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Abstract 

α-helical peptide Self-assembly Structure Design and 

Characterization

By Shengyuan Wang

Functionalized nanomaterials are extensively researched in the past decades due to their 

high functionalization density, and unique physical and mechanical properties compared to their 

macro-scale material counterparts. Among them, protein and peptide-based nanomaterials are 

especially sought after, as they encode life-related functions that are often not accessible by current 

technologies. However, precise control and rational design of protein and peptide-based 

nanomaterials are difficult to achieve. This thesis presents the design and characterization of three

α-helical peptide systems with the recently discovered, novel cross-α tertiary structure that self-

assemble into nanofibrils, nanosheets from fibril lamination, and nanotubes from nanosheet 

wrapping; and the design and characterization of one α-helical coiled-coil peptide system with 

designed coiled-coil interfaces promoting 2D lateral association of coiled-coil bundles that self-

assemble into nanosheets. The results will enhance our understandings of protein self-assembly 

principles and hopefully contribute to protein and peptide-based nanomaterial designs in the future.
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1. Chapter 1: Introduction to 1D and 2D Self-assembled Peptide 

Nanomaterials

1.1 Introduction

Nanomaterials have proven themselves useful over the past decades serving as high-

performance semiconductors, materials with unique mechanical1, thermal2 and electrical3

properties, applications in biology and medicine4, and many more. While inorganic nanoparticles5

and small-molecule frameworks6-7 are often explored as functional nanomaterials due to their 

stability and ease of preparation and modification, bio-nanomaterials based on nucleic acids and 

amino acids remain as a hot research topic as they encode information obtained through billions of 

years of evolution, acting as stepping stones or points of direction when developing novel functions. 

To illustrate, as of Nov. 30th, 2020 there are 171,588 biological macromolecular structures 

deposited in the Protein Database Bank (https://www.rcsb.org/)8 including 137,402 naturally 

occurring protein structures, and 34,186 synthetic or de novo structures. In comparison, while 

MOFDB at Northwestern University has a comparable size at 163396 entries of metal-organic-

framework structures (https://mof.tech.northwestern.edu/), and CoRE-COF offers 450 entries of 

covalent-organic-framework structures (https://github.com/core-cof/CoRE-COF-

Database/tree/master/CoRE-COFs_DT449-v4.0-qeq)9, most of them are synthetic structures and 

do not encode natural functions. Not only many of these functions encoded in proteins support life, 

some of the enzyme-catalyzed reactions hold reactivity, selectivity and yield unobtainable through 

modern synthetic chemistry approaches, thus understanding these protein functions gathers a great 

interest to this date. Exploring and understanding the principles of bio-macromolecule self-

assembly will help understand how these molecules fold into a particular shape to perform 

functions, and subsequently help with repurposing and redesigning their functions.
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Nucleotide and its polymer form, DNA naturally encode genetic information up to billions 

of nucleotide base-pairs10, that would translate to gigabytes of data in a micro-scale, or an 

outstandingly high data density. DNAs has also been shown to self-assemble into well-controlled, 

pre-defined shapes, patterns and structures11. On the other hand, amino acid and its polymer form,

peptide and protein offer much more complexity, where protein structures are classified into 4 

degrees of structural levels, and there are 20 naturally occurring amino acids compared to 4 

naturally occurring nucleotides. However, protein self-assembly is much harder to control 

compared to DNA self-assembly. While a huge amount of effort characterizing, predicting and 

designing protein structures has been made over the past 20 years towards protein structure and 

function design12-13, the precise control of protein self-assembly pathway and protein function is 

still difficult as to this date, illustrated by the lack of success in protein design (no activities14-15; no 

experimental confirmation16; or with a marginal success rate17) and the severe lack of support from 

computational chemistry communities developed such related softwares (for example, prospr, a re-

implementation of Deepmind’s top protein structure prediction performing algorithm competed in 

Critical Assessment of Structure Prediction (CASP) 2018, received no updates since 13 months 

ago and is currently broken for novice users, perhaps due to a discouraging peer-review process18), 

despite several successful computational enzyme design examples using an iterative method were 

presented back in 2010-201219-21. On top of the difficulty of accurately predicting protein structures, 

it also requires a huge amount of time and effort characterizing protein structures via crystallization

22 and/or cryo-electron microscopy23 to confirm the designed protein structures. Nonetheless, 

progress still has been made over the past decades on characterizing and designing peptide self-

assemblies through rational or computational design, albeit many at a much simpler level towards 

forming straightforward geometric shapes. The following sections will give a brief overview of the 

current developments of α-helix based peptide self-assembly structures and designs, as well as a 

brief comparison of peptide self-assemblies between α-helix and other protein secondary structures.
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1.2 α-helix peptide self-assembly

α-helix peptides are capable of forming a variety of self-assemblies including fibrils, tapes, 

nanosheets and crystals. A native α-helix has a 3.6 residues / turn geometry, or 18 residues / 5 turns 

in whole numbers, effectively dividing a helix to an 18-face cylinder24. As a result, it’s difficult to 

manually predict and design native α-helix interfaces, reflected by α-helices often tilt and stack at 

an angle25-26 in self-assembly structures (Figure 1.1), thus α-helix peptide self-assemblies are often 

predicted by computational methods27-28 using softwares such as Rosetta. 

A B

Figure 1.1. A) amyloid-like α-helical fibril LacY, figure adapted from ref 26. B) computationally designed peptide P6_H 

with a P6 space group symmetry, figure adapted from ref 27.

Despite the difficulties predicting α-helix self-assembly, manually designed α-helix 

peptide self-assemblies achieved success nonetheless. Hughes et al. redesigned naturally existing

leucine-rich protein repeat motifs (PDB ID: 3LTJ and 1LRV) to form α-barrel nanotubes, where 

highly conserved residues in the repeat sequences are preserved, solvent-exposing residues are re-

designed to polar residues, and turn motifs in the repeat sequences are removed to allow axial 

stacking interactions, i.e. nanotube elongation29. The designed HEAT_R1 and LRV_M3del1 
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systems form robust fibril assemblies, and HEAT_R1 has been demonstrated to be functionalized 

with proof-of-concept mCherry red fluorescent protein without hindering its fibril formation,

enabling nanomaterial functionalization applications.

Figure 1.2. atomic model of HEAT_R1 (left, PDB ID:6MK1) and LRV_M3del1 (right, PDB ID: 6HQE). Figure adapted 

from ref 30. 

As for more “de novo from scratch” designs, Magnotti et al. designed 3 symmetric 

interfaces in an α-helix system 3FD31 (Figure 1.3), where 6 residues account for each interface, 2 

large hydrophobic residues such as Leu and Ile are at position 3 and 4 to act as the main driving 

force of self-assembly; 2 small hydrophobic residues Ala are at position 2 and 5 to supplement the 

hydrophobic interfaces; and lastly 2 complimentarily charged residues E and K are at position 1 

and 6 to form salt-bridges in the interface. This system expects each 3FD monomer to interact with 

3 other monomers, achieving a 3-fold symmetry and 2D propagation. Two peptides, 3FD-IL and 

3FD-LL robustly self-assemble into 2D nanosheets with tolerability towards salt concentration up 

to 1M NaCl, however this system is susceptible to hydrophobic residue mutations and 

functionalizations at its C and N termini. In addition, a designed 4 symmetric interfaces derivative 
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of this system, could be termed 4FD, doesn’t self-assemble, further illustrating the difficulty 

predicting α-helical self-assemblies. 

Figure 1.3. Proposed structure model (left) and TEM micrograph (right, scale bar = 200 nm) of 3FD-IL, figure adapted 

from ref 32.

One other α-helix based tertiary structure is the recently discovered cross-α structure by 

Tayeb-Fligelman et al.33, where phenol soluble modulin α3 (PSMα3) secreted by Staphylococcus 

aureus is shown to stack and mate into a fibril structure (Figure 1.4A), similar to cross-β amyloid 

fibril structures where β-strand stacking and mating are the signature structural features of cross-β 

fibrils. PSMα3’s cross-α structure has been argued to be detrimental to PSMα3’s cytotoxicity, but 

this hypothesis is still under debate34-35. It appears cross-α structures may be somewhat common in 

nature, especially in amphiphilic antimicrobial peptides36, and may possess 

antimicrobial/cytotoxicity importance. Cross-α design principles have been explored recently as 

well; inspired from a natural membrane protein αAmmem, a coiled-coil optimized system has been 

shown to mate as a coiled-coil dimer, and the dimers stack to afford fibril elongation similar to 

PSMα337  (Figure 1.4B), enabling design space for cross-α structures. 
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Figure 1.4. (left)PDB ID: 5I55. (right)PDB ID: 6C4X. models rendered in PyMol.

One well-characterized α-helix rational design system is coiled-coil. Coiled-coils are α-

helices wind around each other into a supercoil, instead of packing like straight straws like in 

PSMα3’s cross-α structure presented above. The slight twist in coiled-coil helices changed their 

geometries to 3.5 residues / turn, or 7 residues / 2 turns, effectively divide each coiled-coil helix 

into 7 distinct interfaces to allow a coiled-coil sequence to be plotted on a heptad helical wheel. 

Two of the interfaces, typically labelled a and d, are often hydrophobic to drive self-assembly as 

these two interfaces interact to form a hydrophobic core. Residues at these interfaces form knobs-

into-holes interactions, where each residue from one interface (knob) are effectively sandwiched 

between two residues from the other interface (hole) (Figure 1.5). 
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Figure 1.5. a) heptad representation of a generic coiled-coil. b) sideview of a generic coiled-coil showing 

the a-d knobs-into-holes interactions. Figure adapted from ref 38.

Coiled-coils can be designed to self-assemble into various dimensions. Walshaw and 

Woolfson classified coiled-coils into 4 types39 (Figure 1.6): the traditional dimer is termed type-N, 

where a coiled-coil dimer is expected via a, d face interactions to form a hydrophobic core; type-1 

describes a coiled-coil bundle where 3 faces (a, d, e or a, d, g) participate in inter-helix interactions; 

type-2 describes a bundle where 4 faces (a, d, e, g) participate in inter-helix interactions; and finally 

type-3 describes a bundle where a non-consecutive pair of 2 faces participate in inter-helix

interactions, such as a, d faces and b, f faces shown below. 

Figure 1.6. 4 types of coiled-coil bundles, inter-helix interactions are labeled with colors. Figure adapted from ref 40.

https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1038%2Fs41598-019-39588-2
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Naturally, the identity of amino acids at these inter-helix interacting positions can have 

profound impacts on the resulting structure (Figure 1.7), such as β-branched amino acids can direct 

the orientation and the number of helices in the coiled coil bundle40-41; special motifs such as an 

Arg motif can change how helices interact42. In general, type N, 1 and 2 form coiled-coil bundles 

and small α-barrels, where type 3 leads to gigantic α-barrels, or stacking α-helices resulting in tapes, 

resembling of the cross-α structure mentioned above. Coiled-coil bundles can extend through 

sticky-end designs43-44 or bundle stackings40, 45-46 to form 1D assemblies, as well as propagate in a 

P321 space group symmetry to form crystals via computational design47. Although coiled-coils 

have been well characterized ~20 years ago, recent discoveries of type 2 αAm37 and type 3 Form42

cross-α structures showed coiled-coils could be much more versatile in protein design, which will 

be explored in some of the later chapters presented in this thesis.

Figure 1.7. effect of amino acid identities at a, d positions of a type 2 coiled-coil system, CC-Type2, on the number of 

helices in a coiled-coil bundle. a) all Val at a, d faces, hexamer; b) Ile at a, Val at d faces, heptamer; c) all Ile at a, d 

faces, octamer. Figure adapted from ref 40. 
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1.3 1D peptide self-assembly based on other structural motifs.

Dipeptide is perhaps the simplest 1D peptide self-assembly system. As simple as two 

amino acids, diphenylalanine (FF) is shown to self-assemble into well-behaving nanotubes 48, 49. FF 

is first seen as a motif from Alzheimer's β-amyloid structure, but this motif alone is able to self-

assemble into nanotubes driven by aromatic π-π stacking and hydrophobic interactions in a 

hexagonal pattern50 (Figure 1.8). 

A B

C

Figure 1.8. A) TEM of FF nanotube, figure adapted from ref 49. B), C) proposed structure of FF nanotubes, figure adapted 

from ref 50.

Due its disassembly nature when diluted in solution, FF has been explored as a drug delivery 

vehicle aimed to achieve a slow drug release51-52 (Figure 1.9A). FF fibril formation can also be 
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directed on a seeded surface by electric field53 or aniline vapor54, where the former could be utilized 

into energy storage (Figure 1.9B). While most FF self-assemblies require dissolving in cytotoxic 

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), FF is also shown to assemble under physiologically 

relevant conditions after HFIP is dialyzed55, enabling FF assemblies to be used for bio-related 

applications. FF is also investigated to be conjugated with other nanoparticles such as nucleic acid56, 

metal nanoparticles57 and drug molecules58 (Figure 1.9C), although functionalized FFs no longer 

assemble into fibrils but nanoparticles instead. As expected, FF functionalization occurs at its C 

and N termini to be conjugated with other molecules or moieties.

A

B C

Figure 1.9. A) Functionalized FF nanotube to introduce Rhodamine B inside the nanotube, figure adapted from ref 51.B) 

Controlled FF nanocrystal growth for power generation applications, figure adapted from ref 53. C) SEM images of 

conjugated FF with DNA molecules, figure adapted from ref 56.
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Cross-β amyloid and amyloid-like fibrils are perhaps the most famous β-strand based 1D 

structures. Amyloid fibrils are first found in patients with neurological diseases such as amyloidβ

in Alzheimer’s, which then led to the hypothesis that amyloid formation is the cause of neural cell 

degeneration, and inhibiting/reversing amyloid fibril formation would be a cure to such 

neurological diseases, thus gathered research interests59. Cross-β structure is defined as β-strands 

or β-hairpins, β-strands linked by a turn sequence, stack against the fibril direction while mating to 

form a bi-layered structure, resulting in a signature X-ray fibril diffraction pattern that shows both 

the β-strand stacking distance (~4.7 Å) and the β-strand mating distance (~10 Å)60 (Figure 1.10). 

β-strand mating is usually through a dry interface, where β-strand stacking is usually facilitated by 

hydrogen-bonding via amino and carboxyl groups of amino acid residues, phenyl moieties from 

phenylanaline, tryptophan or tyrosine, and sometimes hygrogen-bonding via amide moieties from 

glutamine and asparagine61. 

Figure 1.10. X-ray diffraction pattern of a monoclonal immunoglobulin light chain, figure adapted from ref 60. 

Not only as potential medical targets, amyloids and cross-β structures are also explored as 

nanomaterials due to their superb stability and robustness62-64. However, while amyloids are shown 

to self-oligomerize/laminate into high-ordered nanotubes65 and nanosheets66-67, it’s not hard to 
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notice their poor morphology selectivity and polymorphic nature68-69, rendering them difficult to be 

further designed as functional nanomaterials. In addition, amyloids are often assembled under the 

presence of acetonitrile and have a long self-assembly time in aqueous conditions, further limiting 

their bio-application scope. Many proposed functional amyloid applications focus on the detection 

and inhibition of existing amyloid fibrils with functionalized amyloid peptide counterparts70-72. 

Figure 1.11 A) Aβ(16−22) laminated nanotube self-assembly, adapted from ref 65. B) KLVFFAK nanosheet self-assembly, 

adapted from ref 67.

Amphiphilic peptides (PA) are also capable of self-assembling into 1D nanotube structures, 

much similar to the Aβ(16−22) laminated nanotube self-assembly presented above. Amphiphilic 

peptides are often polar amino acid residues tagged with a hydrophobic tail73, or a chain of non-

polar amino acid residues74, where the hydrophobic portion will laminate into a micelle-like ring 

but stacks to afford fibril elongation (Figure 1.12). PA self-assembly can be controlled by 

modifying the length of the hydrophobic tail, controlled by disulfide bond formation/dissociation 

of Cys residues, and of course the identity of hydrophilic amino acid residues affecting the resulting 

fibril’s length and stiffness73. PAs have been explored as antimicrobial peptides75, self-healing 
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materials, semiconductors and others, but in the perspective of functionalized materials, PAs are 

limited by the fact there’s only one site for functionalization at the hydrophilic terminus. 

Figure 1.12. A) sequence of IKVAV-PA; B) proposed structure of IKVAV-PA; C) TEM micrograph of IKVAV-PA. figure 

adapted from ref 76.

Collagen and collagen-mimetic peptides (CMP) are yet another family of peptides capable 

of adopting 1D self-assemblies. These peptides typically adopt a tripeptide pattern (X-Y-Gly) 

where 3 amino acids represent a block, each CMP will have blocks that are positively charged, 

negatively charged or hydrophobic to have stacked or staggered alignments in triple helical bundles 

to form fibrils (Figure 1.13). Sun et al. reported CMP2 and CMP3, which are tolerable to 

incorporating the synthetic triple helical peptide integrin and lanthanide ion binding motif 

GFOGER, can still self-assemble into fibrils and be used as a Lanthanide ion-mediated assembly 

motif that bind and detect integrin motifs from HeLa cells. Functionalizing CMPs often involves 

CMP and collagen hybrids that retain the hybrids’ self-assembly behaviors77.
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Figure 1.13. A) staggered sequence alignment of F1, figure adopted from ref78.  B) Proposed triple-helical wheel 

diagram of CPII, figure adopted from ref79.
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1.4 2D peptide self-assembly based on other structural motifs

2D peptide self-assemblies promise applications in healing soft-materials, catalytic 

platforms, bio-related nanodevices, and platforms to assemble into 3D structures, but the difficulty 

controlling twice the number of interfaces to direct 2D propagation compared to 1D is not an easy 

obstacle to overcome, it has been suggested all of the interfaces must have equivalent interface 

binding energies  to avoid self-associating into 1D assemblies instead67. 

Cross-β amyloids have the tendency to laterally associate into 2D tapes, but often with 

twisting angles to wrap into helical tapes and nanotubes66. Non-twisting cross-β fibril lamination 

has been reported by Lamm et al.66, where the authors propose the alternative D-Pro and L-Pro in 

the central turn region of the peptide’s strand-turn-strand β-hairpin monomer structure breaks the 

fibril’s tendency to twist, thus resulting in a non-twisting morphology (Figure 1.14A). While 

promising, this is difficult to reproduce in other systems without a hairpin monomer motif. Dai et 

al. reported a cross-β amyloid system able to associate into nanosheets, where the amyloid fibril’s 

two solvent-facing interfaces can interact with all others (Figure 1.14B)67 in roughly equivalent 

binding energies.  However, this may also be difficult to implement in other systems, as the authors 

did not present another cross-β amyloid 2D self-assembly system based on this design principle.

A

B
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Figure 1.14. A) Proposed structure of (VK)4-VDPPT-(KV)4, figure adapted from ref 66. B) Interface illustrations of 

KLVFFAK, figure adapted from ref 67. 

Lin et al. reported a peptide amphiphile, F6C11, assembled into single-layer 2D assembly80

(Figure 1.15). The authors reported both the hydrophobic tail’s and the hydrophilic residues’ 

strength contribute to this 2D self-assembly, shortening the hydrophobic tail, incorporating less Phe 

or mutating Phe to Val all inhibited 2D self-assembly. While promising, unfortunately converting 

a peptide sequence into a peptide amphiphile may not guarantee 2D self-asssembly.

Figure 1.15. Proposed structure of F6C11. Figure adapted from ref 80. 

Lastly, several structurally defined with potential precise structure control 2D CMP self-

assembly cases have been reported. Tao et al. designed a CMP system, NSII with matching number 
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of polar and non-polar tripeptide blocks to promote 2D propagation through the polar blocks’ 

complimentary electrostatic interactions81 (Figure 1.16). Furthermore, Tao et al. showed extending 

the length of one polar blocks can make the resulting CMP, named CP+ and CP-, 2D assembly 

positively or negatively charged; co-assembling CP+ and CP- can result in lego/sandwiched 

stacked-layer sheets82. Later, Merg et al. showed CMPs with varied lengths of non-polar tripeptide 

blocks, the 4S(X)4n4 series, can co-assemble as well, effectively creating mixed CMP 2D 

nanosheets with various heights at different regions of the resulting nanosheet83. These results are 

very promising to achieve 2D and 3D bio-nanomaterials with precise structure control.

A B

C

Figure 1.16. A) Proposed structure of NSI and NSII, figure adapted from ref 81. A) Sequence and proposed structure of 

CP+ and CP-, figure adapted from ref 82. A) Illustration of the 4S(X)4n4 peptides, figure adapted from ref 83.
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1.5 Conclusion

This chapter gives an overview of the current development of 1D and 2D peptide-assemblies. 

While metal-organic frameworks, metal-based nanoparticles, graphene-based carbon nanotubes

and nanosheets and others have gathered much research interests, bio-inspired materials using 

peptides and DNA as building blocks have the unique advantage of a bottom-up approach where 

the interactions of each monomer building block can be controlled, and being bio-related allows 

these materials to harvest the bio-related functions encoded by nature. 

α-helix is a common protein secondary motif and is capable of self-assembling to a variety 

of structures. Compared to dipeptide, β-strand and CMP, α-helix are stable, structurally diverse, 

and well-characterized to have a range of computational tools like Rosetta to help with the protein 

design/prediction process. With the protein structure characterization tool cryo-EM gaining another 

wave of popularity by being awarded the Nobel Prize in Chemistry in 2017, as well as the recent 

advances in artificial intelligence alphaFold2 on protein folding prediction, the future is bright to 

achieve easily prepared (α-helical based) peptide nanomaterials with precise structure control, and 

direct years of academic research efforts into real-world applications.
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2 Chapter 2: PSMα3 Selectively Self-assembles into cross-α

Nanotubes 

2.1 Introduction

Phenol-soluble modulins (PSMs) are a family of amphipathic, a-helical peptides secreted by 

the Staphylococcus family of bacteria. PSMs gained research interest as they are believed to have 

roles in the pathogenesis pathway of S. aureus infections1, where S. aureus infections pose as a 

significant public health risk, total at an estimated 10-30 cases per 100,000 person-years in the 

developed world2. There are 7 PSM peptides secreted by S. aureus: four 22 residues long PSMα1 

– PSMα4 peptides, two 44 residues long PSMβ1 and PSMβ2 peptides, and a 25 residues long PSMγ

(or delta-toxin) peptide (Figure 2.1)3. These peptides are grouped by the operons they are encoded 

on. PSMα1 and PSMα2 have a large 85.7% sequence similarity. Charge-wise, PSMαs are positively 

charged, PSMβs are negatively charged, and PSMγ is neutral.

Figure 2.1. PSM sequences. All peptides shown are formylated (f) at the N-terminal. Figure adapted from ref. 3.

PSMαs and PSMγ were identified as critical virulence factors of community-associated 

methicillin-resistant S. aureus (CA-MRSA) infections1, 4, as CA-MRSA mutants with PSMα and 

PSMγ production inhibited have a less mortality rate in mouse models compared to the wild type, 

and inhibiting PSMβ production did not have a significant impact on the mortality rate. Synthetic 

PSMα and PSMγ peptides showed high cytolytic activities (< 1 μM/dm3 EC50 towards DPPC53 

vesicles) toward human neutrophils, where PSMα3 is the most cytolytic, and PSMα4 and PSMβ
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peptides showed low cytolytic activities (> 1 μM/dm3 EC50 towards DPPC53 vesicles). It is also 

shown some less deadly S. aureus strains5, and the overall less deadly strain Staphylococcus 

epidermidis6 compared to S. aureus have a less PSMα and PSMγ expression rate, supporting the 

hypothesis of PSMαs and PSMγ being critical virulence factors.

PSM peptides are also shown to self-assemble into extracellular fibrils (Figure 2.2A)7, 

where S. aureus mutants with all PSM productions inhibited are unable to produce the observed 

extracellular fibrils (Figure 2.2B). However, Zheng et al. showed conflicting evidence that 

extracellular fibrils are present in a PSM deficient S. aureus LAC (USA300) strain mutant (Figure 

2.2C)8. PSMs are also shown to contribute to S. aureus biofilm stabilization7, 9. A mixture of 

synthesized, all 7 PSMs form fibrils (Figure 2.2D)7 that binds to thioflavin T (ThT) and Congo red 

(CR), where ThT and CR are known to bind with amyloid fibrils10, suggesting these fibrils may be 

structurally similar to amyloid fibrils. Exposing grown S. aureus biofilms to synthetic, solublized

PSMα1 peptide caused biofilm disassembly; however, exposing grown biofilms to PSMα1 fibrils 

did not cause biofilm disassembly7, suggesting the self-assembly of PSM peptides, or at least 

PSMα1 may inhibit some of the peptide’s functions.
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A B

C D

Figure 2.2. TEM micrographs of A) cells from S. aureus SH1000 biofilms grown in PNG media. B) An Agr knocked-off

mutant (Agr regulates PSM expression) of the S. aureus SH1000 strain does not produce extracellular fibers. C) An Agr 

mutant of the S. aureus LAC (USA300) strain that does produce extracellular fibers. D) 48 hours after mixing 100 mg/mL 

each of the seven PSM peptides (a1–4, b1–2, and d-toxin), fibril structures are readily observed by TEM. Images adapted 

from ref 8, 9.

Recently, the in-solution structures of PSMα1 and α3 peptides, and the amyloid-like fibril 

structures of PSM α1, α3 and α4 were characterized. Both PSMα1 and PSMα3 form α-helices in 
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solution with 50% d-trifluoroethanol (d-TFE)11. PSMα1 and PSMα4 first assemble into α-helices, 

but then transition to β-sheet and ultimately form cross-β fibrils in aqueous solutions within several 

days (Figure 2.3A, B)12. In addition, PSMα3 forms a novel “cross-α” type amyloid fibril assembly

(Figure 2.3C)13, where the amphipathic PSMα3 α-helices are positioned perpendicular to the fibril 

axis, mate through their hydrophobic faces and stacks in the fibril axis direction to afford fibril 

growth, resembling those of cross-β structures. The PSMα3 cross-α fibrils also bind to Thioflavin 

T (ThT) similar to cross-β amyloid fibrils13. 
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C D

Figure 2.3. A) and B): X-ray fibril diffraction of A) PSMα1 and B) PSMα4 shows major diffraction orthogonal arches at 

4.6 Å and 12 Å spacings. C) TEM and model of PSMα3, hydrophilic residues are colored blue, and hydrophobic residues 

are colored orange. D) Helical wheel representation of PSMα3, hydrophobic residues are boxed, showing clear 

amphipathic features. Images adapted from ref. 12, 13.

Tayeb-Fligelman et Al. performed alanine screens of PSMα3 and showed fibril formation 

and positive charges both contribute to PSMα3’s cytotoxicity14, 15. Das et al. used all-atom classical 
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molecular dynamics simulation and found single PSMα3 helices are energetically unfavored to 

penetrate a two-model bilayer system16, thus PSMα3 fibrillization might be essential to its cytolytic 

activities in penetrating cell membranes. Yao et al. used a stereochemical coassembly approach and 

showed a racemic mixture of L- and D- PSMα3 displayed extensive fibril formation, but no

cytotoxicity towards HEK293FT cells17; both the pure L- and D- enantiomer of PSMα3 alone 

showed little to no fibril formation but maintains cytotoxicity, suggesting PSMα3’s cytotoxicity 

might be attributed to the soluble form of PSMα3, instead of the insoluble amyloid-like fibril form. 

Zheng et al. also performed PSMα3 alanine screenings and have found many PSMα3 mutants 

maintained cytotoxicity without ThT binding17, raising the question whether ThT bindings should 

be used to confirm the correlation between PSMα3 fibril formation and cytotoxicity. It’s debatable 

and interesting whether this novel cross-α structure have any biological functions.

Cross-β amyloid structures are known to be polymorphic and have biological relevances18; 

PSMα3 already displays a good degree of polymorphism often in the supplemental information of 

published results. It is possible these polymorphic morphologies are controllable and lead to 

biological functions. This chapter’s goal is to 1. screen and characterize any polymorphisms 

exhibited by PSMα3; 2. optimize conditions of each morphology identified for selectivity and 

further characterization; 3. isolate and determine the structure-cytotoxicity relationship of each 

morphology identified. This chapter will present the characterization of PSMα3’s self-assembled 

nanotube structure, where PSMα3 selectively self-assembles into nanotubes via the lateral 

association of the previously identified cross-α PSMα3 fibrils.
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2.2 Results and discussion

2.2.1 Self-assembly of PSMα3

PSMα3 was synthesized via solid-phase peptide synthesis with N-terminal acetylation and 

C-terminal amidation to reduce termini charges. Peptide was purified by preparative HPLC, 

characterized by MALDI and its purity was confirmed by MALDI and analytical HPLC. Because 

peptide self-assembly is affected by peptide concentration, as well as many external stimuli such 

as pH, temperature, salt concentration19-22, PSMα3 was first screened in 10 mM buffers from pH 

5.0 to pH 8.0 at an increment of pH 1.0, room temperature and annealed at 90 ℃ , and 302 μM – 2 

mM peptide concentrations to assess its self-assembly behavior. Fibrils can be seldomly found at 

above 755 μM PSMα3 peptide concentration (Figure 2.4D). At 302 – 755 μM PSMα3 peptide 

concentrations, PSMα3 assembled into a variety of morphologies that are pH and temperature 

dependent. In 10 mM pH 5.0 – pH 8.0 buffers at room temperature, as well as in 10 mM pH 5.0 

and pH 6.0 buffers when annealed at 90 ℃ , PSMα3 assembled into twisted fibrils after 24 h of 

incubation (Figure 2.4A). Nanotubes are also rarely seen at lower peptide concentration conditions

at this pH range at ~5% of the total assembly. Both the twisted fibrils23 and the nanotubes17 were 

observed in previous studies, although at 800 μM and above peptide concentrations and were not 

selective. In 10 mM pH 7.0 and pH 8.0 buffers annealed at 90 ℃ , PSMα3 assembled into nanotubes 

with two distinct populations with different diameters, 100 nm and 160 nm after 24 h of incubation

(Figure 2.6B). While PSMα3 at pH 7.0 showed a mix of nanotubes and fibrils (Figure 2.4B), 

PSMα3 at pH 8.0 selectively assembled into nanotubes with varied diameters (Figure 2.4C).

Precipitations were observed in both annealed samples after 24 h of incubation. In pH 2.0 HPLC 

water titrated with TFA both at room temperature and annealed at 90 ℃ , PSMα3 assembled into 

nanotubes with an averaged 61 nm diameter (Figure 2.6A) after 24 h of incubation (Figure 2.5). 

The tubes were stable up to 1 month, and tube elongation up to tens of microns was observed. 
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Figure 2.4. Representative TEM images of A) 453 μM PSMα3, after 7 days of assembly time, in 10 mM pH 7.0 MOPS;

B) 453 μM PSMα3, after 7 days of assembly time, annealed at 90 ℃, in 10 mM pH 7.0 MOPS; C) 453 μM PSMα3, after 

7 days of assembly time, annealed at 90 ℃, in 10 mM pH 8.0 TAPS; D) 1.1 mM PSMα3, after 1 day of assembly time,

annealed at 90 ℃, in 10 mM pH 8.0 TAPS; All scale bars represent 100 nm.
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Figure 2.5. A) Cryo-EM image of 755 μM PSMα3, after 14 days of assembly time, in pH 2.0 water titrated with TFA, 

scale bar = 50 nm; B) TEM image of 755 μM PSMα3, after 14 days of assembly time, annealed at 90 ℃, in pH 2 water 

titrated with TFA, scale bar = 100 nm. 

A B

Figure 2.6. Histograms of nanotube widths measured via TEM in A) PSMα3 at pH 2.0; B) PSMα3 at pH 7.0 and pH 8.0, 

annealed at 90 ℃.

Circular dichroism (CD) spectroscopy was employed to both characterize the secondary 

structural properties of PSMα3 in the buffer conditions screened, as well as to identify any 

differences in CD spectra between the different morphologies. In order to compare CD signals from 
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samples with different concentrations, measured ellipticity was converted to molar ellipticity by 

dividing with a scale factor of [sample concentration in M]×[number of amino acids in the sequence] 

× [CD cuvette cell path length in cm]. All PSMα3 concentrations were determined via measuring 

the sample’s UV absorbance at 205 nm24. At pH 7.0 and 8.0 annealed at 90 ℃ , the MRE signals 

are especially noisy due to the lower peptide concentration of these samples as precipitations were 

observed. PSMα3 in all conditions showed α-helical signatures with positive signals around 195 

nm, and minima at around 209 nm and 224 nm (Figure 2.7), suggesting all of the observed 

morphologies are formed by α-helices. All conditions show similar θ224 nm/ θ209 nm ratios, indicating

there is no significant differences in the various morphologies’ secondary structures. Using the α-

helical and β-strand content prediction software K2D325, in all conditions the α-helical contents are 

consistent around 20%, and the β-strand contents are consistent around 30%. There are no apparent 

differences in the secondary structure content between the nanotubes with different diameters and

the fibrils.

A B

  

C
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Figure 2.7. Circular dichroism spectra of A) 377 μM PSMα3 in pH 2 water titrated with TFA, pH 2 water titrated with 

TFA annealed at 90 ℃; B) 453 μM PSMα3 in 10 mM pH 6.0 MES, 10 mM pH 7.0 MOPS, 10 mM pH 8.0 TAPS; C) 453 

μM PSMα3 in 10 mM pH 6.0 MES, 10 mM pH 7.0 MOPS, 10 mM pH 8.0 TAPS, all annealed at 90 ℃.

These preliminary results revealed PSMα3 can selectively assemble into a variety of

ordered morphologies by controlling the assembly condition’s pH and temperature: 90 nm and 150 

nm wide nanotubes can be induced with a neutral and basic pH and thermal annealing; 60 nm wide 

nanotubes can be induced with an extremely acidic pH, while thermal annealing does not change 

the assembly type to 90 nm nanotubes; twisting fibrils can be induced with a slightly acidic to 

slightly basic pH and no thermal annealing. Further structure characterizations were performed to 

determine whether and how these structures arise from the previously reported PSMα3 cross-α

structure.
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2.2.2 Characterization of PSMα3 nanotubes at pH 2

2.2.2.1 Kinetics and critical pH survey of PSMα3 nanotubes at pH 2

PSMα3 was screened at different incubation times via TEM to probe the assembly kinetics

of the observed 60 nm width “narrow” nanotubes in pH 2 water titrated with TFA. PSMα3 was first 

dissolved in TFE and TFE was evaporated in a fume hood to eliminate any pre-formed structures 

in the peptide powder state26. In 10 minutes after the 302 μM PSMα3 sample in water was titrated 

to pH 2.0 with dilute TFA, the sample already showed an α-helical CD signature (Figure 2.8D) and 

nanotube assembly (Figure 2.8A); some helical ribbons and nanotube-helical ribbon hybrids also 

exist as possible precursors to the nanotube assembly (Figure 2.8B). The helical ribbons have a 

varied tape width between 60 to 90 nm and a varied pitch between 140 to 160 nm, but all have a 

rather consistent turn angle of 150°. After 24 h of incubation, helical ribbons and imperfect 

nanotubes were no longer commonly observed, and most assemblies matured to nanotubes (Figure 

2.8C). This data agrees with the previously reported fast ThT binding time of PSMα3 maturing in 

merely hours27. While some PSMα3 tube assembly process can be seen at early assembly time 

points as the nanotubes are developed from helical ribbons, PSMα3 kinetics is too fast to have any 

conclusions drawn at this point. 
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Figure 2.8. A)-C): Representative TEM images of 302 μM PSMα3 in pH 2 water titrated with TFA, TEM sample prepared 

immediately after titration. A) and B) scale bars = 100 nm. C)  A zoomed out view showing the relative populations of 

each morphologies, where nanotube is the major species. D) Circular dichroism spectrum of 302 μM PSMα3 in pH 2 

water titrated with TFA, CD taken immediately after titration.

To determine the critical pH required of the PSMα3 narrow nanotube assemblies, further 

screenings of 377 μM PSMα3 assembled in pH 1.60, 1.81, 2.26, 2.50 and 3.10 water were

performed. At pH 1.60, only fibrils and peptide aggregates were observed (Figure 2.9A). At pH 

1.81, nanotubes were observed along with a lot of peptide aggregates (Figure 2.9B), although the 
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population of tubes in this condition is significantly less than in pH 2.00. Sometimes a striation 

pattern can be observed on the nanotubes. FFT analysis on the patterns did not yield any distinct

spacing, but manual measurements yielded a ~8 nm spacing, roughly corresponding to double the 

single fibril width observed earlier. At pH 2.26, predominately narrow nanotubes were observed 

(Figure 2.9C). At pH 2.50 and pH 3.10, tubes were no longer observed, twisted fibrils were instead

the major population of assemblies (Figure 2.9D). 

A B 

C D

Figure 2.9. Representative TEM images of 377 μM PSMα3, after 1 day of assembly time, A) in 0.1% TFA in pH 1.60 

water; B) in 0.1% TFA in pH 1.81 water; C) in 0.1% TFA in pH 2.26 water; D) in 0.1% TFA in pH 2.50 water; E) in 

0.1% TFA in pH 3.10 water. All scale bars represent 100 nm.
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All conditions display α-helical CD signatures with minima around 207 nm and 222 nm 

(Figure 2.10); K2D3 calculations suggest pH 1.60 and pH 1.81 conditions have the most α-helical 

content at ~70% and the least β strand content at < 3%, and others have similar α-helical contents 

at ~20% and β strand contents at ~30%. In combination with the TEM data, PSMα3’s cross-α

structure likely did not form at pH 1.60, and only started to form at pH 1.81 or higher. The fibrils 

and nanotubes observed at > pH 2.5 and pH 2.0 – 2.26 could be the same species but with different 

arrangements, originating from the PSMα3 cross-α fibrils. To confirm this claim, these 

morphologies are further analyzed via high-resolution structure characterization techniques such as 

cryo-EM and SAXS. .97% β str2.53%, 1.81 α helix: 79.48% β strand: 0.17% 2.26 α helix: 18.88%

Figure 2.10. Circular dichroism spectra of 377 μM PSMα3 in pH 1.60, pH 1.81, pH 2.26, pH 2.50, pH 3.10, water titrated 

with TFA.
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2.2.2.2 Cryo-EM determined PSMβ2 nanotube structure

PSMα3 nanotubes assembled in pH 2 water were analyzed with cryo-EM. cryo-EM

reconstruction of these nanotubes revealed they are actually polymorphic with slightly different 

diameters: 346 Å with a C7 symmetry, 4.13 Å rise and a 26.8°twist (Figure 2.11A), and 376 Å

with a C1 symmetry, 0.63 Å rise and a -138.3°twist (Figure 2.11B). While both models need to 

be further refined due to the difficulty distinguishing the two populations in cryo-EM data, it is 

clear both nanotube models are composed of cross-α fibrils. 

A B

Figure 2.11: preliminary cryo-EM reconstruction of PSMα3 nanotubes.

Atomic force microscopy was employed to characterize the wall thickness of the narrow 

PSMα3 nanotubes. Assuming the nanotubes are fully flattened on AFM mica disks, the measured 

height should reflect twice of PSMα3 nanotube wall thickness. The measured nanotube height 
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follows a normal distribution at an average of 5.06 nm, or 2.53 nm for a single wall (Figure 2.12), 

roughly corresponds to double of the PSMα3’s cross-α fibril mating spacing of 11.3 Å, suggesting 

PSMα3 nanotubes are double-layered.

A B

Figure 2.12: Representative AFM image of 302 μM PSMα3 in pH 2 water titrated with TFA, A) in amplitude mode; B) 

in height mode, with height profile at top right.

Small-angle X-ray scattering (SAXS) was employed to characterize the in-solution 

structure of the narrow PSMα3 nanotubes. In contrary to the two nanotube models characterized 

via cryo-EM, SAXS signals showed signs of mono-dispersed hallow cylinder assembly in-solution

(Figure 2.13). The scattering intensity I(Q) was measured as a function of the momentum transfer, 

q from .005 Å-1 to 7.8 Å-1
. The oscillation in I(Q) suggests the sample contains monodispersed 

hallow cylindrical particles (Figure 2.13); although multiple populations of nanotubes with varied 

diameters exist under cryo-EM, it’s possible the diameter follows a passion distribution and 

averages nicely under SAXS. The 1D scattering intensity for a hallow cylinder can be described by 

the following function28-29:

𝐼(𝑞) =
𝑁

𝑉
(𝜌𝑝 − 𝜌0)2𝑉𝑝

2P(q)
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Where P(q) is hallow cylinder’s form function; Router is the outer radius of the cylinder, 

Rinner is the inner radius of the cylinder, or Router – the tube’s wall thickness (T); scale is a factor 

constant; L is the cylinder length; H is half of L; J1 is the 1st order Bessel function. This function 

was used to fit the SAXS data, where T was set to 20 and 30 Å because the flattened tube wall 

thickness measured via AFM is ~25 Å; L was set to be an arbitrarily large number 10,000 Å to 

increase the intensity of the fitted form factor’s oscillation for an easier fit. This yielded a Rinner of 

164 ± 8 Å with T as 30 Å, or a Rinner of 176 ± 9 Å with T set as 20 Å; in both cases, the outer 

cylinder radius is about 200 Å. The values differs from the nanotube width measured via TEM,

however if the nanotube is assumed to be fully flattened on the TEM grid, the expected measured 

width would be half of the circumference, Router * π = 200 * π = 628 Å, which matches the measured 

width of ~60 nm via TEM. 
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Figure 2.13. SAXS spectrum of 302 μM PSMα3 in pH 2 water titrated with TFA, red line is experimental data; blue line 

is fitting with T set as 30 Å and Rinner fitted as 164 Å.

Scanning transmission electron microscopy (STEM) was employed to characterize the 

amount of PSMα3 monomers in a given nanotube length. Dark field STEM confirmed the presence 

of 60 nm wide nanotubes in the 377 μM pH 2 PSMα3 sample (Figure 2.14). Using tobacco mosaic 

birus as the standard, the average mass per length (M/L) measurements of the nanotubes showed 

two tube populations: one at avg. 20 kDa/Å (Figure 2.14A), and the other at 30 – 40 kDa/Å (Figure 

2.14B). Sometimes a wrapping pattern can be observed on the 30 kDa/Å tubes, and the tubes appear 

to be whiter than the 20 kDa/Å tubes and have another layer within the tube, suggesting some sort 

of polymorphism, or PSMα3 was likely unstable under STEM conditions and was partially 

disassembled in the process, where the tubes became unwrapped and stacked as outer-inner layers 

to result in higher M/L measurements. Using PSMα3 cross-α fibril’s 10.5 Å helix stack rise distance, 

the 22.052 kDa/Å M/L measurement translates to 87 monomers per turn; with PSMα3 cross-α 
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fibril’s 4 monomer per asymmetric unit parameter, this roughly equals to 11 asymmetric units per 

turn. This number will be confirmed once both PSMα3 nanotube cryo-EM models are further 

refined.

A B

Figure 2.14. Dark field STEM images of 302 μM PSMα3 in pH 2, A) nanotubes with ~20 kDa/ÅM/L; B) nanotubes with 

~30 kDa/ÅM/L.



66

Figure 2.15. Histogram of PSMα3 nanotube M/L measurements. Average = 22.052 kDa/Å.

In conclusion, PSMα3 are shown to very robustly self-assemble into apparently 

monodisperse nanotubes at a narrow pH range of pH 1.81 – 2.26; 2 models of PSMα3 nanotubes 

arise from PSMα3 cross-α fibrils were shown by cryo-EM, but due to their slight variance in 

diameter (34.6 nm vs 37.6 nm), the models still needs to be refined. SAXS signals of these PSMα3

nanotubes fitted a mono-disperse hallow cylinder system with the calculated cylinder diameter 

matching to the width measured via TEM. AFM suggests PSMα3 nanotubes are double-layered, 

and STEM suggests there are 11 PSMα3 cross-α units per turn of PSMα3 nanotubes.
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2.2.3 Characterization of PSMα3 nanotubes at pH 8

Because the PSMα3 90 and 150 nm width “wide” nanotube assemblies observed at pH 8 

annealed at 90 ℃ for 30 minutes were only rarely observed at pH 7 annealed 90 ℃ , PSMα3 was

then further screened at 377 μM peptide concentration, in pH 7.5 MOPS, pH 8.5 TAPS, pH 9 CHES, 

pH 10 and pH 11 CAPS, and pH 12 and pH 13 KCl buffers, all annealed at 90 ℃ for 30 minutes to 

investigate the critical pH required to induce the formation of these wider nanotubes, and whether 

pH could selectively induce a uniform nanotube width of either 90 nm or 150 nm to allow the use 

of other characterization methods such as SAXS. After 24 h of incubation, a significant number of 

fibrils was observed at pH 7.5 (Figure 2.16A). At pH 8.5, tubes, broken tubes and wrapping tapes 

were observed (Figure 2.16B). At pH 9, tubes were still present but tapes became the most common 

assembly type (Figure 2.16C); some large sheets show a striation pattern (Figure 2.16E), FFT on 

the patterns yields a 6.7 nm/cycle fibril spacing (Figure 2.16E). This 6.7 nm/cycle spacing roughly 

corresponds to the ~8 nm spacing measured from the pH 1.81 PSMα3 sample, although the latter 

could not be distinguished via FFT. The tape width in pH 9 and pH 10 seems to be distributed from 

50 nm to 90 nm, but most seems to be 70 nm wide (Figure 2.17). This tape width distribution 

matches the measured helical tape width in the pH 2 PSMα3 sample at 10 minutes, suggesting the 

possibility these tapes share the same structure. At pH 10, the assemblies are similar to pH 9’s 

(Figure 2.16D). At pH 11, only singular fibrils were observed (Figure 2.16F). At pH 12 and above, 

no assemblies were observed (Figure 2.16G).
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Figure 2.16: Representative TEM images of 377 μM PSMα3, after 7 days of assembly time, A) 10mM pH 7.5 MOPS; B) 

10mM pH 8.5 TAPS; C) 10mM pH 9 CHES; D) 10mM pH 10 CAPS; E) 10mM pH 9 CHES with a FFT of the striations, 

spacing = 6.7 nm/cycle; F) 10mM pH 11 CAPS; G) 10mM pH 12 KCl. All scale bars = 100 nm.

Figure 2.17. Histograms of tape widths measured via TEM in 377 μM PSMα3 pH 9 CHES and pH 10 CAPS, average = 

71.2 nm.

Both pH 7 and pH 8 display α-helical CD signatures with minima at 209 nm and ~224 nm 

(Figure 2.18A). At above pH 9, CD signals are especially noisy potentially due to poor solubility 

to draw any conclusions (Figure 2.18B), but both show very weak α-helical CD signatures with 

local minima at 220-230 nm and 210-220 nm.
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Figure 2.18. Circular dichroism spectra of A) 377 μM PSMα3 in pH 7.0 MOPS, pH 8.0 TAPS annealed at 90 ℃; B) 377 

μM PSMα3 in pH 9.0 CHES, pH 10.0 CAPS annealed at 90 ℃.

To determine the critical temperature inducing the wide PSMα3 nanotube assembly, CD 

melting experiment was performed on a 377 μM PSMα3 in pH 8.0 TAPS prepared at room 

temperature sample, monitoring the MRE at the global max absorption 223 nm, with a melting 

profile increasing from 5 ℃ to 95 ℃ in 60 minutes (Figure 2.19A). A melting transition can be 

observed between 76.3 ℃  and 79.7 ℃  (Figure 2.19B).

A B

Figure 2.19. CD melting spectrum of 377 μM PSMα3 in pH 8.0 TAPS buffer from 5 ℃ to 95 ℃, monitoring the MRE at 

223 nm; B) first derivative of A), indicating a melting transition between 76.3 ℃ and 79.7 ℃.
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PSMα3 was then screened at 377 μM peptide concentration in 10 mM pH 8 TAPS buffer, 

annealed at 37 ℃ , 50 ℃ , 70 ℃ and 80 ℃ respectively for 30 minutes then slowly cooled to room 

temperature at 1 ℃ / 5 min, to confirm if the observed 76.3 ℃ melting transition is detrimental 

inducing wide nanotube assembly. After 24 h of incubation, all conditions except for annealed at 

80 ℃ showed minor nanotube assemblies all with a large amount of fibrils present. Interestingly, 

all of these nanotubes have a measured width of 55 – 60 nm similar to the narrow PSMα3 nanotubes,

suggesting temperature can induce nanotube formation perhaps similarly to acidic pH 2 condition.

In annealed at 80 ℃ , 90 nm wide nanotubes were the major assembly species, confirming 76.3 ℃  

- 79.7 ℃ could be the critical temperature range inducing wide PSMα3 nanotube formation. 

A B
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Figure 2.20. Representative TEM images of 377 μM PSMα3 in pH 8.0 TAPS, A) annealed at 37 ℃ for 30 min, then 

incubated at room temperature for 24 h; B) annealed at 50 ℃ for 30 min, then incubated at room temperature for 24 h; 

C) annealed at 70 ℃ for 30 min, then incubated at room temperature for 24 h; D) annealed at 80 ℃ for 30 min, then 

incubated at room temperature for 24 h. All scale bars = 100 nm.

Encouraged by the observation of narrow PSMa3 nanotubes at a more biologically relevant 

condition compared to pH 2, PSMα3 was further screened at 377 μM peptide concentration in pH 

8.0 TAPS, with various incubation cycles between 37 ℃ and room temperature. After 72 h of 

incubation at 37 ℃ , PSMα3 showed a majority nanotube formation with varied nanotube widths, 

but most nanotubes have a width of 60 nm (Figure 2.21A). When this sample was then incubated 

at room temperature for another 72 h, most nanotubes reverted to twisting fibrils (Figure 2.21B). 

Majority nanotubes were observed once again after this sample was incubated at 37 ℃ for another 

72 h (Figure 2.21C), suggesting this nanotube assembly process directed by temperature is 

reversible and repeatable. When this sample was incubated at 37 ℃ for 1 week, further incubations 

at room temperature no longer induced nanotubes to revert to twisting fibrils at a large scale (Figure 

2.21D). PSMα3 was found to assemble into predominantly nanotubes when incubated at 37 ℃ , 

allowing further characterizations via cryo-EM, SAXS and STEM. 
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Figure 2.21. Representative TEM images of a 377 μM PSMα3 in pH 8.0 TAPS sample, A) first incubated at 37 ℃ after 

1 day; B) after A), then incubated at room temperature for 72 h; C) after B), then incubated at 37 ℃ for 72 h; D) after 

C) is further incubated at 37 ℃ for 1 week, then incubated at room temperature for 72 h. All scale bars = 100 nm.

PSMα3 was then screened at 10 mM pH 5.0 acetate, pH 6.0 MES, pH 7.0 and 7.5 MOPS, 

pH 7.5 and 8.5 TAPS, pH 9.0 CHES and pH 10.0 CAPS, all incubated at 37 ℃ to determine whether 

PSMα3 can assemble into nanotubes at pH other than 8.0. After 72 h of incubation, only both 

conditions at pH 7.5 showed ~55 nm wide nanotube and fibril assemblies (Figure 2.22D and E), 

while others only showed twisting and non-twisting fibrils (Figure 2.22 A-C, F-H). PSMα3

nanotube morphology is shown to be very selective towards a narrow pH range of pH 7.5 - 8 when 
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incubated at 37 ℃ , similar to the previously shown pH 1.81-2.26 range required for PSMα3 to 

assemble into nanotubes under room temperature.

A B

C D

E F

  

G H
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Figure 2.22 Representative TEM images of 377 μM PSMα3, incubated at 37℃ for 3 days, in A) 10 mM pH 5.0 acetate; 

B) 10 mM pH 6.0 MES; C) 10 mM pH 7.0 MOPS; D) 10 mM pH 7.5 MOPS; E) 10 mM pH 7.5 TAPS; F) 10 mM pH 8.5 

TAPS; G) 10 mM pH 9.0 CHES; H) 10 mM pH 10.0 CAPS. All scale bars = 100 nm.

In summary, the results above showed 1. PSMα3 could selectively self-assemble into 90 

nm and 150 nm wide nanotubes at pH 7.5 - 8.0 and when annealed at 80 ℃ or more, and a basic 

pH (> pH 9) inhibits nanotube wrapping to direct sheets with a uniform width instead; 3. PSMα3

can selectively self-assemble into nanotubes at pH 7.5 – pH 8.0 when incubated at 37 ℃, where its 

diameter is similar to PSMα3 nanotube at pH 2’s; 3. PSMα3 narrow nanotubes at 37 ℃ is reversible 

to some degree. Because such reversibility is commonly observed in nature30-31 or exploited in 

designs to achieve peptide/drug release and delivery, it is very possible PSMα3 holds some 

structure-related activity related to its reversible nature. 
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2.2.4 Screening of amphipathic peptides potentially posing cross-α structures

It has been suggested in the literature the cross-α structure might commonly exist, despite 

it only being recently discovered: αAmmem is a membrane-spanning Zn transporter protein that has 

been used to design cross-α fibrils32; stacked α-helices perpendicular to the nanotube elongation 

direction could laterally associate through termini to form nanotubes33; an unconfirmed case of α-

helical fibrils with the fibril width matching the peptide helical length, suggesting the helices are 

perpendicular to the fibril axis34; and recently, an antimicrobial peptide Uperin 3.5 is found to 

somewhat adopt a cross-α structure35. Both αAmmem and PSMα3 show an amphipathic helix nature. 

Amphipathic α-helices are commonly used as design targets36 or in nature such as antimicrobial 

peptides37, where the polar interface of the helix is suggested to help disrupt cell membranes leading 

to cell death38-39, and peptide self-assembly has been suggested as one of the mechanism of action 

by forming pores and channels on the membrane40. Antimicrobial peptides often self-assemble into 

fibrils and tapes alike, and it’s been shown these structures are related to the antimicrobial 

activities41-43. With these, we propose that amphipathic and antimicrobial peptides can commonly 

self-assemble into cross-α structures, and such self-assemblies could be detrimental to the 

antimicrobial functions. To explore this hypothesis, the antimicrobial peptide warnericin RK was 

screened as a candidate. Warnericin RK is the first isolated antimicrobial peptide shows activities 

against the Legionella genus, but this peptide was ultimately chosen as the initial screening 

candidate due to its amphipathic nature and its sequence similarity to PSMα3 (Figure 2.23). From 

the helical wheel representations, warnericin-RK also has a phe-leu rich hydrophobic interface and 

lys rich hydrophilic interface; both have basic residues near the hydrophobic interface and acidic 

residues at the middle. These features might promote α-helix stacking and mating to form a cross-

α structure similar to PSMα3’s. 
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Warnericin-RK:MQFITDLIKKAVDFFKGLFGNK

PSMα3: MEFVAKLFKFFKDLLGKFLGNN

Figure 2.23. helical wheel representation of Warnericin RK (left) and PSMα3 (right), hydrophilic residues are labeled 

with red diamonds (acidic) and black octagons (basic)

Warnericin-RK was synthesized via solid-phase peptide synthesis with N-terminal 

acetylation and C-terminal amidation to reduce termini charges. Peptide was purified by preparative 

HPLC, characterized by MALDI and its purity was confirmed by MALDI and analytical HPLC.

Warnericin-RK was screened in conditions where PSMα3 (wildtype) was shown to assemble into 

nanotubes. Warnericin-RK assembled into a mixture of nanotubes and tapes with varied width 

ranges from 100 nm – 300 nm in pH 5.0 – 8.0, both at room temperature or incubated at 37 ℃

(Figure 2.24). All assemblies display α-helical CD signatures (Figure 2.25). Because Warnericin-

RK’s polymorphic nature make it difficult to characterize a specific structure, further optimization 

is need to selectively direct Warnericin-RK’s self-assembly for characterization with high-

resolution methods such as cryo-EM. However, this preliminary result suggests amphipathic 

peptides may self-assemble into some high-order structures arising from fibrils, which may adopt 

the cross-α structure shown by PSMα3.
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Figure 2.24. Representative TEM images of 518 µM warnericin-RK in A) pH 6.0 MES, B) pH 6.0 MES incubated at 37 ℃

and C) pH 8.0 TAPS buffer incubated at 37 ℃, with 2 days of assembly time. All scale bars = 100 nm.

Figure 2.25. CD spectra of 518 µM warnericin-RK in pH 5.0 – 8.0 buffer, room temperature (left) and incubated at 37 ℃

(right).
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2.3 Conclusion

Presented in this chapter, PSMα3 is shown to self-assemble into nanotubes under extreme 

acidic conditions at pH 2.0. PSMα3’s assembly kinetics is very fast, although some nanotube 

precursor morphologies, such as helical ribbons with somewhat uniform tape width, can be 

occasionally observed at very early time points. These nanotubes were previously observed in the 

literature, although fibrils were the dominant species. Through optimizing assembly conditions, 

PSMα3 selectively assembled into nanotubes, allowing for further characterization by SAXS and 

cryo-EM. The atomic model of PSMα3 nanotubes characterized via cryo-EM reveals the nanotubes 

are a result of lateral associations of the previously observed cross-α PSMα3 fibrils, but two or 

more populations of nanotubes with distinct diameters present. 

Further screenings of other PSMα3 nanotube conditions yielded interesting results: PSMα3

was able to form possibly the same structure under near neutral pH conditions as at pH 2.0, and 

this nanotube formation is reversible to some degree when cooled from 37 ℃ to 20 ℃. This opens 

the possibility PSMα3 nanotube structure has biological relevance since it could be selectively self-

assembled under biologically relevant conditions. While it might be redundant to also characterize 

these tubes’ structures via cryo-EM, especially since the nanotube assemblies at pH 2 are 

polymorphic and would be difficult to determine the structures this way, SAXS, AFM and STEM 

might suffice to confirm the PSMα3 nanotubes at pH 2.0 and pH 8.0 share similar structures. Once 

confirmed, determining whether PSM peptides self-assemble into this nanotube structures at these 

assembly conditions will help determine whether these nanotube structures actually have a 

biological role, and what are the roles.

PSMα3 was also found to selectively self-assemble into wide nanotubes but with two 

distinct width populations at 100 nm and 150 nm. While this polymorphism adds difficulty for 

further characterization of these nanotubes, it is still hypothesized these wider nanotubes are 

structurally similar to the previously characterized PSMα3 nanotubes and originate from the same 



80

cross-α fibrils. This would be interesting to serve as a starting point for tuning nanotube structures. 

Such tuning effects on fibrils were achieved through changing an aromatic moiety in close-contact44, 

computational design45, assembly conditions46 and more, and it’s not uncommon to manipulate self-

assembly structures via temperature. PSMα3 can be developed into temperature-sensitive 

nanomaterials with morphology, nanotube diameter and critical temperature controls. Preliminary 

mutagenesis and redesign results of PSMα3-H showed the PSMα3 nanotube assembly is tolerable

to mutations, and thus a promising candidate for nanomaterial application re-designs.

Lastly, the preliminary data of warnericin-RK’s nanotube self-assembly showed some 

weak evidences that the cross-α structure might be common in natural, amphipathic peptides. 

Amphipathic peptides are known self-assemble into fibrils and even higher order structures42-43, 47-

48, and it wouldn't be surprising if these nanotube structures have some modulation or facilitation 

effects towards fibril formation and displaying antimicrobial activities. 

These experimental results achieved 2 of the 3 goals defined in this chapter’s introduction: 

one of the polymorphic PSMα3 assemblies is optimized to be selectively assembled, allowed for 

further characterization that will be completed in the near future. Data shows promising leads 

toward the last goal, to determine whether these morphologies have a function, which may reveal 

the cytotoxicity mechanism of PSMα3 via a cross-α related pathway, or even add to the 

understanding antimicrobial activity originates from cross-α structures.
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2.4 Methods

Materials and Reagents. All Fmoc protected amino acids were purchased from Aapptec; all other 

chemical reagents were purchased from Sigma-Aldrich, unless otherwise specified. Peptide 

synthesis resin was ordered from Applied Biosystems (Foster City, CA). 

Peptide Synthesis. PSMα3 was prepared via a microwave assisted solid phase peptide synthesis, 

on a CEM Liberty Blue instrument as the N-acetyl, C-amide capped derivatives. Applied 

Biosystem’s Fmoc-PAL-PEG-PS resin was used for synthesizing these peptides at a 0.1 mmol scale. 

Coupling reactions were conducted with 0.2 M N-fluorenylmethyloxycarbonyl (Fmoc)-protected 

amino acids in N,N-Dimethylformamide (DMF, activated with 0.5 M N,N'-

Diisopropylcarbodiimide (DIC) in DMF and 0.5 M Ethyl cyanohydroxyiminoacetate (oxyma) in 

DMF. The coupled amino acid was deprotected using 20% piperidine in DMF. All amino acids 

were deprotected with 5 ml piperidine solution, 75 ℃  temperature and 155 W microwave power 

for 15 seconds as the first stage, and 75 ℃  temperature and 155 W microwave power for 15 seconds 

as the second stage; coupled with 2.5 ml DIC solution, 75 ℃  temperature and 170 W microwave 

power for 15 seconds as the first stage, and with 2.5 ml oxyma solution, 90 ℃  temperature and 30 

W microwave power for 110 seconds as the second stage. C-terminal amide modification was done 

after all amino acids were coupled, with 2.5 ml 20% acidic anhydride in DMF, 75 ℃  temperature 

and 155 W microwave power for 15 seconds as the first stage, and 75 ℃  temperature and 155 W 

microwave power for 15 seconds as the second stage. Peptides were cleaved from the resin by 

incubation at room temperature for 3 hours in a 20 ml cocktail consisting of 92.5% trifluoroacetic 

acid (TFA), 2.5% distilled water, 2.5% triisopropylsilane, and 2.5% 2,2’- (ethylenedioxy)-

diethanethiol. The cleaved peptide solution was filtered and precipitated with 60 ml of 4°C diethyl 

ether. The peptide/diethyl ether mixture was then centrifuged at 4 °C at 4,000 rpm for 10 min. The 

supernatant was then discarded, and the precipitate allowed to desiccate overnight. Following 
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desiccation, the crude peptide gels were resolubilized in 3 mL of a 50:50 mixture of acetonitrile 

and water (0.1% TFA additive) and purified by reversed-phase high-pressure liquid

chromatography (HPLC) using two Shimadzu LC-20AP pumps running at 60 ml/min, a Shimadzu 

SPD-20A UV detector monitoring at 220 nm, on a Kinetex 5 µm C18 column, 250 mm long * 30 

mm wide with a water-acetonitrile (0.1% TFA-additive) gradient. For PSMα3, the gradient used 

was 50% acetonitrile at 0 min, then gradually increased to 85% acetonitrile at 35 min, and finally 

was held at 90% acetonitrile for 10 min; PSMα3 eluted at 12.3 min. Peptide mass was confirmed 

using MALDI-TOF mass spectrometry on an Applied Biosystems AB4700 Proteomics analyzer in 

reflectron positive ion mode, with α-Cyano-4-hydroxycinnamic acid as the matrix. Purified HPLC 

fractions were then lyophilized, sealed, and stored at -30 °C.

Figure 2.26. Analytical HPLC trace of PSMa3.
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Peptide Assembly. Stock solutions of PSMa3 were prepared by solubilizing 0.5 to 1.5 mg of 

purified, lyophilized peptide in 1 mL of HPLC water; 10 mM acetate, pH 2.6, 2.9 and 5; 10 mM 

MES, pH 6.0 and 6.5; 10 mM MOPS, pH 7.0 and 7.5; 10 mM TAPS, pH 8.0 and 8.5; 10 mM CAPS, 

pH 9.0 and 9.5; or 10 mM CHES, pH 10.0 buffer, at a final peptide concentration of 189 μM to 556 

189 μM. Immediately after mixture, the solutions were titrated to the respective buffer pH using

100 mM sodium hydroxide solution except for the PSMa3 sample with HPLC water, where dilute 

trifluoroacetic acid solution was used to titrate to pH 2. For samples other than in water, solutions 

were thermally annealed using the following thermal cycler protocol: (1) rapid heating to 90 ℃  for 

30 minutes; and (2) cooling to 25 ℃  at a rate of 0.2 ℃  / minute. 

Circular Dichroism Spectropolarimetry. CD measurements were performed on a Jasco J-1500 

CD spectropolarimeter in 0.1 mm quartz cells (Hellma Analytics), at various peptide self-assembly 

conditions. Spectra were recorded from 260 to 190 nm at a scanning rate of 100 nm/min and a data 

pitch of 0.2 nm. CD melting experiments were performed in the temperature range of 5 ℃  to 95 ℃ , 

at a heating rate of 60 ℃ /hour; the intensity of the CD signal at 209 nm was monitored as a function 

of temperature. 

Transmission Electron Microscopy. TEM specimens were prepared from aqueous solutions of 

PSMa3. To cover the entire sample grid, 4 μL of the samples were deposited onto 200 mesh carbon-

coated copper grids from Electron Microscopy Services (Hatfield, PA). After 90 seconds of 

incubation period, the samples were wicked away until a thin film of sample remained, then the 

grids were stained with 1% uranyl acetate solution, filtered with 0.2 μm Whatman filter from G.E. 

Healthcare Services. After 60 seconds of stain incubation period, all liquids were wicked away, and 

the grids were dried in a tabletop desiccator under vacuum. TEM measurements were acquired on 

a Hitachi HT-7700 transmission electron microscope with a tungsten filament and AMT CCD 

camera, at an accelerating voltage of 80 kV.
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Atomic Force Microscopy. AFM specimens were prepared from 1.2 mg/mL PSMa3 in pH 2 water

with TFA. The PSMα3 solution was diluted to 0.3 mg/mL using 0.85% TFA in water right before 

deposition on a freshly cleaved mica substrate (TedPella). A total of 100 μL of sample was 

deposited on mica for 5 minutes before being wicked away. The AFM experiments were performed 

using a MFP-3D-BIO from Asylum Research. Silicon AFM tips (MikronMasch) with a force 

constant (5.4-16 N/m) were used to image the specimens in tapping mode, at a scan rate of 1 Hz.

Cryo-electron Microscopy and Image Processing. The sample was applied to glow-discharged 

lacey carbon grids and vitrified in a Vitrobot Mark IV (FEI, Inc.). Grids were imaged in a Titan 

Krios at 300 keV and recorded with a Falcon II direct electron detector at 1.05 Å per pixel. Images 

were collected using a defocus range of 0.5–3.0 μm, with a total exposure of 2 s (amounting to 70 

electrons·Å-2) dose-fractionated into seven chunks. All the images were first motion corrected by 

the MotionCorr v2 (1), and then the CTFFIND3 (2) program was used for determining the actual 

defocus of the images. Images with poor CTF estimation as well as defocus > 3 μm were discarded. 

A total of 386 images were selected and peptide filaments of varying lengths were boxed using the 

e2helixboxer program within EMAN2 (3). The CTF was corrected by multiplying the images from 

the first two chunks (containing a dose of ~ 20 electrons·Å -2) with the theoretical CTF. 

Overlapping 256-px long boxes with a shift of 5 pixels (~ 1.5 times of the axial rise) were cut from 

the long filaments. The determination of the helical symmetry was by trial and error, searching for 

a symmetry which yielded recognizable secondary structure. Power spectra from the filaments 

suggested a variability in the helical parameters.

Scanning Transmission Electron Microscopy. STEM data were acquired at Brookhaven 

National Laboratory (BNL). The STEM instrument operates at 40 keV with a scanning probe of 

0.3 nm diameter produced from a cold field-emission source. Each electron emerging from the 

specimen is detected by one of the scintillator photomultiplier detectors collecting 0−15 mRadian 

(bright field), 15−40 mRadian (small-angle dark field) and 40−200 mRadian (large-angle dark 
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field). The large-angle signal is proportional to the mass of atoms in the path of the beam. Specimen 

quality and mass calibration were assessed by detailed comparison of the image to the known 

structure of tobacco mosaic virus (TMV). For mass-per-length (M/L) measurements, TMV rafts at 

a theoretical M/L value of 13.1 kDa/Å were employed for calibration.

Specimens were deposited on thin carbon (circa 2 nm thick) supported on a thicker holey carbon 

film mounted on a titanium grid using the wet-film, hanging-drop method. TMV was added to the 

grid first as an internal control, followed by injection buffer, then specimen solution (in pH 2 water) 

for 1 min, then 10 washes of 20 mM ammonium acetate pH 7.0. Excess solution was wicked from 

the edge with filter paper between each injection. After the last wash, the grid was wicked to a thin 

layer (ca. 1 mm), fast frozen by plunging into liquid nitrogen slush and stored under liquid nitrogen. 

Grids were freeze-dried overnight in an ion pumped chamber with an efficient cold trap and 

transferred under vacuum to the STEM cold stage (−160 °C). Imaging typically uses a dose of 20 

e–/Å2 (causing < 5% mass loss, corrected by comparison to TMV). Mass per length measurements 

of the PSMβ2 nanotubes were performed with the software PCMass32.

Small- and Wide-Angle X-Ray Scattering Measurements. Synchrotron SAXS/WAXS 

measurements were taken at the 12-ID-B beamline of the Advanced Photon Source at Argonne 

National Laboratory in Lemont, Illinois. PSMα3 nanotube sample was dialyzed into pH 2 water,

with a 1% glycerol additive to stabilize against X-ray radiation damage. SAXS/WAXS 

measurements were then taken on the peptide solutions at 25 °C in a quartz capillary flow cell (1.5 

mm). The solutions were raised and lowered in the flow cell to minimize radiation damage. Twenty 

2D images were collected per sample, and then azimuthally averaged into 1D SAXS scattering 

curves after solid angle correction and normalization against the transmitted X-ray beam intensity, 

using the software package at beamline 12-ID-B. The 1D scattering curves were then averaged, 

and the averaged signal from the MES buffer was subtracted out.
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3 Chapter 3: PSMβ2 Self-assembles into cross-α Nanotubes

3.1 Introduction 

Following the success of characterizing PSMα3 cross-α amyloid like fibril associated 

nanotube, PSMβ peptides were investigated using a similar approach. There are 2 peptides in the 

PSMβ family: PSMβ1 and PSMβ2. Both peptides are 44 amino acids long, negatively charged,

generally conserved between species1, and share a similar amino acid sequence (Figure 3.1). In 

terms of biological functions, PSMβs have roles in structuring bacteria biofilms2; PSMβs show less 

cytolytic activities in comparison to other PSM peptides, and the production level of PSMβs are 

believed to be an indicator of the producing bacteria’s degree of (low) virulence2-3. While PSMβs 

do not have the cytolytic activity to help the bacteria killing other competitive cells, the non-

aggressive nature of these peptides may aid bacteria growth avoiding harming the host cell4. 

Figure 3.1. PSMβ sequences.

PSMβs are first shown to self-assemble into fibrils in a mixture of all 7 PSM peptides, and

these fibrils bind to ThT and CR5; a subsequent study found while both PSMβ peptides show ThT 

bindings (Figure 3.2A), fibrils are extremely hard, albeit possible to detect via TEM (Figure 3.2B)6. 

A B
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Figure 3.2. A) Synthetic PSMs were analyzed for the propensity to form amyloids using a ThT assay. PSMs were 

measured singly at 0.1 mg/ml upon incubation for 48 h. B) Transmission electron microscopy (TEM) of synthetic PSMβ1 

at 0.1 mg/ml incubated for 48 h in water. Figures adapted from ref. 2.

The in-solution structure of PSMβ2 was characterized vas NMR7. In contrast to the shorter 

PSMα1 or PSMα3 being single α-helices in solution, PSMβ2 displays a helix-turn-helix-helix 

folding structure that exposes a mostly hydrophilic surface, hiding the hydrophobic core from the 

aqueous environment (Figure 3.3A); all of the individual helices all show amphipathic patterns 

(Figure 3.3B, C). 

A
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B C D

Figure 3.3. A) NMR solution structure of PSMβ2. B) helical wheels of PSMβ2, amino acids 1-15. C) helical wheels of 

PSMβ2, amino acids 20-44. D) helical wheels of PSMα3.

While PSMβs didn't gather as much research interest as PSMαs due to it being barely 

cytotoxic and thus not a virulence factor to S. aureus, both PSMβ peptides have evidence forming 

extracellular fibrils. PSMβ2 shows similar amphipathic helix features to PSMα3, which forms 

cross-α amyloid like fibrils and fibril-associated nanotubes, yielding the possibility PSMβs may 

form a similar fibril and even nanotube structure. This chapter’s research goal is to screen, identify

and characterize the self-assembly of PSMβs, and to compare these assemblies with PSMα3’s to 

draw their structure-function relationships, in hope to determine the structural differences that may 

lead to these peptides’ differences in cytotoxicity.

3.2 Results and discussion

3.2.1 Self-assembly of PSMβ1

N-terminal acetylated, C-terminal amidated PSMβ1 peptide was purchased from 

Synpeptide, Inc. PSMβ1 was first screened at PSMα3’s self-assembly conditions: 427 μM peptide 

concentration, 10 mM pH 5.0 acetate, pH 6.0 MES, pH 7.0 MOPS and pH 8.0 TAPS buffers, to 
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assess its self-assembly ability under various pH conditions. PSMβ1 at this peptide concentration 

is not fully soluble, as all samples have solid deposits at the bottom after the insoluble peptide 

suspended in solution settled. PSMβ1’s self-assembly is first screened with negatively-stained 

TEM. PSMβ1 assembled into twisting fibrils after 24 h of incubation (Figure 3.4). CD revealed all 

of the PSMβ1 samples display a β-sheet signature with a minimum at 222 nm after 24 h of 

incubation (Figure 3.5).

A B

Figure 3.4. Representative TEM images of 427 μM PSMβ1, after 1 day of assembly time, in A) 10 mM pH 7 MOPS buffer; 

B) 10 mM pH 8 TAPS buffer. All scale bars = 500 nm.

A B
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Figure 3.5. Circular dichroism spectra of 427 μM PSMβ1 in A) 10mM pH 5.0 acetate, room temp and annealed; pH 6 

MES, room temp and annealed; B) pH 7.0 MOPS, room temp and annealed; and pH 8.0 TAPS buffer, room temp and 

annealed, all measured after 1 day of assembly. 

PSMβ1 was further screened at 321 μM peptide concentration and the same above buffer 

conditions, with 50% v/v TFE added then allowed to evaporate, to solubilize PSMβ1 and induce 

α-helix formation. After TFE was evaporated and 24 h of incubation, all PSMβ1 samples still have 

a similar amount of precipitated peptide deposit at the bottom compared to the samples with no 

TFE added. CD revealed the TFE samples still adopt a β-sheet signature with a minimum at 222 

nm (Figure 3.6). PSMβ1 was not characterized further as no α-helical assemblies were observed.

Figure 3.6. Circular dichroism spectra of 341 μM PSMβ1 in A) 10mM pH 5.0 acetate, room temp and annealed; pH 6 

MES, room temp and annealed; B) pH 7.0 MOPS, room temp and annealed; and pH 8.0 TAPS buffer, room temp and



94

annealed, all with equal volumes of TFE added to the respective aqueous buffer then TFE was allowed to evaporate, 

spectra measured after 1 day of assembly.
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3.2.2 Self-assembly of PSMβ2

N-acetylated, C-amidated PSMβ2 peptide was purchased from Synpeptide, Inc. PSMβ2 

was first screened at PSMα3’s self-assembly conditions: 556 μM peptide concentration, 10 mM pH 

5.0 acetate, pH 6.0 MES, pH 7.0 MOPS and pH 8.0 TAPS buffers, to assess its self-assembly ability 

under various pH conditions. A higher peptide concentration was also screened, but PSMβ2 began 

to precipitate at > 556 μM peptide concentration. PSMβ1’s self-assembly is first screened with

negatively-stained TEM. PSMβ2 assembled into a variety of morphologies after 24 h of incubation, 

where the assemblies are directed by pH: at pH 5.0, twisting fibers with an average width of 5.51 

nm (± 1.04 nm), tapes and ribbons were commonly found (Figure.3.7A); at pH 6.0, some order of 

periodicity and helicity in the twisting ribbon morphology can be observed (Figure.3.7B); at pH 

7.0, nanotubes with a diameter of 42.00 nm (± 4.49 nm) were found, in addition to the twisting 

tapes and ribbons seen in lower pH conditions (Figure.3.7C, E); at pH 8.0, more nanotubes with an 

average diameter of 46.54 nm (± 4.04 nm) were found compared to the pH 7.0 condition’s 

(Figure.3.7D). A longer incubation time up to one month did not have an apparent effect on the 

morphology types and their respective population, but tube elongation up to several microns was 

observed. 
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A       B

  

C      D

      

Figure.3.7. Representative TEM images of 556 μM PSMβ2, after 1 day of assembly time, in A) 10 mM pH 5 acetate buffer, 

scale bar = 500 nm; B) 10 mM  pH 7 MOPS buffer, scale bar = 200 nm; C) 10 mM  pH 8 TAPS buffer, scale bar = 100 

nm; D) 10 mM  pH 7 MOPS buffer, scale bar = 100 nm.

These morphologies could be interconnected that singular fibrils laterally associate into 

tapes, and tapes with a varied degree of twists grow into a certain size and wraps into nanotubes. 

This hypothesis is supported as distinct lateral association patterns can be distinguished from the 

tape morphology, such as 4 fibrils can be seen in the left twisting tape in Figure.3.7B; some twisting 

tapes looks like unraveled nanotubes, such as in Figure.3.7D; a pattern can sometimes be observed 

on nanotubes as well, such as in Figure.3.7C. Dividing the width of the twisting tapes by the visible 

number of the fibrils, as well as doing a fast Fourier transform on the fibril patterns yield an average 

fibril spacing of 7.4 nm, suggesting these morphologies may arise from the same kind of lateral

association of the same fibrils.
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Circular dichroism spectroscopy was employed to characterize the secondary structures of 

PSMβ2 in the buffer conditions screened, and identify any differences in secondary structuresg

between the nanotube and the twisting fibril assemblies. In the all of the screened conditions, 

PSMβ2 showed an α-helical signature where the measured mean residue ellipticity (MRE) has a 

maximum at 195 nm and minima at 209 nm and 224 nm (Figure 3.8). These minima wavelengths 

are consistent with the published PSMβ2 CD data acquired in 50% d3-trifluoroethanol at 40 ℃ 7. 

The lack of differences in CD maximum and minima in all screened PSMβ2 conditions despite 

different morphologies further suggests the observed different morphologies could arise from the 

same PSMβ2 α-helical monomer structure. 

Figure 3.8. Circular dichroism spectra of 566 μM PSMβ2 in 10mM pH 5.0 acetate, pH 6.0 MES, pH 7.0 MOPS, and pH 

8.0 TAPS buffer, measured after 1 day of assembly. 

PSMβ2 was further screened at 556 μM peptide concentration and buffer conditions, with 

50% v/v trifluoroethanol (TFE) added then evaporated, since PSMβ2’s in-solution structure was 

solved in 50% v/v d-TFE in water. After 24 h and 1 week of incubation, only amorphous aggregates 
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were observed in all screened conditions (Figure 3.9). This is expected as the PSMβ2 monomer 

structure solved in 50% v/v TFE is in a 3-helix folded state exposing a mostly hydrophilic surface, 

thus would inhibit the hydrophobic interactions to drive monomer oligomerization and self-

assembly.

A B

Figure 3.9. Representative TEM images of 556 μM PSMβ2, in A) 10 mM pH 7 MOPS buffer after 1 day of assembly time; 

B) 10 mM  pH 8 TAPS buffer after 1 week of assembly time, scale bar = 100 nm.

In summary, PSMβ2 was shown to be able to self-assemble into nanotubes perhaps similar 

to PSMα3, but also shows a mixture of other morphologies that could be precursors leading to 

nanotubes. The next few chapters will focus on optimizing and characterizing the nanotube 

assembly with an hope to understand whether PSMβ2 also adopts a cross-α structure, the 

similarities of PSMβ2’s and PSMα3’s cross-α structures, and the reason PSMβ2 is less selective 

than PSMα3.
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3.2.3 Structural Characterization of the PSMβ2 Nanotubes

3.2.3.1 Thermal stability of PSMβ2 morphologies

To determine the thermal stability of PSMβ2’s multiple morphologies, CD melt experiment 

was performed on a 556 μM PSMβ2 in 10 mM pH 7.0 MOPS sample, monitoring the MRE at the 

global max absorption 209 nm, with a melting profile increasing from 5 ℃ to 95 ℃ in 60 minutes. 

While no distinct melting transition was observed (Figure 3.10A), the sharpest transition of MRE 

at 209 nm is at 76.4 ℃ (Figure 3.10B). The low MRE intensity at 95 ℃ in comparison to the MRE

at room temperature (Figure 3.10D) could be due to a significant loss of solution while the sample 

was heated to 95 ℃ . The sample still shows showed an α-helical signature with minima at 208 nm 

and 221 nm at 95 ℃ , but the 221 nm minima is too noisy to draw any conclusions; the ratio of the 

molar ellipticity at 208 nm to 222 nm is however > 1, where this ratio was < 1 before the sample 

was heated (Figure 3.10C). This ratio difference indicates there is a change in the assembly type of 

PSMβ2 in pH 7 when heated up to 95 ℃ ; the 76.4 ℃ temperature at the sharpest transition of MRE 

is likely a critical melting temperature triggering this change.
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A B

C D

Figure 3.10: A) CD melting spectrum of 556 μM PSMβ2, in 10 mM pH 7 MOPS buffer; B) first derivative of A), indicates 

a possible melting transition at 76.4 ℃. C) CD spectrum of 556 μM PSMβ2 in 10mM pH 7 MOPS at room temperature. 

C) CD spectrum of 556 μM PSMβ2 in 10mM pH 7 MOPS, heated and held at 95℃.

To determine whether 76.4 ℃ triggers a melting transition of PSMβ2, PSMβ2 was 

assembled at 556 μM peptide concentration in 1X pH 7.4 PBS buffer, annealed at 37, 50, and 90 ℃

for 30 min respectively, then slowly cooled to room temperature by a 1 ℃ / 5 minutes temperature 

gradient. After 24 h of incubation, at 37 and 50 ℃ , 40.94 nm (± 6.33 nm) and 38.08 nm (± 2.67 
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nm) wide nanotubes were still found (Figure 3.11A, B); at 90 ℃ , only fibrils with an average width 

of 7.62 nm (± 1.05 nm) were found with no tube assemblies (Figure 3.11C). These fibrils do not 

associate to form a tape/ribbon like assembly, thus are likely a different type of fibrils than the 

thinner, laterally associating ones observed in the PSMβ2 samples at room temperature, suggesting 

that heating to 76.4 ℃ induced a morphology change in PSMβ2 samples.

A B

C

Figure 3.11: Representative TEM images of 556 μM PSMβ2 in 1X pH 7.4 PBS buffer, 1 day of assembly time, A) annealed 

at 37 ℃ for 30 minutes then cooled to room temperature; B) annealed at 50 ℃ for 30 minutes then cooled to room 

temperature; C) annealed at 90 ℃ for 30 minutes then cooled to room temperature. All scale bars = 200nm.
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3.2.3.2 Salt stability of PSMβ2 morphologies

The stability of PSMβ2 nanotubes with a salt presence was analyzed by characterizing 556 

μM PSMβ2 in 10 mM pH 10 CAPS with 50 mM, 500 mM and 1 M NaCl respectively. If the lateral 

association of fibrils are promoted through hydrophilic interactions of the residues’ side chains, the 

degree of association could then be affected by the presence of salt. After 24 h of incubation, 

PSMβ2 in all conditions still assembled into nanotubes, although in lower populations (Figure 

3.12B); these nanotubes are a bit fuzzier, and a larger 8.49 nm/cycle fibril spacing were observed 

in comparison to the previously observed 7.63 nm/cycle spacing (Figure 3.12A, C). This suggests 

salt presence does impact the lateral association of PSMβ2 fibrils, and subsequently impact the 

correct folding of the associated tapes into nanotubes. 

A B

C
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Figure 3.12. Representative TEM images of 556 μM PSMβ2 in 10 mM pH 10 CAPS buffer, after 1 day of assembly time, 

A) with 50 mM NaCl; B) with 500 mM NaCl; C) with 1 M NaCl. All scale bars = 100 nm.
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3.2.3.3 Cryo-EM determined PSMβ2 nanotube structure

Fortunately PSMβ2 nanotubes have a decent population among other morphologies in 

conditions with pH 8 and above, and thus were further characterized by cryo-EM with a final 

resolution of 4.2 Å. Each PSMβ2 monomer displays a helix-turn-helix structure. A single PSMβ2

monomer is folded that one helix stacks with the other helix, exposing a hydrophobic surface to 

allow mating. Each PSMβ2 asymmetric unit displays a cross-α fibril structure, where 2 PSMβ2 

monomers laterally associate through termini interactions to afford a fibril width of 67 Å, mate 

with another pair of monomers with a mating distance of ~10 Å, and stack accounting for 

elongation with stacking distances of 9-10 Å (Figure 3.13), which are similar to PSMα3’s cross-α 

parameters. Each PSMβ2 fibril mates with another fibril through hydrophobic interactions between 

Met1 at the N-terminus, Phe42 and Gly43 at the C-terminus (Figure 3.14A). Instead of mating at a 

parallel orientation like PSMα3, PSMβ2 helices mate at 45° angle, perhaps due to the way His18 

at the turn motif is organized to optimize the π-π interactions from the imidazole moiety of His 

(Figure 3.14B), as well as the lack of Phe-Leu mating interactions in PSMβ2 that were abundant in 

PSMα3 (Figure 3.14C).
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A B

Figure 3.13. A) side view and B) front view of PSMβ2 cross-α fibril structure. Model rendered in PyMol.

A B
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C

Figure 3.14. A) PSMβ2 monomer lateral association through termini Met1, Phe42 and Gly43 (shown in spheres, labelled); 

B) PSMβ2 fibril lateral association and mating through His18, shown in spheres, interactions highlighted by red lines; 

C) PSMβ2 monomer mating with F42 and F44 shown in spheres. Model rendered in PyMol.

PSMβ2 nanotube is left-handed, consists of 12 PSMβ2 cross-α fibrils laterally associating 

with each other, where each fibril has a 28.6° twist to complete a full turn, resulting in a diameter 

of 297 Å with a double-layered wall thickness of 20 Å (Figure 3.15). Each turn affords a 16.4 A 
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rise. PSMβ2 fibrils laterally associate through the π-π interactions from the imidazole moiety of 

His18 (Figure 3.16). This lateral association affords a large 9 Å spacing and causes such spacing 

to be observable via TEM and STEM. 

Figure 3.15. Front view of PSMβ2 cross-α nanotube structure. Model rendered in PyMol.

Figure 3.16. PSMβ2 fibril lateral association interactions through His18 (shown in spheres). Model rendered in PyMol.
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3.2.3.4 TEM and STEM validated PSMβ2 nanotube’s cryo-EM model

To validate the cryo-EM determined PSMβ2 nanotube structure, PSMβ2 nanotubes were 

further characterized via TEM and STEM and compared to the cryo-EM model. PSMβ2 nanotube’s

width measured from the negative-stain TEM images follows a normal distribution at an average 

of 45.14 nm (Figure 3.17). when assuming PSMβ2 nanotubes are fully flattened on TEM grids, the 

measured tube width via TEM would correspond to half of PSMβ2 nanotube’s actual circumference, 

where the actual circumference is observed width / π, or 47.75nm / π = 30.4 nm; this calculated 

nanotube diameter corresponds well with the cyro-EM model’s tube diameter of 29.7 nm. 

Figure 3.17: Histogram of width measurements of PSMB2 tubes, measurements taken from negative-stain TEM 

micrographs. 

A cross fibril pattern can sometimes be observed on a tube (Figure 3.18A), and can be fast 

Fourier transformed to yield a 7.62 nm/cycle spacing (Figure 3.18B), which is consistent with the 

sum of 67 Å PSMβ2 cross-α fibril width and 9 Å PSMβ2 cross-α fibril spacing between each other. 

The angle of each cross line with respect to the tube wall is measured to be 21°(Figure 3.18A), 

which is consistent with the 22° angle of PSMβ2 cross-α fibril with respect to the nanotube axis. 
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A            B

Figure 3.18: A) a TEM image of the PSMβ2 nanotube’s cross patterns, helical angle is measured to be 21° with respect 

to the nanotube’s direction. B) an FFT image of A), where the cross pattern spacing is measured to be 7.64 nm/cycle.

Using the flattened nanotube width of 47.75 nm and this 21° angle, a rectangular section 

of a full turn of the flattened PSMβ2 nanotube can be defined as a 47.75 nm * 130 nm rectangle 

(Figure 3.19). The length of the perpendicular line from the top left corner of this rectangle, to the 

diagonal line from the top right corner to the bottom left corner of this rectangle can then be 

calculated to be 46.6 nm; this roughly corresponds to 6 times the 7.62 nm/cycle spacing calculated 

from Figure 3.18B, suggesting 6 fibrils spanning a half turn of PSMβ2 tube wall, or 12 fibrils 

spanning a full turn of the PSMβ2 tube, which also consistent with the cryo-EM model’s 12 fibrils 

accounting for a full turn. Overall, TEM analysis of PSMβ2 nanotubes agrees very well with 

PSMβ2 nanotube’s cryo-EM model.
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Figure 3.19: A) The calculated geometry model of the PSMβ2 nanotubes based on the cross-fibril patterns in Figure 

3.18A. B) single PSMβ2 fibril from the PSMβ2 tube’s cryo model.

PSMβ2 nanotube’s mass per length (M/L) measured via STEM (Figuwre 3.20A) follows a 

normal distribution at an average of 11.1 kda/Å (Figuwre 3.20B), using tobacco mosaic virus as the 

standard, which corresponds well with PSMβ2 nanotube cryo-EM model’s expected monomers per 

nanotube length: the model indicates 16.4 Å rise per 48 PSMβ2 monomer, together with PSMβ2’s

4.49 kDa molecular weight, PSMβ2 nanotube would have an expected M/L value of 4.49 kDa * 48 

/ 16.4 Å = 13.1 kDa / Å. Cross patterns similar to the ones observed via TEM can also be observed 

from bright-field STEM images (Figuwre 3.20C). STEM analysis of PSMβ2 nanotubes also agrees 

very well with PSMβ2 nanotube’s cryo-EM model.
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A B

     

C

Figuwre 3.20: (A) A representative dark-field STEM image of 556 μM PSMβ2 in 10 mM pH 7 MOPS buffer, with M/L 

measurements on PSMβ2 (grey) and TMV (white) specimens; (B) histogram of M/L measurements of PSMβ2, averaged 

at 11.18 kDa/Å. (C) A dark-field STEM image of 556 μM PSMβ2 in 10 mM pH 7 MOPS buffer showing the visible cross 

patterns on the nanotube.

In summary, STEM and TEM measurements of PSMβ2 nanotubes match well with the 

expected parameters calculated from PSMβ2 nanotube’s 4.2 Å resolution cryo-EM model, both 

validating the model and the trustworthiness of STEM and TEM measurements reflecting the 
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actual structure, enabling these techniques to be used to characterize other PSMβ2 morphologies 

presented in the next chapter.
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3.2.4 Structural characterization of other PSMβ2 morphologies

3.2.4.1 pH dependency of PSMβ2 morphologies 

Because a larger PSMβ2 tube population was observed in pH 8 compared to pH 7, 

suggesting a pH selective effect on the tube morphology, PSMβ2 was further screened at 556 μM 

peptide concentration, in 1X pH 7.4 PBS, 10 mM pH 9.0 CHES, and 10 mM pH 10.0 CAPS buffer 

conditions at room temperature to determine whether higher pH conditions would be selective 

towards PSMβ2 morphologies. In 1X pH 7.4 PBS, no apparent differences in morphology type or

population were observed compared to in pH 7.0 (Figure 3.21A). In pH 9.0, tubes with an average 

diameter of 48.11 nm (± 4.00 nm) were found after 24 h of incubation (Figure 3.21B), along with 

a mixture of fibrils and twisting tapes; the tube population is similar to pH 8.0’s. At pH 10.0, no 

apparent differences in the morphology types and population was observed compared to at pH 9.0, 

with the exception of very rare helical tapes (Figure 3.21C). For a very limited sample size of 3 

observed helical tapes, each tape has a consistent pitch and width within itself, but has a different 

pitch and width than each other. These results suggest while the PSMβ2 tubes require pH > 7 to 

assemble, a more basic condition up to pH 10.0 only have a minor selection effect, if not none 

toward the tube morphology; higher pH conditions do not inhibit other morphologies; helical tapes 

were very rarely observed at the pH 10 condition, and they do seem to be unwrapped nanotubes. 

A B
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Figure 3.21 Representative TEM images of 556 μM PSMβ2, after 1 day of assembly time, in A) 1X PBS buffer;  B) 10 

mM  pH 9 CHES buffer; C) 10 mM  pH 10 CAPS buffer. Scale bar = 100 nm.
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3.2.4.2 AFM and TEM characterization of PSMβ2 helical ribbons 

Only less than 10 helical ribbons were analyzed via TEM and AFM due to their rare 

occurrences. Via TEM, the observed ribbons have the same 45 nm ribbon width, the same 160° 

twist angle with respect to the fibril axis, but different pitches (Figure 3.22A: 313 nm, B: 274 nm). 

The 45 nm ribbon width would correspond to roughly 6 PSMβ2 cross-α fibrils laterally associating，

half of 12 PSMβ2 cross-α fibrils accounting for a full nanotube turn. Interestingly, in an instance 

where a nanotube is observed to be partially unwrapped (Figure 3.22C), the unwrapped portion 

also has a tape width of 45 nm and a twist angle of ~160°, suggesting PSMβ2 nanotube and PSMβ2

helical ribbon are linked where one associates/dissociates into the other. 

A           B
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Figure 3.22. Representative TEM images of 556 μM PSMβ2, after 1 day of assembly time, in 10 mM pH 10 CAPS buffer. 

A) helical ribbon pitch = 313 nm, twist angle = 160°, width = 45 nm. Scale bar = 200 nm. B) helical ribbon pitch = 274 

nm, twist angle = 160°, width = 45 nm. Scale bar = 200 nm. C) Partially unwrapped nanotube, the tape unwrapped from 

a nanotube has a width of ~46 nm. Scale bar = 100 nm.

Via AFM, PSMβ2 helical ribbons display a consistent width and pitch within one ribbon, 

but have different pitches among each other (

Figure 3.23). The ribbons show an averaged consistent height of 4.92 nm at the folded and 

overlapped areas and 2.21 nm at the non-overlapped areas, where 4.92 nm corresponds well with 

the 5.06 nm PSMβ2 nanotube height, further suggesting these two morphologies are linked.

A
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Figure 3.23. Representative AFM image of A) PSMβ2 helical ribbon, B) PSMβ2 nanotube in 556 μM peptide 

concentration, 10 mM pH 10 CAPS buffer, after 14 days of assembly time. Height difference shown (between blue box 

and blue circle) = A) 2.22 nm and B) 5.06 nm.
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From this limited amount of AFM and TEM data, it seems either the helical ribbons are a 

result of unwrapped nanotubes with various pitches, or precursors of nanotubes that reached the 

ideal tape width but with a too high pitch; the latter would suggest a nanotube formation mechanism 

of helical ribbons closing down by reducing pitch, instead of growing in width to fully close to 

nanotubes. Since the helical ribbons were not observed in neutral pH conditions where nanotubes 

still present, it’s more likely these ribbons are a result of nanotube unraveling, which would always 

result in helical ribbons with the same width. Unfortunately, it is difficult to further characterize 

these ribbons due to their rare occurrences.
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3.2.4.3 TEM and STEM characterization of PSMβ2 fibrils

Many PSMβ2 morphologies observed via TEM have visible fibril patterns. Singular fibrils 

are rare and have an average width of 5.62±1.63 nm (Figure 3.24A). Fibril patterns can often be 

observed in PSMβ2 tape and nanotube assemblies, especially in samples incubated at 37 (Figure 

3.24B). Measuring these fibril patterns yields an average fibril width of 7.50±0.58 nm, which 

corresponds well with the previously observed 7.64 nm FFT fibril pattern spacing on nanotubes. 

A) B)

Figure 3.24. representative TEM images of A) 2.0 mg/mL PSMβ2 assembled in 10 mM pH 5 acetate at 1 day of incubation, 

B) 2.0 mg/mL PSMβ2 assembled in 10 mM pH 7 MOPS at 1 day of incubation at 37 ℃.

PSMβ2 fibrils with varied length can be observed via scanning transmission electron 

microscopy (Figure 3.25). While their M/L measurements are all different, they appear to be 

multiples of 1/12 of PSMβ2 nanotube’s averaged M/L measurement. For example, Figure 3.25A 

shows fibrils with an averaged 1.32 kda/Å M/L measurement, corresponding to a single PSMβ2 

cross-α fibril’s M/L; Figure 3.25B shows fibrils with an averaged 2.93 kda/Å M/L measurement, 

corresponding to 3 PSMβ2 cross-α fibrils’ M/L; and Figure 3.25C shows fibrils with an averaged 

4.22 kda/Å M/L measurement, corresponding to 4 PSMβ2 cross-α fibrils’ M/L. 
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C

Figure 3.25. STEM images of PSMβ2 fibrils in 556 μM PSMβ2 in 10 mM pH 9 CHES buffer.

The extreme polymorphism of PSMβ2 fibrils made it difficult to be further characterized 

via cryo-EM or SAXS, but STEM and TEM data suggests these fibrils could be/arise from the same 

PSMβ2 cross-α fibrils associated into PSMβ2 nanotubes.
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3.3 Conclusion 

In summary, another peptide from the PSM family, PSMβ2 is also identified to assemble 

into a nanotube structure very similar to PSMα3’s nanotube structure, despite the two peptides have 

differences in peptide sequence, monomer structure and cytotoxicity level. Fist, PSMβ2’s helix-

turn-helix monomer structure aligns through termini to form a dimer unit, this unit stacks in the 

fibril elongation direction and mates with another pair of dimers, although at 45°angle, which 

exhibits cross-α structure signatures as shown in PSMα3’s cross-α structure. PSMβ2 fibrils further 

laterally associate through PSMβ2 monomer’s turn motif, resulting in polymorphic assemblies with 

limited selectivity towards temperature and pH. One of these morphologies, PSMβ2 nanotube 

structure was characterized via cryo-EM to afford a 4.5 Å resolution model.

PSMβ2’s helix-turn-helix motif may be used as a redesign target to allow PSMβ2

morphologies to be controlled via designing the turn. For example, replacing His18 with amino 

acids containing other phenyl moieties, such as Phe and Trp, may strengthen or weaken the lateral 

association of the fibrils, resulting in a different selectivity towards tapes and nanotubes; removing 

the turn motif completely may force PSMβ2 to assemble similar to PSMα3; functionalizing Gln17 

and Asp19 may enable stimulus control to nanotube self-assembly.

PSMβ2’s cross-α structure paired with PSMβ2’s low cytotoxicity raises the question whether 

cross-α structures contribute to cytotoxic or antimicrobial activities. Although multiple reports 

suggest cross-α is linked to antimicrobial activities8-9, including the preliminary data of Warnaricin-

RK shown in the previous chapter, the structure itself could not be the root-cause of such activities

in PSMβ2’s case. However, PSMβ2’s polymorphic morphologies may hold other biological 

functions due to its weak assembly selectivity mainly dictated by pH, and this hypothesis can be 

tested especially if PSMβ2 assemblies can be observed in vivo.
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3.4 Methods

Materials and Reagents. All chemical reagents were purchased from Sigma-Aldrich, unless 

otherwise specified. The PSMβ2 peptide was synthesized and purchased from Synpeptide Co Ltd 

(Shanghai, China). Its identity was determined by MALDI-TOF spectrometry, and its purity was 

determined by analytical HPLC to be 97.16%. 

Figure 3.26. Electrospray ionization mass spectrum of PSMβ2.

Figure 3.27. analytical HPLC spectrum of PSMβ2.
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Peptide Assembly. Stock solutions of PSMβ2 were prepared by solubilizing 0.5 mg of purified, 

lyophilized peptide in 200 μL of 1X PBS, pH 7.45; 10 mM acetate, pH 5.0; 10 mM MES, pH 6.0; 

10 mM MOPS, pH 7.0; 10 mM TAPS, pH 8.0; 10 mM CAPS, pH 9.0; or 10 mM CHES, pH 10.0 

buffer, the final peptide concentration was 556 μM. Immediately after mixture, the solutions were 

titrated to the respective buffer pH using 100 mM sodium hydroxide solution. The samples were 

incubated at ~20 ℃ on the benchtop or 37.0 ℃ in an incubator. For some samples, solutions were 

thermally annealed using the following thermal cycler protocol: (1) rapid heating to 50/70/90 ℃

for 30 minutes; and (2) cooling to 25 ℃ at a rate of 0.2 ℃ / minute. 

Circular Dichroism Spectropolarimetry. CD measurements were performed on a Jasco J-1500 

CD spectropolarimeter in 0.1 mm quartz cells (Hellma Analytics), at 556 μM peptide concentration. 

Spectra were recorded from 260 to 190 nm, at a scanning rate of 100 nm/min and a data pitch of 

0.2 nm, with 3 accumulations. CD melting experiments were performed with the same instrument 

and the same cuvette, in the temperature range of 5 ℃ to 95 ℃ , at a heating rate of 60 ℃ /hour and 

a data pitch of 0.2 ℃ ; the intensity of the CD signal at 209 nm was monitored as a function of 

temperature. 

Transmission Electron Microscopy. TEM specimens were prepared from aqueous solutions of 

PSMβ2: 4 μL of the PSMβ2 samples were deposited onto 200 mesh carbon-coated copper grids 

from Electron Microscopy Services (Hatfield, PA). After 90 seconds of incubation period, the 

samples were wicked away until a thin film of sample remained, then the grids were stained with 

4 μL of 1:1 mix of nano-W and nanoVan stains from Nanoprobes (Yaphank, NY). After 60 seconds 

of stain incubation period, all liquids were wicked away, and the grids were dried in a tabletop 

desiccator under vacuum. TEM measurements were acquired on a Hitachi HT-7700 transmission 

electron microscope with a tungsten filament and AMT CCD camera, at an accelerating voltage of 

80 kV.
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Cryo-electron Microscopy and Image Processing. The PSMβ2 peptide (4 μL of a 3 mg·mL-1 

peptide concentration in 10 mM pH 9 CHES sample) was applied to glow-discharged lacey carbon 

grids and vitrified in a Vitrobot Mark IV (FEI, Inc.). Grids were imaged in a Titan Krios at 300 

keV and recorded with a Falcon II direct electron detector at 1.05 Å per pixel. Images were 

collected using a defocus range of 0.5–3.0 μm, with a total exposure of 2 s (amounting to 70 

electrons·Å-2) dose-fractionated into seven chunks. All the images were first motion corrected by 

the MotionCorr v2 (1), and then the CTFFIND3 (2) program was used for determining the actual 

defocus of the images. Images with poor CTF estimation as well as defocus > 3 μm were discarded. 

A total of 386 images were selected and peptide filaments of varying lengths were boxed using the 

e2helixboxer program within EMAN2 (3). The CTF was corrected by multiplying the images from 

the first two chunks (containing a dose of ~ 20 electrons·Å  -2) with the theoretical CTF. 

Overlapping 256-px long boxes with a shift of 5 pixels (~ 1.5 times of the axial rise) were cut from 

the long filaments. The determination of the helical symmetry was by trial and error, searching for 

a symmetry which yielded recognizable secondary structure. Power spectra from the filaments 

suggested a variability in the helical parameters. A reference-based sorting procedure was used to 

bin the segments based on the axial rise and azimuthal rotation. Then 56,421 out of 356,100 

segments were selected after this sorting and the IHRSR (4) method implemented in in Spider (5) 

was used to produce the final reconstructions at ~6 Å. The helical hand was determined by the fit 

of crystal structures into the cryo-EM map. 

Scanning Transmission Electron Microscopy. STEM data were acquired at Brookhaven 

National Laboratory (BNL). The STEM instrument operates at 40 keV with a scanning probe of 

0.3 nm diameter produced from a cold field-emission source. Each electron emerging from the 

specimen is detected by one of the scintillator photomultiplier detectors collecting 0−15 mRadian 

(bright field), 15−40 mRadian (small-angle dark field) and 40−200 mRadian (large-angle dark 

field). The large-angle signal is proportional to the mass of atoms in the path of the beam. Specimen 
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quality and mass calibration were assessed by detailed comparison of the image to the known 

structure of tobacco mosaic virus (TMV). For mass-per-length (M/L) measurements, TMV rafts at 

a theoretical M/L value of 13.1 kDa/Å were employed for calibration.

Specimens were deposited on thin carbon (circa 2 nm thick) supported on a thicker holey carbon 

film mounted on a titanium grid using the wet-film, hanging-drop method. TMV was added to the 

grid first as an internal control, followed by injection buffer, then specimen solution (in 10 mM 

MES buffer, pH 6.0) for 1 min, then 10 washes of 20 mM ammonium acetate pH 7.0. Excess 

solution was wicked from the edge with filter paper between each injection. After the last wash, 

the grid was wicked to a thin layer (ca. 1 mm), fast frozen by plunging into liquid nitrogen slush 

and stored under liquid nitrogen. Grids were freeze-dried overnight in an ion pumped chamber with 

an efficient cold trap and transferred under vacuum to the STEM cold stage (−160 °C). Imaging 

typically uses a dose of 20 e–/Å2 (causing < 5% mass loss, corrected by comparison to TMV). 

Mass per length measurements of the PSMβ2 nanotubes were performed with the software 

PCMass32.
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4 Chapter 4: Designed Peptide Mimicking Cross-α Amyloid-like

Fibrils 

4.1 Introduction

Amyloids are peptides consisting of beta-strand secondary structure stacking on top of each 

strand, coined the cross-β structure. The strand stacking distance, often 4-5 Å, and the strand-strand 

mating distance, often 10-11 Å are signatures of cross-β amyloids, which can be observed on X-

ray fibril diffraction patterns. Amyloid presence is found during the development of numerous 

diseases1, such as Alzheimer’s2; it’s hypothesized the amyloid fibril structure is linked to, or the 

root cause of such diseases, and a tremendous research effort is put into characterizing amyloid 

structures, and determining the amyloid sequence-structure-cytotoxicity relationship3. In the 

meantime, amyloid fibrils are being explored as designable nanomaterials4-5 due to 1. a vast variety 

of peptide sequences, long and short can self-assemble into amyloid fibrils, enabling a large 

theoretical design space; 2. amyloid fibrils utilize strong intermolecular hydrogen bonding for its 

main driving force of self-assembly6, allowing them to achieve high moduli while maintaining 

reversibility, making it unique in comparison to extracellular fibrous materials with high moduli 

but little to no reversibility such as collagen, and intracellular fibrous materials with low moduli 

but are highly reversible such as actin. Some of the notable designed amyloid material applications 

include grafting short amyloid peptide sequences onto nanoparticles7 and antibodies8 to disrupt and 

inhibit amyloid formation, as food gelation agents9, as functional templates to display grafted 

proteins on a fibrillar surface10, as electron charge transfer and redox catalyzing wires11, slow drug-

release platforms12 and others; however, due to difficulties in controlling the polymorphic nature 

of amyloids13, concerns of the amyloid candidate acting as an amyloid nucleation inducing agent14, 

often bio-incompatible peptide self-assembly conditions and other factors, amyloid-based 
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nanomaterials have yet to see commercialization. Nonetheless, cross-β amyloid-like structures are 

well worthy to be explored for their nanomaterial application potentials and biological activities.

Recently the discovery of PSMα3’s cross-α fibril structure, mimicking cross-β amyloid 

structures but with α-helices instead of β-strands stacking in the direction of fibril growth, enabled 

another space of designability of amyloid-mimetic materials, and brought debates whether the 

cross-α structure contributes to biological functions15-16. Being a relatively new structure, cross-α’s

design rules are only briefly explored: one such example is αAmmem
17, capable of adopting a heptad 

coiled-coil-like structure and self-assembling into cross-α amyloid-like fibrils through helix

stacking. αAmmem’s cross-α structure is approximated where helix mating is driven by coiled-coil

d-d face, and helix stacking is driven by coiled-coil e-e and g-g face interactions (Figure 4.1c). 

Being a natural peptide, αAmmem unsurprisingly does not completely follow the known stabilizing 

coiled-coil assembly principles, such as Ile at b, c faces where hydrophilic residues should be 

preferred at these solvent-facing positions. αAmmem’s d, e, g faces are also not dominated by 

uniform residues like in most rationally designed coiled-coil systems, such as Ser11 at the e face is 

at the middle of the peptide facilitating close anti-parallel intra-helical e-e face interactions, while 

all other residues at the e face are Leu; Ala13 at the g face, and Ala17 at the d face both facilitate 

close anti-parallel intra-helical g-g face interactions, while all other g, d face residues are all Leu

as well. To address these “imperfections,” αAmmem is engineered by applying known coiled-coil 

design principles and screened with mutations focusing at position 11 (Figure 4.1d), and the results 

suggested 1. αAmmem can indeed be assumed as a coiled-coil system because αAmS self-assembled, 

where all unoptimized residues in αAmmem are optimized based on known coiled-coil design 

principles; 2. the amino acid’s size at close intra-helical interaction positions is important, as 

mutating Ser11 to large residues such as Leu and Phe could not be characterized further due to poor 

solubility (αAmF) or lead to a different structure (αAmL); a derivative named αAm3L mutating all 

position 11, 13 and 17 to Leu also only had limited solubility and couldn’t be characterized further 
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to obtain an atomic structure. αAmmem results suggest a generic coiled-coil based cross-α structure 

design might be possible.

Figure 4.1. αAmmem’s sequence and cross-α structure layout illustration.

This chapter will further explore the designability of coiled-coil based cross-α structures, 

focusing on the relationship between amino acid size and identities at a, d, e, g faces vs. the resultant 

peptide self-assembly structures. Like the studies conducted by Rhys et al. on exploring the 

designability of type 2 coiled-coil structures18, this chapter will hopefully provide insights on the 

key design principles of cross-α structures. 
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4.2 Results and discussion

4.2.1 A designed cross cross-α fibril peptide ROX321

4.2.1.1 Design of ROX321

Coiled-coil based structure’s designability has been well explored. A general coiled coil 

can be mapped into a heptad repeat labeled as abcdefg (Figure 4.2a). Residues at a, d faces can

form knobs-into-holes interactions that create a hydrophobic core between the helices, resulting in 

a coiled-coil bundle (Figure 4.2b); the number of helices in a bundle can be directed by the identity

of residues at these faces19. Residues at e, g faces are often designed to be complimentary polar 

residues, such as Glu and Lys, to form salt bridges in-between helices and help stabilize the 

resulting coiled-coil bundle20. Residues at b, c, f faces are often designed to promote helicity such 

as Ala21, water-solubility using polar residues such as Gln, or serve as functionalization sites22.

Figure 4.2. a) heptad representation of a generic coiled-coil. b) sideview of a generic coiled-coil showing 

the a-d knobs-into-holes interactions. Figure adapted from ref 23.

ROX321 was initially designed to explore type 2 coiled-coil assemblies. Rhys et al. defined 

coiled-coil dimers with knobs-into-holes a, d face interactions (2 consecutive interhelical 

interacting faces) as type N; coiled-coil bundles with knobs-into-holes a, d, e or a, d, g face 

https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1038%2Fs41598-019-39588-2
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interactions (3 consecutive interhelical interacting faces) as type 1; coiled-coil bundles with knobs-

into-holes a, d, e, g face interactions (4 consecutive interhelical interacting faces) as type 2; coiled-

coil bundles with knobs-into-holes a, d, e, g face interactions (4 non- consecutive interhelical 

interacting faces) as type 3 (Figure 4.3)18. Type 2 deigns have been explored both through rational 

and computational design. Here, CC-HEX2 (PDB:4PN9) developed by the Woolfson group is 

shown as an example24 (Figure 4.4B). CC-HEX2’s design features include non β-branched Leu at

the a face, β-branched Ile at the d face, and instead of complimentary polar residues at the g, e faces

that direct a tetramer coiled-coil bundle25, these faces are computationally optimized to be small

residues Ala and Ser respectively. This peptide self-assembled into a hexameric coiled-coil bundle

(Figure 4.4A); from its structure model determined by crystallography, one helix’s a-e face (colored 

in red and green) can be seen mating with another helix’s d-g face (colored in orange and blue). 

Type 2 designs have been systematically explored focusing on the effect of beta-branched amino 

acids such as Ile and Val, Leu and Phe on the coiled-coil bundle structure18. The results suggest the 

stereospecific beta-branching amino acids at the a, d faces preserve symmetry, and lead to coiled-

coils with multiple monomers effectively resembling α-barrels with a huge cavity; the non-

stereospecific, non-branching amino acid Leu, due to its symmetry ambiguity, leads to collapsed 

structures where the central cavity found in barrel structures is not present (Figure 4.5). The

identities of amino acids at specific positions have profound effects, such as mutating all d face Val 

to Ile promoted an octameric coiled-coil bundle (PDB: 6G66) instead of a heptameric one (PDB: 

6G67); mutating Leu17 to Glu promoted a heptameric barrel (PDB: 6G69) instead of a collapsed 

hexameric coiled-coil bundle (PDB: 6G68). Some of the effects can be attributed to amino acid 

sizes, for example replacing Val to a larger residue Ile promotes barrels with more monomers (6G65, 

Val at both a, d, hexamer; 6G66, Val at d and Ile at a, heptamer; 6G67, Ile at both a, d, octamer). 
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Figure 4.3. Classifications of high-order coiled-coil bundles. Figure adopted from ref.18.

A B

Figure 4.4. A) 3D model of CC-HEX2 (PDB: 4PN9). B) Heptad wheel representation of CC-HEX2.

A B

Figure 4.5: 3D models of A) a collapsed hexameric coiled-coil bundle (PDB: 6G68) and B) a heptameric coiled-coil 

bundle barrel (PDB: 6G69). The center cavity of barrels is labelled with a red arrow. 

cavity

No cavity due to  

coiled-coil 

bundles misalign
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ROX321 is designed to be a coiled-coil type 2 structure, but placing Ala in the a, d faces 

and Leu in the g, e faces instead (Figure 4.6). ROX321 is capped by Glu and Lys to promote helix 

dipole26; a tyrosine in the f face is designed to determine the peptide’s concentration accurately by 

UV27; all other amino acids in the f face is designed to be Gln to promote water solubility25; the g

and e face are designed to be complimentary polar residues Glu and Lys as stabilization interfaces 

when they interact with each other. ROX321 is predicted have the following possible types of 

assembly: 1. The a, d face Ala will resemble a very tight hydrophobic core, resulting in a rather 

compact (and likely less oligomeric than CC-type2 series) coiled-coil bundle; 2. the e, g face Leu 

will direct inter-helical association along with the a, d face Ala, leaving the a, d face facing inwards

forming a cavity; 3. the e, g face Leu will direct inter-helical association along with the b,c face 

complimentarily charged E and K, leaving the a, d face Ala facing outwards forming a polar cavity; 

4. a fibril-like assembly where one helix’s e, a face Leu and Ala form knobs-into-holes interactions 

with another helix’s d, g face Leu and Ala (Figure 4.7). ROX321 is expected to assembly as the 2nd

or 3rd type shown above to resemble an oligourea system28, where a hydrophilic cavity is formed 

instead of a hydrophobic cavity, controlled by the choice of amino acid identities at certain 

positions. 

         defgab cdefgab cdefga

ROX321: EALQLAK EALYLAE KALQLAK

Figure 4.6. Heptad representation of ROX321.

A B
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C D

Figure 4.7. Four possible type of assemblies proposed for ROX321. A) ROX321 forms a very tight hydrophobic core. B) 

ROX321 forms an a, d face Ala facing cavity. C) ROX321 forms a f face facing polar cavity. D) ROX321 forms a fibril-

like structure.
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4.2.1.2 Self-assembly of ROX321

ROX321 was synthesized via solid-phase peptide synthesis with N-terminal acetylation 

and C-terminal amidation to reduce termini charges. Peptide was purified by preparative HPLC, 

characterized by MALDI and its purity was confirmed by MALDI and analytical HPLC. Prior to 

screening, 20 mg ROX321 was dialyzed against 500 mL HPLC water for 4 times, dissolved in

trifluoroethanol (TFE) and left under vacuum overnight, to eliminate pre-formed structures in 

powder with TFE addition and evaporation. ROX321 was first screened in 10 mM buffers from pH 

4.0 to pH 8.0 at an increment of pH 1.0, room temperature and annealed at 90 ℃, at 849 mM 

peptide concentration to assess its self-assembly behavior. In all screened pH and temperature 

conditions, ROX321 assembled into 3.86 nm wide fibrils (Figure 4.9) within minutes after the 

samples were titrated to the respective pH (Figure 4.8). The fibrils were stable up to 1 month with 

no follow up after 1 month.

A B

Figure 4.8. 2.0 mg/mL ROX321 in 10 mM pH 4 acetate buffer 10 min after preparation, A) room temperature and B) pH

7 MOPS buffer annealed at 90 ℃ , 12 h after titration.
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Figure 4.9. Histogram of ROX321 fibril width measured from TEM images, average = 3.86 nm.

All ROX321 fibril samples display α-helical CD signatures with minima at 208 nm and 

223 nm (Figure 4.10A, B), and ROX321 assembled in 10 mM pH 4.0 acetate buffer shows an α-

helical Fourier transformed infrared spectroscopy signature at 1653.6 cm-1 (Figure 4.10D). In 

particular, ROX321 in pH 4 buffer shows no CD change/development between at 5 minutes after 

preparation, 10 minutes after preparation and 30 minutes after preparation (Figure 4.10C); this 

result in combination with fibrils observed in samples 10 minutes after preparation in a wide range 

of pH suggest ROX321’s fibril assembly is fast and robust. Additionally, the thermal stability of 

ROX321 assembled in 10 mM pH 4 acetate was assessed via monitoring the CD molar ellipticity 

at 223 nm from 5 to 95 ℃ , and no significant melting transition was observed (Figure 4.11), 

suggesting ROX321’s self-assemblies observed at room temperature and when annealed are likely 

identical.

A B
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C D

Figure 4.10 Circular dichroism spectra of 2.0 mg/mL ROX321 in A) 10 mM pH 5-6 buffer, at room temperature and 

anneaeled at 90 ℃ ; B) 10 mM pH 7-8 buffer, at room temperature and anneaeled at 90 ℃ ; C) 10 mM pH 4.0 acetate 

buffer, at 5/10/15 minutes after sample preparation. D) FT-IR spectrum of 2.0 mg/mL ROX321in 10 mM pH 4.0 acetate 

buffer.

A B

1653.6
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Figure 4.11 A) CD melting profile of ROX321 in 10 mM pH 4 acetate, monitoring at 223 nm, from 5 ℃ to 95 ℃ ; B) first 

derivative of A), no significant melting transition was observed.

From these preliminary data, ROX321 did assemble into α-helical fibril assemblies. The 

observed 3.8 nm fibril width is already larger than CC-HEX2’s hexameric coiled-coil bundle’s 

diameter of 2.39 nm, indicating ROX321 could have assembled into a larger α-barrel type of 

assembly. To confirm ROX321’s design goal, ROX321 is further characterized with other 

microscopy methods such as cryo-EM.
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4.2.1.3 Structure characterization of ROX321 via SAXS, STEM, cryo-EM and NMR

To further characterize ROX321’s structure, the ROX321 fibril sample assembled in 2.0 

mg/mL peptide concentration, 10 mM pH 4 acetate buffer, annealed at 90 ℃ was further analyzed 

by cryo-EM, NMR, STEM, SAXS. While the fibrils imaged with TEM shows a certain degree of 

flexibility, the cryo-prepared fibrils are stiff enough to yield a 4.0 Å resolution structure model

using cryo-EM (Figure 4.12). 

Figure 4.12. ROX321 fibril’s cryo-EM model.

Instead of an α-barrel, ROX321 assembled into a cross-α structure very similar to αAmmem; 

a similar assembly diagram (Figure 4.13) can be used to show ROX321 forms a coiled-coil dimer 

through its a, d face Ala knobs-into-holes interactions (Figure 4.14A), and achieved helix stacking 

through its e, g face Leu knobs-into-holes interactions (Figure 4.14B). ROX321’s fibril structure 

poses a C1 point group symmetry, has 19 dimers per turn of a protofilament, a helical twist of -

172°and a helical rise of 5.02 Å. Two protofilaments mate through hydrogen-bonding and polar 

interactions of the f face Gln and the complementarity charged b, c face Lys and Glu (Figure 4.15).
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Figure 4.13. One of the possible (parallel) ROX321 protofilament’s helix orientations in its cross-a like structure. a-d 

interfaces (resulting in a coiled-coil dimer) are boxed in red, and e-g interfaces (resulting in helix stacking) are boxed 

in cyan and yellow. 
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A B

Figure 4.14. ROX321 models shown here assumes ROX321 helices align in a parallel fashion to form a dimer, orange 

= a face Ala, green = d face Ala, yellow = b face Lys, blue = g face Leu, red = e face Leu. A) ROX321 a-d face knobs-

into-holes interaction, the right helix’s orange Ala13 knob fits into a diamond-shape hole formed by the left helix’s green 

Ala16 and Ala9, orange Ala13 and blue Leu12. B) ROX321 e-g face knobs-into-holes interaction, the right helix’s blue

Leu5 knob fits into a diamond-shape hole formed by the left helix’s orange Ala6, yellow Lys7 and red Leu3 and Leu 10.

Model rendered in PyMol.
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Figure 4.15. ROX321 protofilament mating through f (cyan), b and c (yellow) faces, f, b, c face residues shown in spheres.

Model rendered in PyMol.

In comparison to αAmmem, both systems’ e, g faces are dominated by Leu; ROX321’s a, d 

faces are Ala instead of αAm’s Leu, as a result ROX321 formed a tighter coiled-coil dimer bundle 

(7.2 Å dimer helix-helix distance) than αAmmem (9.1 Å dimer helix-helix distance), and had a 

smaller crossing angle (~10°) than αAmmem (~20°). The effect of small residues at positions 

mediating close intra-helix interactions, such as d face Ala9, e face Leu10 and g face Leu12, was 

not considered in the design of ROX321, but doesn't seem to have an impact on ROX321’s cross-

α self-assembly. While both ROX’s and αAm derivatives’ solvent-facing b, c, f faces are designed 

to be polar, ROX321’s polar interfaces promote fibril mating where αAmmem’s does not.

Unfortunately the orientation of the helices in ROX321’s a, d face interacting dimer bundle

is ambiguous due to ROX321 cryo-EM model’s 4 Å resolution limit; solid-state NMR (ssNMR) is 

used to determine the relative orientations of the monomers in collaboration with the Paravastu 

group at Georgia Institute of Technology, since ssNMR is commonly employed to determine helix 

orientations in helical bundles29. From the possible helix orientations, residues L3, K7, E14, and 

A20 are isotopically labelled, where for the parallel orientation, L3-L3, A20-A20, and E14-K7
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from the two helices will show close NMR contacts; in the antiparallel orientation within the dimer, 

L3-A20 from the two helices will show NMR shifts (Figure 4.16).

Figure 4.16. ssNMR labelling scheme of ROX321. Figure provided by Kong Wong, Paravastu group. 

Isotopically labeled ROX321 was prepared via solid-phase peptide synthesis with N-

terminal acetylation and C-terminal amidation, and assembles identical to ROX321 wildtype. 

ssNMR data showed both orientations exist in ROX321. Shown in Figure 4.17, expected L3-A10 

close contacts are represented in purple-green diamonds; expected K7-E14 close contacts are 

represented in red-blue diamonds. 



144

Figure 4.17 ssNMR spectrum of ROX321. Figure provided by Kong Wong, Paravastu group.

SAXS was used to identify ROX321 structural information to validate the cryo-EM model. 

From SAXS, the scattering intensity I(Q) was measured as a function of the momentum transfer, q

from .005 Å-1 to 9.4 Å-1
. In the small q region, a modified Guinier analysis for rodlike forms yielded 

a radius of cross-section gyration of 16.4 Å (Figure 4.18B), or a rod diameter of 46.5 Å, which 

roughly corresponds to ROX321’s cryo-EM model fibril diameter of 36.0 Å and the 3.86 nm 

observed fiber diameter via TEM. One Braggs diffraction peak at q = 0.612Å-1 is observed (Figure 

4.18A); using the scattering vector equation =
4𝜋sin (𝜃)

𝜆
, this peak translates to a distance of 10.26 

Å, which corresponds to the stacking distance in ROX321’s cryo-EM model (Figure 4.19).

A B
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Figure 4.18. A) SAXS scattering profile of ROX321, a Braggs diffraction peak is observed at 0. 612Å-1. B) Guinier 

analysis of ROX321’s small q region SAXS scattering profile, treating the ROX321 fibrils as rodlike forms, approximated 

rod cross-section radius of gyration = 16.4 Å.

Figure 4.19. ROX321 coiled-coil dimer stacking distance = 10.6 Å, measured in PyMol. 

STEM was used to identify ROX321 structural information to validate the cryo-EM model, 

where the number of ROX321 monomers in a particular ROX321 fibril length can be determined. 

Due to ROX321 fibrils being extremely thin, the measured mass per length of ROX321 fibrils have 

a rather large variance at 1097 da / Å ± 280 da / Å (Figure 4.20A, C), which translates to 3 – 5 

monomers per nanometer. Another population of fibrils can sometimes be observed with 2-3X of 

the typical fibril’s M/L, they appear to be whiter, stiffer and have a slightly larger width TEM

0.612Å
-1
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(Figure 4.20B). Due to their relatively thin fibril widths, these two species would be difficult to be 

distinguished previously via TEM. The 1097 da / Å experimental M/L value roughly corresponds 

with ROX321’s cryo-EM model, where 4 monomers account for 10.7 Å helix elongation, resulting 

in a theoretical M/L value of 880 da / Å. 

A B

C

Figure 4.20. A, B) representative STEM images of A) typical ROX321 fibrils; B) thicker ROX321 fibrils with higher M/L 

values. C) Histogram of M/L measurements taken from typical ROX321 fibrils as in A), average = 1097 da / Å.
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In summary, ROX321 is shown by cryo-EM to self-assemble into cross-α fibrils, and the 

cross-α stacking distance can be observed via SAXS. ROX321’s cross-α structure resembles αAm 

system’s cross-α structure, suggesting type 2 coiled-coil systems could adopt cross-α structures as 

well as traditional coiled-coil bundles. In the next few sections, ROX321 will be further explored 

on sequence length and amino acid identity at specific positions to determine ROX321’s key design 

features that lead to a cross-α structure instead of a CC-HEX-like coiled-coil bundle.
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4.2.2 Length variants of ROX321

4.2.2.1 Design of ROX314 and ROX328

Deriving from ROX321, the effect of peptide length on cross-α structures is investigated.

Natural coiled-coil proteins often have conserved coiled-coil length30-31, but coiled-coils ranging 

from 2 to 5 heptads are the most common32. For de novo coiled-coils, short peptides with only 1 

heptad typically won’t form stable two-stranded coiled-coils, and peptides with 4-5 heptads are 

optimized in terms of two-stranded coiled-coil formation33. Interestingly, all confirmed and 

suspected peptides with cross-α structures, PSMα3, αAmmem, ROX321, two sub-helices in 

PSMβ2’s helix-turn-helix motif, and Warnericin-RK are all around 3 heptads long. As a starting 

point, 2 heptads and 4 heptads versions of ROX321 are investigated to identify the heptad length’s 

effect to its cross-α structure. The two peptides, named ROX314 and ROX328 respectively (Figure 

4.21), have the same design principles as ROX321’s: ROX314 deleted ROX321’s first heptad, and 

ROX328 added a heptad EKALHLA maintaining the complimentary polar residues at the c, b faces, 

and incorporated a weakly basic His to balance out the barely acidic Gln4 and Gln18 at the f face. 

Both peptides are expected to form cross-α fibrils, but with ± ~1 nm difference in fibril widths in 

comparison to ROX321 as peptides are longer/shorter. 

        cdefgab cdefgab cdefgab cdefgab 

ROX314:         E ALYLAE KALQLA K

ROX321: E ALQLAK EALYLAE KALQLA K

ROX328: E ALQLAK EALYLAE KALQLAE KALHLA K
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A B

Figure 4.21. Heptad representations of A) ROX314 and B) ROX328.

4.2.2.2 Self-assembly of ROX314 and ROX328

ROX314 and ROX328 were synthesized via solid-phase peptide synthesis with N-terminal 

acetylation and C-terminal amidation to reduce termini charges. Peptides were purified by 

preparative HPLC, characterized by MALDI and its purity was confirmed by MALDI and 

analytical HPLC. Both peptides were screened in assembly conditions where ROX321 showed 

fibril assemblies. ROX314 showed polymorphic assemblies where fibrils with various widths were 

observed (Figure 4.22), and the observed fibril widths are all larger than ROX321 fibril’s 4 nm 

width. ROX314 in all conditions shows α-helical CD signatures with minima at 205 nm and 223 

nm (Figure 4.23A); the signal at 222 nm showed a lower negative ellipticity compared to ROX321, 

although a similar phenomenon was previously observed for coiled-coils with 2 heptads compared 

to 333. ROX314 assembled in 10 mM pH 4.0 acetate buffer also shows an α-helical Fourier 

transformed infrared spectroscopy signature at 1654.2 cm-1 (Figure 4.23B). ROX314’s 

polymorphic nature and the tendency of aggregation into twisting fibrils when frozen make it 
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difficult to further characterize ROX314’s atomic structure model. The larger-than-expected 

ROX314 fibril width suggests either ROX314 does not adopt a cross-α structure, or the helices 

aggregate through complementary termini interactions to form thicker fibrils.

A B

C

Figure 4.22. A) and B) TEM images of 2.9 mg/mL ROX314 in A) 10 mM pH 4 acetate, B) 10 mM pH 5 acetate, 1 day 

assembly time, scale bar = 100 nm. C,D) cryo-EM image of 2.9 mg/mL ROX314 in 10 mM pH 4 acetate, scale bar = 50 

nm.

A B
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Figure 4.23. A) Circular dichroism spectra of 2.9 mg/mL ROX314 in A) 10 mM pH 4-5 buffer, at room temperature and 

anneaeled at 90 ℃ ; B) IR spectrum of 2.9 mg/mL ROX314 in 10 mM pH 4 acetate buffer; ROX314 shows an α-helical 

signature at 1654.2 nm-1.

ROX328 assembled into 2 nm wide fibrils in all conditions screened (Figure 4.24); 

ROX328’s fibril width is smaller than its helical length and thus, ROX328 can be expected to not 

adopt a cross-α structure; it is possible ROX328’s coiled-coil bundles rather align in parallel to the 

fibril axis and form a type 2 coiled-coil structure instead. All ROX328 samples display α-helical 

CD signatures with minima at 208 nm and 223 nm (Figure 4.23A).

Figure 4.24. TEM images of 3.4 mg/mL ROX328 in A) 10 mM pH 5 acetate, B) 10 mM pH 6 MES annealed at 90℃, 1 

day assembly time, scale bar = 100 nm.

1657.5
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A B

Figure 4.25. Circular dichroism spectra of 3.4 mg/mL ROX328 in A) 10 mM pH 5-6 buffer, B) 10 mM pH 7-8 buffer, all 

at room temperature and anneaeled at 90 ℃ . 

In conclusion, ROX321’s cross-α structure is very sensitive to the number of heptads 

designed; 3 heptads seem to be the optimal length for ROX321’s cross-α structure self-assembly, 

where longer and shorter sequences did not assemble into cross-α structures. This result follows 

the trend where cross-α forming peptide PSMα3, two helices of PSMβ2’s helix-turn-helix structure, 

αAmmem and its derivatives and possibly Warnericin-RK are all around 3 heptads long, it is possible 

peptide length is crucial for cross-α self-assembly. While ROX328 could not be characterized 

further to confirm this hypothesis, it is possible that the importance of small residues at close 

contact points between helices in αAmmem systems is relevant in ROX328’s case, where the peptide 

is longer and residues near the termini at the a, d faces could be too far to establish hydrophobic 

interactions in comparison to ROX321. 
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4.2.3 Stacking interface mutants of ROX321

4.2.3.1 Design of ROX321eIle and ROX321gIle

In ROX321’s parallel orientation and anti-parallel orientation, e-g face interactions account 

for the stacking interface, instead of e-e and g-g interactions seen in αAmmem. In ROX321’s model, 

both residues are Leu and would not be expected to show a preference. In this section, the 

robustness of Leu at e, g positions is tested by mutations to beta-branching amino acids. Beta-

branching amino acids are known to direct the number of monomers in a coiled-coil bundle, affect 

coiled-coil stabilities at the a, d faces of coiled-coil peptides34, affect the interhelical interactions 

and self-assembly of a helical 2D crystalline network35, and defining symmetry in comparison to 

gamma-branched amino acids such as Leu in coiled-coil systems that leads to α-barrels18. ROX321-

eIle, gIle, and egIle are designed where all Leu on the e, g, or e and g faces are mutated to Ile 

respectively (Figure 4.27). ROX321-eIle and ROX321-gIle are expected to behave similarly due 

to ROX321’s helix-stacking e-g interface interactions, thus should not differentiate Leu2Ile 

mutations at the e or g face; ROX321-egIle may behave differently than ROX321.
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Figure 4.26. A) front and B) side view of ROX321 in all-parallel orientation, e face is colored in red, g face is colored in 

blue, both are shown in spheres. Model rendered in PyMol.

cdefgab cdefgab cdefgab

ROX321(all LEU): EALQLAK EALYLAE KALQLAK

ROX321,eIle : EAIQLAK EAIYLAE KAIQLAK 

ROX321,gIle : EAIQIAK EAIYIAE KAIQIAK

ROX321,egIle : EAIQIAK EAIYIAE KAIQIAK

A B C

Figure 4.27. Heptad representation of A) ROX321eIle, B) ROX321gIle and C) ROX321egIle.
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4.2.3.2 Self-assembly of ROX321eIle, ROX321gIle

Currently, only ROX321eIle and ROX321gIle have been screened. ROX321eIle and 

ROX321gIle were synthesized via solid-phase peptide synthesis with N-terminal acetylation and 

C-terminal amidation to reduce termini charges. Peptides were purified by preparative HPLC, 

characterized by MALDI and its purity was confirmed by MALDI and analytical HPLC. Both 

peptides were screened in assembly conditions where ROX321 showed fibril assemblies. 

ROX321eIle assembled into on average 3.93 nm wide fibrils (Figure 4.28, Figure 4.29), its fibril 

morphology and width are both similar to ROX321’s, and likely adopt the same cross-α structure 

as ROX321. All ROX321eIle fibril samples display α-helical CD signatures with minima at 208 

nm and 222 nm (Figure 4.30).

Figure 4.28. TEM images of 2.2 mg/mL ROX321eIle in 10 mM pH 6 MES buffer, 1 day assembly time. Scale bar = 100 

nm.
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Figure 4.29. Histogram of ROX321eIle fibril width measured from TEM images, average = 3.93 nm.

A B

Figure 4.30. Circular dichroism spectra of 2.2 mg/mL ROX321eIle in A) 10 mM pH 5-6 buffer, B) 10 mM pH 7-8 buffer, 

all at room temperature and anneaeled at 90 ℃ . 

ROX321gIle assembled into thin ROX321-like fibrils in 10 mM pH 5 acetate when 

annealed at 90 ℃ , and flexible ROX328-like fibrils in other conditions (Figure 4.31). The ROX321-

like fibrils have an averaged width of 3.21 nm ± 0.46 nm (Figure 4.32), comparable to ROX321’s 
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3.86 nm. All ROX321gIle fibril samples also display α-helical CD signatures with minima at 208 

nm and 222 nm (Figure 4.33).

A B

Figure 4.31. TEM images of 2.5 mg/mL ROX321gIle in A) 10 mM pH 5 acetate buffer, annealed at 90 ℃ ; B) 10 mM pH 

7.2 MOPS buffer, 1 day assembly time. Scale bar = 100 nm.

Figure 4.32. Histogram of ROX321gIle fibril width measured from TEM images, average = 3.21 nm.
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Figure 4.33 Circular dichroism spectra of 2.5 mg/mL ROX321gIle in 10 mM pH 4 and pH 7.2 buffer, all at room 

temperature and anneaeled at 90 ℃ .

These preliminary results showed unpredicted results where a Leu2Ile mutation is 

differentiated on ROX321’s e, g face. SAXS experiments will be conducted with these samples to 

investigate whether these samples pose ROX321’s signature cross-α stacking distance diffraction 

peak. Such interface differentiation causing drastic self-assembly differences was reported for a 

cross-β system due to computationally simulated favored interface interactions36, thus 

computational modeling of these interface differences using scoring functions such as

ISAMBARD37 or BUDE empirical free-energy forcefield38 may help explain this phenomenon.
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4.3 Conclusion

In summary, a generic de novo designed amphipathic coiled-coil peptide ROX321 is shown 

to self-assemble into a cross-α amyloid-like fibril structure. ROX321’s cross-α structure is 

characterized via cryo-EM, the helix-helix stacking distance is observed in SAXS, and ROX321’s 

mating dimer has both parallel and anti-parallel orientations revealed via ssNMR.

ROX321’s design strategy was, although unexpected, successful at forming a very tight 

coiled-coil dimer with Ala at ROX321’s a and d faces, providing a rather novel coiled-coil example 

because Ala is typically avoided in these positions in coiled-coil design due to its destabilizing 

nature39. ROX321’s design can be classified to a type 2 coiled coil, but instead of an α-barrel type 

of assembly where 2 intra-helical interfaces are identified by the e, a faces and the d, g faces, 3 sets 

of intra-helical interfaces are present where the hydrophobic a, d faces still form a type-N coiled-

coil dimer bundle, and the hydrophobic e, g faces afford helix stacking to achieve fibril elongation. 

A similarly unexpected discovery is also found in a type 3 coiled-coil structure exploration study40, 

where an α-barrel was also expected but a degree of helix stacking was also observed instead, 

suggesting cross-α structures may be not limited to the type 2 coiled-coil structures and more 

common than the limited amount of examples explored so far. This potentially will enable new 

design strategies and methods to control fibril assemblies. 

Lastly, some preliminary data exploring the designability of ROX321, including varying 

ROX321’s peptide length and mutating Leucines on ROX321’s e and g faces have suggested this 

system is very susceptible to sequence changes, but ROX321’s cross-α structure may be retained 

in some redesigns, such as in ROX321eIle, giving hope ROX321’s cross-α system has designability 

and can be functionalized. SAXS experiments are already being conducted for ROX321 mutants 

to determine whether their cross-α structure is retained. Encouraged by the data showing ROX321’s 
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cross-α structure can be designed to some extent, a more thorough and systematic screening of 

other residues at ROX321’s a, d, e, g positions will fully characterize the key factors leading to its 

cross-α structure self-assembly.
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Methods

4.4 Methods

Materials and Reagents. All chemical reagents were purchased from Sigma-Aldrich, unless 

otherwise specified. All Fmoc protected amino acids were purchased from Aapptec; all other 

chemical reagents were purchased from Sigma-Aldrich, unless otherwise specified. Peptide 

synthesis resin was ordered from Applied Biosystems (Foster City, CA). 

Peptide Synthesis. The ROX321, ROX314, ROX328, ROX321eILE, ROX321gILE, ROX321-

NMR (A3, L20, K7, E14 isotope labelled) peptides were prepared via a microwave assisted solid 

phase peptide synthesis, on a CEM Liberty Blue instrument as the N-acetyl, C-amide capped 

derivatives. Applied Biosystem’s Fmoc-PAL-PEG-PS resin was used for synthesizing these 

peptides at a 0.1 mmol scale. Coupling reactions were conducted with 0.2 M N-

fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids in N,N-Dimethylformamide (DMF, 

activated with 0.5 M N,N'-Diisopropylcarbodiimide (DIC) in DMF and 0.5 M Ethyl 

cyanohydroxyiminoacetate (oxyma) in DMF. The coupled amino acid was deprotected using 20% 

piperidine in DMF. All amino acids were deprotected with 5 ml piperidine solution, 75 ℃  

temperature and 155 W microwave power for 15 seconds as the first stage, and 75 ℃  temperature 

and 155 W microwave power for 15 seconds as the second stage; coupled with 2.5 ml DIC solution, 

75 ℃  temperature and 170 W microwave power for 15 seconds as the first stage, and with 2.5 ml 

oxyma solution, 90 ℃  temperature and 30 W microwave power for 110 seconds as the second stage. 

C-terminal amide modification was done after all amino acids were coupled, with 2.5 ml 20% acidic 

anhydride in DMF, 75 ℃  temperature and 155 W microwave power for 15 seconds as the first 

stage, and 75 ℃  temperature and 155 W microwave power for 15 seconds as the second stage. 

Peptides were cleaved from the resin by incubation at room temperature for 3 hours in a 20 ml 

cocktail consisting of 92.5% trifluoroacetic acid (TFA), 2.5% distilled water, 2.5% 

triisopropylsilane, and 2.5% 2,2’- (ethylenedioxy)-diethanethiol. The cleaved peptide solution was 
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filtered and precipitated with 60 ml of 4°C diethyl ether. The peptide/diethyl ether mixture was 

then centrifuged at 4 °C at 4,000 rpm for 10 min. The supernatant was then discarded, and the 

precipitate allowed to desiccate overnight. Following desiccation, the crude peptide gels were 

resolubilized in 3 mL of a 50:50 mixture of acetonitrile and water (0.1% TFA additive) and purified 

by reversed-phase high-pressure liquid chromatography (HPLC) using two Shimadzu LC-20AP 

pumps running at 60 ml/min, a Shimadzu SPD-20A UV detector monitoring at 220 nm, on a 

Kinetex 5 µm C18 column, 250 mm long * 30 mm wide with a water-acetonitrile (0.1% TFA-

additive) gradient. For ROX321, ROX321-NMR, ROX321eIle and ROX321gIle, the gradient used 

was 30% acetonitrile at 0 min, then gradually increased to 85% acetonitrile at 55 min, and finally 

was held at 90% acetonitrile for 10 min; all peptides eluted at ~20 min. For ROX314, the gradient 

used was 25% acetonitrile at 0 min, then gradually increased to 80% acetonitrile at 55 min, and 

finally was held at 90% acetonitrile for 10 min; ROX314 eluted at ~15 min. For ROX328, the 

gradient used was 15% acetonitrile at 0 min, then gradually increased to 70% acetonitrile at 55 min, 

and finally was held at 90% acetonitrile for 10 min; ROX314 eluted at ~40 min.Peptide masses 

were confirmed using MALDI-TOF mass spectrometry on an Applied Biosystems AB4700 

Proteomics analyzer in reflectron positive ion mode, with α-Cyano-4-hydroxycinnamic acid as the 

matrix. Purified HPLC fractions were then lyophilized, sealed, and stored at -30 °C.
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Figure 4.34. Analytical HPLC trace of ROX321.

Figure 4.35. Analytical HPLC trace of ROX321gILE.
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Figure 4.36. MALDI-TOF MS spectrum of ROX314. Expected mass = 1601 g/mol.

Figure 4.37. MALDI-TOF MS spectrum of ROX321. Expected mass = 2355 g/mol.
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Figure 4.38. MALDI-TOF MS spectrum of ROX321-NMR. Expected mass = 2355 g/mol.

Figure 4.39. MALDI-TOF MS spectrum of ROX321gIle. Expected mass = 2355 g/mol.
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Peptide Assembly. Stock solutions of ROX321, ROX314, ROX328, ROX321eILE, ROX321gILE

were prepared by solubilizing 0.4 mg of purified, lyophilized peptide in 200 μL of 10 mM acetate, 

pH 4.0; 10 mM acetate, pH 5.0; 10 mM MES, pH 6.0; 10 mM MOPS, pH 7.0; 10 mM TAPS, pH 

8.0 buffer, the final peptide concentrations were ~840 μM. Immediately after mixture, the solutions 

were titrated to the respective buffer pH using 100 mM sodium hydroxide solution. The samples 

were incubated at ~20 ℃ on the benchtop. For some samples, solutions were thermally annealed 

using the following thermal cycler protocol: (1) rapid heating to 50/70/90 ℃ for 30 minutes; and 

(2) cooling to 25 ℃ at a rate of 0.2 ℃ / minute. 

Circular Dichroism Spectropolarimetry. CD measurements were performed on a Jasco J-1500 

CD spectropolarimeter in 0.1 mm quartz cells (Hellma Analytics), at various μM peptide 

concentration where the final HT voltage reading at 190 nm was less than 500 V in all 

measurements. Spectra were recorded from 260 to 190 nm, at a scanning rate of 100 nm/min and a 

data pitch of 0.2 nm, with 3 accumulations. 

Transmission Electron Microscopy. TEM specimens were prepared from aqueous solutions of 

PSMβ2: 4 μL of the PSMβ2 samples were deposited onto 200 mesh carbon-coated copper grids 

from Electron Microscopy Services (Hatfield, PA). After 90 seconds of incubation period, the 

samples were wicked away until a thin film of sample remained, then the grids were stained with 

4 μL of 1:1 mix of nano-W and nanoVan stains from Nanoprobes (Yaphank, NY). After 60 seconds 

of stain incubation period, all liquids were wicked away, and the grids were dried in a tabletop 

desiccator under vacuum. TEM measurements were acquired on a Hitachi HT-7700 transmission 

electron microscope with a tungsten filament and AMT CCD camera, at an accelerating voltage of 

80 kV.

Cryo-electron Microscopy and Image Processing. The ROX321 was applied to glow-discharged 

lacey carbon grids and vitrified in a Vitrobot Mark IV (FEI, Inc.). Grids were imaged in a Titan 

Krios at 300 keV and recorded with a Falcon II direct electron detector at 1.05 Å per pixel. Images 
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were collected using a defocus range of 0.5–3.0 μm, with a total exposure of 2 s (amounting to 70 

electrons·Å-2) dose-fractionated into seven chunks. All the images were first motion corrected by 

the MotionCorr v2 (1), and then the CTFFIND3 (2) program was used for determining the actual 

defocus of the images. Images with poor CTF estimation as well as defocus > 3 μm were discarded. 

A total of 386 images were selected and peptide filaments of varying lengths were boxed using the 

e2helixboxer program within EMAN2 (3). The CTF was corrected by multiplying the images from 

the first two chunks (containing a dose of ~ 20 electrons·Å -2) with the theoretical CTF. 

Overlapping 256-px long boxes with a shift of 5 pixels (~ 1.5 times of the axial rise) were cut from 

the long filaments. The determination of the helical symmetry was by trial and error, searching for 

a symmetry which yielded recognizable secondary structure. Power spectra from the filaments 

suggested a variability in the helical parameters. A reference-based sorting procedure was used to 

bin the segments based on the axial rise and azimuthal rotation. Then 56,421 out of 356,100 

segments were selected after this sorting and the IHRSR (4) method implemented in in Spider (5) 

was used to produce the final reconstructions at ~6 Å. The helical hand was determined by the fit 

of crystal structures into the cryo-EM map. 

Scanning Transmission Electron Microscopy. STEM data were acquired at Brookhaven 

National Laboratory (BNL). The STEM instrument operates at 40 keV with a scanning probe of 

0.3 nm diameter produced from a cold field-emission source. Each electron emerging from the 

specimen is detected by one of the scintillator photomultiplier detectors collecting 0−15 mRadian 

(bright field), 15−40 mRadian (small-angle dark field) and 40−200 mRadian (large-angle dark 

field). The large-angle signal is proportional to the mass of atoms in the path of the beam. Specimen 

quality and mass calibration were assessed by detailed comparison of the image to the known 

structure of tobacco mosaic virus (TMV). For mass-per-length (M/L) measurements, TMV rafts at 

a theoretical M/L value of 13.1 kDa/Å were employed for calibration.
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ROX321 specimens were deposited on thin carbon (circa 2 nm thick) supported on a thicker holey 

carbon film mounted on a titanium grid using the wet-film, hanging-drop method. TMV was added 

to the grid first as an internal control, followed by injection buffer, then specimen solution (in 10 

mM MES buffer, pH 6.0) for 1 min, then 10 washes of 20 mM ammonium acetate pH 7.0. Excess 

solution was wicked from the edge with filter paper between each injection. After the last wash, 

the grid was wicked to a thin layer (ca. 1 mm), fast frozen by plunging into liquid nitrogen slush 

and stored under liquid nitrogen. Grids were freeze-dried overnight in an ion pumped chamber with 

an efficient cold trap and transferred under vacuum to the STEM cold stage (−160 °C). Imaging 

typically uses a dose of 20 e–/Å2 (causing < 5% mass loss, corrected by comparison to TMV). 

Mass per length measurements of the PSMβ2 nanotubes were performed with the software 

PCMass32.

Small- and Wide-Angle X-Ray Scattering Measurements. Synchrotron SAXS/WAXS 

measurements were taken at the 12-ID-B beamline of the Advanced Photon Source at Argonne 

National Laboratory in Lemont, Illinois. ROX321 sample was dialyzed into 10 mM pH 4 acetate,

with a 1% glycerol additive to stabilize against X-ray radiation damage. SAXS/WAXS 

measurements were then taken on the peptide solutions at 25 °C in a quartz capillary flow cell (1.5 

mm). The solutions were raised and lowered in the flow cell to minimize radiation damage. Twenty 

2D images were collected per sample, and then azimuthally averaged into 1D SAXS scattering 

curves after solid angle correction and normalization against the transmitted X-ray beam intensity, 

using the software package at beamline 12-ID-B. The 1D scattering curves were then averaged, 

and the averaged signal from the MES buffer was subtracted out.
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5 Chapter 5: Designed 2D Assemblies via Engineering Inter-

coiled-coil Bundle Interfaces

5.1 Introduction

Peptide-based 2D nanomaterials can be designed as monomers propagating via designed 

interfaces, such as: metal ion chelation through a cyclic moiety such as imidazole or pyridine1; 

disulfide linkage via oxidated cysteines2; local electrostatic innteractions3, geometrically frustrated 

local electrostatic interactions4 and hydrophobic interactions5-6; computational de novo design 

creating a minimum energy configuration with a target space group symmetry6, 7-8; equivalent 

binding energies of the mating of both sides of β-strand9, or simply phenylalaines10. Peptide 

monomers can be either parallel or perpendicular to the nanosheet plane. For example, the PSM 

cross-α structures characterized in earlier chapters theoretically could assemble into 2D assemblies

as PSM peptides stack to form fibrils and then laterally associate to form laminated nanosheets, 

where PSM helices are parallel to the nanosheet plane. Collagen mimetic NSI and NSII3, β-strand

KLVFFAK9, designed α-helical proteins crystal P6-a and P6-d8, and α-helical crystalline network 

3FD11 are examples where peptide monomers are perpendicular to the nanosheet plane. Lastly 

computationally designed α-helical oligomers such as P3Z_42, P6_9H, P4Z_9 were shown to adopt 

P 3 2 1, P 6 and P 6 space group symmetries while forming 2D crystalline arrays, where manual 

rational design would be difficult.

While computational 2D protein crystal design resulted in several crystal structures with 

various point group symmetries and high predicted atomic-level accuracy, these peptides often do 

not assemble into their targeted lattices. Since many deposited protein crystallography structures 

contain point group symmetry information, and such point group symmetries can be used to 

computationally design protein crystals, perhaps the deposited structures with desired point group 
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symmetries can be used as design templates for crystalline 2D protein assemblies. For example, 

there are 23 results for space group P 3 2 1, 1 result for P 3, and 34 results for P 4 21 2 searching

for PDB entries with < 6 kda molecular weight as of Nov 2nd, 2020 in the Protein Database Bank, 

where all symmetries have been computationally designed in forming protein crystals. This chapter 

will explore and screen the designability of 3TQ2, a coiled-coil protein crystal with P3 group 

symmetry, to form 2D crystalline peptide assemblies via rational redesigns.
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5.2 Results and discussion

5.2.1 Designs of CC3V2, CC3V7 and CC3V8

A coiled-coil trimer bundle with P3 space group symmetry is used as the design template 

(PDB: 3TQ2) to be optimized for crystalline 2D peptide assembly. Using PDBePISA (Proteins, 

Interfaces, Structures and Assemblies)12, one trimeric coiled-coil intra-bundle hydrophobic 

interface (surface area 7170 Å2, buried area 4790 Å2, free energy of assembly dissociation ΔGdiss = 

28.9 kcal/mol, very positive and thermodynamically stable) and one trimeric coiled-coil inter-

bundle (surface area 9950 Å2, buried area 2010 Å2, free energy of assembly dissociation ΔGdiss = 

2.6 kcal/mol, only slightly positive and thermodynamically stable) interface are identified. The 

dimeric inter-bundle interface has an interface area of 271.0 Å2 and a solvation free energy gain 

upon formation of the interface ΔiG of -6.5 kcal/mol; in comparison, the dimeric intra-helical 

interface has an interface area of 733.7 Å2 and a ΔiG of -14.4 kcal/mol (Table 1). Low ΔiG values 

suggest both interface interactions are strong; in addition, this dimeric inter-helical interface has a 

0.863 complex formation significance score (CSS) in PDBePISA, which suggests this interface 

plays an essential role in complex formation. PDBePISA suggests Leu17, Met18, Phe21, Glu 14 

are the key residues mediating this interface because they all contribute to more than 50 Å2 buried 

areas. In this symmetry group, 3TQ2 coiled-coil bundles have a packed hexagonal honeycomb 

arrangement where one central bundle interacts with 6 other bundles (Figure 5.1). However, 

PDBePISA could only identify one dimeric intra-helical interface accounting for the interactions 

with 3 coiled-coil bundles, where the interactions between the center coiled-coil bundle with the 

other 3 coiled-coil bundles are not identified or not existent. This lack of inter-bundle interactions 

could contribute to 3TQ2 not able to self-assemble into 2D crystalline peptide assemblies. 
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Table 1. PISA interface summaries of 3TQ2’s inter-bundle interface (left) and intra-bundle interface (right).

Figure 5.1. Top view and side-view of 3TQ2. Leu17, Met18, Phe 21, Glu 14 shown in spheres are the interface identified 

by PISA with total surface area = 9950 A2, buried area = 2010 A2, ΔGdiss = 2.6 kcal/mol. In P3 symmetry each coiled 

coil bundle interacts with 6 other bundles, however the PISA identified interface only connects 3 other bundles (shown 

in YELLOW lines going through residues shown in sphere), and the other 3 bundles are not stabilized by such interfaces 

(shown in RED lines).
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To design 3TQ2 for 2D self-assembly, 3TQ2’s base sequence is first further optimized by 

known coiled-coil design rules, where all residues at 3TQ2’s d face are changed to Val for 

consistency; all residues at 3TQ2’s e, g faces are changed to complimentary polar residues to further 

stabilize the coiled-coil trimeric bundle through polar interactions; and 3TQ2’s c, f, b faces are the 

main design targets to implement extra stabilizing interfaces.

The interface optimization is designed as follows: the superhelix pitch of trimeric coiled-

coil bundles (e.g. COIL-VALD, PDB: 1COI) is the spacing of 84 residues13, or 12 heptads; in other 

words, each heptad contributes to 30° of the superhelix twist. In order to create 2 sets, or a total of 

6 stabilizing interfaces in 3TQ2’s P3 symmetry arrangement (Figure 5.2), each interface must have 

a twist of 360°/ 6 = 60°, which corresponds nicely to 2 heptads in 3TQ2, a trimeric coiled-coil 

bundle. This means by designing two interfaces spaced 2 heptads apart, each helix will account for 

2 * 60°= 120°of interfaces, and 3 helices will make up a full turn. Based on this principle, several 

peptides with the same 5 heptad length as 3TQ2 are proposed (Figure 5.3): CC3V2 aims to re-

create 3TQ2’s PISA identified interface consisting of Leu17, Met18, Phe 21, Glu 14 in both the 

upper (residue 7-14, Leu11, Met10, Phe14, Glu7; Leu11 and Met10 switched faces due to reversed 

symmetry as the top and bottom helical interactions are flipped) and lower (residue 21-28, Leu24, 

Met25, Phe28, Lys21) portions of 3TQ2; CC3V7 creates an anion binding interface targeting to 

bind chloride ions with Thr11 and Asn10, while moving 3TQ2’s intra-helical interface to the lower 

portion of the sequence (Leu24, Met25, Phe28, Lys21); CC3V8 designs a polar interface with

Asp11, Arg10, and Gln14, while also moving 3TQ2’s intra-helical interface to the lower portion of 

the sequence. The other residues at 3TQ2’s c, b faces are designated to be Ala to promote helicity; 

the other residues at 3TQ2’s f face are designated to be Lys and Glu to promote water solubility 

and to maintain a near-neutral isoelectric point. All peptides are capped with Glu at the C-terminus 

and Glu at the N-terminus to prevent termini stacking via complimentary charges/hydrophobic 

interactions. The newly designed interface will strengthen the interactions between each coiled-coil 
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bundle with 6 other bundles surrounding it, resulting in 2D propagation and nanosheet self-

assembly.

Figure 5.2. proposed designing 2 interfaces instead of 1 boxed in red and yellow.

        gabcdef gabcdef gabcdef gabcdef gabcdef

3TQ2:      Ac-KVSALKE KVSALKE QFLMLMF KVSALKE KVSALKE  -NH2

CC3V2:     Ac-EVEALKE KVMLLEF KVAALEK EVLMLKF KVAALEK G-NH2

CC3V7:     Ac-EVEALKE KVNTLDI KVAALEK EVLMLKF KVAALEK G-NH2

CC3V8:     Ac-EVEALKE KVRDLEQ KVAALEK EVLMLKF KVAALEK G-NH2

A B C
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Figure 5.3. Heptad representations of A) CC3V2, B) CC3V7, and C) CC3V8. The interface designed in residue 1-14 is 

labeled in red; the interface designed in residue 14-28 is labeled in green.



179

5.2.2 Self-assembly of CC3V2, CC3V7 and CC3V8

CC3V2, CC3V7 and CC3V8 were synthesized via solid-phase peptide synthesis with N-

terminal acetylation and C-terminal amidation to reduce termini charges. Peptide was purified by 

preparative HPLC, characterized by MALDI and its purity was confirmed by MALDI and 

analytical HPLC.  All peptides were first screened in 10 mM buffers from pH 5.0 to pH 8.0 at an 

increment of pH 1.0, room temperature and annealed at 90 ℃ , and 2.5-3.0 mg/mL peptide 

concentrations to assess their self-assembly behaviors.

CC3V2 spontaneously crystallized in all conditions screened. The crystal sizes are larger 

at near neutral pH in comparison to at pH 5, and showed no difference between samples incubated 

at room temperature and annealed. Small crystals can be observed via TEM, as well as some sheet-

like assemblies (Figure 5.4); at > 5 days of assembly time, peptide crystals are large enough to have 

good quality diffraction signals collected by Dr. John Basca at Emory University. While in solution, 

all CC3V2 samples show α-helical CD signatures with minima at 208 nm and 223 nm, although 

the signals of the annealed at 90 ℃ samples are very low compared to the signals of the incubated 

at room temperature samples, due to crystallization in annealed samples happened faster leaving 

less peptides in solution (Figure 5.5). 

A B

Figure 5.4. Representative TEM images of 632 μM CC3V2, after 3 days of assembly time, in A) 10 mM pH 5 acetate; B) 

10 mM pH 8 TAPS. All scale bars = 100 nm.
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A B

Figure 5.5: Circular dichroism spectra of of 632 μM CC3V2, in A) pH 5 – pH 8 buffer; B) pH 5 – pH 8 buffer, annealed 

at 90 ℃ .

CC3V2’s crystal structure suggests the designed interfaces are partially successful: CC3V2 

monomers still assembled into a coiled-coil trimeric bundle; both designed faces are present, 

however, their mating is slipped that the top interface (Leu11, Met10, Phe14) and the bottom 

interface (Leu24, Met25, Phe28) mate each other, rather than top mates top and bottom mates 

bottom (Figure 5.6). CC3V2 did show single-layer sheet self-assemblies (Figure 5.4B), suggesting 

the correct, in-phase interface mating is possible, but perhaps not as favorable. PDBePISA 

identified only the trimeric coiled-coil inter-bundle hydrophobic interface (surface area 6840 Å2, 

buried area 4090 Å2, ΔGdiss = 25.9 kcal/mol) in its assemblies list, but the slipped intra-bundle 

interface can be identified in PDBePISA’s interface list (interface area 222.9 Å2, ΔiG of -6.8 

kcal/mol (Table 2), accounting for residues Phe14, Met10, Leu11 and Lys15 from one helix, and 

Phe28, Met25, Leu24 and Lys21 from the other helix, which are the designed interfaces of CC3V2. 

This interface is not detected in PDBePISA’s assemblies list as it has a complexation significance 

score of 0 out of 1, i.e. no significance for assembly formation.
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Table 2. PISA interface summaries of CC3V2’s inter-bundle interface (left) and intra-bundle interface (right).

Figure 5.6. crystal structure of CC3V2. The top interface (Leu11, Met10, Phe14) is colored in red and the bottom 

interface (Leu24, Met25, Phe28) is colored in yellow, all shown in spheres. Model rendered in PyMol.
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In order to force the correct mating order, a derivative of CC3V2 is proposed where both 

termini are PEGylated with 4 or 8 chain long PEG; the PEG chains are expected to associate with 

each other, effectively forcing the helices to align either in a parallel or an anti-parallel fashion 

without slipping. PEGlyation on α-helical peptides was shown to not disrupt the coiled-coil 

formation14, thus PEGylating CC3B2 was expected to not disrupt its trimeric coiled-coil structure 

and instead direct the “correct” interface matching as the PEG chains associate with each other.

CC3V2:           Ac-EVEALKE KVMLLEF KVAALEK EVLMLKF KVAALEK G-NH2

CC3V2-PEG: CH3-PEG4-EVEALKE KVMLLEF KVAALEK EVLMLKF KVAALEK G-PEG8-NH2

CC3V2-PEG was synthesized via solid-phase peptide synthesis with N-terminal 

acetylation and C-terminal amidation to reduce termini charges, by preparative HPLC, 

characterized by MALDI and its purity was confirmed by MALDI and analytical HPLC.  CC3V2-

PEG is screened at CC3V2’s crystallization conditions. In all conditions CC3V2-PEG showed 

stacked, irregular sheet self-assemblies mixed with fibrils (Figure 5.7). The expected sheet height, 

CC3V2’s helix length of 5.0 nm and 12 chain long PEG length of 4.2 nm summing up to 9.2 nm 

can be observed via AFM, suggesting the possibility of CC3V2-PEG assembled as expected, 
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although its 2D propagation isn’t optimized. All CC3V2-PEG samples show α-helical CD 

signatures with minima at 208 nm and 223 nm (Figure 5.8).

A B

C

Figure 5.7. A, B) Representative TEM images of 467 μM CC3V2-PEG, after 3 days of assembly time, in A) 10 mM pH 6

MES, annealed at 90 ℃ ; B) 10 mM pH 8 TAPS. All scale bars = 100 nm. C) AFM image of 467 μM CC3V2-PEG, after 

3 days of assembly time in 10 mM pH 6 MES, annealed at 90 ℃ . Measured height = 8.83 nm.

A B
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Figure 5.8. Circular dichroism spectra of of 467 μM CC3V2-PEG, in A) pH 5 – pH 8 buffer; B) pH 5 – pH 8 buffer, 

annealed at 90 ℃ .

CC3V7 was screened both in the presence of NaCl with chloride ion as the source of anion, 

and without NaCl as a control in 718 μM peptide concentration, 10 mM pH 5 – 8 buffer, incubated 

at room temperature or annealed at 90 ℃ . Interestingly, no sheet assemblies were found in 

conditions with various amount of NaCl added (Figure 5.9C, D); sheet assemblies were observed 

in conditions with no NaCl added (Figure 5.9A, B) with larger sheet size and better sheet edge 

definition observed in the 10 mM pH 5 acetate, annealed at 90 ℃ sample, but only in acetate buffers; 

CC3V7 in MES, MOPS and TAPS did not show sheet assemblies. All CC3V7 samples assembled 

with no NaCl presence show α-helical CD signatures with minima at 208 nm and 223 nm (Figure 

5.10).

A B
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C D

Figure 5.9. Representative TEM images of 718 μM CC3V7, after 1 day of assembly time, A) in 10 mM pH 5 acetate; B) 

in 10 mM pH 5 acetate, annealed at 90 ℃ ; C) in 10 mM pH 5 acetate and 10 mM NaCl, D) in 20 mM pH 7 MOPS and 

20 mM NaCl. All scale bar = 100 nm.

A B
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Figure 5.10. Circular dichroism spectra of 718 μM CC3V7, in A) pH 5 – pH 8 buffer; B) pH 5 – pH 8 buffer, annealed 

at 90 ℃ .

CC3V8 was screened in 921 μM peptide concentration,10 mM pH 5 – 8 buffer, incubated at 

room temperature or annealed at 90 ℃ . CC3V8 self-assembled in a variety of morphologies 

including fibrils and sheets with varied sizes dependent on pH (Figure 5.11); CC3V8’s sheet self-

assembly seems to be induced at pH 8, and optimized when annealed at 90 ℃ . Both single-layer 

and stacked nanosheets were observed, thus it is possible CC3V8’s interface alignment is also 

slipped similar to CC3V2’s. All CC3V8 samples show α-helical CD signatures with minima at 208 

nm and 223 nm (Figure 5.12).

A B

C D
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Figure 5.11 Representative TEM images of 921 μM CC3V8, after 8 days of assembly time, A, B) in 10 mM pH 8 TAPS, 

annealed at 90 ℃ ; C) in 10 mM pH 5 acetate, annealed at 90 ℃ ; D) in 10 mM pH 8 TAPS. All scale bar = 100 nm.

A B

Figure 5.12. Circular dichroism spectra of 921 μM CC3V8, in A) pH 5 – pH 6 buffer; B) pH 7 – pH 8 buffer; both 

contains samples incubated at room temperature and annealed at 90 ℃ .
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5.3 Conclusion

In summary, the three 3TQ2-derived 5 heptad peptides shown above all have varied degrees 

of success. All 3 peptides aim to create 2 interfaces in two portions, the upper (residue 1-14) and 

the lower (residue 21-35) portion of the peptide based on 3TQ2. CC3V2 is characterized the most 

via crystallization, where the results showed the designs of two interfaces are successful at re-

creating 3TQ2’s intra-helical interface, however the two interfaces are identical and preferred to 

interact with each other to cause misalignment. Early time-points (< 24 hours) of CC3V2 did reveal 

some degree of 2D sheet self-assembly, however disappeared at later time-points as crystallization 

is more favored. PEGylating CC3V2 did not lead to optimized 2D nanosheet self-assembly, where 

PEG chains might force CC3V2 helices to align in-order. 

CC3V7 and CC3V8 both designed two distinct interfaces, where one interface is inherited 

from 3TQ2. This theoretically would distinguish the two interfaces, thus misalignment should not 

occur. From preliminary screening data, they indeed show promising 2D assemblies, and should 

be characterized with high-resolution methods such as SAXS and cryo-EM to confirm their designs, 

and perhaps to be used as future design and functionalization guidelines. 

Despite data being very preliminary, the fact CC3V2, CC3V7 and CC3V8 all showed 

promising 2D self-assemblies suggests this re-design using characterized protein structures with a 

desired space group symmetry could be a viable option. While there are more engineered interface 

candidates available to create distinguished interfaces in this system, computational redesign tools 

such as Rosetta6 or DTERMen15 may also prove to be powerful tools to further refine peptide 2D 

self-assemblies similar to how they were used to design protein crystals. 
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5.4 Methods

Materials and Reagents. All Fmoc protected amino acids were purchased from Aapptec; all other 

chemical reagents were purchased from Sigma-Aldrich, unless otherwise specified. Peptide 

synthesis resin was ordered from Applied Biosystems (Foster City, CA). 

Peptide Synthesis. The CC3V2, CC3V7, CC3V8, CC3V2-PEG peptides were prepared via a 

microwave assisted solid phase peptide synthesis, on a CEM Liberty Blue instrument as the N-

acetyl, C-amide capped derivatives. Applied Biosystem’s Fmoc-PAL-PEG-PS resin was used for 

synthesizing these peptides at a 0.1 mmol scale. Coupling reactions were conducted with 0.2 M N-

fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids in N,N-Dimethylformamide (DMF, 

activated with 0.5 M N,N'-Diisopropylcarbodiimide (DIC) in DMF and 0.5 M Ethyl 

cyanohydroxyiminoacetate (oxyma) in DMF. The coupled amino acid was deprotected using 20% 

piperidine in DMF. All amino acids were deprotected with 5 ml piperidine solution, 75 ℃  

temperature and 155 W microwave power for 15 seconds as the first stage, and 75 ℃  temperature 

and 155 W microwave power for 15 seconds as the second stage; coupled with 2.5 ml DIC solution, 

75 ℃  temperature and 170 W microwave power for 15 seconds as the first stage, and with 2.5 ml 

oxyma solution, 90 ℃  temperature and 30 W microwave power for 110 seconds as the second stage. 

C-terminal amide modification was done after all amino acids were coupled, with 2.5 ml 20% acidic 

anhydride in DMF, 75 ℃  temperature and 155 W microwave power for 15 seconds as the first 

stage, and 75 ℃  temperature and 155 W microwave power for 15 seconds as the second stage. 

Peptides were cleaved from the resin by incubation at room temperature for 3 hours in a 20 ml 

cocktail consisting of 92.5% trifluoroacetic acid (TFA), 2.5% distilled water, 2.5% 

triisopropylsilane, and 2.5% 2,2’- (ethylenedioxy)-diethanethiol. The cleaved peptide solution was 

filtered and precipitated with 60 ml of 4°C diethyl ether. The peptide/diethyl ether mixture was 

then centrifuged at 4 °C at 4,000 rpm for 10 min. The supernatant was then discarded, and the 

precipitate allowed to desiccate overnight. Following desiccation, the crude peptide gels were 
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resolubilized in 3 mL of a 50:50 mixture of acetonitrile and water (0.1% TFA additive) and purified 

by reversed-phase high-pressure liquid chromatography (HPLC) using two Shimadzu LC-20AP 

pumps running at 60 ml/min, a Shimadzu SPD-20A UV detector monitoring at 220 nm, on a 

Kinetex 5 µm C18 column, 250 mm long * 30 mm wide with a water-acetonitrile (0.1% TFA-

additive) gradient. For CC3V2, the gradient used was 25% acetonitrile at 0 min, then gradually 

increased to 75% acetonitrile at 50 min, and finally was held at 90% acetonitrile for 10 min; CC3V2

eluted at 11.4 min. For CC3V2-PEG, the gradient used was 30% acetonitrile at 0 min, then 

gradually increased to 80% acetonitrile at 50 min, and finally was held at 90% acetonitrile for 10 

min; CC3V2-PEG eluted at 10.1 min. For CC3V7, the gradient used was 25% acetonitrile at 0 min, 

then gradually increased to 75% acetonitrile at 50 min, and finally was held at 90% acetonitrile for 

10 min; CC3V7 eluted at 11.8 min. For CC3V8, the gradient used was 25% acetonitrile at 0 min, 

then gradually increased to 75% acetonitrile at 50 min, and finally was held at 90% acetonitrile for 

10 min; CC3V8 eluted at 12.5 min. Peptide masses were confirmed using MALDI-TOF mass 

spectrometry on an Applied Biosystems AB4700 Proteomics analyzer in reflectron positive ion 

mode, with α-Cyano-4-hydroxycinnamic acid as the matrix. Purified HPLC fractions were then 

lyophilized, sealed, and stored at -30 °C.
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Figure 5.13. Analytical HPLC trace of CC3V2.
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Figure 5.14. Analytical HPLC trace of CC3V2PEG.

Figure 5.15. MALDI-TOF MS spectrum of CC3V8. Expected mass = 4125 g/mol.
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Figure 5.16. MALDI-TOF MS spectrum of CC3V7. Expected mass = 4125 g/mol.
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Figure 5.17. MALDI-TOF MS spectrum of ROX321gIle. Expected mass = 2355 g/mol.
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Figure 5.18. MALDI-TOF MS spectrum of CC3V2-PEG. Expected mass = 2355 g/mol.

Peptide Assembly. Stock solutions of CC3V2, CC3V2PEG, CC3V7, and CC3V8 were prepared 

by solubilizing 0.5 to 1.5 mg of purified, lyophilized peptide in 10 mM acetate, pH 2.6, 2.9 and 5; 

10 mM MES, pH 6.0 and 6.5; 10 mM MOPS, pH 7.0 and 7.5; 10 mM TAPS, pH 8.0 and 8.5; 10 

mM CAPS, pH 9.0 and 9.5; or 10 mM CHES, pH 10.0 buffer, at a final peptide concentration of 

189 μM to 556 189 μM. Immediately after mixture, the solutions were titrated to the respective 

buffer pH using 100 mM sodium hydroxide solution except for the PSMa3 sample with HPLC 

water. Half of all solutions were thermally annealed using the following thermal cycler protocol: 

(1) rapid heating to 90 ℃  for 30 minutes; and (2) cooling to 25 ℃  at a rate of 0.2 ℃  / minute. 

Circular Dichroism Spectropolarimetry. CD measurements were performed on a Jasco J-1500 

CD spectropolarimeter in 0.1 mm quartz cells (Hellma Analytics), at various peptide concentrations, 
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where the final HT voltage reading at 190 nm was less than 500 V in all measurements. Spectra 

were recorded from 260 to 190 nm at a scanning rate of 100 nm/min and a data pitch of 0.2 nm. 

CD melting experiments were performed in the temperature range of 5 ℃  to 95 ℃ , at a heating 

rate of 60 ℃ /hour; the intensity of the CD signal at 209 nm was monitored as a function of 

temperature. 

Transmission Electron Microscopy. TEM specimens were prepared from aqueous solutions of 

CC3V2, CC3V2PEG, CC3V7, and CC3V8. To cover the entire sample grid, 4 μL of the samples 

were deposited onto 200 mesh carbon-coated copper grids from Electron Microscopy Services 

(Hatfield, PA). After 90 seconds of incubation period, the samples were wicked away until a thin 

film of sample remained, then the grids were stained with 1% uranyl acetate solution, filtered with 

0.2 μm Whatman filter from G.E. Healthcare Services. After 60 seconds of stain incubation period, 

all liquids were wicked away, and the grids were dried in a tabletop desiccator under vacuum. TEM 

measurements were acquired on a Hitachi HT-7700 transmission electron microscope with a 

tungsten filament and AMT CCD camera, at an accelerating voltage of 80 kV.
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6 Chapter 6: Conclusion

This thesis explored and characterized the designability of a recently discovered peptide 

structure, cross-α, and a well-explored peptide structure, coiled-coil. The first two chapters show 

two natural peptides, phenol soluble modulin (PSM) α3 and β2 secreted by Staphylococcus aureus

could self-assemble into nanotubes via the lateral association of their cross-α fibril assemblies, and 

both PSMα3 and PSMβ2 nanotube atomic structures were analyzed by cryo-EM reconstruction, 

SAXS and STEM. PSMα3 could selectively assemble into nanotubes in extremely acidic (~pH 2) 

conditions and high temperature (heated above 80 ℃) conditions, as well as selectively and 

reversibly assemble in pH 8 when incubated at room temperature or 37 ℃. PSMβ2 could assemble 

into nanotubes in pH neutral to very basic (pH 10.5) conditions, although at a lower selectivity due 

to PSMβ2 adopting a helix-turn-helix monomer structure. The selectivity and reversibility of these 

nanotubes open possibilities of utilizing such higher-order cross-α assemblies as designable smart 

nanomaterials. The third chapter explored the designability of cross-α fibrils, where a coiled-coil 

peptide, ROX321 selectively self-assembles into a cross-α fibril instead of a traditional coiled-coil 

bundle or barrel. ROX321’s cross-α fibril atomic structure was also further analyzed by cryo-EM 

reconstruction and SAXS. Leu to Ile mutations at ROX321’s cross-α stacking interface 

(ROX321eIle, ROX321gIle) showed an interesting cross-α selectivity towards a specific stacking 

interface. In the last chapter, a series of coiled-coil peptides (CC3V2, CC3V7, CC3V8) are 

designed to explore designing inter-coiled-coil interfaces to promote 2D lateral association and 

afford nanosheet self-assembly. The preliminary results of CC3 peptides showed the designed 

peptides successfully propagates in a 2D fashion, and the crystal structure of CC3V2 showed 

CC3V2 monomers indeed associate through the designed interfaces.

Such discovery in peptide self-assembly 


