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Abstract 
 

Engineering Advanced Self-Assembling Protein Biomaterials 
through the Extrapolation and Functionalization of  

Peptide-Based Systems 
 

By Rebecca A. Bartlett 
 

Chemically synthesized peptides represent useful building blocks for engineering self-
assembling biomaterials because their rapid production permits high-throughput investigation of 
numerous peptide sequences in a brief time period. However, chemical synthesis limits the length 
and complexity of the generated peptides, which subsequently limits the potential applications. 
Despite these restrictions, useful information from successful self-assembling peptides can be 
extended to the development of more intricate systems through the use of genetic and protein 
engineering using E. coli as a host organism.  

A previously published α-helical peptide was designed to assemble intermolecularly into a 
two-dimensional nanoporous framework where the thickness of the nanosheets was determined by 
the length of the peptide. Utilizing molecular cloning techniques, a system was designed for 
concatemerization of the α-helical peptide to generate nanosheets with greater thickness and 
improved thermodynamic and mechanical stability. This would support the application of these 
materials in therapeutic drug delivery or through incorporation into nanodevices.  

In an unrelated investigation, HEAT-based concatemers were produced via genetic and 
protein engineering techniques for the development of thermodynamically stable, high aspect ratio 
nanotubes with two functionally distinct surfaces. Hypervariable residues on the concave surface 
are amenable to modification for application purposes. Meanwhile, the exterior surfaces of HEAT-
based protein nanotubes were rapidly functionalized with the mCherry fluorescent protein through 
the formation of a covalent isopeptide bond by the SpyTag/SpyCatcher ligation system. 
Functionalization of the optimized HEAT-based protein nanotubes displaying the SpyTag peptide 
can promptly result from the introduction of the SpyCatcher protein fused to any arbitrary 
functional protein. The asymmetrical and interchangeable functionalization of these nanotubes 
results in a highly controllable system for various applications. 
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 1.1 Introduction 

Nanoarchitectonics is a rising field centered on the development of dynamic functional 

materials through selective tuning at the molecular level to control the subsequent material 

properties.1-3 Biological molecules, such as nucleic acids,4-7 proteins,8-9 and structurally related 

foldamers,10 exemplify appealing candidates to extend these principles for construction of 

functional biomaterials. Variations in the amino acid sequence of peptides and proteins result in 

well understood modifications in the intra and intermolecular interactions, which make them 

important candidates for controlled self-assembly into highly ordered functional materials. One-

dimensional peptide and protein nanomaterials are frequently found in natural systems in organelle 

and tissue components such as cytoskeleton frameworks and collagen fibers.11-13 Rational design 

of synthetic peptides and proteins has resulted in the creation of many one-dimensional assemblies 

from structural motifs including b-strands,14-23 b-hairpins,24-27 a-helical coiled-coils,28-40 and 

collagen triple helices.41-50  

1.2 Two-Dimensional Peptide Assemblies 

Two-dimensional peptide and protein assemblies are scarcely seen in nature although they 

display potential for applications in nanoarchitectonics as their extended planar shapes can 

straightforwardly be incorporated into current nanoscale devices.51 Nanosheets are two-

dimensional assemblies that could be utilized as scaffolds and functionalized at their surface for 

applications in filtration, energy storage, electronics, and immobilized enzymatic reactions. 

Collagen-mimetic peptides,52-56 β-sheet peptides,57-58 peptoids,59-62 and globular proteins 63-66 have 

been successfully designed for the fabrication of two-dimensional biomaterials; however, they 

present limitations that reduce their controllability. 
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 Synthetic collagen-mimetic peptides have been utilized for the design of biomaterials based 

on the properties of native collagen. Native collagen strands form left-handed triple helices with a 

polyproline-II secondary structure.67 Tripeptide repeats of Xaa-Yaa-Gly compose collagen 

sequences, where Xaa and Yaa are typically proline and the unnatural amino acid (4R)-

hydroxyproline, respectively.68 Modifications to the tripeptide repeat have resulted in the 

formation of two-dimensional assemblies exhibiting metal-ion coordination,69 hydrophobic 

interactions,70 ionic interactions,52-54 di-sulfide bonding interactions,44, 49-50 a mixture of left- and 

right-handed triple helices,56 and the incorporation of aromatic amino acids.46, 69 Although many 

alterations can be made to the Xaa and Yaa positions to adjust the properties of the biomaterials, 

the sequence modifications are bound by the three amino acid repeat, which restricts sequence 

flexibility. Additionally, thermal denaturation of collagen-mimetic nanosheets display melting 

temperatures between 28 °C and 76 °C indicating that most of the materials exhibit relatively low 

thermodynamic stability.52-54 Two-dimensional biomaterials with higher thermostability would 

need to be considered for incorporation in nanoscale devices.  

Due to their similarities to peptides, peptoids have also been investigated for two-

dimensional material design. Peptoids, or N-substituted glycines, are formed from non-natural and 

achiral building blocks based on amino acids where the R-group side chain is relocated from the 

alpha carbon to the backbone nitrogen. Similar to peptides, the secondary and tertiary structures 

are directed by the primary sequence and driven by the hydrophobic effect. As a result of the 

relocation of the side chain, hydrogen is no longer present on the nitrogen atoms in the backbone. 

Though the absence of hydrogen bonding between the amide and carbonyl groups in the peptoid 

backbone grants simplicity to the design, this comes at the cost of decreased control over the 

resulting structure.62, 71 While synthesis of sequence specific peptoids is possible via a solid-phase 
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 submonomer method, the achirality and subsequent minimized control over the structures 

compared to peptides decrease the practicality of using these species for stable two-dimensional 

materials.  

Although significant progress had been made towards the fabrication of two-dimensional 

materials from peptides, proteins, and structurally related foldamers with advances in interfaces 

between the building blocks, limitations in sequence flexibility, structural controllability, and 

thermodynamic stability decrease their potential use in functional devices. While structural 

analysis of native proteins resulted in a thorough understanding of interhelical packing 

interactions,72-73 the use of synthetic α-helical coiled-coil peptides as a major building block for 

two-dimensional nanosheets had not been considered as a likely candidate primarily because the 

crossing angles between helices prevent tight interhelical packing. The left-handed superhelical 

twist found in traditional coiled-coil peptides results from a crossing angle of 20°, which causes a 

curvature between neighboring helices with limited contact that would not readily promote 

extended two-dimensional assemblies.74-75  

Crystallography of materials composed of straight α-helices have been found to pack into 

layers within lattices.76-82 Although the presence of these layers indicates a potential for two-

dimensional assemblies, the short peptides used to form these layers are thermodynamically 

unstable unless helix-promoters (e.g., trifluoroethanol or unnatural helicogenic amino acids) are 

present in solution or in the protein design. Additionally, the specificity of interactions between 

the lateral helices in these layers are not well characterized. Nonetheless, conformationally stable 

assemblies have since been discovered through computational design by minimizing the 

superhelical twist between trimeric α-helical bundles.83 A combination of a  left-handed coiled coil 

with a right-handed coiled coil results in a cancelation of the two opposing supercoil twists. 



 

 

5 
 

 
 Reducing the superhelical twist supports the potential for using straight α-helices for developing 

stable two-dimensional assemblies, especially if the canonical 18 amino acid repeat is 

maintained.84  

1.3 3FD-IL and 3FD-LL α-Helical Peptide Nanosheets 

More recently, our lab published the design and self-assembly of a synthetic peptide, 3FD-

IL, which comprised two 18 amino acid repeats with 3-fold screw symmetry.85 Biophysical 

analysis supported that the peptide folded into straight α-helix subunits that assembled 

intermolecularly to form two-dimensional nanosheets with nanoscale channels permeating the 

sheets. Furthermore, AFM data indicated that the thickness of the sheets was determined by the 

length of the peptide, which indicated that helices were aligning perpendicular to the surface of 

the nanosheet. Applications such as therapeutic delivery could take advantage of these nanosheets 

because of their extended two-dimensional porous scaffolds. 

Left-handed coiled-coil peptides pack together through hydrophobic interactions between 

the residues in the a and d positions of the heptad.75, 86 Isoleucine, which was present in the a 

position in 3FD-IL, is a b-branched amino acid. Leucine, which is not a b-branched amino acid, 

could allow for tighter packing and fewer steric hindrances between neighboring helices. The 

peptide 3FD-LL was designed to contain leucine residues at all hydrophobic positions to 

investigate the effect of changing the hydrophobic residues on nanosheet formation.87 The 

synthetic peptide 3FD-LL was found to self-assemble into nanosheets with greater thermodynamic 

stability than those formed from 3FD-IL.  

The peptides 3FD-LL and 3FD-IL were designed based on sequence constraints for left- 

and right-handed coil-coiled peptides. The core 18 amino acid repeat of both peptides was 
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 fundamentally composed of the seven amino acid heptad of a left-handed coiled-coil peptide 

followed by the eleven amino acid hendecad of a right-handed coiled-coil peptide.74-75 As 

mentioned previously, left-handed coiled-coil peptides undergo helical interactions when 

hydrophobic residues are placed in the a and d positions.75, 86 Therefore, leucine residues were 

assigned at both the a and d positions of the heptad section for the 3FD-LL peptide. Isoleucine 

and leucine residues were assigned at the a and d positions of the heptad section for 3FD-IL 

peptide. On the other hand, the residues at positions a, d, e, and h of the hendecad are responsible 

for helical packing of right-handed coil-coils. Alanine residues are highly conserved at the a and 

h positions since their short side chains support tight packing between neighboring helices.88 

Meanwhile, the d and e positions do not directly face towards the neighboring helix and are solvent 

facing positions. Therefore, these positions grant more flexibility in the size and property of the 

side chains. In order to increase solubility and introduce electrostatic interactions, the charged 

residues glutamate and lysine were appointed to these two positions. These six positions (the a and 

d of the heptad and the a, d, e, and h positions of the hendecad) come together to form a single 

interacting face of the straight α-helix with the positions corresponding to the a, d, h, k, l, and o 

positions of the 18 amino acid repeats.  

In order to generate a 3-fold design in which the straight α-helix would promote 

interactions with three neighboring peptides, the six amino acid face was staggered through the 18 

amino acid repeat to create three identical faces that were angularly offset by -120°.84 To extend 

the length of the peptide and interacting faces, a second 18 amino acid repeat was added to create 

the core 36 amino acids. The charged amino acids in the second 18 amino acid repeat were assigned 

to be complementary to the charged amino acids in the first repeat. Furthermore, the sequence 

repeat was shifted to remove the most hydrophobic amino acid from the edge of the peptide to 
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 increase helix stability. Lastly, the N- and C- termini of the 36 amino acid core were capped with 

glutamate and lysine residues, respectively, to counteract the macro-dipole of the α-helix.89  As a 

result, the 38 amino acid sequences were Ac-E(ALEKLA)3(ALKELA)3K-NH2 for the 3FD-LL 

peptide and Ac-E(ALEKIA)3(ALKEIA)3K-NH2 for the 3FD-IL peptide.85, 87 The sequences are 

also displayed along with their helical wheel representations in Figure 1.1.   

Microwave assisted solid-phase peptide synthesis and subsequent purification using 

reverse-phase high performance liquid chromatography (HPLC) were used to prepare the 3FD-  
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 LL and 3FD-IL peptides in high purity. Optimization of assembly conditions indicated that 

solubilization of a 10 mg/mL peptide concentration in 10 mM TAPS buffer (pH 8.5) followed by 

thermal annealing resulted in nanosheet formation for both peptides.85, 87  

Circular dichroism spectropolarimetry confirmed the presence of α-helical secondary 

structure of the 3FD-LL and 3FD-IL peptide assemblies. (Figure 1.2 a-b). CD melting curves 

were collected for the thermally annealed samples (Figure 1.2 c-d) and first derivatives of the CD 

melting curves displayed melting transitions (Tm) at 84 °C and 90 °C for the 3FD-IL and 3FD-LL 

peptide assemblies, respectively.85, 87 The higher Tm observed for the 3FD-LL assemblies 

compared to the thermally annealed solutions of 3FD-IL indicated that 3FD-LL assemblies 

displayed improved thermodynamic stability. This could be in part due to the tighter packing 

allowed by the substitution of isoleucine to leucine.  

The assemblies formed by the 3FD-IL and 3FD-LL peptides were analyzed using 

transmission electron microscopy (TEM). TEM analysis showed the presence of two-dimensional 

nanosheets for the nascent and thermally annealed solutions of both peptides (Figure 1.3).85, 87 The 

nanosheets exhibited sizes of hundreds of nanometers. Many sheets displayed sharp edges, but 

there was evidence of broken sheets, which may have been a result of the preparation process for 

TEM. This fragmenting was also present for the 3FD-IL sheets indicating that there was room for 

improvement in the durability of these two-dimensional assemblies.  

The average thickness of the sheet assemblies was determined using tapping mode atomic 

force microscopy (AFM). The 3FD-IL nanosheets displayed a thickness around 6.2 nm, while the 

3FD-LL nanosheets exhibited a thickness of approximately 5.85 nm (Figure 1.4).85, 87 Assuming 

all 38 amino acids in each peptide adopted an α-helical conformation, the theoretical length of both 
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peptides would be 5.7 nm owing to the 1.5 Å rise per residue. This supports the hypothesis that 

the helices were assembling perpendicularly with respect to the face of the sheet and that the sheet 

thickness was determined by the length of the α-helical peptide. Similar packing arrangements 

were documented for protein-based nanosheets derived from collagen-mimetic peptides where the 

triple helix oriented perpendicular to the surface of the nanosheets.52-54  

In addition to verification of nanosheet formation by the designed straight α-helical 

peptides, extensive analysis of the 3FD-IL peptide by small-angle x-ray scattering (SAXS) powder 

diffraction, electron cryomicroscopy (Cryo-EM), and scanning transmission electron microscopy 

(STEM) indicated arrangement of the helices based on hexagonal packing into a honeycomb lattice  
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with nanoscale channels penetrating the two-dimensional sheets, as show in the schematic in 

Figure 1.5.85, 87 The porous nature of the 3FD-IL and 3FD-LL nanosheets further expands the 

potential applications of biological nanosheets towards charge transfer or molecular encapsulation.  

1.4 Genetic Engineering of Biomaterials 

The 3FD-IL peptide was the first published α-helical peptide to assemble into a two-

dimensional nanosheet. The 3FD-LL peptide containing leucine residues at all hydrophobic 

interfaces developed into similar nanosheets with improved thermodynamic stability. The 

nanosheets formed by these peptides displayed a high degree of internal order with nanopores 

permeating the nanosheets. The presence of these nanopores grant the two-dimensional materials 

various potential applications involving the encapsulation or transfer of ions and small molecules. 

The role and magnitude of these applications could be dependent on the depth or length of the 
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 pore, which would be predetermined by the thickness of the nanosheet. Since the α-helices arrange 

perpendicular to the surface of the sheet, increasing the length of the peptide would likely result in 

an increase in the thickness of the nanosheet and lead to improved functionality of the 

nanomaterial.  

Furthermore, fragmentation was frequently visualized in TEM images of the 3FD-IL and 

3FD-LL nanosheets indicating that the nanosheets were possibly breaking during the TEM 

preparation process by mechanical shearing. If the nanosheets were to be used in functional 

devices, the robustness of the nanosheets would have to undergo improvements. The nanosheets 

are held together by the hydrophobic and electrostatic interactions between neighboring helices. It 

is possible that increasing the number of interactions between helices could increase the durability 

and thermodynamic stability of the two-dimensional nanosheets. Increasing the number of local 

interactions between helices would not be possible since all amino acids on each face are already 

participating in non-covalent hydrophobic and electrostatic interactions. However, if the length of 

the α-helical units were increased to facilitate the formation of longer nanopores, the increased 

number of interactions along the length of the α-helices would potentially result in improved 

thermodynamic and mechanical stability.  

Up to this point, the 3FD-IL and 3FD-LL peptides were created by solid-phase peptide 

synthesis, which yielded a low quantity of peptide for a high cost. Peptide output was typically 

between 10-30 milligrams per synthesis and the measured quantity dropped by at least 50% after 

purification by reverse-phase high performance liquid chromatography to remove all peptide 

fragments. The low peptide quantity was sufficient for preliminary biophysical analysis of the 

peptides, but it is not feasible for large-scale application purposes. In addition, the limitations of 

peptide synthesis restrict the creation of polypeptide chains longer than 70 amino acids in length 
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 as the yield decreases exponentially with length. Although chemical ligation could be used to 

couple two 3FD-IL or 3FD-LL peptides, the yield limitations would not be eradicated. Therefore, 

chemical peptide synthesis would be incapable of increasing the length of the 3FD-IL or 3FD-LL 

peptides while also improving yield for application purposes.  

Genetic engineering and protein expression reveal immeasurable opportunities that are not 

conceivable by solid-phase peptide synthesis. A thorough understanding of molecular cloning 

techniques permit the construction of novel recombinant proteins displaying increased complexity 

while maintaining sequence control. Recombinant proteins can be specifically designed to support 

assembly and functionalization of a material. Biosynthesis and large-scale protein expression using 

E. coli as a host organism has been extensively applied for the production of peptides and proteins 

of various lengths. Recombinant protein engineering supports materials applications by 

significantly increasing protein yield over that which can be achieved by traditional peptide 

synthesis. Furthermore, long protein polymers can be produced on a large-scale with low batch-

to-batch variation unlike in solid-phase peptide synthesis. Once expression procedures have been 

optimized, it is extremely affordable to produce a large quantity of protein as needed. Therefore, 

biological synthesis is an attractive avenue for the high-level production of extended 3FD-IL and 

3FD-LL proteins. 



 

 

15 
 

 
 1.5 Conclusions 

The 3FD-IL and 3FD-LL peptides adopted straight α-helical conformations with 3-fold 

screw symmetry. These α-helices assembled to form two-dimensional nanosheets where helical 

units arranged perpendicular to the nanosheet surface with nanopores permeating the sheet. The 

nanosheets have a thickness that is defined by the length of a single α-helical peptide unit. In 

comparison to 3FD-IL, the change in the hydrophobic interfaces to all leucine residues in 3FD-

LL produced a more robust, thermodynamically stable material. The ability of the 3FD-LL 

peptides to develop into relatively stable two-dimensional structures lays the groundwork for the 

development of more advanced materials. However, fragmenting visualized through TEM analysis 

indicated that the mechanical stability of the assemblies could be improved.  

Recombinant protein engineering at the molecular (DNA) level is a useful technique for 

generating large amounts of protein polymers with versatile control over sequence specificity. In 

order to expand the utility of these materials for potential applications, a system could be developed 

through genetic engineering to increase the length of the 3FD-LL α-helical unit to acquire thicker 

nanosheets. This would likely improve the thermodynamic stability of the nanosheets and also 

increase the function of the sheets with regards to encapsulation and transportation of small 

molecules and ions. Additionally, biosynthesis through high-level expression would support the 

low-cost production of copious amounts of protein, which is necessary for materials applications.    
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 2.1 Introduction 

Although the 3FD-LL peptide formed a straight α-helix that assembled into defined two-

dimensional porous nanosheets, the awareness of weaknesses represents an opportunity for 

improvement of the system prior to application of the materials. Fragmentation of the nanosheets 

was apparent during biophysical analysis, which could potentially be mitigated through an increase 

in sheet thickness. In addition, an increase in sheet thickness would result in deeper pores for 

encapsulation of small molecules. Lastly, an increase in sheet thickness may be necessary for 

applications in nanoarchitectonics through incorporation of the nanosheets into nanodevices.  

Since the 3FD-LL α-helical units arrange perpendicular to the sheet surface, the sheet 

thickness is directly related to the length of the peptide.1-2 Due to limitations in solid-phase peptide 

synthesis, longer peptides cannot be created without a detrimental decrease in yield. Additionally, 

higher peptide yields are imperative for the application of materials, and the yields previously 

measured from the chemical synthesis of the 3FD-LL peptide was only sufficient for initial 

biophysical analysis. Therefore, other avenues would have to be investigated for the generation of 

extended 3FD-LL peptides.  

Genetic engineering can be effectively utilized to expand the potential of peptide research 

in the direction of protein application and functionalization. In order to approach a more applicable 

design for the 3FD-LL peptide, a system was designed using molecular cloning techniques to 

extend the α-helical unit of the 3FD-LL sequence using E. coli as a host. This would lead to the 

creation of thicker nanosheets with improved thermodynamic and mechanical stability by 

increasing the number of interactions between neighboring helices. The system was based on the 
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 production of concatemers, or long continuous molecules that contain multiple copies of the same 

sequence linked in a series, of the 3FD-LL sequence.  

Genetic engineering techniques can allow for the biological synthesis of target proteins 

through the control of the sequence at the DNA level and subsequently the amino acid sequence. 

A general strategy for the biosynthesis of proteins includes synthesis of a DNA coding sequence, 

insertion of the gene into an expression vector, and expression of the protein using a bacterial host. 

In order to create concatemer sequences, a DNA monomer must be formed with non-palindromic, 

cohesive ends that can link in a head-to-tail fashion. The DNA concatemers must then be inserted 

into an expression vector that can be transformed into an E. coli expression host where expression 

of the target protein can be induced. A scheme representing the biosynthesis of repetitive peptides 

via the concatemerization of DNA cassettes is shown in Figure 2.1.  

This technique was utilized in the design for the concatemerization of the 3FD-LL 

sequence. A concatemer family was successfully formed through genetic engineering of the 3FD-

LL sequence to form the 3FD-LL monomer, dimer, trimer, tetramer, and pentamer. Large-scale 

protein expression produced all five concatemers at high yields that were not previously achieved 

by solid-phase peptide synthesis. Finally, the N-terminal His-tags were effectively utilized for the 

purification of the 3FD-LL concatemers via affinity chromatography with HisPurTM cobalt resin.  
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 2.2 Results and Discussion 

2.2.1 Genetic Engineering of 3FD-LL Concatemer Sequences 

Design of Adapter and Insertion Genes 

Initially, the 3FD-LL peptide sequence was converted into a gene sequence that was codon 

optimized for expression using E. coli as a host. This gene sequence was used for the design of 

adapter and insert genes that would support the concatemerization of the 3FD-LL sequence. The 

purpose of the 3FD-LL adapter gene was to enable the insertion of 3FD-LL helix monomers to 

produce the 3FD-LL concatemers. The 3FD-LL helix insert gene was designed for the isolation of 

a 3FD-LL helix monomer sequence for incorporation into the 3FD-LL adapter helix insertion site.  

The simplest approach was to design the 3FD-LL adapter gene to encode for one 3FD-LL 

monomer on the C-terminus with a helix insertion site preceding it. The helix insertion site of the 

adapter was designed to contain recognition sites for restriction enzymes that produce non-

palindromic cohesive ends to accommodate the insertion of a 3FD-LL helix insert sequence. Type 

IIS restriction enzymes that cut at specific locations outside of their recognition sequence were 

considered, so the restriction sites, and consequent additional unwanted amino acids, would be 

completely removed from the sequence after digestion. One common restriction enzyme that met 

these criteria was Bsa I, which recognizes the asymmetric DNA sequence 5’-GGTCTC-3’. Placing 

two Bsa I recognition sites in the helix insertion site, with their cut sites located outside of their 

recognition sites, would allow the 3FD-LL helix sequence to be inserted into the adapter sequence. 

The Bsa I cut sites were designed to produce the overhangs for 5’-AGCC-3’. The nature of the 

design would also allow for the removal of the helix insertion site and the subsequent creation of 

the gene sequence for the 3FD-LL monomer if no insert was introduced into the insertion site.  
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 The 3FD-LL adapter gene was also designed to allow for transfer into another plasmid for 

expression. An adapter sequence was previously designed for the insertion of elastin sequences 

into pIL5,3 a modified pQE-80L plasmid. The elastin adapter could be cleaved from the pIL5 

vector through double digestion with the restriction endonucleases EcoR I and HinD III. By 

placing these two restriction sites on the terminal ends of the designed 3FD-LL adapter, the new 

adapter could be cloned in its entirety into the pIL5 expression vector in place of the previous 

elastin adapter.  

In the design of the adapter, it was important to ensure the 3FD-LL adapter plasmid had 

the genetic components necessary to direct transcription and translation of the genes encoding the 

3FD-LL concatemer sequences. The ribosomal binding site for the pIL5 vector was contained 

within the elastin adapter, which would be the sequence fragment removed from pIL5 to enable 

the transfer of the 3FD-LL adapter. Therefore, a ribosomal binding site sequence was included at 

the N-terminus of the adapter to ensure expression of the synthetic gene constructs. A decahistidine 

tag was incorporated into the design at the N-terminus following the ribosomal binding site to 

facilitate the purification of the concatemers through affinity chromatography. Figure 2.2 depicts 

the gene sequence of the 3FD-LL adapter. 
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The 3FD-LL helix insert gene was designed to contain a codon optimized synthetic gene 

of the 3FD-LL helix sequence for incorporation into the 3FD-LL adapter helix insertion site. The 

3FD-LL helix sequence was bordered by recognition sites for restriction endonucleases BsmB I 

and Bbs I, which also cut at designated locations outside of their recognition sites. This allowed 

for the specification of the overhangs to be complementary to the 5’-AGCC-3’ cohesive ends 

formed from the Bsa I cut sites in the insertion site of the 3FD-LL adapter. Furthermore, this 

permitted the precise placement of the overhangs produced by the restriction enzymes to directly 

flank the 3FD-LL insert for the flawless formation of concatemers. The entire sequence was 

enclosed within the recognition sites for the HinD III and BamH I restriction enzymes for any 

necessary transfer of the gene into other cloning plasmids. Figure 2.3 depicts the gene sequence 

of the 3FD-LL helix insert. 
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The designed 3FD-LL adapter and 3FD-LL helix insert genes were synthesized by ATUM 

(formerly DNA 2.0). The synthetic genes were cloned into the ATUM E. coli cloning vector pJ201, 

which contained a high copy number origin of replication (Ori_pUC) and kanamycin resistance. 

The 3FD-LL adapter plasmid was named pBB12, and the 3FD-LL helix insert plasmid was named 

pBB13.  Figure 2.4 depicts the plasmid maps of the synthetic 3FD-LL adapter and 3FD-LL helix 

insert genes within the pJ201 cloning vector.  
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 Construction of the Expression Vector 

The pQE-80L E. coli expression plasmid possesses a mutation in the promotor of the lacI 

gene that facilitates the overproduction of the lac repressor within cells. This ensures the tight 

control of the basal level of transcription prior to induction with IPTG.  The high copy number 

plasmid would support high-level production of the 3FD-LL concatemer proteins. This vector was 

a desirable host for the designed 3FD-LL adapter; however, the vector possesses the recognition 

sites for Nco I and Bsa I restriction endonucleases outside of the multiple cloning site that would 

impede the full functionality of the 3FD-LL adapter. Figure 2.5 depicts the pQE-80L expression 

vector. 

Previously, Dr. I-Lin Wu (formerly of the Conticello lab) engineered the commercially 

available pQE-80L plasmid to absolve it of these limitations.3 Initially, the Klenow-fill method 

was applied to remove the internal Nco I endonuclease restriction site. Next, an adapter sequence 

was designed with a C-terminal decahistidine tag and additional restriction sites to facilitate the 

cloning of elastin concatemers. The adapter, designated as the pQE-Adapter, was inserted into the 

pQE-80L vector in the multiple cloning site between the EcoR I and HinD III endonuclease 

enzyme recognition sites. Finally, to support subsequent cloning of elastin concatemers, site-

directed mutagenesis was utilized to introduce a single silent mutation to the Bsa I restriction site 

remaining outside of the multiple cloning site of the pQE-80L vector. The modified expression 

plasmid was named pIL5. With the absence of the Nco I and Bsa I restriction endonuclease sites 

outside of the multiple cloning site, the pIL5 vector possessed the desired attributes for the 3FD-

LL adapter system. Figure 2.6 depicts the pIL5 expression vector. 
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The 3FD-LL adapter was designed to contain all of the desired components present in the 

pQE-Adapter, such as the ribosomal binding site, a decahistidine tag, and a version of the insertion 

site that would support the concatemerization of the 3FD-LL helical sequence. That way, removal 

of the pQE-Adapter from the pIL5 plasmid and subsequent insertion of the 3FD-LL adapter would 

not result in any deficiencies. The pQE-Adapter was removed from the pIL5 expression plasmid 

through double digestion with EcoR I and HinD III restriction endonucleases. The synthetic 3FD-

LL adapter gene was isolated from plasmid pBB12 through restriction digestion with EcoR I and 

HinD III and cloned into its compatible sites in the plasmid pIL5. The transfer of the 3FD-LL 

adapter sequence into the pIL5 plasmid resulted in the formation of the plasmid pBB14, which 

was verified through DNA sequencing. Figure 2.7 depicts the pBB14 expression vector. 
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 Generation of the 3FD-LL Monomer Gene Sequence 

As described earlier, the 3FD-LL adapter gene was designed to encode for one 3FD-LL 

monomer on the C-terminus with the helix insertion site preceding it. The helix insertion site 

contained two Bsa I restriction endonuclease sites that when utilized would remove the helix 

insertion site and generate the complementary sticky ends 5’-AGCC-3’. These overhangs were 

necessary for cloning of the 3FD-LL concatemers into the expression vector. Furthermore, due to 

the nature of the Bsa I Type IIS restriction enzyme, the cut sites occur outside of the recognition 

site. The cut sites were designed at the termini of the helix insertion site, which would allow for 

the seamless introduction of the 3FD-LL concatemers without any unnecessary nucleotides left 

behind. However, if copies of the 3FD-LL insert gene were not introduced to the ligation reaction, 

the complementary overhangs of the adapter sequence would come back together. Normally, this 

would result in a false positive by recircularization of the plasmid, but in this case, it was the 

desired outcome as it would seamlessly remove the helix insertion site from the adapter sequence 

leaving an N-terminal decahistidine tag followed by the 3FD-LL monomer.  

The 3FD-LL monomer gene sequence was produced through restriction digestion of the 

plasmid pBB14 (3FD-LL adapter plasmid in expression vector) with Bsa I restriction 

endonuclease enzymes to form the complementary sticky ends that were then ligated together to 

remove the undesirable helix insertion segment. Transformation of the ligation products into 

Top10F’ competent E. coli cells followed by standard plasmid isolation procedures were used to 

select potential candidates for sequencing. The 3FD-LL monomer sequence (pBB15) was 

verified through DNA sequencing by GENEWIZ (South Plainfield, NJ). Figure 2.8 depicts the 

pBB15 expression vector and the coding sequence of the 3FD-LL monomer. 
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 Concatemerization of 3FD-LL Sequence 

The 3FD-LL helix insert gene contained the recognition sites for the Bbs I and BsmB I 

restriction endonucleases at the periphery of the 3FD-LL helix monomer. When digested, the 

enzymes produce overhangs that were complementary to the overhangs generated by opening the 

helix insertion site of pBB14 after digestion with Bsa I enzymes. Contrary to when the 3FD-LL 

monomer was generated, it was imperative to prevent re-ligation of the adapter back together, or 

else the 3FD-LL monomer would be formed, which was no longer the goal. In order to prevent 

re-ligation, Antarctic Phosphatase (AnP) was utilized to remove the 5’- and 3’- phosphates on the 

complementary sticky ends of the DNA. This greatly enhanced the chance of the 3FD-LL helix 

insert ligating into the 3FD-LL adapter plasmid.  

Excision of the synthetic 3FD-LL helix insert gene was accomplished through sequential 

digestion of the pBB13 plasmid with BsmB I and Bbs I restriction enzymes followed by isolation 

by agarose gel electrophoresis. The 3FD-LL helix insert was cloned into the 3FD-LL adapter of 

pBB14 following Bsa I digestion and dephosphorylation of the helix insertion site. Potential 3FD-

LL concatemers were selected and isolated through agarose gel electrophoresis and sent for DNA 

sequencing at GENEWIZ (South Plainfield, NJ). Sequencing verified the formation of plasmids 

encoding for the 3FD-LL dimer (pBB17), 3FD-LL trimer (pBB20), 3FD-LL tetramer 

(pBB21), and 3FD-LL pentamer (pBB22). The coding sequences of the LL concatemers are 

located in the appendix. Figure 2.9 depicts the scheme for the creation of the 3FD-LL concatemers 

using the 3FD-LL dimer as an example. The plasmid maps for the remaining concatemers are 

depicted in Figure 2.10.  
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 2.2.2 Generation of the 3FD-LL Concatemer Proteins 

Expression of 3FD-LL Concatemers 

The 3FD-LL concatemers were designed for expression using E. coli as a host organism. 

The target bacterial host for protein expression was the BL21 strain. The nutritionally rich Terrific 

broth (TB) medium was chosen as the culture media for expression of the 3FD-LL concatemers as 

it was recommended for expression of recombinant proteins in E. coli strains due its ability to 

support an extended growth phase as a result of its higher composition of glycerol, yeast extract, 

and peptone.4 Small-scale expressions of the five concatemers were carried out at 30 °C through 

lac operon function and induction by isopropyl thiogalactoside (IPTG).  

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was used to verify protein 

production (Figure 2.11). Successful expression was confirmed for all five concatemer proteins; 

although, the band for the 3FD-LL monomer was very faint. Small peptides are only partially 

focused in the stacking gel and they quickly migrate through the gel which results in weak, diffuse 

bands. Tricine gels were attempted for improved focusing and narrower separation of low 

molecular weight proteins,5 but this technique failed to increase visibility of the monomer band.  

A western blot was performed to further verify successful protein expression of the 

concatemers (Figure 2.12). Although a nitrocellulose membrane with a small pore size of 0.2 μM 

was used, the 3FD-LL monomer passed through the membrane and was not visualized. All of the 

larger concatemers were present on the western blot membrane and yielded dark purple precipitate 

from the reaction of alkaline phosphatase on the secondary antibodies with the NBT/BCIP 

developing reagent. Following verification of protein expression, large-scale expressions were 

conducted to produce large quantities of the proteins for purification.  
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 Cell Lysis 

After the expression cells were harvested, they were subjected to multiple lysis methods 

including freeze/thaw cycles, enzymatic lysis, and sonication. The soluble and insoluble fractions 

were separated by centrifugation and analyzed using SDS-PAGE. A 16% SDS-PAGE gel indicated 

that the 3FD-LL concatemer proteins were insoluble as they were localized in the lysate pellet as 

seen in Figure 2.13. The dark band present around 14 kDa in all lysed supernatant samples was 

identified as lysozyme, which has a single polypeptide chain with a molecular weight of 14.3 kDa.  

Protein Solubilization 

In order to facilitate purification on a cobalt resin column, the proteins had to be removed 

from the pellet and solubilized. Initial attempts to solubilize the proteins in 6 M urea were 

unsuccessful. Analysis using a 16% SDS-PAGE gel determined that all of the 3FD-LL concatemer 

proteins remained entirely in the insoluble phase after shaking in 6 M urea for a few days (Figure 

2.14). This indicated that a harsher denaturant would be required to solubilize the 3FD-LL 

concatemers.   

Guanidine hydrochloride (GHCl) is a strong protein denaturant capable of unfolding most 

proteins at high concentrations. The 3FD-LL concatemers in the lysed pellets were successfully 

solubilized under denaturing conditions in a 7 M guanidine hydrochloride buffer. SDS-PAGE 

analysis verified the isolation of the proteins in the GHCl supernatant. The solubilization of the 

3FD-LL tetramer is depicted in Figure 2.15. Sodium dodecyl sulfate (SDS) is not soluble at high 

concentrations of GHCl, and the high ionic strength of the GHCl buffer is problematic for 

electrophoresis. Therefore, a second sample of GHCl supernatant was dialyzed in dH2O for 

improved visualization during SDS-PAGE analysis.  
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 Inclusion Body Purification 

Although the 3FD-LL concatemers were successfully solubilized in 7 M GHCl buffers, a 

vast majority of the other biomolecules in the lysed pellet were also pulled into the soluble fraction, 

which made the GHCl supernatant extremely viscous. While the concatemers were soluble and 

capable of purification on a cobalt resin column, the viscosity of the solution eventually made it 

so that gravity was insufficient for the flow of the GHCl supernatants through the column. In order 

to improve the protein purification process, the quantity of proteins solubilized from the cell lysate 

pellet was decreased. One option was to wash the lysed pellets with detergents to remove 

undesirable cellular debris and provide purer sources of the target proteins.  

Triton X-100 has been successfully used for the removal of lipid and membrane-associated 

proteins from inclusion bodies.6 The lysed cell pellets were subjected to multiple rounds of washes 

with a lysis buffer containing 1% Triton X-100. Each wash was concluded by sonication followed 

by centrifugation to remove solubilized molecules. Triton X-100 was then removed by washing 

the pellets with a lysis buffer without the detergent. The washed pellets were analyzed by SDS-

PAGE to determine if the Triton X-100 wash cycles improved the purity of the inclusion bodies. 

The purity of the 3FD-LL trimer at various steps is depicted in Figure 2.16. SDS-PAGE indicated 

that the Triton X-100 detergent successfully removed some of the insoluble debris from the lysed 

pellets evident by the decreased quantity of bands in the washed inclusion body sample. 

Solubilization of the purified inclusion bodies in a 7 M GHCl buffer followed by isolation of the 

recombinant protein in the GHCl supernatant resulted in a solution with considerably lower 

viscosity, which would allow the purification process to occur by gravitational force alone. 
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 Purification of the 3FD-LL Concatemers 

The decahistidine tags on the GHCl solubilized 3FD-LL concatemer proteins facilitated 

their purification on HisPurTM cobalt-charged resin columns with subsequent elution by imidazole. 

Dialysis of the purification eluents in ddH2O was intended to remove GHCl, imidazole, and other 

small molecules from the solution. The proteins precipitated out of solution during dialysis, which 

was expected as the GHCl concentration decreased. The dialyzed proteins were lyophilized, which 

resulted in pure white powders, and protein yields were calculated. The protein yields from 1 L of 

expression culture were 82 mg for the 3FD-LL monomer, 117 mg for the 3FD-LL dimer, 157 

mg for the 3FD-LL trimer, 123 mg for the 3FD-LL tetramer, and 139 mg for the 3FD-LL 

pentamer. 

SDS-PAGE and western blot analysis were utilized to determine relative purity and mass 

of the pure 3FD-LL concatemer proteins (Figure 2.17).  A 16% SDS-PAGE gel confirmed that 

most of the concatemer proteins were highly pure, and the bands created were appropriate for the 

expected masses of the concatemer proteins. However, the 3FD-LL monomer did not appear 

purified on the SDS-PAGE gel and it continued to elude visualization on the western blot likely 

due to its low molecular weight. Matrix-assisted laser desorption/ionization-time of flight 

(MALDI-TOF) mass spectrometry was used to verify the masses of the 3FD-LL concatemers 

including the 3FD-LL monomer, which could not be easily verified by SDS-PAGE and western 

blot analysis.  
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 2.3 Conclusions 

Molecular cloning techniques were useful for the design and engineering of short 

concatemer protein polymers of the 3FD-LL peptide sequence with defined sequence specificity. 

Through the use of these methods, control of the sequence at the DNA level results in control over 

the amino acid sequence. Control over sequence specificity is imperative for the design of proteins 

for materials applications since a single amino acid change can result in detrimental structural 

changes.  

A system was designed to generate longer helical units by concatemerization of the 3FD-

LL sequence though the insertion of copies of the sequence into an adapter. A series of plasmids 

were generated that encoded the 3FD-LL monomer and four larger concatemer sequences, and 

gene sequencing verified that sequence control was maintained throughout the process. The 

corresponding protein polymers were successfully expressed using E. coli as a host organism. 

Solubilization of the recalcitrant proteins was a particularly strenuous task; however, a protocol 

was eventually developed and optimized that successfully solubilized the concatemers prior to 

purification. The recombinant 3FD-LL concatemer proteins were purified from the endogenous 

proteins of the bacterial host using immobilized metal affinity chromatography using HisPurTM 

cobalt resin.  
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 2.4 Experimental 

2.4.1 Materials 

All chemical reagents were purchased from either Thermo Fisher Scientific, Inc. 

(Waltham, MA) or MilliporeSigma (Burlington, MA) unless otherwise noted. T4 DNA ligase, T4 

kinase, and restriction endonucleases (EcoR I-HF, HinD III-HF, Bsa I, Bbs I, and BsmB I) were 

purchased from New England Biolabs, Inc. (Ipswich, MA). The plasmid pIL5, an expression 

vector modified from pQE-80L, was synthesized by Dr. I-Lin Wu in the Conticello lab at Emory 

University3. The plasmid pQE-80L was obtained from QIAGEN, Inc. (Valencia, CA). Synthetic 

single-stranded PAGE-purified oligonucleotides were purchased from either Integrated DNA 

Technologies (Coralville, IA) or Sigma-Genosys, Inc. (The Woodlands, TX). Synthesis of 

plasmids containing codon-optimized genes encoding the 3FD-LL adapter and the 3FD-LL helix 

insert was conducted by ATUM, formerly known as DNA2.0 (Newark, CA). The Top10F ́ 

chemically competent E. coli strain was obtained from Invitrogen Corp. (Carlsbad, CA), and the 

BL21 (DE3) chemically competent E. coli strain was purchased from New England Biolabs, Inc. 

(Ipswich, MA). The QIAprep-spin miniprep kit was purchased from QIAGEN, Inc. (Valencia, 

CA). The ZymocleanTM Gel DNA Recovery Kit and DNA Clean & ConcentratorTM kit were 

obtained from Zymo Research Corporation (Irvine, CA). The 6x DNA loading dye and 

O’GeneRulerTM 1 kb Plus DNA ladder for agarose gels were obtained from Thermo Fisher 

Scientific, Inc. (Waltham, MA).  

Luria-Bertani broth and agar powder were purchased from MilliporeSigma (Burlington, 

MA), and Terrific Broth (TB) powder was purchased from Thermo Fisher Scientific, Inc. 

(Waltham, MA). Kanamycin monosulfate was purchased from VWR International, LLC 
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 (Suwanee, GA). Ampicillin was purchased from Research Products International Corp. (Prospect, 

IL). Isopropyl-β-D-thiogalactopyranoside (IPTG) and ampicillin was purchased from Research 

Products International Corp. (Prospect, IL). Benzonase® nuclease and protease-inhibitor cocktail 

(EDTA-free) were purchased from MilliporeSigma (Burlington, MA). Lysozyme from chicken 

egg white was purchased from Research Products International Corp. (Prospect, IL). HisPurTM 

cobalt resin was obtained from Thermo Fisher Scientific, Inc. (Waltham, MA). SnakeSkinTM 

Dialysis Tubing with a MWCO of 3.5 kDa or 10 kDa MWCO and Slide-A-LyzerTM G2 Dialysis 

Cassettes with a 2 kDa MWCO were obtained from Thermo Fisher Scientific, Inc. (Waltham, 

MA). 

The Perfect Protein Marker (10-225 kDa or 15-150 kDa) was purchased from 

MilliporeSigma (Burlington, MA) and the Precision Plus ProteinTM Dual Color Standard was 

purchased from Bio-Rad Laboratories, Inc. (Hercules, CA). The His-tag AP Western Reagents Kit, 

including the Goat Anti-Mouse IgG AP Conjugate (H + L) secondary antibody, was purchased 

from MilliporeSigma (Burlington, MA). The anti His-tag monoclonal antibody was purchased 

from Clontech, Inc. (Mountain View, CA). The 1-step NBT/BCIP reagent mixture was purchased 

from Thermo Fisher Scientific, Inc. (Waltham, MA). Vacuum filters with a 0.2 μm 

polyethersulfone (PES) membrane were obtained from Thermo Fisher Scientific, Inc. (Waltham, 

MA). 

2.4.2 General Methods 

Basic molecular biology procedures were adapted from a standard molecular cloning 

manual7 or the protocol supplied by the manufacturer unless otherwise described in detail. All 

Reagents intended for use with bacteria, DNA, or recombinant proteins were sterilized by either 
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 syringe filtration through a 0.2 μm cellulose membrane, vacuum filtration through a 0.2 μm 

polyethersulfone (PES) membrane, or by autoclaving. Synthetic plasmids were transformed into 

chemically competent Top10F’ or BL21 E. coli strains. E. coli strains were grown at 37 °C in 

Lauria-Bertani (LB) medium containing appropriate antibiotic with shaking at 200 rpm unless 

otherwise stated. A QIAprep-spin miniprep kit or a DNA Clean & ConcentratorTM kit was used for 

isolation of plasmid DNA. Plasmids were digested with restriction enzymes and separated by DNA 

agarose gel electrophoresis (0.75%-2% agarose). Agarose gels were run at 120 V for 

approximately 30 minutes. All enzyme reactions were conducted in the reagent buffers provided 

by the manufacturer unless otherwise noted. The ZymocleanTM Gel DNA Recovery Kit was used 

for isolation and purification of the desired fragments from enzyme digestions. 

Dephosphorylations were carried out for 2 hours at 37 °C in 30 μL total volumes with 1 μL of 

Antarctic Phosphatase and 1X phosphatase buffer. Gene fragments were ligated together at 16 °C 

overnight in 10 μL volumes with 0.5 μL T4DNA Ligase (200 units) and 1X T4DNA Ligase buffer. 

Ligation products were transformed into chemically competent Top10F’ cells and recovered in 

400 μL SOC rich media at 37 °C for 1 hour. The transformed cells were plated onto LB agar 

containing the appropriate antibiotic and incubated at 37 °C for 16 hours. Confirmation of desired 

gene sequences was determined by automated DNA sequencing analysis at GENEWIZ LLC 

(South Plainfield, NJ) using the appropriate forward and reverse oligonucleotide primers. 

Protein electrophoresis was conducted using 16% SDS polyacrylamide gels on a Mini-

PROTEIN 3 cell electrophoresis system from Bio-Rad Laboratories, Inc. (Hercules, CA). The 

buffer tank was filled with SDS run buffer (25 mM tris, 250 mM glycine, 0.1% SDS, pH 8.3). The 

Perfect Protein Marker was used as a protein standard for SDS-PAGE analysis. An initial sample 

volume of 10 μL was added to each well with any necessary concentration adjustments made 



 

 

60 
 

 
 thereafter. Gels were run at 150 V for 1-1.5 hours depending on the desired level of separation.  

Gels were stained in coomassie overnight and then destained in a methanol-acetic acid buffer. 

Presence of desired proteins were further verified by western blotting using the His-tag AP 

Western Reagents Kit. The Precision Plus ProteinTM Dual Color Standard was used as the protein 

standard for western blot analysis. The proteins were transferred onto a 0.2 μM nitrocellulose 

membrane. Proteins that contained a polyhistidine tag were labelled with a mouse anti-His-tag IgG 

monoclonal primary antibody followed by a goat anti-mouse IgG AP conjugate (H + L) secondary 

antibody. Analysis after incubation with the 1-step NBT/BCIP reagent mixture allowed for 

chemiluminescent visualization of the his-tagged recombinant proteins. All proteins were purified 

using immobilized metal affinity chromatography (IMAC) on HisPurTM cobalt resin followed by 

dialysis to remove imidazole.  

2.4.3 Genetic Engineering of 3FD-LL Concatemer Sequences 

Construction of the Expression Plasmid 

A 3FD-LL adapter gene comprising an N-terminal decahistidine tag, a helix insertion site, 

and a C-terminal codon optimized DNA sequence of the 3FD-LL sequence, 

E(ALEKLA)3(ALKELA)3K, was ordered from ATUM (formerly DNA 2.0) in the pJ201 vector. 

The original 3FD-LL adapter plasmid was named pBB12. The lyophilized powder containing the 

plasmid was resuspended in 50 μL of distilled, deionized water (ddH2O) upon arrival. The 

modified pQE-80L expression vector, pIL5, was synthesized by Dr. I-Lin Wu, and a sample of 

the plasmid was directed for use in the 3FD-LL system.  

Plasmid DNA (1 μL) for the 3FD-LL adapter (pBB12) and the modified expression vector 

(pIL5) were transformed into chemically competent Top10F’ E. coli cells. The cells were 
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 recovered after heat shock in 400 μL SOC rich media for 30 minutes at 37 °C. Aliquots of 50 μL 

of the transformed suspensions were spread onto LB agar plates and incubated for 14 hours at 37 

°C. The cells containing plasmid pBB12 were spread on plates containing kanamycin (50 μg/mL) 

for antibiotic selection. The cells containing plasmid pIL5 were spread on plates containing 

ampicillin (100 μg/mL) for antibiotic selection.  

Twelve colonies of each plasmid were selected from the plates containing the Top 10 F’ 

strain. The selected colonies were used to inoculate culture tubes containing 5 mL LB media 

supplemented with the appropriate antibiotic (50 μg/mL kanamycin for cells containing pBB12 

and 100 μg/mL ampicillin for cells containing pIL5). The cultures were grown at 37 °C overnight 

on a rotator. Two cultures of each plasmid were prepared for long term storage within the Top10F’ 

E. coli strain. These frozen stocks were prepared by combining 200 μL of 80% glycerol with 800 

μL of the culture. The frozen stocks of the Top10F’ strains containing the pBB12 or pIL5 plasmid 

were stored at -80 °C until needed. To make secondary stocks of the pBB12 and pIL5 plasmid 

DNA, a QIAprep-spin miniprep kit (QIAGEN, Inc.) was used to isolate the plasmid DNA of each 

plasmid in the remaining cultures of Top10F’ cells. The isolated DNA was recovered in 50 μL of 

EB buffer (10 mM Tris-HCl, pH 8.5) and stored in solution at -30 °C when not in use.  

The synthetic 3FD-LL adapter gene was isolated through restriction digestion of the 

plasmid pBB12 with EcoR I and HinD III endonucleases. A volume of 50 μL plasmid DNA was 

incubated with 3 μL of each restriction enzyme and the appropriate buffer with a total reaction 

volume of 100 μL. After incubation at 37 °C for 4 hours, the digestion products were separated by 

1.5% DNA agarose gel electrophoresis. The small band, which contained the 3FD-LL adapter 

gene, was excised from the gel using a ZymocleanTM Gel DNA Recovery Kit and eluted into 10 

μL of ddH2O.  
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 The elastin adapter gene was removed from the pIL5 expression vector through restriction 

digestion of the plasmid with EcoR I and HinD III endonucleases. A volume of 50 μL plasmid 

DNA was incubated with 3 μL of each restriction enzyme and the appropriate buffer with a total 

reaction volume of 100 μL. After incubation at 37 °C for 4 hours, the digestion products were 

separated by 0.75% DNA agarose gel electrophoresis (Figure 2.18). The large band, which 

contained the pIL5 expression vector without the elastin adapter, was excised from the gel using 

a ZymocleanTM Gel DNA Recovery Kit and eluted into 10 μL of ddH2O.  

 

 

 

The 3FD-LL adapter gene was cloned into its compatible sites in the pIL5 expression 

vector through ligation of the isolated digestion products. The digested 3FD-LL adaptor gene and 

pIL5 vector were combined together at molar ratios of 3:1 and 5:1. The gene fragments were 

incubated overnight at 16 °C in 10 μL reaction volumes with 0.5 μL T4DNA Ligase (200 units) 

and 1X T4DNA Ligase buffer. A 1 μL aliquot of each ligation product was transformed into 
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 chemically competent Top10F’ cells.  The cells were recovered in 400 μL SOC rich media at 37 

°C for 1 hour, plated onto LB agar containing ampicillin (100 μg/mL), and incubated at 37 °C for 

16 hours. Six overnight cultures containing ampicillin (100 μg/mL) were prepared from each plate 

for isolation of the plasmid DNA using a QIAprep-spin miniprep kit (QIAGEN, Inc.). The isolated 

plasmid DNA was analyzed using 0.75% DNA agarose gel electrophoresis to screen for 

sequencing. The pIL5 plasmid was run on the gel as a control. The selected ligations were sent for 

automated DNA sequencing analysis at GENEWIZ LLC (South Plainfield, NJ) to confirm the 

desired sequence. The pQE-F and pQE-R primers, which were designed to bind upstream and 

downstream of the multiple cloning site, were sent with the plasmid DNA for analysis.  

The pIL5 expression vector with the 3FD-LL adapter gene cloned into its multiple cloning 

site formed the plasmid pBB14. The plasmid sample with the confirmed sequence was transformed 

into chemically competent Top10F’ cells and recovered in 400 μL SOC rich media at 37 °C for 1 

hour. The cells were plated onto LB agar containing ampicillin (100 μg/mL) and incubated at 37 

°C for 16 hours. Two overnight cultures were prepared to isolate of the plasmid DNA using a 

QIAprep-spin miniprep kit (QIAGEN, Inc.). Two overnight cultures were grown to generate 

frozen stocks of the plasmid inside of Top10F’ cells by combining 200 μL of 80% glycerol with 

800 μL of the culture.  

Production of the 3FD-LL Monomer Expression Plasmid 

An aliquot of 1 μL of pBB14 plasmid DNA (3FD-LL adapter inside the modified 

expression vector pIL5) was transformed into chemically competent Top10F’ E. coli cells. The 

cells were recovered after heat shock in 400 μL SOC rich media for 30 minutes at 37 °C. Aliquots 

of 50 μL of the transformed suspensions were spread onto LB agar plates and incubated for 14 
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 hours at 37 °C. The cells containing plasmid pBB14 were spread on plates containing ampicillin 

(100 μg/mL) for antibiotic selection.  

Ten colonies containing plasmid pBB14 were selected from the plates containing the Top 

10 F’ strain. The selected colonies were used to inoculate culture tubes containing 5 mL LB media 

supplemented with 100 μg/mL ampicillin. The cultures were grown at 37 °C overnight on a rotator. 

A QIAprep-spin miniprep kit (QIAGEN, Inc.) was used to isolate the plasmid DNA. The isolated 

DNA was recovered in 50 μL of EB buffer (10 mM Tris-HCl, pH 8.5) and stored in solution at -

30 °C when not in use.  

The helix insertion site in the 3FD-LL adapter was opened through restriction digestion of 

the plasmid pBB14 with Bsa I endonuclease to create complementary sticky ends. A volume of 50 

μL plasmid DNA was incubated with 3 μL of Bsa I restriction enzyme and the appropriate buffer 

with a total reaction volume of 100 μL. After incubation at 37 °C overnight, the digestion products 

were separated by 0.75% DNA agarose gel electrophoresis. The large band, which contained the 

opened insertion site of the 3FD-LL adapter, was excised from the gel using a ZymocleanTM Gel 

DNA Recovery Kit and eluted into 8.5 μL of ddH2O.  

The complementary sticky ends of the adapter gene were ligated together to close the 

plasmid without any insert. The digested 3FD-LL adaptor of pBB14 was incubated overnight at 

16 °C in a 10 μL reaction volume with 0.5 μL T4DNA Ligase (200 units) and 1X T4DNA Ligase 

buffer. A 1 μL aliquot of the ligation product was transformed into the chemically competent 

Top10F’ strain.  The cells were recovered in 400 μL SOC rich media at 37 °C for 1 hour, plated 

onto LB agar containing ampicillin (100 μg/mL), and incubated at 37 °C for 16 hours. Six 

overnight cultures were prepared from each plate for isolation of the plasmid DNA using a 
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 QIAprep-spin miniprep kit (QIAGEN, Inc.). The isolated plasmid DNA was analyzed using 0.75% 

DNA agarose gel electrophoresis to screen for sequencing. The pBB14 plasmid was run on the gel 

as a control. The selected ligations were sent for automated DNA sequencing analysis at 

GENEWIZ LLC (South Plainfield, NJ) to confirm the desired sequence. The pQE-F and pQE-R 

primers were sent with the plasmid DNA for analysis.  

With the helix insertion site removed from the 3FD-LL adapter, the 3FD-LL monomer in 

the expression vector was formed and named pBB15. The plasmid sample with the confirmed 

sequence was transformed into chemically competent Top10F’ cells and recovered in 400 μL SOC 

rich media at 37 °C for 1 hour. The cells were plated onto LB agar containing ampicillin (100 

μg/mL) and incubated at 37 °C for 16 hours. Two overnight cultures were prepared to isolate of 

the plasmid DNA using a QIAprep-spin miniprep kit (QIAGEN, Inc.). Two overnight cultures 

were grown to generate frozen stocks of the plasmid inside of Top10F’ cells by combining 200 μL 

of 80% glycerol with 800 μL of the culture.  

Concatemerization of 3FD-LL Gene Sequence 

A 3FD-LL helix insert gene containing the codon optimized synthetic DNA monomer 

encoding the 3FD-LL sequence, E(ALEKLA)3(ALKELA)3K, was ordered from ATUM (formerly 

DNA 2.0) in the pJ201 vector for insertion into the 3FD-LL adapter insertion site. The 3FD-LL 

helix insert plasmid was named pBB13. The lyophilized powder containing the plasmid was 

resuspended in 50 μL of distilled, deionized water (ddH2O) upon arrival. Aliquots of 1 μL were 

used in transformations of the chemically competent Top10F’ E. coli strain. The cells were 

recovered after heat shock in 400 μL SOC rich media for 30 minutes at 37 °C. Aliquots of 50 μL 



 

 

66 
 

 
 of the transformed suspensions were spread onto LB agar plates containing kanamycin (50 μg/mL) 

for antibiotic selection. The plates were incubated for 14 hours at 37 °C.  

Twelve colonies were selected from the plate containing the Top 10 F’ strain. The selected 

colonies were used to inoculate culture tubes containing 5 mL LB media supplemented with 

kanamycin (50 μg/mL). The cultures were grown at 37 °C overnight on a rotator. Two of the 

cultures containing the Top10F’ strain were prepared for long term storage of the plasmid 

contained within the E. coli strain. These frozen stocks were prepared by combining 200 μL of 

80% glycerol with 800 μL of the culture. The frozen stocks of the Top10F’ strains containing the 

pBB13 plasmid were stored at -80 °C until needed. To make secondary stocks of the pBB13 

plasmid DNA, a QIAprep-spin miniprep kit (QIAGEN, Inc.) was used to isolate the plasmid DNA 

of each of the remaining cultures of Top10F’ cells. The isolated DNA was recovered in 50 μL of 

EB buffer (10 mM Tris-HCl, pH 8.5) and stored in solution at -30 °C when not in use. 

The synthetic 3FD-LL helix insert gene was isolated from the pBB13 plasmid through 

sequential restriction digestion with Bbs I and BsmB I endonucleases. A volume of 50 μL plasmid 

DNA was incubated with 4 μL of Bbs I restriction enzyme and the appropriate buffer with a total 

reaction volume of 100 μL. After incubation at 37 °C overnight, the digestion product was 

separated by 1.5% DNA agarose gel electrophoresis. The only band, which contained the digested 

pBB13 plasmid, was excised from the gel using a ZymocleanTM Gel DNA Recovery Kit and eluted 

into 34 μL of ddH2O. The isolated digestion product was incubated with 2 μL of BsmB I restriction 

enzyme and the appropriate buffer with a total reaction volume of 40 μL. After incubation at 55 

°C for 5 hours, the digestion products were separated by 0.75% DNA agarose gel electrophoresis. 
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 The small band, which contained the 3FD-LL helix insert, was excised from the gel using a 

ZymocleanTM Gel DNA Recovery Kit and eluted into 10 μL of ddH2O.  

The helix insertion site in the 3FD-LL adapter was opened through restriction digestion of 

the plasmid pBB14 with Bsa I endonuclease to create complementary sticky ends. A volume of 50 

μL plasmid DNA was incubated with 3 μL of Bsa I restriction enzyme and the appropriate buffer 

with a total reaction volume of 100 μL. After incubation at 37 °C overnight, the digestion products 

were separated by 0.75% DNA agarose gel electrophoresis. The large band, which contained the 

opened insertion site of the 3FD-LL adapter, was excised from the gel using a ZymocleanTM Gel 

DNA Recovery Kit and eluted into 26 μL of ddH2O. The digested pBB14 DNA was 

dephosphorylated to prevent ligation of the plasmid with itself. The isolated digestion product was 

incubated with 1 μL of Antarctic Phosphatase and 1X phosphatase buffer for 2 hours at 37 °C. A 

DNA Clean & ConcentratorTM kit was used to isolate the dephosphorylated pBB14 digestion, and 

the gene fragment digested plasmid was eluted into 10 μL ddH2O.  

The 3FD-LL helix insert gene was cloned into the digested 3FD-LL adapter insertion site 

to form the 3FD-LL concatemers through ligation of the isolated digestion products. The digested 

3FD-LL helix insert and 3FD-LL adaptor plasmid were combined together in 3:1, 5:1, and 7:1 

molar ratios. The gene fragments were incubated overnight at 16 °C in 10 μL reaction volumes 

with 0.5 μL T4DNA Ligase (200 units) and 1X T4DNA Ligase buffer. A 1 μL aliquot of each 

ligation product was transformed into chemically competent Top10F’ cells.  The cells were 

recovered in 400 μL SOC rich media at 37 °C for 1 hour, plated onto LB agar containing ampicillin 

(100 μg/mL), and incubated at 37 °C for 16 hours. Twelve overnight cultures containing ampicillin 

were prepared from each plate for isolation of the plasmid DNA using a QIAprep-spin miniprep 
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 kit (QIAGEN, Inc.). The isolated plasmid DNA was analyzed using 0.75% DNA agarose gel 

electrophoresis to screen for sequencing. The pBB14 plasmid was run on the gel as a control. The 

selected ligations were sent for automated DNA sequencing analysis at GENEWIZ LLC (South 

Plainfield, NJ) to confirm the desired sequence. A pQE-80 forward primer was sent with the 

plasmid DNA for analysis.  

Various 3FD-LL concatemers within the pIL5 expression vector were created by this 

method. Plasmids containing 2, 3, 4, and 5 3FD-LL helical units were created. The 3FD-LL dimer 

in the expression vector was named pBB17, the 3FD-LL trimer in the expression vector was 

named pBB20, the 3FD-LL tetramer in the expression vector was named pBB21, and the 3FD-

LL pentamer in the expression vector was named pBB22. Figure 2.19 displays the sequence 

verified plasmids for the 3FD-LL concatemers using DNA agarose gel electrophoresis. 

The plasmid DNA samples with the confirmed sequences of the 3FD-LL concatemer 

genes were transformed into chemically competent Top10F’ cells and recovered in 400 μL SOC 

rich media at 37 °C for 1 hour. The cells were plated onto LB agar containing ampicillin (100 

μg/mL) and incubated at 37 °C for 16 hours. Two overnight cultures were prepared for each 

plasmid to isolate of the DNA using a QIAprep-spin miniprep kit (QIAGEN, Inc.). Two overnight 

cultures were grown for each plasmid to generate frozen stocks of the plasmid inside of Top10F’ 

cells by combining 200 μL of 80% glycerol with 800 μL of the culture. 
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 2.4.4 Production of the 3FD-LL Concatemer Proteins 

Gene and Bacterial Preparation  

The genes encoding the 3FD-LL concatemers were designed to be codon optimized for 

expression in E. coli. The plasmid DNA for each of the genes was previously isolated and purified 

using a QIAprep-spin miniprep kit (QIAGEN, Inc.) and stored at -20 °C. Aliquots of 1 μL of the 

miniprep plasmid DNA (pBB15, pBB17, pBB20, pBB21, and pBB22) were used in 

transformations of the chemically competent E. coli strain BL21 (DE3). The cells were recovered 

after heat shock in 400 μL SOC rich media for 30 minutes at 37 °C. Aliquots of 50 μL of the 

transformed suspensions were spread onto LB agar plates containing ampicillin (100 μg/mL) for 

antibiotic selection. The plates were incubated for 14 hours at 37 °C.  

Two colonies were selected for each plasmid from the plates containing the BL21 strain. 

The selected colonies were used to inoculate culture tubes containing 5 mL LB media 

supplemented with ampicillin (100 μg/mL). The cultures were grown at 37 °C overnight on a 

rotator. The cultures containing the BL21 strain were prepared for long term storage of each 

plasmid contained within the E. coli strain. These frozen stocks were prepared by combining 200 

μL of 80% glycerol with 800 μL of the culture. Frozen stocks of the BL21 strain containing the 

plasmids for the five 3FD-LL concatemers were stored at -80 °C until needed.  

Small-Scale Expression 

Each plasmid of the 3FD-LL concatemers was transformed into the BL21 (DE3) strain 

and plated onto LB agar plates containing ampicillin (100 μg/mL). Single colonies of BL21 strain 

containing the 3FD-LL concatemer plasmids were used to inoculate 5 mL of LB broth 
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 supplemented with ampicillin (100 μg/mL). The cell cultures were grown overnight on a rotator at 

37 °C. Volumes of 500 μL of the overnight cultures were transferred to 250 mL Erlenmeyer flasks 

containing 50 mL of Terrific Broth (TB) media supplemented with ampicillin (100 μg/mL).  

The small culture flasks shook at 200 rpm and 37 °C for approximately 3 hours until cell 

growth reached log phase growth with an OD600 of ~0.6-0.8. The OD600 was monitored hourly. 

Once log phase growth was achieved, expression was induced by the addition of isopropyl-β-D-

thiogalactopyranoside (IPTG). For each 50 mL volume, 25 μL of 1 M IPTG was added for a final 

IPTG concentration of 0.5 mM. The expression cultures were incubated at 30 °C with shaking for 

18 hours. Aliquots were removed from the expression culture throughout the process for SDS-

PAGE analysis (see below). Eighteen hours after induction, the cells in the expression cultures 

were harvested by centrifugation at 4,000 x g for 20 minutes (4 °C). The cell pellets were 

resuspended in 5 mL lysis buffer (50 mM Tris, 100 mM NaCl, pH 8.0) and stored at -80 °C.  

One mL aliquots were removed from each flask before induction and 1, 4, and 18 hours 

after induction. The OD600 was determined for each aliquot and the aliquot volumes were 

normalized based on their OD so that the number of cells in each aliquot were equivalent. The 

normalized aliquot volumes were centrifuged for 5 minutes at 4,000 x g to pellet the cells. The 

supernatants were discarded, the pellets were resuspended in 50 μL ddH2O, and the expression 

samples were stored at -30 °C. Aliquoted expression samples were later prepared for SDS-PAGE 

analysis by mixing the 50 μL samples with 50 μL of 2X SDS sample loading buffer (100 mM Tris-

HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the samples at 100 °C for 5 minutes. The expression samples were 

analyzed by 16% SDS-PAGE and western blotting according to the protocols described in the 

general methods section.  
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 Large-Scale Expression 

The plasmids of the 3FD-LL concatemers were transformed into the BL21 (DE3) strain 

and plated onto LB agar plates containing ampicillin (100 μg/mL). Single colonies of BL21 strain 

containing individual 3FD-LL concatemer plasmids were used to inoculate 5 mL cultures of LB 

broth supplemented with ampicillin (100 μg/mL). The cell cultures were grown overnight on a 

rotator at 37 °C. Five mL of the overnight cultures were transferred to 2,800 mL Erlenmeyer flasks 

containing 500 mL of Terrific Broth (TB) media supplemented with 100 μg/mL ampicillin. Four 

flasks were used for a total expression culture volume of 2000 mL (2L).  

The large culture flasks shook at 200 rpm and 37 °C for approximately 3 hours until cell 

growth reached log phase growth with an OD600 of ~0.6-0.8. The OD600 was monitored hourly. 

Once log phase growth was achieved, expression was induced by the addition of isopropyl-β-D-

thiogalactopyranoside (IPTG). For each 500 mL flask, 250 μL of 1 M IPTG was added for a final 

IPTG concentration of 0.5 mM. The expression cultures were incubated at 30 °C with shaking for 

18 hours. Aliquots were removed from the expression culture throughout the process for SDS-

PAGE analysis (see below). Eighteen hours after induction, the cells in the expression cultures 

were harvested by centrifugation at 4,000 x g for 20 minutes (4 °C). The supernatant was discarded, 

and the cell pellets were stored at -80 °C.  

One mL aliquots were removed from each flask before induction and 1, 4, and 18 hours 

after induction. The OD600 was determined for each aliquot and the aliquot volumes were 

normalized based on their OD so that the number of cells in each aliquot would be equivalent. The 

normalized aliquot volumes were centrifuged for 5 minutes at 4,000 x g to pellet the cells. The 

supernatants were discarded, the pellets were resuspended in 50 μL ddH2O, and the expression 
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 samples were stored at -30 °C. Aliquoted expression samples were later prepared for SDS-PAGE 

analysis by mixing the 50 μL samples with 50 μL of 2X SDS sample loading buffer (100 mM Tris-

HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the samples at 100 °C for 5 minutes. The expression samples were 

run on 16% SDS-PAGE gels according to the protocol described in the general methods section. 

Samples were also analyzed by western blot.  

Cell Lysis  

 The cell pellets from large-scale expressions of the 3FD-LL concatemers in the BL21 

strain were previously frozen at -80 °C. The cell pellets were resuspended in 100 mL lysis buffer 

(50 mM Tris, 100 mM NaCl, pH 8.0) and lysis of the cell pellets was initiated by three freeze/thaw 

cycles (-80 °C; 25 °C). After the third thaw cycle, EDTA-free protease inhibitor cocktail (1X), 

lysozyme (1 mg/mL), benzonase nuclease (25 units/mL), and MgCl2 (1 mM) were added to the 

lysate. The lysates were incubated at 30 °C for 1 hour with shaking at 200 rpm and then the 

temperature was dropped to 4 °C for incubation overnight. The cell lysates were sonicated (9 

seconds on; 9 seconds off) at 4 °C for 15 minutes. Aliquots of 50 μL were collected for SDS-

PAGE analysis (see below).  

The cell lysate aliquots were centrifuged at 10,000 rpm for 5 minutes. The aliquot 

supernatants were transferred into clean microcentrifuge tubes and the pellets were resuspended 

in 50 μL of ddH2O. The lysed supernatant and lysed pellet samples were prepared for SDS-PAGE 

analysis by mixing the 50 μL samples with 50 μL of 2X SDS sample loading buffer (100 mM Tris-

HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the samples at 100 °C for 5 minutes. Analysis by 16% SDS-PAGE 
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 concluded that all five of the 3FD-LL concatemer proteins were located in the lysed pellet 

(insoluble fraction).  

A sample of lysozyme was prepared as a control for SDS-PAGE analysis. The lysozyme 

control was prepared for SDS-PAGE analysis by mixing 20 μL of 50 mg/mL lysozyme stock with 

20 μL of dH2O to make 40 μL of a 25 mg/mL lysozyme solution. The lysozyme solution was 

combined with 40 μL of 2X SDS sample loading buffer (100 mM Tris-HCl (pH 6.8), 4% (w/v) 

SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-mercaptoethanol) and 

boiling the samples at 100 °C for 5 minutes.  

Solubilization with Urea  

The cell lysate samples were analyzed by SDS-PAGE, which determined the 3FD-LL 

concatemers were insoluble in the cell lysate solution. Urea was added to the cell lysate for a final 

concentration of 6 M. The 6 M urea solution was allowed to shake at 250 rpm for 24 hours at 4 

°C. Aliquots of 50 μL were collected for SDS-PAGE analysis (see below). The remaining urea 

solution was centrifuged at 15,000 rpm for 30 minutes (4 °C). The urea supernatants were 

separated from the urea pellets until analysis by SDS-PAGE determined the location of the 3FD-

LL concatemer proteins. 

Meanwhile, the urea aliquots were centrifuged at 15,000 rpm for 5 minutes. The aliquot 

supernatants were transferred into clean microcentrifuge tubes and the pellets were resuspended 

in 50 μL of ddH2O. The urea supernatant and urea pellet samples were prepared for SDS-PAGE 

analysis by mixing the 50 μL samples with 50 μL of 2X SDS sample loading buffer (100 mM Tris-

HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the samples at 100 °C for 5 minutes. Analysis by 16% SDS-PAGE 
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 concluded that the 3FD-LL concatemer proteins were insoluble in a 6 M urea solution and entirely 

located in the pellets.  

Inclusion Body Washes 

 The cell pellets from large-scale expressions of the 3FD-LL concatemers in the BL21 

strain were previously frozen at -80 °C. The cell pellets were resuspended in 100 mL lysis buffer 

A (50 mM Tris, 100 mM NaCl, 5% glycerol, 0.1 mM DTT, 0.1 mM EDTA, pH 8.0) and lysis of 

the cell pellets was initiated by three freeze/thaw cycles (-80 °C; 25 °C). After the third thaw cycle, 

EDTA-free protease inhibitor cocktail (1X), lysozyme (1 mg/mL), benzonase nuclease (25 

units/mL), and MgCl2 (1 mM) were added to the lysate. The lysates were incubated at 30 °C for 1 

hour with shaking at 200 rpm and then the temperature was dropped to 4 °C for incubation 

overnight. The cell lysates were sonicated (9 seconds on; 9 seconds off) at 4 °C for 15 minutes. 

Aliquots of 50 μL were collected for SDS-PAGE analysis (see below).  

A 1 mL volume of Triton X-100 was added to the cell lysate for a final concentration of 

1%. The solution was allowed to shake for 1 hour at 4 °C. The Triton X-100 solution was 

centrifuged at 12,000 rpm for 20 minutes (4 °C). The inclusion bodies in the pellet were 

resuspended in lysis buffer B (50 mM Tris, 100 mM NaCl, 5% glycerol, 0.1 mM DTT, 1% Triton 

X-100, pH 8.0) and the solution shook for 2 hours at 4 °C. The cell lysates were sonicated (9 

seconds on; 9 seconds off) at 4 °C for 15 minutes. The solution was centrifuged at 15,000 rpm for 

20 minutes (4 °C).  

The inclusion bodies in the pellet were then resuspended in lysis buffer C (50 mM Tris, 

100 mM NaCl, 5% glycerol, 0.1 mM DTT, pH 8.0) and the solution shook for 1 hour at 4 °C. The 
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 cell lysates were sonicated (9 seconds on; 9 seconds off) at 4 °C for 15 minutes. And then 

centrifuged at 12,000 rpm for 20 minutes (4 °C). 

The cell lysate and washed inclusion body aliquots were centrifuged at 10,000 rpm for 5 

minutes. The aliquot supernatants were transferred into clean microcentrifuge tubes and the pellets 

were resuspended in 50 μL of ddH2O. The supernatant and pellet samples were prepared for SDS-

PAGE analysis by mixing the 50 μL samples with 50 μL of 2X SDS sample loading buffer (100 

mM Tris-HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% 

(v/v) β-mercaptoethanol) and boiling the samples at 100 °C for 5 minutes. Analysis by 16% SDS-

PAGE concluded that all five of the 3FD-LL concatemer proteins were located in the pellets of 

the cell lysate and the washed inclusion bodies.  

Solubilization with Guanidine Hydrochloride  

 After expression and cell lysis, cell lysates were centrifuged at 10,000 rpm for 20 minutes 

(4 °C) and the lysed supernatants were discarded.  The insoluble 3FD-LL concatemer proteins in 

the cell lysate pellets were solubilized in guanidine hydrochloride to allow for purification on a 

HisPurTM cobalt column. In later experiments, the washed inclusion body pellets were solubilized 

in guanidine hydrochloride. In order to do this, the pellets were resuspended in 200 mL total 

volume of GHCl solubilization buffer (7 M guanidine hydrochloride, 50 mM Tris, pH 8.0). The 

insoluble pellets were allowed to shake at 250 rpm for 3 days at 4 °C. Aliquots of 50 μL were 

collected for SDS-PAGE analysis (see below). The remaining GHCl solutions were centrifuged at 

15,000 rpm for 30 minutes (4 °C). The GHCl supernatants were separated from the GHCl pellets 

until analysis by SDS-PAGE determined the location of the 3FD-LL concatemer proteins. 
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 Meanwhile, the GHCl aliquots were centrifuged at 15,000 rpm for 5 minutes. The aliquot 

supernatants were transferred into clean microcentrifuge tubes and the pellets were resuspended 

in 50 μL of ddH2O. The GHCl supernatant and GHCl pellet samples were prepared for SDS-PAGE 

analysis by mixing the 50 μL samples with 50 μL of 2X SDS sample loading buffer (100 mM Tris-

HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the samples at 100 °C for 5 minutes. Analysis by 16% SDS-PAGE 

concluded that the 3FD-LL concatemer proteins were at least partially soluble in 7M GHCl and 

primarily located in the supernatant.  

Purification 

The presence of a decahistidine tag at the N-terminus of the 3FD-LL concatemer proteins 

facilitated purification by immobilized metal affinity chromatography (IMAC). The soluble 

fractions recovered after protein solubilization in GHCl were each loaded directly onto 12 mL pre-

equilibrated HisPurTM cobalt resin divided among four columns. The resin was then washed with 

60 mL GHCl wash buffer (7 M guanidine hydrochloride, 50 mM Tris, 20 mM imidazole, pH 8.0). 

The target proteins were isolated by the addition of 60 mL elution buffer (7 M guanidine 

hydrochloride, 50 mM Tris, 250 mM imidazole, pH 7.0). A 50 μL aliquot of the eluent was 

collected and prepared for SDS-PAGE analysis by mixing the 50 μL samples with 50 μL of 2X 

SDS samples loading buffer (100 mM Tris-HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% 

(w/v) bromophenol blue, 10% (v/v) β-mercaptoethanol) and boiling the samples at 100 °C for 5 

minutes. The pure eluent samples were run on 16% SDS-PAGE gels according to the protocol 

described in the general methods section. The samples were also analyzed by western blotting.  
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 The purification eluents were loaded into a SnakeSkinTM dialysis tubing and dialyzed 

against ddH2O for 5 days (4 L volume, switching buffer every 8 hours). The 3FD-LL monomer 

and 3FD-LL dimer were loaded into dialysis tubing with a 3,500 Da MWCO, while the 3FD-LL 

trimer, 3FD-LL tetramer, and 3FD-LL pentamer were loaded into dialysis tubing with a 10,000 

Da MWCO. After dialysis, the protein solutions were transferred from the dialysis cassettes to 50 

mL conical tubes and stored at -80 °C. Once frozen, the tops of the conical tubes were replaced 

with KimwipesTM and the tubes were placed in a lyophilizer until all that remained was the pure 

3FD-LL concatemer proteins in powder form. The lyophilized powder was weighed and stored 

at -30 °C. Protein yields were recorded as dry weight per unit volume of culture. 

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS)  

MALDI-TOF experiments were performed on an Applied Biosystems® VoyagerTM System 

4700 mass spectrometer (Life Technologies Corporation; Carlsbad, CA) in the high mass positive 

ion linear mode. The matrix, a-Cyano-4-hydroxycinnamic acid (CHCA), was used at a 

concentration of 10 mg/mL in a mixture of 50% acetonitrile and 0.1% trifluoroacetic acid in 

deionized water. The 3FD-LL concatemer protein solutions (1 mg/mL in ddH2O) was mixed with 

the matrix solution in a 1:1 ratio. Two microliters of the mixture were spotted on a stainless-steel 

sample plate and dried under vacuum or air. Sample preparation was repeated in triplicate. Mass 

spectra were acquired from 1000 laser shots at an intensity of 7900.  
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 2.4.5 Tables 

Table 2.1 Plasmids used in Chapter 2.  

Plasmids Relevant Characteristics  Reference 
      
pQE-80L  E. coli expression vector, AmpR QIAGEN 
      
pIL5 pQE Adapter in pQE-80L; removal of Nco I and Bsa I, AmpR Reference3  
      
pBB12 3FD-LL adapter gene in pJ201, KanR Chapter 2 
      
pBB13 3FD-LL helix insert gene in pJ201, KanR Chapter 2 
      
pBB14 3FD-LL adapter in pIL5, AmpR Chapter 2 
      
pBB15 3FD-LL monomer in pIL5, AmpR Chapter 2 
      
pBB17 3FD-LL dimer in pIL5, AmpR Chapter 2 
      
pBB20 3FD-LL trimer in pIL5, AmpR Chapter 2 
      
pBB21 3FD-LL tetramer in pIL5, AmpR Chapter 2 
      
pBB22 3FD-LL pentamer in pIL5, AmpR Chapter 2 
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 Table 2.2 E. coli strains used in Chapter 2.  

Strains Genotype Reference 
      

Top10F’ 
F ́[lacIq, Tn10(TetR)] mcrA Δ(mrr-hsdRMS- mcrBC) 
Φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara leu) 7697 
galU galK rpsL (StrR) endA1 nupG 

Invitrogen 

      

BL21 (DE3)  fhuA2 [lon] ompT gal (λ DE3) [dcm] ΔhsdS λ sBamHIo 
ΔEcoRI-B int::(lacI::PlacUV5::T7 gene1) i21 Δnin5 

New England 
Biolabs 

      

 

 

 

Table 2.3 Primers used in Chapter 2 for DNA sequencing.  

Primers Sequence (5'→3')   
      
pQE-F CCCGAAAAGTGCCACCTG   
      
pQE-R GGTCATTACTGGAGTCTTG   
      
M13 (-20) Forward  TGTAAAACGACGGCCAGT   
      
M13 Reverse  CAGGAAACAGCTATGAC   
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 Table 2.4 Protein sequences used in Chapter 2.  

Protein Sequence 
MW (Da) 
# of AA 

      

3FD-LL monomer GHHHHHHHHHHGSGE-[(ALEKLA)3(ALKELA)3]1-K 5659.47         
52 

      

3FD-LL dimer GHHHHHHHHHHGSGE-[(ALEKLA)3(ALKELA)3]2-K 9414.02        
88 

      

3FD-LL trimer GHHHHHHHHHHGSGE-[(ALEKLA)3(ALKELA)3]3-K 13168.56        
124 

      

3FD-LL tetramer GHHHHHHHHHHGSGE-[(ALEKLA)3(ALKELA)3]4-K 16923.1       
160 

      

3FD-LL pentamer GHHHHHHHHHHGSGE-[(ALEKLA)3(ALKELA)3]5-K 20677.65      
196 
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 3.1 Introduction 

The 3FD-LL model peptide readily adopted an α-helical secondary structure with 3-fold 

screw symmetry in aqueous buffer with 10 mM TAPS at pH 8.5. Two-dimensional nanosheets 

were formed from assembly of the α-helical units where the measured thickness of the nanosheets 

exhibited a close correspondence to the calculated length of the α-helix. This indicated that the α-

helices aligned in a perpendicular orientation with respect to the nanosheet surface. Although 

nanosheets formed from the 3FD-IL and 3FD-LL model peptides displayed melting temperatures 

of 84 °C and 90 °C, respectively,1-2 the nanosheets exhibited fragmenting during biophysical 

analysis.  

An extension of the 3DF-LL α-helical unit was attempted to increase the thickness of the 

material for potential applications. A thicker nanosheet would be useful for incorporation into 

nanodevices, and it would provide deeper nanopores if utilized in molecular encapsulation or 

transportation applications. Additionally, increasing the length of the helical unit could improve 

the mechanical and thermodynamic stability of the material by increasing the number of 

interactions between neighboring α-helices.  

Molecular cloning techniques were utilized in the previous chapter to accomplish the 

concatemerization of the 3DF-LL gene sequence.  In addition to the 3FD-LL monomer, protein 

expression successfully biosynthesized a dimer, trimer, tetramer, and pentamer of the model 3FD-

LL peptide. Despite the recalcitrance of the proteins towards solubilization, the proteins were 

purified by immobilized metal affinity chromatography. Analysis of the assembly conditions and 

biophysical characteristics of the 3FD-LL concatemers would indicate similarities to the original 

3FD-LL model peptide and reveal improvements to the novel protein material.  



 

 

85 
 

 
  The 3FD-LL concatemer proteins were assembled and significant attempts were made to 

optimize the assembly conditions. The 3FD-LL timer, which proved to be the most successful 

candidate, was further purified by reverse-phase high performance liquid chromatography. The 

HPLC purified 3FD-LL trimer displayed a strong α-helical signature and assembled into highly 

defined nanosheets on the micrometer-scale. The nanosheets did not display a melting transition 

across the analyzed temperature range indicating that the 3FD-LL trimer nanosheets possessed 

higher thermodynamic stability compared to the model 3FD-IL and 3FD-LL peptides. Atomic 

force microscopy height measurements verified that the 3FD-LL trimer produced nanosheets with 

greater thicknesses than the 3FD-LL model peptide with an average height that corresponded 

closely with the expected length of the α-helical unit; however, a small fraction of the 

measurements indicated that the protein may be folding during assembly.  

The advancements made to the 3FD-LL-based materials supports the use of these extended 

two-dimensional biomaterials in a wider range of applications. Based on the porous nature of the 

model 3FD-IL peptide, concatemerization of the sequences could possibly improve functionality 

of the scaffolds for applications such as therapeutic delivery. However, more advanced structural 

analysis of the 3FD-LL trimer nanosheets would be required for verification of the nanoporous 

structure. 
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 3.2 Results and Discussion 

3.2.1 Initial Assembly and Optimization of 3FD-LL Concatemers 

Assembly of HisPurTM 3FD-LL Concatemers 

The model 3FD-LL and 3FD-IL peptides assembled into sheet-like structures at a peptide 

concentration of 10 mg/mL in 10 mM TAPS buffer (pH 8.5),1-2 so assemblies of the HisPurTM 

3FD-LL concatemers were analyzed under these conditions. However, to confirm this was the 

optimal buffer condition, the HisPurTM 3FD-LL concatemers were also assembled at a peptide 

concentration of 10 mg/mL under a wide pH range of 4-9. While attempting to dissolve the 

proteins, it was obvious that the solubility of the 3FD-LL concatemers was very low in water-

based solvents, and thermal annealing failed to improve solubility. White precipitate was present 

under all buffers conditions, especially samples containing the 3FD-LL monomer.  

Transmission electron microscopy (TEM) was used to observe the local structural 

morphology of the 3FD-LL concatemer proteins. Nascent and thermally annealed assemblies of 

the HisPurTM 3FD-LL concatemers were analyzed at a protein concentration of 10 mg/mL in 10 

mM buffer. The buffer conditions that were analyzed were 10 mM CHES (pH 9.0), 10 mM TAPS 

(pH 8.5), 10 mM TAPS (pH 8.0), 10 mM MOPS (pH 7.0), 10 mM MES (pH 6.0), 10 mM acetate 

(pH 5.0), and 10 mM acetate (pH 4.0). All nascent and thermally annealed samples did not exhibit 

any organized structures at low pH values. The most noteworthy assemblies were observed in 10 

mM MOPS buffer (pH 7.0) and 10 mM TAPS buffer (pH 8.5). 

The nascent samples of the 3FD-LL concatemers in both 10 mM MOPS buffer (pH 7.0) 

and 10 mM TAPS buffer (pH 8.5) were composed primarily of fibers or unaggregated peptide. 



 

 

87 
 

 
 Fibers appeared as aggregates or as independent units. Aggregates of fibers were formed by lateral 

association, displayed in Figure 3.3 a and Figure 3.4 a by the 3FD-LL dimer, or by fibers 

wrapping around each other in a rope-like fashion, as shown in Figure 3.2 a and Figure 3.8 a by 

the 3FD-LL monomer and 3FD-LL tetramer. No sheets were observed in the nascent samples 

for the 3FD-LL monomer and 3FD-LL dimer (Figures 3.1-3.4 a), and only a few small, poorly 

defined sheets were visualized in the nascent 3FD-LL tetramer and 3FD-LL pentamer 

assemblies (Figures 3.7-3.10 a). On the other hand, the 3FD-LL trimer exhibited a variety of 

sheets in the MOPS and TAPS buffers, but they were only a small percentage of the total 

population of assemblies (Figures 3.5-3.6 a). As stated earlier, fibers were the predominant species 

in all of the nascent samples.  

The thermally annealed samples of the 3FD-LL concatemers were similar to the nascent 

samples in that they were largely comprised of fibers; however, the thermally annealed samples 

contained a slightly larger quantity of sheets than their respective nascent samples. A few small 

sheets were present in the thermally annealed 3FD-LL monomer, 3FD-LL dimer, 3FD-LL 

tetramer, and 3FD-LL pentamer samples (Figures 3.1-3.4 b and 3.7-3.10 b). Many of these 

small sheets appeared to strongly associate with each other in addition to disorganized aggregated 

protein. The sheets in the 3FD-LL trimer displayed edges with superior definition compared to 

the sheets present in the nascent sample indicating that the thermal annealing process improved 

the formation of sheets (Figures 3.5-3.6 b). For all proteins, more sheets were present in samples 

at pH 8.5 than the pH 7.0 samples. Although all samples contained at least a couple sheets, this 

did not compare to the thousands of fibers that were present in every sample. More optimization 

was needed to direct the proteins to favor the formation of sheets over fibers.  
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 Circular dichroism (CD) spectropolarimetry was utilized to determine the secondary 

structure of the proteins. Since sheet-like assemblies were primarily observed in 10 mM MOPS 

buffer (pH 7.0) and 10 mM TAPS buffer (pH 8.5), the protein samples under these buffer 

conditions were analyzed by circular dichroism. The nascent and thermally annealed HisPurTM 

3FD-LL concatemer assemblies were analyzed at a protein concentration of 3 mg/mL.  

The 3FD-LL concatemers were designed to be composed entirely of α-helical secondary 

structure, which should be evident by minima at 208 and 222 nm and a maximum at 195 nm. 

However, the CD spectra for all of the assemblies were extremely weak, which was likely a result 

of the low solubility of the protein in water-based buffers. CD analysis of nascent and thermally 

annealed 3FD-LL monomer, 3FD-LL dimer, and 3FD-LL tetramer assemblies did not produce 

relevant spectra in either MOPS buffer or TAPS buffer (Figures 3.11, 3.12, and 3.14). The CD 

spectra for the nascent and thermally annealed 3FD-LL trimer and 3FD-LL pentamer assemblies 

displayed very weak minima around 225 nm, which could potentially represent a red-shifted 222 

nm minima characteristic of the α-helical secondary structure (Figures 3.13 and 3.15). The red 

shift in addition to the absence of the maxima and minima at lower wavelengths was an expected 

outcome of the insolubility of the proteins. Scattering of left- and right-handed circularly polarized 

light is impacted to the greatest degree at lower wavelengths, which causes the signal intensity to 

me muted.3-7 Since solubility was a problem for all samples, a new method would have to be 

investigated for assembly and analysis of the 3FD-LL concatemer proteins.  
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 Assembly of HisPurTM 3FD-LL Concatemers with TFE 

 To address the insolubility issues of the 3FD-LL concatemers, 2,2,2-trifluoroethanol (TFE) 

was considered as an organic cosolvent. TFE has been used for decades to increase the solubility 

of peptides for NMR and CD experiments due to its ability to break apart protein aggregates.8-9 In 

addition to its ability to facilitate solubility of recalcitrant peptides, the fluorinated alcohol is also 

capable of inducing the helicity of secondary structures within peptides.10-12 Furthermore, TFE 

induces the stabilization of α-helical structures by slowing the formation of assemblies and 

therefore preventing kinetic trapping.10 As a cosolvent, TFE undergoes aggregation to form a 

matrix around the peptides, which consequently displaces water, removes intermolecular 

hydrogen-bonding partners, and consequently promotes local interactions between nearby 

residues. The matrix further stabilizes the α-helical conformation by providing a dielectric 

environment more closely resembling that of the interior of the peptide since the dielectric constant 

of TFE is one-third that of water.13 Unlike many other organic solvents, TFE only weakly interacts 

with nonpolar residues, so hydrophobic interactions are not disrupted. Therefore, using TFE as a 

cosolvent for the 3FD-LL concatemer assemblies would not only improve solubility of the 

proteins, but it would also help induce and stabilize the α-helical secondary structure.  

 The 3FD-LL trimer displayed the most defined and numerous sheets in all prior 

experiments, so this concatemer protein was selected for the initial TFE experiments. To assess 

the potential of using TFE as a cosolvent, the 3FD-LL trimer was dissolved in 100% TFE in order 

to break up any protein aggregates, and then the desired buffer was added to give a final 

concentration of 50% (v/v) TFE/buffer. The samples were allowed to incubate at room temperature 

with the cap open to allow the slow evaporation of TFE from the solution. Although the 3FD-LL 

trimer exhibited significantly greater solubility in the 50% TFE/buffer solution and after the TFE 
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 had evaporated, there was still white precipitate present in all samples. Initially, the samples 

continued to incubate at room temperature until analysis with no thermal annealing process.  

The unannealed HisPurTM 3FD-LL trimer assembled with TFE as a cosolvent were 

analyzed using transmission electron microscopy at a protein concentration of 10 mg/mL in 10 

mM MOPS buffer (pH 7.0) and 10 mM TAPS buffer (pH 8.5). The 3FD-LL trimer samples for 

both buffer conditions revealed a substantial increase in the size, quantity, and quality of the 

formed nanosheets (Figures 3.16 and 3.17). Instead of only forming small sheets in the one to two 

hundred nanometer range, sheets were frequently visualized in the one to two micrometer range. 

In addition, the majority of the sheets had considerably more defined edges. On the downside, 

some of the sheets had visible cracks traversing them and sheets were stacking on top of each 

other. The 3FD-LL trimer nanosheets were more prevalent when assembled in TAPS buffer 

compared to MOPS buffer. Similar to the assemblies formed without TFE, there were still fibers 

present, but the population of sheets was approaching that of the fibers. Assembling in TFE 

substantially improved the assembly of 3FD-LL trimer nanosheets.  
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  The use of TFE as a cosolvent effectively improved nanosheet formation for the 3FD-LL 

trimer, so TFE was used for the assembly of all five concatemers. The HisPurTM 3FD-LL 

concatemers were assembled in TFE at a peptide concentration of 10 mg/mL in MOPS (pH 7.0) 

and TAPS (pH 8.5) buffers. In addition to the previous experiment, the samples were thermally 

annealed after the TFE evaporated from the samples with an intent to decrease the number of 

cracks formed in nanosheets by controlling the rate of assembly. The solubility of most of the 3FD-

LL concatemers was significantly improved, but there was still some precipitate in all of the 

samples. The 3FD-LL monomer was exceptionally insoluble even in a 100% TFE solution.  

Transmission electron microscopy was used to analyze the nascent and thermally annealed 

HisPurTM 3FD-LL concatemers assembled in TFE. The proteins were assembled at a protein 

concentration of 10 mg/mL in MOPS (pH 7.0) and TAPS (pH 8.5) buffers. Similar to what was 

seen previously for the 3FD-LL trimer, the nascent and thermally annealed samples assembled 

in TFE showed a significant increase in the quantity of nanosheets for all concatemer proteins. The 

nanosheets were considerably larger and all sheets were more defined than those visualized in the 

samples assembled without TFE. Although there were still fibers present in all of the samples, 

there was a smaller degree of unassembled peptide in solution, which indicates that TFE assisted 

in directing the proteins toward assembly. 

Similar to the nanosheets observed in the unannealed 3FD-LL trimer, many sheets formed 

in the nascent samples of the concatemers displayed cracks crossing through the sheets. Although 

some cracks were still observed in sheets of the annealed samples, there were more sheets without 

cracks indicating that the annealing processes may allow the protein helices to come together in a 

more controlled manner. If the assembly process occurs too rapidly, cracks could result from helix 

misalignment through staggering of helical units or the His-tag impeding proper alignment. 
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 Furthermore, for all concatemer proteins, the sheets present in the TAPS buffer (pH 8.5) displayed 

fewer cracks compared to those located in the MOPS buffer (pH 7.0).  

The thermally annealed 3FD-LL monomer and 3FD-LL pentamer samples exhibited a 

quantity of nanosheets that approached the quantity of fibers (Figures 3.18, 3.19, 3.26, and 3.27). 

However, there was a significant degree of protein aggregate present in the 3FD-LL monomer 

sample, which may result from its notably low solubility. The 3FD-LL dimer and 3FD-LL 

tetramer continued to produce a vast amount of fibers in both nascent and thermally annealed 

samples (Figures 3.20, 3.21, 3.24, and 3.25). The thermally annealed 3FD-LL trimer samples 

revealed a quantity of nanosheets that surpassed the quantity of fibers with only a handful of fibers 

present in the sample (Figures 3.22 and 3.23), which was a considerable improvement over the 

nascent and unannealed samples. Furthermore, the sheets in the thermally annealed 3FD-LL 

trimer samples displayed edges with superior definition compared to the sheets present in the 

nascent sample. Based on TEM analysis of the TFE assembled samples, the 3FD-LL trimer 

produced the most homogeneous sample of nanosheets and the thermal annealing process 

improved the formation of sheets. Lastly, the 3FD-LL trimer consistently produced nanosheets 

in the one to three micrometer range, which were significantly larger than the sheets formed by 

the 3FD-LL and 3FD-IL model peptides.  
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 The nascent and thermally annealed HisPurTM 3FD-LL concatemer assemblies were also 

analyzed using circular dichroism spectropolarimetry at a protein concentration of 10 mg/mL in 

10 mM TAPS buffer (pH 8.5) and 10 mM MOPS buffer (pH 7.0). As expected, the CD spectra of 

the 3FD-LL concatemers led to enhanced signal intensities compared to the samples assembled 

without TFE due to the improved solubility of most samples. The main exception was the 3FD-

LL monomer, which failed to produce relevant spectra owing to the especially low solubility of 

this protein (Figure 3.28). The CD spectra of the 3FD-LL dimer and 3FD-LL tetramer 

assemblies displayed very weak minima around 208 nm and 225 nm, and only some of the samples 

had a positive maximum around 195 nm (Figures 3.29 and 3.31). On the other hand, the 3FD-LL 

trimer and 3FD-LL pentamer assemblies exhibited weak α-helical signatures with maximum at 

195 nm and minima around 208 and 222 nm (Figures 3.30 and 3.32). The 3FD-LL trimer 

samples produced the strongest α-helical CD signatures with the greatest intensities.  

Although solubility was improved by using TFE as a cosolvent, none of the LL 

concatemers demonstrated complete solubility in TFE. As a result, all samples displayed muted 

signal intensities at lower wavelengths as a result of light scattering.3-7 Thermally annealed 

samples resulted in spectra more closely resembling the characteristic α-helical signature with 

stronger intensities of maxima and minima, which indicated that thermal annealing may improve 

the α-helical secondary structure during assembly formation. Furthermore, the CD spectra 

acquired for the concatemers verified that the proteins exhibit a greater degree of α-helicity in 

TAPS buffer (pH 8.5) than MOPS buffer (pH 7.0). However, the signal intensities remained low, 

and the intensities were heavily muted in the lower wavelength range, even for the 3FD-LL 

trimer, which produced the best signature. y 
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3.2.2 Characterization of HPLC Purified 3FD-LL Trimer Nanosheets 

TFE drastically improved the ability of the concatemers to produce nanosheets; however, 

the 3FD-LL trimer was the most promising candidate as it formed the most defined two-

dimensional assemblies in the most reproducible manner. In addition, the 3FD-LL trimer 

exhibited the most characteristic α-helical signature with the greatest helicity when analyzed by 

CD spectropolarimetry. Although favorable, the peptide only formed a low quantity of sheets and 

the samples displayed a small degree of heterogeneity due to the presence of fibers. This may result 

from the low solubility of the peptide in water-based solvents even when assembled with TFE. It 

was apparent that further optimization was necessary to enhance the properties and assemblies of 

the 3FD-LL trimer.  



 

 

122 
 

 
 After the acquisition of promising data from CD and TEM analysis of the 3FD-LL trimer, 

reverse-phase high performance liquid chromatography (HPLC) was utilized to further increase 

purity and solubility of the 3FD-LL trimer. The protein was purified against a water-acetonitrile 

(+0.1% TFA) gradient and eluted at approximately 43.1% acetonitrile. Lyophilization of the HPLC 

purified 3FD-LL trimer protein produced a fine white powder.  

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 

spectrometry can be used to determine the exact molecular weight of the purified 3FD-LL trimer 

protein. DNA sequencing of the plasmid ensured the DNA sequence was correct at appropriate 

genetic engineering stages. After expression, the molecular weight was approximated through 

analysis by SDS-PAGE, but the exact size was only estimated. Mass spectrometry allowed the 

determination of the exact molecular mass of the pure protein used for assemblies. The expected 

mass of the 3FD-LL trimer was 13168.56 Da. MALDI indicated the HPLC purified protein had 

an approximate molecular weight of 13167.04 based on an average of 4 different scans.  

The HPLC purified 3FD-LL trimer was analyzed by assembling at a protein concentration 

of 10 mg/mL in 10 mM TAPS buffer at pH 8.5. The protein was dissolved in trifluoroethanol 

(TFE) prior to the addition of TAPS buffer in order to improve solubility and promote helix 

formation in a more controlled manner. The assemblies were perfectly clear with no indications of 

insoluble aggregates. Samples were thermally annealed by slow cooling from 90°C, which 

supported the formation of the 3FD-LL nanosheets previously published.1 Characterization using 

circular dichroism (CD) and transmission electron microscopy (TEM) was performed on the 

samples to define structural characteristics of the assemblies. 
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 Circular Dichroism Spectropolarimetry 

Circular dichroism spectropolarimetry (CD) was used to analyze the nascent and thermally 

annealed HPLC purified 3FD-LL trimer assemblies in 10 mM TAPS buffer (pH 8.5). Based on 

analysis of the HisPurTM proteins, the 3FD-LL trimer was the most promising candidate due to 

its higher solubility and greater helicity in 10 mM TAPS buffer at pH 8.5. However, a decrease in 

signal intensity at lower wavelengths was observed due to low solubility of the peptides in aqueous 

buffer, which impacts light scattering with the highest hindrance in the low wavelength range.3-4 

CD analysis of the HPLC purified 3FD-LL trimer displayed a significantly improved CD spectra 
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 as transparency issues due to light scattering were minimized (Figure 3.33). CD spectra of the 

assemblies indicated the presence of α-helical secondary structure in the nascent samples along 

with the preservation and enhancement of the α-helical signature in thermally annealed samples. 

Thermally annealed samples of the HPLC purified 3FD-LL trimer in 10 mM TAPS buffer 

(pH 8.5) were analyzed by monitoring the ellipticity (MRE) at a wavelength of 222 nm from 5 °C 

to 98 °C. The resulting CD melting curve displayed diminishing intensity above 90 °C (Figure 

3.34), and the first derivative indicated that the steepest segment of the sigmoidal curve was present 
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 at 94 °C. This would typically indicate the protein was unfolding with a melting temperature (Tm) 

of 94 °C. However, the atypical sharpness of the transition at the elevated temperature indicated 

that the decreased ellipticity was likely due to circumstances surrounding evaporation of the 

solvent. With the exception of the sharp ellipticity change observed just below boiling, there was 

only a slight decrease in ellipticity across the analyzed temperature range.   

Standard CD spectra were collected before and after the melt. The CD spectrum collected 

after the melt at 98 °C displayed a weaker α-helical signature than the CD spectrum collected 

before the melt at 5 °C (Figure 3.35). This data correlates with the intensities seen at the start and 

end of the CD melting curve. However, the cuvette was inspected after the CD spectrum was 

collected at 98 °C and bubbles were observed throughout the sample. The bubbles were likely a 

product of evaporation of the solvent at extreme temperatures and would result in the significant 

decrease in signal intensity. The bubbles were quickly removed from path of the light source 

through gentle tapping, and a second CD spectrum was collected at 98 °C. The CD spectrum 

produced after the bubbles were moved was only slightly weaker than the CD spectrum collected 

at 5 °C before the melt. This supported the theory that the sharp transition observed in the melting 

curve was the result of solvent evaporation. This data indicated that the assemblies exhibited high 

thermodynamic stability across the analyzed temperature range with solvent evaporation occurring 

at extreme temperatures. 

Previously published data indicated that the 3FD-IL and 3FD-LL model peptides 

displayed melting temperatures of 84 °C and 90 °C, respectively.1-2 The 3FD-LL trimer displayed 

high thermodynamic stability across the analyzed temperature range with no cooperative melting 

transition, which indicated that the nanosheets formed by the 3FD-LL trimer were more 

thermodynamically stable than the individual model peptides. This may result from the greater 



 

 

126 
 

 
 number of interactions present between neighboring helices as a result of the longer length of the 

helical unit. In addition, the 3FD-LL timer formed significantly larger assemblies than the model 

peptides, which may also cause an increase in melting temperature.  
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 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was used to analyze the HPLC purified 3FD-

LL trimer assemblies in 10 mM TAPS buffer (pH 8.5). The nascent and thermally annealed 

samples exhibited sheet-like assemblies with improved definition compared to the assemblies 

produced from HisPurTM protein (Figures 3.36 and 3.37). The increased solubility of the HPLC 

purified 3FD-LL trimer allowed the formation of a significantly greater quantity of nanosheets. 

Additionally, there were fewer visible aggregates implying that HPLC purification of the protein 

removed impurities from the protein sample. Thermally annealed solutions of the HPLC purified 

3FD-LL trimer led to highly reproducible nanosheets on a size scale of hundreds of nanometers  
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 up to several micrometers in width with highly defined edges. Nascent samples of HPLC purified 

3FD-LL trimer occasionally showed the presence of smaller sheets with less defined edges and 

cracks traversing the sheets. Thermal annealing reduced the frequency of cracks in the nanosheets 

due to the controlled assembly process. The two-dimensional assemblies formed by the 3FD-LL 

trimer were considerably larger than those produced by the 3FD-IL and 3FD-LL peptides. 

Atomic Force Microscopy 

To assess the thickness of the sheets, the 3FD-LL trimer assemblies were analyzed using 

tapping mode atomic force microscopy (AFM). AFM measurements of single layer sheets of 3FD-

IL and 3FD-LL afforded thicknesses near the length of the α-helix formed by the respective 

peptides, indicating the peptides packed perpendicularly with respect to the surface of the 

nanosheet.1-2 Assuming the entire α-helix segment of the 3FD-LL trimer assembled into a 

uniform α-helical conformation, the theoretical length of the α-helix would be 16.5 nm (110 

residues x 1.5 Å rise/residue). In addition to this theoretical thickness, the His-tag would protrude 

from both faces on the nanosheets since the 3FD-LL peptides were designed to pack antiparallel 

to each other. The morphology of the 3FD-LL trimer nanosheets agreed with the morphology 

seen by TEM analysis (Figure 3.38 a). AFM height measurements of the 3FD-LL trimer 

assemblies resulted in a few clusters of data (Figure 3.38 b). 

The main cluster of height measurements, which accounted for approximately 75% of the 

heights collected, indicated an average height of 17.82 +/- 0.48 nm. The average thickness for this 

cluster represented the nanosheets formed when the whole α-helix lined up perpendicular to the 

face of the sheet. The His-tag coating the surfaces of the sheets was likely responsible for the 1.3 

nm discrepancy between the theoretical and experimental thicknesses. Partially unfolded segments 
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 of the α-helical conformation may have also contributed to some of the observed divergence. The 

wide distribution of thicknesses was likely a result of the various potential arrangements of the 

His-tag on the surface of the sheets.   

While a majority of the nanosheets possessed a consistent thickness of approximately 17.82 

nm, a couple nanosheets exhibited shorter heights in sections of the sheets. These thinner height 

changes resulted in three smaller clusters of height measurements with average thicknesses of 

12.24 +/- 0.40 nm, 9.58 +/- 0.40 nm, and 6.83 +/- 0.40 nm These averages likely resulted from the 

peptide folding in half or at the concatemer intersections. Half of the helical segment would 

produce a length of 8.25 nm. Folding at one or both of the concatemer intersections within the 

trimer would result in theoretical lengths of 10.95 nm and 5.55 nm, respectively. A similar size 

discrepancy of approximately 1.3 nm existed between the theoretical and experimental values, and 

therefore, was likely due to the His-tag protruding from the nanosheet surface. 
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 3.3 Conclusions 

As indicated during the purification process of the biosynthesized proteins, solubility was 

very low for the recombinant proteins. A significant amount of effort was directed at discovering 

methods for solubilizing the proteins for assembly purposes. The 3FD-LL concatemer proteins 

were not soluble in aqueous buffer and it was apparent in the circular dichroism and transmission 

electron microscopy analysis. Resuspending the proteins in 2,2,2-trifluoroethanol (TFE) before 

addition of the buffer slightly increased the solubility of the proteins; however, even when 

assembled in TFE, all of the 3FD-LL concatemer proteins displayed a mixture of nanosheets, 

fibers, and protein aggregates.  

Thermal annealing after protein assembly significantly improved the formation of 

nanosheets. Fragmentation was commonly visualized in nascent assemblies, which decreased 

considerably after the nanosheets were able to assemble in a controlled manner during slow-

cooling. Additionally, thermal annealing led to a lower concentration of unassembled peptide and 

fibers, which would indicate that the thermal annealing process helped direct the proteins toward 

nanosheet formation. However, even when the HisPurTM recombinant proteins were assembled in 

TFE and thermally annealed, extreme heterogeneity of the protein assemblies was still present.  

The most promising concatemer produced was the 3FD-LL trimer, which displayed the 

strongest α-helical signature during CD analysis and assembled into the most defined nanosheets. 

Therefore, it was chosen for HPLC purification to remove impurities and promote the 

homogeneous assembly of nanosheets.  The additional purification successfully led to the 

production of very large nanosheets on the micrometer-scale with highly defined edges. 

Fragmentation of the nanosheets was not evident during biophysical analysis of thermally annealed 
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 assemblies indicating that the nanosheets possess greater mechanical stability compared to the 

3FD-IL and 3FD-LL model peptides. Furthermore, the nanosheets did not display a melting 

transition across the analyzed temperature range indicating that the 3FD-LL trimer nanosheets 

possess higher thermodynamic stability compared to the model peptides.  

Atomic force microscopy analysis was utilized to collect height measurements of the 

nanosheets. The height measurements verified that the 3FD-LL trimer produced nanosheets with 

greater thicknesses than the 3FD-LL model peptide; however, the height measurements clustered 

into a couple height ranges. The majority of the collected heights displayed a height that 

corresponded closely with the expected length of the α-helical unit. This agreed with the results 

reported for the 3FD-IL and 3FD-LL model peptides, and the data supports the theory that the 

helices are arranging perpendicularly with respect to the nanosheet surface. However, some of the 

3FD-LL trimer nanosheets exhibited small sections where shorter heights were visualized. These 

step-wise changes in height resulted in the remaining three groupings of height measurements, 

which produced averages that correspond to approximately two-thirds, half, and one-third of the 

expected α-helical length. This could indicate that the protein is folding in half or at the 

intersections of the concatemer units. Additionally, the lack of structure within the His-tag, which 

coated both surfaces of the nanosheets, resulted in a wider range of height measurements. 

The 3FD-LL timer successfully formed thicker nanosheets with increased thermodynamic 

stability compared to the 3FD-LL model peptide. Despite the occasional undesirable folding of 

the α-helical peptide in segments of nanosheets, the advancements made to the 3FD-LL based 

materials support the use of the biomaterials in a wider range of applications. As stated earlier, 

thicker porous nanosheets could support improved molecular encapsulation. Further optimization 

of the assembly conditions would likely mitigate the folding of the α-helical unit.
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 3.4 Experimental 

3.4.1 Materials  

All chemical reagents were purchased from either Thermo Fisher Scientific, Inc. 

(Waltham, MA) or MilliporeSigma (Burlington, MA) unless otherwise noted. The BL21 (DE3) 

chemically competent E. coli strain was purchased from New England Biolabs, Inc. (Ipswich, 

MA). Luria-Bertani broth and agar powder were purchased from MilliporeSigma (Burlington, 

MA). The Perfect Protein Marker (10-225 kDa or 15-150 kDa) was purchased from 

MilliporeSigma (Burlington, MA) and the Precision Plus ProteinTM Dual Color Standard was 

purchased from Bio-Rad Laboratories, Inc. (Hercules, CA).  

Benzonase® nuclease and protease-inhibitor cocktail (EDTA-free) were purchased from 

MilliporeSigma (Burlington, MA). Lysozyme from chicken egg white was purchased from 

Research Products International Corp. (Prospect, IL). HisPurTM cobalt resin was obtained from 

Thermo Fisher Scientific, Inc. (Waltham, MA). SnakeSkinTM Dialysis Tubing with a MWCO of 

3.5 kDa or 10 kDa MWCO and Slide-A-LyzerTM G2 Dialysis Cassettes with a 2 kDa MWCO were 

obtained from Thermo Fisher Scientific, Inc. (Waltham, MA). 

Methylamine tungstate (MAT) was purchased from Ted Pella, Inc. (Redding, CA). The 

200-mesh carbon-coated copper grids were obtained from Electron Microscopy Sciences 

(Hatfield, PA). Vacuum filters with a 0.2 μm polyethersulfone (PES) membrane were obtained 

from Thermo Fisher Scientific, Inc. (Waltham, MA). 
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 3.4.2 General Methods 

Basic molecular biology procedures were adapted from a standard molecular cloning 

manual14 or the protocol supplied by the manufacturer unless otherwise described in detail. All 

Reagents intended for use with bacteria, DNA, or recombinant proteins were sterilized by either 

syringe filtration through a 0.2 μm cellulose membrane, vacuum filtration through a 0.2 μm 

polyethersulfone (PES) membrane, or by autoclaving. All enzyme reactions were conducted in the 

reagent’s buffers provided by the manufacturer unless otherwise noted. Synthetic plasmids were 

transformed into chemically competent Top10F’ or BL21 E. coli strains. E. coli strains were grown 

at 37 °C in Lauria-Bertani (LB) medium containing appropriate antibiotic with shaking at 200 rpm 

unless otherwise stated.  

Protein electrophoresis was conducted using 16% SDS polyacrylamide gels on a Mini-

PROTEIN 3 cell electrophoresis system from Bio-Rad Laboratories, Inc. (Hercules, CA). The 

buffer tank was filled with SDS run buffer (25 mM tris, 250 mM glycine, 0.1% SDS, pH 8.3). The 

Perfect Protein Marker was used as a protein standard for SDS-PAGE analysis. An initial sample 

volume of 10 μL was added to each well with any necessary concentration adjustments made 

thereafter. Gels were run at 150 V for 1-1.5 hours depending on the desired level of separation.  

Gels were stained in coomassie overnight and then destained in a methanol-acetic acid buffer. 

Plasmids containing codon-optimized genes of the 3FD-LL concatemers were genetically 

engineered in Chapter 1. Proteins were expressed using BL21 E. coli cells as a host organism and 

purified using immobilized metal affinity chromatography (IMAC) on HisPurTM cobalt resin 

followed by dialysis to remove imidazole. Additional purification of the 3FD-LL trimer protein 

was achieved by reverse-phase high performance liquid chromatography (HPLC). Assemblies 
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 were thermally annealed using a MJ MiniTM Gradient Thermal Cycler from Bio-Rad Laboratories, 

Inc. (Hercules, CA).  

3.4.3 Initial Assembly and Optimization of 3FD-LL concatemers 

Assembly of HisPurTM 3FD-LL Concatemers 

The HisPurTM 3FD-LL concatemers were dissolved in 10 mM buffer at a protein 

concentration of 10 mg/mL. The buffer conditions were 10 mM CHES (pH 9.0), 10 mM TAPS 

(pH 8.0), 10 mM MOPS (pH 7.0), 10 mM MES (pH 6.0), 10 mM acetate (pH 5.0), and 10 mM 

acetate (pH 4.0). The pH of the solution was adjusted to ensure accuracy. Samples were then 

thermally annealed (see below).  

Assembly of HisPurTM 3FD-LL Concatemers with TFE 

The HisPurTM 3FD-LL concatemers were dissolved in trifluoroethanol (TFE) at a protein 

concentration of 10 mg/mL. An equal volume of 10 mM TAPS buffer (pH 8.5) or 10 mM MOPS 

buffer (pH 7.0) was added, and the TFE was allowed to evaporate from the solution. Samples were 

thermally annealed (see below) or incubated at ambient temperature until analysis.  

Thermal Annealing of HisPurTM 3FD-LL Concatemers 

The 10 mg/mL HisPurTM 3FD-LL concatemer assemblies were transferred to PCR tubes 

and thermally annealed using a programmable MJ MiniTM Gradient Thermal Cycler. The protocol 

heated the protein samples at 90 °C for 10 minutes, and then the samples were cooled at a rate of 

0.2 °C/min to a final temperature of 40 °C. Annealed protein samples were stored at 40 °C for two 

days then stored at ambient temperature until analysis. 
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 Transmission Electron Microscopy (TEM) 

The HisPurTM 3FD-LL concatemers purified by affinity chromatography were analyzed 

at a protein concentration of 3 mg/mL or 10 mg/mL in 10 mM buffer. The buffer conditions were 

10 mM CHES (pH 9.0), 10 mM TAPS (pH 8.5), 10 mM TAPS (pH 8.0), 10 mM MOPS (pH 7.0), 

10 mM MES (pH 6.0), 10 mM acetate (pH 5.0), and 10 mM acetate (pH 4.0). The protein samples 

were either nascent, unannealed, or thermally annealed. Samples were either assembled with or 

without TFE. Protein assemblies were analyzed using 200 mesh carbon-coated copper grids 

(Electron Microscopy Sciences) with a 1% methylamine tungstate (MAT) solution as a stain. 

Samples were prepared by incubating 4 µL of a protein solution on a grid for 1 minute before 

wicking excess sample away using filter paper. MAT stain was immediately added to the grid and 

the solution was allowed to incubate for 1 minute. Stain was wicked away with filter paper and the 

grid was left to dry under vacuum until imaging. TEM images were obtained on either a Hitachi 

7700 TEM or a Hitachi H-7500 TEM. TEM analysis was conducted at accelerating voltages of 80 

kV. 

Circular Dichroism Spectropolarimetry (CD) 

The HisPurTM 3FD-LL concatemers were analyzed at a protein concentration of 3 mg/mL 

or 10 mg/mL in 10 mM TAPS buffer (pH 8.5) and 10 mM MOPS buffer (pH 7.0). Samples were 

either assembled with or without TFE. The samples were either nascent or thermally annealed. CD 

measurements were collected using a 0.10 mm quartz cell (Hellma Analytics) in a Jasco J-810 CD 

spectropolarimeter. Sample volumes of approximately 30 µL were used to generate spectra from 

260 to 190 nm at a resolution of 0.1 nm and a continuous scanning rate of 50 nm/min. The CD 
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 spectra were accumulated in triplicate and averaged together. CD spectra were represented by the 

molar residue ellipticity (MRE) as a function of wavelength. 

3.4.4 Assembly and Characterization of HPLC Purified 3FD-LL Trimer  

Reverse-Phase High Performance Liquid Chromatography (HPLC) 

A fraction of the lyophilized power of the HisPurTM 3FD-LL trimer (see previous chapter) 

was soaked in trifluoroacetic acid (TFA) for 3 hours. Cold ethyl ether (35 mL) was added and the 

precipitated protein was pelleted using centrifugation for 5 minutes at 4,000 x g (4 °C). The protein 

pellet was put through a series of ethyl ether washes (5 x 35 mL each) with centrifugation (4000 x 

g, 5 min, 4 °C), and the final pellet was desiccated.  The dried protein pellet was dissolved in 50% 

acetonitrile in water with 0.1% trifluoroacetic acid (TFA) with vortexing. A Shimadzu HPLC was 

used to purify the 3FD-LL trimer on a C18 column using a water-acetonitrile (+0.1% TFA) 

gradient. HPLC fractions were collected at the targeted time point and analyzed by MALDI-TOF-

MS (see below). The collected HPLC fragments with the appropriate mass were transferred to a 

round bottom flask and a rotavap was used to remove all acetonitrile from the solution and decrease 

the volume. The remaining solution containing the HPLC pure 3FD-LL trimer was then poured 

into 50 mL conical tubes and the tubes were stored at -80 °C. Once the solution was frozen, the 

tube caps were replaced with KimwipesTM and the tubes were lyophilized until all that remained 

was a fine white powder. The powered was weighed and then stored at -30 °C. 

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS)  

MALDI-TOF experiments were performed on an Applied Biosystems® VoyagerTM System 

4700 mass spectrometer (Life Technologies Corporation; Carlsbad, CA) in the high mass positive 



 

 

139 
 

 
 ion linear mode. The matrix, a-Cyano-4-hydroxycinnamic acid (CHCA), was used at a 

concentration of 10 mg/mL in a mixture of 50% acetonitrile and 0.1% trifluoroacetic acid in 

deionized water. The 3FD-LL trimer protein solution (1 mg/mL in ddH2O or HPLC eluent in 

approximately 47.8% acetonitrile and 0.1% trifluoroacetic acid in deionized water) was mixed 

with the matrix solution in a 1:1 ratio. Two microliters of the mixture were spotted on a stainless-

steel sample plate and dried under vacuum or air. Sample preparation was repeated in triplicate. 

Mass spectra were acquired from 1000 laser shots at an intensity of 7900.  

Assembly and Thermal Annealing of HPLC Purified 3FD-LL Trimer 

The HPLC purified 3FD-LL trimer was dissolved in trifluoroethanol (TFE) at a protein 

concentration of 10 mg/mL. An equal volume of either 10 mM TAPS buffer (pH 8.5) or 10 mM 

TAPS buffer (pH 8.5) with 1 mM EDTA was added, and the TFE was allowed to evaporate from 

the solution. The sample was then transferred to a PCR tube and thermally annealed using a 

programmable MJ MiniTM Gradient Thermal Cycler. The protocol heated the protein sample at 90 

°C for 10 minutes, and then the samples were cooled at a rate of 0.2 °C/min to a final temperature 

of 40 °C. The annealed protein samples were incubated at 40 °C for an additional 2 days and then 

stored at ambient temperature until analysis.  

Circular Dichroism Spectropolarimetry (CD) 

The HPLC purified 3FD-LL trimer was diluted from the 10 mg/mL assembly 

concentration to a peptide concentration of 3 mg/mL in 10 mM TAPS buffer (pH 8.5) or 10 mM 

TAPS buffer (pH 8.5) with 1 mM EDTA. The samples were either nascent or thermally annealed. 

CD measurements were collected using a 0.10 mm quartz cell (Hellma Analytics) in a Jasco J-810 
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 CD spectropolarimeter. Sample volumes of approximately 30 µL were used to generate spectra 

from 260 to 190 nm at a resolution of 0.1 nm and a continuous scanning rate of 50 nm/min. The 

CD spectra were accumulated in triplicate and averaged together.  CD spectra were represented by 

the molar residue ellipticity (MRE) as a function of wavelength.  

CD melting experiments of thermally annealed HPLC purified 3FD-LL trimer assemblies 

were performed at 1 or 3 mg/mL in 10 mM TAPS buffer (pH 8.5) by monitoring the signal intensity 

at 222 nm as the protein samples were heated at a rate of 40 °C/hour from 5 to 98 °C. Parafilm and 

Teflon were used to wrap the cuvette to minimize evaporation of the solvent at high temperatures. 

CD melting spectra were represented by the signal intensity as a function of temperature. The first 

derivatives of the melting spectra were used to acquire the melting temperatures. Standard CD 

spectra were collected before the melt at 5 °C, after the melt at 98 °C, and at 98 °C after bubbles 

were displaced from the path of the light source by gentle tapping.  

Transmission Electron Microscopy (TEM) 

HPLC purified protein solutions were diluted to 1 mg/mL in 10 mM TAPS buffer (pH 8.5) 

or 10 mM TAPS buffer (pH 8.5) with 1 mM EDTA. The protein samples were either nascent or 

thermally annealed. Protein assemblies were analyzed using 200 mesh carbon-coated copper grids 

with a 1% methylamine tungstate (MAT) solution as a stain. Samples were prepared by incubating 

4 µL of a protein solution on a grid for 1 minute before wicking excess sample away using filter 

paper. MAT stain was immediately added to the grid and the solution was allowed to incubate for 

1 minute. Stain was wicked away with filter paper and the samples were left to dry under vacuum 

until imaging. TEM images were obtained on either a Hitachi 7700 TEM or a Hitachi H-7500 

TEM. TEM analysis was conducted at accelerating voltages of 80 kV. 
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 Atomic Force Microscopy (AFM) 

AFM samples were prepared from thermally annealed 10 mg/mL 3FD-LL trimer 

assemblies in 10 mM TAPS buffer (pH 8.5) that were diluted to a protein concentration of 0.05 

mg/mL. The mica plates were cleaved multiple times with scotch tape before sample deposition. 

Once diluted, the samples were deposited onto mica plates by placing a drop of solution on the 

mica. The sample was allowed to incubate for 1 minute before the sample was wicked away with 

filter paper. Samples were also prepared using TEM grids by depositing the 4 µL of the sample 

solution onto a copper mesh grid and wicking the sample away with filter paper after 1 minute. 

Samples were washed with 4 µL water and then allowed to dry under vacuum or air. Samples were 

all produced in triplicate. AFM samples were imaged using a MFP-3D-BIO atomic force 

microscope (Asylum Research) with silicon AFM tips (MikroMasch U.S.A.) applying a force 

constant of 5.4-16 N/m in tapping mode at a scan rate of 0.5 Hz with 512 points and lines. The set 

point was 650 mV and the integral gain was 5. IGOR Pro software was used to collect height 

measurements of the protein assemblies.  
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 3.4.5 Tables 

Table 3.1 Protein sequences used in Chapter 3.  

Protein Sequence 
MW (Da) 
# of AA 

      

3FD-LL monomer GHHHHHHHHHHGSGE-[(ALEKLA)3(ALKELA)3]1-K 5659.47         
52 

      

3FD-LL dimer GHHHHHHHHHHGSGE-[(ALEKLA)3(ALKELA)3]2-K 9414.02        
88 

      

3FD-LL trimer GHHHHHHHHHHGSGE-[(ALEKLA)3(ALKELA)3]3-K 13168.56        
124 

      

3FD-LL tetramer GHHHHHHHHHHGSGE-[(ALEKLA)3(ALKELA)3]4-K 16923.1       
160 

      

3FD-LL pentamer GHHHHHHHHHHGSGE-[(ALEKLA)3(ALKELA)3]5-K 20677.65      
196 
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 4.1 Introduction 

Compartmentalization is essential for proper function of biological systems. The barrier 

materials responsible for physical separation of two environments also govern the transmission of 

material, energy, and information across the interface. In order to control the direction of 

transmission, functional differentiation between the two sides of these interfaces is required. This 

functional asymmetry for the two surfaces allows for the generation of a gradient between the two 

separated environments that can be utilized as a thermodynamic driving force for chemical and 

physical processes. The design of structurally defined nanomaterials exhibiting biologically-

inspired asymmetric functionalization would allow for the construction of artificial barrier 

materials and compartments. These materials would sanction applications that require directional 

processes or physical separation such as electron transfer, energy transduction, and small-molecule 

activation, encapsulation, and transport. 

Helical protein assemblies formed from the lateral association of subunits have developed 

into the most structurally economical process for the fabrication of asymmetric interfaces.1-2 

Helical symmetry of the supramolecular polymers results from the combination of a specific twist 

angle (φ) and a corresponding axial rise (z) repeated throughout the length of the assembly. 

Alterations in the individual helical unit can result in a wide variation of helical assemblies each 

of which is defined in terms of the number of subunits per helical turn, N (= 2π/φ), the helical 

pitch, P (= Nz), and the helical radius, r. Stable axial interactions between successive helical turns 

can result in the formation of a closed cylindrical structure; however, these interactions are not 

necessarily required by all applications. In either case, hollow cylinders are formed with a central 

channel, oriented parallel to the super-helical axis, traversing the structure. Biologically derived 

helical protein assemblies formed in this fashion display a wide range of functional attributes 
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 making them attractive for applications such as cargo transport (conjugative pili, type 3 secretion 

system needle complex),3-4 controlled release and delivery (filamentous phage and viruses),5 

locomotion (flagellum and archaellum),6-7 signal transduction and actuation (pyrin domains and 

sterile α-motifs associated with the inflammasome and the signalosome, respectively),8-9 and 

others.  

In order to design helical protein assemblies, non-covalent interactions must be controlled 

based on a thorough understanding of the relationship between sequence and structure. Despite the 

rational design of peptides in this manner, structural studies of protein filaments have observed 

variations in twist angle and axial translation that result in a high degree of structural 

polymorphism and disorder. Additionally, slight variations in assembly conditions can result in an 

enormous variety of structurally distinct supramolecular structures. Even at a specific condition, a 

uniform peptide sequence can produce an assortment of distinct structural assemblies. Isolation of 

a single macromolecular species with identical characteristics can be challenging, but 

homogeneous structural assemblies are necessary for controlled application.  

Furthermore, a single conservative mutation in a peptide sequence can lead to extremely 

divergent structural assemblies. Conticello and coworkers recently described two structurally 

different helical assemblies formed from similar sequences based on a coiled-coil motif. Variations 

in the sequences by one or two amino acids is sufficient for interchangeability between the two 

distinct structures.10  Similarly, Garcia-Seisdedos, et al. demonstrated that a broad variety of native 

E. coli proteins could be driven to assemble into filamentous structures after a few mutations were 

incorporated at surface interaction “hot spots,”11 which suggested that evolution of certain native 

proteins occurs on the verge of supramolecular self-assembly with only a few “gate keeper” 

residues managing this transition.  
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 4.2 Tandem Repeat Proteins (TRPs) 

Although flexibility is occasionally a desirable attribute in rational design, unpredictable 

flexibility of quaternary structure yields perplexing complications to the reliable design of super-

helical assemblies. The identification of native peptide and protein motifs that inherently 

correspond to quaternary structures may allow for the avoidance of this undesirable structural 

plasticity. One protein supergroup that displays immense potential for the design of peptide-based 

supramolecular assemblies are tandem repeat proteins (TRPs),12-16 which are comprised of 

repetitive structural motifs of twenty to fifty amino acids that exhibit various levels of sequence 

identity based on the protein family.17 The concatenated domains assemble through lateral 

association between repeat motifs into a highly diverse collection of extended interfaces ranging 

from super-helical folds18-21 to closed and compact conformations with internal pores.22 Since the 

internal geometry and local packing of the repetitive modular units dictates the overall architecture 

and subsequent purpose of the structures, TRPs have been found to occupy a diverse range of 

important biological roles such as scaffolding domains, enzyme catalysis, fibrous assembly, and 

selective substrate recognition and binding.12, 23-24  

Solenoid protein motifs associated with the extended supramolecular assemblies have been 

analyzed to define the consensus sequences of TRPs, including ankyrin, armadillo, HEAT 

(Huntingtin, Elongation Factor 3, Protein Phosphatase Subunit A, and Yeast Kinase Tor1), TPR 

(tetratricopeptide repeat), and LRR (leucine-rich) repeats.23, 25-27 Amino acids responsible for 

lateral association of repeat units are highly conserved, while hypervariability is observed for 

solvent exposed residues. The hypervariable residues are responsible for biological roles such as 

the selective binding of macromolecular substrates, and therefore, evolutionary selection of the 

variable residues can be utilized to direct and improve the application of the supramolecular 
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 assemblies.23 Computationally designed TRP sequences based on the consensus sequences have 

successfully resulted in the fabrication of synthetic solenoid proteins with a strong correlation 

between the assembled structure and computational model.28-30  

Although most solenoidal TRPs found in nature display strong lateral interactions, weak 

axial interactions typically exist between successive superhelical turns resulting in open and 

extended structures. Additionally, many native TRPs have evolved to prevent polymerization 

through the display of N- and C-terminal caps, which block uncontrolled non-covalent interactions 

with other modular units. These naturally designed attributes are beneficial for the specific 

biological roles of the native TRPs; however, these qualities embody structural deficiencies that 

are not admirable for the fabrication of synthetic helical nanotubes.   

In 1996, Rees and coworkers described the LRV repeat motif from the analysis of the 

crystal structure of a protein (PDB ID:1LRV) that originated from the nitrogen-fixing bacterium 

A. vinelandii (Figure 4.1).26 The protein was composed of two structural domains; a short Fe4-S4 

cluster and a concatemer of eight helical LRV repeat motifs (Pfam database, PF01816), which was 

categorized as a 24 amino acid helical hairpin of a 310 helix-loop-alpha helix. The LRV repeats in 

1LRV laterally associated to form a curved surface with the 310-helix positioned on the exterior 

surface and the α-helix oriented at the interior surface. The curvature of the structure corresponded 

to a right-handed super-helix with an average twist angle of 15°. Based on these results collected 

from the crystal structure, Rees and coworkers predicted that the LRV domain could be utilized 

for the formation of a super-helical nanotube. 

Minard and co-workers described a class of stable HEAT repeat proteins, classified as PBS 

(phycobilin synthase) HEAT-like repeats (SMART database, SM000567 and Pfam database,  
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 PF03130), derived from thermostable microbes.25 The PBS HEAT-like repeat was based on a 31 

amino acid helical hairpin motif of an alpha helix-loop-alpha helix. A consensus sequence was 

generated as GDERAVEPLIKALKDEDWYVRRAAAEALGEI. Similar to the LRV repeat 

sequence, highly conserved residues were located at positions responsible for stabilizing the helical 

hairpin or forming non-covalent lateral interactions with neighboring repeats. The remaining 

positions were solvent exposed and displayed variability; however, the variability of the two 

helices of a single hairpin unit displayed significant asymmetry. The solvent facing residues on 

the surface of the first helix (3, 4, 7, and 11) were composed primarily of polar and helix-stabilizing 

residues, which limited their variability. The solvent facing residues on the surface of the second 

helix (18, 19, 22, 23, and 26) displayed hypervariability in residue composition. The hypervariable 

residues of the second helix could be modified to direct applications as needed.  

A series of concatemers were designed from the consensus sequence with the presence of 

N- and C-terminal caps to form the αRep library.25 The crystal structure of the PBS HEAT-like 

αRep tetramer was reported (PDB ID: 3LTJ) (Figure 4.2), which displayed many resemblances to 

the LRV repeat assemblies. Similar to the LRV repeat, the structures assembled to form a curved 

surface with the first helix on the exterior (convex) surface and the second highly variable helix 

on the internal (concave) surface. Residues that facilitated lateral association of the PBS HEAT-

like repeat were highly conserved, whereas the solvent-exposed residues at the convex and 

concave surfaces were often variable. The structure exhibited a right-handed helical structure with 

a helical twist of approximately 20°, which indicated that helical packing was similar between the 

LRV and PBS HEAT-like repeat motifs. Further analysis of concatemers of the same class of 

HEAT-like repeats characterized their ability to bind various distinct protein partners.31 Since both  
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 the LRV and PBS HEAT-like repeats possessed an N- or C-terminal cap, neither sequence 

supported the formation of helical nanotubes. However, based on parallel sequence constraints and 

structural similarities to the LRV repeat, it is possible that the PBS HEAT-like repeat could be 

utilized for the formation of super-helical nanotubes.  

4.3 HEAT_R1 Peptide Assemblies 

Recently, Conticello and coworkers designed the peptide sequence, HEAT_R1, based on 

the consensus sequence of the PBS HEAT-like repeat motif in order to promote the fabrication of 

helical protein assemblies. A single 30 amino acid repeat unit was designed where charged groups 

were appointed to surface exposed sites to reduce repulsive electrostatic interactions with careful 

consideration to conserve the pI of the peptide in the near-neutral pH range. Residues imperative 

for lateral interactions between structural units were highly conserved in the tandem repeat proteins 

and remained unaltered in the designed protomer. As a result, the generated 30 amino acid 

sequence for the HEAT_R1 peptide was Ac-DERAVEALIKALKDPDWYVRKAAAEALGRI-

NH2, which maintained the native structural features associated with the PBS HEAT-like repeat 

motif.  

Chemical solid-phase peptide synthesis was used to prepare the HEAT_R1 peptide with 

subsequent purification via reverse-phase HPLC. Circular dichroism (CD) spectropolarimetry of 

the peptide indicated a classical α-helical signature with a positive maximum at 193 nm and 

negative minima at 208 nm and 222 nm (Figure 4.3 a). Monitoring the thermal denaturation of 

the peptide at 222 nm from 25 °C to 90 °C failed to display a melting transition (Figure 4.3 b), 

which indicated that the thermodynamic stability of the peptide was high enough to prevent 

unfolding within the analyzed temperature range. 
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 Transmission electron microscopy (TEM) of the assemblies of HEAT_R1 in aqueous 

buffer presented high aspect-ratio filaments within the pH range from 5-8. Uniform diameters were 

observed for the filaments with measurements averaging 9.61 ± 0.67 nm. A variance in contrast 

between the middle and the edges of the structures, which resulted from the presence of negative 

stain in the inner lumen, indicated that the assemblies were forming nanotubes (Figure 4.4). 

Extremely short nanotube segments were visualized where the nanotubes laid down to present 

cross-sectional views with the inner lumen entirely exposed. Local unwinding of the structures at 

the terminal ends of the filaments provided additional evidence for nanotube formation, and the 

phenomenon may be a consequence of weak axial interactions between subunits of synthetic 

peptides. Linear power spectrum of the HEAT_R1 assemblies resulted in a strong axial periodicity  

 

 



 

 

156 
 

 
 at 30.7 Å, which was associated with the helical pitch of the assembly. A mass per length value 

was calculated to be 111 Da/Å, which gave rise to an estimation of 21 subunits per axial repeat. 

Small- and wide-angle X-ray scattering (SAXS and WAXS) indicated the presence of 

cylindrical structures with uniform diameter. A strong diffraction peak corresponding to a distance 

of 30.8 Å agreed with the axial periodicity calculated from the linear powder spectrum. The radius 

of gyration calculated from the modified Guinier model of 34.456 ± 1.156 Å indicated a cross-

sectional diameter of 9.7 nm, which was consistent with TEM measurements. 

Electron cryomicroscopy (Cryo-EM) was used to generate three-dimensional 

reconstructions using iterative helical real space reconstruction (IHRSR) to a final resolution of 

6.0 Å. The reconstruction of the HEAT_R1 nanotubes revealed a right-handed helix with 10.3 

asymmetric units per turn and a pitch of 31 Å (Figure 4.5 a). The asymmetric units comprised a 

dimer of units for a total of 20.7 HEAT-repeats per helical turn. The dimerization of two adjacent 

HEAT-repeats peptides occurred through a planar π-stacking interaction between anti-oriented 

tryptophan residues near the N-terminus of the concave helices (Figure 4.5 b). The units did not 

display a highly conserved interaction between a main chain carbonyl group, the Asp14 side chain, 

and the Arg20 side chain, which is presumed to be responsible for axial interactions between 

tandem repeats.28 The strong interaction between the tryptophan residues may be responsible for 

the absence of this highly conserved interaction resulting in distortion of the structure, weakening 

of axial interactions, and the observed unwinding of filaments in EM images.   

Despite the distortion in the asymmetrical units, reconstruction verified the expected 

orientation of the HEAT_R1 units with their concave hypervariable α-helices lining the inner 

lumen while the conserved convex helices lined the exterior surface. The formation of large-pore 
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 nanotubes with a highly functionalizable, hypervariable concave surface could support 

applications such as the controlled capture or release of specific molecules or modular substrate 

binding. Additionally, the thermophilic origin of the HEAT-repeat peptide promotes the 

thermodynamic stability of the assemblies.  
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 4.4 HEAT_6R Protein Assemblies 

A one-dimensional Ising model was used to analyze the folding of various tandem repeat 

proteins, which implied that the strength of lateral association and the number of repeat units 

correspond to the stability of the TRP.32-33 This indicates that concatemers of TRPs may display 

advantages over single repeat motifs by adopting structures that exhibit higher thermodynamic 

stabilities. To support this theory, Minard and coworkers described the thermal denaturation of 

various PBS HEAT-like repeat concatemers (n = 1, 2, 3, 4, and 6) in the αRep library. The melting 

transitions for the αRep-n1-a, αRep-n2-a, αRep-n3-a, and αRep-n4-a were all sigmoidal with 

melting temperatures (Tm) of 71.0 °C, 77.4 °C, 77.6 °C, and 81.7 °C, respectively.25 The αRep-n6-

a protein could not be unfolded within the analyzed range of 35 °C to 90 °C. These findings support 

the data from the Ising model and show that longer concatemers of HEAT-like repeats display 

increased thermodynamic stability. 

It is possible that single repeat units are capable of forming more defined nanotubes than 

TRP concatemers due to increased rotational freedom of the individual molecular units allowing 

tighter packing. However, the rotational freedom of the single repeat units may have also promoted 

and enhanced the distortion resulting from the tryptophan interaction. The covalent connection 

between neighboring repeats of concatemers may prevent this distortion and lead to the formation 

of closed cylindrical assemblies with structurally robust, thermally stable helical nanotubes. 

Peptide synthesis is not feasible for the chemical synthesis of peptides longer than 70 amino 

acids in length as the yield decreases exponentially with length. Additionally, production of 

peptides by solid-phase peptide synthesis yield low quantities at a high cost. Initial biophysical 

analysis of the peptides requires a small quantity of peptide, but higher yields are required for 
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 application of nanomaterials. Therefore, chemical peptide synthesis would be incapable of 

producing concatemers of HEAT-based peptides while also improving yield for application 

purposes.  

Similar to methods utilized by Minard and co-workers, genetic engineering and protein 

expression can permit the construction of novel HEAT-based concatemers in high yields while 

maintaining sequence control. After optimization of the expression and purification protocols, 

large quantities can be produced at an affordable price. The HEAT_R1 sequence was used for the 

design of a HEAT-based concatemer with six HEAT-like repeat motifs. The sequence contained 

two alternating HEAT-based sequences with minor sequence modifications from HEAT_R1. For 

one of the sequences, the tryptophan residue located at the N-terminus of the concave helix was 

moved one position further from the turn to mitigate the subunit distortion. Three hypervariable 

residues in the second sequence were adjusted to have complementary electrostatic interactions 

with the other HEAT-repeat motif in order to alleviate charge repulsion between the repeat units. 

A C-terminal hexahistidine tag was included to facilitate purification via immobilized metal 

affinity chromatography (IMAC). The final sequence for the HEAT-based hexamer protein, 

HEAT_6R, was M-(GDERAVEALIKALKDPDGWVRKAAAEALGRIGDERAVEALIKALK 

DPDWFVREAAAKALGEI)3-GSMHHHHHH.  

A plasmid containing the coding sequence was transformed into the BL21 (DE3) E. coli 

strain and the HEAT_6R protein was expressed with high yield. The concatemer was solubilized 

in a urea buffer and sequentially purified by immobilized metal affinity chromatography (IMAC) 

using HisPurTM cobalt resin and reverse-phase HPLC using a water-acetonitrile gradient. Circular 

dichroism (CD) spectropolarimetry of the hexamer indicated a classical α-helical signature with a 

positive maximum at 193 nm and negative minima at 208 nm and 222 nm (Figure 4.6 a). The 
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 protein exhibited the strongest helical signature at lower pH values with 10 mM acetate buffer (pH 

5.0) representing optimal conditions. Similar to HEAT_R1, analysis of the helicity before and 

after thermal denaturation of the HEAT_6R protein from 25 °C to 90 °C indicated high 

thermodynamic stability of the protein (Figure 4.6 b). Both HEAT_R1 and HEAT_6R displayed 

a slight decrease in helical intensity after thermal denaturation, but neither displayed a melting 

transition. HEAT_6R was expected to maintain the high thermodynamic stability since an increase 

in the number of tandem repeats has been reported to correspond to an increase in stability.  
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 Transmission electron microscopy (TEM) of the assemblies of HEAT_6R in aqueous 

buffer presented high aspect-ratio filaments similar to HEAT_R1. Differential contrast between 

the interior lumen and exterior walls indicated the structures were nanotubes (Figure 4.7). 

Contrary to HEAT_R1, local unwinding of the structures was not visualized at the terminal ends 

of the filaments, which indicated that concatemerization of the HEAT-based sequence improved 

the axial interactions between successive turns of the superhelix. This improvement may result 

from a decrease in the distortion of the repeat motif due to either the shifting of the tryptophan in 

the first sequence or the presence of the covalent linkage restricting the distortion.  
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 Removal of this distortion could allow for the highly conserved interaction between a main chain 

carbonyl group, the Asp14 side chain, and the Arg20 side chain, which is presumed to be 

responsible for axial interactions between tandem repeats.28 

Small- and wide-angle X-ray scattering (SAXS and WAXS) indicated a monodisperse 

sample of cylindrical structures. The radius of gyration calculated from the modified Guinier 

model of 35.965 ± 1.675 Å indicated a cross-sectional diameter of approximately 10.2 nm. This 

diameter for the HEAT_6R nanotubes is similar to the experimental diameter of 9.7 nm for the 

HEAT_R1 nanotubes. 

These initial biophysical results for HEAT_6R indicate that the HEAT-based hexamer is 

capable of forming closed cylindrical assemblies with structurally robust, thermally stable helical 

nanotubes. The HEAT-repeat motif displays remarkable tolerance with respect to modifications of 

the hypervariable residue positions. These hypervariable residues are potentially functional 

positions that can be assigned with high precision through sequence specificity. The asymmetry in 

the hypervariability of the convex exterior and concave interior surfaces provides asymmetry to 

the functionalization of the two surfaces. The HEAT-repeat derived concatemers present a 

promising building block for the fabrication of helical assemblies and barrier materials with 

structural and functional asymmetry.  

4.5 SpyTag/SpyCatcher Ligation System 

The asymmetry between the interior and exterior surfaces of the nanotube promotes the 

potential for functional differentiation between the two interfaces. The hypervariable residues on 

the concave surface can be modified without constraints to alter the function of the pore. However, 

the convex surface exhibits conserved residues that are required for proper assembly of the 
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 nanotubes. Modifications to these amino acids would decrease the stability of the structure or 

hinder nanotube formation. This obstacle prevents functionalization of the exterior surface of the 

nanotubes via residue modifications to the convex helices of HEAT-based peptides.  

Molecular cloning techniques can be utilized to support the functionalization of the 

external nanotube surface without altering the conserved convex helix. Fusion of HEAT-based 

concatemers with small proteins or peptides would potentially allow the formation of HEAT-based 

nanotubes displaying the functional proteins on the exterior surface exhibiting properties such as 

substrate adhesion and nanoparticle biotemplating. A gene encoding a fusion protein optimized 

for expression using E. coli as a host organism would allow for the mass production of a functional 

protein fused to a HEAT-based protein. Optimization of purification and assembly conditions 

would be necessary prior to verification and characterization of the nanotubes and the functional 

protein. The biosynthesis and optimization process would have to be performed for every 

functional protein that is desired for display on the nanotubes since nanotube formation could be 

affected by the fusion protein.  

To further increase the utility of these nanotubes, the display of several proteins on the 

exterior of the tubes would result in a multifunctional biomaterial. A nanotube system that 

possesses two differential surfaces each with their own controllable variability would result in a 

biomaterial with powerful applications. However, since the optimization of protein expression, 

purification, and assembly of a biomaterial is a time intensive process, the production of various 

HEAT-based fusion proteins loses its appeal. Additionally, unforeseen complications could arise 

from the combination of various HEAT-based fusion proteins. The complexity of the assembly 

solution could be detrimental to nanotube formation. Moreover, functional fusions may be limited 

to small proteins to prevent hinderance of nanotube formation. Therefore, the biosynthesis of 
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 numerous HEAT-based fusion proteins would not be the optimal approach for the presentation of 

various proteins to form multifunctional nanotubes.   

The ultimate goal would be to produce a simplified system capable of withstanding a 

boundless potential for functionalization of HEAT-based nanotubes with minimal time and 

monetary investment. In order to do so, a system would have to be developed where a single 

HEAT-based fusion protein is biosynthesized and optimized to form nanotubes displaying a short 

peptide whose function supports the specific attachment of any desired protein. This system would 

allow for the one-time optimization of HEAT-based fusion protein nanotubes with the ability to 

display a vast variety of other functional proteins.  

In 2014, Joshi and coworkers developed a novel display system called Biofilm-Integrated 

Nanofiber Display (BIND) where they were able to functionalize biofilms through the expression 

and secretion of amyloid peptides (CsgA), which form biofilm “curli” fibers, fused to small 

functional peptides.34 This technique formed a biofilm with functional peptides displayed on the 

surface and throughout the biofilm. For protein immobilization, they utilized a SpyCatcher/SpyTag 

linking system that was first developed in 2011 by Howarth and coworkers.35-37 The short SpyTag 

peptide, which was fused to CsgA, was capable of rapidly forming a covalent bond with the 

SpyCatcher protein, which was fused to GFP (Figure 4.8).34 Shortly after that, they published the 

ability of the BIND system to display enzymes, such as a-amylase.38 Based on its application by 

the Joshi group, the SpyTag/SpyCatcher linking system appeared to possess attributes that would 

support the design of a system where a multitude of proteins could be displayed on the surface of 

the HEAT-based nanotubes. 



 

 

165 
 

 
 

  

 

Howarth and coworkers developed the SpyTag/SpyCatcher protein pair as a peptide tag. 

Analysis of the fibronectin binding protein (FbaB) of the Gram-positive bacteria Streptococcus 

pyogenes lead to the discovery of a natural intramolecular isopeptide bond in the second 

immunoglobulin-like collagen adhesion domain (CnaB2).35 Two adjacent residues Lys31 and 

Asp117, located on two neighboring β-strands, spontaneously form an irreversible isopeptide bond 

(Figure 4.9). The CnaB2 domain was split and rationally modified to form two separate proteins, 

which they named SpyTag and SpyCatcher, that maintained the ability to spontaneously form a 

covalent linkage.36 SpyTag was a 13 amino acid peptide tag that was at the C-terminus of the 

CnaB2 sequence, and SpyCatcher was a 116 amino acid protein from the N-terminal end of the 

sequence. Structural analysis resulted in the elucidation of the crystal structure for the 

SpyTag/SpyCatcher complex (PDB: 4MLI), which is shown in Figure 4.9.39 
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 Analysis of the isopeptide bond formation determined that the link formed rapidly upon 

mixing with a half-time of 74 s at a protein concentration of 10 μM.36 The reaction process 

occurred in high yield amidst diverse conditions and was insensitive to changes in temperature, 

pH, and buffer composition. Once formed, the bond would withstand boiling in SDS and display 

high thermodynamic and mechanical stability. Single-molecule dynamic force spectroscopy 

indicated that forces exceeding 1 nN, the force required to break covalent bonds, were required to 

separate the two protein partners.36 The SpyTag/SpyCatcher system is advantageous over other 

enzyme ligation systems since no exogenous enzymes need to be added or removed from the 

solution and the rapid spontaneous reaction is site-selective. 

The short SpyTag peptide sequence, AHIVMVDAYKPTK, can be fused to the N-terminus, 

C-terminus, or internal section of a protein sequence without impeding the ligation process.34, 36, 40 

SpyCatcher is a 15 kDa protein with the amino acid sequence GAMVDTLSGLSSEQGQSGD 

MTIEEDSATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGQKTFV

ETAAPDGYEVATAITFTVNEQGQVTVNGKATKGDAHI. Original analysis indicated that the 

SpyCatcher protein retains its ability to covalently link to the SpyTag peptide when it is genetically 

fused to the C-terminus of a protein or enzyme.34, 36, 38, 40 However, there have been a handful of 

cases where the SpyCatcher protein was able to maintain function after fusion to the N-terminus 

of a protein.41 

In addition to the display of functional proteins on BIND-based biofilm fibers, the 

SpyTag/SpyCatcher ligation system has been utilized for the display of bioactive peptides, such as 

the cell adhesive sequence RGD, MMP-1 cleavable sequences, and leukemia inhibitory factor 

(LIF), within recombinant elastin-like protein hydrogel networks.41 Utilization of the 

SpyTag/SpyCatcher ligation system on the exterior surface of the HEAT-based nanotubes would 
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 allow for the precise localization or spatial arrangement of proteins and enzymes, the display of 

epitopes for immunomodulatory biomaterials, or the targeted nanofiber binding to macromolecular 

or cellular partners.  

 

4.6 Conclusions 

The production of barrier materials with asymmetrically functionalized surfaces allows for 

the generation of gradients for energy production in addition to the transportation of information 

in the form or molecules. Extended one-dimensional helical nanotubes are promising due to the 

presence of the nanopore, but controllability of the structure can be difficult since single sequence 

mutations can lead to a disordered structure. HEAT-based repeats are an attractive building block 

for the formation of helical nanotubes because the hypervariability of certain residues allows for 

tailored functionalization of the nanotube channel without affecting the nanotube architecture. 

Concatemers of HEAT-based repeats have been reported to display improved thermodynamic 

stability compared to individual HEAT-like motifs despite the decreased rotational freedom of the 

structure. The utilization of the SpyTag/SpyCatcher ligation system would allow for 

functionalization of the exterior conserved surface of the HEAT-based nanotube assemblies to 

develop materials with two surfaces that are distinct in structure and function.  
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 5.1 Introduction 

HEAT (Huntingtin, Elongation Factor 3, Protein Phosphatase Subunit A, and Yeast Kinase 

Tor1) repeats are attractive for the construction of extended assemblies through the repetitive 

modular assembly of helical hairpin motifs. Amino acids responsible for lateral association of 

repeat units are highly conserved, while hypervariability is observed for solvent exposed residues, 

which are amenable for modifications to direct the application of the nanotubes.1 The HEAT_R1 

sequence, which was derived from the PBS HEAT-like repeat consensus sequence,2 was used for 

the design of the HEAT-based concatemer protein, HEAT_6R, which formed highly stable 

nanotubes with hypervariable amino acids presented on the inside channel.  

Although the internal pore can be functionalized for applications, the external surface of 

the nanopore is highly conserved. To develop a system with two asymmetric surfaces with distinct 

structure and function, the SpyTag/SpyCatcher ligation system3-5 could be used to decorate the 

exterior surfaces of nanotubes after the HEAT-based nanotubes have been optimized. The small 

size of the SpyTag peptide was less likely to interrupt the formation of the nanotubes, and 

therefore, a fusion protein of the SpyTag peptide and a HEAT-based concatemer was designed. 

The SpyCatcher could then be fused to a variety of functional proteins for rapid functionalization 

of the nanotubes. Furthermore, a combination of SpyCatcher fusion proteins could be utilized for 

the creation of multifunctional tubes without interfering with the nanotube structure.  

Joshi and coworkers utilized the SpyCatcher/SpyTag linking system for the immobilization 

of GFP to the biofilm networks prior to advancing to enzymes.6-7 Fluorescent proteins are 

commonly used for the immobilization assessment of novel systems because it is extremely simple 

to verify its presence. Similar to Joshi et al., verification of fluorescent protein immobilization 
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 would be desirable before progression to more complex systems. Since most fluorescent proteins 

are relatively sizable, the impact of linking large proteins to the external surface of the HEAT-

based nanotubes could be analyzed.  

 Initially, a fluorescent protein would need to be selected that is appropriate for the 

estimated assembly conditions. Initially, superfolder green fluorescent protein (superfolderGFP)8 

was considered for the fluorescent protein role. However, despite the pH stability of HEAT_R1 

assemblies between pH 5-8, the HEAT_6R structures displayed decreased stability at increased 

pH values with low helicity in solutions above pH 6. One downside of the commonly used 

superfolderGFP is that conformational changes negatively affect the chromophore as the 

conditions drop below a pH of 6 and the fluorescent protein very rapidly loses fluorescence.9 

Engineering has led to the creation of a tandem dimer pH stable GFP (pH-tdGFP), whose 

fluorescence is stable as low as 5.5.10 However, pH 5 appeared to be the optimal pH value for the 

assembly of the HEAT_6R concatemer proteins and the utilized fluorescent protein would need 

to be stable under those conditions.  

Red fluorescent proteins typically display lower pKa values than green fluorescent 

proteins; however, they originally existed as tetramers or dimers like the tetrameric red fluorescent 

protein drFP583 (DsRed) from Discosoma sea anemones.11 Generation of the first truly 

monomeric red fluorescent protein (mRFP1) was only possible after 33 mutations to the DsRed 

sequence.12 Unfortunately, the fluorescence of the protein was seriously diminished compared to 

DsRed, and the monomer was extremely sensitive to photobleaching. mFruits were designed as 

second-generation red fluorescent proteins (mRFPs) by Tsien and coworkers through directed 

evolution.13 Although the mFruits all displayed improved brightness and fluorescence,  mCherry 
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 and mStrawberry were the most useful with brightness levels of ∼50% and ∼75% that of EGFP, 

respectfully.  

The mCherry fluorescent protein (PDB code: 2H5Q) is photostable and resistant to 

photobleaching,14 and the protein has a pKa of <4.5.15 As a result, the mCherry fluorescent protein 

has been utilized in over 200 references for N- and C-terminal fusions for bacterial expression, 

FRET donor/acceptor pairs, cellular and subcellular imaging, in vivo imaging in animals and 

plants, and protein dynamics and half-life. The mCherry chromophore is composed of three amino 

acids (Met66, Tyr67, and Gly68) located in the internal helix passing through the β-barrel scaffold 

(Figure 5.1).16 The surrounding β-barrel produces a microenvironment for the chromophore-

forming tripeptide and shields the chromophore from the exterior solution. The mCherry red 

fluorescent protein has an excitation maximum of 587 nm and an emission maximum of 610 nm. 

The relative quantum yield is 0.22 and the extinction coefficient is 72,000 M-1cm-1, which gives 

rise to a brightness of 15,840. The mCherry fluorescent protein is stable under the acidic conditions 

targeted for this system and was selected for fusion to SpyCatcher.  

Plasmids for the two fusion proteins, SpyTag_HEAT and mCherry_SpyCatcher, were 

designed and transformed into E. coli cells where protein expression was induced. The proteins 

were successfully purified by affinity chromatography utilizing the His-tags. The ligation 

capabilities of SpyTag and SpyCatcher were verified throughout the production process to ensure 

that fusion to the HEAT-based concatemer and mCherry fluorescent protein did not hinder the 

formation of a covalent linkage.  
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 5.2 Results and Discussion 

5.2.1 Generation of ST_HEAT  

Sequence Design 

In order to develop a system that would allow the ligation of functional proteins to the 

exterior of pre-assembled HEAT-based tubes, a sequence was designed that comprised a HEAT-

based concatemer sequence fused to the SpyTag linking unit. We decided to use a sequence that 

was based off of the HEAT_6R protein; however, we decided that it would be more beneficial to 

use a HEAT-based concatemer with eight repeats (HEAT_8R) in order to space out the SpyTag 

fusion protein along the outside of the assembled tube. The electron cryomicroscopy 

reconstruction of HEAT_R1 indicated that approximately 21 repeat motifs were required to make 

one full turn of the super-helical assembly. Based on this data, we hypothesized that roughly 2.6 

eight repeat concatemers would compose a single turn of the super-helical structure, which would 

ensure that the SpyTag linkers are staggered across the exterior in successive turns. Due to a 

correlation between the number of tandem repeats and the stability of the structure,17-18 the eight 

repeat concatemer would likely result in a highly stable supramolecular structure. The HEAT_8R 

sequence was identical to the HEAT_6R sequence, with the exception of the number of repeats.  

Since the SpyTag linking unit could be linked to either the N-terminus or C-terminus of a protein 

and still maintain its linking ability,4, 6-7, 19-20 the SpyTag peptide was placed at the N-terminus of 

the designed sequence. A C-terminal hexahistadine tag was included to facilitate protein 

purification using metal affinity chromatography. The designed fusion protein was given the name 

ST_HEAT. Figure 5.2 depicts the amino acid sequence of ST_HEAT.  



 

 

180 
 

 
 

 

 

The designed amino acid sequence of ST_HEAT was converted to an E. coli codon 

optimized gene sequence and the gene was synthesized by ATUM. The synthetic gene was cloned 

into the ATUM E. coli expression vector pD441-SR, which contained a T5 promoter (lacI), a high 

copy number origin of replication (Ori_pUC), a strong ribosomal binging site, and kanamycin 

resistance. This high copy number vector would allow for high level production of the designed 

ST_HEAT protein while the repressor allele, lacIq, would ensure tight control over the basal level 

of transcription prior to induction. Figure 5.3 depicts the plasmid map of the synthetic gene of 

ST_HEAT within the pD441-SR plasmid vector.  
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Protein Expression and Purification 

 The ST_HEAT protein was designed for expression using E. coli as a host. The 

BL21 strain was the target bacterial host for protein expression, while the Top10F’ strain was used 

for the production and isolation of plasmid DNA.  Large-scale expression of the ST_HEAT 

protein in BL21 cells was carried out in LB media at 30 °C. A significant amount of protein 

production after induction with IPTG was confirmed by SDS-PAGE analysis (Figure 5.4). After 

the cells were harvested, they were lysed using multiple methods including freeze/thaw cycles, 

enzymatic lysis, and sonication. The soluble and insoluble fractions were separated by 
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 centrifugation and analyzed using SDS-PAGE. A 16% SDS-PAGE gel indicated that the 

ST_HEAT protein was insoluble as it was localized in the lysate pellet as seen in Figure 5.4.  
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 In order to facilitate purification on a cobalt resin column, the protein was removed from 

the pellet and solubilized. Initial attempts to solubilize the protein in 6 M urea was moderately 

successful. Analysis using a 16% SDS-PAGE gel determined that a relevant portion of the 

ST_HEAT protein was recovered in the soluble phase after shaking in 6 M urea (Figure 5.5). This 

was not surprising as it agreed with the results seen during purification of the HEAT_6R protein.  
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  The hexahistidine tag on the urea solubilized ST_HEAT protein facilitated purification on 

a cobalt resin column and subsequent elution by imidazole. SDS-PAGE analysis was utilized to 

determine relative purity and mass of the ST_HEAT protein within the eluent. A 16% SDS-PAGE 

confirmed that the ST_HEAT eluent was highly pure, and the band created by the eluent was 

appropriate for the expected mass of the ST_HEAT protein (Figure 5.6). 
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  Dialysis of the purification eluent in ddH2O was intended to remove urea, imidazole, and 

other small molecules from the solution. After a couple days of dialysis, the protein precipitated 

out of solution, which was expected as the urea concentration decreased. The dialyzed protein was 

lyophilized to isolate the protein as a white powder. The protein yield was 178 mg / 2 L expression. 

A higher protein yield would have likely been obtained if all of the protein was solubilized in urea. 

However, the recovered amount was sufficient for assembly and characterization of the ST_HEAT 

nanotubes (see next chapter). 

5.2.2 Generation of mCh_SC  

Sequence Design 

The second designed sequence contained the mCherry fluorescent protein, which acted as 

the functional protein, and SpyCatcher, which was the second half of the protein ligation system. 

The mCherry fluorescent protein was selected because of the desired assembly conditions that our 

lab previously optimized for the HEAT_R1 peptide and HEAT_6R protein. HEAT_R1 and 

HEAT_6R assembled the best under acidic conditions in the pH range of 4-6. The mCherry 

fluorescent protein has a low pKa of less than 4.5,15 and is consequently stable under the acidic 

conditions that were investigated for this system. Although there are a few references reporting the 

success of fusion proteins with SpyCatcher on the N-terminus,20 most cases in the literature 

indicate that the C-terminus of SpyCatcher should remain unaltered and exposed to prevent 

hinderance of the ligation process.4, 6-7, 19 Therefore, the design placed the SpyCatcher protein at 

the C-terminus of the fusion protein to construct mCherry_SpyCatcher.  

To allow for protein purification using metal affinity chromatography, the inclusion of a 

N-terminal His-tag was required. However, it would be preferable to be able to remove the His-
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 tag after protein purification. The tobacco etch virus (TEV) protease has been engineered to act as 

a useful molecular engineering tool with applications in removing fusion tags from recombinant 

proteins.21 The TEV protease is a highly specific cysteine protease with a very strict cleavage 

recognition site directed by the seven amino acid sequence Glu-Asn-Leu-Tyr-Phe-Gln↓Gly 

(Figure 5.7). Since cleavage occurs before the glycine, unnecessary amino acids are not afflicted 

on a recombinant protein that immediately follows the recognition site. TEV protease and the 

cleaved fusion tag can be captured based on the properties of the cleaved fusion tag, which in this 

case was the His-tag. 

The ATUM E. coli expression vector PD441-NHT contains an N-terminal 6x His-tag 

followed by a TEV protease cleavage site immediately before the multiple cloning site. We 

selected this vector to house the designed gene, mCh_SC, which was intended for insertion 

immediately after the glycine of the TEV cleavage recognition site. Figure 5.8 depicts the amino 

acid sequence of mCh_SC before TEV cleavage. 
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The designed amino acid sequence of mCh_SC was converted to an E. coli codon 

optimized gene sequence and the gene was synthesized by ATUM. The synthetic gene was cloned 

into the ATUM E. coli expression vector pD441-NHT, which contained a T5 promoter (lacI), a 

high copy number origin of replication (Ori_pUC), a strong ribosomal binging site, and kanamycin 

resistance in addition to the N-terminal His-tag and TEV cleavage site. Similar to the ST_HEAT 

plasmid, this vector would guarantee tight control over pre-induced transcription by the lacIq 

repressor allele while promoting a high level of protein production by the high copy number origin 
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 of replication. Figure 5.9 depicts the plasmid map of the synthetic gene of mCh_SC within the 

pD441-NHT plasmid vector.  
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 Protein Expression and Purification 

The mCh_SC protein was designed for expression using E. coli as a host. The isolation 

and purification of plasmid DNA was carried out in the Top10F’ strain while the BL21 strain was 

the intended bacterial host for over-expression of the protein. Large-scale expression of the 

mCh_SC plasmid in BL21 cells promoted high-level expression under the tight control of the 

inducible, phage T5 promoter. It was obvious that protein expression was successful due to the 

observable color change of the Terrific Broth media into a dark red (Figure 5.10).  
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 After harvesting the cells from the expression culture, a significant amount of dark red 

remained in the Terrific Broth expression media. This could suggest that some of the mCh_SC 

protein was being secreted from the cells. Analysis by SDS-PAGE confirmed that the mCh_SC 

fusion protein was present in all expression aliquots including the expression media after the cells 

were harvested. (Figure 5.11). Although it is not always the case, extracellular auto-secretion of 

sfGFP and mCherry into culture media has been reported in multiple E. coli strains including BL21 
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  (DE3) when the fluorescent proteins were over-expressed.22 The secretion was observed for the 

individual fluorescent proteins in addition to fusions with recombinant proteins at their C-termini. 

The cells harvested from the expression culture were lysed using multiple methods 

including freeze/thaw cycles, enzymatic lysis, and sonication. Centrifugation was applied to the 

lysate to separate the soluble and insoluble fractions. The lysate supernatant exhibited an intense 

purple color (Figure 5.12), which was indicative of successful mCh_SC production and very high 

protein yields. A 12% SDS-PAGE gel confirmed that the majority of the mCh_SC protein was 

soluble as it was localized in the lysate supernatant as seen in Figure 5.11.  
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  The N-terminal His-tag was exploited for the purification of mCh_SC lysed supernatant 

by metal affinity chromatography with cobalt resin. The Terrific Broth expression media that 

contained a significant amount of mCh_SC was also purified. The eluent exhibited a deep purple 

color confirming the presence of the mCh_SC protein. The mass of mCh_SC and the relative 

purity of the eluent was analyzed using SDS-PAGE. A 12% SDS-PAGE gel confirmed that the 

mCh_SC eluent was reasonably pure, and the band created by the eluent was appropriate for the 

expected mass of the mCh_SC protein (Figure 5.13).  
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  Once the pure protein was acquired, the worth of the His-tag was exhausted. In order to 

remove the His-tag, we exploited the enzymatic capabilities of the TEV protease for detachment 

of the His-tag by utilizing the TEV protease cleavage recognition site contained within the 

sequence. After incubation of the pure mCh_SC with the TEV protease, the TEV protease enzyme 

and attached His-tag were captured from solution by metal affinity chromatography. The TEV-

cleaved pure mCh_SC was analyzed by SDS-PAGE to ensure the removal of the His-tag and TEV 

protease cleavage site (Figure 5.14). ESI mass spectrometry verified the cleavage and transfer of 

the His-tag and TEV cleavage site from mCh_SC to the TEV protease enzyme.  
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  The ligation partner, ST_HEAT, was based off of the sequences for HEAT_R1 and 

HEAT 6R. These peptides exhibited the most successful assemblies under acidic conditions, so 

assuming that ST_HEAT would behave similarly, mCh_SC would have to exhibit fluorescence 

at a low pH range. A small portion of the cleaved mCh_SC underwent stepwise dialysis from pH 

8.0 to pH 3.5 dropping incrementally by a pH of 0.5. The mCh_SC protein solution exhibited 

strong fluorescence from pH 4.5-8. The fluorescence of mCh_SC decreased slightly at pH 4.0 and 

then dropped rapidly as the pH was decreased to 3.5. This sudden decreased in fluorescence was 

accompanied the precipitation of the protein as it crashed out of solution. Therefore, the 

fluorescence and solubility of mCh_SC is strong at and above pH 4.5 which indicates that 

mCh_SC is suitable for ligation to the ST_HEAT protein under these conditions. Figure 5.15 

displays the TEV cleaved HisPurTM mCh_SC protein solution at pH 4.5 along with its 

fluorescence under UV light.  
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  After the bulk solution of TEV cleaved pure mCh_SC was concentrated and dialyzed, the 

concentration was determined using a Bradford protein assay (BPA) kit. The concentrated 

mCh_SC sample was likely too concentrated even with the recommended dilutions, so a 2% 

mCh_SC solution was also prepared. Serial dilutions were made of both the stock 100% mCh_SC 

solution and the 2% mCh_SC solution. A BSA standard curve was prepared by plotting the blank-

corrected absorbances of the BSA standards vs. the concentrations of the BSA standards, and the 

best linear trendline and equation were produced. The blank-corrected absorbances of the 

mCh_SC dilutions within the concentration range of the linear potion of the BSA standard curve 

were used to determine the concentration of the original concentrated mCh_SC solution.  

The most dilute sample from the 100% mCh_SC stock did not fall within the range of the 

linear trendline as expected. All dilutions prepared from the 2% mCh_SC stock fell within the 

range of the linear trendline except for the most dilute sample, which did not exhibit any significant 

absorbance (Figure 5.16). The two mCh_SC samples that fell in the middle of the trendline were 

used to calculate the concentration of the 2% mCh_SC sample, which was in turn used to 

determine the concentration of the original concentrated stock of mCh_SC. The calculated 

concentration of the 2% mCh_SC solution was approximately 18-20 μM. The original 

concentrated stock of the mCh_SC solution, which was used for all future experiments, was 

approximately 1 mM. The protein yield was 254 mg (or 6 μmoles) from 1 L of expression culture.  
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 5.2.3 Initial Verification of Linking Between ST_HEAT and mCh_SC  

During the production of the ST_HEAT and mCh_SC protein, samples were combined at 

various stages to analyze the ligation ability of SpyCatcher and SpyTag while fused to the 8 repeat 

HEAT protein and the mCherry fluorescent protein. The covalent link between to two components 

is resistant to boiling in sodium dodecyl sulfate (SDS) once it is formed, but the presence of SDS 

inhibits any further reaction between the two ligation components.4  This allows for accurate 

analysis of the ligation process over time through the use of SDS-PAGE as long as time points are 

immediately combined with the SDS loading dye.  

Linking of ST_HEAT Lysate with mCh_SC Lysate 

 Aliquots were collected after cell lysis to assess the ligation capabilities of the SpyCatcher 

and SpyTag segments of the mCh_SC and ST_HEAT proteins. The aliquots were collected before 

the soluble and insoluble fractions were separated. Each protein was in a slurry composed of the 

lysis buffer (50 mM NaH2PO4, 100 mM NaCl, pH 8.0), the components added for chemical lysis 

(EDTA-free protease inhibitor cocktail, 1 mg/mL lysozyme, 25 units/mL benzonase nuclease, and 

1 mM MgCl2), the broken-down cellular components, and a large variety of other cellular proteins. 

Suffice it to say, the proteins were in a very complex solution.  

 The complex lysate solutions containing the mCh_SC and ST_HEAT proteins were 

combined in a 1:1 (v/v) ratio, and aliquots were removed starting 1 minute after integration for 

analysis. Time points were collected 1 minute, 5 minutes, 10 minutes, 15 minutes, 30 minutes, 45 

minutes, and 60 minutes after combination. The aliquots were collected and immediately prepared 

for SDS-PAGE analysis to halt the ligation process. The presence of mCh-HEAT (the ligated 

product of mCh_SC with ST_HEAT) was visible in the solution as early as 1 minute after mixing 



 

 

198 
 

 
 



 

 

199 
 

 
 the solutions (Figure 5.17). This rapid process occurred until all mCh_SC protein (the limiting 

reagent of the mixture) was completely removed from solution.  

Linking of ST_HEAT HisPurTM Eluent with mCh_SC HisPurTM Eluent 

The ligation capabilities of the mCh_SC and ST_HEAT fusion proteins were further 

assessed using aliquots collected after purification using metal affinity chromatography on 

HisPurTM cobalt columns. The aliquots were collected as the proteins were eluting from the 

HisPurTM resin. The mCh_SC protein was in a solution containing the non-denaturing elution 

buffer (50 mM NaH2PO4, 100 mM NaCl, 250 mM imidazole, pH 8.0), while the ST_HEAT 

protein was in a solution containing the 6 M urea denaturing elution buffer (6 M urea, 50 mM 

NaH2PO4, 100 mM NaCl, 250 mM imidazole, pH 8.0). Although these eluent solutions were less 

complex than the lysate solutions, urea was present in the ST_HEAT solution.  

 The HisPurTM eluent solutions containing the mCh_SC and ST_HEAT fusion proteins 

were combined in a 1:1 (v/v) ratio, and aliquots were removed starting 2 minutes after integration 

for analysis. Time points were collected 2 minutes, 10 minutes, 30 minutes, 5 hours, 9 hours, and 

24 hours after combination. The aliquots were collected and immediately prepared for SDS-PAGE 

analysis to terminate the ligation process. The ligated product, mCh-HEAT, was visible in the 

solution as early as 2 minutes after mixing the solutions (Figure 5.18). This time, the process 

occurred until all ST_HEAT protein, which was the limiting reagent of the mixture, was utilized. 
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 5.3 Conclusions 

A system was designed for the production of nanotubes displaying asymmetric surfaces on 

the exterior convex surface and the interior concave pore. The HEAT-based concatemer composed 

of with 8 HEAT-based helical hairpins was designed and fused to the C-terminus of the SpyTag 

peptide to form ST_HEAT. The mCherry fluorescent protein was fused to the N-terminus of the 

SpyCatcher protein to form mCh_SC. The two proteins were successfully expressed using E. coli 

as a host organism and purified via immobilized metal affinity chromatography.  

Solutions containing the ST_HEAT and mCh_SC proteins were combined at various 

stages throughout the production process to verify that two proteins could covalently link together 

to form mCh-HEAT. The SpyTag/SpyCatcher ligation system allowed for the rapid linking of the 

two proteins in the highly heterogeneous cell lysate, which verified the specificity of the linkage. 

The purified protein eluents were also combined to verify linkage, and remarkably, the link rapidly 

formed even though the solution contained 3 M urea. Optimization of the assembly conditions for 

ST_HEAT nanotubes followed by ligation experiments could lead to highly defined nanotubes 

with asymmetric functionalization between the interior and exterior surfaces.  
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 5.4 Experimental  

5.4.1 Materials 

All chemical reagents were purchased from either Thermo Fisher Scientific, Inc. 

(Waltham, MA) or MilliporeSigma (Burlington, MA) unless otherwise noted. Synthesis of 

plasmids containing codon-optimized genes encoding mCherry_SpyCatcher and 

SpyTag_HEAT8R was conducted by ATUM, formerly known as DNA2.0 (Newark, CA). The 

Top10F ́ chemically competent E. coli strain was obtained from Invitrogen Corp. (Carlsbad, CA), 

and the BL21 (DE3) chemically competent E. coli strain was purchased from New England 

Biolabs, Inc. (Ipswich, MA). The QIAprep-spin miniprep kit was purchased from QIAGEN, Inc. 

(Valencia, CA). Luria-Bertani broth and agar powder were purchased from MilliporeSigma 

(Burlington, MA), and Terrific Broth (TB) powder was purchased from Thermo Fisher Scientific, 

Inc. (Waltham, MA). Kanamycin monosulfate was purchased from VWR International, LLC 

(Suwanee, GA). Isopropyl-β-D-thiogalactopyranoside (IPTG) was purchased from Research 

Products International Corp. (Prospect, IL). The Perfect Protein Marker (10-225 kDa) was 

purchased from MilliporeSigma (Burlington, MA). 

Benzonase® nuclease and protease-inhibitor cocktail (EDTA-free) were purchased from 

MilliporeSigma (Burlington, MA). Lysozyme from chicken egg white was purchased from 

Research Products International Corp. (Prospect, IL). HisPurTM cobalt resin was obtained from 

Thermo Fisher Scientific, Inc. (Waltham, MA). TEV Protease was purchased from MilliporeSigma 

(Burlington, MA). SnakeSkinTM Dialysis Tubing with a 10 kDa MWCO and Slide-A-LyzerTM G2 

dialysis cassettes with a 20 kDa MWCO were obtained from Thermo Fisher Scientific, Inc. 

(Waltham, MA). Amicon® ultra centrifugal filters (10 kDa NMWL, 30 kDa NMWL, 50 kDa 
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 NMWL, and 100 kDa NMWL) for sample volumes of 15 mL and 0.5 mL were purchased from 

MilliporeSigma (Burlington, MA). The Coomassie (Bradford) Protein Assay Kit was purchased 

from Thermo Fisher Scientific, Inc. (Waltham, MA). Vacuum filters with a 0.2 μm 

polyethersulfone (PES) membrane were obtained from Thermo Fisher Scientific, Inc. (Waltham, 

MA). 

5.4.2 General Methods 

Basic molecular biology procedures were adapted from a standard molecular cloning 

manual23 or the protocol supplied by the manufacturer unless otherwise described in detail. All 

Reagents intended for use with bacteria, DNA, or recombinant proteins were sterilized by either 

syringe filtration through a 0.2 μm cellulose membrane, vacuum filtration through a 0.2 μm 

polyethersulfone (PES) membrane, or by autoclaving. All enzyme reactions were conducted in the 

reagent buffers provided by the manufacturer unless otherwise noted.  

Synthetic plasmids were ordered from ATUM, resuspended in water upon arrival, and 

transformed into chemically competent Top10F’ or BL21 E. coli strains. E. coli strains were grown 

at 37 °C in Lauria-Bertani (LB) medium containing appropriate antibiotic with shaking at 200 rpm 

unless otherwise stated. A QIAprep-spin miniprep kit was used for isolation of plasmid DNA. All 

OD values were determined using a UltroSpec 3000 UV/Visible spectrophotometer at 600 nm with 

a 1 cm cuvette. All proteins were purified using immobilized metal affinity chromatography 

(IMAC) on HisPurTM cobalt resin followed by dialysis to remove imidazole.  

Protein electrophoresis was conducted using 12 or 16% SDS polyacrylamide gels on a 

Mini-PROTEAN 3 cell electrophoresis system from Bio-Rad Laboratories, Inc. (Hercules, CA). 
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 The buffer tank was filled with SDS run buffer (25 mM tris, 250 mM glycine, 0.1% SDS, pH 8.3). 

The Perfect Protein Marker was used as a protein standard for SDS-PAGE analysis. An initial 

sample volume of 10 μL was added to each well with any necessary concentration adjustments 

made thereafter. Gels were run at 150 V for 1-1.5 hours depending on the desired level of 

separation.  Gels were stained in coomassie overnight and then destained in a methanol-acetic acid 

buffer. 

5.4.3 SpyTag_HEAT Production 

Gene and Bacterial Preparation  

A gene encoding a fusion protein of SpyTag and HEAT_8R was codon optimized for 

expression in E. coli and synthesized by ATUM (formerly DNA 2.0).  The lyophilized powder 

was resuspended in 50 μL of distilled, deionized water (ddH2O) upon arrival. Aliquots of 1 μL 

were used in transformations of the chemically competent E. coli strains BL21 (DE3) and 

Top10F’. The cells were recovered after heat shock in 400 μL SOC rich media for 30 minutes at 

37 °C. Aliquots of 25 μL and 50 μL of the transformed suspensions were spread onto LB agar 

plates containing kanamycin (50 μg/mL) for antibiotic selection. The plates were incubated for 14 

hours at 37 °C.  

Six colonies were selected from the plate containing the Top 10 F’ strain and two colonies 

were selected from the plate containing the BL21 strain. The selected colonies were used to 

inoculate eight culture tubes containing 5 mL LB media supplemented with kanamycin (50 

μg/mL). The cultures were grown at 37 °C overnight on a rotator. Two of the cultures containing 

the Top10F’ strain in addition to the two cultures containing the BL21 strain were prepared for 

long term storage of the plasmid contained within the E. coli strain.  These frozen stocks were 



 

 

205 
 

 
 prepared by combining 200 μL of 80% glycerol with 800 μL of the culture. The frozen stocks of 

the BL21 and Top10F’ strains containing the plasmid ST_HEAT were stored at -80 °C until 

needed. To make secondary stocks of the ST_HEAT plasmid DNA, a QIAprep-spin miniprep kit 

(QIAGEN, Inc.) was used to isolate the plasmid DNA of each of the remaining cultures of Top10F’ 

cells. The isolated DNA was recovered in 50 μL of EB buffer (10 mM Tris-HCl, pH 8.5) and 

stored in solution at -30 °C when not in use.  

Large-Scale Expression 

The plasmid ST_HEAT was transformed into BL21 (DE3) strain and plated onto LB agar 

plates containing kanamycin (50 μg/mL). Single colonies of BL21 strain containing the 

ST_HEAT plasmid were used to inoculate 5 mL cultures of LB broth supplemented with 

kanamycin (50 μg/mL). The cell cultures were grown overnight on a rotator at 37 °C. Five mL of 

the overnight cultures were transferred to 2,800 mL Erlenmeyer flasks containing 500 mL of 

Lauria-Bertani (LB) media supplemented with 50 μg/mL kanamycin. Four flasks were used for a 

total expression culture volume of 2000 mL (2L).  

The large culture flasks shook at 200 rpm and 37 °C for approximately 3 hours until cell 

growth reached log phase growth with an OD600 of ~0.6-0.8. The OD600 was monitored hourly. 

Once log phase growth was achieved, expression was induced by the addition of isopropyl-β-D-

thiogalactopyranoside (IPTG). For each 500 mL flask, 250 μL of 1 M IPTG was added for a final 

IPTG concentration of 0.5 mM. The expression cultures were incubated at 30 °C with shaking for 

15 hours. Aliquots were removed from the expression culture throughout the process for SDS-

PAGE analysis (see below). Fifteen hours after induction, the cells in the expression cultures were 
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 harvested by centrifugation at 4,000 x g for 20 minutes (4 °C). The cell pellets were resuspended 

in 100 mL lysis buffer (50 mM NaH2PO4, 100 mM NaCl, pH 8.0) and stored at -80 °C.  

One mL aliquots were removed from each flask before induction and 1.5, 3 and 15 hours 

after induction. The OD600 was determined for each aliquot and the aliquot volumes were 

normalized based on their OD so that the number of cells in each aliquot would be equivalent. The 

normalized aliquot volumes were centrifuged for 5 minutes at 4,000 x g to pellet the cells. The 

supernatants were discarded, the pellets were resuspended in 50 μL ddH2O, and the expression 

samples were stored at -30 °C. Aliquoted expression samples were later prepared for SDS-PAGE 

analysis by mixing the 50 μL samples with 50 μL of 2X SDS sample loading buffer (100 mM Tris-

HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the samples at 100 °C for 5 minutes. The expression samples were 

run on a 16% SDS-PAGE gel according to the protocol described in the general methods section.  

Cell Lysis 

 The cell pellets from a large-scale expression of ST_HEAT in the BL21 strain were 

previously frozen in 100 mL lysis buffer. Lysis of the cell pellets was initiated by three freeze/thaw 

cycles (-80 °C; 25 °C). After the third thaw cycle, EDTA-free protease inhibitor cocktail (1X), 

lysozyme (1 mg/mL), benzonase nuclease (25 units/mL), and MgCl2 (1 mM) were added to the 

lysate. The lysate was incubated at 30 °C for 1 hour with shaking at 200 rpm and then the 

temperature was dropped to 4 °C for incubation overnight. The cell lysate was sonicated (9 seconds 

on; 9 seconds off) at 4 °C for 15 minutes. A 50 μL aliquot was collected for SDS-PAGE analysis 

(see below). An aliquot of 3 mL was removed after lysis for experiments to verify linking between 

ST_HEAT and mCh_SC (see section below on linking of ST_HEAT lysate with mCh_SC 
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 lysate). The remaining cell lysate was centrifuged at 10,000 rpm for 20 minutes (4 °C). The lysed 

supernatant was separated from the lysed pellet until analysis by SDS-PAGE determined the 

location of the ST_HEAT fusion protein.  

Meanwhile, the cell lysate aliquot was centrifuged at 10,000 rpm for 5 minutes. The aliquot 

supernatant was transferred into a clean microcentrifuge tube and the pellet was resuspended in 50 

μL of ddH2O. The lysed supernatant and lysed pellet samples were prepared for SDS-PAGE 

analysis by mixing the 50 μL samples with 50 μL of 2X SDS sample loading buffer (100 mM Tris-

HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the samples at 100 °C for 5 minutes. Analysis by 16% SDS-PAGE 

concluded that the ST_HEAT fusion protein was primarily located in the lysed pellet (insoluble 

fraction).  

Protein Solubilization 

 The insoluble ST_HEAT protein in the cell lysate pellet was solubilized to allow for 

purification on a HisPurTM cobalt column. In order to do this, the pellets were resuspended in 120 

mL total volume of urea solubilization buffer (6 M urea, 50 mM NaH2PO4, 100 mM NaCl, pH 

8.0). The insoluble pellets were allowed to shake at 250 rpm for 3 days at 4 °C. A 50 μL aliquot 

was collected for SDS-PAGE analysis (see below). The remaining urea solution was centrifuged 

at 12,000 rpm for 20 minutes (4 °C). The urea supernatant was separated from the urea pellet until 

analysis by SDS-PAGE determined the location of the ST_HEAT fusion protein. 

Meanwhile, the urea aliquot was centrifuged at 12,000 rpm for 5 minutes. The aliquot 

supernatant was transferred into a clean microcentrifuge tube and the pellet was resuspended in 50 

μL of ddH2O. The urea supernatant and urea pellet samples were prepared for SDS-PAGE analysis 
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 by mixing the 50 μL samples with 50 μL of 2X SDS sample loading buffer (100 mM Tris-HCl 

(pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the samples at 100 °C for 5 minutes. Analysis by 16% SDS-PAGE 

concluded that the ST_HEAT fusion protein was at least partially soluble in 6M urea and primarily 

located in the supernatant.  

Purification 

The presence of a hexahistadine tag at the C-terminus of the fusion protein ST_HEAT 

facilitated purification by immobilized metal affinity chromatography (IMAC). The soluble 

fraction recovered after protein solubilization in urea was loaded directly onto 12 mL pre-

equilibrated HisPurTM cobalt resin divided among four columns. The resin was then washed with 

60 mL urea wash buffer (6 M urea, 50 mM NaH2PO4, 100 mM NaCl, 20 mM imidazole, pH 8.0). 

The target protein was isolated by the addition of 60 mL elution buffer (6 M urea, 50 mM 

NaH2PO4, 100 mM NaCl, 250 mM imidazole, pH 8.0). An aliquot of 100 μL of HisPurTM eluent 

was removed after purification for experiments to verify linking between ST_HEAT and 

mCh_SC (see section below on linking of ST_HEAT HisPurTM eluent with mCh_SC HisPurTM 

eluent). A 50 μL aliquot of the eluent was collected and prepared for SDS-PAGE analysis by 

mixing the 50 μL sample with 50 μL of 2X SDS sample loading buffer (100 mM Tris-HCl (pH 

6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the sample at 100 °C for 5 minutes. The pure eluent sample was run 

on a 16% SDS-PAGE gel according to the protocol described in the general methods section. 

The purification eluent was loaded into a Slide-A-LyzerTM dialysis cassette (20,000 

MWCO) and dialyzed against ddH2O for 4 days (4 L volume, switching buffer every 8 hours). 
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 After dialysis, the protein solution was transferred from the dialysis cassette to a 50 mL conical 

tubes and stored at -80 °C. Once frozen, the tops of the conical tubes were replaced with 

KimwipesTM and the tubes were placed in a lyophilizer until all that remained was the pure 

ST_HEAT protein in powder form. The lyophilized powder was weighed and stored at -30 °C. 

5.4.4 mCherry_SpyCatcher Production 

Gene and Bacterial Preparation  

A gene encoding a fusion protein of mCherry red fluorescent protein and SpyCatcher was 

codon optimized for expression in E. coli and synthesized by ATUM (formerly DNA 2.0). The 

lyophilized powder was resuspended in 50 μL of distilled, deionized water (ddH2O) upon arrival. 

Aliquots of 1 μL were used in transformations of the chemically competent E. coli strains BL21 

(DE3) and Top10F’. The cells were recovered after heat shock in 400 μL SOC rich media for 30 

minutes at 37 °C. Aliquots of 50 μL of the transformed suspensions were spread onto LB agar 

plates containing kanamycin (50 μg/mL) for antibiotic selection. The plates were incubated for 14 

hours at 37 °C.  

Six colonies were selected from the plate containing the Top 10 F’ strain and two colonies 

were selected from the plate containing the BL21 strain. The selected colonies were used to 

inoculate eight culture tubes containing 5 mL LB media supplemented with kanamycin (50 

μg/mL). The cultures were grown at 37 °C overnight on a rotator. Two of the cultures containing 

the Top10F’ strain in addition to the two cultures containing the BL21 strain were prepared for 

long term storage of the plasmid contained within the E. coli strain.  These frozen stocks were 

prepared by combining 200 μL of 80% glycerol with 800 μL of the culture. The frozen stocks of 

the BL21 and Top10F’ strains containing the plasmid mCh_SC were stored at -80 °C until needed. 
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 To make secondary stocks of the mCh_SC plasmid DNA, a QIAprep-spin miniprep kit (QIAGEN, 

Inc.) was used to isolate the plasmid DNA of each of the remaining cultures of Top10F’ cells. The 

isolated DNA was recovered in 50 μL of EB buffer (10 mM Tris-HCl, pH 8.5) and stored in 

solution at -30 °C when not in use.  

Large-Scale Expression 

mCh_SC plasmid was transformed into BL21 (DE3) strain and plated onto LB agar plates 

containing kanamycin (50 μg/mL). Single colonies of BL21 strain containing the mCh_SC 

plasmid were used to inoculate 5 mL of LB broth supplemented with kanamycin (50 μg/mL). The 

cell cultures were grown overnight on a rotator at 37 °C. Five mL of the overnight cultures were 

transferred to 2,800 mL Erlenmeyer flasks containing 500 mL of Terrific Broth media 

supplemented with 50 μg/mL kanamycin. Four flasks were used for a total expression culture 

volume of 2000 mL (2L).  

The large culture flasks shook at 200 rpm and 37 °C for 2-3 hours until cell growth reached 

log phase growth with an OD600 of ~0.6-0.8. The OD600 was monitored hourly. Once log phase 

growth was achieved, expression was induced by the addition of isopropyl-β-D-

thiogalactopyranoside (IPTG). For each 500 mL flask, 250 μL of 1 M IPTG was added for a final 

IPTG concentration of 0.5 mM. The expression cultures were incubated at 30 °C with shaking for 

4 hours. Aliquots were removed from the expression culture throughout the process for SDS-

PAGE analysis (see below). Four hours after induction, the cells in the expression cultures were 

harvested by centrifugation at 4,000 x g for 20 minutes (4 °C). The supernatants were transferred 

into a clean 2,800 mL Erlenmeyer flask since there appeared to be a large amount of mCh_SC 

present in the media. A 50 μL aliquot of the expression media was collected for SDS-PAGE 
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 analysis. The cell pellets were resuspended in 100 mL lysis buffer (50 mM NaH2PO4, 100 mM 

NaCl, pH 8.0) and stored at -80 °C.  

One mL aliquots were removed from each flask before induction and each hour after 

induction. The OD600 was determined for each aliquot and the aliquot volumes were normalized 

based on their OD so that the number of cells in each aliquot would be equivalent. The normalized 

aliquot volumes were centrifuged for 5 minutes at 4,000 x g to pellet the cells. The supernatants 

were discarded, the pellets were resuspended in 50 μL ddH2O, and the expression samples were 

stored at -30 °C. Aliquoted expression samples were later prepared for SDS-PAGE analysis by 

mixing the 50 μL samples with 50 μL of 2X SDS sample loading buffer (100 mM Tris-HCl (pH 

6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the samples at 100 °C for 5 minutes.  

Cell Lysis 

 The cell pellets from a large-scale expression of mCh_SC in the BL21 strain were 

previously frozen in 100 mL lysis buffer. Lysis of the cell pellets was initiated by three freeze/thaw 

cycles (-80 °C; 25 °C). After the third thaw cycle, EDTA-free protease inhibitor cocktail (1X), 

lysozyme (1 mg/mL), benzonase nuclease (25 units/mL), and MgCl2 (1 mM) were added to the 

lysate. The lysate was incubated at 30 °C for 1 hour with shaking at 200 rpm and then the 

temperature was dropped to 4 °C for incubation overnight. The cell lysate was sonicated (9 seconds 

on; 9 seconds off) at 4 °C for 15 minutes. A 50 μL aliquot was collected for SDS-PAGE analysis 

(see below). A 3 mL aliquot was removed after lysis for experiments to verify linking between 

mCh_SC and ST_HEAT (see section below on linking of ST_HEAT lysate with mCh_SC 

lysate). The remaining cell lysate was centrifuged at 15,000 rpm for 20 minutes (4 °C). The lysed 
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 supernatant was separated from the lysed pellet until analysis by SDS-PAGE determined the 

location of the mCh_SC fusion protein.  

Meanwhile, the cell lysate aliquot was centrifuged at 15,000 rpm for 5 minutes. The aliquot 

supernatant was transferred into a clean microcentrifuge tube and the pellet was resuspended in 50 

μL of ddH2O. The lysed supernatant and lysed pellet samples were prepared for SDS-PAGE 

analysis by mixing the 50 μL samples with 50 μL of 2X SDS sample loading buffer (100 mM Tris-

HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the samples at 100 °C for 5 minutes. Analysis by 12% SDS-PAGE 

concluded that the mCh_SC fusion protein was primarily located in the lysed supernatant (soluble 

fraction) with some remaining in the lysed pellet (insoluble fraction).  

Purification 

The presence of a hexahistadine tag at the N-terminus of the fusion protein mCh_SC 

facilitated purification by immobilized metal affinity chromatography (IMAC). The soluble 

fraction recovered after lysis was loaded directly onto 12 mL pre-equilibrated HisPurTM cobalt 

resin distributed across four columns. The resin was then washed with 60 mL wash buffer (50 mM 

NaH2PO4, 100 mM NaCl, 20 mM imidazole, pH 8.0). The target protein was isolated by the 

addition of 40 mL elution buffer (50 mM NaH2PO4, 100 mM NaCl, 250 mM imidazole, pH 8.0). 

An aliquot of 100 μL of HisPurTM eluent was removed after purification for experiments to verify 

linking between mCh_SC and ST_HEAT (see section below on linking of ST_HEAT HisPurTM 

eluent with mCh_SC HisPurTM eluent). The remaining eluent was loaded into a Slide-A-LyzerTM 

dialysis cassette (20,000 MWCO) and dialyzed against 50 mM NaH2PO4, 100 mM NaCl, pH 8.0 

for 12 hours (4 L volume, switching buffer every 4 hours). After dialysis, the protein solution was 
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 transferred from the dialysis cassette to a 50 mL conical tube and stored at 4 °C. A 50 μL aliquot 

of the eluent was collected and prepared for SDS-PAGE analysis by mixing the 50 μL sample with 

50 μL of 2X SDS sample loading buffer (100 mM Tris-HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) 

glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-mercaptoethanol) and boiling the sample at 

100 °C for 5 minutes.  

As noted previously, the expression media present after harvesting the cells contained a 

significant amount of mCh_SC. The expression media was centrifuged at 15,000 rpm for 20 

minutes to ensure the removal of all cells. The supernatant was saved for purification. The 

expression media shook with 20 mL of HisPurTM cobalt resin for 1 hour and the resin was added 

to four columns. The loaded resin was washed with 100 mL wash buffer (50 mM NaH2PO4, 100 

mM NaCl, 20 mM imidazole, pH 8.0). The target protein was isolated by the addition of 40 mL 

elution buffer (50 mM NaH2PO4, 100 mM NaCl, 250 mM imidazole, pH 8.0). The eluent was 

loaded into a Slide-A-LyzerTM dialysis cassette (20,000 MWCO) and dialyzed against 50 mM 

NaH2PO4, 100 mM NaCl, pH 8.0 for 12 hours (4 L volume, switching buffer every 4 hours). After 

dialysis, the protein solution was transferred from the dialysis cassette to a 50 mL conical tube and 

stored at 4 °C.  

TEV Protease Cleavage 

A TEV protease cleavage site was included to facilitate the removal of the His-tag from 

the mCh_SC fusion protein after purification. TEV protease was added to half of the purified 

mCh_SC protein to a final concentration of 1:100 (10,000 units TEV protease for every 100 mg 

of target protein). The solution was transferred to a Slide-A-LyzerTM dialysis cassette (20,000 

MWCO) and dialyzed against 50 mM NaH2PO4, 100 mM NaCl, pH 8.0 at 4 °C for 3 days (4 L 
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 volume). A stir bar was used to agitate the dialysis buffer, and the dialysis buffer was switched out 

every 8 hours.  

To remove the cleaved His-tag-TEV protease unit, the dialyzed protein was removed from 

the dialysis cassette and loaded onto a column containing pre-equilibrated HisPurTM cobalt resin. 

Flow through was collected to obtain the TEV-cleaved pure mCh_SC. The cleaved His-tag and 

the TEV protease enzyme remained attached to the cobalt resin. Dialysis buffer (50 mM NaH2PO4, 

100 mM NaCl, pH 8.0) was added until all mCh_SC left the column. A total volume of 50 mL of 

eluent was collected. A 50 μL aliquot of the eluent was collected and prepared for SDS-PAGE 

analysis by mixing the 50 μL sample with 50 μL of 2X SDS sample loading buffer (100 mM Tris-

HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the sample at 100 °C for 5 minutes. 

A small portion of the cleaved mCh_SC was dialyzed using a Slide-A-LyzerTM dialysis 

cassette (20,000 MWCO) using step-wise dialysis from pH 8.0 to pH 3.5. The pH was dropped 

incrementally by 0.5 while the solubility and fluorescence were monitored. The remaining cleaved 

pure mCh_SC protein was filtered through a 0.2 μm filter and concentrated using Amicon® Ultra-

15 centrifugal filters with a 30 kDa NMWL. The volume was decreased from 50 mL down to 

approximately 6 mL of concentrated eluent. The concentrated mCh_SC was dialyzed using a 

Slide-A-LyzerTM dialysis cassette (20,000 MWCO) using step-wise dialysis to 10 mM acetate pH 

5.0. After dialysis, the protein solution was removed from the dialysis cassette and stored at 4 °C. 

Concentration Calculation 

A Coomassie (Bradford) Protein Assay Kit from Thermo Fischer Scientific was used to 

determine the concentration of the mCh_SC solution. Diluted albumin (BSA) standards were 
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 prepared with a final BSA concentration range of 0-2000 μg/mL using 10 mM Acetate pH 4.5 as 

a diluent. Dilutions were prepared using a sample that was a 100% solution of the concentrated 

mCh_SC and a sample that was a 2% solution of the concentrated mCh_SC. The 100% mCh_SC 

and 2% mCh_SC samples were each diluted using serial dilution to a dilution factor of 1, 2, 4, 8, 

16, and 32. A 30 μL volume of each standard and unknown sample was combined with 1.5 mL 

coomassie (G-250) reagent. The samples sat at room temperature for 10 minutes to equilibrate. 

The UV/Visible spectrophotometer was zeroed with ddH2O in a 1 cm cuvette at 595 nm. The 

absorbances of all standards and unknown samples were then measured at 595 nm in triplicate.  

The BSA standards and unknown samples were blank-corrected by subtracting the average 

of the absorbances of the 0 μg/mL BSA standard (containing only ddH2O and coomassie) from the 

average of the absorbances of all standards and unknown samples. A BSA standard curve was 

prepared by graphing the blank-corrected BSA standard absorbances vs. the concentration of the 

BSA standards in μg/mL. A trendline and equation were produced using the points that allowed 

for the best linear trendline. The blank-corrected absorbances of the mCh_SC dilutions were 

plotted against the BSA standard curve.  

The mCh_SC dilutions within the concentration range of the linear potion of the BSA 

standard curve were used to determine the concentration of the original concentrated mCh_SC 

solution. The linear trendline equation was used to calculate the concentrations of the unknown 

dilutions in μg/mL. The concentrations were multiplied by the dilution factors to determine the 

concentration of the original stock mCh_SC. The samples that originated from the 2% stock 

concentration were adjusted to reflect the concentration of the 100% stock solution. The 

concentrations were then converted to mg/mL by dividing by 1000 and then to molarity (M) by 
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 dividing by the molecular weight of mCh_SC (42406.74 g/mol). The final concentration of the 

stock mCh_SC solution was recorded in μM after multiplying by 106.  

 After the concentration was determined, 50 μL volumes of pure concentrated mCh_SC in 

10 mM Acetate pH 5.0 was aliquoted in 1.5 mL microcentrifuge tubes. The protein was stored at 

-80 °C until needed.  

5.4.5 Verification of Linking Between ST_HEAT and mCh_SC 

Linking of ST_HEAT Lysate with mCh_SC Lysate 

The 3 mL aliquot of ST_HEAT lysate was combined with the 3 mL aliquot of mCh_SC 

lysate. The solution was incubated at room temperature with shaking for 1 hour. Aliquots of 100 

μL were removed throughout the 1 hour linking process. The time points collected were 1 minute, 

5 minutes, 10 minutes, 15 minutes, 30 minutes, 45 minutes, and 60 minutes after combination of 

the two samples. The aliquots were collected and immediately prepared for SDS-PAGE analysis 

by mixing the 100 μL sample with 100 μL of 2X SDS sample loading buffer (100 mM Tris-HCl 

(pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the sample at 100 °C for 5 minutes.  

Linking of ST_HEAT HisPurTM Eluent with mCh_SC HisPurTM Eluent 

The 100 μL of ST_HEAT HisPurTM eluent was combined with the 100 μL of mCh_SC 

HisPurTM eluent. The solution was incubated at room temperature with shaking for 24 hours. 

Aliquots of 15 μL were removed throughout the 24-hour linking process. The time points collected 

were 2 minutes, 10 minutes, 30 minutes, 5 hours, 9 hours, and 24 hours after combination of the 

two samples. The aliquots were collected and immediately prepared for SDS-PAGE analysis by 
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 mixing the 15 μL sample with 15 μL of 2X SDS sample loading buffer (100 mM Tris-HCl (pH 

6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-

mercaptoethanol) and boiling the sample at 100 °C for 5 minutes.  
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 5.4.6 Tables 

Table 5.1 Plasmids utilized in Chapter 5.  

Plasmids Relevant Characteristics  Reference 
      
ST_HEAT ST_HEAT gene in ATUM expression vector pD411-SR, KanR Chapter 5 
      
mCh_SC mCh_SC gene in ATUM expression vector pD411-NHT, KanR Chapter 5 
      

 

 

Table 5.2 E. coli strains utilized in Chapter 5.  

Strains Genotype Reference 
      

Top10F’ 
F ́[lacIq, Tn10(TetR)] mcrA Δ(mrr-hsdRMS- mcrBC) 
Φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara leu) 7697 galU 
galK rpsL (StrR) endA1 nupG 

Invitrogen 

      

BL21 (DE3)  fhuA2 [lon] ompT gal (λ DE3) [dcm] ΔhsdS λ sBamHIo ΔEcoRI-
B int::(lacI::PlacUV5::T7 gene1) i21 Δnin5 

New 
England 
Biolabs 
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 Table 5.3 Protein sequences utilized in Chapter 5.  

Protein Sequence 
MW (Da) 
# of AA 

      

ST_HEAT  
GAHIVMVDAYKPTKTSGGGSGGGAS[GDERAVEALIKALK
DPDGWVRKAAAEALGRIGDERAVEALIKALKDPDWFVRE
AAAKALGEI]4GSMHHHHHH 

30069.92      
282 

      

mCh_SC 

MKHHHHHHGTSENLYFQGMSSGLVPRGSHMVSKGEEDN
MAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTA
KLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLK
LSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKL
RGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQ
RLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITS
HNEDYTIVEQYERAEGRHSTGGMDELYKKNSGGGLVAGG
SGGGSGGGTGGGSGGGTSGAMVDTLSGLSSEQGQSGDMTI
EEDSATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISD
GQVKDFYLYPGKYTFVETAAPDGYEVATAITFTVNEQGQV
TVNGKATKGDAHI 

44298.7       
408 

      

mCh_SC 
(After TEV 
Cleavage)  

GMSSGLVPRGSHMVSKGEEDNMAIIKEFMRFKVHMEGSV
NGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSP
QFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDG
GVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMG
WEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTY
KAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHS
TGGMDELYKKNSGGGLVAGGSGGGSGGGTGGGSGGGTSG
AMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKEL
AGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETA
APDGYEVATAITFTVNEQGQVTVNGKATKGDAHI 

42406.74      
392 
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 6.1 Introduction 

The HEAT-repeat motif displays remarkable tolerance with respect to modifications of the 

hypervariable residue positions.1 These hypervariable residues are potentially functional positions 

that can be assigned with high precision through sequence specificity. The asymmetry in the 

hypervariability of the convex exterior and concave interior surfaces provide asymmetry to the 

functionalization of the two surfaces. The HEAT_R1 sequence, which was based on the consensus 

sequence of the PBS HEAT-like repeat motif,2 was used for the design of the HEAT-based 

concatemer protein, HEAT_6R, and both formed highly stable nanotubes with hypervariable 

amino acids presented on the inside channel. The reconstruction of the HEAT_R1 nanotubes 

revealed a right-handed helix with 10.3 asymmetric dimer units per turn (total of 20.7 HEAT-

repeats per helical turn) with a pitch of 31 Å. Additionally, initial biophysical results for 

HEAT_6R indicated that the HEAT-based hexamer was capable of forming closed cylindrical 

assemblies with structurally robust, thermally stable helical nanotubes. The HEAT-repeat derived 

concatemers present a promising building block for the fabrication of helical assemblies and 

barrier materials with structural and functional asymmetry.  

The ST_HEAT sequence was identical to the HEAT_6R sequence, with the exception of 

the number of repeats (8 repeats instead of 6) and the addition of an N-terminal SpyTag linking 

unit. Due to a correlation between the number of tandem repeats and the stability of the structure,3-

4 the eight repeat concatemer would likely result in highly stable supramolecular structures.  

ST_HEAT and its the ligation partner, mCh_SC, composed of a fusion of the mCherry fluorescent 

protein and the SpyCatcher protein, were successfully expressed and purified in the previous 

chapter.  
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 Optimization of the assembly conditions for ST_HEAT is required for structural 

characterization of the nanotubes. Biophysical analysis would illuminate the structural similarities 

and differences between the ST_HEAT protein, the HEAT_6R protein, and the HEAT_R1 

peptide. Although the optimization and thorough biophysical characterization of protein 

assemblies can be a lengthy process, the design of the system would support modular 

functionalization with a wide variety of proteins. Once optimized, the nanotubes would be ready 

for functionalization by potentially any fusion protein that contains the SpyCatcher ligation 

partner. Verification of mCh_SC functionalization of ST_HEAT nanotubes would indicate utility 

of theses nanotubes with asymmetric surfaces. 

Assembly and characterization of the ST_HEAT protein afforded high aspect-ratio 

nanotubes of uniform diameter with SpyTag protruding from the exterior surface. Introduction of 

the mCh_SC ligation partner resulted in the production of nanotubes with tiny white projections 

protruding from the surface, which were hypothesized to be mCherry protein fused to the exterior 

surface of the nanotubes. Florescence analysis of the conjugated nanotubes verified the presence 

of mCherry on the exterior surfaces of the nanotubes.  

The stable ST_HEAT nanotubes provide a promising substrate for the asymmetric 

functionalization of the two surfaces due to a hypervariable concave channel and the presence of 

the SpyTag peptide on the convex surface. The use of the SpyTag/SpyCatcher ligation system 

allows for the functionalization of the convex surface of the optimized ST_HEAT nanotubes with 

arbitrary proteins fused to the SpyCatcher ligation partner. Additionally, the system prevents the 

need to optimize HEAT-based nanosheets each time a novel functional protein is fused to the 

surface. Only one HEAT-based fusion product, ST_HEAT, is required to support the attachment 

of a potentially limitless range functional proteins.  
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 6.2 Results and Discussion 

6.2.1 Assembly and Characterization of SpyTag_HEAT Nanotubes 

Low Concentration HisPurTM ST_HEAT Assemblies 

Initial assemblies of the ST_HEAT nanotubes were based off of the conditions that 

HEAT_R1 was subjected to in order to discern optimal buffer conditions. The first round of 

assemblies was at a lower peptide concentration of 3 mg/mL using the HisPurTM ST_HEAT 

protein that was purified by affinity chromatography (see previous chapter). The peptide was 

assembled in 10 mM acetate (pH 5.0), 10 mM MES (pH 6.0), 10 mM MOPS (pH 7.0), and 10 mM 

TAPS (pH 8.0). While attempting to dissolve the peptide in the buffers, it was obvious that the 

solubility of the peptide could present an issue under some conditions. White precipitate was 

present in all buffers, with the most aggressive precipitation occurring in the buffers with higher 

pH values. It appeared as though the solubility of ST_HEAT decreased as it passed its pI value of 

pH 5.5 and then remained insoluble as the solution became more basic.  

After thermal annealing of HisPurTM ST_HEAT in the various buffers, solubility of 

ST_HEAT appeared to increase in acetate buffer (pH 5.0), but precipitate remained in the buffers 

above pH 6.0.  The actual peptide concentrations in the assemblies were calculated to be 77 µM 

in acetate buffer (pH 5.0), 75 µM in MES buffer (pH 6.0), 82 µM in MOPS buffer (pH 7.0), and 

45.94 µM in TAPS buffer (pH 8.0). The peptide in the TAPS solution heavily precipitated making 

it difficult to collect a representative sample for concentration analysis, which resulted in the 

significantly lower concentration for that sample.  
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 Circular dichroism spectropolarimetry (CD) was utilized to determine information about 

the secondary structure of the ST_HEAT assemblies. Analysis was performed on the nascent and 

thermally annealed 3 mg/mL HisPurTM ST_HEAT assemblies in 10 mM acetate (pH 5.0), 10 mM 

MES (pH 6.0), 10 mM MOPS (pH 7.0), and 10 mM TAPS (pH 8.0) buffers. The CD spectra for 

the assembly in acetate buffer (pH 5.0) exhibited a weak α-helical signature with a maximum at 

195 nm and minima around 208 and 222 nm (Figure 6.1 a). The thermally annealed sample 

revealed a higher intensity indicating that thermal annealing may promote the α-helical secondary 

structure in ST_HEAT assemblies. The low peptide concentration was the cause of the weak 

signal intensity. The assemblies in the 10 mM MES (pH 6.0), 10 mM MOPS (pH 7.0), and 10 mM 

TAPS (pH 8.0) buffers did not produce relevant CD spectra, as you can see in Figure 6.1 b-d. 

This is the result of scattering due to the insolubility of the peptide under these conditions.  

Transmission electron microscopy (TEM) was applied to analyze the ST_HEAT 

assemblies. Based on the HEAT_R1 peptide and HEAT_6R protein assemblies, we anticipated 

that the ST_HEAT assemblies would form nanotubes of 9.7 nm in diameter. TEM analysis was 

performed on the nascent and thermally annealed 3 mg/mL HisPurTM ST_HEAT assemblies in 10 

mM acetate (pH 5.0), 10 mM MES (pH 6.0), 10 mM MOPS (pH 7.0), and 10 mM TAPS (pH 8.0) 

buffers. Similar to CD analysis, TEM confirmed that there was little useful information that could 

be gathered from the assemblies in buffers above pH 6.0. The samples contained a mixture of 

unassembled peptide or large undefined protein aggregates. On the other hand, the assemblies 

formed in acetate buffer (pH 5.0) confirmed nanotube formation. The thermally annealed sample 

displayed highly defined nanotubes with a visible inner lumen, which is indicative of a pore 

traversing the tube (Figure 6.2 b). The nascent assembly was composed of peptide that was 

grouping into preformed tubes with less definition (Figure 6.2 a). 
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The ligation process of SpyCatcher and SpyTag can readily occur between pH 4-8, so the 

low pH range for ST_HEAT assembly would not hinder linking. The mCh_SC fluorescent protein 

does not begin to decrease in solubility and fluorescence until the solution drops below pH 4.0, so 

assembling ST_HEAT at pH 5.0 appeared as though it would not be an issue.  

Although the assemblies in acetate buffer primarily produced nanotubes, there were some 

large aggregates present as well. These could be formed by impurities or misassembled protein. 
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 Metal ions may interact with charged amino acids in the helical structure either blocking the 

designed electrostatic interactions between peptides or inducing incorrect interactions. In addition, 

metal ions have been known to cause the aggregation of his-tagged proteins. Cobalt ions can 

potentially leach off of the HisPurTM metal affinity resin contributing metal ions to the solution. 

Ethylenediaminetetraacetic acid (EDTA) is a chelator that sequesters metal ions in solution, which 

consequently reduces their activity, and it is commonly added to protein solutions to hinder metal 

ion interactions.  

To rule out metal ion induced protein aggregation, we assembled the ST_HEAT protein 

in the presence of ethylenediaminetetraacetic acid (EDTA). The addition of EDTA would divert 

metal ions away from the protein and direct assembly according to the designed hydrophobic and 

electrostatic interactions between helices. The HisPurTM ST_HEAT protein was assembled at a 

lower peptide concentration of 3 mg/mL in 10 mM acetate buffer (pH 5.0) containing 1 mM 

EDTA. An identical protein solution was prepared without EDTA for comparison. The protein 

concentrations of the samples were adjusted to 60 µM.  

The nascent and thermally annealed 60 µM HisPurTM ST_HEAT assemblies in 10 mM 

acetate buffer (pH 5.0) and 10 mM acetate, 1 mM EDTA buffer (pH 5.0) were analyzed by TEM 

to determine if metal ions were affecting the protein assemblies. TEM analysis indicated that there 

was no significant difference between the nascent and thermally annealed samples prepared in 

acetate buffer with and without EDTA (Figure 6.3). The formed nanotubes displayed similar 

characteristics and the presence of aggregates were comparable between the two samples. This 

indicates that aggregation in the samples was not a result of metal ions interfering with designed 

electrostatic interactions or inducing His-tag aggregation.   
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 High Concentration HisPurTM ST_HEAT Assemblies 

The CD spectra of the nascent and thermally annealed ST_HEAT assemblies in 10 mM 

acetate buffer (pH 5.0) exhibited a weak α-helical signal when assembled at 3 mg/mL. This was 

due to a low protein concentration, which was calculated to be 77 µM. A 9 mg/mL sample of 

HisPurTM ST_HEAT was assembled in 10 mM acetate buffer (pH 5.0) to acquire CD spectra with 

more relevant intensities. In addition, we wanted to analyze the effect of concentration on assembly 

formation. The calculated concentration of the sample was 200 µM. The thermally annealed 

solution was opaque, which may be due to the high protein concentration saturating solution.  

Circular dichroism spectropolarimetry (CD) was used to analyze the nascent and thermally 

annealed 200 µM HisPurTM ST_HEAT assemblies in 10 mM acetate buffer (pH 5.0). As expected, 

the CD spectra of the 200 µM nascent and thermally annealed assemblies revealed much stronger 

α-helical signatures compared to the low concentration assemblies analyzed at 77 µM (Figure 

6.4). For comparison, the CD spectra of the 77 µM samples are shown on the same scale as the 

200 µM samples. Although the signal intensity was superior for the samples assembled at higher 

concentration, the CD spectra exhibited a decrease in signal intensity at lower wavelengths. This 

is an expected consequence of the solution opacity causing differential light scattering of left- and 

right-circularly polarized light, which is wavelength-dependent and displays the greatest distortion 

in the low wavelength range.5-9 The root cause behind the cloudiness of the solution would need 

to be further investigated to mitigate this effect.  
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Transmission electron microscopy (TEM) images were collected to analyze the nascent 

and thermally annealed 200 µM HisPurTM ST_HEAT assemblies in 10 mM acetate buffer (pH 

5.0). Similar to the lower concentration assemblies, the thermally annealed sample displayed 

highly defined nanotubes (Figure 6.5 b). However, unlike the lower concentration sample, the 

nascent sample at higher concentration contained fully formed nanotubes (Figure 6.5 a). The 

higher concentration of protein in solution allowed the formation of tubes without thermal 

annealing. Therefore, the assembly process was concentration dependent, although CD analysis 

indicated that the tubes formed after thermal annealing possess a greater magnitude of the α-helical 

secondary structure.  
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Although analysis of HisPurTM ST_HEAT assemblies was promising, it brought up a few 

concerns. First, the mass of ST_HEAT weighed for the assemblies was much higher than the 

actual protein mass calculated after assembly. For example, the samples assembled from 9 mg/mL 

of lyophilized powder yielded a protein concentration of 200 µM or 6 mg/mL. This would indicate 

that only 67% of the weight was protein mass in solution. Most of this discrepancy would result 

from the low solubility of the peptide, but it could also be due to impurities. Secondly, thermally 

annealed assemblies at higher peptide concentration exhibited a minimal degree of opacity. This 
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 could be due to saturation of the solution with a high concentration of protein, which was already 

displaying some characteristics of insolubility at low concentration. Lastly, even at low 

concentration, TEM analysis indicated the occasional presence of large aggregates. Assemblies 

including EDTA were used to rule out metal induced aggregation. All three of these concerns 

suggest that the HisPurTM ST_HEAT was not completely pure and that low solubility was still an 

issue. Although SDS-PAGE analysis of the HisPurTM ST_HEAT eluent (see previous chapter) 

indicated a relatively pure protein, small molecules may be left over contributing to the overall 

mass of the powder and promoting insolubility and aggregation.  

High Concentration Assemblies of HPLC Purified ST_HEAT  

Reverse-phase high performance liquid chromatography (HPLC) was utilized to purify the 

HisPurTM ST_HEAT protein. Further purification by HPLC would improve the purity of the 

assemblies leading to fewer aggregations. The ST_HEAT protein was purified against a water-

acetonitrile (+0.1% TFA) gradient and eluted at 47.8% acetonitrile. The HPLC purified ST_HEAT 

was lyophilized to produce a fine white powder. 

Initially, the HPLC purified ST_HEAT was analyzed by assembling at a protein 

concentration of 5 mg/mL in 10 mM acetate (pH 5.0). The calculated concentration was 

significantly higher (600 µM) than the concentrations seen for HisPurTM protein samples. The 

assemblies were also perfectly clear with no indications of insoluble aggregates.  

Circular dichroism spectropolarimetry (CD) was used to analyze the nascent and thermally 

annealed 80 µM HPLC ST_HEAT assemblies in 10 mM acetate buffer (pH 5.0). (Figure 6.6 a) 

The CD spectra of the 80 µM nascent and thermally annealed HPLC pure assemblies exhibited 

significantly stronger α-helical signatures than the 200 µM HisPurTM assemblies despite the lower 
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 protein concentration. This was a result of increased solubility of the ST_HEAT protein after 

HPLC purification due to the removal of impurities. This was confirmed by the absence of signal 

intensity distortion at lower wavelengths.  

The thermally annealed sample of 80 µM HPLC pure ST_HEAT protein in 10 mM acetate 

buffer (pH 5.0) was further analyzed by monitoring the ellipticity at a wavelength of 222 nm from 

5 °C to 95 °C. A melting curve was generated, and it failed to indicate a melting transition (Tm) 

within that temperature range (Figure 6.6 b).  The ellipticity only showed a minimal decrease as 

the temperature increased. Standard CD spectra were collected before and after the melt, and the 

spectra from the two temperature points were similar (Figure 6.6 c). This data indicated that the 

nanotubes were forming thermodynamically stable nanotubes within the temperature range 

analyzed, which agreed with the data collected for the HEAT_R1 peptide and HEAT_6R protein. 

Transmission electron microscopy (TEM) was used to analyze the 80 µM HPLC purified 

ST_HEAT assemblies in 10 mM acetate buffer (pH 5.0). The thermally annealed sample exhibited 

nanotubes similar to the assemblies produced from HisPurTM protein (Figure 6.7 a). On a positive 

note, there were no visible aggregates in the sample implying that HPLC purification of the protein 

removed the underlying source of the undesirable aggregation.  However, the density of the tubes 

was very high leading to a huge forest of tubular assemblies across the whole surface of the grid. 

Further optimization was attempted by diluting the 5 mg/mL sample to 20 µM, 5 µM, and 1 µM 

concentrations for imaging. Dilution of the sample failed to produce TEM images with a low 

density of defined tubes, as you can see in the TEM image of the 5 µM HPLC purified ST_HEAT 

assemblies (Figure 6.7 b).  
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 Low Concentration Assemblies of HPLC Purified ST_HEAT 

After exhausting many avenues to produce disperse tubular nanostructures from dilutions 

of the 5 mg/mL assembly condition, a sample was assembled at a very low protein concentration 

of 0.33 mg/mL HPLC purified ST_HEAT, which translated into a concentration of 5 µM 

ST_HEAT protein. Transmission electron microscopy (TEM) images were collected to analyze 

the nanotubes when assembled at a low protein concentration (5 µM). The 5 µM thermally 

annealed HPLC purified sample exhibited nanotubes that were significantly more disperse (Figure 

6.8) than the 5 µM sample that was diluted from the 5 mg/mL assembly. Assembling at a higher 

protein concentration and diluting to a low concentration only produced heavily intertwined 

networks of ST_HEAT nanotubes that remained clustered after dilution. Assembling at a low 

protein concentration produced nanotubes that were more disperse and prepared for mCh_SC 

ligation.  

ImageJ software was utilized for diameter measurements of HisPurTM and HPLC purified 

ST_HEAT nanotubes from various TEM images. Measurements were collected from TEM 

images of 77 µM HisPurTM ST_HEAT, 200 µM HisPurTM ST_HEAT, and 5 µM HPLC 

ST_HEAT to get a fair distribution among various assembly conditions and the data was plotted 

on a histogram (Figure 6.9). The average diameter acquired from a sample size of 160 

measurements was 7.955 ± 0.391 nm. There was no significant difference between the diameters 

of nanotubes assembled from HisPurTM protein and HPLC purified protein. The approximate 

diameter of 8.0 nm for the ST_HEAT nanotubes was reasonable as the value was only slightly 

smaller than the average diameter of 9.7 nm for the HEAT_R1 nanotubes.  
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Small- and wide-angle X-ray scattering (SAXS/WAXS) was employed to qualitatively 

analyze the structure of the ST_HEAT assemblies in solution. Raw data collected from scattering 

of the beam was used to determine the size and shape of the assemblies by analyzing the resulting 

scattering and Guinier plots. The scattering plot indicated the presence of cylindrical structures of 

uniform diameter. Although there were no diffraction peaks in the high q region, which would be 

used to determine the distances between crystalline planes, the scattering plot did contain an 

oscillation with a deep minimum at 0.11 Å-1 (Figure 6.10). This indicated that the sample was 

monodisperse and well-ordered with identical particles of the same size. Using the equation  
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d = 2π/qpeak and inserting the oscillation minimum of 0.11 for qpeak, a length of 57.12 Å was 

calculated. Further structural analysis would be required to assign this measurement.  

The SAXS data for ST_HEAT was fit in the low q region to a modified Guinier model for 

rod-like forms to describe the size of the species. A straight-line fitting of a linear segment of the 

Guinier plot was used to generate a cross-sectional radius of gyration, Rc (Figure 6.11). The Rc 

value for the ST_HEAT nanotubes was 27.248 ± 0.22135 Å. Using the equation Rc2 = (Ro2 + 

Ri2)/2, the outside and internal radii were determined. The ST_HEAT nanotubes exhibited a 

calculated internal radius (Ri) of 20.53 Å and an outside radius (Ro) of 38.55 Å. These translated 

to internal and external diameters of 4.10 nm and 7.71 nm, respectively. The external nanotube 

diameter of 7.71 nm agreed closely with the diameter measured from TEM images. The diameter  

was slightly smaller than the external diameter acquired for the HEAT_R1 nanotubes, which was 

around 9.7 nm.  
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 6.2.2 Functionalization of ST_HEAT Nanotubes with mCh_SC Protein 

During expression and purification of the mCh_SC and ST_HEAT proteins, linking 

experiments were conducted, and the formation of a covalent linkage between the two proteins 

was confirmed by SDS-PAGE analysis. Once tube formation by HisPurTM ST_HEAT was 

verified, more thorough analysis was performed to assess the feasibility of functionalizing the 

tubular assemblies with the mCh_SC fusion protein. Therefore, functionalization experiments 

started during the ST_HEAT nanotube optimization process, so initial tests were conducted with 

HisPurTM ST_HEAT or high concentration HPLC purified ST_HEAT assemblies. Regardless, 

valuable information was gained from these preliminary experiments.  

First, we wanted to determine when the mCh_SC protein should be linked to the 

ST_HEAT protein. The SpyCatcher-SpyTag ligation process can occur under an immense range 

of conditions (pH, buffer) and the covalent linkage formed is resistant to high temperature, etc.10 

Therefore, the two purified proteins could be linked before or after thermal annealing without the 

fear of heat breaking the linkage. If the mCh_SC and ST_HEAT proteins were linked before 

thermal annealing, the linking process would occur before the formation of tubes, which would 

prevent the linking process from disturbing the tubes after they have formed; however, linking 

before thermal annealing could also make it more difficult for the HEAT segment to arrange into 

well-defined tubes.  If ST_HEAT nanotubes were thermally annealed first, then mCh_SC protein 

would link to the exterior of fully formed tubes. Though, the linking process could potentially 

disrupt on the structure of the tubular assemblies once they have formed. Both methods were 

analyzed to establish a suitable protocol for the formation of organized ST_HEAT nanotubes 

functionalized with mCh_SC protein. 
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 Functionalization of HisPurTM ST_HEAT with mCh_SC 

 The first linking experiment was conducted using HisPurTM ST_HEAT and mCh_SC. 

Two sets of conditions were set up to assess whether mCh_SC should be linked to ST_HEAT 

before or after tube formation by thermal annealing.  

One obstacle that had to be considered was that HisPurTM ST_HEAT was not entirely 

soluble in nascent solutions of 10 mM acetate buffer (pH 5.0). The ligation process would not 

likely occur if ST_HEAT remained in the precipitate. Previous successful linking experiments of 

HisPurTM eluent of ST_HEAT with mCh_SC verified that the reaction buffer, which contained 3 

M urea, did not impede the ligation process and mCh_SC remained both soluble and fluorescent. 

Therefore, in order to facilitate linking before thermal annealing, HisPurTM ST_HEAT was 

resuspended in 2 M urea, 10 mM acetate buffer (pH 5.0) and diluted to a protein concentration of 

80 µM. Once completely soluble, mCh_SC was added to the solution to acquire a final 

concentration of 10% (v/v) mCh_SC, which was arbitrarily chosen, and the sample incubated at 

ambient temperature with shaking for 18 hours. The solution remained red after linking in the urea 

solution, which indicated that urea was not denaturing mCh_SC.  

Transmission electron microscopy was used to visually analyze the ligation product of 

mCh_SC and ST_HEAT in urea. Fully formed tubes were not anticipated since the solution 

composed 1.8 M urea; however, if tubes were forming, we would expect them to have a “fuzzy” 

nature since mCherry would be projecting from the exterior surface of the HEAT-based nanotubes. 

As shown in Figure 6.12 a, the sample appeared to have come together into a network that could 

be a consequence of lose associations between HEAT subunits of ST_HEAT and ligated mCh-

HEAT.  
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  Since the covalent link had been made, the urea could be slowly removed from solution to 

allow for more appropriate assembly of the nanotubes. The ligated solution was dialyzed in a step-

wise manner to remove the urea from the solution. During dialysis, a red precipitate formed and 

settled on the bottom of the tube with some red still visible in solution. The dialyzed sample was 

gently mixed and analyzed by TEM. Tube-like formations were visible after dialysis, which was 

supported by slow removal of urea from solution; however, they had an appearance similar to the 

pre-formed tubes previously seen in nascent assemblies of HisPurTM ST_HEAT (Figure 6.12 b).  

Thermal annealing would be required for the formation of the best quality tubular 

assemblies. After the dialyzed assemblies were annealed, there were two important observations 

about the sample. First, the amount of precipitate in the sample was greatly decreased by thermal 

annealing, which was expected based on previously reported data. Secondly, the sample no longer 

exhibited any red coloring or fluorescence under UV-light. Linking of mCh_SC to ST_HEAT 

before thermal annealing was not limited by the SpyCatcher-SpyTag ligation process. The covalent 

link remains stable even at 100 °C. However, mCh_SC cannot withstand the thermal annealing 

process as evident by the loss of all fluorescence. The denaturation of the protein was obvious by 

the transition of the color from red before thermal annealing to almost clear after thermal 

annealing. It was apparent that if mCh_SC was ligated to nascent ST_HEAT, the sample would 

have to remain unannealed.  

A second sample was prepared concurrently with the previous sample to analyze the 

functionalization of ST_HEAT nanotubes with mCh_SC after the nanotubes were thermally 

annealed. Since the precipitate present after ST_HEAT assembly usually decreases drastically 

with thermal annealing, there was no need to assemble the sample with urea resulting in a less 
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  complicated protocol. HisPurTM ST_HEAT was assembled in 10 mM acetate buffer (pH 5.0) and 

the protein concentration was adjusted to 80 µM. The sample was thermally annealed and analyzed 

by transmission electron microscopy to facilitate a comparison of the nanotubes before and after 

functionalization (Figure 6.13 a). The nanotubes appeared similar to those in previous TEM 

images of thermally annealed HisPurTM ST_HEAT nanotubes.  

The thermally annealed ST_HEAT nanotubes were functionalized with 10% (v/v) 

mCh_SC. The ligation process was allowed to occur for 18 hours with gentle shaking at ambient 

temperature. TEM analysis was conducted on the functionalized nanotubes and compared to the 

nanotubes before the ligation process. The acquisition of high-resolution images was made 

difficult by the inherent “fuzzy” nature of the tubes, but the functionalized tubes were undoubtedly 

present and made evident by nanotubes covered in tiny protrusions (Figure 6.13 b). Based on the 

simplicity of the protocol and formation of the unmistakably functionalized nanotubes, the method 

for linking mCh_SC to thermally annealed ST_HEAT nanotubes was highly promising.  

Functionalization of HPLC Purified ST_HEAT with mCh_SC 

 Once it was discovered that superior nanotubes were formed from HPLC purified 

ST_HEAT, further functionalization experiments were conducted. Since the HPLC purified 

ST_HEAT was assembling into highly dense forests of nanotubes, it was decided to functionalize 

the nanotubes in 1:2 ratio of ST_HEAT to mCh_SC fluorescent protein to ensure maximum 

functionalization. This correlates to a final concentration of 13.8% (v/v) mCh_SC.  

Before ruling it out, a second attempt was made for the functionalization of nascent 

ST_HEAT with mCh_SC since HPLC purified ST_HEAT was completely soluble in 10 mM 

acetate buffer (pH 5.0) and nanotubes formed in nascent samples. The previous attempt revealed  



 

 

249 
 

 
 

 

 

that mCh_SC would denature and lose fluorescence during the thermal annealing process, so the 

sample would have to remain unannealed. To assess the functionalization of unannealed 

nanotubes, HPLC purified ST_HEAT was assembled in 10 mM acetate buffer (pH 5.0), diluted 

to a protein concentration of 80 µM, and linked with 13.8% mCh_SC. The linked sample was 

subjected to TEM analysis after incubating at ambient temperature for 18 hours and 4 days. 

Although the functionalized tubes that formed 18 hours after linking were superior to those seen 

in the previous unannealed sample, the homogeneity of the sample did not sustain itself after 4  
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days (Figure 6.14). While the red color of the mCherry fluorescent protein within the sample did 

not diminish over the course of the 4 days, the nanotubes began to aggregate into either small 

clusters or large protein aggregates.  

Simultaneously, a second sample was prepared to analyze the functionalization of 

thermally annealed HPLC purified ST_HEAT with mCh_SC. HPLC purified ST_HEAT was 
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 assembled in 10 mM acetate buffer (pH 5.0), diluted to a protein concentration of 80 µM, and then 

thermally annealed. The sample was linked with 13.8% (v/v) mCh_SC and analyzed by TEM after 

incubation at ambient temperature for 18 hours and 4 days. TEM analysis obtained images of 

nanotubes that were visibly functionalized with mCh_SC (Figure 6.15). The functionalized 

nanotubes appeared more fully formed and defined than the nascent ligation sample, supporting 

the theory that thermal annealing would lead to the formation of superior nanotubes. In addition, 
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 the nanotubes did not aggregate after 4 days unlike the nascent ligation sample. Furthermore, the 

sample assembled with HPLC purified ST_HEAT formed tubes with higher definition along the 

edges compared to the samples formed previously from HisPurTM protein.  

Samples were collected 18 hours after linking of the nascent or thermally annealed HPLC 

purified ST_HEAT with mCh_SC and analyzed using SDS-PAGE on a 10% gel (Figure 6.16). 

The unannealed functionalized nanotube sample, which can be seen in lane 3, did not appear 

significantly different from the thermally annealed functionalized nanotube sample, which is 

displayed in lane 4. The only notable difference was a small amount of unlinked ST_HEAT in the 

thermally annealed ST_HEAT, which was due to the dense forest of tubes concealing a small 

fraction of SpyTag ligation sites. Both samples had a significant amount of linked mCh-HEAT 

appearing around 72 kDa and an expected equimolar amount of mCh_SC around 42 kDa as a 

result of the excess from the 1:2 ratio.  

Based on the information gathered from the SDS-PAGE gel, the simple linking mechanics 

were unaffected by whether mCh_SC was ligated to unannealed or thermally annealed 

ST_HEAT. However, even though the fluorescent protein could link with the unannealed 

nanotubes, the nanotubes displayed superior definition after thermal annealing. The nanotubes 

were linked with an excess amount of mCh_SC to ensure maximum functionalization, but the 

excess unbound mCh_SC resulted in difficult visualization of the functionalized mCh-HEAT 

nanotubes using TEM. Additionally, excess mCh_SC could cause complications for other analysis 

methods. At that time, it was important to manage the excess mCh_SC by determining the amount 

of mCh_SC required for maximum functionalization and develop methods for removal of any 

unbound excess.  
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 Optimizing Amount of mCh_SC for Maximum Coverage  

One obvious consequence of linking a higher concentration of mCh_SC was the difficulty 

to distinguish the functionalized nanotubes from the excess mCh_SC. To determine the amount 

of fluorescent protein required for maximum functionalization of the nanotubes, HPLC purified 

ST_HEAT was assembled in 10 mM acetate buffer (5.0), diluted to a protein concentration of 80 

µM, thermally annealed, and linked with various concentrations of mCh_SC. Ratios of 1:4, 1:3, 

1:2, 1:1, and 2:1 of ST_HEAT to mCh_SC were prepared, which corresponded to 24.2%, 19.4%, 

13.8%, 7.4%, and 3.9% (v/v) mCh_SC, respectively. After ligation of the samples for 18 hours, 

the samples were analyzed by TEM.  

Nanotubes were present in all samples, and they were heavily functionalized in all except 

for the nanotubes in the 2:1 ratio of ST_HEAT to mCh_SC, which were not clearly functionalized 

(Figure 6.17 e). The samples that contained ratios of 1:3 and 1:4 ST_HEAT to mCh_SC 

contained a very large excess of unbound fluorescent protein, which made it very difficult to 

differentiate between bound and unbound fluorescent protein (Figures 6.17 a-b). Analysis of the 

1:1 and 1:2 ST_HEAT to mCh_SC revealed that both samples appeared to have excess mCh_SC 

in the sample; however, the 1:2 nanotubes appeared to have a larger amount of mCh_SC bound 

(Figures 6.17 c-d). This could indicate that mCh_SC was bound to residual unassembled 

ST_HEAT, which could explain the unassembled peptide in the 1:1 ratio sample. Since the tubes 

looked more functionalized in the 2:1 sample, it was decided to stick with that ratio and determine 

methods for removal of excess mCh_SC.  
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 Ultracentrifugation for Removal of Excess mCh_SC 

Preparative ultracentrifugation was utilized to remove excess mCh_SC from 

functionalized nanotube samples. The goal was to pellet the functionalized nanotubes and any 

excess unbound fluorescent protein would remain in the supernatant. This method was tested on 

an 80 µM thermally annealed HPLC purified ST_HEAT sample linked with 13.8% (v/v) 

mCh_SC at a molar ratio of 1:2, respectively. An 80 µM thermally annealed HPLC purified 

ST_HEAT sample and a 13.8% (v/v) mCh_SC sample were prepared as controls. The sample 

volumes were adjusted up to 1 mL, which was the lowest volume allowed for the ultracentrifuge. 

The samples were centrifuged using a Beckman Coulter OptimaTM XE-90 Preparative 

Ultracentrifuge with a Type 45 Ti fixed-angle rotor. The configuration of the ultracentrifuge, rotor, 

tube adapters, and sample volume designated the maximum speed of rotation at 25,000 rpm. 

Initially, the samples were subjected to ultracentrifugation at 30,000 x g (16,100 rpm) at 4 °C for 

2 hours. After carefully removing the liquid from the tubes, there did not appear to be pellets in 

any of the tubes. However, the ultracentrifuge tubes were allowed to shake with 10 mM acetate 

buffer (pH 5.0) for resuspension of any molecules that may have pelleted.  

The supernatants of the ultracentrifuge samples were analyzed by SDS-PAGE on a 10% 

gel to verify the presence of the molecular species (Figure 6.18). Analysis of the supernatants 

indicated that the functionalized mCh-HEAT nanotubes were present in the supernatant after 

ultracentrifugation at 30,000 x g for 2 hours. Excess mCh_SC was also present in the supernatant 

of the ligation sample. The control samples of the ST_HEAT nanotubes and the mCh_SC 

fluorescent protein confirmed that the two species remained in the supernatant after 

ultracentrifugation.  
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  Transmission electron microscopy was used to analyze the ultracentrifugation samples. 

TEM analysis was conducted on the supernatant sample for the mCh-HEAT functionalized 

nanotubes in addition to the potentially resuspended ultracentrifugation pellet. The supernatant for 

the ST_HEAT nanotubes was visualized by TEM as a control. The linked mCh-HEAT 

supernatant displayed visibly functionalized tubes in addition to unbound peptide, which was 

assumed to be excess unbound mCh_SC (Figure 6.19 a). The pellet of the linked mCh-HEAT 

sample only exhibited disorganized or unassembled peptide with no nanotubes (Figure 6.19 b).  

The TEM image of the supernatant for the ST_HEAT control showed nanotubes comparable to 

the tubes previously imaged. Based on this data, in addition to the information gathered from SDS-

PAGE analysis, the mCh-HEAT, mCh_SC, and ST_HEAT proteins remained in the supernatant 

after ultracentrifugation at 30,000 x g for 2 hours, and therefore, it failed to separate the excess 

mCh_SC from the mCh-HEAT nanotubes.  

The ultracentrifuge supernatants containing mCh_SC, ST_HEAT, and mCh-HEAT were 

subjected to a second round of ultracentrifugation at 72,700 x g (25,000 rpm) at 4 °C for 2 hours. 

After the spin cycle, red coloring visibly grouped near the bottom of the tubes for the mCh-HEAT 

and mCh_SC samples, but no pellets formed. Aliquots were carefully removed from the center of 

the red fractions for SDS-PAGE analysis (Figure 6.20). The samples were returned to the 

ultracentrifuge for an additional 2-hour spin cycle at 72,700 x g (25,000 rpm). The second spin 

cycle did not change the appearance of the samples. There were still clusters of red near the bottom 

of the mCh-HEAT and mCh_SC samples and no visible pellet. The red and clear fractions of the 

supernatant were carefully removed and kept separate for analysis. The empty ultracentrifuge tubes 

were allowed to shake with 10 mM acetate to resuspend any pelleted molecules. 
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SDS-PAGE analysis on a 10% gel was used to analyze the composition of the red fraction 

of the ultracentrifugation supernatant. The mCh_SC sample was compared to the mCh-HEAT 

samples removed after 2 and 4 hours of ultracentrifugation. The mCh-HEAT samples showed the 

presence of both mCh-HEAT around 72 kDa and excess mCh_SC around 42 kDa, which 

indicated that ultracentrifugation at 72,700 x g resulted in the migration of both proteins to the  
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 lower red fraction of the supernatant.  The mCh_SC sample verified that the fluorescent protein 

separated into the red supernatant fraction.  

The ultracentrifugation samples were analyzed by transmission electron microscopy to 

determine the presence of the mCh-HEAT, ST_HEAT, and mCh_SC proteins within the various 

fractions. TEM analysis of the red supernatant fraction removed after 4 hours of centrifugation 

from the mCh-HEAT sample confirmed the presence of the mCh-HEAT functionalized 

nanotubes (Figure 6.21 a). There was also a significant amount of unassembled peptide, which 

was assumed to be excess unbound mCh_SC. The presence of both proteins in this fraction 

implied that they were migrating at a similar rate and separation would be difficult. There was not 

a significant amount of tubes in the clear supernatant fraction and the resuspended pellet for the 

mCh-HEAT sample. Only a small amount of disorganized peptide assemblies or unaggregated 

peptide was observed. TEM analysis of a sample collected from the ST_HEAT tube near the 

bottom of the supernatant after 4 hours of centrifugation verified the presence of nanotubes (Figure 

6.21 b). 

SDS-PAGE and TEM analysis of the samples after ultracentrifugation indicated that the 

nanotubes failed to pellet when centrifuged at 72,700 x g (25,000 rpm) for 4 hours. As this was 

the maximum speed of rotation for the configuration of the instrument, it would be difficult to 

pellet the nanotubes. In addition, analysis of the supernatant fractions implied that all three proteins 

of interest were present in the lower half of the tube after the first 2 hours, although none of the 

proteins formed a pellet. Since both mCh_SC and mCh-HEAT migrated to a similar location in 

the sample, ultracentrifugation at 72,700 x g failed to remove excess unbound mCh_SC from 

ligated samples. It was decided that different avenues would be investigated for the removal of 

excess unbound mCh_SC protein. 
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 Centrifugal Filtration for Removal of Excess mCh_SC 

 Since ultracentrifugation failed to separate the functionalized nanotubes from the excess 

fluorescent protein, centrifugal filters with a defined nominal molecular weight limit (NMWL) 

were utilized. Samples of 5 µM thermally annealed HPLC purified ST_HEAT were linked with 

2% (v/v) mCh_SC for 18 hours. A 5 µM thermally annealed HPLC purified ST_HEAT sample 

and a 2% (v/v) mCh_SC sample were prepared as controls. Initially, samples were processed using 

centrifugal filters with a 50 kDa NMWL. Any unbound mCh_SC protein, which had a molecular 

weight of 42 kDa, would be permitted to move through the filter, while formed nanotubes would 

remain in the upper filter unit. Samples were washed until no red coloring remained in the upper 

filter unit of the mCh_SC control sample. The mCh-HEAT sample retained a significant amount 

of red coloring after filtration.  

TEM analysis was used to analyze the mCh-HEAT and ST_HEAT samples before and 

after filtration. Dilutions of the 5 µM samples were prepared for improved visualization of 

functionalized nanotubes. The ST_HEAT samples appeared normal before and after filtration, 

indicating that the HEAT-based nanotubes were not being destroyed by the filtration process. 

Although it appeared as though there was a decrease in the background of the mCh-HEAT 

samples after filtration, there was still a significant amount of unassembled peptide (Figures 6.22).  

Unlinked mCh_SC was removed; however, the mCh_SC that linked with unassembled 

ST_HEAT would not be able to pass through the filter. Therefore, centrifugal filters with a 

NMWL of 100 kDa were used to allow the passage of linked, unassembled mCh-HEAT, which 

had a molecular weight of 72 kDa. In addition, thermally annealed ST_HEAT samples were 

filtered prior to ligation with mCh_SC to remove unassembled ST_HEAT and subsequently 
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 decrease the amount of unassembled mCh-HEAT. Thermally annealed ST_HEAT samples were 

analyzed after filtration, and the TEM images showed a very clean sample of nanotubes. Only a 

small amount of unassembled protein was observed (Figure 6.23 a-c). The linked and filtered 

mCh-HEAT samples showed a significantly lower amount of background compared to the 

samples filtered with 50 kDa NMWL filters (Figure 6.23 d-f). The nanotubes displayed mCh_SC 

on the exterior surfaces resulting in a fuzzy nature.  

The linked mCh-HEAT samples were also analyzed using SDS-PAGE on a 10% gel 

(Figure 6.24). Before the mCh-HEAT sample was subjected to filtration, a large quantity of 

residual mCh_SC protein remained in the solution. On the other hand, after filtration, only a very 

weak band was present around 42 kDa, indicating that most of the mCh_SC was successfully 

removed from the solution. Additionally, the small decrease in size of the mCh-HEAT band at 72 

kDa was due to the removal of unassembled mCh-HEAT. The centrifugal filters with a 100 kDa 

NMWL facilitated the removal of a significant amount of excess mCh_SC from the samples by 

supporting the passage of mCh_SC and unassembled mCh-HEAT through the filter. 

Furthermore, reacquired samples from the filtration process displayed fluorescence indicating the 

mCh_SC remained attached to the nanotubes.  
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 Fluorimetry Analysis 

 Once excess unbound mCh_SC was removed, fluorimetry was utilized to gather 

information about the fluorescence of the functionalized nanotubes. Thermally annealed samples 

of 5 µM HPLC purified ST_HEAT were prepared and filtered. The samples were then linked with 

2 % (v/v) mCh_SC and subjected to a second round of filtration. Fluorescence spectroscopy was 

performed on the samples using a Fluoromax-3 fluorimeter with a xenon lamp. A 5 µM thermally 

annealed ST_HEAT sample was prepared as a negative control, and a sample containing 2% (v/v) 

mCh_SC, which corresponds 20 µM mCh_SC, was prepared as a positive control. 

Fluorescence intensities of the samples were measured across an emission wavelength scan 

of 550 to 750 nm at a fixed excitation wavelength of 587 nm. The resulting fluorescence emission 

spectrum for the mCh-HEAT sample displayed a maximum intensity of 6.018 million arbitrary 

units at 610 nm (Figure 6.25), which matches the emission wavelength for the mCherry protein. 

The emission spectrum for the 2% (v/v) mCh_SC solution produced a similar yet stronger 

emission spectrum, which was expected due to the higher concentration of mCherry fusion protein 

in the sample. The ST_HEAT negative control sample produced an almost flat emission spectrum 

with the exception of a small peak at 587 nm. The fluorimeter detector was located at a 90° angle 

to the excitation light in order to decrease the quantity of transmitted incident light that was 

detected; however, excitation light was scattered by particles in the sample, which resulted in the 

presence of a peak at the excitation wavelength.  
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As described previously, 5 µM thermally annealed ST_HEAT samples were linked with 

2% (v/v) mCh_SC samples to ensure maximum functionalization. Although a 2% (v/v) sample of 

mCh_SC was used as a positive control, this represented 20 µM of mCh_SC. If every ST_HEAT 

molecule in the sample assembled into nanotube structures and every SpyTag ligated with a 

SpyCatcher on mCh_SC, then the maximum amount of mCh-HEAT in the sample after filtration 

would equal 5 µM. However, unassembled ST_HEAT was removed by filtration after thermal 
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 annealing, which was one factor that would decrease the total potential quantity of mCh-HEAT 

in the final sample. Therefore, it was expected that less than 5 µM of mCh-HEAT would be 

present in the sample during analysis.  

To assess the amount of mCherry present in the mCh-HEAT samples, mCh_SC samples 

were prepared at various concentrations to develop a standard curve. Samples were prepared with 

2%, 1.5%, 1%, 0.8%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, and 0.1% (v/v) mCh_SC, which correspond 

to 20 µM, 15 µM, 10 µM, 8 µM, 6 µM, 5 µM, 4 µM, 3 µM, 2 µM, and 1 µM mCh_SC protein. 

Fluorescence spectra were produced for all samples within an emission wavelength range of 550 

to 750 nm at an excitation wavelength of 587 nm (Figure 6.26 a). All spectra exhibited a maximum 

at 610 nm. A second smaller peak appeared around 587 nm in the samples with lower 

concentration, which was due to scattered light passing through the sample to the detector with 

more ease in less concentrated samples. The maximum fluorescence intensities for all mCh_SC 

samples were plotted against the mCh_SC concentration to form a standard curve (Figure 6.26 

b). A trendline equation for the linear segment of the curve determined that the approximate 

quantity of mCherry present in the mCh-HEAT sample was 4.44 µM. The expected fluorescence 

intensity for a sample containing 5 µM of mCh_SC was 6.782 million arbitrary units, while the 

mCh-HEAT sample produced a fluorescence intensity of 6.018 million arbitrary units.  
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 Correlative Light Electron Microscopy (CLEM)  

 Correlative light electron microscopy allows the dual examination of a sample using two 

typically distinct microscopy platforms. Fluorescence microscopy (FM) allows for wide field 

imaging of whole systems, while electron cryomicroscopy (cryo-EM) provides a high-resolution 

analysis of the assemblies of interest. The two microscopy techniques provide two complementary 

yet unique sets of data that provide a significant amount of information about a system. An 

integrated CLEM system can be utilized to subject a sample to an optical light path and an electron 

beam at the same time to automatically generate an overlay of the two images.11-12 Images from 

the two techniques can also be collected sequentially for a given region and an overlay can be 

performed at a later time. The complementary data from this technique would allow for imaging 

of the mCh-HEAT nanotubes with verification of mCh_SC functionalization. 

Correlative light electron microscopy was applied to thermally annealed samples of 5 µM 

ST_HEAT that were functionalized with 2% (v/v) mCh_SC and filtered as previously described 

to remove excess mCh_SC protein. TEM and fluorimetry analysis were conducted on the sample 

to verify the presence of nanotubes and fluorescence prior to CLEM analysis. CLEM analysis was 

conducted by the Emory University Robert P. Apkarian Integrated Electron Microscopy Core 

service instructor, Spencer Hughes. Cryo-EM images shown in Figure 6.27 successfully displayed 

ST_HEAT nanotubes functionalized on the surface with mCh_SC fluorescent protein. Although 

mCh_SC fluorescence was visualized under the secondary fluorescence microscope, an overlay 

of the two images was not possible due to a sample loading error. Further CLEM studies will be 

conducted to acquire an overlay of the two images. 
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 6.3 Conclusion 

Optimization of assembly conditions for the HPLC purified ST_HEAT peptide resulted in 

the formation of high aspect ratio nanotubes with a diameter of 7.71 nm and a distinct inner lumen. 

The nanotubes displayed a strong alpha helical signature, and thermal denaturation studies failed 

to unfold the nanotubes. The stable ST_HEAT nanotubes provide a promising substrate for the 

asymmetric functionalization of the two surfaces due to a hypervariable concave channel and the 

presence of the SpyTag peptide tag on the convex surface.  

Ligation studies resulted in a protocol that allowed for the functionalization of the 

ST_HEAT nanotubes with the mCh_SC fluorescent protein. Further analysis devised a method 

for the removal of excess mCh_SC protein in addition to unassembled ST_HEAT and mCh-

HEAT. The absence of these individual molecules allows for an accurate analysis of fully formed 

functionalized nanotubes. Although correlative light electron microscopy could not be obtained 

due to a sample loading error, electron cryomicroscopy resulted in images that displayed the 

presence of nanoscale projections on the surface of the nanotubes, which was presumed to be the 

mCh_SC fluorescence protein. Additionally, after the nanotubes went through multiple washes in 

a centrifuge filter to remove all excess mCh_SC, the sample continued to display a high level of 

fluorescence. The absence of excess mCh_SC in the sample was verified by SDS-PAGE analysis. 

Finally, repetitive wash cycles in the centrifugal filters failed to shear the nanotubes, which 

indicates a high level of mechanical stability. These features advocate the production of highly 

stable functional nanotubes. 

The use of the SpyTag/SpyCatcher ligation system allows for the additional 

functionalization of the convex surface of the optimized ST_HEAT nanotubes with novel arbitrary 
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 proteins fused to the SpyCatcher ligation partner. This rapid reaction can specifically form the 

irreversible covalent isopeptide bond in highly complex solutions including a wide pH range and 

at extreme temperatures. This system prevents the need to optimize HEAT-based nanosheets each 

time a novel functional protein is fused to the surface. Only one HEAT-based fusion product, 

ST_HEAT, is required to support the attachment of a potentially limitless range functional 

proteins.  

Functional differentiation between the two interfaces of a barrier material supports the 

separation and transportation of information, energy, and material in the form of small molecules, 

such as ions, and building blocks or macromolecules, such as DNA and protein. Biologically-

inspired asymmetric functionalization of structurally defined nanomaterials would support the 

construction of artificial barrier materials and compartments, which would permit applications that 

require directional processes or physical separation such as electron transfer, energy transduction, 

and small-molecule activation, encapsulation, and transport.  

The optimized protein-based ST_HEAT nanotubes are a stable material that authorizes the 

functional differentiation of the two surfaces in a controllable manner. Variation of the residues 

on the concave surface of the nanotubes can direct the functional properties and result in the 

encapsulation and transport of molecules. Conticello and coworkers are currently investigating the 

potential of a HEAT_R1 variant displaying arginine residues in multiple hypervariable positions 

for the capture of DNA within the pore. Meanwhile, the exterior surface of the ST_HEAT 

nanotubes can be coated with any functional protein via the SpyTag/SpyCatcher ligation system 

to produce two functionally distinct surfaces. Additionally, the SpyTag/Catcher system was 

designed to support the attachment of various proteins to the external surface concurrently 

resulting in multifunctional nanotubes.  
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 Recently, significant interest has expanded the utilization of biomaterials to modulate 

immune responses with a shift from the development of biocompatible ‘immune-evasive’ 

biomaterials towards the fabrication of smart ‘immune-interactive’ biomaterials in order to exploit 

the power of the immune system and direct the inflammatory response towards healing and 

regeneration.13 These immunomodulatory biomaterials include a wide range of potential 

therapeutic applications such as altering immune reactions to biomedical implants to promote 

tissue regeneration over fibrosis or eliciting a desired immune response against non-infectious 

diseases and conditions induced by biomaterial-based vaccines.14  

Historically, vaccines were typically developed to combat infectious diseases;15-16 

however, immunologically active biomaterials have recently been investigated to expand 

protection against a wide range of non-infectious diseases and conditions including cancer,17-20 

inflammation,21-25 autoimmunity,26-29 wounds,30 and others.31-32 Among other methods, the 

immune system can be governed through the controlled display of T cell and B cell epitopes, which 

can regulate the duration and magnitude of immune responses and antibody titers. Collier and 

coworkers have reported the abilities of self-adjuvating nanofiber vaccines for the elucidation of 

B cell responses to displayed peptide epitopes while avoiding the undesirable inflammatory 

response.33-34 These ST_HEAT nanotubes have potential for expanding this novel field through 

the encapsulation and controlled release of small molecules responsible for immune regulation 

within the inner channel in addition to the display of various epitopes on the external surface.  
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 6.4 Experimental 

6.4.1 Materials 

All chemical reagents were purchased from either Thermo Fisher Scientific, Inc. 

(Waltham, MA) or MilliporeSigma (Burlington, MA) unless otherwise noted. Synthesis of 

plasmids containing codon-optimized genes encoding mCherry_SpyCatcher and 

SpyTag_HEAT8R was conducted by ATUM, formerly known as DNA2.0 (Newark, CA). The 

BL21 (DE3) chemically competent E. coli strain were purchased from New England Biolabs, Inc. 

(Ipswich, MA). Luria-Bertani broth and agar powder were purchased from MilliporeSigma 

(Burlington, MA), and Terrific Broth (TB) powder was purchased from Thermo Fisher Scientific, 

Inc. (Waltham, MA). Kanamycin monosulfate was purchased from VWR International, LLC 

(Suwanee, GA). Isopropyl-β-D-thiogalactopyranoside (IPTG) was purchased from Research 

Products International Corp. (Prospect, IL). The Perfect Protein Marker (10-225 kDa) was 

purchased from MilliporeSigma (Burlington, MA). 

Benzonase® nuclease and protease-inhibitor cocktail (EDTA-free) were purchased from 

MilliporeSigma (Burlington, MA). Lysozyme from chicken egg white was purchased from 

Research Products International Corp. (Prospect, IL). HisPurTM cobalt resin was obtained from 

Thermo Fisher Scientific, Inc. (Waltham, MA). TEV Protease was purchased from MilliporeSigma 

(Burlington, MA). SnakeSkinTM Dialysis Tubing with a 10 kDa MWCO and Slide-A-LyzerTM G2 

Dialysis Cassettes with a 20 kDa MWCO were obtained from Thermo Fisher Scientific, Inc. 

(Waltham, MA). Amicon® ultra centrifugal filters (10 kDa NMWL, 30 kDa NMWL, 50 kDa 

NMWL, and 100 kDa NMWL) for sample volumes of 15 mL and 0.5 mL were purchased from 

MilliporeSigma (Burlington, MA).  
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 Methylamine tungstate (MAT) was purchased from Ted Pella, Inc. (Redding, CA). The 

200-mesh carbon-coated copper grids were obtained from Electron Microscopy Sciences 

(Hatfield, PA). Vacuum filters with a 0.2 μm polyethersulfone (PES) membrane were obtained 

from Thermo Fisher Scientific, Inc. (Waltham, MA). 

6.4.2 General Methods 

Basic molecular biology procedures were adapted from a standard molecular cloning 

manual35 or the protocol supplied by the manufacturer unless otherwise described in detail. All 

Reagents intended for use with bacteria, DNA, or recombinant proteins were sterilized by either 

syringe filtration through a 0.2 μm cellulose membrane, vacuum filtration through a 0.2 μm 

polyethersulfone (PES) membrane, or by autoclaving. All enzyme reactions were conducted in the 

reagent’s buffers provided by the manufacturer unless otherwise noted.  

All proteins were purified using immobilized metal affinity chromatography (IMAC) on 

HisPurTM cobalt resin followed by dialysis to remove imidazole. The mCh_SC protein was 

cleaved by TEV protease, concentrated using Amicon® Ultra-15 centrifugal filters (30 kDa 

NMWL), and dialyzed using a Slide-A-LyzerTM dialysis cassette (20,000 MWCO) to 10 mM 

acetate pH 5.0. Additional purification of the ST_HEAT protein was achieved by reverse-phase 

high performance liquid chromatography (HPLC).  

Protein electrophoresis was conducted using 10, 12, or 16% SDS polyacrylamide gels on 

a Mini-PROTEAN 3 cell electrophoresis system from Bio-Rad Laboratories, Inc. (Hercules, CA). 

The buffer tank was filled with SDS run buffer (25 mM tris, 250 mM glycine, 0.1% SDS, pH 8.3). 

The Perfect Protein Marker was used as a protein standard for SDS-PAGE analysis. An initial 

sample volume of 10 μL was added to each well with any necessary concentration adjustments 
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 made thereafter. Gels were run at 150 V for 1-1.5 hours depending on the desired level of 

separation. Gels were stained in coomassie overnight and then destained in a methanol-acetic acid 

buffer.  

Assemblies were thermally annealed using a MJ MiniTM Gradient Thermal Cycler from 

Bio-Rad Laboratories, Inc. (Hercules, CA). All protein concentration measurements were 

determined using an UltroSpec 3000 UV/Visible spectrophotometer at 280 nm with a 1 cm cuvette. 

Fluorimetry measurements were collected with a 1 cm quartz cuvette using a Fluoromax-3 

fluorimeter with a xenon lamp from HORIBA Jobin Yvon Inc. (Edison, NJ). 

6.4.3 Assembly and Characterization of SpyTag_HEAT Nanotubes 

Assembly of HisPurTM ST_HEAT 

The HisPurTM ST_HEAT was dissolved in ddH2O at a concentration of 6 mg/mL or 18 

mg/mL. The solution was divided into the number of desired buffer conditions. An equal volume 

of 20 mM buffer was added to the tubes to make a 3 mg/mL or 9 mg/mL protein concentration in 

10 mM buffer. The buffer conditions were 20 mM TAPS (pH 8.0), 20 mM MOPS (pH 7.0), 20 

mM MES (pH 6.0), 20 mM acetate (pH 5.0), and 20 mM acetate, 1 mM EDTA (pH 5.0).  

Reverse-Phase High Performance Liquid Chromatography (HPLC) 

A fraction of the HisPurTM ST_HEAT lyophilized power (52 mg; see previous chapter) 

was dissolved in 50% acetonitrile in water with 0.1% trifluoroacetic acid (TFA) with added help 

from vortexing. A Shimadzu HPLC was used to purify the ST_HEAT protein on a C18 column 

using a water-acetonitrile (+0.1% TFA) gradient. HPLC fractions were collected at the targeted 

time points. The collected HPLC fragments were transferred to a round bottom flask and a rotavap 
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 was used to remove all acetonitrile from the solution and decrease the volume. The remaining 

solution containing the HPLC pure ST_HEAT was poured into 50 mL conical tubes and stored at 

-80 °C. Once the solution was frozen, the tube caps were replaced with KimwipesTM and the tubes 

were lyophilized until all that remained was a fine white powder. The powder was weighed and 

stored at -30 °C. 

Assembly of HPLC Purified ST_HEAT 

Initially, the HPLC purified ST_HEAT assemblies were dissolved in 10 mM acetate buffer 

(pH 5.0) at a peptide concentration of 5 mg/mL followed by dilution to the desired peptide 

concentration (see concentration protocol). Eventually, the samples were assembled at a peptide 

concentration of 0.33 mg/mL in 10 mM acetate buffer (pH 5.0) to directly produce a 5 µM peptide 

solution. The protein concentration of the 5 µM assemblies was confirmed and adjusted if 

necessary (see concentration protocol).  

Concentration  

The protein concentrations of ST_HEAT assemblies (HisPurTM and HPLC purified) were 

determined by UV/Visible spectrophotometry. The samples were prepared by combining 30 µL of 

nascent protein sample with 270 µL of 6 M guanidine hydrochloride (GHCl) for a ratio of 1:9. 

Buffer samples were prepared by combining 30 µL of the appropriate buffer (10 mM) with 270 

µL of 6 M GHCl. The protein and buffer samples were allowed to equilibrate for 30 minutes at 

room temperature. The absorbances were determined at 280 nm using 70 µL of sample per run. 

The appropriate buffer sample was used to zero the absorbance signal four times. Then the protein 

sample corresponding to the buffer blank was analyzed. The absorbance of the protein sample was 
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 collected four times. The process was repeated for all protein samples with their appropriate buffer 

blank. The cuvette was thoroughly washed with water and acetone between samples.  

An average of the four collected absorbances for each protein sample was used to calculate 

the protein concentration. Using the Beer-Lambert law equation, A = εbc, the absorbances (A) 

were converted into concentration (c). The extinction coefficient (ε) for ST_HEAT is 46800 M-

1cm-1 and the pathlength (b) across the cuvette was 1 cm. The concentrations were recorded in µM. 

When desired, the concentrations were adjusted by the addition of 10 mM buffer. 

Thermal Annealing 

Half of the assembled ST_HEAT (HisPurTM and HPLC purified) volume was transferred 

to PCR tubes (100 µL per tube) and thermally annealed using a programmable MJ MiniTM Gradient 

Thermal Cycler. The protocol heated the protein samples at 90 °C for 10 minutes, and then the 

samples were cooled at a rate of 0.2 °C/min to a final temperature of 25 °C. The annealed protein 

samples were stored at ambient temperature until analysis.  

Circular Dichroism Spectropolarimetry (CD) 

The HisPurTM ST_HEAT assemblies were analyzed at their 3 mg/mL or 9 mg/mL peptide 

assembly concentrations in 10 mM buffer. The buffer conditions were TAPS (pH 8.0), MOPS (pH 

7.0), MES (pH 6.0), and acetate (pH 5.0). The HPLC purified ST_HEAT assemblies were 

analyzed at a protein concentration of 80 µM in 10 mM acetate buffer (pH 5.0). The samples were 

either nascent or thermally annealed. CD measurements were collected using a 0.10 mm quartz 

cell (Hellma Analytics) in a Jasco J-810 CD spectropolarimeter. Sample volumes of 30 µL were 

used to generate spectra from 260 to 190 nm at a resolution of 0.1 nm and a continuous scanning 
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 rate of 50 nm/min. The CD spectra were accumulated in triplicate and averaged together. CD 

spectra were represented by the mean residue ellipticity (MRE) as a function of wavelength. The 

extinction coefficient for ST_HEAT is 46800 M-1cm-1.  

CD melting experiments of thermally annealed HPLC purified ST_HEAT samples were 

performed at 80 µM in 10 mM acetate buffer (pH 5.0) by monitoring the signal intensity at 222 

nm as the protein samples were heated at a rate of 40 °C/hour from 5 to 95 °C. CD melting spectra 

were represented by the signal intensity as a function of temperature. The first derivatives of the 

melting spectra were used to acquire the melting temperatures. Standard CD spectra were collected 

before the melt at 5 °C and after the melt at 95 °C.  

Transmission Electron Microscopy (TEM) 

The HisPurTM ST_HEAT assemblies were analyzed at their 3 mg/mL or 9 mg/mL peptide 

assembly concentrations in 10 mM buffer. The buffer conditions were TAPS (pH 8.0), MOPS (pH 

7.0), MES (pH 6.0), acetate (pH 5.0), and acetate with 0.5 mM EDTA (pH 5.0). The HPLC purified 

ST_HEAT assemblies were analyzed at their 80 µM or 5 µM assembly concentrations in 10 mM 

acetate buffer (pH 5.0) and with or without mCh_SC. The protein samples were either nascent or 

thermally annealed. Protein assemblies were analyzed using 200 mesh carbon-coated copper grids 

(Electron Microscopy Sciences) with a 2% methylamine tungstate (MAT) solution as a stain. 

Samples were prepared by incubating 4 µL of a protein solution on a grid for 1 minute before 

wicking excess sample away using filter paper. MAT stain was immediately added to the grid and 

the solution was allowed to incubate for 1 minute. Stain was wicked away with filter paper and the 

samples were left to dry under vacuum until imaging. TEM images were obtained on a Hitachi 

7700 TEM with accelerating voltages of 80 kV. 
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 ImageJ Diameter Measurements 

ImageJ software was used to measure the diameter of HisPurTM and HPLC purified 

ST_HEAT nanotubes in 10 mM acetate buffer (pH 5.0).  Measurements were collected from TEM 

images of 77 µM HisPurTM ST_HEAT, 200 µM HisPurTM ST_HEAT, and 5 µM HPLC 

ST_HEAT to get a fair distribution among various assembly conditions. A sample size of 160 was 

gathered from different nanotubes. The diameters were recoded, grouped, and plotted on a 

histogram. An average and standard deviation were calculated from the data.  

Small- and Wide-Angle X-Ray Scattering (SAXS/WAXS) 

Synchrotron SAXS/WAXS data was acquired at the 12-ID-B beamline of Advanced 

Photon Sources at Argonne National Laboratory, using previously published methods.36-38 A 

solution of HPLC purified ST_HEAT was assembled in 10 mM acetate buffer (pH 5.0) to a 

peptide concentration of 5 mg/mL. The assembly solution was dialyzed against 10 mM acetate 

buffer (pH 5.0) for 2 days to remove trifluoroacetic acid remaining in the sample from HPLC 

purification. The dialyzed sample was thermally annealed and then incubated at room temperature 

for 2 days until SAXS analysis. A sample of the 10 mM acetate dialysis buffer (pH 5.0) was utilized 

as a buffer sample for background subtraction. SAXS/WAXS measurements were performed by 

subjecting each protein and buffer sample to 20 images at 25 °C using a quartz capillary flow cell 

(1.5 mm diameter) to prevent radiation damage. Utilizing a software package at beamline 12-ID-

B, the 2-D scattering images were transformed through solid angle correction and azimuthal 

averaging into 1-D curves with normalization of the transmitted X-ray beam intensity. The 1-D 

curves of each sample were averaged, and the averaged background curve from the buffer sample 

was subtracted from the averaged peptide sample.  
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 Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS)  

MALDI-TOF experiments were performed on an Applied Biosystems® VoyagerTM System 

4700 mass spectrometer (Life Technologies Corporation; Carlsbad, CA) in the high mass positive 

ion linear mode. The matrix, sinapinic acid (3-(4-hydroxy-3, 5-dimethoxyphenyl)prop-2-enoic 

acid), was used at a concentration of 20 mg/mL in a mixture of 50% acetonitrile and 0.1% 

trifluoroacetic acid in deionized water. HisPurTM ST_HEAT protein solutions (1 mg/mL in a 

solution of 50% acetonitrile and 0.1% trifluoroacetic acid in deionized water) were mixed with the 

matrix solution in a 1:10 ratio. The ST_HEAT HPLC eluent (in a solution of 47.8% acetonitrile 

and 0.1% trifluoroacetic acid in deionized water) was mixed with the matrix solution in a 1:10 

ratio. Two microliters of the protein and matrix mixtures were spotted on a stainless-steel sample 

plate and dried under vacuum or air. Sample preparation was repeated in triplicate. Mass spectra 

were acquired from 1000 laser shots at an intensity of 7900. Four MALDI spectra were collected 

for the ST_HEAT protein under various conditions and the molar masses were averaged together 

to produce an experimental average molar mass of 30072.6 Da. The theoretical molar mass of 

ST_HEAT was 30069.92 Da.  

6.4.4 Functionalization of SpyTag_HEAT Nanotubes with mCherry_SpyCatcher 

Ligation of Nascent HisPurTM ST_HEAT with mCh_SC  

The HisPurTM ST_HEAT protein was dissolved in 2 M urea, 10 mM acetate buffer (pH 

5.0) at a protein concentration of 3 mg/mL followed by dilution to the desired protein concentration 

of 80 µM. Refer to the concentration protocol above for determining and adjusting protein 

concentration.  
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 A 300 µL volume of the nascent 80 µM HisPurTM ST_HEAT solution was combined with 

33.33 µL of a 1 mM mCh_SC protein solution to acquire a 10% (v/v) mCh_SC final 

concentration. The solution contained 72 µM ST_HEAT and 100 µM mCh_SC at a ratio of 1:1.4. 

The solution was incubated at room temperature for 18 hours on a benchtop tube rotator with a 

rotisserie platform exhibiting a 360° rotation at 22 rpm. An aliquot of the linked sample was 

removed for TEM analysis (see below).  

The solution was dialyzed using a Slide-A-LyzerTM dialysis cassette (20,000 MWCO) in a 

4 L volume of dialysis buffer. The dialysis buffer urea concentration was dropped by 0.5 M in a 

step-wise manner every 4 hours until all urea was removed. The ligation solution continued to 

dialyze in 10 mM acetate buffer (pH 5.0) for 2 more cycles to ensure complete removal of urea 

from the solution.  The ligation sample was removed from the dialysis cassette and transferred to 

a 1.5 mL microcentrifuge tube. An aliquot of the dialyzed linked sample was removed for TEM 

analysis (see below). 

The dialyzed ligation sample of HisPurTM ST_HEAT with 10% mCh_SC was transferred 

to PCR tubes (100 µL per tube) and thermally annealed using the previously described protocol. 

The annealed protein samples were stored at ambient temperature. An aliquot of the sample that 

was linked before annealing was removed for TEM analysis (see below). 

Ligation of Nascent HPLC Purified ST_HEAT with mCh_SC  

The HPLC purified ST_HEAT protein was dissolved in 10 mM acetate buffer (pH 5.0) at 

a protein concentration of 5 mg/mL followed by dilution to the desired protein concentration of 80 

µM. Refer to the concentration protocol above for determining and adjusting protein concentration. 
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 A 200 µL volume of the nascent 80 µM HPLC purified ST_HEAT solution was combined 

with 32.02 µL of a 1 mM mCh_SC protein solution to acquire a 13.8 % (v/v) mCh_SC final 

concentration. The solution contained 69 µM ST_HEAT and 138 µM mCh_SC at a ratio of 1:2. 

The solution was incubated at room temperature without agitation until samples were collected for 

analysis. An aliquot of 15 µL was collected from the ligation sample after 18 hours of incubation 

and immediately prepared for SDS-PAGE analysis by mixing the 15 µL sample with 15 µL of 2X 

SDS sample loading buffer (100 mM Tris-HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% 

(w/v) bromophenol blue, 10% (v/v) β-mercaptoethanol) and boiling the sample at 100 °C for 5 

minutes. The sample was analyzed on a 10% SDS-PAGE gel.  

The ligation sample was not thermally annealed. The sample continued to incubate at room 

temperature until analysis.  Aliquots of the unannealed ligation sample were removed after 1 day 

of incubation and after 4 days of incubation for TEM analysis (see below).  

Ligation of Thermally Annealed HisPurTM ST_HEAT with mCh_SC 

The HisPurTM ST_HEAT protein was dissolved in 10 mM acetate buffer (pH 5.0) at a 

protein concentration of 3 mg/mL followed by dilution to the desired protein concentration of 80 

µM. Refer to the concentration protocol above for determining and adjusting protein concentration. 

The sample of assembled 80 µM HisPurTM ST_HEAT was transferred to PCR tubes (100 µL per 

tube) and thermally annealed using the previously described protocol. An aliquot of the annealed 

ST_HEAT sample was removed for TEM analysis (see below). 

A 300 µL volume of the annealed 80 µM HisPurTM ST_HEAT solution was combined 

with 33.33 µL of a 1 mM mCh_SC protein solution to acquire a 10% (v/v) mCh_SC final 
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 concentration. The solution contained 72 µM ST_HEAT and 100 µM mCh_SC at a ratio of 1:1.4. 

The solution was incubated at room temperature for 18 hours on a benchtop tube rotator with a 

rotisserie platform exhibiting a 360 ° rotation at 22 rpm. An aliquot of the linked sample was 

removed for TEM analysis (see below).  

Ligation of Thermally Annealed HPLC Purified ST_HEAT with mCh_SC  

Initially, the HPLC purified ST_HEAT protein was dissolved in 10 mM acetate buffer (pH 

5.0) at a protein concentration of 5 mg/mL followed by dilution to the desired protein concentration 

of 80 µM. Refer to the concentration protocol above for determining and adjusting protein 

concentration. Eventually, the HPLC purified ST_HEAT samples were assembled at a protein 

concentration of 0.33 mg/mL in 10 mM acetate buffer (pH 5.0) to directly produce a 5 µM protein 

solution or at a protein concentration of 2.0 mg/mL in 10 mM acetate buffer (pH 5.0) to directly 

produce a 30 µM protein solution. The protein concentration of the 5 µM and 30 µM assemblies 

was confirmed and adjusted if necessary (see concentration protocol). The samples of assembled 

HPLC purified ST_HEAT were transferred to PCR tubes (100 µL per tube) and thermally 

annealed using the previously described protocol. Aliquots of the annealed ST_HEAT samples 

were removed for TEM analysis (see below). 

Volumes of the annealed HPLC purified ST_HEAT solutions were combined with 

appropriate volumes of 1 mM mCh_SC protein solution to acquire assemblies with varying ratios 

of ST_HEAT to mCh_SC. Annealed 80 µM ST_HEAT solutions were combined with 1 mM 

mCh_SC to produce solutions with 24.2% (v/v), 19.4% (v/v), 13.8% (v/v), 7.4% (v/v), and 3.9% 

(v/v) mCh_SC, which correlates to molar ratios of 1:4, 1:3, 1:2, 1:1, and 2:1 of ST_HEAT to 

mCh_SC. Annealed 30 µM ST_HEAT solutions were combined with 1 mM mCh_SC to produce 
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 solutions with 5% (v/v) mCh_SC, which correlates to a molar ratio of 1:1.75 of ST_HEAT to 

mCh_SC. Annealed 5 µM ST_HEAT solutions were combined with 1 mM mCh_SC to produce 

solutions with 2% (v/v) and 5% (v/v) mCh_SC, which correlates to molar ratios of 1:4 and 1:10 

of ST_HEAT to mCh_SC. The solutions were incubated at room temperature without agitation 

until samples were collected for analysis. Aliquots of the ligation sample were removed during 

incubation for TEM analysis (see below).  

An aliquot of 15 µL was collected from the 80 µM ST_HEAT (HPLC; annealed) + 13.8% 

(v/v) mCh_SC ligation sample after 18 hours of incubation. The sample was immediately prepared 

for SDS-PAGE analysis by mixing the 15 µL sample with 15 µL of 2X SDS sample loading buffer 

(100 mM Tris-HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 

10% (v/v) β-mercaptoethanol) and boiling the sample at 100 °C for 5 minutes.  

Transmission Electron Microscopy (TEM) 

The HisPurTM ST_HEAT samples were analyzed at their 80 µM concentration in 10 mM 

acetate buffer (pH 5.0). Some of the HisPurTM ST_HEAT samples were linked with 10% (v/v) 

mCh_SC. The 80 µM HPLC purified ST_HEAT assemblies in 10 mM acetate buffer (pH 5.0) 

were diluted to a 5 µM ST_HEAT concentration for analysis unless otherwise noted.  Some of the 

80 µM HPLC purified ST_HEAT assemblies were linked with 24.2% (v/v), 19.4% (v/v), 13.8% 

(v/v), 7.4% (v/v), or 3.9% (v/v) mCh_SC. The 5 µM HPLC purified ST_HEAT assemblies in 10 

mM acetate buffer (pH 5.0) were either imaged at their 5 µM concentration or diluted to a 1 µM  

or 0.2 µM ST_HEAT concentration. Some of the 5 µM HPLC purified ST_HEAT assemblies 

were linked with 5% (v/v) or 2% (v/v) mCh_SC. The protein samples were either nascent or 

thermally annealed before linking with mCh_SC.  
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 Protein assemblies were analyzed using 200 mesh carbon-coated copper grids (Electron 

Microscopy Sciences) with a 2% methylamine tungstate (MAT) solution as a stain. Samples were 

prepared by incubating 4 µL of a protein solution on a grid for 1 minute before wicking excess 

sample away using filter paper. MAT stain was immediately added to the grid and the solution 

was allowed to incubate for 1 minute. Stain was wicked away with filter paper and the samples 

were left to dry under vacuum until imaging. TEM images were obtained on a Hitachi 7700 TEM 

with accelerating voltages of 80 kV.  

Ultracentrifugation for Removal of Excess mCh_SC 

 Preparative ultracentrifugation was used as an attempt to remove excess mCh_SC from 

ligations of thermally annealed ST_HEAT (HPLC) with mCh_SC. The centrifuge was a Beckman 

Coulter OptimaTM XE-90 Preparative Ultracentrifuge with a Type 45 Ti fixed-angle titanium rotor, 

which has a maximum speed of rotation of 45,000 rpm (235,000 x g). DelrinTM adapters were used 

for holding smaller 13.5 mL Thickwall tubes, which decreases the maximum speed of rotation to 

30,000 rpm since the tubes were run without caps. Furthermore, the sample volume for the 

experiment was 1 mL, which was the minimum volume for the instrument in this configuration.  

Running at low volumes reduces the maximum speed of rotation even further, so the maximum 

speed of rotation was set at 25,000 rpm for these samples. 

A thermally annealed 80 µM ST_HEAT (HPLC) sample in 10 mM acetate buffer (pH 5.0) 

was ligated to 13.8% (v/v) mCh_SC for a molar ratio of 1:2 (described in detail above). The 

sample was allowed to incubate at room temperature for 18 hours. A thermally annealed sample 

of 80 µM ST_HEAT (HPLC) in 10 mM acetate buffer (pH 5.0) was prepared as a control. A 

13.8% mCh_SC solution was used as a second control. The initial sample volume of the ligation 
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 sample and the two controls was 150 µL. All three samples were diluted to a volume of 1 mL to 

reach the minimum volume for the ultracentrifuge setup.   

The ligation sample and the two control samples sustained ultracentrifugation at 30,000 x 

g (16,100 rpm) at 4 °C for 2 hours. After the spin, all of the supernatant was carefully removed 

from the tubes and transferred to clean 1.5 mL centrifuge tubes. A 150 µL volume of 10 mM 

acetate buffer (pH 5.0) was added to the ultracentrifuge tubes. The tubes were agitated for 1 week 

to resuspend any pelleted molecules.   

Samples of were collected from each of the supernatants and resuspended pellets for 

analysis by TEM. An aliquot of 50 µL was collected from each of the supernatants for SDS-PAGE 

analysis. The samples were immediately prepared for SDS-PAGE analysis by mixing the 50 µL 

sample with 50 µL of 2X SDS sample loading buffer (100 mM Tris-HCl (pH 6.8), 4% (w/v) SDS, 

20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-mercaptoethanol) and boiling the 

sample at 100 °C for 5 minutes. Analysis of the samples on a 10% SDS-PAGE gel confirmed that 

ST_HEAT, mCh_SC, and mCh-HEAT were all present in the supernatants.  

The supernatants of the ligation sample and the two control samples were transferred into 

clean ultracentrifuge tubes. The supernatants were subjected to a second round of 

ultracentrifugation at 72,700 x g (25,000 rpm), which was the maximum possible speed of rotation 

for these samples. The samples spun at 4 °C for 2 hours. After the spin, the supernatants of the 

ligation sample and the mCh_SC sample separated into a clear fraction on the top and a pink 

fraction near the bottom. A 15 µL aliquot was collected from the pink section of the supernatants 

for the ligation sample and the mCh_SC sample (see below).  
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 The ultracentrifuge tubes were put back into the ultracentrifuge and the samples were 

allowed to spin at 72,700 x g (25,000 rpm) for an additional 2 hours. After the spin, the ligation 

sample and the mCh_SC sample were still only separated into two fractions with no visible pellet. 

Samples of were collected from each of the supernatants near the bottom of the tube for TEM 

analysis. A 15 µL aliquot of 15 µL of the pink fraction at the bottom of supernatant was collected 

for the ligation sample for SDS-PAGE analysis (see below). The remaining supernatant was 

carefully removed in two fractions for the ligation sample and the mCh_SC sample. All of the 

supernatant was removed from the ST_HEAT tube. A 150 µL volume of 10 mM acetate buffer 

(pH 5.0) was added to the ultracentrifuge tubes, and the tubes were agitated for 1 week to resuspend 

any pelleted molecules.  Samples of were collected from each of the resuspended pellets for TEM 

analysis. 

The samples collected for SDS-PAGE analysis were immediately prepared by mixing the 

15 µL sample with 15 µL of 2X SDS sample loading buffer (100 mM Tris-HCl (pH 6.8), 4% (w/v) 

SDS, 20% (v/v) glycerol, 0.2% (w/v) bromophenol blue, 10% (v/v) β-mercaptoethanol) and 

boiling the sample at 100 °C for 5 minutes. The samples were analyzed on a 10% SDS-PAGE gel. 

Filtration using Centrifugation Filters for Removal of Excess mCh_SC 

 Centrifuge filters were used to remove mCh_SC from ligated samples. Initially, a 

thermally annealed 5 µM ST_HEAT (HPLC) sample in 10 mM acetate buffer (pH 5.0) was ligated 

to 2% (v/v) mCh_SC and allowed to incubate for 18 hours (described in detail above). The initial 

sample volume of the ligation sample was 500 µL. An aliquot was collected for TEM analysis.  
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 To carry out the centrifuge filter protocol, the remaining sample volume was added to an 

Amicon® Ultra-0.5 centrifugal filter with a 50 kDa NMWL that was pre-equilibrated with 10 mM 

acetate buffer (pH 5.0). The filter was centrifuged at 14,000 x g for 10 minutes, and the flow 

through was transferred to a separate tube. A 500 µL volume of 10 mM acetate buffer (pH 5.0) 

was added to the centrifuge filter and then the filter was centrifuged at 14,000 x g for 10 minutes. 

This wash step was repeated five times while transferring the flow through to a separate tube after 

each wash. Once the buffer has flowed through on the last wash cycle, the inner filter was inverted 

into a clean centrifuge tube and centrifuged at 1,000 x g for 3 minutes. Buffer (10 mM acetate, pH 

5.0) was added up to the initial volume to generate the initial concentration. An aliquot was 

collected for TEM analysis. 

To improve results, an amended method was established. A thermally annealed 5 µM 

ST_HEAT (HPLC) sample in 10 mM acetate buffer (pH 5.0) was subjected to the centrifuge filter 

protocol above before the linking process; however, the annealed ST_HEAT sample was filtered 

using an Amicon® Ultra-0.5 centrifugal filter with a 100 kDa NMWL. An aliquot was collected of 

the filtered ST_HEAT sample for TEM analysis. The filtered ST_HEAT sample was then ligated 

to 2% (v/v) mCh_SC and allowed to incubate for 18 hours (described in detail above). After 

ligation, the sample was exposed to a second round of filtering using a 100 kDa NMWL centrifugal 

filter. The sample was washed an additional five rounds before the sample was removed from the 

filter. An aliquot was collected for TEM analysis of the filtered ligation sample.  

Fluorimetry 

Thermally annealed ST_HEAT (HPLC) assemblies with a protein concentration of 5 µM 

in 10 mM acetate buffer (pH 5.0) were filtered before the linking process with Amicon® Ultra-0.5 
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 centrifugal filters (100 kDa NMWL). The filtered 5 µM ST_HEAT samples were ligated to 2% 

(v/v) mCh_SC. After an 18-hour ligation period, the samples were filtered again using a 100 kDa 

NMWL centrifugal filter (described in detail above). A sample of thermally annealed 5 µM 

ST_HEAT in 10 mM acetate buffer (pH 5.0) was prepared using the same methods for use as a 

negative control. A 2% mCh_SC sample in 10 mM acetate buffer (pH 5.0) was used as positive 

control. A range of mCh_SC samples with varying concentrations were analyzed to develop a 

standard curve. Samples were prepared with 2%, 1.5%, 1%, 0.8%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, 

and 0.1% (v/v) mCh_SC, which corresponds to 20 µM, 15 µM, 10 µM, 8 µM, 6 µM, 5 µM, 4 µM, 

3 µM, 2 µM, and 1 µM mCh_SC.  

Fluorescence data was collected using a Fluoromax-3 fluorimeter with a xenon lamp. 

Sample volumes of 50 µL were analyzed in triplicate in a quartz cuvette. The excitation 

wavelength was set to 587 nm. The scan was set up to analyze the determined emission wavelength 

range at an increment of 1 nm and integration time of 0.1 s. After optimizing the conditions, the 

scans were run through an emission range of 550 nm to 750 nm with the excitation and emission 

slits (amount of light allowed to or from the sample) set at 3 nm. Fluorescence data was produced 

from an average of 3 scans and the intensity was plotted as a function of wavelength for data 

analysis. The ST_HEAT intensity was subtracted from the mCh-HEAT intensity to remove the 

excitation peak. The maximum fluorescence intensities of the mCh_SC samples were plotted 

against the concentration of mCh_SC to produce a standard curve. A trendline was formed from 

the linear segment of the curve and the resulting equation was used to calculate the approximate 

quantity of mCherry present in the mCh-HEAT sample. 

Correlative Light Electron Microscopy (CLEM)  
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 Correlative light electron microscopy was applied to thermally annealed samples of 

ST_HEAT that were functionalized with mCh_SC. A thermally annealed ST_HEAT (HPLC) 

assembly with a protein concentration of 5 µM in 10 mM acetate buffer (pH 5.0) was filtered 

before the linking process with Amicon® Ultra-0.5 centrifugal filters (100 kDa NMWL). The 

filtered 5 µM ST_HEAT sample was ligated to 2% (v/v) mCh_SC and then incubated for 18 

hours at room temperature. The sample was filtered a second time using a 100 kDa NMWL 

centrifugal filter (described in detail above). TEM and fluorimetry analysis were conducted on the 

sample to verify the presence of nanotubes and fluorescence prior to CLEM analysis.  

Electron cryomicroscopy (cryo-EM) samples were prepared by the Emory University 

Robert P. Apkarian Integrated Electron Microscopy Core service instructor, Spencer Hughes. 

Samples were diluted 1:10 in buffer. Cryo-EM specimens were prepared by applying aliquots (4 

μL) of the diluted solution of nanotubes to glow-discharged 200 mesh copper Quantifoil grids 

(Quantifoil Micro Tools GMBH; Großlöbichau, Germany) and plunge freezing in liquid ethane 

using a Vitrobot Mark III (FEI, Hillsboro, Oregon). Cryo-EM data was collected using a JEOL 

JEM-2200FS 200 kV FEG-TEM with an in-column Omega energy filter (slit width 20 eV). Images 

were acquired on a Direct Electron, LP DE-20 direct electron detector (San Diego, CA). Contrast 

was enhanced using a hole-free phase plate for phase imaging of cryoimmobilized specimens.
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 6.4.5 Tables 

Table 6.1 Protein sequences utilized in Chapter 6.  

Protein Sequence 
MW (Da) 
# of AA 

      

ST_HEAT  
GAHIVMVDAYKPTKTSGGGSGGGAS[GDERAVEALIKALK
DPDGWVRKAAAEALGRIGDERAVEALIKALKDPDWFVRE
AAAKALGEI]4GSMHHHHHH 

30069.92      
282 

      
      

mCh_SC  
(After TEV 
Cleavage)  

GMSSGLVPRGSHMVSKGEEDNMAIIKEFMRFKVHMEGSV
NGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSP
QFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDG
GVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMG
WEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTY
KAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHS
TGGMDELYKKNSGGGLVAGGSGGGSGGGTGGGSGGGTSG
AMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKEL
AGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETA
APDGYEVATAITFTVNEQGQVTVNGKATKGDAHI 

42406.74      
392 



 

 

296 
 

 
 6.5 References 

1. Pluckthun, A., Designed Ankyrin Repeat Proteins (DARPins): Binding Proteins for 

Research, Diagnostics, and Therapy. In Annual Review of Pharmacology and Toxicology, Vol 55, 

Insel, P. A., Ed. 2015; Vol. 55, pp 489-511. 

2. Urvoas, A.; Guellouz, A.; Valerio-Lepiniec, M.; Graille, M.; Durand, D.; Desravines, D. 

C.; van Tilbeurgh, H.; Desmadril, M.; Minard, P., Design, production and molecular structure of 

a new family of artificial alpha-helicoidal repeat proteins (alphaRep) based on thermostable 

HEAT-like repeats. J Mol Biol 2010, 404 (2), 307-27. 

3. Kajander, T.; Cortajarena, A. L.; Main, E. R.; Mochrie, S. G.; Regan, L., A new folding 

paradigm for repeat proteins. J Am Chem Soc 2005, 127 (29), 10188-90. 

4. Wetzel, S. K.; Settanni, G.; Kenig, M.; Binz, H. K.; Pluckthun, A., Folding and unfolding 

mechanism of highly stable full-consensus ankyrin repeat proteins. J Mol Biol 2008, 376 (1), 241-

57. 

5. Dorman, B. P.; Maestre, M. F., Experimental differential light-scattering correction to the 

circular dichroism of bacteriophage T2. Proc Natl Acad Sci U S A 1973, 70 (1), 255-9. 

6. Gregory, R. P.; Raps, S., The differential scattering of circularly polarized light by 

chloroplasts and evaluation of their true circular dichroism. The Biochemical journal 1974, 142 

(2), 193-201. 

7. Chakraborty, H.; Lentz, B. R., A Simple Method for Correction of CD Spectra Obtained 

from Membrane-Containing Samples. Biochemistry 2012, 51 (5), 1005-1008. 

8. Mao, D.; Wallace, B. A., Differential light scattering and absorption flattening optical 

effects are minimal in the circular dichroism spectra of small unilamellar vesicles. Biochemistry 

1984, 23 (12), 2667-73. 



 

 

297 
 

 
 9. Wallace, B. A.; Mao, D., Circular dichroism analyses of membrane proteins: an 

examination of differential light scattering and absorption flattening effects in large membrane 

vesicles and membrane sheets. Analytical biochemistry 1984, 142 (2), 317-28. 

10. Zakeri, B.; Fierer, J. O.; Celik, E.; Chittock, E. C.; Schwarz-Linek, U.; Moy, V. T.; 

Howarth, M., Peptide tag forming a rapid covalent bond to a protein, through engineering a 

bacterial adhesin. Proc Natl Acad Sci U S A 2012, 109 (12), E690-7. 

11. Voortman, L. M., Integration Without Compromise. Microscopy Today 2014, 22 (6), 30-

35. 

12. de Boer, P.; Hoogenboom, J. P.; Giepmans, B. N., Correlated light and electron 

microscopy: ultrastructure lights up! Nat Methods 2015, 12 (6), 503-13. 

13. Vishwakarma, A.; Bhise, N. S.; Evangelista, M. B.; Rouwkema, J.; Dokmeci, M. R.; 

Ghaemmaghami, A. M.; Vrana, N. E.; Khademhosseini, A., Engineering Immunomodulatory 

Biomaterials To Tune the Inflammatory Response. Trends in Biotechnology 2016, 34 (6), 470-

482. 

14. Kelly, S. H.; Shores, L. S.; Votaw, N. L.; Collier, J. H., Biomaterial strategies for 

generating therapeutic immune responses. Advanced drug delivery reviews 2017, 114, 3-18. 

15. van Riet, E.; Ainai, A.; Suzuki, T.; Kersten, G.; Hasegawa, H., Combatting infectious 

diseases; nanotechnology as a platform for rational vaccine design. Advanced drug delivery 

reviews 2014, 74, 28-34. 

16. Fan, Y.; Moon, J. J., Particulate delivery systems for vaccination against bioterrorism 

agents and emerging infectious pathogens. Wiley Interdisciplinary Reviews: Nanomedicine and 

Nanobiotechnology 2017, 9 (1), e1403. 



 

 

298 
 

 
 17. Koshy, S. T.; Mooney, D. J., Biomaterials for enhancing anti-cancer immunity. Current 

Opinion in Biotechnology 2016, 40, 1-8. 

18. Mehta, N. K.; Moynihan, K. D.; Irvine, D. J., Engineering New Approaches to Cancer 

Vaccines. Cancer Immunology Research 2015, 3 (8), 836. 

19. Melief, C. J. M.; van Hall, T.; Arens, R.; Ossendorp, F.; van der Burg, S. H., Therapeutic 

cancer vaccines. The Journal of Clinical Investigation 2015, 125 (9), 3401-3412. 

20. Pradhan, P.; Qin, H.; Leleux, J. A.; Gwak, D.; Sakamaki, I.; Kwak, L. W.; Roy, K., The 

effect of combined IL10 siRNA and CpG ODN as pathogen-mimicking microparticles on Th1/Th2 

cytokine balance in dendritic cells and protective immunity against B cell lymphoma. Biomaterials 

2014, 35 (21), 5491-5504. 

21. Agarwal, R.; Volkmer, T. M.; Wang, P.; Lee, L. A.; Wang, Q.; García, A. J., Synthesis of 

self-assembled IL-1Ra-presenting nanoparticles for the treatment of osteoarthritis. Journal of 

Biomedical Materials Research Part A 2016, 104 (3), 595-599. 

22. Singh, A.; Agarwal, R.; Diaz-Ruiz, C. A.; Willett, N. J.; Wang, P.; Lee, L. A.; Wang, Q.; 

Guldberg, R. E.; García, A. J., Nanoengineered Particles for Enhanced Intra-Articular Retention 

and Delivery of Proteins. Advanced Healthcare Materials 2014, 3 (10), 1562-1567. 

23. Whitmire, R. E.; Scott Wilson, D.; Singh, A.; Levenston, M. E.; Murthy, N.; García, A. J., 

Self-assembling nanoparticles for intra-articular delivery of anti-inflammatory proteins. 

Biomaterials 2012, 33 (30), 7665-7675. 

24. Kimmerling, K. A.; Furman, B. D.; Mangiapani, D. S.; Moverman, M. A.; Sinclair, S. M.; 

Huebner, J. L.; Chilkoti, A.; Kraus, V. B.; Setton, L. A.; Guilak, F.; Olson, S. A., SUSTAINED 

INTRA-ARTICULAR DELIVERY OF IL-1RA FROM A THERMALLY-RESPONSIVE 



 

 

299 
 

 
 ELASTIN-LIKE POLYPEPTIDE AS A THERAPY FOR POST-TRAUMATIC ARTHRITIS. 

European cells & materials 2015, 29, 124-140. 

25. Pompano, R. R.; Chen, J.; Verbus, E. A.; Han, H.; Fridman, A.; McNeely, T.; Collier, J. 

H.; Chong, A. S., Titrating T-Cell Epitopes within Self-Assembled Vaccines Optimizes CD4+ 

Helper T Cell and Antibody Outputs. Advanced Healthcare Materials 2014, 3 (11), 1898-1908. 

26. Lewis, J. S.; Dolgova, N. V.; Zhang, Y.; Xia, C. Q.; Wasserfall, C. H.; Atkinson, M. A.; 

Clare-Salzler, M. J.; Keselowsky, B. G., A combination dual-sized microparticle system modulates 

dendritic cells and prevents type 1 diabetes in prediabetic NOD mice. Clinical Immunology 2015, 

160 (1), 90-102. 

27. Yoon, Y. M.; Lewis, J. S.; Carstens, M. R.; Campbell-Thompson, M.; Wasserfall, C. H.; 

Atkinson, M. A.; Keselowsky, B. G., A combination hydrogel microparticle-based vaccine 

prevents type 1 diabetes in non-obese diabetic mice. Scientific Reports 2015, 5, 13155. 

28. Röhn, T. A.; Jennings, G. T.; Hernandez, M.; Grest, P.; Beck, M.; Zou, Y.; Kopf , M.; 

Bachmann, M. F., Vaccination against IL-17 suppresses autoimmune arthritis and 

encephalomyelitis. European Journal of Immunology 2006, 36 (11), 2857-2867. 

29. Sonderegger, I.; Röhn, T. A.; Kurrer, M. O.; Iezzi, G.; Zou, Y.; Kastelein, R. A.; 

Bachmann, M. F.; Kopf, M., Neutralization of IL-17 by active vaccination inhibits IL-23-

dependent autoimmune myocarditis. European Journal of Immunology 2006, 36 (11), 2849-2856. 

30. Vigneswaran, Y.; Han, H.; De Loera, R.; Wen, Y.; Zhang, X.; Sun, T.; Mora-Solano, C.; 

Collier, J. H., Winner of the Student Award in the Hospital Intern Category, 10th World 

Biomaterials Congress, May 17–22, 2016, Montreal QC, Canada: Peptide biomaterials raising 

adaptive immune responses in wound healing contexts. Journal of Biomedical Materials Research 

Part A 2016, 104 (8), 1853-1862. 



 

 

300 
 

 
 31. Sicari, B. M.; Rubin, J. P.; Dearth, C. L.; Wolf, M. T.; Ambrosio, F.; Boninger, M.; Turner, 

N. J.; Weber, D. J.; Simpson, T. W.; Wyse, A.; Brown, E. H. P.; Dziki, J. L.; Fisher, L. E.; Brown, 

S.; Badylak, S. F., An Acellular Biologic Scaffold Promotes Skeletal Muscle Formation in Mice 

and Humans with Volumetric Muscle Loss. Science Translational Medicine 2014, 6 (234), 

234ra58. 

32. Badylak, S. F.; Dziki, J. L.; Sicari, B. M.; Ambrosio, F.; Boninger, M. L., Mechanisms by 

which acellular biologic scaffolds promote functional skeletal muscle restoration. Biomaterials 

2016, 103, 128-136. 

33. Chen, J.; Pompano, R. R.; Santiago, F. W.; Maillat, L.; Sciammas, R.; Sun, T.; Han, H.; 

Topham, D. J.; Chong, A. S.; Collier, J. H., The use of self-adjuvanting nanofiber vaccines to elicit 

high-affinity B cell responses to peptide antigens without inflammation. Biomaterials 2013, 34 

(34), 8776-85. 

34. Wu, Y.; Norberg, P. K.; Reap, E. A.; Congdon, K. L.; Fries, C. N.; Kelly, S. H.; Sampson, 

J. H.; Conticello, V. P.; Collier, J. H., A Supramolecular Vaccine Platform Based on α-Helical 

Peptide Nanofibers. ACS Biomaterials Science & Engineering 2017, 3 (12), 3128-3132. 

35. Sambrook, J.; Russell, D. W.; Sambrook, J.; Russell, D. W., Molecular cloning: A 

laboratory manual. Cold Spring Harbor Laboratory Press {a} , 10 Skyline Drive, Plainview, NY, 

11803-2500, USA: 2001. 

36. Jiang, T.; Vail, O. A.; Jiang, Z.; Zuo, X.; Conticello, V. P., Rational Design of Multilayer 

Collagen Nanosheets with Compositional and Structural Control. J. Am. Chem. Soc. 2015, 137 

(24), 7793-7802. 



 

 

301 
 

 
 37. Jiang, T.; Xu, C.; Liu, Y.; Liu, Z.; Wall, J. S.; Zuo, X.; Lian, T.; Salaita, K.; Ni, C.; Pochan, 

D.; Conticello, V. P., Structurally Defined Nanoscale Sheets from Self-Assembly of Collagen-

Mimetic Peptides. J. Am. Chem. Soc. 2014, 136 (11), 4300-4308. 

38. Jiang, T.; Xu, C.; Zuo, X.; Conticello, V. P., Structurally Homogeneous Nanosheets from 

Self-Assembly of a Collagen-Mimetic Peptide. Angewandte Chemie International Edition 2014, 

53 (32), 8367-8371. 

 



 

 

302 
 

 
  

 

Appendix A 

 

Sequences 

 

 

 

 

 
 



 

 

303 
 

 
  

A.1   Gene Sequence for 3FD-LL Helix Insert (located in pBB13) 

 

GCATCAAGCTTGAAGACTTAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCA

GCGCTGGAGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAG

CGCTGAAAGAGCTGGCAGCCTGAGACGGGATCCACTAG 

 

 

 

A.2   Gene Sequence for 3FD-LL Adapter (located in pBB12 and pBB14) 

 

GCTTAGAATTCATTAAAGAGGAGAAATTAACCATGGGCCATCATCATCATCATCATC

ATCATCATCACGGATCCGGCGAAGCCCGAGACCGTCGACGGTCTCCAGCCCTGGAG

AAACTGGCAGCGCTGGAAAAGCTGGCAGCGCTGGAGAAACTGGCAGCGCTGAAAG

AACTGGCGGCACTGAAAGAGCTGGCAGCGCTGAAAGAGCTGGCAAAGTAATAAGCT

TGGTCC  

 

Adapter expresses to the 61 amino acid protein: 

MGHHHHHHHHHH-GSGEA-RDRRRSP-

ALEKLAALEKLAALEKLAALKELAALKELAALKELA-K 
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 A.3   Gene Sequence for 3FD-LL Monomer (located in pBB15) 

3FD-LL adapter with insertion site removed 

 

GAATTCATTAAAGAGGAGAAATTAACCATGGGCCATCATCATCATCATCATCATCAT

CATCACGGATCCGGCGAAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGC

GCTGGAGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCG

CTGAAAGAGCTGGCAAAGTAATAAGCTT 

 

 

 

A.4   Amino Acid Sequence for 3FD-LL Monomer 

GHHHHHHHHHHGSGEALEKLAALEKLAALEKLAALKELAALKELAALKELAK 

 

53 amino acids   5659.47 Da   pI = 8.22 
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 A.5   Gene Sequence for 3FD-LL Dimer (located in pBB17) 

3FD-LL adapter with one 3FD-LL helix inserted 

 

GAATTCATTAAAGAGGAGAAATTAACCATGGGCCATCATCATCATCATCATCATCAT

CATCACGGATCCGGCGAAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGC

GCTGGAGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCG

CTGAAAGAGCTGGCAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGCGCT

GGAGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCGCTG

AAAGAGCTGGCAAAGTAATAAGCTT 

 

 

 

A.6   Amino Acid Sequence for 3FD-LL Dimer 

GHHHHHHHHHHGSGEALEKLAALEKLAALEKLAALKELAALKELAALKELAALEKLA

ALEKLAALEKLAALKELAALKELAALKELAK 

 

88 amino acids   9414.02 Da   pI = 8.16 
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 A.7   Gene Sequence for 3FD-LL Trimer (located in pBB20) 

3FD-LL adapter with two 3FD-LL helices inserted 

 

GAATTCATTAAAGAGGAGAAATTAACCATGGGCCATCATCATCATCATCATCATCAT

CATCACGGATCCGGCGAAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGC

GCTGGAGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCG

CTGAAAGAGCTGGCAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGCGCT

GGAGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCGCTG

AAAGAGCTGGCAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGCGCTGG

AGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCGCTGAA

AGAGCTGGCAAAGTAATAAGCTT 

 

 

 

A.8   Amino Acid Sequence for 3FD-LL Trimer 

GHHHHHHHHHHGSGEALEKLAALEKLAALEKLAALKELAALKELAALKELAALEKLA

ALEKLAALEKLAALKELAALKELAALKELAALEKLAALEKLAALEKLAALKELAALKE

LAALKELAK 

 

124 amino acids   13168.56 Da   pI = 8.11 
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 A.9   Gene Sequence for 3FD-LL Tetramer (located in pBB21) 

3FD-LL adapter with three 3FD-LL helices inserted 

 

GAATTCATTAAAGAGGAGAAATTAACCATGGGCCATCATCATCATCATCATCATCAT

CATCACGGATCCGGCGAAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGC

GCTGGAGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCG

CTGAAAGAGCTGGCAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGCGCT

GGAGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCGCTG

AAAGAGCTGGCAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGCGCTGG

AGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCGCTGAA

AGAGCTGGCAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGCGCTGGAG

AAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCGCTGAAAG

AGCTGGCAAAGTAATAAGCTT 

 

 

 

A.10   Amino Acid Sequence for 3FD-LL Tetramer 

GHHHHHHHHHHGSGEALEKLAALEKLAALEKLAALKELAALKELAALKELAALEKLA

ALEKLAALEKLAALKELAALKELAALKELAALEKLAALEKLAALEKLAALKELAALKE

LAALKELAALEKLAALEKLAALEKLAALKELAALKELAALKELAK 

 

160 amino acids   16923.1 Da   pI = 8.08 
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 A.11   Gene Sequence for 3FD-LL Pentamer (located in pBB22) 

3FD-LL adapter with four 3FD-LL helices inserted 

 

GAATTCATTAAAGAGGAGAAATTAACCATGGGCCATCATCATCATCATCATCATCAT

CATCACGGATCCGGCGAAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGC

GCTGGAGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCG

CTGAAAGAGCTGGCAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGCGCT

GGAGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCGCTG

AAAGAGCTGGCAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGCGCTGG

AGAAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCGCTGAA

AGAGCTGGCAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGCGCTGGAG

AAACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCGCTGAAAG

AGCTGGCAGCCCTGGAGAAACTGGCAGCGCTGGAAAAGCTGGCAGCGCTGGAGAA

ACTGGCAGCGCTGAAAGAACTGGCGGCACTGAAAGAGCTGGCAGCGCTGAAAGAG

CTGGCAAAGTAATAAGCTT 

 

A.12   Amino Acid Sequence for 3FD-LL Pentamer 

GHHHHHHHHHHGSGEALEKLAALEKLAALEKLAALKELAALKELAALKELAALEKLA

ALEKLAALEKLAALKELAALKELAALKELAALEKLAALEKLAALEKLAALKELAALKE

LAALKELAALEKLAALEKLAALEKLAALKELAALKELAALKELAALEKLAALEKLAAL

EKLAALKELAALKELAALKELAK 

 

196 amino acids   20677.65 Da   pI = 8.05 
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 A.13   Gene Sequence for SpyTag-HEAT-8R-HisTag  

 

ATGGGTGCACATATTGTGATGGTCGATGCGTATAAACCGACGAAAACTAGCGGCGG

CGGCAGCGGTGGCGGCGCGAGCGGGGATGAACGGGCTGTAGAAGCATTGATTAAAG

CTCTGAAAGACCCCGATGGATGGGTAAGGAAAGCAGCTGCAGAGGCACTTGGTAGG

ATAGGAGACGAGCGTGCTGTCGAAGCACTGATCAAAGCACTCAAAGATCCTGATTG

GTTCGTAAGAGAGGCTGCAGCAAAGGCTCTTGGGGAAATCGGAGATGAACGCGCAG

TCGAGGCTCTAATTAAGGCATTGAAGGACCCTGATGGTTGGGTTAGAAAAGCCGCA

GCTGAGGCTTTAGGAAGAATAGGGGACGAACGTGCAGTAGAGGCGTTAATTAAAGC

GTTGAAAGATCCGGACTGGTTTGTACGTGAAGCTGCCGCTAAGGCTTTGGGAGAAAT

TGGTGACGAAAGAGCAGTGGAGGCCCTCATTAAAGCACTAAAAGATCCCGACGGGT

GGGTCAGAAAGGCAGCAGCAGAAGCTCTAGGTAGAATTGGAGATGAGAGAGCGGT

TGAAGCCTTGATAAAAGCATTAAAAGACCCGGATTGGTTTGTTAGGGAAGCAGCCG

CGAAAGCTCTCGGTGAAATAGGTGATGAGCGAGCTGTGGAAGCCCTAATAAAGGCG

CTTAAAGACCCAGATGGCTGGGTACGGAAGGCCGCTGCTGAAGCATTAGGTCGTAT

TGGCGATGAAAGGGCAGTTGAGGCATTAATAAAAGCTCTTAAAGATCCAGACTGGT

TCGTTAGAGAAGCGGCGGCTAAAGCATTGGGTGAGATAGGATCCATGCATCACCAC

CATCACCATTAATAA 
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 A.14   Gene Sequence for HisTag-mCherry-SpyCatcher 

ATGAAACATCACCACCACCACCATGGCACATCTGAAAACTTGTATTTCCAGGGCATG

TCATCTGGTCTGGTCCCTCGCGGTTCTCACATGGTTTCTAAAGGTGAAGAGGATAAC

ATGGCTATCATCAAAGAATTCATGCGCTTCAAAGTCCACATGGAGGGTTCCGTGAAT

GGTCACGAATTTGAGATTGAGGGCGAGGGTGAGGGTCGTCCGTACGAAGGCACGCA

AACCGCTAAGCTGAAAGTCACCAAGGGTGGTCCGCTGCCGTTCGCGTGGGACATTCT

GAGCCCTCAGTTTATGTACGGTAGCAAAGCGTACGTTAAGCATCCGGCAGACATCCC

GGACTATCTGAAACTGTCGTTTCCGGAAGGCTTTAAATGGGAGCGTGTCATGAACTT

TGAGGACGGCGGCGTGGTGACCGTTACTCAGGACTCCAGCCTGCAAGACGGCGAGT

TTATCTATAAAGTTAAGTTGCGTGGTACCAACTTCCCAAGCGATGGTCCGGTTATGC

AGAAAAAGACCATGGGTTGGGAAGCATCCAGCGAGCGTATGTATCCAGAGGACGGT

GCGCTGAAGGGTGAGATTAAACAGCGCTTGAAGCTGAAGGATGGCGGTCACTACGA

CGCCGAAGTTAAGACCACCTATAAAGCGAAAAAACCGGTGCAGTTGCCGGGTGCGT

ACAATGTTAACATTAAACTGGATATTACCAGCCATAACGAAGATTACACCATCGTAG

AGCAATATGAACGTGCAGAGGGCCGCCACTCGACGGGTGGCATGGACGAACTGTAC

AAAAAGAATAGCGGTGGCGGCCTGGTGGCCGGTGGTAGCGGTGGCGGTTCTGGTGG

CGGCACTGGTGGTGGCTCCGGTGGTGGCACGAGCGGTGCGATGGTCGATACGTTGA

GCGGCCTGAGCAGCGAGCAAGGTCAATCCGGTGACATGACCATTGAAGAGGACAGC

GCCACCCATATCAAATTCAGCAAGCGTGACGAAGATGGCAAAGAACTGGCCGGTGC

GACGATGGAACTGCGTGATAGCAGCGGTAAGACTATCAGCACCTGGATTAGCGACG

GTCAGGTCAAAGATTTCTACCTGTATCCGGGTAAATATACTTTCGTGGAAACCGCAG

CACCGGATGGTTATGAAGTCGCAACCGCGATTACGTTTACGGTGAACGAACAGGGT

CAGGTGACGGTTAATGGTAAGGCTACGAAAGGTGACGCGCATATCTAA 
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 A.15   Amino Acid Sequence for SpyTag-HEAT-8R-HisTag 

 

MGAHIVMVDAYKPTKTSGGGSGGGASGDERAVEALIKALKDPDGWVRKAAAEALGRI

GDERAVEALIKALKDPDWFVREAAAKALGEIGDERAVEALIKALKDPDGWVRKAAAE

ALGRIGDERAVEALIKALKDPDWFVREAAAKALGEIGDERAVEALIKALKDPDGWVRK

AAAEALGRIGDERAVEALIKALKDPDWFVREAAAKALGEIGDERAVEALIKALKDPDG

WVRKAAAEALGRIGDERAVEALIKALKDPDWFVREAAAKALGEIGSMHHHHHH 

 

282 amino acids   30069.92 Da   pI = 5.5 

 

 

A.16   Amino Acid Sequence for HisTag-mCherry-SpyCatcher (Before TEV Cleavage) 

 

MKHHHHHHGTSENLYFQGMSSGLVPRGSHMVSKGEEDNMAIIKEFMRFKVHMEGSVN

GHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDY

LKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKT

MGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNI

KLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKKNSGGGLVAGGSGGGSGGGTGGGS

GGGTSGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSSG

KTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTVNEQGQVTVNGKATKG

DAHI 

 

408 amino acids   44298.7 Da   pI = 5.55 
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A.17   Amino Acid Sequence for HisTag-mCherry-SpyCatcher (After TEV Cleavage) 

 

MKHHHHHHGTSENLYFQGMSSGLVPRGSHMVSKGEEDNMAIIKEFMRFKVHMEGSVN

GHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDY

LKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKT

MGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNI

KLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKKNSGGGLVAGGSGGGSGGGTGGGS

GGGTSGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSSG

KTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTVNEQGQVTVNGKATKG

DAHI 

 

392 amino acids   42406.74 Da   pI = 5.04 
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Appendix B 

 

Mass Spectra 
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