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Genetic Engineering of Functional Large Amyloid Fibers 

David Eugene Roth 

ABSTRACT 

“Template” and “adder” proteins can be genetically encoded to produce large 

amyloid fibers when mixed together. Escherichia coli is used to clone a “template” 

protein, Gd20, which will cooperatively self-assemble with two “adder” proteins, P7Q 

and P7S, to yield two different large amyloid fibers. Atomic force microscopy (AFM) is 

used to image the fibers and AFM tip approach/retraction force is used to quantify 

molecular packing in the fibers. Glutamine (Q)-containing P7Q and serine (S)-containing 

P7S both have the same hydrophobic core, charge, and hydrogen bonding potential. 

However, P7Q is highly α-helical while P7S contains a β-sheet core. After 72 hours, the 

Gd20:P7Q template:adder protein mixture produces tightly packed ~0.3 μm high and 

~1.9 μm wide fibers that exhibit a low retraction force of ~44 nN after indentation. The 

Gd20:P7S mixture produces larger ~1.1 μm high and ~9.7 μm wide fibers exhibiting a 

much higher retraction force of ~503 nN showing they are much less molecularly packed. 

These results indicate that the adder protein α-helical character is important for self-

assembly and molecular packing inside of the large amyloid fiber. The experimental 

results show that large amyloid fibers with predictable size and mechanical properties can 

be anticipated and encoded at the genetic level.  
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Chapter 1. Introduction 

It has been observed that nature has the potential to produce robust materials. The 

materials that exist in nature today have been subject to ages of evolutionary iterations, and are 

often responsible for the survival of the organism. These iterations have tested and refined the 

properties of naturally occurring materials and inspired researchers to pursue inquiry into fields 

such as biomimetics, where nature is observed and emulated in products such as Velcro, which 

was inspired by the burrs of the burdock plant.1 A concurrent series of inquiry uses biologically-

derived feedstock as a building block of new synthetic chemicals and materials that do not mimic 

presently available natural substances. This use of biology to perform engineering is the basis of 

a bioengineering field that follows in the lineage of chemical engineering and materials science, 

but with the emphasis on starting materials that are more renewable or sustainable to produce.2, 3 

Protein-based materials are one area of interest in bioengineering. Proteins are biological 

polymers that benefit from chemical behavior similar to synthetic plastics, but with molecular 

interoperability with a) cells, a tool for protein production, and b) enzymes, a subset of proteins 

that act as catalysts. Protein-based materials have been produced with properties similar to 

elastomers4, foams5, fibers6, adhesives7, films8, and bulk structural materials such as product 

packaging9. However, the toughness, low-density, and high-strength features unique to materials 

such as poly aramid fibers (such as DuPont’s Kevlar fibers) used in high-performance 

composites have remained elusive. 

One promising solution to finding a high-performance protein-based material is spider 

silk. The mechanical properties of spider silk that give it incredible toughness, or the ability to 

absorb energy before breaking, are an uncommon combination of high tensile strength and 

significant elasticity.10 Spider silk exhibits specific strength comparable to steel.11 The 
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production of spider silk happens at close to ambient temperature and pressure, in a water 

solvent, and with an extrusion mechanism as part of the spider’s spinning gland that carefully 

controls the folding and crystallization of the protein fiber.12, 13 The incredible properties of 

spider silk make it a desirable objective as a biomimetic material. However, short of harvesting 

spider silk from the spider, the production of recombinant silk has remained difficult due to 

challenges in imitating the delicate extrusion process and purification of the well-understood silk 

protein.14, 15  

Spun spider silk proteins on the molecular level are characterized as having significant β-

sheet secondary structure.16 The most abundant chemical bond between β-sheets is a variety of 

forms of hydrogen bonding, depending on sheet orientation.17 Having a material with exceptional 

mechanical qualities, but principally constructed with hydrogen bonding is counterintuitive, as 

hydrogen bonding is one of the weakest forms of chemical bonding.18 However, it has been 

observed in biological systems like spider silk that having a large number of individually low-

strength hydrogen bonds can result in exceptional mechanical properties.19 In contrast, synthetic 

aramid fibers are largely covalently bonded, with additional strength provided from bulky 

aromatic rings that restrict molecular motion.20 The β-sheets in spider silk become oriented 

parallel to the fiber axis through the extrusion process.21 

Amyloid proteins, similar to silk proteins, occur in nature and have a protein secondary 

structure rich in β-sheets.22 Amyloids are insoluble fibrillar protein aggregates formed by the 

self-assembly of protein into largely intermolecularly hydrogen bonded β-sheets (Figure 1.1).23 

The fibrillar amyloid aggregates formed through this self-assembly process have a much higher 

strand density of β-sheets than spider silk.24 It has been hypothesized that this is because self-

assembly has the potential to pack the amyloid β-sheet structure tighter than the extruded silk 
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proteins.17, 25. Dissimilar to the β-sheets in spider silk which are oriented parallel to the fiber axis, 

the β-sheets in amyloids are oriented perpendicular to the fiber axis, which is why it is 

sometimes called the “cross-” structure.26 Despite these structural differences, both silk and 

amyloid fibers have been shown to have a comparable stiffness of 10 GPa.13, 27 Designed 

amyloids thus have the potential to be high-performance protein-based materials in the same 

class of spider silk. 

 

 

Figure 1.1. Amyloid fibrils form (1) when protein molecules straighten out and (2) come 

together to hydrogen bond through main chain interactions, (3) forming a -sheet. (4) -sheets 

can stack vertically to build the fibril diameter and proteins continue to add onto the ends of the 

-sheets to elongate the fibril. Proteins can straighten through a variety of mechanism such as 

hydrolysis to shorten the chains and subjecting the protein to highly denaturing conditions like 

high/low pH, high ionic strength, or applied stress.  

 

Amyloids were first studied extensively for their role in neurodegenerative disorders 

including spontaneous misfolding and “prion” diseases.28 Protein misfolding diseases include 

neurodegenerative diseases, like Down’s syndrome, and Alzheimer’s, Huntington’s, and 

Parkinson’s diseases; systemic amyloidosis’, like those found in Familial Mediterranean Fever; 

and localized diseases, such as atrial amyloidosis. All protein misfolding diseases associated as 
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amyloids straighten from other secondary structures to β-sheets, lose their previous biological 

activity, and self-assemble into nanoscale protofibrils that twist together like a rope to form a 

larger fibrillar protein aggregate.22 The misfolded proteins responsible for pathological 

characteristics do not share a common amino acid sequence or native state, suggesting that 

amyloids can potentially be formed through a common mechanism from different protein 

precursers.22 “Prion” diseases, or “proteinaceous infectious particles” is a term used to describe 

misfolded proteins which may propagate or be transmitted.29 Diseases that have been associated 

with prions include Creutzfeldt - Jakob disease (CJD) and bovine spongiform encephalopathy 

(BSE, or “mad cow disease”). Amyloids are inconsistently present in prion diseases, but research 

suggests that prion protein misfolding has an increased potential to form amyloids.30  

The amyloid forming mechanisms for neurodegenerative diseases have been particularly 

well studied and have important implications for the engineering design of amyloid fibers. In 

early onset Alzheimer’s disease and Down’s syndrome, a molecule identified as the amyloid 

precursor protein (APP) is cleaved abnormally, allowing one or two amino acids to be added to 

the peptide and creates a proteolytic-breakdown product termed amyloid beta, (AB, also “β-

amyloid”).31 The AB peptides, only as many as 43 amino acids, contain additional hydrophobic 

groups that induce aggregation and amyloid fiber formation.32, 33 Similarly, it is believed that 

Huntington’s disease is caused by the aggregation of proteolytic fragments, termed “exon1”, that 

contain a repeating series of glutamine amino acids in a region termed “poly(Q) blocks” or “Q-

blocks”.34 These repeating glutamine regions enhance the aggregation of β-sheets by 

supplementing hydrogen bonding with additional sidechain bonding.35 The cooperative 

aggregation motif has been referred to as a “polar zipper” or “steric zipper”, and creates a strong 

affinity between subunits and results in the precipitation of the protein.36, 37 Hydrophobic amino 
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acids, glutamine rich regions, tight sidechain bonding and precipitation are important to 

designing self-assembled amyloid structures. 

More recently, research has identified nonpathogenic amyloids in nature that function to 

propagate life. These “functional amyloids” are robust natural materials with exceptional 

mechanical qualities used by organisms to thrive.22, 26 Bacteria, such as Escherichia coli (E. coli), 

use amyloid proteins as curli fibers that generate a matrix for surface adhesion.38 In humans, the 

Pmel17 amyloid protein is believed to be critical to melanin formation.39 In barnacle adhesive, 

amyloid fibrils provide additional mechanical strength to the cement.40 Functional amyloids 

show that in nature, the amyloid structure is not limited to pathogenic protein misfolding and that 

the desirable mechanical qualities have been harnessed by organisms to endure. 

By incorporating functional amyloid materials in nature as a model and utilizing the 

mechanisms characterized by a wealth of research on neurodegenerative diseases, amyloid 

materials can be deliberately engineered as biomaterials. Recent research has focused on using 

amyloid fibers as nanocomposites or other nanostructures.41 These applications include amyloid 

supported drug capsules42, robust self-assembled structural materials with designed mechanical 

properties43, and composites with graphene to control shape-memory and enzyme-sensing44 or 

with gold microflakes to create flexible conductive films45. Chemically, amyloid fibers have 

been modified to add functionality to the molecules.46 This type of design enables engineering of 

materials that can selectively bind gasses for applications like carbon dioxide capture.47 It has 

been shown that amyloid formation can be controlled and functionalized used synthetic biology 

techniques.48, 49 These bodies of research are built on a basic amyloid unit on the nanoscale.  

Certain functionality, applications, and processing methods can only be utilized when the 

materials extend to the microscale. Applications of non-amyloid protein structures on the 
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microscale include silk protein scaffolds used in biomedical applications to make high 

compressive strength bone composites50, vascular grafts using synthetic collagen and a protein 

matrix51, and microfibers designed to encapsulate therapeutic small molecules52. On the 

nanoscale, amyloid materials have shown great promise as high performance engineered 

materials, and other protein-based materials have been shown stability on the microscale. 

However, until recently, large amyloid structures could not be assembled to the microscale. 

It has been shown that by using two proteins, a “template” that has a β-sheet structure and 

an α-helical “adder”, it is possible to continue amyloid self-assembly past the nanoscale to the 

microscale.53 It was determined that these microscale structures were best formed at nearly 

physiological conditions, at 37°C and pH of 8 and low ionic strength.54 The template and adder 

mechanism has been postulated to have a four-stages where amyloid nanofibrils are formed 

initially and cooperatively assemble to the macroscale, indicating a continuation of the 

previously understood amyloid formation mechanism as opposed to a completely new pathway 

from the nanoscale to microscale.55 The factors correlated with amyloid formation to the 

microscale are the propensity of the adder to undergo an α-helix to high density β-sheet 

conformation change, best predicted by the fraction of aliphatic amino acids within the α-

helices.56 Once the large structures are formed, the aliphatic index and molecular weight of the 

adder protein can be used to predict the propensity of the amyloid to pack tightly and increase 

desirable mechanical qualities such as the modulus of elasticity.56 By utilizing bacterial cells to 

produce the template protein, it was shown that it is possible to genetically control the stiffness 

and morphology of self-assembled large amyloid fibers.57 

In this thesis, research on genetically engineering large amyloid fibers is presented. The 

next chapter presents a genetic engineering approach to amyloid fiber formation where the 
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template and adder proteins with a theoretical propensity to self-assemble into large amyloid 

fibers are designed and synthesized. Chapter 3 delineates an atomic force microscopy (AFM) 

approach to characterize the self-assembled fibers and relate the results back to protein molecular 

features. Chapter 4 draws conclusions based on this research and suggests future areas of 

emphasis. 
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Chapter 2. Protein Design and Synthesis 

2.1 Introduction 

Amyloids are fibrous protein aggregates that can be formed in vitro or in vivo and are 

typically associated with neurodegenerative disorders.1 “Functional amyloids” with desirable 

mechanical properties occur in nature to support life.2 Examples include the underwater adhesive 

used by barnacles3 and a hormone storage mechanism in the endocrine system of humans.4, 5 

Significant advances have been made to understand and characterize nanometer-sized amyloid 

fibrils for their use as bio-nanomaterials.6-12 An amyloid fibril is characterized by high strand 

density β-sheets oriented perpendicular to the fibril axis.13 The molecular forces contributing to 

favorable mechanical properties include significant hydrogen bonding between protein main 

chains in tightly packed β-sheets and hydrophobic forces, hydrogen bonding, and ionic bonding 

between amino acid side chains.14 

Recent research suggests that an amyloid fiber with a designed cross-section and modulus 

can be produced in vitro by combining “template” and “adder” proteins in aqueous solution15 and 

in vivo by using E. coli to express the template protein and combining it with an extracellular 

adder protein.16 The “template” protein is rich in hydrophobic amino acids and hydrophobic 

interactions between amino acid side chains quickly initiate main chain β-sheet formation in 

aqueous solution such that templates form first. Free energy is minimized when β-sheets stack to 

hide exposed hydrophobic groups on β-sheet faces, thus growing the template structure in height. 

The adder protein is more hydrophilic than the template protein, soluble in water, and contains α-

helices and will not undergo significant conformation change or self-assemble on its own.15 The 

adder protein will undergo α-helix to β-sheet conformation change when mixed with a template 

protein.17 Hydrophobic groups in the adder protein α-helices prefer the exposed hydrophobic 
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groups on templates and drive the conformation change and also dictate the amount of adder 

protein that “adds” into the growing amyloid structure.18 Continued addition of proteins onto the 

ends of the amyloid further elongate the β-sheets to produce protofibrils 2-4 nm high, 10-30 nm 

wide, and microns long.14 Protofibrils can aggregate into larger fibrillar structures, which can 

bundle like yarns in a rope into cylindrical cross-sectioned fibers or rectangular cross-sectioned 

tapes 10-20 μm wide that resemble natural protein fibers in appearance and properties.19 The 

properties of the template and adder protein affect not only the molecular interactions and self-

assembly into β-sheets and protofibrils but the higher order bundling, meaning that macroscopic 

protein fiber properties can be molecularly designed.19 Self-assembled large amyloid fibers can 

be designed by varying the amino acid composition and molar ratio of template and adder 

proteins and solution conditions.15, 20 Specifically, by varying adder protein properties, the 

differences in hydrogen bonding and hydrophobic interactions leads to large amyloid fibers of 

different cross-sectional shape and modulus that can be anticipated and designed at the molecular 

level. It is the adder protein addition into the self-assembling structure that grows it further and 

has a huge influence on larger scale bundling.18  

Since the morphology and properties of large amyloid fibers can be designed at the 

molecular level and proteins of exact sequences can be synthesized by insertion of appropriate 

genetic information into bacteria, then large amyloid fibers can be genetically engineered at the 

DNA level. Genetically engineering the template and adder proteins to control the self-assembly 

has been demonstrated by combining an expressed template and an extracellularly introduced 

adder.16 Further genetic encoding of both the template and adder proteins would increase control 

over the final fiber product. This control could be used to tune fiber size, modulus, or more 

exotic properties, such as structural color, piezoresponse, catalyst immobilization, or chemical 
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compatibility. The expression of fiber forming template and adder proteins could be 

supplemented by an extracellular or expressed polymer matrix to form commercially significant 

fiber-reinforced composites. Other genetically encoded functional amyloids include immobilized 

enzymes on amyloid nanofibrils21 and barnacle cement inspired adhesives,22 both expressed in E. 

coli. Here, we explore the possibility for expression of both a template protein, Gd20, and two 

different adder proteins, P7Q and P7S, in E. coli. 

2.2 Protein Design 

Gd20, MTFLILALLAIVATTATTAVR, was previously used as a template protein both in 

vivo and in vitro because of its high hydrophobicity (as measured by the aliphatic index, AI, 

Table 2.1) and -helical protein secondary structure.23, 24 The protein properties were determined 

using the ProtParam tool in the bioinformatics portal ExPASy and are given in Table 2.1. Gd20 

is a protein that is predicted to have a high propensity for -sheet formation according to the 

TANGO bioinformatics algorithm.25 Two adder proteins, P7Q, 

MQQQQQQQLVLVLVQQQQQQQ, and P7S, MSSSSSSSLVLVLVSSSSSSS were designed 

to be of the same length, 20 amino acids, as each other and Gd20. Each adder protein is 

composed of a hydrophobic core, which can interact with the Gd20 template, flanked by 2 

hydrophilic segments, which can hydrogen bond with water or other hydrophilic side groups and 

make the protein highly water soluble. All 3 proteins are of similar molecular weight (Table 2.1). 

However, Gd20 is much more hydrophobic than the 2 adder proteins as measured by aliphatic 

index (AI). P7Q and P7S were designed to have the same aliphatic index and therefore the same 

propensity to interact with the Gd20 template through hydrophobic interactions. Hydrophobic 

interaction is the classic mechanism for self-assembly and amyloid formation as these groups 

hide from water by interacting with each other. The amide side group on glutamine has two 
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potential hydrogen bonding sites while the hydroxyl side group on serine has only one and 

results in a slightly higher Grand Average of Hydropathicity (GRAVY), a measure of 

hydrophilicity. Both P7Q and P7S are uncharged resulting in the same isoelectric point, pI, for 

both proteins. Thus, self-assembly through a charge mechanism is eliminated from the 

possibilities. Both P7Q and P7S also have a high TANGO score. 

 

Table 2.1. Properties of proteins. 

Protein nα (%)a # aab MWc AId GRAVYe pIf - (%)g + (%)h TANGOi 

Gd20 91 21 2191 163 1.824 9.5 0.0 4.8 1487 

P7Q 91 21 2580 97 -1.100 5.3 0.0 0.0 586 

P7S 0 21 2005 97 0.700 5.3 0.0 0.0 606 

My 76 154 17083 88.8 -0.381 7.2 13.6 13.6 624 
a nα is % α-helix; b # aa is number of amino acids; c MW is molecular weight in g/mol; d AI is 

aliphatic index; e GRAVY is grand average of hydropathicity; f pI is isoelectric point; g -, h + is 

percentage of negative and positive amino acids, respectively; i TANGO is a measure of β-sheet 

aggregation potential. Note that Gd20 properties differ slightly here than in Ridgley et al.15 

because of the methionine used to start the protein synthesis in E. coli. 

 

 Extracellular adder protein myoglobin (My) was introduced to in vivo expressed Gd20 in 

a previously reported experiment.23 In this work, the AFM results of My are re-analyzed using 

our new technique and compared to the results for P7Q and P7S.  

Protein secondary structure (Figure 2.1) was determined using the PSIPRED tool in 

ExPASy. Therefore, P7Q and P7S have the same propensity to interact with the template, similar 

solubility and hydrogen bonding potential, but P7Q is highly -helical and P7S has no -helix. 

My is also highly -helical. It is the ability of the -helix to unravel on a hydrophobic surface 

and form a -sheet that is a hallmark of amyloid formation in vitro and in vivo.26-28  
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Figure 2.1. Predicted protein secondary structure using PSIPRED. S is -sheet, H is -helix, and 

C is random coil. Secondary structure is reported above the amino acid sequence. 

 

2.3 Genetic Engineering of E. coli to Synthesize Proteins 

2.3.1 DNA Insertion 

All chemicals were obtained from Thermo Fisher Scientific unless otherwise specified. 

All bacteria were grown on LB media supplemented with 100 mg/L ampicillin or 15 g/L agar 

where appropriate.29 All Escherichia coli strains, plasmids, and enzymes were purchased from 

New England BioLabs (Ipswich, MA USA). Escherichia coli cell line ER2566 was used to 

express the template protein Gd20, MTFLILALLAIVATTATTAVR, optimized for expression 

in E. coli K12 using the JCAT website30 resulting in the double stranded oligonucleotide 5’-

GGTGGTCATA TGACCTTCCT GATCCTGGCT CTGCTGGCTA TCGTTGCTAC 

Gd20 
CHHHHHHHHH HHHHHHHHHH C 

MTFLILALLA IVATTATTAV R 

 

P7Q 
CHHHHHHHHH HHHHHHHHHH C 

MQQQQQQQLV LVLVQQQQQQ Q 

 

P7S 
CCCCCCCCSS SSSSSCCCCC C 

MSSSSSSSLV LVLVSSSSSS S 

 

My 
CCCCHHHHHH HHHHHHHHHH CHHHHHHHHH HHHHHHCCCC 

MGLSDGEWQQ VLNVWGKVEA DIAGHGQEVL IRLFTGHPET 

 

HHHHHHCCCC CCHHHHHCCH HHHHHHHHHH HHHHHHHHHC 

LEKFDKFKHL KTEAEMKASE DLKKHGTVVL TALGGILKKK 

 

CCCHHHHHHH HHHHHHHCCC CHHHHHHHHH HHHHHHCHHC 

GHHEAELKPL AQSHATKHKI PIKYLEFISD AIIHVLHSKH 

 

CCCCCHHHHH HHHHHHHHHH HHHHHHHHHC CCCC 

PGDFGADAQG AMTKALELFR NDIAAKYKEL GFQG 
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CACCGCTACC ACCGCTGTTC GTTAAGAATT CACCACC-3’ purchased from IDT. The 

P7Q adder protein, MQQQQQQQLVLVLVQQQQQQQ, was expressed as the oligonucleotide 

5’-GGTGGTCATA TGCAGCAGCA GCAGCAGCAG CAGCTGGTTC TGGTTCTGGT 

TCAGCAGCAG CAGCAGCAGC AGTAAATAAA TAAGAATTCA CCACC-3’ and the P7S 

adder protein, MSSSSSSSLVLVLVSSSSSSS, was expressed as the oligonucleotide 5’-

GGTGGTCAT ATGTCTTC TTCTTCTTCT TCTTCTCTGG TTCTGGTTCT GGTTTCTTCT 

TCTTCTTCTT CTTCTTAATG ATAAGAATTC ACCACC-3’. NdeI and EcoRI restriction cut 

sites are underlined. Oligonucleotides were ligated to a similarly digested pTXB1 plasmid using 

T4 DNA Ligase. Isopropyl β-D-1-thiogalactopyranoside (IPTG, Fisher Scientific) was used to 

induce expression of each protein from the T7 promoter as similarly reported.16 

2.3.2 Solutions 

Cells containing the plasmids were grown up in LB-Amp to an optical density at 600 nm 

(OD600) of 0.5.16 Seven solutions were created: 1) no expression (NXQ): 5 ml of Gd20 and P7Q 

cell lines with no IPTG added, 2) no expression (NXS): 5 ml of Gd20 and P7S cell lines with no 

IPTG added, 3) expression of Gd20 (Gd20X): 10 ml of Gd20 cell line with IPTG added, 4) 

expression of P7Q (P7QX): 10 ml of P7Q cell line with IPTG added, 5) expression of P7S 

(P7SX): 10 ml of P7S cell line with IPTG added, 6) expression of Gd20 and P7Q (Gd20:P7QX): 

5 ml of Gd20 and P7Q cell lines with IPTG added, and 7) expression of Gd20 and P7S 

(Gd20:P7SX): 5 ml of Gd20 and P7S cell lines with IPTG added.  
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Chapter 3. Atomic Force Microscopy Characterization of Cells and Amyloid Fibers 

3.1 Introduction 

Atomic force microscopy (AFM) has been used many times to study amyloids. Usually, 

the nanometer-sized amyloids are imaged to show whether the structure consists of the isotropic 

“plaques” associated with neurodegenerative diseases or the anisotroic fibrils being studied for 

nanomaterials applications.1-4 There are much less studies using AFM as a way to probe the 

mechanical properties of amyloids. In the simplest incarnation, AFM images of amyloids can be 

used to measure the second moment of inertia (or “areal moment”) of the amyloid fibrils, I, and 

the “persistence” length, lp.
5 Thermal fluctuations can buckle the fibril above the persistence 

length so it is a measure of the rigidity of the fibril. Modulus, E, is found through 

lp =
EI

KBT
 

where KB is Boltzmann’s constant and T is absolute temperature. The AFM tip can also be 

pushed into the fibril to generate force displacement curves (see below) and the modulus 

extracted from the slope of the curve (the slope between Points 3 and 4 in Figure 3.2).1, 6 

However, this only works if the sample is about the same size or slightly bigger than the tip. 

Newer techniques to extract modulus have been developed, such as Peak Force Quantitative 

Nanomechanical Atomic Force Microscopy (PFQNM).7, 8 In PFQNM, the AFM tip is tapped into 

the sample periodically and modulus is found from the peak force value from the force distance 

curves. Variations of AFM point spectroscopy have been used to study the nanomechanical 

properties of amyloids in marine adhesives.9-11 In these experiments, researchers used a “fly-

fishing” technique where the AFM tip is oscillated above the sample until a single molecule 

jumps on. This technique is known as molecular point spectroscopy. The marine adhesives 
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displayed a “sawtooth” force-extension pattern on 1-100 nm scale, which was indicative of a 

tough material.12-15  

In this study, the self-assembled fibers were imaged using atomic force microscopy 

(AFM) and fiber heights and widths measured. The AFM tip was pushed into the fibers and 

retracted to yield the approach and retraction forces. The approach and retraction forces represent 

tip-fiber interaction or “adhesion” and were used as a measure of the molecular packing inside 

the fiber.16  

3.2 Measuring Protein Aggregation 

To measure the level of molecular aggregation in each fiber, a method used to measure 

the state of polymers in cells was adapted.17-19 In this experiment, the AFM tip is first separated 

from the sample mounted on the mica (Point 1 in Figure 3.1). The tip sits in its normal, unbent 

position (Point 1 in Figure 3.2). The sample is moved closer to the AFM tip and as it gets very 

close, the AFM tip “jumps” onto the sample by tugging at a few molecules on the sample surface 

(Point 2 in Figure 3.1). The result is that the AFM tip bends towards the sample a certain 

distance that is the tip deflection, x (Point 2 in Figure 3.2). This is the “approach” of the sample 

to the AFM tip. The sample is then pushed further into the AFM tip, displacing the sample a 

distance, d, first returning it to its original position (Point 3 in Figures 3.1 and 3.2) then bending 

it away from the sample (Point 4 in Figure 3.1) resulting in a bending of the AFM tip in the 

opposite direction (Point 4 in Figure 3.2). The AFM tip is now fully immersed in the sample. 

This is the “push into the sample” step. Then, the path is re-traced by retracting the sample from 

the AFM tip. Since the AFM tip was fully immersed in the sample, there is usually a lot more 

material on the AFM
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Figure 3.1. Steps in the AFM approach and retraction experiments. 



 26 

tip than the original “jump” on during approach. This results in a larger bending of the 

AFM tip upon retraction (Point 5 in Figures 3.1 and 3.2). Eventually, the AFM tip 

“jumps” off of the sample (Point 6 in Figure 3.1) and the AFM tip returns back to zero 

position (Point 6 in Figure 3.2).  

 

 

Figure 3.2. A schematic of the data obtained from the AFM approach and retraction 

experiment. 

 

When the AFM tip bends a distance x (m), it generates a force on the AFM tip 

through the tip’s spring constant, k (N/m). The AFM tip deflection can then be converted 

to a force through F=kx, which will be reported in nano-Newtons (nN). Thus, F-d curves 

are similar to stress-strain curves. When the sample originally “jumps” onto the sample, it 

creates the approach force, Fapp. When the sample is fully pulled away from the sample, it 

creates the retraction force, Fret.
20 The approach and retraction forces are related to how 
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many free polymer molecules are available to stick to the tip so more free molecules 

would result in larger Fapp and Fret. Unassembled protein molecules would attach to the 

tip more and give larger Fapp and Fret while assembled protein molecules would result in 

lower Fapp and Fret.  

3.3 Atomic Force Microscopy Experiments 

AFM was performed with a Bruker Innova AFM on each solution at 26 and 72 

hours after expression was induced. 50 L of the solutions were spin coated onto freshly 

cleaved mica at 4000 rpm for 1 minute.21 The samples were imaged using tapping and 

contact mode. Images were enhanced and fiber height, H, and width, W, measurements 

taken using NanoDrive v8.01 and NanoScope Analysis v1.4 software.21, 22 H and W are 

reported as averages ± standard error.  

Fiber approach and retraction force measurements were performed in AFM 

contact mode with a 0.01–0.025 Ohm cm antimony-doped Si probe (Bruker, part: MPP-

31123-10, tip radius, R=8 nm and tip spring constant, k=0.9 N/m). Tip deflection-sample 

displacement (x-d) curves were obtained with NanoDrive v8.01 software using the Point 

Spectroscopy mode with 512 points taken at a 0.5 μm/s approach/retreat rate. The 

deflection-displacement curves were converted to force-displacement (F-d) curves 

utilizing the probe’s spring constant, k, according to the manufacturer.23 At least 5 

indentations were taken on each fiber. The averages ± the standard errors are reported. 

3.4 Results and Discussion 

To determine the presence and characteristics of amyloid fibers, seven cell 

cultures were studied: (1) cells with no expression of Gd20 or P7Q (NXQ), (2) cells with 

no expression of Gd20 or P7S (NXS), (3) cells with Gd20 expressed (Gd20X), (4) cells 
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with P7Q expressed (P7QX), (5) cells with P7S expressed (P7SX), (6) cells with 

expression of Gd20 and P7Q (Gd20:P7QX), and (7) cells with expression of Gd20 and 

P7S (Gd20:P7SX). Gd20X represents the expression of a template protein with no adder 

protein. P7QX and P7SX represent two different adder protein systems expressed with no 

template protein. Gd20:P7QX and Gd20:P7SX represent two different systems with both 

a template and adder protein co-expressed. The systems without expression, NXQ and 

NXS, showed only aggregated E. coli with no fiber formation.22 Thus, there is no 

indication that the control samples extracellularly excreted proteins capable of self-

assembling into amyloid fibers. The rest showed fiber formation (Figure 3.3). The 

bacteria designed to produce self-assembling proteins excreted them extracellularly 

probably because of their small size, high hydrophobicity, and high concentration 

attained during synthesis relative to other proteins that might exist inside the cell.  
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Figure 3.3. AFM topographical images and cross section graphs of large amyloid fibers 

observed in the study: (a,b) Gd20X after 26 and 72 hours of incubation, (c,d) P7QX after 

26 and 72 hours of incubation, (e,f) P7SX after 26 and 72 hours of incubation, (g,h) 

Gd20:P7QX after 26 and 72 hours of incubation, (i,j) Gd20:P7SX after 26 and 72 hours 

of incubation. 

 

3.4.1 Fiber Height and Width. 

Previously, bacterial synthesis of a Gd20 template protein with the extracellular 

addition of a myoglobin (My, UniProt P68082, Table 2.1) adder protein yielded large 

self-assembled amyloid tapes of rectangular cross-section that resembled Gd20:My tapes 

formed in vitro.22, 24 Fiber width, W, and height, H, were linearly correlated for all of the 

fibers observed (Figure 3.4). Individual H and W values for each fiber are reported in 

Table 3.1. 

 

Table 3.1. Fiber height, H, width, W, approach force, Fapp, and retraction force, Fret. 

Fiber H (μm) W (μm) Fapp (nN) Fret (nN) 

Gd20X 26 hr 0.28 ± 0.01 1.93 ± 0.07 0.89 ± 0.17 104.86 ± 21.94 

Gd20X 72 hr 0.24 ± 0.01 2.26 ± 0.06 0.77 ± 0.23 75.07 ± 9.07 

P7QX 26 hr 0.37 ± 0.02 3.24 ± 0.19 0.99 ± 0.35 51.07 ± 9.92 

P7QX 72 hr 0.12 ± 0.03 0.39 ± 0.00 3.18 ± 1.11 59.51 ± 3.75 

P7SX 26 hr 0.84 ± 0.02 6.14 ± 0.29 8.96 ± 0.63 523.24 ± 42.48 

P7SX 72 hr 1.44 ± 0.24 10.57 ± 1.63 11.83 ± 2.04 592.63 ± 60.70 

Gd20:P7QX 26 hr 0.43 ± 0.01 2.47 ± 0.06 1.03 ± 0.20 65.10 ± 3.43 

Gd20:P7QX 72 hr 0.28 ± 0.01 1.84 ± 0.08 1.15 ± 0.28 44.31 ± 7.82 

Gd20:P7SX 26 hr 0.45 ± 0.08 3.30 ± 0.36 0.57 ± 0.16 275.26 ± 52.50 

Gd20:P7SX 72 hr 1.09 ± 0.09 9.70 ± 0.65 8.37 ± 1.56 502.61 ± 92.75 

Gd20:My 37 hr22 0.93 ± 0.05 7.95 ± 0.38 1.31 ± 0.93 31.16 ± 5.21 

Gd20X:My 72 hr22 1.79 ± 0.07 16.24 ± 4.00 0.17 ± 0.03 20.25 ± 3.04 
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Figure 3.4. Fiber height, H, and width, W, are directly correlated as H=0.08+0.11W, 

r2=0.98. 

 

3.4.2 Approach and Retraction Force.  

AFM point spectroscopy was not used as an indicator of the rigidity of the fibers7, 

8 but an indication of the number of unassembled protein molecules.19 The more 

unassembled protein molecules in the fiber, the more free molecules that are available to 

“jump onto” the approaching AFM tip, resulting in a higher approach force, Fapp. Upon 

retraction, a higher number of adhered protein molecules on the tip resist being pulled 

more, resulting in a high retraction force, Fret.
25 An example of the AFM tip force-sample 
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deflection data is shown in Figure 3.5. The state of protein molecules inside amyloids, 

particularly those in barnacle cement, has been previously studied using AFM point 

spectroscopy.9-11 Table 3.1 also summarizes the fiber Fapp and Fret values. In general, Fapp 

increases with Fret (Figure 3.6).  

 

 

Figure 3.5. An example of actual F-d curves for Gd20:P7S. As the AFM tip approaches 

the fiber surface, it experiences an attractive force from the fiber and “jumps onto” the 

fiber with a force Fapp. After full immersion in the fiber, the AFM tip is retracted from the 

fiber, where it experiences an adhesive force from the fiber, Fret, before completely 

disconnecting from the fiber. 
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Figure 3.6. Self-similarity of the approach and retraction forces. The black line is a fit 

through all the data (r2=0.85) while the blue line is a fit through just the fibers that 

contain P7S (r2=1.00).  

 

3.4.3 Thermodynamics of Protein Self-Assembly.  

Gd20 template protein forms the smallest fibers, which is an indication of the 

limited self-assembly of a template without an adder in terms of assembling large 

amyloid fibers. Both adder proteins expressed in this study produce fibrous structures by 

themselves. Cells are seen on and around these fibers and it is believed that the adder 

proteins self-assemble by themselves because of the hydrophobic surface of the cells 

replacing the hydrophobic faces of the template (Figure 3.3).  
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The approach and retraction forces can be compared between fibers with and 

without P7S (Figure 3.7). Low molecular weight P7S and Gd20:P7S fibers are thick and 

wide and high in approach and retraction force. There seems to be limited β-sheet 

aggregation into amyloid fibers that is probably isolated to a limited portion of the 

hydrophobic β-sheet core (Figure 3.3). This leaves large portions of unassembled 

material flanking the hydrophobic core. The unassembled material results in bulky 

protofibrils (Figure 3.8a) with lots of free chain ends dangling from the surface. These 

bulky portions prevent efficient packing of protofibrils next to one another to build the 

hierarchical large amyloid fiber. The AFM tip experiences high approach and retraction 

forces from the unassembled material (Figure 3.8a). Although there is a strong correlation 

between Fapp and Fret (Figure 3.6) for all experimental values, P7S does separate from the 

rest of the points and has an even stronger correlation.  

 

Figure 3.7. Approach force, Fapp, and retraction force, Fret, plotted versus fiber height, H, 

indicate the extent of protein-protein interactions inside the fibers. 
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Also compared are Gd20:My fibers from a previous study with new data analysis 

concurrent with the P7Q and P7S experiments (Table 3.1).22 In that experiment, Gd20 

was expressed and then myoglobin (My) added extracellularly to self-assemble with 

Gd20. My is of much higher molecular weight than P7S and the higher molecular weight 

results in thicker and wider fibers (Tables 2.1 and 3.1, Figure 3.7). However, Gd20:My 

fibers show a much lower Fapp and Fret than P7S and Gd20:P7S fibers, which is more 

extensive My incorporation into the β-sheet structure. There are very little free chain ends 

relative to the My adder protein length resulting in lower Fapp and Fret (Figure 3.8b).  
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Figure 3.8. Free chain end interactions with the AFM tip for (a) P7S, (b) My, and (c) 

P7Q protofibrils. P7S proteins do not incorporate well into the protofibrils, which pack 

more loosely because of free chain ends that result in a larger retraction force. High 

molecular weight My protofibrils pack more tightly resulting in a smaller retraction force, 

but exhibit a similar diameter to P7S due to the My high molecular weight. P7Q and P7S 

have a similar molecular weight, but P7Q packs more tightly resulting in a smaller 

diameter and smaller retraction force. 

 

For P7Q, of similar molecular weight and hydrogen bonding potential to P7S, the 

low Fapp and Fret values also indicate little dangling chain ends (Figure 3.8c). This results 
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in small, compact fibers. Adder proteins containing glutamine repeats or Q-blocks yield 

more compact amyloid protofibrils, which has been observed in other large amyloid 

fibers with Q-containing adder proteins.24 Protofibrils made from a protein with a large 

amount of Q were 3 times more twisted than protofibrils made from a protein with the 

same number of amino acids but less Q, indicating that the amide side group has a strong 

influence on protofibril formation.26 While different in molecular weight, the major 

difference between P7Q, P7S, and My is that P7Q and My are highly α-helical and P7S is 

not. My also does not contain a significant amount of Q or any Q-blocks so the ability of 

an adder protein to incorporate into a self-assembling amyloid β-sheet structure appears 

very dependent on α-helix content.  

P7Q and P7S are both 21 amino acids long, do not contain charged amino acids, 

and have the same isoelectric point (pI). They also have the same hydrophobic LVLVLV 

core resulting in the same aliphatic index of AI=97. Glutamine (Q) contains an amide 

side group and serine (S) a hydroxyl side group. An NH on the end of one Q in one P7Q 

can hydrogen bond to a C=O on the end of another Q in a neighboring P7Q molecule. 

Similarly, an OH on the end of an S in one P7S can hydrogen bond to another OH on the 

end of another S in a neighboring P7S molecule. Disregarding any small differences in 

the hydrogen bonding energy of an amine to a carbonyl and a hydroxyl to another 

hydroxyl, both P7Q and P7S have the same hydrogen bonding potential. Thus, the 

biggest difference between P7Q and P7S is in secondary structure with P7Q highly α-

helical and P7S containing no α-helix but a moderately-sized β-sheet in the hydrophobic 

core (Figure 2.1).  
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It would be expected that the more hydrophobic S group (higher GRAVY, Table 

2.1), β-sheet core, and higher β-sheet aggregation tendency (TANGO, Table 2.1) would 

make P7S more amenable to aggregation into amyloids with itself and with the very 

hydrophobic Gd20 template since hydrophobic interactions are very important to protein 

molecule aggregation into β-sheets.27, 28 From previous observations, there is no criterion 

that the template be α-helical, although in this case Gd20 has α-helices. Thus, P7S could 

template Gd20 to some extent but it does not. P7Q and P7S can self-assemble onto the 

hydrophobic cell membrane, which is acting as the template, a process that happens in 

vivo for A(1-42).29  

α-helix to β-sheet conformation change is important to amyloid formation and 

readily occurs on hydrophobic surfaces.30, 31 It has been shown that the hydrophobic 

regions of α-helices undergo conformation change and drive self-assembly.32 The 

conformation change is best correlated with the fraction of hydrophobic A, I, L, and V 

amino acids in the helices, which can be represented by the product nαα, where nα is the 

α-helical fraction of the protein (Table 2.1) and α is the A+I+L+V fraction of the α-helix 

(Figure 2.1). A rudimentary correlation can be found between Fapp, Fret and the 

hydrophobic character of the adder protein α-helices as represented by nαα (Figure 

3.9).32 The lack of α to β conformation change in P7S-containing fibers seems to be a big 

deterrent to high incorporation into the amyloid structure. The separation of P7S from the 

rest of the fibers in Figures 3.6 and 3.7 show that molecularly packed fibers behave 

similarly to each other and molecularly unpacked fibers behave similarly to each other, 

regardless of the proteins they are made from, but molecularly packed and unpacked 

fibers behave very differently from each other.  
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Figure 3.9. Approach, Fapp, and retraction, Fret, force inversely correlate with the 

hydrophobicity of the α-helix. 

 

3.4.4 A Note About Self-Assembly Kinetics.  

The major focus of this study is to show how protein amino acid sequence affects 

self-assembly and is therefore focused on the self-assembly thermodynamics. However, 

measurements are taken at two different times and give some insight into large amyloid 

fiber self-assembly kinetics. Gd20 template-only fibers are the smallest observed and 

have the smallest change in H and W with time (Table 3.2). In a previous study, Gd20 

template-only fibers decreased in size with time but both studies produced fibers of the 

same size at 72 hours.22 Gd20 also has the smallest change in both Fapp and Fret with time. 

These observations suggest the equilibrium fiber structure is reached within 72 hours but 

there is a chance for metastability prior to 72 hours. Self-assembly of the hydrophobic 
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protein happens quickly and without an adder protein, the template protein has limited 

self-assembly resulting in the smallest fibers. P7Q fibers, containing glutamine repeats or 

Q-blocks, decrease in size from 26 to 72 hours (Table 3.2) but increase in Fapp and Fret. 

P7S fibers, with serine repeats, increase in size and Fapp and Fret over the same time 

period. Gd20:P7Q fibers also decrease in size but Fapp stays about the same while Fret 

decreases, unlike P7Q by itself. Gd20:P7S fibers considerably increase in size and Fapp 

and Fret. Considering these results together suggests different self-assembly and ripening 

mechanisms for P7Q and P7S containing fibers showing that the amino acid sequence 

makes the fiber formation thermodynamically and kinetically different. P7Q fibers appear 

to exhibit “fragility” where nanometer-sized protofibrils join and break away from one 

another with time, thus the large amyloid fiber decreases in size.33 In the absence of a 

template protein, P7Q proteins are not incorporated well into β-sheets and have a lot of 

free chain ends that increase with time and thus exhibit an increasing Fapp and Fret. This 

unassembled material could contribute to the fragility by inhibiting protofibril bundling 

into larger structures. Combining P7Q with a Gd20 template results in Gd20:P7Q fibers 

that behave more like Gd20 by itself. The co-assembly of Gd20 and P7Q results in fibers 

similar in size to Gd20 template by itself but more molecularly packed like P7Q. P7S 

fibers are never very much assembled and appear to disassemble with time, resulting in 

higher H, W, Fapp, and Fret, which is an indication of fragility where proteins incorporate 

at short time and then break free at longer times with small perturbations to the system.33-

35 Adding Gd20 template produces a more stable fiber from increased molecular packing 

in the Gd20:P7S fiber as measured by lower H, W, Fapp, and Fret compared to P7S alone. 

The P7S adder protein alone does not support tightly packed amyloid fiber formation as 
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well as a template and adder system even though a hydrophobic surface may initiate 

adder self-assembly. For Gd20:My, protofibrils continue bundling into larger amyloid 

fibers with time, resulting in thicker and wider fibers while My continues to incorporate 

into the structure and protofibrils pack tightly resulting in lower Fapp and Fret.
22  

 

Table 3.2. Changes in fiber height, H, width, W, approach force, Fapp, and retraction 

force, Fret, with time. 

Fiber ΔH (%) ΔW (%) ΔFapp (%) ΔFret (%) 

Gd20X -14 +17 -14 (within error) -28 

P7QX -68 -88 +221 +17 (within error) 

P7SX +72 +72 +32 +13 

Gd20:P7QX  -35 -26 +12 (within error) -32 

Gd20:P7SX +142 +194 +137 +83 

Gd20X:My22 +93 +104 -87 -35 
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Chapter 4. Conclusions 

Bacterial expression of template and adder proteins allows for the capability of 

producing customized μm-sized large amyloid fibers. α-helical adder proteins P7Q and 

My incorporate more into the self-assembled amyloid β-sheet structure than non α-helical 

P7S. Molecular incorporation is measured by AFM approach/retraction force values with 

higher forces indicative of less molecular incorporation. Small molecular weight adder 

P7Q results in narrow large amyloid fibers while large molecular weight adder My results 

in wide large amyloid fibers. P7S cannot incorporate significantly and large amounts of 

unassembled protein prohibit protofibrils from tightly bundling, resulting in wide large 

amyloid fibers. By controlling the template and adder protein amino acid sequence 

through genetic engineering, it is possible to design systems to self-assemble from 

nanometer protofibrils to micrometer fibers with controllable properties.  


