bio/nano-technological applications that center on the specific activity of 

the protein building blocks. In the present case, the native electron-transfer function of 

the protein building blocks was exploited to control the nucleation and growth of 

dense arrays of inorganic nanoparticles, which also could be controlled by light. Given 

that electron transfer is the simplest (but also the most fundamental) chemical reaction, 

it is exciting to contemplate the functional scope and applications of synthetic 

superprotein assemblies constructed from proteins with more sophisticated functions.  
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Figure 4.18. Time course for Pt reduction on 2-D ZnP-RIDC3 arrays. Unstained 

samples were prepared at the indicated time points after the addition of 25 mM Pt and 

imaged by TEM. For samples illuminated with 300 watt white light (top row), no 

background reduction of Pt was observed. For samples that were not illuminated 

(bottom row), reduction was slower and background reduction of Pt was observed at 

intermediate time points (left column). 
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Figure 4.19. Time course for Pt reduction on 2D FeP-RIDC3 arrays. Unstained 

samples were prepared at the indicated time points after the addition of 25 mM Pt and 

imaged by TEM to follow the reduction of Pt.  
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4.5 Materials and Methods 

 

Generation of ZnP-RIDC3 

Expression and purification of FeP-RIDC3 were performed as previously 

described.
76

 For the substitution of the heme Fe center with Zn, a stock solution of 

FeP-RIDC3 was concentrated to approximately 2 mM, exchanged into water in an 

Amicon stirred cell (Millipore) and lyophilized. The lyophilized protein was 

demetallated by the addition of HF-pyridine (70% HF), according to published 

protocols,
74

 yielding a solution containing apoP-RIDC3 and a small amount of FeP-

RIDC3. This solution was dialyzed against 10 mM sodium acetate (pH 5.0), and the 

RIDC3 fractions were separated from reaction byproducts by cation exchange 

chromatography on a CM Sepharose column (Amersham Biosciences) using a NaCl 

step gradient for elution. RIDC3 fractions that eluted at 250 mM NaCl were 

concentrated in an Amicon stirred cell and dialyzed against 10 mM sodium acetate 

buffer (pH 5.0). To the dialyzed protein was added a 100-fold molar excess of zinc(II) 

acetate and the solution was heated to 40 °C to facilitate Zn incorporation. During 

incubation, samples were periodically removed and their UV-visible spectra were 

recorded on an Agilent 8453 spectrometer to follow the production of ZnP-RIDC3. 

After approximately 3 h, no further changes in the absorbance spectrum were observed 

and the reaction was judged to have reached completion. Protein aggregates that 

formed during the reconstitution process were solubilized with EDTA prior to the final 

purification steps. After solubilization, the protein was dialyzed against 10 mM 

sodium acetate (pH 5.0) to remove excess Zn
2+

 and EDTA and further purified using 
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cation exchange chromatography on two Uno-S (BioRad) columns connected in 

parallel using a DuoFlow chromatography workstation (BioRad). A linear gradient 

from 0-0.5 M NaCl was run over a total volume of 500 mL at 1 mL/min, resulting in 

the elution of two protein-containing peaks. The first eluted at 0.3-0.4 M NaCl and the 

second at 0.4-0.5 M NaCl. Fractions from these peaks were collected and 

characterized by UV-visible spectroscopy and MALDI MS. The first peak consisted of 

a mixture of ZnP-RIDC3 and FeP-RIDC3, and the second peak, which was broader, 

contained a mixture of unfolded versions of both. To separate ZnP-RIDC3 from FeP-

RIDC3, fractions from the first peak were pooled, dialyzed into sodium acetate buffer 

(pH 5.0) and purified using the above protocol. Again, two peaks eluted during this 

process. The first eluted from 0.25-0.3 M NaCl and consisted of pure ZnP-RIDC3. 

The second eluted from 0.3-0.4 M NaCl and contained mostly FeP-RIDC3. Fractions 

with a 426:415 absorbance ratio greater than 3.0 were determined to be pure ZnP-

RIDC3 based on MALDI, UV-vis spectroscopy and fluorescence spectroscopy 

(recorded on a Horiba Jobin Yvon Fluorolog-3 spectrofluorimeter), and were pooled 

and used in subsequent experiments. The molar absorptivity of ZnP-RIDC3 was 

estimated using the Bradford assay with FeP-RIDC3 as a standard.  

Microscopy 

A 3-!L aliquot of samples containing RIDC3 nanotubes or 2-D arrays was 

applied to glow-discharged Cu mesh grids that had continuous carbon films. For 

unstained samples, the solution was left on the grid for 1 min to allow particle 

adherence to the carbon support, after which excess solution was removed by blotting 
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with filter paper. Where indicated, samples were negatively stained with 3% uranyl 

acetate after washing with deionized water. Except for HRTEM analysis, grids were 

examined in an FEI Sphera transmission electron microscope equipped with a LaB6 

electron gun operated at 200 keV. Micrographs were recorded on a Gatan 2K2 CCD 

camera at the indicated magnifications. HRTEM imaging was performed in an FEI 

Tecnai Polara microscope and images were recorded on a Gatan 4K2 CCD camera. 

SEM micrographs were collected in an FEI XL30 UHR scanning electron microscope 

operated at 5 keV at the indicated magnifications. Pt-free samples were sputter-coated 

with iridium oxide prior to analysis. Samples were prepared for AFM imaging by 

depositing 20 !L of the reaction mixture on freshly cleaved mica, after which it was 

allowed to adhere for 5 min., washed with deionized water and dried under argon. 

AFM images were collected in air with a scan area of 20!20 !m2 using a Veeco 

Scanning Probe Microscope operated in tapping mode. Height analysis was performed 

using the Nanoscope analysis software package, V1.20.  

Measurement of the chemical stability of monomeric FeP-RIDC3 and self-

assembled arrays 

The chemical stabilities of monomeric and assembled FeP-RIDC3 were 

determined by following changes in the UV-visible absorbance spectrum of RIDC3 

upon incubation in increasing concentrations of organic solvents. Aliquots of a stock 

solution of monomeric RIDC3 were added to solutions containing 0-100% organic 

solvent to a final protein concentration of 5 !M and allowed to incubate overnight. 

The absorbance spectrum of each sample was recorded and the ratio of absorbance at 

415 and 408 nm was recorded to measure the extent of unfolding. The unfolding of 
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RIDC3 arrays and RIDC3 nanotubes was followed in a similar manner, with the 

exception that assembly of RIDC3 into arrays causes a slight red shift in the Soret 

absorbance, and therefore the 418:415 nm absorbance ratio was used to determine the 

extent of unfolding.  

Measurement of the thermal stability of monomeric RIDC3 and self-assembled 

arrays  

The thermal stability of monomeric RIDC3 was measured by CD spectroscopy 

on an Aviv 62DS spectrophotometer. Thermal unfolding was monitored by changes in 

the ellipticity at 222 nm. Measurements were carried out from 4-90 °C in 2 °C 

intervals, with a 2 min equilibration time at each temperature. For each measurement, 

the signal was measured and averaged for 10 s.  

The thermal stability of RIDC3 nanotubes and 2D arrays was measured by 

TEM. Solutions containing 100 !L of RIDC3 nanotubes or 2D arrays were incubated 

at the indicated temperature in a thermal cycler. After the indicated period of time, 

aliquots were removed and characterized by negative-stain TEM to determine the 

assembly state of the protein. 

Nanoparticle syntheses.  

A 50 mM solution of K2[PtCl4] was aged in deionized water for 1 d at room 

temperature to allow aquation of the complex. Aliquots were then added to a solution 

of 50 or 10 !M FeP-RIDC3 that had been assembled as 2D arrays or helical 

nanotubes, respectively. Except where indicated, the mixture was incubated for 24 h at 

room temperature to allow binding of Pt(II) to the arrays. For the synthesis of dendritic 
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Pt nanoparticles, aliquots from a 500 mM solution of ascorbate were added to a final 

concentration of 50 mM, and the reduction of the Pt complex was allowed to proceed 

for 12 h, upon which grids were prepared for analysis by TEM. For the synthesis of 

single nanoparticles, a scheme identical to that of dendritic particles was followed, 

except that after 1 d of incubation with Pt(II), the solution was heated to 99° C for 10 

min. For reduction on 2-D arrays, no ascorbate was added.   

For photoreduction experiments, samples of ZnP-RIDC3 were prepared in an 

identical fashion as above, followed by illumination for 10 min using a 300-W 

Oriel66023 Hg/Xe lamp (Newport Corporation). Light was passed through a 75 mm 

plano convex lens (Rolyn Optics) to focus the beam and remove UV light (<280 nm), 

and a 3.4-inch liquid filter (Oriel, model 6214) to remove infrared radiation and to 

prevent sample heating. After irradiation, 25 mM additional aged K2PtCl4 was added 

in the indicated amounts. Time courses for the reduction of Pt were conducted by 

removing 5 !L aliquots after vigorous shaking, mixing with 150 !L of deionized 

water in a 1-cm pathlength cuvette and recording the UV-vis spectrum. 
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 Chapter 4 was reproduced in part from a manuscript currently being prepared 

for submission. Brodin, J. D., Carr, J. R., Sontz, P. A., Tezcan, F.A. Designed Protein 

Nanostructures with Exceptional Stabilities and Innate Redox Functionalities for 

Templating Multidimensional Hybrid Materials. 
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Chapter 5: Metal-Directed Assembly of Proteins into Helical Nanotubes with 

Monodisperse, Tunable Diameters  

 

 

 

5.1 Abstract 

 

 

1D nanostructures, including filaments and helical nanotubes, are essential 

components of myriad biological processes. Examples include maintenance of the 

structural integrity of the cell; providing nanoscale tracks upon which cellular cargo 

can be transported; selective gene delivery; and serving as the basis for hierarchically 

assembled materials with mechanical properties as different as skin and bone. 

Paramount to the functionality of these structures is that they are stable, form in high 

yields, have monodisperse and highly controllable dimensions, and that they can be 

selectively assembled and disassembled in response to various chemical stimuli. Here, 

we show that helical nanostructures assembled from proteins via a coordination-

chemistry-based approach capture all of these features. By engineering the symmetry 

of a protein building block and the positioning of surface-accessible coordination sites, 

we are able to assemble helical nanostructures in high yields and with monodisperse 

and tunable diameters, as well as a novel multi-walled protein nanotube. Detailed 

structural characterization of the nanotubes by transmission electron microscopy is 

combined with X-ray crystallographic analysis of the Zn-mediated packing of 

individual proteins to explain the basis for nanotube formation, the ability to control 

nanotube diameter and the mechanism of their assembly into higher order bundles of 

nanotubes resembling actin networks.  
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5.2 Introduction 

 

Helical nanostructures play essential roles in diverse biological processes. 

These range from those that are largely mechanical, such as providing reconfigurable 

scaffolding for cell growth and organization,1 to those that are structural, such as the 

entrapment and targeted delivery of viral genomes.2 The diverse biological functions 

played by these 1D structures have provided inspiration and design principles for 

engineering synthetic assemblies with biomimetic properties. These assemblies have 

been employed in applications as diverse as medicine, for example as cytoskeleton-

like cell cultures3,4 or delivery vehicles5,6; in nanotechnology, as scaffolds for 

nanowire syntheses7-22 that mimic the construction of bone and sponge skeletons; and 

in materials science, as components of hierarchically ordered materials whose 

properties are inspired by skin, or mussul byssi. For all of these applications, it is 

important that the nanostructures be highly homogenous, and ideally, have well-

understood structures, such that they can be modified in a predictable fashion.  

Diverse macromolecular and small molecule precursors, such as lipids,15,16,23 

DNA,7-11,24-35 peptides13,36-44 and proteins19,45-54 have been employed for assembling 

designed 1D nanostructures. Despite these successes, several outstanding challenges 

remain before the use of these structures becomes routine. First, outside of a few 

examples using DNA and one using peptides, the ability to produce monodisperse 

structures with tunable diameters is largely unexplored.27,31,32,35,38 Second, although 

techniques such as AFM have been used to provide information on the overall 
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morphology designed assemblies, to the best of our knowledge, only one report 

detailing the molecular organization of a designed nanotube has been reported.44  

Although proteins are nature’s building block of choice for assembling highly 

ordered and functional architectures, there are relatively few reports of their use as 

molecular precursors for the designed self-assembly of synthetic nanotubes. The 

strategies that do exist either require a template for layer by layer assembly,45-47 

unfolding/hydrolysis of the proteins to form amyloid-like structures,48-50; or are 

dependent on the use of a particular protein,19,51 protein superstructure,52,53 or 

symmetric building block.19,54 An outstanding goal in the field of protein design is 

therefore to engineer biomimetic structures with tunable and predictable dimensions 

that assemble in response to chemical cues.  

Recently, we reported the designed, metal-directed assembly of the monomeric 

hemeprotein protein, RIDC3, into monodisperse nanostructures including helical 

nanotubes 60-80 nm in diameter and 2D arrays.56 Due to the metal-bonding nature of 

the interactions responsible for stabilizing these structures, they were found to be 

exceptionally stable under nonbiological conditions, such as at elevated temperatures 

and in organic solvents, making them ideal templates for a variety of nano- and 

biotechnological applications (unpublished results, see Chapter 4). Here, we 

dramatically expand the number of nanostructures that can be assembled via this 

approach by altering the symmetry of the protein building block and the metal binding 

sites available to direct its assembly. The resulting nanostructures form in high yields, 

are monodisperse, and have tunable diameters. Detailed structural characterization of 
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these structures is used to explain the basis for their formation and the high degree of 

control over their structures. 

 

5.3 Results and Discussion 

 

We previously reported the design of a monomeric protein (RIDC3) that 

assembles into supramolecular arrays upon Zn coordination (Chapter 3).56 RIDC3 was 

designed such that it forms a stable, dimeric complex with two surface-exposed, His3-

ligated, Zn2+ ions (high affinity sites, Figures 5.1a and b) and another potential 

chelation site at the N-terminus (low affinity sites, Figure 5.1b). Coordination of a 

carboxylate from a neighboring dimer to one of the high affinity sites resulted in the 

formation of a C2 symmetric, tetrameric complex (Figure 5.1c).56 Extensive 

characteriztion of the higher-order assembly of this complex by TEM and X-ray 

crystallography revealed that bilateral growth of these tetramers into 2D arrays occurs 

through carboxylate coordination to the second, high affinity site in one direction and 

to the low affinity, N-terminal site in the other (Figure 5.1c). We reasoned that, 

because the formation of this lattice is dependent on the availability of specific 

coordination sites on the surface of the tetrameric protein complex, altering the 

symmetry of the oligomeric building blocks should allow the assembly of alternate 

lattices and produce supramolecular protein arrays with symmetries and arrangements 

different from RIDC3.  

As an initial target, we aimed to stabilize the D2 symmetric closed tetramer, 

Zn4:MBPC14.
57 Because the formation of this assembly is accomplished through 
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Figure 5.1. Stabilization of a D2 symmetric closed tetramer and initial 

characterization of its self-assembly by TEM and light microscopies. (a) Cartoon 
representation of monomeric RIDC3. Amino acids shown as sticks are responsible for 
stabilizing the C2-symmetric dimer (cyan) or forming the high (magenta) or low 
(salmon) affinity Zn-binding sites. (b) C2-symmetric, Zn2RIDC32 complex formed 
upon Zn (red spheres) binding by RIDC3. (c) C2 symmetric open tetramer formed 
from two Zn2RIDC32 dimers. Arrows show Zn sites that are the nucleation points for 
bidrectional lattice growth. (d) D2-symmetric tetramer that was the design target for 
this study, depicting low affinity sites and potential carboxylate moieties available for 
higher order assembly. Blue and red boxes surround the 3-coordinate Zn site and 
disulfide linkage, respectively, that were designed to stabilize this complex. TEM (e 
and f, left) and light microscopy (f, right and g) images showing the assembly state of 
RIDC3 (e), H59RIDC3 (f) and H59C96RIDC3 (g and h) upon addition of 10 eq. of Zn2+ to 
100 !M protein at pH=5.5 (e-g) or 25 eq. of Zn at pH=7.5 (h)  

pairwise interactions that fulfill the coordination sphere of both high affinity sites 

(Figure 5.1d), formation of a RIDC3-type lattice is precluded. Instead, four potential, 

weak binding, N-terminal sites, as well as several carboxylates throughout the surface 
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Figure 5.2. TEM imaging and 2-D reconstruction of a 

59H
RIDC3 nanotube 

obtained at pH 5.5. (a) TEM micrograph of a single 59HRIDC3 nanotube. (b) Fourier 
filtered image of the nanotube depicted in (a). (c) 2D reconstruction calculated from 
the FFT of a single nantobube with an overlay of the RIDC3 lattice. 
 

of the tetrameric complex, including two potential chelation sites from dicarboxylate 

motifs along helix 1, are available to induce growth into supramolecular architectures 

(Figure 5.1d). Using RIDC3 as a starting point, stabilization of the MBPC1-type 

tetramer was accomplished in two steps. First, we replaced a designed hydrogen bond 

that spanned the dimeric interface with a three coordinate Zn binding site (Glu2His 

triad) (Figure 5.1d) by substituting R59 with His. Because stabilization of a C2 

symmetric dimer favors the formation of the closed, D2 symmetric tetramer,58 the 

more favorable binding energy associated with metal-ligand interactions versus 

hydrogen bonds should favor its formation. Second, we introduced a covalent linkage 

between two C2 symmetric dimers such that they would be forced into the tetrameric 

conformation (Figure 5.1d).  

The self-assembly of H59RIDC3 and H59C96RIDC3 were characterized by light 

microscopy and TEM. Addition of 1 mM Zn2+ to a solution containing 100 !M 

protein at pH=5.5 (buffered with 20 mM MES) resulted in the formation of either a 

mixture of RIDC3-like nanotubes and 3-D diamond-shaped crystals (Figures 5.1f and 
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Figure 5.3 Crystal structures of 

H59
RIDC3 and 

H59C96
RIDC3. Core Zn sites are 

depicted as salmon spheres, and the designed the coordinate peripheral sites as cyan 
spheres. 
 

5.2), in the case of H59RIDC3, or the exclusive formation of 3-D crystals in the case of 

H59C96RIDC3 (Figure 5.1g). The ability of H59RIDC3 to form multiple supramolecular 

arrays suggests that at least two discrete oligomeric species are present, and that their 

assembly pathways differ. 2D image reconstructions of the nanotubes formed by 

H59RIDC3 revealed that the lattice constants for this structure (a = 35.8, b = 134.1, ! = 

92.4) are the same, within experimental error, as the lattice constants for RIDC3 

nanostructures and 3D crystals.56
 Furthermore, as with RIDC3 nanotubes, a segment 

of the lattice derived from the RIDC3 crystal structure fits well in the calculated 

density (Figure 5.2) of 59HRIDC3 nanotubes. Taken together, these results indicate that 

59HRIDC3 retains the ability to form the same oligomeric species as its precursor, 

RIDC3. 

To test whether RIDC3 variants also form closed tetramers, and to determine 

the mechanism of their growth into 3-D crystals, the structures of H59RIDC3 and 

H59C96RIDC3 were determined by X-ray crystallography to resolutions of 2.8 and 2.2 
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Figure 5.4. Structural characterization of self-assembled 

H59C96
RIDC3 arrays by 

X-ray crystallography. (a) Zn coordination modes responsible for assembly of 
crystals. Zn1 ions (salmon) form pairwise interactions to saturate high affinity Zn sites 
from two dimers. Zn2 sites (cyan) are the 3-coordinate sites designed to stabilize the 
D2-symmetric tetramer. Zn3 (magenta) ions form pairwise interactions at the N-
terminal (weak binding sites) of two tetramers. Zn4 (orange) forms a single interaction 
between two tetramers through a tetracarboxylate montif composed of Glu8 and 
Asp12 from each tetramer.  (b) Packing of H59C96RIDC3 tetramers into a 2-D Zn-
mediated lattice, as observed in crystals of H59C96RIDC3 obtained at pH 7.5. Only Zn3 
and Zn4 sites, responsible for intetramer crosslinking are shown for clarity. (c) 
Sideview of a 2-D H59C96RIDC3 Zn-mediated sheet showing the intrinsic curvature of 
the lattice and possibility for 3-D growth. 

Å, respectively. Crystals of both variants (Figures 5.1f and 5.1g), which were obtained 

at pH=5.5 in 20 mM MES, revealed the presence of the expected D2 symmetric 

tetramer; an additional Zn2+ at the engineered 3-coordinate site; and in the case of 

H59C96RIDC3, an intact disulfide linkage (Figure 5.3). However, in both cases only the 

N-terminal surface sites were occupied by Zn2+ and 3-D growth was accomplished 

through nonspecific PPIs.  

To promote the growth of anisotropic protein arrays, we assembled 

H59C96RIDC3 under high pH conditions, where further deprotonation of the N-terminus 

should favor 1-D assembly and where the higher surface charge on the protein should 
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hinder non-specific aggregation. To obtain 3-D crystals, we used a metal-chelating 

buffer (200 mM TRIS, pH=7.5). The use of chelating buffers was previously shown to 

retard the nucleation and growth kinetics of protein arrays, resulting in 3-D crystals 

rather than 1- or 2-D arrays or amorphous aggregates.56 Under these buffering 

conditions, addition of 2.5 mM Zn to 100 !M protein resulted in the formation of 

anisotropic hexagonal plates rather than 3-D diamond shaped crystals (Figure 5.1h), 

indicating that crystal growth occurs through a different mechanism at higher pH. The 

2.5 Å resolution crystal structure confirmed the presence of D2 symmetric tetramers 

and revealed the basis for anisotropic growth of these crystals (Figure 5.4). Bilateral 

growth is facilitated in one direction through pairwise N-terminal interactions (Figure 

5.4a, magenta spheres), and in the other through a bicarboxylate motif on helix 1 

(Figure 5.4a, orange spheres).  

To increase the nucleation and growth rate of protein arrays and obtain ordered 

nanostructures rather than 3-D crystals, we assembled H59C96RIDC3 in 20 mM MOPS 

(pH=7.5) by adding 5 eq. of Zn to 100 !M protein. TEM images of negatively stained 

samples (Figure 5.5) prepared after 7 d revealed the formation of amorphous 

precipitate and two populations of nanotubes. The nanotubes had diameters of either 

18±2 nm (Figure 5.4b) or 45±3 nm (Figure 5.5d). Unit cell parameters for the wide 

tubes were calculated from fast Fourier transforms (FFTs) and found to be a = 49.0 Å, 

b = 240.9 Å, " = 95.7°. These lattice constants match reasonably well with those of the 

2-D Zn-mediated lattice seen in the crystal structure of H59C96RIDC3 obtained at 

pH=7.5 (a = 52.9 Å, b = 254 Å, !=90°). Fourier filtered TEM images of the wide 

tubes revealed compact subunits rather than the open, “C-shaped” structures seen in 
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Figure 5.5. Self assembly of 
H59C96

RIDC3 at pH 7.5 in non-coordinating buffer (20 

mM MOPS, pH 7.5). (a) Low magnification TEM micrograph of a negatively stained 
sample prepared after one week of incubation at room temperature, showing the 
presence of thin and thick nanotubes. (b-d) Higher magnification TEM micrographs of 
thin nanotubes (b), thin nanotubes opening into wider structures (c) and wide 
nanotubes (d). (e) Fourier-filtered image of a single wide nanotube. (f) Representation 
of a 2-D Zn-mediated sheet from the crystal structure of H59C96RIDC3 obtained at pH 
7.5 in coordinating buffer (200 mM TRIS). 

similarly processed images of RIDC356 and for H59RIDC3 nanostructures formed at 

pH=5.5 (Figure 5.2). A side-by-side comparison of the lattices obtained by TEM and 

X-ray crystallography shows that both have 6-fold translational/rotational symmetry 

along unit cell vector b, which is held together by the tetracarboxylate sites. This cell 

edge runs nearly perpendicular to the tube axis, indicating that growth along the 

orthogonal unit cell vector (a), along which the N-terminal pairwise interactions form, 

is favored. For the narrow nanotubes, growth along this axis is even more favorable, 

and given the angle between the tube meridian (~8°, as determined by analysis of the 
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calculated diffraction pattern) and width of the analyzed tube (20 nm) a 2-D sheet only 

61 nm wide (~2.5 unit cells) along the tetracarboxylate unit cell vector (b) is necessary 

for their formation. For the wider tubes, a 2-D array nearly twice as large is necessary 

(140 nm or ~6 unit cells along b).  

The formation of such narrow tubes is actually surprising, given the high 

energetic penalty associated with sharp bending of the lattice. However, this is likely 

allowed by the natural curvature introduced by the tetracarboxylate coordination mode 

(Figure 5.4c). Additionally, compared to the pairwise interactions in the N-terminal 

direction, the single tetracarboxylate motif between tetramers could allow a relatively 

large amount of flexibility. In any case, these tubes appear to be metastable. After 

incubating for 1 w at room temperature, TEM analysis of these samples revealed 

several structures whose width varied along their lengths (Figure 5.4c). Both sections 

of these structures show a helical pattern in computed FFTs, indicating that they are 

composed of narrow tubes opening into wider ones, rather than a flat sheet folding into 

a tube, as was observed for RIDC3 at early time points.56 The metastability of these 

structures is further supported by samples imaged at a later time point (6 months, 

Figure 5.6), which contained no narrow tubes. Instead, a new species with a 

multiwalled structure appeared (Figure 5.6b). The multiwalled nature of these tubes 

can be explained based on the X-ray crystal structure (Figure 5.3). Because of the 6-

fold screw axis along unit cell vector b, 2/3 of the tetramers expose an N-terminal 

metal binding site above or below the 2-D Zn-mediated lattice.  

Finally, to select for only one type of nanostructure and to favor the complete 

conversion of H59C96RIDC3 into nanotubes with monodisperse diameters and helicities, 
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Figure 5.6. Self-assembly of 
H59C96

RIDC3 and 
H59

RIDC3 into helical nanotubes 

with tunable diameters. Low (a, e, g, i and k) and high (b-d, f, h, j and m) 
magnification TEM micrographs of helical nantotubes prepared via self-assembly.  

we employed two approaches. First, tubes were formed in the presence of low 

concentrations of coordinating buffer. This was previously shown to favor the 

formation of regular arrays over irregular aggregates by decreasing the strength of 

metal binding and the nucleation and growth rates upon which they are dependent. 

TEM micrographs of samples prepared from solutions containing 100 !M RIDC3 and 

1 mM Zn in 50 mM TRIS buffer (pH 8.5) showed the formation of only single-walled 

tubes, 42±3 nm in diameter, even after 6 months at room temperature (Figures 5.6b 

and i).  

As a second approach, we pre-formed tetrameric Zn4:
H59C96RIDC3 complexes 

by adding 2.5 Zn eq. Subsequent addition of another 2.5 Zn eq allowed the formation 

of a monodisperse population of nanotubes (47±3 nm) in diameter. We also found that 
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if 5 eq. of Zn were added at the second point, rather than 2.5, thin nanotubes, with 

diameters of ~20 nm formed (Figure 5.5l). Eventually, these structures transformed 

into small bundles and extended networks, similar to those formed by cellular 

structural elements such as actin and intermediate filaments. This bundling of 

nanofibers is likely facilitated by the exposed, unfilled coordination spheres at the N-

termini of alternating tetramers.  

   

5.4 Conclusions 

 

Although no method currently exists to predictably form 1-D helical structures 

with tunable diameters and helical parameters, the approach outlined here makes 

several advances towards this goal. First, by altering the quaternary structure of the 

protein building block, we can control the morphology of the resulting nanostructures. 

Here, we use metal coordination to accomplish this. The advantage of this approach is 

that the protomeric building block can be chosen arbitrarily, and symmetrized for 

higher order assembly through metal binding. Second, in combination with our 

previous study on the metal-templated design of protein nanostructures, we have 

begun to construct a library of potential metal-binding motifs that can be combined in 

future design iterations. Finally, and perhaps most importantly, despite the difficulties 

involved in predicting the formation of protein-based nanostructures, we have shown 

that, due to the nature of metal binding, it is relatively straightforward to predict how 

changes in assembly conditions (pH, [Zn]:[protein] ratio, etc.) will affect growth 

kinetics and, consequently, the morphology of the resulting protein superstructures.  
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5.5 Future Directions 

 

A more detailed explanation of the assembly pathway as well as definitive 

proof of the multiwalled nature of the nanotubes will required cryo TEM imaging. 

Based on our experience with previous samples, this should be relatively 

straightforward, as these structures tend to make ideal samples for specimen 

preparation. A longer-term goal is the reconstruction from cryo TEM images of the 

nanotubes with various dimensions and periodicities. This will likely provide 

additional information regarding the packing modes of tetramers to form nanotubes 

and any changes in coordination geometry relative to the crystal structure upon their 

formation.  

 

5.6 Materials and Methods 

 

Site-directed mutagenesis and protein expression/purification 

The H59R and T96C mutations were sequentially introduced into pET-ridc356 

using QuikChange (Stratagene) site-directed mutagenesis and primers obtained from 

Integrated DNA technologies, yielding the expression vectors pET-H59ridc3 and pET-

H59C96ridc3, respectively. Protein was expressed and purified as previously reported for 

disulfide variants59, with the following exceptions. H59C96RIDC3 proved to be less 

stable than previous variants and required an additional anion exchange column to 

separate partially unfolded protein from properly folded protein. Proper separation was 
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judged by UV-Vis spectroscopy; immediately after purification, the 415:408 ratio for 

properly folded protein is approximately 1.3. As the protein unfolds, a blue shift in the 

absorbance maximum causes a shift to lower 415:408 values. To prevent this from 

happening, protein stocks must be frozen immediately after purification and their 

415:408 ratios checked before use. Compared to other RIDC3 variants, it was essential 

to use dethawed protein immediately. After addition of Zn, H59C96RIDC3 was 

significantly stabilized, and samples left to self-assemble at room temperature were 

stable for months. Comparatively, control samples unfolded within days, as evidenced 

by a blue shift of the Soret band. 

Macromolecular Crystallography (See Table 5.1).  

All crystals were grown in the absence of any precipitants other than Zn. 

Relatvely thick, diamond shaped crystals of both H59C96RIDC3 and H59RIDC3 appeared 

within a week after adding 3-10 equivalents of Zn to 100 !M of either protein. Thin, 

hexagonal platelike crystals of H59C96RIDC3 were grown using at pH 7.5 using TRIS 

to decrease the nucleation rate (Figure 5.1h). Crystals suitable for diffraction 

experiments were transferred to a solution of mother liquor containing 20% glycerol 

as the cryoprotectant and flash-frozen in liquid nitrogen. X-ray diffraction data were 

collected at 100 K and subsequently integrated using MOSFLM and scaled with 

SCALA60. Structures were then determined by molecular replacement using 

PHASER61 and subjected to rigid-body, positional, thermal and TLS refinement in 

REFMAC62, along with manual rebuilding in COOT63. All figures of the resulting 

structures were produced using PYMOL64.  

Self-assembly of 
H59

RIDC3 and 
H59C96

RIDC3 nanostructures 
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 All self-assembly samples were prepared in volumes of 200 !L by adding the 

indicated amounts of Zn to 100 !M protein. For H59RIDC3, samples prepared at pH 

5.5, the solutions became immediately turbid and 3D crystals appeared within 1 wk. 

Similarly, for H59C96RIDC3 assembled in 200 mM TRIS (pH 7.5), The solution turned 

turbid and planar crystals began to appear after ~ 2 wks at room temperature.  

 Helical nanotubes were also assembled by addition of Zn to 100 !M protein, 

however, buffer conditions varied. For samples that contained a mixture of single and 

double-walled tubes, assembly reactions were prepared in 20 mM MOPS (pH 7.5). 

Thin tubes and disordered aggregates were present after only 1 d. After 7 d, single and 

double-walled tubes were present and thin tubes had begun to open into larger 

diameter structures (Figure 5.4c). This mixture of species persisted for up to 1 year at 

room temperature. 
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Table 5.1. Crystallization, X-ray data collection and refinement information and 

statistics for 
H59C96

RIDC3 assembled with Zn as the sole precipitant. * denotes 
highest resolution shell. 
 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crystallization 
Conditions 

 

Precipitant solution 2.5 mM ZnCl2 and 200 mM 
TRIS (pH 7.7) 

[RIDC3] (!M) 100 
Data collection location SSRL BL 12-2 
Unit cell dimensions (Å) 52.9 ! 52.9 ! 257.1 

"=#=90°, $=120° 
Space group P6122 

Resolution (Å) 45.8 – 2.46 
X-ray Energy (keV) 12,657 

Number unique 
reflections 

7882 

Redundancy 3.5 
Completeness (%)* 95.1 (87.7) 

<I/%I>* 6.7 (3.4) 
Rsymm (%)* 8.6 (21.9) 

Rwork/Rfree (%) 22.5/29.2 
R.m.s. deviations  
Bond lengths (Å) 0.011 
Bond angles (°) 1.385 

Ramachandran plot (%)  
Most favored 99 

Allowed 1 
Disallowed 0.0 
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Chapter 5 was reproduced in part from a manuscript currently being prepared 

for submission. Brodin, J. D., Carr, J. R., Tezcan, F. A. Metal-directed Assembly of 

Proteins into Helical Nanotubes with Monodisperse, Tunable Diameters 
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Chapter 6: Dissertation Conclusions and Future Directions 

 

 

Programming the self-assembly of hierarchically-ordered materials with 

integrated chemical functionalities that mimic those found in nature is a challenging 

scientific endeavor that spans a wide range of scientific disciplines.
1
 Despite the fact 

that in the majority of cases nature uses proteins as a major constituent of such 

materials, there have been limited successes in the bottom-up design of their protein-

based mimics,
2
 and in successful cases the stability of the protein subunits remains a 

concern. Here, we have demonstrated that, starting from a single molecular precursor 

(cyt cb562), we can assemble 1-D tubes with monodisperse and tunable diameters, 2-D 

sheets with variable thicknesses and length:width ratios, and 3-D crystals of variable 

size and morphology. In all of these cases, metal binding is the driving force for the 

formation of these structures and its reversible nature allows the formation of stable, 

ordered assemblies over disordered kinetic traps. The successes outlined above should 

inspire diverse applications such as in drug delivery, compartmentalized catalysis or 

the assembly of hybrid materials with protein-based functionalities.  They also provide 

a starting point for the design of similar structures from diverse protein building 

blocks. On a slightly more cautious note, in many cases these results also highlight 

some of the challenges that remain.  

First, extending the approach to other proteins with catalytic, signaling, 

allosteric, and/or bioactive properties could lead to materials that not only incorporate 

these characteristics, but whose assembly also imparts stability on the protein subunits. 

As detailed in Chapter 4, this would permit, for instance, biocatalysis to be performed 
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using non-biological conditions that are commonly encountered in organic syntheses 

and often lead to protein denaturation. MDPSA could also potentially be applied to 

bioactive proteins. Although multivalent display of proteins on virus-like 

nanoparticles has been shown to elicit an enhanced immune response for 

vaccinations
3-5

 or to improve cellular targeting
6
 and uptake,

7
 it requires chemical or 

genetic conjugation strategies that can be inefficient, and only one scaffold 

morphology is derived from each molecular precursor. The approach outlined here has 

the advantage that many supramolecular morphologies and subunit arrangements 

could be produced from a single antigenic or targeting protein and the affects of these 

parameters on bioactivity determined. To some extent, the design of protein arrays for 

these purposes and others can be guided by the lessons learned up to this point; for 

example, the engineered metal-chelating motifs that allow self-assembly of RIDC3 

can be aligned to similar structural elements in other proteins, and the general trends 

regarding the dependency of nucleation and growth rates on solution conditions should 

apply to other systems. However, in the short term, many applications will likely 

require an iterative approach of design, characterization and redesign. In this regard, 

our results and those of others are promising, as they indicate that the symmetry 

imposed upon protein complexes through metal binding makes characterization by X-

ray crystallography relatively routine.
8,9

  

In addition to engineering protein arrays that incorporate functional subunits 

other than cyt cb562, the protein architectures described here could have applications as 

templates in a variety of processes. The advantages of using the structures assembled 

via MDPSA are several-fold. First, the stability of these arrays in a range of solvent 



 148 

systems should allow labeling with substrates or catalysts that are sparingly soluble in 

aqueous solution. Once prepared, the protein-small molecule conjugate could either be 

used in the solvent in which it was prepared or in aqueous solution after solubilization 

of the attached molecule via bioconjugation. A second advantage of the arrays 

prepared here is the wealth of structural information available. This information can be 

used in future applications to place completmentary functionalities (e.g. proton or 

electron donors) in close proximity to the conjugated catalysts. Although similar 

information is available for a subset of natural protein arrays, many are unstable in 

organic solvents and none have the ability to fine-tune the dimensions of the final 

assembly from a single molecular precursor. This is important for investigating the 

effects of phenomena such as size-constrained catalysis.
10

 These templating 

applications will, however, require an initial investigation into the effects of surface 

modification on the protein superstructure.  

Finally, the material properties of the structures assembled in this thesis will 

make an interesting subject for future studies. Although parameters such as strength 

and Young’s moduli, which are critical parameters for determining the suitability of a 

given material for an application, are routinely determined for synthetic polymers, 

relatively few biopolymers have received a comparably rigorous analysis.
11

 In this 

regard, the metal-ligand bonds used to assemble the protein arrays described here may 

give rise to a novel class of polymers. For instance, because metal-ligand interactions 

are reversible, the interactions that stabilize structures assembled via their formation 

should allow their deformation without fracture and reformation after the damaging 

stimulus is removed (i.e. they should be self-healing).
12

 In fact, this very strategy is 



 149 

used in nature to assemble the mussel byssuth, which is used to attach the organism to 

surfaces and requires the ability to deform under certain conditions, such as periods of 

violent tides, and subsequently repair itself when these damaging conditions pass.
13,14

  

Overall, the studies presented here offer many prospects for short- and long-

term studies involving both the basic science of protein arrays assembled via MDPSA, 

including their assembly pathways, their structures and their mechanical properties, as 

well as potential future applications. Many of these studies are unique to this class of 

structures, as very few other molecules exist that can be programmed to form such a 

wide variety of templates. Although the suitability of these arrays for many 

applications, as well as the generalizability of the approach to other proteins remains 

to be seen, the results presented here provide cause for optimism and are a major stride 

towards one of the ultimate goals of science – the ability to precisely engineer the 

molecular arrangement of molecules into periodic arrays with short-range periodicity 

and long range order. Ultimately, fulfillment of this goal will allow the assembly of 

materials that rival those found in nature and others that perform nonbiological roles. 
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Appendix 1. Dynafit scripts for Fura-2 titrations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Titration of Fura-2 in the presence of EGTA.  This script describes the competition 

between Fura-2 and EGTA for binding to M
2+ 

(Zn
2+ 

in this example) used to determine 

the binding constants for Fura-2 metal binding.   

 

[task] 

task = fit 

data = equilibria 

 

; L ... Fura-2 

; E ... EGTA 

; M ... Zn  

 

[mechanism] 

L + M <==> LM : Kd1 dissoc 

E + M <==> EM : Kd2 dissoc 

 

[constants] 

Kd1 = 3e-9 ? 

Kd2 = 8.1e-9  

 

[concentrations] 

L = 10.4e-6  

 

[responses] 

L = 27000 ? 

LM = 9000 ? 

 

[equilibria] 

directory ./data_directory 

extension txt 

variable M 

file data_file  |  concentration E = 93.9e-6   

 

[output] 

directory ./output_directory 
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Fura-2 vs. 
C96

RIDC14 for four consecutive binding equilibria. This script describes the 

competition between Fura-2 and 
C96

RIDC14 for Zn
2+

. Scripts similar to this one were also 

used to fit one and two consecutive zinc binding equilibria, as well as both models for 

Ni
2+

 and Cu
2+

. See note below for modifications used to fit other models.  

 

[task] 

task = fit 

data = equilibria 

 

; L ... Fura-2 

; P ... 96C 

; M ... Zn - competing ligand 

 

[mechanism] 

L + M <==>  LM : Kd1 dissoc 

P + M  <==>  PM : Kd2 dissoc 

PM + M <==> PMM : Kd3 dissoc 

PMM + M <==> PMMM : Kd4 dissoc 

PMMM + M <==> PMMMM : Kd5 dissoc 

 

[constants] 

Kd1 = 5.7e-9  

Kd2 = 3e-9 ? 

Kd3 = 2e-8 ? 

Kd4= 3e-8? 

Kd5= 7e-8 ? 

 

[concentrations] 

L = 10e-6  

 

[responses] 

L = 27000 ? 

LM = 9000 ? 

 

[equilibria] 

directory ./data_directory 

extension txt 

variable M 

file data_file  |  concentration P = 7.5e-6   

 

[output] 

directory ./output_directory 
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Notes on other models: 

1) Zn – 2 consecutive equilibria: To account for two binding equilbria, each of which 

represents the association of two Zn
2+

, the concentration of protein was doubled 

relative to the above model.  The equilbrium expressions are reduced to   

L + M <==>  LM : Kd1 dissoc 

P + M  <==>  PM : Kd2 dissoc 

PM + M <==> PMM : Kd3 dissoc 

 

2) Zn – 1 equilibrium: The concentration of protein was quadrupled and the following 

equilibria were used 

L + M <==>  LM : Kd1 dissoc 

P + M  <==>  PM : Kd2 dissoc 

 

3) Ni and Cu – 2 consecutive equilibria:  The concentration of protein was set to the 

tetramer concentration and the equilibria outlined in note 1 were used. 

 

4) Ni and Cu – 1 equilibrium: The concentration of protein was set to half the tetramer 

concentration and the equilibria outlined in note 2 were used. 
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Figure A2.1. Low (a) and high (b) magnification images of RIDC3 ribbons 

formed at pH 8.5. (b) is a higher magnification image of the boxed region in (a) and 

was used to compute the 2D image reconstruction. 

Appendix 2: 2D Image Reconstructions of Monolayered Sheets and Helical 

RIDC3 Nanotubes using the 2DX Image Processing Software 

 

2D reconstruction of monolayered sheets 

Monolayered sheets used for 2D image reconstructions were obtained by 

addition of 300 !M Zn to a solution containing 100 !M RIDC3 and 20 mM CHES 

buffer (pH 8.5). After a 7 d incubation period, TEM micrographs of negatively stained 

specimens revealed that RIDC3 forms ribbon-like nanostructures (Figure A2.1). 

Higher magnification images (Figure A2.1b) of flat regions of these structures were 

further analyzed using the 2DX software package,
1
 as follows. 

After initialization of the 2DX software, the following image parameters were 

entered under the “initialization” task: Pixel size on recording medium = 14 !m and 

magnification = 85,056 !. These values are specific for the camera used (Gatan 4k
2
 

CCD) and the nominal magnification used for imaging (62 k!). The “polygonal 

selection masking” task was then used to apply a mask around the monolayered region 
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Figure A2.2. FFT calculated from masked region of Figure 2.1(b). 

of the ribbon and the masked image was used for further processing. A fast Fourier 

transform (FFT) of the masked region, which was calculated using the “calculate FFT” 

task, revealed a single lattice (Figure A2.2) with unit cell dimensions a = 35.5 Å, b = 

140.1 Å ! = 90.4°. These values were determined using the “get unit cell” task and are 

in agreement with the unit cell parameters calculated from 2D sheets and of single, 

Zn-mediated layers observed in the X-ray crystallographic model (a = 35.5 Å, b = 

140.1 Å ! = 90.4°). 

 The calculated FFT was then used to filter and “unbend” the image using the 

“unbend 1” and “unbend 2” tasks in 2DX. The resulting processed image (Figure 

A2.3) clearly shows the presence of the same dimers of C2-dimers seen in the X-ray 

crystal structure and 3D helical reconstruction. 

 Finally, after correcting for the contrast transfer function (CTF) using the 

“correct CTF” option in 2DX, a 2D image reconstruction was calculated using the 
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Figure A2.3. Fourier-filtered and unbent image (a) and 2D image reconstruction 

(b) of a monolayered region of an RIDC3 ribbon-like structure. 

“generate map” task with the “generate correctly scaled map with SPIDER” option 

turned on (Figure A2.3). The output MRC map was then used as a template for fitting 

RIDC3 dimers of C2-dimers (Chapter 3).  

2D reconstruction of RIDC3 helical nanotubes 

 Although a 3D image reconstruction was ultimately obtained for RIDC3 

nanotubes, 2D image reconstructions were used to derive accurate starting values for 

the helical parameters (See Appendix 3 for derivation of helical parameters). These 
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Figure A2.4. Fast Fourier transform (FFT) of a single representative nanotube. 

The white and gray lines are to highlight lattices 1 and 2, respectively. The (0,4) 

reflection from lattice 1 partially overlaps with the (1,0) and (1,1) reflections from 

lattice 2.  

parameters are required as inputs for the IHRSR reconstruction method. Initial data 

processing for images of RIDC3 nanotubes was performed as described above for the 

monolayered sheets, except that before calculating unit cell parameters it was 

necessary to choose a single crystallographic lattice. As shown in Figure A2.4, the fast 

Fourier transform calculated from a single RIDC3 nanotube displays two overlapping 

lattices. Unit cell parameters calculated from a single lattice, as described above, were 

a = 33.7, b = 128.6 and ! = 83.7. Again, these values are close to those obtained for 

mono- and multi-layered sheets, as well as 3D crystals. After indexing, images were 

unbent and filtered as described above, and a 2D image reconstruction calculated. 

Both the unbent images, as well as the 2D reconstruction, showed the presence of the 



158 

 
 

Figure A2.5. Fourier-filtered and unbent image derived from an RIDC3 

nanotube using a single lattice from the FFT (Figure A2.4). 

same dimer of C2 dimers present in all other RIDC3 lattices (Figure A2.5). The 

clustering of C-tetramers in groups of two is similar to the asysmmetry of ridges in the 

3D reconstruction, which indicates that that the tubes are not completely flattened by 

deposition on the carbon support and retain some of the characteristics of unflattened 

helical nanotubes after specimen preparation. 
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Appendix 3: Derivation of Helical Parameters for 3D Image Reconstruction of 

RIDC3 Nanotubes 

 

 This appendix demonstrates how knowledge of the unit cell size and the 

molecular packing arrangement of RIDC3 protomers into a crystalline lattice can be 

combined with the 2D TEM image reconstruction of an RIDC3 nanotube to derive 

starting parameters for a 3D cryo-TEM helical reconstruction. The tube used here 

(Figure A3.1) was assembled by the addition of 5 mM Zn to a solution containing 500 

!M RIDC3 and 20 mM MES (pH 5.5). After incubating for one month at room 

temperature, specimens were prepared for TEM by adding a 3 !L aliquot of the 

nanotube-containing solution to a continuous carbon TEM grid and staining with 2 % 

uranyl acetate. Imaging was performed in an FEI Sphera electron microscope operated 

at 200 keV and with a nominal magnification of 85,056 ! (final pixel size = 1.65 Å). 

The 2D image reconstruction used below was obtained using the 2DX software 

package,1 as described in Appendix 2. 

 A helical nanotube is constructed from a 2D lattice by connecting two arbitrary 

lattice points that lie at the termini of a line referred to as the circumferential vector 

(line 4, Figure A3.2). The “seam” of the tube is created by overlaying two lines 

(Figure A3.2, lines 1 and 3) that are perpendicular to the termini of the circumferential 

vector. Because the location of these two points is arbitrary, there are an infinite 

number of possible helical symmetries that can be created through this process. By 

using prior knowledge of the size of a helical subunit (crystallographic unit cell) and 

the diameter of the helical nanotube, the possible symmetries can be narrowed down 

to one or two possibilities as follows.  
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Figure A3.1. TEM micrograph of a representative RIDC3 nanotube (a) and the 

FFT of the masked tube (b). The tube and FFT were used to calculate the 2D image 
reconstruction used for deriving helical parameters, as shown in Figure A3.2. (b) A 
single lattice is highlighted to demonstrate the angle that it makes with meridian of the 
tube.  

 In the FFT computed from a single helical nanotube (Figure 3.1b), each lattice 

makes a 45° angle with the meridian (long axis) of the tube. Therefore, as shown in 

Figure A3.2, one edge of the tube can be drawn as a line intersecting the 2D lattice at 

this angle (line 1, Figure A3.2). The position of the second tube edge is then calculated 

based on the diameter of the tube (~580 Å), which was measured using images of 

cryogenically frozen samples. The length of the circumferential vector (C=!d) is 

therefore 1813 Å. The placement of the line passing through the second terminus of 

the circumferential vector is determined by calculating how many unit cells it is from 

line one. This is equal to the length of the circumferential vector divided by the cosine 

of 45° (0.707), or 2442 Å, which corresponds to ~18 unit cells. A second line (line 3) 

is drawn parallel to line 1 and intersecting this point. The C symmetry of the tube, if 

any, is determined based on how many unit cells are required to connect the two  
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Figure A3.2. Derivation of helical parameters for RIDC3 nanotubes based on the 

2D image reconstruction of a single nanotube.  

 

The helical rise (!") and rotation (!#) per subunit were also calculated based on the 

information Figures A3.1 and A3.2. Because unit cells run at a 45° with respect to the 

tube meridian, each translates by 38 Å times the sine of 45° (0.707), or 26.9 Å. 

Because it would take 72 short unit cell edges to wrap a full turn around the helix, !# 

is equal to 360° divided by 72, or 5°. Both of these values are close to those obtained 

after refinement during the 3D image reconstruction, verifying the approach for 

calculating helical parameters described here. This method of calculating helical 

symmetries for 3D reconstructions could prove particularly useful in cases where 3D 

crystal structures can be obtained, but only low resolution diffraction from helices is 

apparent, as in the thin helical tubes described in Chapter 5. 
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Appendix 4: 3D Reconstruction of Helical RIDC3 Nanotubes using IHRSR++ 

 

The 3D reconstruction of RIDC3 helical nanotubes was performed using 

IHRSR++ as previously described1 (See protocol written by Robert Sinkovits and 

Kristin Parent available from http://cryoem.ucsd.edu/), with the modifications and 

details specific to RIDC3 described below. IHRSR++, is an extension of the Iterative 

Helical Real Space Reconstruction (IHRSR)2 method, which was developed by the 

Egelman Research Group. The parameters used here have been adapted for RIDC3 

nanotubes assembed in 20 mM MES (pH 5.5) by the addition of 4.5 mM Zn to 450 

!M RIDC3. These parameters will likely require optimization on a case-by-case basis 

for other nanotube morphologies or to obtain higher resolution reconstructions. 

Samples used for this reconstruction were prepared by depositing a solution 

containing RIDC3 nanotubes on home-made, lacy carbon grids, followed by 

vitrification in liquid ethane. Digital micrographs of theses samples were recorded on 

a Gatan 4K2 CCD camera in an FEI Polara microscope using low-dose conditions 

(~12 e-/Å2) at a nominal magnification of 39,000 ! (calibrated pixel size = 2.883 Å), 

with objective lens underfocus settings ranging from 1.5-4 µm. Low magnification 

migrographs revealed 0-3 tubes per grid hole (Figure A2.1a) and higher magnification 

images showed intact tubes with diameters that often appeared to vary slightly over 

the length of the tube (Figure A2.1b). For this reconstruction, 139 micrographs similar 

to that shown in Figure A2.1b were recorded and used for further processing, as 

described below.  

Individual tubes from each micrograph were “boxed out” using the program 

helixboxer, which is part of the EMAN software package and is available at 
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Figure A4.1. Low (a) and high (b) magnification images of vitrified RIDC3 

nanotubes. Arrows in (a) indicate the presence of nanotubes. 

http://blake.bcm.tmc.edu/eman/. In total, 229 helices were boxed from the 139 

recorded micrographs. After individual helices were boxed, they were further 

processed using the helix_automation script provided with IHRSR++. This script 

renames and modifies images for use in SPIDER 

(http://www.wadsworth.org/spider_doc/spider/docs/spider.html) and calculates a 

power spectrum for each tube (Figure A2.2). The majority of the tubes showed clear 

diffraction to a resolution of at least 1/30 Å-1. These resolutions were determined by 

calculating the position of layer lines using the following formula: 

 

! 

Resolution =  
pixels measured

size of power spectrum "  pixel size of recorded micrograph

# 

$ 
% 

& 

' 
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-1
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Figure A4.2. Power spectrum calculated from a representative RIDC3 nanotube. 

Most power spectra showed strong diffraction to 1/30 Å-1 and many, including the 
spectrum depicted here, show weaker diffraction to higher resolutions. The three 
boxed layer lines, which are at resolutions of 1/47 Å-1, 1/55 Å-1 and 1/63 Å-1 were 
used to determine which tubes to include in the final reconstruction.      

  

 

 

 

 



167 

 
 
Figure A4.3. Example of a tube with asymmetry about the meridian. Boxed layer 

lines should be identical, but are split on opposite sides of the meridian and translated 

axially relative to each other. 
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The calculated power spectra were then inspected to determine which tubes 

were suitable for further processing. Tubes with obvious asymmetry about the 

meridian (Figure A2.3) or of relatively low resolution were omitted from further 

processing. By using these criteria, the total number of tubes included for further 

processing was decreased from the initial 229 boxed to 81. 

 These 81 tubes were then individually processed using the script helix_cutstk. 

This script divides each tube into overlapping segments and combines them into a 

single file, which is referred to as an image stack. Parameters required for running this 

script include the size of individual boxes and the shift between each overlapping box. 

These two parameters are determined empirically, but general guidelines are that the 

box size should at least 3-4 times the axial rise and that the shift between segments is 

generally greater than the axial rise per subunit. In our case, due to the low number of 

tubes included (see below), we oversampled relative to what was necessary. 

Therefore, a relatively large box (200 px) and small shift (4 px) were used in this 

particular case. For future studies that involve larger datasets, these parameters will 

have to be optimized to maximize computational efficiency and the resolution of the 

reconstruction.  

 The stack file output from helix_cutstk is used as the input for the SPIDER 

script get_tube_diameters, which calculates tube diameters for a stack file created 

from a single tube or from multiple tubes. The output file from this script, 

doc_peaks.dat, can be opened in a graphing program and a histogram of tube 

diameters computed (Figure A2.4). We found that the tubes studied here are relatively 



169 

 
 

Figure A4.4. RIDC3 nantobube diameter distributions. (Left) Histogram of 

diameters computed from all RIDC3 nanotubes with acceptable power spectra. (Right) 

Histogram of diameters computed from nanotubes used in final reconstruction. In both 

cases, there is a tail of nanotube diameters at higher values, likely due to flattening on 

the carbon support and widening of segments at the ends of the tubes. These segments 

were removed using the script sort_by_diameter prior to performing the final 

reconstructions. 

polydisperse, with diameters that tail off towards larger sizes. This tail is likely due to 

flattening of tubes, or a portion of the tubes, upon deposition on the carbon support.  

Boxed tubes were then further sorted by reanalysis of their power spectra. Only 

tubes with consistent layer lines were retained (Box, Figure A2.2).  This selection step 

decreased the number of tubes used for further processing from 81 to 5. The decision 

to include tubes with this specific pattern was based on their higher occurrence in the 

population, rather than for targeting a specific structure. To demonstrate that these 

tubes did indeed have similar helical parameters, their power spectra were averaged, 

using the script avg_pw2. Compared to the average computed for all tubes, the limited 

sample set showed a more uniform diffraction pattern (Figure A2.5), which indicates a 

higher degree of homogeneity and/or lack of flattening in the limited sample set. 
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Figure A4.5. Power spectra computed from entire sample set (left) and a limited 

set of tubes with consistent diameters and individual power spectra (right). 

Having identified a limited set of tubes with apparently similar helicities, we 

conducted a 3D image reconstruction on each to ensure that they would converge on 

similar helical parameters. Image stacks from each tube, which were prepared as 

described above, were modified for this process by using the SPIDER script ipdlp. 

This script performs the following image modifications: contrast inversion, padding to 

produce a square image, binning (decimation) to control the final pixel size and low 

pass filtering. For our purposes, we used a binding factor of 1, keeping the pixel size at 

2.88 Å, and low pass filtered the images to 6 Å, slightly beyond the Nyquist resolution 

limit of 5.76 Å.  

These modified image stacks were then used as the input for helical 

reconstruction using an appropriately modified version of the script Bob_helix, which 

was provided with IHRSR++. The following starting parameters, which were derived 
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from negatively stained images (see Appendix 2), were added to the reconstruction 

scirpt: !" = 27 Å, !# = 5.3° point symmetry = C8 or C9. Using these starting 

parameters, all 5 tubes converged on essentially the same values within 20 rounds. The 

proper symmetry was determined by comparing power spectra from reconstructed 

tubes with those used as input. In contrast to tubes reconstructed by enforcing C9 

symmetry, those constructed enforcing C8 symmetry did not show layer lines at 

positions that matched those seen from the imaged tubes. 

Having verified all 5 tubes converged on similar values, and determined the 

appropriate symmetry/helical parameters, a 3D reconstruction was performed using an 

image stack composed of segments from all 5 tubes. Prior to running this 

reconstruction, images were corrected for the contrast transfer function and segments 

which fell outside of the range 520 – 635 Å were removed using the SPIDER script 

sort_tube_diameters. As is demonstrated in Chapter 4, the reconstruction using these 

tubes was consistent with our crystallographic characterization. 
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