
ABSTRACT 

DONG, XIN YI. Modulating Peptide Aggregation: Insights from Coarse-Grained Simulations. 

(Under the direction of Dr. Carol Hall).  

 

Peptide aggregation is a complex phenomenon with implications in human health and 

biotechnology. Multiple neurodegenerative diseases have been linked to peptide aggregation: 

Alzheimer's, Huntington's, Parkinson's, and Lou Gehrig's disease. In the context of developing 

biomaterials, peptide aggregation is a desired event. Peptide assembly has been used to construct 

a wide variety of nanostructures for applications in drug delivery and to develop hydrogels for 

use in tissue engineering. The aim of the work presented here is to improve our understanding of 

peptide aggregation and to develop guidelines for modulating it. 

This journey begins with the study of CATCH peptides. CATCH stands for Co-

Assembly Tags based on CHarge complementarity, where co-assembly refers to the spontaneous 

organization of two individual peptide components into a new structure. CATCH peptides are 

amphipathic in sequence, with alternating hydrophobic and hydrophilic residues. Each CATCH 

system contains a pair of cationic and anionic peptides that cooperatively co-assemble into ɓ-

sheet structures. The number and type of charged residues may vary from system to system.  

Using the CATCH system as our peptide model, we posited a series of questions. First, 

we investigated the effect of tuning the number of charged residues in a sequence on peptide co-

assembly. Simulation and experimental results demonstrated that increasing the number of 

charged residues in complementary peptides led to faster co-assembly. Next, we examined the 

effect of sidechain composition on the morphology of co-assembled CATCH ɓ-sheet fibrils. 

Simulation and experimental results showed that CATCH systems with glutamic acid residues in 

the anionic peptide led to a more twisted ɓ-sheet structure than CATCH systems with aspartic 

acid residues in the anionic peptide. The difference in the morphology of the resulting secondary 



structures provided an explanation for the difference in the bulk material properties observed 

experimentally. Finally, we then explored the influence of hydrophobic crowders on the 

morphology of CATCH co-assemblies. Simulation results demonstrated that the crowder-

sidechain size and interaction strength can be used to influence the final structure of the CATCH 

co-assemblies.  

This journey ends with interrogating the inhibition mechanism of computationally-

derived small molecule inhibitors against TDP-43 aggregationða distinctive feature of Lou 

Gehrig's disease and other neurodegenerative diseases. Epigallocatechin gallate (EGCG), a 

compound found in green tea, was also benchmarked as an inhibitor. In this work, we considered 

the TDP-43(307-319) fragment as our peptide model as this segment has been shown to be an 

amyloidogenic core capable of forming neurotoxic fibrils. First, we simulated TDP-43(307-319) 

peptides to determine their predisposition to form oligomeric and fibrillar species. After 

establishing a baseline for oligomer and fibril formation for the wildtype TDP-43(307-319) 

peptide, we then modeled multiple system configurations in the presence of small molecule 

inhibitors: (1) 50 unstructured TDP-43(307-319) peptides starting from an extended 

conformation in the presence of 50 inhibitors, (2) a pre-formed 50-mer TDP-43(307-319) fibril 

structure in the presence of 50 inhibitors, (3) 6 unstructured TDP-43(307-319) peptides starting 

from an extended conformation in the presence of 6 inhibitors, and (4) a pre-formed 6-mer TDP-

43(307-319) oligomer structure in the presence of 6 inhibitors. EGCG was the most effective 

inhibitor in disrupting important peptide-peptide interactions necessary for oligomer and fibril 

formation.  

In summary, our work provides useful insights into the molecular mechanisms underlying 

peptide aggregation. These should be useful for designing biomaterials and therapeutics.   
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1.1 Motivation  

Peptide aggregation is a hallmark of neurodegenerative diseases1. Researchers have 

observed the aggregation of: Aɓ in Alzheimer's disease, Ŭ-synuclein in Parkinson's, amylin in 

type II diabetes mellitus, and TDP-43 in Lou Gehrig's disease. The latter is also known as 

amyotrophic lateral sclerosis (ALS) and is discussed in greater detail in Chapter 4. Proteinaceous 

inclusions in these diseases can arise for a variety of reasons: oxidative stress, epigenetic 

alterations, or changes in a person's environmental conditions2ï4. Most neurodegenerative 

diseases arise sporadically, with aging being a large risk factor5. Increasing our understanding of 

the underlying molecular mechanisms for peptide aggregation allows us to develop better 

guidelines for treatment and prevention of these aging-related diseases. 

From the vantage point of a bioengineer, peptide aggregation is a phenomenon that can 

be leveraged to develop advanced biomaterials. Peptides are a desired building block for 

biomaterials due to their biocompatibility, ease of synthesis, and tunability through chemical 

modification. The self-assembly propensity of peptides can be harnessed to construct well-

defined nanostructures such as ɓ-sheets, micelles, nanotubes, or vesicles6ï8. Peptide ɓ-sheets 

structures can further assemble into nanofibers, which can cross-link into a hydrogel structure9. 

The bulk properties of peptide-based biomaterials can be tuned by altering the sequence of the 

peptides, or by altering environmental conditions (e.g. pH, temperature, concentration, ionic 

strength). Peptide-based biomaterials can be easily functionalized by conjugating the desired 

moiety to the peptide pre-assembly10,11. Peptide co-assembly, the spontaneous organization of 

two individual peptides to form a new structure, provides an additional organizational control to 

the design process6,12. In brief, peptides are a choice structural component for biomaterials for 

applications in biosensing, drug delivery, and tissue engineering9,13,14. 
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Progress in science and technology has enhanced our toolbox, allowing us to observe and 

model peptide aggregation from multiple perspectives and with greater resolution than before. 

Dye-based assays are still commonplace for broadly assessing fibril formation15. Microscopy 

techniques, such as atomic force microscopy (AFM) and transmission electron microscopy 

(TEM) can be used to characterize the fibril morphology in terms of length and alignment. 

Circular dichroism spectroscopy (CD) and Fourier-transform infrared spectroscopy (FTIR) 

reveal the underlying secondary structures. Advances in crystallography have led to the 

observation of cylindrin and corkscrew oligomers in amyloidogenic peptides16,17. Details missing 

from biophysical measurements can be informed by computational approaches. Explicit solvent 

atomistic molecular dynamics are a powerful tool to interrogate peptide-peptide interactions at 

high resolution. Hurdles in sampling configurational space can be overcome with methods such 

as replica exchange, umbrella sampling, steered molecular dynamics, and so forth18. However, 

even with these advances, explicit solvent atomistic molecular dynamics are still limited in terms 

of the number of molecules that can be simulated.  

Coarse-grained discontinuous molecular dynamics simulations are useful for studying 

peptide aggregation. Discontinuous molecular dynamics is an event-driven approach that forgoes 

integration of Newton's equation of motion at every time step19. The PRIME20 force field is a 

coarse-grained peptide model developed by the Hall group. The first iteration, known as PRIME, 

was developed to study fibril formation for systems of polyalanine peptides starting from random 

coil conformations20. PRIME was then expanded to become PRIME20 which includes force field 

parameters for all 20 amino acids that make up a protein21. The parameters for each amino acid 

were derived using a perceptron learning algorithm based on the structures of 711 native-state 

globular proteins from the Protein Data Bank (PDB). Since its development, the PRIME20 force 
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field has been used in conjunction with discontinuous molecular dynamics to study assembly of 

Aɓ fragments, N-terminal prion protein peptides, and amphipathic peptides22ï24. The force field 

has also been augmented to consider the effects of macromolecular crowding on self-assembly of 

amyloidogenic peptides25,26. Additionally, an inhibitor model has been incorporated into the 

PRIME20 force field to consider the phenolic inhibitors EGCG, resveratrol, curcumin and 

vanillin27.  

The goal of the work in this thesis is to deepen our understanding of peptide aggregation 

using molecular simulation techniques with the overarching goal of defining guidelines for 

modulating peptide assembly. Simulations in this work are motivated by experimental 

observations and aim to resolve details not easily found by biophysical techniques. The CATCH 

(Co-Assembly Tags based on CHarge Complementarity) system was chosen as a model system 

to study peptide co-assembly28,29. The term CATCH refers to a system containing a pair of 

charge-complementary peptides, CATCH(X+) and CATCH(Y-), where X and Y are integer 

values denoting the number of charged residues in a peptide sequence. Using the CATCH 

system, we examine the effect of the number of charged residues and the sidechain composition 

on peptide co-assembly. To understand the effects of environmental conditions on peptide co-

assembly, we examined the influence of macromolecular crowding on the morphology of 

CATCH co-assemblies.  

We examined peptide self-assembly in TDP-43, a protein linked to ALS30. The fragment 

TDP-43(307-319) was used as our peptide model as it has been demonstrated to be an 

amyloidogenic core, capable of forming toxic fibrils31. We first simulated systems containing 

N=6, 8, 10, and 50 TDP-43(307-319) to determine its propensity for oligomer and fibril 

formation. To provide insight and guidelines for developing drugs targeting amyloidogenic 
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peptides, we benchmarked the impact of small molecule inhibitors on the wildtype TDP-43(307-

319) peptide organization. 

In summary, we examined multiple aspects of peptide aggregation in systems of synthetic 

and naturally-occurring peptides. The ability to form aggregates is not a feature limited to 

amyloidogenic peptides, but rather an intrinsic characteristic of polypeptide chains32. In this 

work we strategically turn the controls that impact peptide aggregation to update existing 

guidelines for peptide and drug design.   

1.2 Overview 

In this section, a summary of each chapter in the dissertation is provided.  

1.2.1 Programming co-assembled peptide nanofiber morphology via anionic amino acid type: 

Insights from molecular dynamics simulations 

In Chapter 2, we examine the effect of the sidechain composition on CATCH co-

assembly. Co-assembling peptides can be crafted into supramolecular biomaterials for use in 

biotechnological applications, such as cell culture scaffolds, drug delivery, biosensors, and tissue 

engineering. Peptide co-assembly refers to the spontaneous organization of two different 

peptides into a supramolecular architecture. Here we use molecular dynamics simulations to 

quantify the effect of anionic amino acid type on co-assembly dynamics and nanofiber structure 

in binary CATCH(+/-) peptide systems. CATCH peptide sequences follow a general pattern: 

CQCFCFCFCQC, where all Côs are either a positively charged or a negatively charged amino 

acid. Specifically, we investigate the effect of substituting aspartic acid residues for the glutamic 

acid residues in the established CATCH(6E-) molecule, while keeping CATCH(6K+) 

unchanged. Our results show that structures consisting of CATCH(6K+) and CATCH(6D-) form 

flatter ɓ-sheets, have stronger interactions between charged residues on opposing ɓ-sheet faces, 
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and have slower co-assembly kinetics than structures consisting of CATCH(6K+) and 

CATCH(6E-). Knowledge of the effect of sidechain type on assembly dynamics and fibrillar 

structure can help guide the development of advanced biomaterials and grant insight into 

sequence-to-structure relationships. 

1.2.2 Modulating peptide co-assembly via macromolecular crowding: Recipes for co-

assembled structures 

In Chapter 3, we explore the effects of hydrophobic crowders on CATCH(6K+/6E-) 

peptide co-assembly. Peptide-based biomaterials are commonly found in applications such as 

tissue engineering, wound healing, and drug delivery. Control over the size and morphology of 

the peptide supramolecular structure remains a challenge. One way to influence peptide 

assembly is through macromolecular crowding. Here we use discontinuous molecular dynamics 

simulation combined with the PRIME20 force field to investigate the effect of hydrophobic 

crowders on the architecture of co-assembled peptide aggregates. The peptide system used in this 

work is a mixture of oppositely-charged synthetic peptides: ñCATCH(6K+)ò 

(KQKFKFKFKQK) and ñCATCH(6E-)ò (EQEFEFEFEQE). The systems explored contained a 

mixture of 50 CATCH(6K+) and 50 CATCH (6E-) peptides at peptide concentrations of 5 mM 

and 20 mM, and crowders with diameters of 10, 20, 40 and 80 Å. Crowders were modeled as 

spheres with either hard-sphere or square-well/square-shoulder interactions. At low 

concentrations where CATCH co-assembly typically does not occur, the crowders were effective 

chaperones to trigger co-assembly. Small hard-sphere crowders promoted formation of 

multilayer fibrils. Large hard-sphere and moderately hydrophobic crowders led to shorter fibrils 

and stabilized oligomer intermediates. Large highly hydrophobic crowders promoted the 

formation of ɓ-sheets and suppressed the formation of oligomers. Overall, the simulations 
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demonstrate that the crowder size and crowder-sidechain interaction strength govern the 

supramolecular architecture of peptide co-assemblies.   

1.2.3 Benchmarking computationally-derived inhibitors on TDP-43 organization via 

discontinuous molecular dynamics simulations 

In Chapter 4, we examine the efficacy of computationally-derived small molecule 

inhibitors against TDP-43(307-319) aggregation. Aggregation of TDP-43 in neurons is 

associated with multiple neurodegenerative diseases including amyotrophic lateral sclerosis 

(ALS) and frontotemporal dementia (FTD). Cases of ALS, along with other neurological 

disorders, are projected to increase in the coming decades. Current treatments for diseases in this 

class are palliative at best. A unique approach utilizing the joint pharmacophore space (JPS) has 

generated multiple lead molecules with varying ranges of activity. In this work we use 

discontinuous molecular dynamics combined with the PRIME20 force field to assess the 

inhibition mechanism of JPS-derived compounds against TDP-43(307-319) aggregation. Our 

simulations demonstrate that a subset of these compounds is capable of delaying oligomer and 

fibril formation and disrupting interactions in pre-formed oligomer and pre-formed fibril 

structures. Epigallocatechin gallate (EGCG), a flavonoid found in green tea, was also evaluated 

for comparison. The role of the pharmacophore structure for each compound in inhibiting TDP-

43(307-319) aggregation is discussed. 

1.2.4 Charge guides pathway selection in ɓ-sheet fibrillizing peptide co-assembly 

In Chapter 5, we explore the effect of the number of charged residues in a peptide 

sequence on peptide co-assembly kinetics. Peptide co-assembly is attractive for creating 

biomaterials with new forms and functions. Emergence of these properties depends on the 

peptide content of the final assembled structure, which is difficult to predict in multicomponent 
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systems. Here using experiments and simulations we show that charge governs content by 

affecting propensity for self- and co-association in binary CATCH(+/-) peptide systems. 

Equimolar mixtures of CATCH(2+/2-), CATCH(4+/4-), and CATCH(6+/6-) formed two-

component ɓ-sheets. Solid-state NMR suggested the cationic peptide predominated in the final 

assemblies. The cationic-to-anionic peptide ratio decreased with increasing charge. CATCH(2+) 

formed ɓ-sheets when alone, whereas the other peptides remained unassembled. Fibrillization 

rate increased with peptide charge. The zwitterionic CATCH parent peptide, ñQ11ò, assembled 

slowly and only at decreased simulation temperature. These results demonstrate that increasing 

charge draws complementary peptides together faster, favoring co-assembly, while like-charged 

molecules repel. We foresee these insights enabling development of co-assembled peptide 

biomaterials with defined content and predictable properties. 

1.2.5 Side-chain chemistry governs hierarchical order of charge-complementary peptide co-

assemblies 

In Chapter 6, we explore the effects of side-chain chemistry on the material bulk 

properties in co-assembled peptide structures. Self-assembly of proteinaceous biomolecules into 

functional materials with ordered structures that span length scales is common in nature yet 

remains a challenge with designer peptides under ambient conditions. This report demonstrates 

the co-assembly of a charge-complementary ɓ-sheet-forming peptide pair into hierarchically-

ordered biomaterials at physiologic pH and ionic strength in water. Over milli- to micromolar 

concentrations, the CATCH(6K+) (KQKFKFKFKQK) and CATCH(6D-) (DQDFDFDFDQD) 

pair formed micron-scale plate-like structures and ɓ-sheet-rich microspheres that were not 

observed with other CATCH(X+/Y-) pairs. This structural order could be disrupted by replacing 

D with E, which increased fibril twisting, replacing K with R, which increased observed co-
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assembly kinetics, or mutating the N- and C-terminal amino acids in CATCH(6K+) and 

CATCH(6D-) to Q, which weakened favorable interfacial interactions that lead to ɓ-sheet 

stacking. A CATCH(6K+)-green fluorescent protein fusion could be incorporated into the ɓ-

sheet plates and microspheres formed by the CATCH(6K+/6D-) pair, demonstrating the potential 

to endow functionality. 
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1.3 Publications 

Chapters 2, 5 and 6 are based on the following publications: (* indicates equal contribution): 

Chapter 2: Dong, X. Y.; Liu, R.; Seroski, D. T.; Hudalla, G. A.; Hall, C. K. Programming Co-

Assembled Peptide Nanofiber Morphology via Anionic Amino Acid Type: Insights from 

Molecular Dynamics Simulations. PLOS Computational Biology 2023, 19 (12), e1011685. 

https://doi.org/10.1371/journal.pcbi.1011685. 

Chapter 5: Seroski, D. T.; Dong, X.; Wong, K. M.; Liu, R.; Shao, Q.; Paravastu, A. K.; Hall, C. 

K.; Hudalla, G. A. Charge Guides Pathway Selection in ɓ-Sheet Fibrillizing Peptide Co-

Assembly. Communications Chemistry 2020, 3 (1), 1ï11. https://doi.org/10.1038/s42004-020-

00414-w. 

Chapter 6: Liu, R.*; Dong, X.*; Seroski, D. T.; Morales, B. S.; Wong, K. M.; Robang, A. S.; 

Melgar, L.; Angelini, T. E.; Paravastu, A. K.; Hall, C. K.; Hudalla, G. Side-Chain Chemistry 

Governs Hierarchical Order of Charge-Complementary ɓ-Sheet Peptide Coassemblies. 

Angewandte Chemie International Edition n/a (n/a), e202314531. 

https://doi.org/10.1002/anie.202314531. 

https://doi.org/10.1371/journal.pcbi.1011685
https://doi.org/10.1038/s42004-020-00414-w
https://doi.org/10.1038/s42004-020-00414-w
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Chapter 2 Programming co-assembled peptide nanofiber morphology via anionic amino 

acid type: Insights from molecular dynamics simulations 

Chapter 2 is essentially a manuscript by Xin Dong, Renjie Liu, Dillon T. Seroski, Gregory T 

Hudalla, and Carol K. Hall accepted by PLOS Computational Biology. 
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2.1 Abstract 

Co-assembling peptides can be crafted into supramolecular biomaterials for use in 

biotechnological applications, such as cell culture scaffolds, drug delivery, biosensors, and tissue 

engineering. Peptide co-assembly refers to the spontaneous organization of two different 

peptides into a supramolecular architecture. Here we use molecular dynamics simulations to 

quantify the effect of anionic amino acid type on co-assembly dynamics and nanofiber structure 

in binary CATCH(+/-) peptide systems. CATCH peptide sequences follow a general pattern: 

CQCFCFCFCQC, where all Côs are either a positively charged or a negatively charged amino 

acid. Specifically, we investigate the effect of substituting aspartic acid residues for the glutamic 

acid residues in the established CATCH(6E-) molecule, while keeping CATCH(6K+) 

unchanged. Our results show that structures consisting of CATCH(6K+) and CATCH(6D-) form 

flatter ɓ-sheets, have stronger interactions between charged residues on opposing ɓ-sheet faces, 

and have slower co-assembly kinetics than structures consisting of CATCH(6K+) and 

CATCH(6E-). Knowledge of the effect of sidechain type on assembly dynamics and fibrillar 

structure can help guide the development of advanced biomaterials and grant insight into 

sequence-to-structure relationships. 

2.2 Introduction  

Peptides have been extensively used as building blocks for supramolecular biomaterials 

in applications ranging from drug delivery and tissue engineering, to biosensors.1,2 Peptide-based 

hydrogels are appealing due to their biocompatibility, biodegradability, and low toxicity. 

Peptide-based biomaterials can be formed from a single component (ñself-assemblyò) or through 

a blend of components (ñco-assemblyò). Here we describe a system that can be made via 

selective co-assembly, which occurs when peptides A and B co-assemble in solution, but remain 
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in a random-coil state when separated. Selective co-assembly allows for control of the assembly 

pathway and, in turn, enables precise formation of nanofiber structures, resulting in a hydrogel 

with predictable and uniform properties. 

CATCH (Co-Assembly Tags based on CHarge complementarity) are binary systems of 

oppositely charged synthetic peptides that selectively co-assemble into ɓ-sheet nanofibers.3 

Charge complementarity drives CATCH peptide co-assembly; attraction between oppositely-

charged peptides promotes cooperative co-assembly, while repulsion between like-charged 

peptides discourages self-assembly. CATCH peptides are cationic and anionic variants of 

Q11[QQKFQFQFEQQ]. The alternating motif of hydrophobic and hydrophilic residues in Q11 

is a common feature in self-assembling peptides and is preserved in the CATCH peptides4 The 

original pair of CATCH peptides reported were: CATCH(4+), (Ac-QQKFKFKFKQQ-Am) and 

CATCH(6ī), (Ac-EQEFEFEFEQE-Am), where the number and sign denote the overall charge 

of the peptide as measured by the number of (positively-charged) lysine (K) or (negatively-

charged) glutamic acid (E) residues.4 CATCH peptides have been used successfully to 

immobilize functional proteins within macroscopic hydrogels.4 The effect of the total charge on 

the co-assembly of pairs of CATCH peptides was determined by Seroski et. al who investigated 

CATCH(2+/2-), (4+/4-), and (6+/6-) peptide systems. They found that increasing the number of 

charged residues within each peptide results in an increased rate of co-assembly.5 However, these 

studies did not explore the effects of replacing the type of cationic or anionic residues within 

CATCH peptides on their co-assembly.  

Here we study the effect of sidechain type on CATCH co-assembly.4 We substitute 

negatively-charged aspartic acid residues (D) for the negatively-charged glutamic acid residues 
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(E) in CATCH(6+/6-) pairs. Aspartic acid (D) is a convenient substitute for glutamic acid (E), as 

it is one methylene group shorter (Figure 2.1A). The positively-charged amino acid residue, 

lysine, remains the same. We will refer to the CATCH(6+/6-) mixture with glutamic acid as 

CATCH(6K+/6E-) (KQKFKFKFKQK/EQEFEFEFEQE), and the mixture with aspartic acid 

residues as CATCH(6K+/6D-) (KQKFKFKFKQK/DQDFDFDFDQD). Experiments performed 

by Liu et. al show that CATCH(6K+/6E-) and CATCH(6K+/6D-) form hydrogels with different 

structural and mechanical properties. Cryogenic scanning electron microscopy and conventional 

transmission electron microscopy (TEM) (Figure 2.2) show that CATCH(6K+/6E-) nanofibers 

are randomly entangled, whereas CATCH(6K+/6D-) form multi-layer stacks of aligned fibrils.6 

We hypothesize that the mismatched lengths of the charged residues in CATCH(6K+/6D-) create 

an incentive for two bilayers to stack together (Figure 2.1B, C). Thioflavin T analyses show that 

CATCH(6K+/6E-) assembles at a faster rate than CATCH(6K+/6D-), suggesting a difference in 

interaction strength between the (K+/E-) pair and the (K+/D-) pair.  

The aim of this work is to determine the effect of sidechain type on peptide co-assembly 

and how this corresponds to the nanofiber structures and morphologies observed in experiments. 

A computational approach is taken. Atomistic molecular dynamics simulation is used to analyze 

sidechain-sidechain interactions in detail as this affords a closer look (higher resolution) than can 

be obtained in biophysical experiments or in coarse-grained simulations. Atomistic simulations 

of a single bilayer and of two stacked bilayers (two bilayers stacked upon one another) are 

performed and analyzed for each CATCH(6K+/6E+) and CATCH(6K+/6D-) system. Single 

bilayers are also simulated to predict the fibril structure for each peptide pair. The two stacked 

bilayer simulations are used to quantify the sidechain-sidechain interactions between charged 

residues that sit between the bilayers. We also perform simulations of single monomeric peptides 
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to determine the native monomeric state for CATCH(6K+), (6D-), and (6E-). A coarse-grained 

simulations approach, discontinuous molecular dynamics (DMD) with the PRIME20 forcefield, 

is used to investigate assembly kinetics and pathway for large CATCH(6K+/6E-) systems and 

CATCH(6K+/6D-) systems starting from random-coil conformations. DMD/PRIME20 

simulations allow access to timescales that are not available through traditional atomistic 

molecular dynamics, and spatial resolution that is not accessible through biophysical 

measurements. 

Highlights of our results include the following: Single bilayer atomistic simulations show 

that CATCH(6K+/6E-) has a more pronounced twist than CATCH(6K+/6D-), providing a 

possible explanation for the experimentally-observed differences in nanofiber thickness between 

the two. Atomistic simulations of the two stacked bilayers show weaker van der Waals and 

electrostatic interactions between charged residues (on the second and third layer) for 

CATCH(6K+/6E-) than for CATCH(6K+/6D-). Atomistic simulations of the two separated 

bilayers show fewer number of contacts between charged residues (on the second and third layer) 

for CATCH(6K+/6E-) than for CATCH(6K+/6D-). Analysis of DMD/PRIME20 results show 

that CATCH(6K+/6E-) monomers co-assemble at a faster rate than CATCH(6K+/6D-) 

monomers, in agreement with experimental thioflavin T analyses. Discordant helical segments 

found in the CATCH(6E-) single peptide atomistic REMD simulation offer an additional 

possible explanation for the fast co-assembly observed for CATCH(6K+/6E-). Visualization of 

CATCH(6K+/6D-) DMD results shows that some ɓ-barrel intermediates undergo a ɓ-barrel-to-ɓ-

sheet conformation change during ɓ-sheet assembly. Overall, our results suggest that the anionic 

sidechain composition in CATCH(6K+/6E-) results in random entanglement of nanofibers, while 
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the anionic sidechain composition in CATCH(6K+/6D-) results in multi-layer stacks of aligned 

fibrils. 

2.3 Methods 

2.3.1 Explicit-Solvent Atomistic Molecular Dynamics Simulation 

Explicit-solvent atomistic MD simulations at T=310 K are carried out in the canonical 

ensemble  using the AMBER package with the AMBER ff14SB force field7 to quantify the 

sidechain-sidechain interactions between CATCH peptide pairs for CATCH(6K+/6E-) and for 

CATCH(6K+/6D-). Temperature is maintained using the Langevin thermostat.8 The SHAKE 

algorithm is used to maintain bond length constraints on bonds involving hydrogens.9  

Four different atomistic simulation configurations were built: (1) two stacked bilayersð

two bilayers stacked upon one another, (2) two separated bilayersðtwo bilayers separated by a 

distance of ~13Å measured from the surface of each bilayer, (3) a single bilayer, and (4) a single 

peptide. The AMBER tLEaP program was used to build the peptide sequence; the N-terminal 

was capped with an acetyl group and the C-terminal was capped with a methyl group.  Phi-psi 

angles were modified to conform to an antiparallel ɓ-strand using Chimera.10 PACKMOL was 

used to arrange peptides to create a single bilayer, the two stacked bilayers, and the two spaced 

bilayers (Figure 2.3, 2.4).11 The single bilayer was built with 12 peptides in each in-register 

antiparallel ɓ-sheet. The two stacked bilayers and the two separated bilayers models consist of 

four in-register antiparallel ɓ-sheet layers, with 12 peptides in each layer stacked on top of one 

another. In all bilayer systems, the neighboring ɓ-strands were spaced ~5 Å apart and the ɓ-

sheets within a bilayer were spaced ~13Å apart (to promote hydrophobic interactions). The inter-

strand spacing and antiparallel orientation of our model is validated by previous PITHIRDS-CT 
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and FTIR work.12 Each CATCH bilayer structure was solvated in a periodic truncated octahedral 

box containing TIP3P water with a 12 Å buffer.13 Single peptide simulations were started in an 

extended conformation with phi-psi angles of -180 and 180° respectively.  

Three independent simulations were run for the single bilayer systems, the two stacked 

bilayers, and the two separated bilayers. Each system was subjected to thermal annealing steps 

prior to the production run. The protocol for our atomistic MD simulations was as follows: (1) a 

1000-step energy minimization using the steepest descent method was performed on the solvent 

molecules with the peptide structure constrained by a force of 500 kcal/mol. (2) A 2500-step 

energy minimization was performed on all atoms in the system. (3) Systems were brought up to 

310 K through a series of heating stages over the course of 50 ps. (4) Thermal annealing was 

performed in the following steps: heat from 310 K to 400 K, equilibrate at 400 K, heat from 400 

K to 500 K, equilibrate at 500 K, cool from 500 K to 310 K. Each step was performed for 100 ps. 

(5) 200 ns production runs were conducted in the NPT ensemble at 310 K. Root-mean-squared 

deviation (RMSD) analysis was performed on the last 10 ns of each simulation trajectory using 

the output structure from the minimization step to verify that the trajectory had reached an 

equilibrated state. 

All -atom implicit-solvent temperature REMD simulations for a single CATCH(6K+), 

(6E-), and (6D-) peptide were carried out using the AMBER package. Peptides were 

parameterized with the ff19SB forcefield.14 For an exchange probability of ~0.25, with 

temperatures ranging from 310 to 600 K, eight replicas were generated for each CATCH 

peptide.15 Chirality restraints were generated for each system to avoid a chirality inversion. 

Langevin dynamics was employed for temperature control8. Constraints were maintained using 

the SHAKE algorithm.9 Prior to simulation, each system underwent energy minimization using 
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the steepest descent algorithm for 500 cycles. Each system was then equilibrated at the desired 

temperature for 200 ps. Exchange attempts were made every 2 ps between adjacent replicas. 

Exchanges are accepted or rejected based on a Metropolis acceptance criterion that satisfies the 

detailed balance. Each simulation had a total of 100,000 exchange attempts for a total simulation 

time of 200 ns. Secondary structure content for REMD simulation results were calculated using 

the DSSP algorithm.16,17  

The implicit-solvent molecular mechanics/Generalized Born Surface Area (MM/GBSA)18 

approach was used to analyze the last 5 ns of the simulation trajectories to calculate the 

interaction energy between charged residues. MMGBSA is typically used in drug design to 

determine the binding affinity between a ligand and receptor by calculating the binding free 

energy (ȹGbinding). For the MMGBSA analysis, we define the top bilayer to be the ñligand,ò the 

bottom bilayer to be the ñreceptor,ò and the overall structure to be the ñcomplex." Here we 

neglect entropy and focus on the interaction energy, as our system is quite large compared to the 

small molecules typically modeled. We calculated the van der Waals and electrostatic interaction 

energies between charged residues on the second and third ɓ-sheets that result when the two 

bilayers stack together and the exposed charged residues between the bilayers interact. In this 

case, VDW and ELE are defined to be the difference in the van der Waals and electrostatic 

energies, respectively, between two bilayers before and after they stack together. 

The linear interaction energy (LIE) approach19 was used to calculate the VDW interaction 

energies between the sidechains of intra-sheet and inter-sheet neighboring charged residues for 

the last 5 ns of the simulation trajectories. Similar to MMGBSA, it is typically used to predict the 

binding affinity of protein-ligand complexes. We define one group of residues to be the ñligandò 
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and the other group to be the ñreceptor.ò Here we utilize LIE to calculate the VDW interactions 

between two specific groups of sidechain atoms. 

2.3.2 Coarse-grained DMD simulations 

Implicit-solvent discontinuous molecular dynamics (DMD) simulations are carried out 

using the PRIME20 forcefieldðdesigned specifically for modeling peptide aggregation. In 

PRIME20, amino acids are modeled by four spheres: three backbone spheres NH, CŬ, and CO 

and one sidechain sphere R. Each sidechain sphere on each amino acid has a distinct size 

(effective van der Waals radius) and a distinct geometric structure (R-NH, R-CŬ, and R-CO bond 

lengths). The two major non-bonded interactions in PRIME20 are directional hydrogen bonding 

interactions between backbone NH and CO spheres, and (non-directional) interactions between 

two sidechain R spheres. Both are modeled as square-well interactions. Polar, chargeïcharge, 

and hydrophobic interactions between amino acid sidechains are described using a combination 

of 210 different square-well widths and 19 different square-well depths.20 All other interactions 

are modeled using a hard-sphere potential. Hard-sphere diameters, square-well widths, and 

square-well depths were determined by Cheon et. al using a perceptron learning algorithm.20 A 

detailed description of the geometric and energetic parameters of the PRIME20 model is 

provided in earlier work.20ɬ22  

Three independent simulations of CATCH(6K+/6E-) and CATCH(6K+/6D-) were run. 

Each system contained a total of 200 peptidesð100 positively-charged peptides and 100 

negatively-charged peptidesðrandomly distributed in a cubic box with a side length of 321 Å 

for a peptide concentration of 20 mM. All simulations were carried out for approximately 16 µs 

in the canonical ensemble. The Andersen thermostat was employed to maintain the simulation at 

a constant reduced temperature T* of 0.18, roughly corresponding to 296 K.23,24 The reduced 
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temperature in our system is defined as T*  = kBT/ŮHB, where ŮHB = 12.47 kJ/mol is the 

hydrogen  bonding energy.23  

Elements of graph theory are used to determine the rate of oligomerization and fibril 

formation.12 Each oligomer cluster is defined as a network of peptides that are connected through 

a combination of hydrophobic and/or hydrogen bonding interactions. The fibril is considered to 

be the final ɓ-sheet formed at the end of the simulation. A pair of peptides is considered 

ñconnectedò if one of two conditions is met: (1) there are at least five hydrogen bonds between 

the pair of peptides, or (2) there are at least two hydrophobic interactions. For our system of 

CATCH peptides, these conditions are considered sufficient to accurately track the formation of 

oligomers and fibril formation over the course of a simulation. 

Data generated from DMD and MD simulations are provided on Dryad.25 

2.4 Results and Discussion 

2.4.1 Analysis of single CATCH bilayer geometry and intra-sheet sidechain-sidechain 

interactions 

Three independent explicit-solvent atomistic MD simulations for a single 

CATCH(6K+/6E-) bilayer structure and for a single CATCH(6K+/6D-) bilayer structure were 

carried out to determine the bilayer geometry and intra-sheet sidechain-sidechain interactions 

(Figure 2.3A-D). The initial configuration for each CATCH mixture was an ñidealò structure 

with 12 in-register antiparallel peptides in each layer. Over the course of the 200 ns simulation, 

the sidechains in each structure relaxed into a more realistic geometry.  

The longer anionic sidechain in CATCH(6K+/6E-) leads to a more pronounced left-

handed bilayer twist in CATCH(6K+/6E-) than in the CATCH(6K+/6D-) bilayer (Figure 

2.3B,D). Here, we define the twist in terms of the angle between two neighboring ɓ-strands. This 
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angle was measured by calculating the line of best fit for the set of CŬ atoms in each peptide, 

defining that line to be a vector with end points at the N- and the C-terminal CŬ atoms, and then 

measuring the angle between the two resulting vectors. The CATCH(6K+/6E-) simulations 

resulted in a twisted bilayer, while the CATCH(6K+/6D-) simulations resulted in a relatively flat 

bilayer. The average angle of twist between the nearest neighbor peptides for CATCH(6K+/6E-) 

and CATCH(6K+/6D-) were -3.55°and -2.22°, respectively. The left-handed ɓ-sheet twist 

(denoted by the negative sign) observed in the CATCH(6K+/6E-) ɓ-sheet bilayer is inherent to 

antiparallel ɓ-sheets. This twisting phenomenon can be attributed to the chirality of the amino 

acids, the inter-strand backbone hydrogen bonding, and inter-strand sidechain interactions.26ɬ32  

Over the course of the last 5 ns of the MD simulation, CATCH(6K+/6E-) and 

CATCH(6K+/6D-) possess roughly the same amount of backbone hydrogen bonds and salt 

bridge interactions. Salt bridges are defined to be interactions between two oppositely charged 

groups containing at least two heavy atoms within hydrogen bonding distance of each other. For 

simplicity, we define salt bridges to be between any oxygen on the carboxylate group (in D or E) 

and any hydrogen on the ammonium groups (in K) that satisfy a distance cutoff of 3Å and an 

angle cutoff of 135ę. Salt bridges in our simulations had an average length of ~2.8 ᴠ and an 

average bonding angle of ~156°. Salt bridge interactions were calculated using the LIE approach 

(Table 2.1); VDW and ELE interactions were calculated between the atoms on lysineôs 

ammonium group and the atoms glutamic acid and aspartic acidôs carboxylic acid group. 

CATCH(6K+/6E-) had less favorable VDW interactions than (6K+/6D-), but more favorable 

ELE interactions; CATCH(6K+/6E-) and (6K+/6D-) had ELE interactions of -5402 and -4410 

kcal/mol, respectively. However, when considering the charged residues as a whole (excluding 
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the backbone atoms), CATCH(6K+/6E-) had more favorable VDW interactions than (6K+/6D-), 

-125.9 vs. -85.8 kcal/mol. 

The difference in ɓ-sheet twisting for the CATCH(6K+/6E-) and CATCH(6K+/6D-) 

single bilayers may be explained by how each CATCH pair organizes its ɓ-sheet structure to 

maximize hydrogen bonding and salt bridge interactions. In CATCH(6K+/6E-), the sidechains of 

lysine (K) and glutamic acid (E) are of similar length, facilitating a salt bridge interaction 

between the charged groups on the ends of the charged residues. In CATCH(6K+/6D-), the 

sidechains of lysine (K) and aspartic acid (D) are of mismatched length. Given that the salt 

bridge interactions in both CATCH systems have similar geometry in terms of bond length and 

bond angle, it is likely that CATCH(6K+/6D-) accommodates the mismatched sidechain lengths 

by hindering its backbone from forming an inherent left-handed twist. The relationship between 

sidechain length and ɓ-sheet conformation observed in the CATCH system is consistent with a 

previous quantitative and experimental studies that have shown that ɓ-strands containing 

glutamic acid have a greater propensity for twisting than those containing aspartic acid.33ɬ35 

To further interrogate the interactions within the single bilayer structure, we calculated 

the number of contacts between residues within the structure and the overall VDW interactions 

between the cationic sidechains and the anionic sidechains. Contacts are defined to be any two 

atoms within 7Å of one another. The greatest number of contacts for both CATCH(6K+/6E-) and 

(6K+/6D-) was between the phenylalanine residues, 45,149 and 45,163 contacts, respectively 

(Figure 2.4). This is expected as the phenylalanine residues make up the hydrophobic core of the 

bilayer structures. The second greatest number of contacts in each system was between the 

cationic sidechains and the anionic sidechains. CATCH(6K+/6E-) had 39,552 contacts and a 

VDW interaction of -125.9 kcal/mol between the lysine and glutamic acid sidechains; (6K+/6D-) 
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had 39,552 contacts and a VDW interaction of -85.8 kcal/mol between the lysine and aspartic 

acid sidechains. The additional methylene group in glutamic acid (E) in the CATCH(6K+/6E-) 

pair leads to more contacts and stronger inter-strand interactions between charged residues than 

in the CATCH(6K+/6D-) pair. The stronger interaction for the K/E sidechain pair compared to 

the K/D sidechain pair is consistent with pair correlations calculated by Wouters et al. and 

isothermal titration calorimetry experiments performed by Petrauskas et al. 36,37  The relationship 

between strong inter-strand interactions and the ɓ-sheet twisting observed in CATCH(6K+/6E-) 

is consistent with previous experimental studies that suggest that increased interactions between 

intra-sheet neighboring sidechains is related to increased twisting.27ɬ29  

2.4.2 Evaluation of face-to-face interactions between the two stacked CATCH bilayers 

Three independent explicit-solvent atomistic MD simulations were carried out for a 

CATCH(6K+/6E-) mixture and for a CATCH(6K+/6D-) mixture, with each arranged in the two-

stacked bilayer configuration. Each simulation started from a pre-formed ñidealò structure 

(Figure 2.5A-D). Intra-sheet ɓ-strands were spaced ~5 Å apart (measuring from the backbone 

center) to promote backbone hydrogen bonding between neighboring ɓ-strands. The initial 

bilayers for both CATCH(6K+/6E-) and CATCH(6K+/6D-) were spaced ~3 Å apart, measuring 

between the end of the sidechains facing inward on the second and third ɓ-sheet. As the 

simulation progressed, the van der Waals and electrostatic interactions between the charged 

residues drove the bilayers closer together and stabilized the structure, as expected.  

Atomistic simulations of the two stacked bilayer systems showed tighter packing between 

the second and third layer for CATCH(6K+/6D-) than for CATCH(6K+/6E-). The distance 

between the second and third layer was measured by fitting the backbone atoms of each sheet to 

a plane and measuring the distance between the centroids of the two fitted planes. The average 
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distance between the second and third ɓ-sheet for CATCH(6K+/6E-) and for CATCH(6K+/6D-) 

changed over the course of the simulation from an initial distance of 14.8 and 12.7 Å to a final 

distance of 13.2 and 11.3 Å, respectively. Thus, the CATCH(6K+/6E-) bilayers were further 

apart than the CATCH(6K+/6E-) bilayers by roughly 2 Å. The longer anionic sidechain (E) in 

CATCH(6K+/6E-) acts as a physical barrier in the stacking process, while the shorter anionic 

sidechain (D) in CATCH(6K+/6D-) allows the charged residues to interdigitate in an alternating 

manner, bringing them closer together. In CATCH(6K+/6D-) the complementary charged 

residues between the second and third layer create a tight steric zipper that draws the sheets 

closer together.38,39 

Atomistic MD simulations of the two stacked bilayer CATCH systems show that 

CATCH(6K+/6D-) bilayers have more favorable face-to-face interactions than CATCH(6K+/6E-

) bilayers (Table 2.2). MMGBSA analysis is used to calculate the van der Waals (VDW) and 

electrostatic (ELE) interaction energies between the two CATCH bilayers as a result of stacking 

(Table 2.2). Both the VDW and ELE interactions are more negative in CATCH(6K+/6D-) than 

in CATCH(6K+/6E-), suggesting that CATCH(6K+/6D-) has more favorable interactions 

between the two bilayers and a greater energy incentive for bilayer stacking than 

CATCH(6K+/6E-). LIE analysis is used to calculate the pairwise VDW interactions between the 

sidechains of the exposed charged residues (excluding the backbone atoms) on the second and 

third layer. CATCH(6K+/6D-) experiences a VDW interaction that is 2-fold stronger than for 

CATCH(6K+/6E-), -49.8 vs -20.7 kcal/mol, in agreement with the MMGBSA results (Table 

2.2). The contrast in interaction energies between the two CATCH systems can be explained by 

the physical arrangement of the stacked bilayers. The two stacked bilayer simulations have 

shown that CATCH(6K+/6D-) can stack more closely together than CATCH(6K+/6E-), 



 

 31 

facilitating the VDW and ELE interactions between the charged residues on the second and third 

sheets. The single bilayer simulations have shown that the intra-sheet lysine and glutamic acid 

residues in CATCH(6K+/6E-) have stronger interactions than the intra-sheet lysine and aspartic 

acid residues in CATCH(6K+/6D-), -125.9 vs. -35.8 kcal/mol, respectively. For 

CATCH(6K+/6E-) there is not as large of an incentive to interact with sidechains on the 

opposing bilayer face as for CATCH 6K+/6D-).  

The difference in bilayer structure and face-to-face interactions between 

CATCH(6K+/6E-) and CATCH(6K+/6D-) provides a possible explanation for the difference in 

their experimentally-observed nanofiber structures. Cryogenic EM and TEM images show that 

CATCH(6K+/6E-) forms randomly entangled and tortuous nanofibers with short persistence 

lengths, whereas CATCH(6K+/6D-) forms aligned bundles of nanofibers with long persistence 

lengths that tend to appear as multi-layer stacks (Figure 2.2). The single bilayer atomistic 

simulations predict that CATCH(6K+/6E-) tends to form more twisted ɓ-sheets than 

CATCH(6K+/6D-). As the ɓ-sheets stack together, they must either untwist or twist together, 

both of which incur some energy cost.40,41 However, for sheets with weak face-to-face attraction, 

i.e. CATCH(6K+/6E-), twisting comes at a lower cost. Generally, as fibril twisting decreases, the 

likelihood of ɓ-sheet stacking and fibril thickness growth increases.41 For CATCH(6K+/6E-), the 

twisted bilayer structure and weak face-to-face interactions are consistent with the formation of 

thin randomly entangled nanofibers which are not favored to stack or align. In contrast, for 

CATCH(6K+/6D-), the combination of a flat bilayer structure and strong face-to-face 

interactions between charged residues are consistent with the formation of multi-layer fibril 

bundles. The combination of strong intra-sheet interactions and weak face-to-face interactions 

leads to a twisted structure for CATCH(6K+/6E-), while the combination of weak intra-sheet 
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interactions and strong face-to-face interactions lead to a flat structure for CATCH(6K+/6D-). 

This phenomenon has also been observed in atomistic MD simulations of short self-assembling 

peptides.40  

2.4.3 Quantification of CATCH bilayer stacking 

Three independent explicit-solvent atomistic MD simulations were carried out for a 

CATCH(6K+/6E-) mixture and for a CATCH(6K+/6D-) mixture, with each arranged in the two 

separated bilayer configuration. The two separated bilayer configurations are essentially the 

aforementioned two stacked bilayer configurations with an additional 10Å of space between the 

bilayers, for a total spacing of ~13Å between the edges of each bilayer. The additional spacing 

allowed the bilayers to have more choice in their stacking arrangement.  

CATCH(6K+/6D-) had a greater number of contacts between charged residues on the 2nd 

and 3rd layer than CATCH(6K+/6E-), suggesting that CATCH(6K+/6D-) fibrils are more likely 

to be well-aligned than CATCH(6K+/6E-). CATCH(6K+/6D-) had 25,185 contacts between 

charged residues and an average twist angle of -2.2ę between neighboring strands. 

CATCH(6K+/6E-) had 17,652 contacts between charged residues and an average twist angle of -

2.8ę between neighboring strands. Overall, our simulations suggest that the flatter bilayer 

observed for CATCH(6K+/6D-) leads to well-aligned fibrils. 
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2.4.4 In -silico assessment of CATCH co-assembly pathway and co-assembly kinetics 

DMD/PRIME20 simulations of CATCH systems were carried out to determine their co-

assembly pathway and co-assembly kinetics. Three independent systems of equimolar mixtures 

of CATCH(6K+/6E-) and of CATCH(6K+/6D-) containing 200 peptides, starting from random-

coil configurations, were simulated for 500 billion collisions (~16 µs) at T*=0.18 (296 K). 

Simulation snapshots at 0, 8, and 16 µs were taken to examine their assembly pathways (Figure 

2.6A,B). At t=0 µs, the peptides in the CATCH(6K+/6E-) and CATCH(6K+/6D-) systems are in 

random-coil conformations and are randomly arranged in the box. For CATCH(6K+/6E-), at t=8 

Õs, nearly all the peptides have assembled into either a ɓ-sheet structure or an ordered oligomer. 

At 16 µs, CATCH(6K+/6E-) has fully assembled into ɓ-sheet structures and off-pathway ɓ-

barrels. For CATCH(6K+/6D-) at t=8 Õs, we see formation of a single ɓ-sheet, multiple 

oligomers, and many free peptides still remaining. At t=16 µs, we observed elongation of the 

previously-mentioned ɓ-sheet, however there are still free peptides remaining. ThT assays have 

demonstrated that CATCH(6K/6E) assembles faster than CATCH(6K/6D).6 Given the timescale 

(~16 µs) of our simulations and the difference in assembly kinetics between CATCH(6K+/6E-) 

and CATCH(6K+/6D-), it is not unexpected to observe some ñfreeò peptides in the 

CATCH(6K+/6D-) system. For both CATCH systems we observe ɓ-sheet growth through 

monomer addition or through the interaction of two small-ordered structures. 

Comparison of the hydrogen bond formation rates between CATCH(6K+/6E-) and 

CATCH(6K+/6D-) suggests that CATCH(6K+/6E-) fibrillizes at a faster rate than 

CATCH(6K+/6D-) (Figure 2.7A). The difference in assembly rates can be attributed to the 

difference in the anionic residue types. ThT analyses showed that CATCH(6K+/6E-) and 

CATCH(6K+/6D-) are both capable of assembling into ɓ-sheet structures, however, 



 

 34 

CATCH(6K+/6E-) assembles at a significantly faster rate than CATCH(6K+/6D-)6. In 

experiments, this is likely related to the greater interaction strength between (K+/E-) pair than 

the (K+/D-) pair.36,37 Due to its longer length, the glutamic acid sidechain in CATCH(6K+/6E-) 

has a greater range of interaction than the aspartic acid sidechain in CATCH(6K+/6D-), 

increasing the likelihood of finding the complementary lysine residue and forming backbone 

hydrogen bonds soon afterwards. By analyzing the rates of cluster formation and growth in 

CATCH(6K+/6E-) and CATCH(6K+/6D-) over time, we observe that CATCH(6K+/6E-) has a 

higher rate of ɓ-sheet assembly than CATCH(6K+/6D-), and a greater depletion rate of free 

peptides, in agreement with the hydrogen bond kinetics (Figure 2.6B) and ThT analyses.  

Independent implicit-solvent atomistic REMD simulations of a single peptide were 

carried out for CATCH(6K+), (6E-), and (6D-) to explore the conformational space of CATCH 

free peptides in solution. Each peptide started in an extended conformation and was simulated 

for 200 ns at temperatures ranging from 310 to 600K. The DSSP (Define Secondary Structure of 

Proteins) algorithm was used to determine the average secondary content of each residue for 

trajectories at 310K (Table 2.3). Here, the term helix refers to 3-10, alpha, and pi helices. For 

convenient comparison, the sum of the averages for each peptide are also provided. 

CATCH(6K+), (6E-), and (6D-) all had f helix, bend, turn, and coil conformations. Helices were 

found in all CATCH peptides between residues 3 and 9. CATCH(6E-) had the greatest total 

amount of helical content compared to CATCH(6K+) and (6D-), 6.27 vs 4.42 and 5.24 

respectively. Notably, CATCH(6K+) had the most bend conformations compared to 

CATCH(6E-) and (6D-); CATCH(6K+) had a total bend conformation of 1.25, while 

CATCH(6E-) and (6D-) had a total bend conformation of 0.43 and 0.62, respectively. 

CATCH(6K+) and (6D-) had more coil content than CATCH(6E-), 2.39 vs. 1.63, respectively. 
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The difference in discordant helix content between CATCH(K+), (6E-), and (6D-) 

observed in atomistic REMD simulations provides additional insight into experimental co-

assembly kinetics. A discordant helix is defined to be a helical segment in a peptide strand that 

has a tendency to form ɓ-strands.42,43 Our predicted conformations for CATCH(6E-) and 

CATCH(6D-) are in agreement with previously-observed conformations for aspartic acid 

oligomer and glutamic acid oligomer in simulations performed by Hunkler et. al. Their 

simulations showed that glutamic acid (E) oligomers tend to form stable Ŭ-helical structures, 

while aspartic acid (D) oligomers are intrinsically disordered.44 In addition, glutamic acid has 

been frequently found in protein sequences with a propensity for helical structures.34ɬ36 

The amount of Ŭ-helix/-beta-strand-discordance in CATCH(6E-) may facilitate ɓ-sheet 

co-assembly. Kallberg et al. found that multiple amyloidogenic peptides that are predicted to 

form ɓ-strands contain Ŭ-helices, and that fibril formation is lost upon removal or mutation of the 

Ŭ-helix-forming segments.42 In a study on amyloid ɓ-protein (Aɓ), Fezoui and Teplow found that 

a partially-folded helix-containing conformer is an intermediate in Aɓ fibril assembly, and that 

helix stabilization may facilitate fibril formation.45 However, they also found that if a helix is 

sufficiently stabilized, it can resist structural reorganization and inhibit fibril formation.45,46 The 

greater proportion of discordant helix observed in CATCH(6E-) than in (6D-) may promote 

faster ɓ-sheet assembly in CATCH(6K+/6E-) than in (6K+/6D-).  

More recent studies of Aɓ aggregation suggest that a ɓ-hairpin intermediate promotes 

dimer formation through the intermolecular ɓ-bridges.47ɬ50 CATCH peptides are too short to 

properly organize into a ɓ-hairpin. However, the bend conformation observed in CATCH(6K+) 
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may play a similar role to the ɓ-hairpin conformation observed in Aɓ by acting as a partially 

stable intermediate that facilitates peptide-peptide interactions. 

2.4.5 ɓ-barrels observed in DMD simulations of CATCH peptides 

DMD/PRIME20 simulations also reveal on-pathway and off-pathway oligomers, 

including ɓ-barrels in CATCH peptide co-assembly. In both CATCH(6K+/6E-) and 

CATCH(6K+/6D-) systems, ɓ-barrels and ordered oligomers formed in addition to ɓ-sheet 

structures. A ɓ-barrel is a ɓ-sheet that wraps around to form a cylindrical structure, with the last 

and first ɓ-strands connected by backbone hydrogen bonds. ɓ-barrels ranging in size from 6 to 8 

peptides (Figure 2.6A-B) formed relatively early in the simulations for both CATCH(6K+/6E-) 

and CATCH(6K+/6D-). Nearly all the ɓ-barrels that formed remained in a ɓ-barrel structure 

throughout the course of the simulationðstabilized by hydrogen bonds and hydrophobic 

interactions between phenylalanine residues. The ɓ-barrels that were not sufficiently stabilized 

by their intramolecular interactions unraveled to form ɓ-sheets. 

DMD simulations capture ɓ-barrel-to-ɓ-sheet transitions in both CATCH systems. 

Figure 2.6C shows a 6-mer ɓ-barrel intermediate in the CATCH(6K+/6D-) system that 

eventually seeds the final 42-mer ɓ-sheet structure. The DMD snapshots show the CATCH 

(6K+/6D-) ɓ-barrel shifting into an elliptical shape, flattening out, and opening at the ends. The 

ɓ-sheet then grows through a combination of monomer addition and interactions with other small 

ordered-structures containing ɓ-strands, ultimately forming the final 42-mer ɓ-sheet structure. ɓ-

barrel intermediates have also been observed by Sun et. al in atomistic DMD simulations of 

hIAPP19ï29 and its S20G mutant, hIAPP22ï28, Aɓ16ï22, and the Ŭ-synuclein NACore. Each 

of these peptides ultimately self-assembled into cross-ɓ aggregates.51 ɓ-barrel oligomers have 

garnered a lot of interest in the field of neurodegenerative diseases as a source of toxicity and a 



 

 37 

possible therapeutic target.52 Understanding what factors contribute to the formation of ɓ-barrel 

oligomers can aid in designing new therapeutics. Our results suggest that the combination of 

charge complementarity and alternation of hydrophilic and hydrophobic residues used to design 

CATCH peptides may also promote the formation of ɓ-barrel structures, similar to those found in 

amyloidogenic peptides and in agreement with conclusions drawn by Shao et. al on previous 

CATCH simulations.12 Although CATCH peptides produce on-pathway and off-pathway ɓ-

barrels, our research provides insight into designing stable ɓ-barrels with potential applications 

such as single-molecule sensors or DNA sequencing.53,54  

2.5 Conclusion 

In conclusion, we investigated the charged residue-residue interactions and the assembly 

pathway for two CATCH(+/-) pairs: CATCH(6K+/6E-) and CATCH(6K+/6D-). Although 

glutamic acid (E) only differs from aspartic acid (D) by one methylene group, previous studies 

have shown that this small difference in composition can lead to significant changes in structure 

at fibril and bulk material scale.55,56 Our in silico results demonstrate that sidechain type plays a 

significant role in peptide co-assembly, and in turn, may affect the resulting fibril structure and 

morphology. 

The difference in the CATCH(6K+/6E-) and CATCH(6K+/6D-) bilayer structures and 

face-to-face interactions observed in simulations provides a possible explanation for the 

difference in theirhot nanofiber structures. In experiments CATCH(6K+/6E-) forms randomly 

entangled nanofibers, while CATCH(6K+/6D-) forms multi-layer stacks of aligned fibrils. 

Atomistic molecular dynamics simulations of single bilayers predict that CATCH(6K+/6E-) 

adopts a twisted structure, while CATCH(6K+/6D-) adopts a relatively flat ɓ-sheet structure. The 

inherent twist in the CATCH(6K+/6E-) bilayer is due to the chirality of amino acids and strong 
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inter-strand sidechain-sidechain interactions. However, the CATCH(6K+/6D-) bilayer is 

restricted from twisting to accommodate the backbone hydrogen bonding and salt bridge 

interactions between neighboring charged groups. Atomistic molecular dynamics simulations of 

two bilayers stacked on top of one another show that CATCH(6K+/6E-) has weaker face-to-face 

interactions between the two bilayers than CATCH(6K+/6D-). These results are further 

corroborated with MD simulations of two separated bilayers, that show that CATCH(6K+/6E-) 

has fewer number of contacts between the two bilayers than CATCH(6K+/6D-). For 

CATCH(6K+/6E-), the twisted bilayer structure and weak face-to-face interactions lead to 

formation of thin randomly entangled nanofibers. While for CATCH(6K+/6D-), the combination 

of a flat bilayer structure and strong face-to-face interactions between charged residues leads to 

formation of multi-layer fibril bundles.  

Discontinuous molecular dynamics simulations with the PRIME20 forcefield reveal the 

ɓ-sheet co-assembly pathway for CATCH(6K+/6E-) and CATCH(6K+/6D-). DMD/PRIME20 

simulation results show that CATCH(6K+/6E-) co-assembles into ɓ-sheet structures at a faster 

rate than CATCH(6K+/6D-), further substantiating Thioflavin T results showing faster assembly 

kinetics for CATCH(6K+/6E-) than for CATCH(6K+/6D-)6. The discordant helix observed in 

atomistic single peptide REMD simulations for CATCH(6E-) provides an additional possible 

explanation for the fast assembly kinetics observed experimentally for CATCH(6K+/6E-). 

Previous studies of discordant helices in Aɓ peptides have shown that the presence of a helical 

component can lead to faster self-assembly than in the absence of the helical component.45 

However, further experimental and computational investigation on CATCH(6K+/6E-) and 

(6K+/6D-) dimerization and energy barriers for coil-to-ɓ-sheet transitions are required to better 

understand CATCH co-assembly kinetics. We acknowledge that while the implicit solvent DMD 
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and REMD simulations allow for longer simulation timescales, implicit solvent simulations by 

nature neglect the effect of solvent environment and counter-ion environment. The work 

presented focuses on sidechain-sidechain interactions and bilayer geometry. A future 

investigation on the competition between a loss in conformational entropy and a gain in counter-

ion and solvent release entropy is necessary to determine the thermodynamic pathway for 

CATCH coassembly. 

In addition to ɓ-sheet formation, we also observed ɓ-barrel intermediates in both 

CATCH(6K+/6E-) and CATCH(6K+/6D-) DMD simulations, similar to those found in atomistic 

MD simulations of amyloidogenic peptides by Sun et. al.51 In future work, we hope to extend our 

investigation and explore the free-energy surface of CATCH intermediates to gain a better 

understand of CATCH coassembly. 

Understanding how sidechain composition relates to assembly kinetics and ultimately to 

mechanical properties expands the bioengineerôs toolkit for peptide design. CATCH(+/-) 

peptides are cationic and anionic variants of Q11[QQKFQFQFEQQ]. The alternating motif of 

hydrophobic and hydrophilic residues is a common theme in self-assembling peptides and is 

maintained in the CATCH system. CATCH peptides are similar to intrinsically disordered region 

(IDR) sequences in that both are typically made up of charged residues57. The charged residues 

hinder two CATCH peptides of the same charge from self-assembling. However, CATCH 

peptides contain the hydrophobic residues which IDR sequences generally lack; the hydrophobic 

residues form the hydrophobic core of CATCH bilayers, creating an ordered structure with 

potential for fibril growth. There is still a daunting number of sequence mutations within the 

CATCH system to exploreðand with each mutation, its effect on fibril structure. We envision 

that through a combination of computational and experimental collaboration, we can design ɓ-
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strand structures (whether it be ɓ-barrels or ɓ-sheets) with precise organization, and 

subsequently, biomaterials with uniform properties. 
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Figures and Tables 

 
 

Figure 2.1 (A) Schematic of CATCH peptide sequence and sidechain structure for CATCH(6K+) in blue, (6E-) in 

red and (6D-) in orange, (B) Front view of CATCH(6K+/6E-) and CATCH(6K+/6D-) fibril showing two stacked 

bilayer starting structures built in PACKMOL and rendered in Chimera.6,7 Sidechain structures are represented using 

sticks and colored based on the schematic from (A). Backbones are represented using black arrows and are directed 

into or out of the page. (C) Side view of CATCH(6K+/6E-) and CATCH(6K+/6D-) system.  
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Figure 2.2 Morphology of CATCH(6K+/6E-) and CATCH(6K+/6D-) co-assemblies. (A) Cryogenic TEM 

micrographs of CATCH(6K+/6E-) and CATCH(6K+/6D-) in the sol state (1 mM total peptide). (B) Cryogenic SEM 

micrographs of CATCH(6K+/6E-) and CATCH(6K+/6D-) in the gel state (12 mM total peptide).  

 

 
 

Figure 2.3 Snapshots of (A-B) CATCH(6K+/6E-) and (C-D) CATCH(6K+/6D-) bilayers before and after 100 ns of 

simulation. Final structure of CATCH(6K+/6E-) and CATCH(6K+/6D-) have an average twist of -2.90 and 0.43° 

between neighboring peptides, respectively. 
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Figure 2.4 Snapshots of (A-B) CATCH(6K+/6E-) and (C-D) CATCH(6K+/6D-) bilayers before and after 100 ns of 

simulation. Final structure of CATCH(6K+/6E-) and CATCH(6K+/6D-) have an average twist of -2.90 and 0.43° 

between neighboring peptides, respectively. 

 

 

 
 

Figure 2.5 Contact map for (A) CATCH(6K+/6E-) and (B) CATCH(6K+/6D-). Contacts are counted for all atoms 

in each single bilayer system and grouped by residue. Contacts between two atoms were determined using a distance 

cutoff of 7Å. Values reported are averaged over three independent MD simulations. 
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Figure 2.6 Snapshots of (A-B) CATCH(6K+/6E-) and (C-D) CATCH(6K+/6D-) two stacked bilayers before and 

after 100 ns of simulation. Distances between the second and third layer of each structure are indicated. 
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Figure 2.7 DMD Snapshots of (A) CATCH(6K+/6D-) and (B) CATCH(6K+/6E-) over the course of a 16 ɛs DMD 

simulation. Cationic peptides containing lysine are represented in teal. Anionic peptides containing aspartic acid are 

represented in orange, while anionic peptides containing glutamic acid are represented in red. (C) Chronological 

snapshots of oligomer growth, conformation change, and elongation of a ɓ-barrel in the CATCH(6K+/6D-) 

simulation. 
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Figure 2.8 (A) Quantitative assessment of hydrogen bond formation over DMD simulation. (B) Analysis of free 

peptide depletion (orange), oligomerization (purple), and fibrillization (black). 
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Table 2.1 Summary of hydrogen bonding and LIE analysis for CATCH single bilayer structures. Hydrogen bonds 

and salt bridges were calculated using geometric criteria: an angle cutoff of 135ę and a distance cutoff of 3.0¡. Salt 

bridges were defined to be between the hydrogens on lysineôs ammonium group and the oxygens on glutamic acid 

or on aspartic acidôs -carboxylic acid group. Salt bridge VDW and ELE interactions were calculated between the 

atoms on the lysineôs ammonium group and the atoms on glutamic acid and aspartic acidôs carboxylic acid group. 

VDW interactions between charged residues are calculated using the LIE approach and exclude backbone atoms. 

Values listed are averaged over three independent simulations. 

System No. of backbone 

hydrogen bonds 

No. of salt 

bridges 

Salt bridge VDW 

interactions 

(kcal/mol) 

Salt bridge ELE 

interactions 

(kcal/mol) 

VDW interactions between 

charged residues 

(kcal/mol) 

CATCH(6K+/6E-) 128.2 ± 0.5 34.9 ± 1.8 54.3± 4.4 -5402.0± 100 -125.9 ± 3.8 

CATCH(6K+/6D-) 119.2 ± 4.8 27.6 ± 1.3 42.3± 2.1 -4410.3± 140 -85.8 ± 1.8 

 

 

Table 2.2 Summary of MMGBSA and LIE analysis for CATCH two stacked bilayer structures. MMGBSA values for VDW and 

ELE energies are calculated by considering the interactions between the top bilayer and the bottom bilayer. LIE values for VDW 

energies are calculated by considering only the sidechain-sidechain interactions between the charged residues on the top bilayer 

and the bottom bilayer. Values listed are averaged over three independent simulations. 

System VDW 

(kcal/mol) 

ELE 

(kcal/mol) 

VDW  

(LIE) 

(kcal/mol) 

CATCH(6K+/6E-) -67.0 ± 3.5 -1848.3 ± 471.2 -20.7 ± 4.4 

CATCH(6K+/6D-) -151.4 ± 24.3 -2355.1 ± 600.2 -49.8 ± 8.5 
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Table 2.3 Summary of DSSP analysis for each CATCH single peptide REMD simulation. Average secondary content over all 

frames for each residue are reported. Helix is the sum of the averages for 3-10, alpha, and pi helices. The total value is the sum of 

the averages over each CATCH single peptide. 

 
Helix 

 
Bend 

  
Turn 

  
Coil   

Residue (6K+) (6E-) (6D-) (6K+) (6E-) (6D-) (6K+) (6E-) (6D-) (6K+) (6E-) (6D-) 

1 0.23 0.24 0.20 0.00 0.00 0.00 0.29 0.22 0.19 0.48 0.54 0.61 

2 0.39 0.47 0.37 0.00 0.00 0.00 0.32 0.27 0.25 0.28 0.27 0.37 

3 0.47 0.62 0.54 0.18 0.08 0.10 0.24 0.23 0.24 0.09 0.07 0.12 

4 0.50 0.66 0.60 0.19 0.09 0.09 0.23 0.21 0.25 0.08 0.04 0.06 

5 0.48 0.69 0.63 0.18 0.07 0.09 0.24 0.18 0.21 0.10 0.07 0.08 

6 0.50 0.72 0.64 0.21 0.07 0.09 0.22 0.19 0.22 0.06 0.03 0.05 

7 0.55 0.75 0.63 0.13 0.04 0.07 0.27 0.18 0.21 0.05 0.03 0.09 

8 0.48 0.74 0.60 0.20 0.04 0.10 0.26 0.19 0.25 0.06 0.02 0.05 

9 0.43 0.66 0.50 0.16 0.04 0.09 0.32 0.26 0.30 0.09 0.04 0.12 

10 0.27 0.46 0.34 0.00 0.00 0.00 0.31 0.39 0.35 0.41 0.16 0.31 

11 0.12 0.28 0.19 0.00 0.00 0.00 0.18 0.34 0.29 0.70 0.39 0.52 

Total 4.42 6.27 5.24 1.25 0.43 0.62 2.88 2.66 2.75 2.39 1.63 2.39 
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2.7 Supporting Information  

 
 

Figure 2.9 Final snapshots of CATCH(6K+/6E-) and CATCH(6K+/6E-) separated bilayer simulations after 200 ns MD 

simulation. (A) Top row shows side views for three independent simulations of CATCH(6K+/6E-) separated bilayer simulations. 

(B) Bottom row shows side views for three independent simulations of CATCH(6K+/6E-) separated bilayer simulations. 
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Chapter 3 Modulating peptide co-assembly via macromolecular crowding: Recipes for co-

assembled structures 

Chapter 3 is essentially a manuscript by Xin Dong, Madisen Domayer, Gregory A Hudalla, and 

Carol K. Hall submitted to Nanoscale. 
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3.1 Abstract 

Peptide-based biomaterials are commonly found in applications such as tissue 

engineering, wound healing, and drug delivery. Control over the size and morphology of the 

peptide supramolecular structure remains a challenge. One way to influence peptide assembly is 

through macromolecular crowding. Here we use discontinuous molecular dynamics simulation 

combined with the PRIME20 force field to investigate the effect of hydrophobic crowders on the 

architecture of co-assembled peptide aggregates. The peptide system used in this work is a 

mixture of oppositely-charged synthetic peptides: ñCATCH(6K+)ò (KQKFKFKFKQK) and 

ñCATCH(6E-)ò (EQEFEFEFEQE). The systems explored contained a mixture of 50 

CATCH(6K+) and 50 CATCH (6E-) peptides at peptide concentrations of 5 mM and 20 mM, 

and crowders with diameters of 10, 20, 40 and 80 Å. Crowders were modeled as spheres with 

either hard-sphere or square-well/square-shoulder interactions. At low concentrations where 

CATCH co-assembly typically does not occur, the crowders were effective chaperones to trigger 

co-assembly. Small hard-sphere crowders promoted formation of multilayer fibrils. Large hard-

sphere and moderately hydrophobic crowders led to shorter fibrils and stabilized oligomer 

intermediates. Large highly hydrophobic crowders promoted the formation of ɓ-sheets and 

suppressed the formation of oligomers. Overall, the simulations demonstrate that the crowder 

size and crowder-sidechain interaction strength govern the supramolecular architecture of 

peptide co-assemblies.   

3.2 Introduction  

Peptide self-assembly is a process in which peptides spontaneously come together to 

form organized structures. It is a hallmark of amyloidogenic and neurodegenerative diseases, e.g. 

the self-assembly of Aɓ in Alzheimerôs, Ŭ-synuclein in Parkinsonôs, and amylin in diabetes. The 
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self-assembling properties of peptides can be leveraged to develop supramolecular biomaterials 

such as hydrogels, vesicles, lipid bilayers, and tubular structures1. Peptide-based biomaterials are 

a particularly attractive choice for biological applications such as biosensing, drug delivery, and 

tissue engineering due to their mechanical stability, biocompatibility, and biodegradability2ï4. As 

peptide-based structures rely solely on physical cross-linking, as opposed to chemical 

modifications, there is low risk of introducing harmful agents upon administration5. Any artifacts 

from peptide degradation are naturally-occurring amino acids that can be metabolized by the 

cells. An added benefit of peptide biomaterials is that they can be functionalized by conjugating 

the self-assembling peptide to a molecule with the desired functionality6.  

The bulk properties of biomaterials govern their performance for biomedical applications. 

For example, network alignment, pore size, and stiffness can impact cell behavior, which can be 

consequential in tissue engineering or regenerative medicine as cells are responsive to the 

stiffness of their environment7. In drug delivery, the rigidity of the nanostructure can determine 

how well it can transport across biological hydrogels and cellular barriers 8. In addition, the size, 

shape, and charge of the carrier material directly impact how it interacts with its target9. For 

supramolecular peptide-based biomaterials it is advantageous to understand how assembly 

conditions affect fibril structure, which underlies bulk material properties. 

Previous research conducted on the effect of amino acid sequence on peptide assembly 

provides general guidelines for designing peptide-based supramolecular structures with 

predictable architectural features10ï14. Generally, self-assembling peptides are amphiphiles with 

alternating hydrophobic and hydrophilic residues. Altering the peptide sequence can change the 

cross-linking interactions between peptides, and in turn the bulk properties of the resulting fibril 

structure15,16. The chain length and structure of the peptide also determine the fibril architecture. 
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Peptide-based hydrogels have been built from long and short-chain peptides, ɓ-structures (sheets, 

hairpins, or turns), Ŭ-helical peptides, and cyclic peptides17ï19. Advances in peptide synthesis 

have broadened the range of designer peptides that researchers can access to construct their 

desired fibril structures.  

The morphology of a peptide fibril can be modulated by transforming its environment 

through crowding rather than by altering its primary structure through sequence mutations. 

Macromolecular crowding is the phenomenon in which a high concentration of macromolecules 

added to a solution of peptides impacts the interactions and transport properties of the peptides20. 

The concept of macromolecular crowding was first introduced by Minton in 1981 and has since 

been extensively researched and reviewed21ï25. Motivation for research on macromolecular 

crowding in biological systems comes in part from the observation that cells themselves are 

crowded26. Understanding of how crowders impact peptide assembly has advanced our 

understanding of peptide aggregation. For example, within the Aɓ system, the introduction of 

metal NPs has been shown to both accelerate and inhibit fibrillization 27ï30. In the field of 

biomaterials, previous work has demonstrated that macromolecular crowding can be used to alter 

hydrogel stiffness. Ranamukhaarachchi and coworkers used 8 kDa PEG crowders to fine-tune 

fibril architecture and the degree of confinement in collagen hydrogels 31. They showed that 

increasing the amount of PEG added during collagen assembly increased the tightness and 

durability of collagen fiber networks. Hamzai and coworkers found that the introduction of Ficoll 

crowders to collagen gels increased their resistance to mechanical stress32. Experiments by 

Hirota and coworkers revealed that PEG crowders converted a linear cytochrome c trimer to a 

smaller cyclic trimer33. Restuccia and coworkers showed that crowded conditions led to the 

alignment of glycosylated peptide fibrils34. Collectively, these examples demonstrate that the 
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impact of crowding on peptide assembly is complex, as trends in one system cannot always be 

generalized to another. Inspired by the afore-mentioned previous work, we hypothesize that 

macromolecular crowding can be used to influence the size and morphology of supramolecular 

peptide nanostructures.   

The objective of this work is to determine the effect of crowder size and crowder-

sidechain interaction strength on peptide co-assemblyða process in which two distinct peptides 

spontaneously associate to form a supramolecular structure. Our peptide system is a mixture of 

oppositely-charged synthetic peptides, referred to as CATCH (Co-Assembly Tags based on 

Charge complementarity) 35. Although various CATCH pairs have been reported, here we limit 

our study to the  ñCATCH(6K+)ò (KQKFKFKFKQK) and ñCATCH(6E-)ò (EQEFEFEFEQE). 

CATCH peptides of the same charge resist self-assembly due to strong electrostatic repulsion. 

The CATCH(6K+/6E-) system has been experimentally and computationally shown to 

selectively co-assemble into ɓ-sheet nanofibers with an alternating ñABABò motif of positively-

charged and negatively-charged peptide strands above a critical concentration in the low 0.1 mM 

range 12ï14,36. At mM concentration, CATCH(6K+/6E-) nanofibers can undergo a sol-gel 

transition to form a physically crosslinked hydrogel. Here we used discontinuous molecular 

dynamics simulations to understand the effect of hydrophobic crowders on CATCH(6K+/6E-) 

co-assembly in dilute and concentrated conditions.  

In this work, we apply discontinuous molecular dynamics simulation with the 

intermediate-resolution PRIME20 force field to study the effect of crowders on peptide co-

assembly. We consider two conditions: (1) a low peptide concentration where co-assembly 

typically does not take place, and (2) a high peptide concentration where co-assembly typically 

does take place. Crowders are modeled as spheres for simplicity. A factorial design was carried 
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out to systematically investigate the impact of varying crowder size (diameter=10, 20, 40, 80 Å) 

and crowder-sidechain interaction strength (0, ½, 1, 2, 5Ů) on peptide co-assembly at low 

(Cpeptide=5 mM) and high (Cpeptide=20 mM) peptide concentrations. All simulations involving 

crowders were performed at a crowder volume fraction űcrowder=0.20. 

Highlights of our results include the following: At a low peptide concentration where 

aggregation is typically not observed, the addition of any size crowder resulted in co-assembly. 

Small hard-sphere crowders were the most effective for guiding peptide co-assembly into fibrils 

containing two or more ɓ-sheet layers. The presence of crowders can alter the relative orientation 

of neighboring ɓ-strands in a ɓ-sheet structure. Adding crowders into the CATCH(6K+/6E-) 

mixture increased the instances of mismatched nearest neighbors (instances of AA or BB pattern 

rather than AB) and ñflippedò nearest neighbors in a ɓ-sheetðinstances where the hydrophobic 

residues that lie on one side of a ɓ-strand are flipped along the backbone relative to the 

hydrophobic residues of the neighboring ɓ-strand. Introduction of small hard-sphere, weakly-

hydrophobic, or hydrophobic crowders increased fibril thickness. Large hard-sphere or 

hydrophobic crowders increased the number of stabilized oligomer intermediates in a system. 

Large highly-hydrophobic crowders promoted and stabilized the formation of ɓ-sheet oligomers 

and prevented formation of cylindrins and multilayer fibril structures. In summary, simulations 

show that crowder size and interaction strength influence the organization of peptides. Our work 

provides a comprehensive approach to systematically evaluate the effect of crowders on peptide 

assembly; the method presented can be extended to other peptide sequences and crowder-

sidechain interactions. 
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3.3 Results and Discussion 

In this work we considered peptide concentrations of 5 and 20 mM, crowder-sidechain 

interaction strengths of 0, ½, 1, 2, and 5Ů, and crowder diameters of 10, 20, 40 and 80 Å, at a 

constant crowder volume fraction of űcrowder= 0.20. The crowder volume fraction is defined as 

űcrowder = NVCR/V (where N is the number of crowders, VCR is the volume occupied by a single 

crowder, and V is the volume of the simulation box). This was the highest crowder volume 

fraction that allowed us to consider a wide range of crowder diameters and a timescale of ~16 ɛs 

without requiring an unreasonably long CPU time. The unit for crowder-sidechain interaction 

strength Ů is based on the phenylalanine sidechain in PRIME20 (see Methods). For example, 0Ů 

represents a hard-sphere interaction and 1Ů represents a hydrophobic interaction equivalent to a 

phenylalanine sidechain group. The interaction energy parameters are provided in Table 3.4 in 

Methods. The hydrophobic crowders have attractive interactions with phenylalanine (F) 

sidechains, and repulsive interactions with glutamine (Q), glutamic acid (E), and aspartic acid 

(D) sidechainsðconsistent with how a phenylalanine sidechain is modeled in the PRIME20 

force field. A visual of each crowding condition is shown in Figure 3.1. The peptide 

concentration throughout this paper refers to the number of peptides per unit volume and is 

defined as: ὅ ὔ Ⱦὔὠ, where ὔ  is Avogadro's number and ὠ is the volume of 

the simulation box. The addition of crowders increases the excluded volume (volume 

inaccessible to peptides due to the presence of crowders and other peptides) and effectively, the 

peptide concentration. This increased peptide concentration is referred to as the "effective 

peptide concentration" and is defined as: ὅ ὔ Ⱦὠρ ‰  . At a crowder volume 

fraction of űcrowder= 0.20, the effective peptide concentrations for 5 and 20 mM systems become 

6.3 mM and 25.3 mM, respectively. 
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3.3.1 Aggregation in the absence of crowders 

Simulations of CATCH(6K+/6E-) peptides in the absence of crowders were performed to 

establish a baseline for peptide co-assembly. Systems of equimolar CATCH(6K+) and 

CATCH(6E-) mixtures containing a total of 100 peptides were simulated for 500 billion 

collisions (~16 ɛs), at a reduced temperature of T*=0.20 (~342 K) and concentrations of 5 and 

20 mM. This simulation temperature is the temperature above which systems of 

CATCH(6K+/6E-) peptides at Cpeptide=20 mM are unlikely to form fibril structures. The final 

simulation snapshots are shown in Figure 3.2. At a peptide concentration of 5 mM, nearly all of 

the CATCH(6K+/6E-) peptides remained in a random coil conformation throughout the 

simulation. The final simulation snapshot in this case revealed the presence of small ordered 

assemblies: a dimer and a hexameric cylindrin. Cylindrins are ɓ-sheet structures connected by 

backbone hydrogen bonds that have wrapped around to form a ɓ-barrel-like structureðtypically 

composed of six or eight peptides. The structures formed at Cpeptide=5 mM agree with previous 

observations of oligomer formation at lower concentrations in the CATCH(4K+/6E-) system37. 

At a peptide concentration of 20 mM, the CATCH(6K+/6E-) peptides organized into a long 

antiparallel ɓ-sheet bilayer with an alternating motif of CATCH(6K+) and CATCH(6E-) 

peptides. This ɓ-sheet structure is consistent with previous experimental and simulation-based 

observations of CATCH(6K+/6E-) structures12ï14. 

Fibrils are the largest ordered structures that form during CATCH(6K+/6E-) co-assembly 

in DMD simulations. In experiments, CATCH(6K+/6E-) fibrils extend to form nanofibers that 

can further crosslink into hydrogels12,13. The fibrils formed at Cpeptide=20 mM contained a 

maximum of two ɓ-sheets stacked upon one another, with the hydrophobic phenylalanine 

sidechains pointing inwards (between the sheets) and the charged lysine and glutamic acid 
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sidechains pointing outwards. The ɓ-sheets within the fibril were antiparallel and exhibited the 

expected ABAB pattern between strands of positively-charged and negatively-charged peptides. 

For a third ɓ-sheet to laminate or form upon the two existing ɓ-sheets, the negatively-charged 

residues on the CATCH(6E-) peptides on one ɓ-sheet would need to align with the positively-

charged residues on the CATCH(6K+) peptides on the other ɓ-sheet, and vice versa. We 

speculate that we have not captured this lamination event in DMD/PRIME20 simulations 

because at a reduced temperature of T*=0.20, which is relatively high, it is unlikely that this 

alignment of negatively and positively-charged residues will occur.   

3.3.2 Effect of crowding on peptide co-assembly kinetics 

In this section we summarize the impact of crowding on peptide co-assembly kinetics at 

three crowder-sidechain interaction strengthsðhard-sphere (0Ů), moderately hydrophobic (2Ů), 

and strongly hydrophobic (5Ů)ðand detail how the behavior at each interaction strength changed 

with crowder size. The impact of crowding on peptide co-assembly was characterized by 

calculating the number of peptides in assembled structures and the number of sidechain-

sidechain interactions over the course of a simulation. An ñassembledò structure is defined to be 

a group of peptides that share either four hydrogen bonding interactions or four sidechain-

sidechain interactions. The effect of the crowder-sidechain interaction strength and the crowder 

size on assembly kinetics was more pronounced for Cpeptide=20 mM than for 5 mM and is 

discussed in detail below. The effect of crowders on peptide assembly fluctuated at Cpeptide=5 

mM due to the sparseness of CATCH(6K+/6E-) peptides in a low concentration system and the 

timescale explored in our simulations (~16 ɛs).  

Hard-sphere (0Ů) crowders increased the rate of co-assembly for CATCH(6K+/6E-) 

peptides and stabilized co-assemblies. Interestingly, the rate of assembly for Cpeptide =5 mM in 
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the presence of 10 Å hard-sphere crowders was higher than in a noncrowded Cpeptide=20 mM 

system, even though the effective concentration (Ceff=6.3 mM) was much lower. This result 

demonstrated that a crowded system with hard-spheres is more effective than a non-crowded 

high concentration system in driving peptide assembly. For both Cpeptide=5 mM and 20 mM, the 

rate of peptide co-assembly increased with decreasing crowder diameter (Figure 3.3 shows 

results for Cpeptide=20 mM). Decreasing the crowder diameter increased the depletion forces 

between peptides, in agreement with theory and with previous computational and experimental 

observations 38ï40. In a hard-sphere crowded environment, CATCH(6K+/6E-) peptides are 

incentivized to assemble as the peptide aggregates occupy less space and experience a greater 

number of favorable interactions than in the random coil conformation. The increase in peptide 

co-assembly in the presence of inert crowders demonstrates that hard-sphere repulsions are 

entropically stabilizing24,25. Our results are consistent with previous simulations carried out by 

Latshaw et al. in which the addition of hard-sphere crowders increased the rate of aggregation of 

Aɓ(16-22) 38 Experimentally, excluded volume effects by inert polymers have been reported to 

increase the rate of amyloid aggregation and stabilize compact conformations41ï43.  

Strongly-hydrophobic 2Ů crowders of diameter 40 and 80Å were effective in initiating 

CATCH(6K+/6E-) co-assembly, but later obstructed the formation of sidechain-sidechain 

interactions between peptides (Figure 3.4). In the presence of strongly-hydrophobic 2Ů crowders, 

the phenylalanine sidechains on CATCH(6K+/6E-) peptides favored interactions with the 

crowders over interactions with other phenylalanine sidechains; this led to a reduction in the 

maximum number of sidechain-sidechain interactions that formed compared to systems with 

hard-sphere crowders or no crowders. The rate of formation of sidechain-sidechain interactions 

increased with crowder size. At the start of the simulation, crowders with 40 and 80Å diameters 
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promoted sidechain-sidechain interactions by recruiting peptides to their surfaces and increasing 

the local concentration. In other words, the surface of the large strongly-hydrophobic crowders 

with 40 and 80 Å diameters acted as a template for CATCH(6K+/6E-) peptide co-assembly. 

However, since CATCH(6K+/6E-) phenylalanine sites were occupied by the crowders, the 

maximum number of sidechain-sidechain interactions that formed is reduced compared to the 

case with no crowders (dashed line Figure 3.4). This explains why the ɓ-sheet structures form in 

the presence of strongly-hydrophobic 2Ů crowders of diameter 40 and 80Å, as will be discussed 

in later sections.  

Extremely-hydrophobic (5Ů) crowders with diameters of 10 and 20 Å suppressed peptide 

co-assembly (Figure 3.5). For both Cpeptide=5 (not shown) and 20 mM, the 10 and 20 Å diameter 

crowders with 5Ů interaction strength inhibited co-assembly as the CATCH(6K+/6E-) peptides 

could not escape the strong interaction with the crowder. At a fixed crowder volume fraction, as 

the crowder diameter decreased, the number of crowders needed to maintain the same crowder 

volume fraction increased; smaller crowders created a more homogenous and well-dispersed 

void space and increased the likelihood of a crowder-sidechain interaction compared to systems 

of large crowders. As a result, CATCH(6K+/6E-) peptides in the presence of small extremely-

hydrophobic crowders were restrained in movement due to their interaction with the crowder and 

remained relatively dispersed in the system in random coil conformations. Similarly, previous 

simulations by Latshaw showed that highly-hydrophobic crowders led to disordered Aɓ(16-22) 

oligomers44. Inhibition of peptide assembly by small interacting crowders has been observed 

experimentally as well. Gao et al. used L-glutathione (GSH) coated AuNPs as their crowder 

model; the GSH has free carboxyl and amino groups that have non-specific electrostatic and 

hydrogen bonding interactions with Aɓ. They showed that larger AuNPs accelerated Aɓ40 
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fibrillation, while smaller AuNPs suppressed Aɓ40 fibrillation, and Au nanoclusters completely 

inhibited Aɓ40 fibrillation28.  

It helps to summarize the full range of interaction strengths explored: Hard-sphere (0Ů) 

and weakly-hydrophobic (½Ů) crowders were more effective in driving co-assembly as the 

crowder diameter decreased. In contrast, moderately (1Ů) to extremely (5Ů) hydrophobic 

crowders were more effective in driving co-assembly as the crowder diameter increased. 

Extremely-hydrophobic (5Ů) crowders of 10 and 20 Å diameters suppressed peptide co-

assembly.  

3.3.3 Effect of crowders on fibril structure 

The assembled CATCH(6K+/6E-) structures that were observed in the presence of 

crowders were classified as either oligomers or fibrils. By "assembled structure", we mean a 

cluster of CATCH(6K+/6E-) peptides in which each of the peptides share at least four hydrogen 

bonding interactions or share at least four sidechain-sidechain interactions with another peptide 

in the cluster. An oligomer is defined as an assembled structure that contains less than or equal to 

eight peptides or is a monolayer ɓ-sheet structure. A fibril is an assembled structure that contains 

greater than eight peptides and has more than one ɓ-sheet layer.  

CATCH(6K+/6E-) fibril formation was promoted by the addition of small (10 Å) 

crowders at Cpeptide=5 and 20 mM (Figure 3.6). At a low peptide concentration (Cpeptide=5 mM), 

fibril formation typically does not occur in the absence of crowders. However, the addition of 

small hard-sphere (0Ů) or weakly-hydrophobic (½Ů) crowders led to the formation of fibrils that 

contained two ɓ-sheet layers. The addition of small hydrophobic (1Ů) and strongly-hydrophobic 

(2Ů) crowders led to the formation of single-layer ɓ-sheet structures. The addition of small 

extremely-hydrophobic (5Ů) crowders prevented any assembly. As the crowder-peptide 
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interaction strength increased, the level of organization in the assembled structures decreased. At 

a high peptide concentration (Cpeptide=20 mM), where fibril formation typically does occur in the 

absence of crowders, these fibrils contained a maximum of two ɓ-sheet layers. However, the 

addition of small 0, ½, 1Ů, and 2Ů crowders at Cpeptide=20 mM led to the formation of fibrils that 

contained greater than two ɓ-sheet layers. At Cpeptide=5 and 20 mM, addition of small hard-

sphere crowders was more effective at promoting fibril formation than addition of the compared 

larger and more hydrophobic crowders. To summarize, the addition of small 10 Å crowders led 

to the formation of: (1) fibril structures in low concentration systems where assembly typically 

does not occur and (2) thicker fibril structures in high concentration systems where assembly 

typically does occur.  

The presence of small 0Ů to 2Ů crowders led to CATCH(6K+/6E-) fibril structures with 

instances of ñflippedò neighboring ɓ-strands within a ɓ-sheet that facilitated the formation of 

relatively thick fibrils (Figure 3.6). The term "flipped" is used here to describe neighboring ɓ-

strands in which the hydrophobic residues on one ɓ-strand are facing the opposite direction 

relative to the direction faced by the hydrophobic residues on its neighboring ɓ-strand (Figure 

3.7). In contrast, the hydrophobic residues on neighboring ɓ-strands typically point in the same 

direction. Due to this ñflippingò of ɓ-strands, we observe formation of a ɓ-sheet bilayer with a 

hydrophobic core, but with a segment of hydrophobic residues facing the solvent on the end of a 

ɓ-sheet. CATCH(6K+/6E-) peptides then add on to the exposed hydrophobic face forming a 

third layer that elongates further. The presence of crowders also increased the number of 

mismatches between neighboring CATCH(6K+/6E-) peptides in a ɓ-sheet; by mismatch here we 

mean that nearest neighbor CATCH peptides are of the same charge. The observation of 

ñflippedò and mismatched neighboring ɓ-strands suggests that crowders can lead to instances of 
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misalignment in peptide fibril structures. The influence of crowders on the secondary structure of 

polypeptides has been explored experimentally. Yeung and coworkers showed that the crowded 

environment of a reversed micelle led to the formation of antiparallel ɓ-sheet Aɓ structures, as 

opposed to the expected parallel arrangement45. This antiparallel orientation of Aɓ was also 

observed by Gladtz and coworkers in molecular dynamics simulations employing gold 

nanoparticles as crowders29. Additionally, simulations by Parray et. al found that ethylene glycol 

crowders resulted in a small increase in Ŭ-helical content in cytochrome c proteins 46. The 

atypical secondary structures observed in our simulations and work by others are likely due to 

the restrictive void spaces produced by the presence of crowders. 

3.3.4 Effect of crowding on oligomer formation 

Oligomer formation initiates CATCH(6K+/6E-) co-assembly and is generally followed 

by ɓ-sheet and fibril formation. Here, we classify oligomers to include lone ɓ-sheet structures. 

An oligomer can either elongate through monomer addition, grow by merging with another 

oligomer, or remain a small-ordered structure throughout the simulation. At Cpeptide=5 mM in the 

absence of crowders, most peptides remained in a random coil state with a few peptides forming 

small oligomers that did not graduate to form a fibril. At Cpeptide= 20 mM in the absence of 

crowders, most oligomers that formed at the beginning of the simulation transitioned to ɓ-sheet 

and fibril structures by ~4 ɛs.  

The large 80 Å hydrophobic crowders stabilized oligomer intermediates and short fibril 

structures at Cpeptide=20 mM. The ½Ů, 1Ů, and 2Ů crowders with an 80 Å diameter led to the 

formation of multiple small ordered CATCH(6K+/6E-) co-assemblies that did not merge with 

other oligomers to form a larger structure (Figure 3.8). These small ordered co-assemblies were 
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either small fibril structures, cylindrin structures, or long ɓ-sheets. The presence of crowders led 

to an increased frequency of CATCH(6K+/6E-) peptides participating in a cylindrin structure.  

The increased formation of small ordered oligomers in the presence of large 80 Å 

hydrophobic crowders is likely a consequence of the compartments formed by the crowders and 

is chaperoned by the crowder-sidechain interactions. Hydrophobic crowders have both attractive 

and repulsive interactions with CATCH(6K+/6E-) sidechains. Scaling up the crowder-sidechain 

interaction, Ů, strengthened both types of interactions. The duality of attractive and repulsive 

crowder-sidechain interactions incentivized a hydrophobic collapse of CATCH(6K+/6E-) 

phenylalanine residues, leading to oligomeric species with a hydrophobic core and charged 

residues facing outwards. When a repulsive interaction occurs between a crowder and a charged 

residue, the crowder appears to have a larger volume (in comparison to hard-sphere crowders) as 

the charged residue cannot easily enter the region defined by the square-shoulder potential. The 

augmented excluded volume generated by the repulsive interactions between the hydrophobic 

crowders and the charged residues further stabilized the small aggregates. Simulations results are 

supported by experimental work by Munishkina and coworkers who found that fibrillation of 

oligomeric species was slowed down or inhibited by polymeric crowders 47. Lee and coworkers 

demonstrated that the addition of dextran or Ficoll (under shaking conditions) resulted in shorter 

Aɓ fibrillar species43. They suggested that shaking prevented polymeric crowders from forming a 

structure mesh and allowed excluded volume effects to dominate. Our simulations and previous 

work suggest that excluded volume effects produced by crowders can stabilize oligomeric 

species and fibril fragments.  
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3.3.5 Effect of crowding on ɓ-sheet formation 

CATCH(6K+/6E-) peptides formed long ɓ-sheet structures in the presence of large 40 Å 

hydrophobic crowders with an interaction strength of 1Ů and 2Ů. In the presence of 1Ů 

hydrophobic 40 Å crowders, the peptides assembled into a percolated two-layer ɓ-sheet structure 

spanning the simulation box and connecting to its periodic copy (Figure 3.9). In the presence of 

2Ů hydrophobic 40 Å crowders, the peptides assembled into a single-layer ɓ-sheet structure 

longer than the length of the simulation box (Figure 3.10). Hydrophobic crowders larger than 10 

Å in diameter provided a surface for nucleation and stabilized ɓ-sheet structures. Large 

hydrophobic (1Ů) and strongly-hydrophobic (2Ů) 40 Å crowders led to longer ɓ-sheets than 20 

and 80 Å crowders at the same peptide-crowder interaction strengths. In a simulation study of 

hydrophobic crowders, Latshaw calculated the minimum diameter, 24.4 Å, of a sphere that 

would allow for a 3-peptide ɓ-sheet to form along the surface 38. Crowders with diameters below 

24.4 Å have too small a curvature and hinder hydrogen bond formation. As the crowder diameter 

increased, the angle between consecutive peptides in a ɓ-sheet laying on the crowder surface 

decreased, facilitating ɓ-sheet nucleation on a crowder surface. In the presence of 40 Å 

hydrophobic crowders, CATCH(6K+/6E-) formed a ɓ-sheet structure that spanned the surfaces 

of multiple crowders. However, in the presence of 1Ů hydrophobic 80Å crowders, 

CATCH(6K+/6E-) cannot easily span across multiple crowders, likely due to the large gaps 

created in between the crowders. In the presence of 2Ů hydrophobic 80 Å crowders, 

CATCH(6K+/6E-) formed individual ɓ-sheet structures that wrapped around the large crowders 

(Figure 3.10). We surmise that 40 Å is the optimal crowder diameter for facilitating the 

formation of long ɓ-sheet structures. 
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CATCH(6K+/6E-) peptides only formed single-layer ɓ-sheets in the presence of 2Ů and 

5Ů hydrophobic crowders with diameters of 40 and 80 Å structures at Cpeptide=5 and 20 mM 

(Snapshots for 2Ů hydrophobic crowder systems at Cpeptide= 20 mM are shown in Error! R

eference source not found.). Under these conditions, it is more energetically favorable for the 

phenylalanine residues on CATCH(6K+/6E-) to interact with the crowder than with the 

phenylalanine residues on another CATCH peptide. The hydrophobic crowders continually 

recruited the CATCH peptides to their surfaces; there the peptides assembled into ɓ-sheet 

structures or added onto existing ɓ-sheet structures. The strong crowder-sidechain interaction 

prevented ɓ-sheets from delaminating and assembling into multilayer fibril structures and led to 

a system of dispersed ɓ-sheets. The crowder-CATCH(6K+/6E-) ɓ-sheet complex maximizes the 

number of hydrophobic interactions as it places CATCH(6K+/6E-) phenylalanine sidechains in 

contact with the hydrophobic crowder and other phenylalanine sidechains. Increasing the 

peptide-crowder interaction strength from 2Ů to 5Ů led to similar structures. However, in the case 

of 5Ů crowders, ɓ-sheets formed more readily with crowders of 80 Å than with crowders of 40 Å 

diameter. This could be because the flatter surface of the 80 Å crowders "straightens out" the 

CATCH(6K+/6E-) peptides. In the presence of 5Ů hydrophobic 40Å crowders, a large portion of 

CATCH(6K+/6E-) peptides were partially immobilized to the crowder surface in a random coil 

conformation. Our results align with previous simulations performed by Latshaw that showed 

that increasing the crowder-peptide interaction strength for the hydrophobic crowders resulted in 

formation of only ɓ-sheets in systems of Aɓ(16-22)
44. Radic and coworkers observed a similar 

trend in DMD simulations of coarse-grained Aɓ peptides and nanoparticles with explicit surface 

atoms30. They found that strong NP-peptide attractions led all of the Aɓ peptides to be bound to 

the NP surface and reduced peptide mobility.  
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3.4 Methods 

3.4.1 Peptide model 

The simulation method used in this work is discontinuous molecular dynamics, a fast 

alternative to conventional molecular dynamics (DMD)48. DMD is an event-driven approach that 

approximates a continuous intermolecular potential with step and shoulder potentials. The 

PRIME20 force field was used for the peptide model. PRIME20 was developed by the Hall 

group to study the formation of ordered structures in peptides49. In the PRIME20 force field, 

each amino acid is represented using a four-bead-per-residue model: three for the backbone (NH, 

CŬ, and CO) and one for the sidechain group (R). Parameters for all 20 essential amino acids are 

available in the force field; each amino acid has unique geometric and energetic parameters. The 

combination of DMD and the PRIME20 force field allows molecular simulation of systems at 

long timescales that are not accessible using all-atom simulations. DMD/PRIME20 has been 

used to study multiple amyloidogenic peptides: Aɓ, tau, and prion protein peptides50ï52. Greater 

detail on the force field can be found in earlier work49,53. 

3.4.2 Crowder model  

Crowder diameters of 10, 20, 40, and 80 Å were chosen as they roughly correspond to the 

hydrodynamic radius of PEG 300, 1000, 4000, and 20000, respectively54,55. The mass of each 

crowder was based on a PEG density of 1.125 and calculated from the volume of the crowder. 

The crowder volume fraction used was űcrowder = 0.20. The crowder volume fraction is defined as 

űcrowder = NVCR/V, where N is the number of crowders, VCR is the volume occupied by a single 

crowder, and V is the volume of the simulation box.  

Crowder-sidechain interactions are modeled as either hard-sphere interactions or 

hydrophobic (square-well and square-shoulder) interactions. For simplicity, crowder-crowder 



 

 77 

interactions are modeled only as hard-sphere interactions. Multiple sets of crowder-sidechain 

interaction strengths were explored. The variable Ů describes the magnitude of the interaction 

strength between a crowder and the peptide sidechain groups. The crowder-sidechain interaction 

strength, Ů, is based on the set of interaction energies between a phenylalanine sidechain and the 

20 amino acid sidechain groups in the PRIME20 force field. When the crowder-sidechain 

interaction strength is 1Ů, the interaction energies between a crowder and the amino acid 

sidechain groups are equivalent to the interaction energies between a phenylalanine sidechain 

and the amino acid sidechain groups. When the crowder-sidechain interaction strength is 2Ů, the 

interaction energies between a crowder and the amino acid sidechain groups are twice the 

interaction energies between a phenylalanine sidechain and the amino acid sidechain groups, and 

so forth. The interaction energies for the phenylalanine sidechain group were chosen to model 

the crowder-sidechain interactions because it is a hydrophobic residue. In addition, 

phenylalanine is the only hydrophobic residue present in the CATCH(6K+/6E-) system and 

plays a major role in driving co-assembly. We investigate how the crowder size and crowder-

sidechain interaction strength affect competition between the crowders and CATCH(6K+/6E-) 

peptides for hydrophobic interactions when the crowder-sidechain interaction is weaker than, 

equivalent to, and stronger than sidechain-sidechain interactions. The crowder-sidechain 

interaction strengths that were explored are: 0, ½, 1, 2, and 5Ů; these are referred to as hard-

sphere, weakly-, moderately-, strongly- and extremely- hydrophobic interactions. A summary of 

the interaction energies used in this work is given in Table 3.1, where positive values denote a 

repulsive square-shoulder interaction, and negative values denote an attractive square-well 

interaction. The interaction energies in Table 3.1 are scaled based on the hydrogen bonding 

energy, Ůȼȸ=12.00 kJ/mol. To relate the crowder-sidechain interaction energy to real units, 
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simply multiple the value by Ůȼȸ. The interaction range is defined as, ‗ ύ „Ⱦς 

, where ύ  is the width of the square-well and „ is the average diameter for the two 

interacting coarse-grained sites. The interaction range, ɚ, is kept constant regardless of 

interaction strength.  

3.4.3 Simulation Procedure 

Initial configurations for each simulation were generated using Packmol56. Peptides and 

crowders were randomly placed in the simulation box. The reduced temperature is defined as 

T*=KT/ŮHB, where ŮHB is the hydrogen bonding well depth. The reduced temperature can be 

related to real temperature in Kelvin by the following approximation: Ὕὑ ςȟςψψȢτφχὝᶻ

ρρυȢχω 57. The concentration is defined as ὅ ὔ Ⱦὔὠ, where ὔ  is the 

number of peptides, ὔ  is Avogadro's number, and ὠ is the volume of the simulation box. The 

initial system temperature for each simulation was set to T*=0.50 to transform the peptides from 

extended to random coil structures. The temperature was then gradually reduced to T*=0.20. At 

Cpeptide=20 mM, CATCH(6K+/6E-) does not form fibrils above T*=0.20. In addition to 

Cpeptide=20 mM, systems of Cpeptide=5 mM were also considered. At Cpeptide=5mM and T*=0.20, 

CATCH(6K+/6E-) does not typically assemble. Investigating peptide concentrations of both 5 

and 20 mM reveals the effect of crowders on nonideal and ideal co-assembly conditions, 

respectively. Simulation snapshots were rendered using Visual Molecular Dynamics58,59.  

3.4.4 Peptide Classification 

To determine whether a peptide was a part of an oligomer, ɓ-sheet, or fibril, we 

constructed graphs containing nodes (peptides) and edges (interactions) to model pairwise 

interactions between peptides. For each simulation snapshot, two graphs were constructed using 

the NetworkX python package60: (1) based only on hydrogen bonding interactions and (2) based 
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on hydrogen bonding interactions and sidechain-sidechain interactions. When considering only 

hydrogen bonding interactions, an edge is drawn between two nodes (peptides) when there are at 

least four hydrogen bonding interactions between the two peptides. ɓ-sheets are defined as the 

resulting connected components of the hydrogen bonding graph. When considering both 

hydrogen bonding interactions and sidechain-sidechain interactions, an edge is drawn between 

two nodes when there are either at least four hydrogen bonding interactions or at least four 

sidechain-sidechain interactions. Considering both types of interactions allows us to identify 

formations that contain more than one single ɓ-sheet layer. From the hydrogen 

bonding/sidechain-sidechain interaction graph, an oligomer is defined as a connected component 

containing eight or less peptides or containing only one ɓ-sheet layer. A fibril is defined as a 

connected component containing more than eight peptides and at least two ɓ-sheet layers. 

Peptides that do not fall into the oligomer or the fibril classification are classified as a free 

peptide. Data from peptide classification were fitted to a sigmoid curve to reduce noise and 

increase readability. The R2 value from curve fitting was 0.87.  

3.5 Conclusion 

In this work we used DMD/PRIME20 simulations to investigate the effect of hard-sphere 

and hydrophobic crowders on CATCH(6K+/6E-) co-assembly. We focused on how the different 

contributions of attractive, repulsive, and hard-sphere interactions affect co-assembly kinetics 

and the morphology of the co-assembled aggregates. In addition, we explored how these 

contributions change with crowder size in systems of low (Cpeptide=5 mM) and high (Cpeptide=20 

mM) peptide concentrations. Hard-sphere and weakly-hydrophobic crowders were more 

effective in promoting co-assembly as the crowder diameter decreased. The small hard-sphere 

(0Ů) crowders were the most effective for triggering co-assembly for CATCH systems at low 
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concentrations where fibrillation typically does not occur, and for accelerating the rate of co-

assembly for CATCH systems at high concentrations where fibrillation is expected. In 

comparison, hydrophobic crowders with an interaction strength of 1Ů or greater were more 

effective in promoting co-assembly as the crowder diameter increased. 

The results from DMD/PRIME20 simulations provide new insights for directing peptide 

co-assembly to produce specific nanostructures. Thicker fibril structures were produced in the 

presence of small hard-sphere, weakly-hydrophobic, and moderately-hydrophobic crowders. In 

these cases, the addition of small crowders led to instances of mismatched and ñflippedò 

neighboring ɓ-strands in a ɓ-sheet. The ñflippedò nearest neighbors facilitated the formation of 

thicker fibril structures with multiple ɓ-sheet layers. Short fibril structures and small ordered 

oligomers (including cylindrins) were stabilized by large hydrophobic crowders but deterred 

from formation by large strongly-hydrophobic crowders. Formation of ɓ-sheet structures was 

accelerated by large highly-hydrophobic crowders. In contrast the small highly-hydrophobic 

crowders constrained the CATCH(6K+/6E-) peptides to a random coil conformation. Overall, we 

showed that crowders can be used to modulate the morphology of co-assembled structures by 

influencing peptide-peptide interactions and that simulations can be used to efficiently 

investigate a range of crowder sizes and crowder-sidechain interaction strengths. 

Macromolecular crowding has broad impacts in medicine and biotechnology. It has been 

well-established that living cells are a crowded environment. Broadening our understanding of 

macromolecular crowding provides insight into amyloidogenic diseases as changes in crowding 

may contribute to accelerated fibrillation of amyloidogenic peptides 43. In addition, crowding can 

also stabilize smaller oligomeric amyloid species that may be more toxic than their fibrillar 

counterparts61. We foresee that the connection between macromolecular crowding and 
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amyloidosis will likely become of interest with the rise of micro- and nano plastics 

contamination in our drinking water and food supply62,63. In pharmaceuticals, polyethylene glycol 

(PEG) crowders are commonly used in drug formulation as a solubilizer, stabilizer, or as a 

carrier. Although PEG has been commonly considered an ñinertò molecule, studies have now 

shown that interactions exist between PEG and proteins 64ï68. In biomaterials, crowders have been 

used to modulate peptide fibril architecture and in turn, hydrogel properties. The findings from 

research on macromolecular crowding in different disciplinesðwhether it be for drug 

formulation, developing biomaterials, or developing therapeutics against amyloidogenic 

diseasesðcan be used to inform one another. Understanding macromolecular crowding effects 

on peptide aggregation is important for both biotechnology and human health.  

There are a great number of crowder candidates and biological systems to consider. The 

effect of macromolecular crowding on a peptide's propensity to aggregate and a peptide's 

assembled morphology depends on the crowderôs size, shape, and interactions69ï71. Studying 

crowded biological systems becomes even more complex with polymeric crowders (e.g. PEG) as 

they can crosslink to form networks and meshes72. In addition, the conclusions drawn from the 

behavior of one peptide system cannot necessarily be generalized to another peptide system, as 

the crowder-sidechain interactions and the bottlenecks for assembly may change from system to 

system30. Screening through libraries of peptide sequences to determine their behavior in 

crowded environments can be expensive and time consuming. However, given prior knowledge 

of the crowder-peptide interactions, simulations can be used to help predict the type of structures 

that may or may not form in new crowded systems. In the absence of prior knowledge, 

simulations can be used as a first pass to elucidate the interactions between crowders and 
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biomolecules. The number of potential crowding agents is sizable, but one that can be tackled 

through a systemic exploration of conditions via experimental and computational means.  

3.6 Data availability  

DMD/PRIME20 code is publicly available at https://github.com/CarolHall-NCSU-CBE/Serial-

DMD-PRIME20. Files generated from DMD/PRIME20 simulations are available at 

https://doi.org/10.5061/dryad.6wwpzgn70. DOI: 10.5061/dryad.6wwpzgn70. 
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Figures and Tables 

 
 

Figure 3.1 Visualization of crowder systems. (Top) Crowder systems at a low peptide concentration of 5 mM. (Bottom) Crowder 

systems at a high peptide concentration of 20 mM. Crowders are represented as gold spheres. CATCH(6K+) and (6E-) are shown 

in blue and red, respectively.   

 

 

 
 

Figure 3.2 (Left) Final simulation snapshots of CATCH(6K+/6E-) mixtures at Cpeptide=5 mM and (right) 20 mM, at T*=0.20. 

CATCH(6K+) is shown in blue. CATCH(6E-) is shown in red.  
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Figure 3.3 (Left) Number of peptides assembled versus time and (right) peptide-peptide sidechain-sidechain interactions versus 

time for CATCH(6K+/6E-) for hard-sphere (0Ů) crowders with diameters of 10, 20, 40 and 80 ¡ at Cpeptide=20 mM, 

űcrowder=0.20. 

 

 

 
 

Figure 3.4 (Left) Number of peptides assembled versus time and (right) peptide-peptide sidechain-sidechain interactions versus 

time for CATCH(6K+/6E-) for 2Ů crowders with diameters of 10, 20, 40 and 80 ¡ at Cpeptide=20 mM, űcrowder=0.20. 
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Figure 3.5 (Left) Number of peptides assembled versus time and (right) peptide-peptide sidechain-sidechain interactions versus 

time for CATCH(6K+/6E-) for 5Ů crowders with diameters of 10, 20, 40 and 80 ¡ at Cpeptide=20 mM, űcrowder=0.20. 

 

 
 

Figure 3.6 (Top row) Final simulation snapshots of CATCH(6K+/6E-) peptides in the presence of 10 Å crowders at a peptide 

concentration of 5 mM and (bottom row) 20 mM after 500 B collisions and at a crowder volume fraction of 0.20. Crowder-

peptide interaction strengths for each system are labeled at the top of each column. Blue and red strands represent CATCH(6K+) 

and CATCH(6E-), respectively. Crowders are omitted for peptide visibility. 
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Figure 3.7 (A) Simulation snapshot of fibril formed with 10 Å hard sphere crowders at Cpeptide=5 mM. Blue and red strands 

represent CATCH(6K+) and CATCH(6E-), respectively. Purple spheres represent phenylalanine (F) sidechains. (B) Simplified 

rendered schematic of simulation structure shown on the left to clarify ɓ-strand orientation, with ɓ-strands going into the page. 

Blue and red circles represent CATCH(6K+) and CATCH(6E-) backbones, respectively. Purple circles represent phenylalanine 

(F) sidechains. Dashed black box in (A) and (B) indicates the flipped nearest neighbors.   

 

 

 
 

Figure 3.8 (Top row) Final DMD/PRIME20 simulation snapshots of CATCH(6K+/6E-) in the presence of 80Å crowders with 

crowder-sidechain interaction energies of 0, İ, 1, and 2Ů at Cpeptide=20 mM and a crowder volume fraction of űcrowder=0.20. 

(Bottom row) Crowders are removed for visualization. CATCH(6K+), CATCH(6E-), and crowders are colored in blue, red and 

gold, respectively.    
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Figure 3.9 (Top row) Final snapshot of CATCH(6K+/6E-) system in the presence of 1Ů hydrophobic crowders with diameters of 

10, 20, 40 and 80 ¡  at Cpeptide=20 mM, űcrowder=0.20. CATCH(6K+), CATCH(6E-), and crowders are colored in blue, red 

and gold, respectively. (Bottom row) Crowders are removed for visualization.  

 
 

Figure 3.10 (Top row) Final snapshot of CATCH(6K+/6E-) system in the presence of 2Ů hydrophobic at Cpeptide=20 mM, 

űcrowder=0.20. CATCH(6K+), CATCH(6E-), and crowders are colored in blue, red and gold, respectively. (Bottom row) 

Crowders are removed for visualization.  
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Table 3.1 Crowder-sidechain interaction energy parameters 

 

Interaction strength Ů and range ɚ between crowder 

and K, E, and F sidechains 

Residue İŮ 1Ů 2Ů 5Ů ɚ 

Q 0.0075 0.015 0.03 0.075 1.517 

K 0.0075 0.015 0.03 0.075 1.676 

E 0.0075 0.015 0.03 0.075 2.195 

F -0.1025 -0.205 -0.41 -1.025 1.767 
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Chapter 4 Benchmarking the impact of computationally-derived inhibitors on TDP-43 

organization via discontinuous molecular dynamics simulations  

Chapter 4 is essentially a manuscript by Xin Y. Dong, Lewis Whitehead, and Carol K. Hall. 
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4.1 Abstract 

Aggregation of TDP-43 in neurons is associated with multiple neurodegenerative 

diseases including amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). 

Cases of ALS, along with other neurological disorders, are projected to increase in the coming 

decades. Current treatments for diseases in this class are palliative at best. A unique approach 

utilizing the joint pharmacophore space (JPS) has generated multiple lead molecules with 

varying ranges of activity. In this work we use discontinuous molecular dynamics combined with 

the PRIME20 force field to assess the inhibition mechanism of JPS-derived compounds against 

TDP-43(307-319) aggregation. Our simulations demonstrate that a subset of these compounds is 

capable of delaying oligomer and fibril formation and disrupting interactions in pre-formed 

oligomer and pre-formed fibril structures. Epigallocatechin gallate (EGCG), a flavonoid found in 

green tea, was also evaluated for comparison. The role of the pharmacophore structure for each 

compound in inhibiting TDP-43(307-319) aggregation is discussed. 

4.2 Introduction  

Neurodegenerative disorders are on the rise, including but not limited to: Alzheimer's, 

Parkinson's, and Lou Gehrig's disease1ï4. The latter is also known as amyotrophic lateral 

sclerosis (ALS)ð a progressive idiopathic disease in which motor neurons that govern voluntary 

muscles responsible for movement initiation degenerate in affected patients. Diagnosis of ALS 

can be difficult, as the onset of symptoms is subtle and can be misattributed to other conditions. 

Interestingly, most ALS cases are cited as sporadic rather than familial5. Most patients with ALS 

succumb to respiratory failure within three to five years following diagnosis. Multiple 

approaches have been considered to target ALS, but there is still no cure.  
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Immense research effort and big data initiatives have linked C9ORF72, SOD1, TARDBP 

(TDP-43), and FUS gene mutations to ALS6ï9. Discovery of these gene mutations shed light on 

the disease mechanism for familial ALS as well as on other neurodegenerative diseases. Gene 

mutations C9ORF72 and TDP-43 have been associated with both ALS and frontotemporal 

dementia (FTD). These mutations can lead to dysregulated gene expression and can also lead to 

sequence mutations in the associated protein. Either overexpression of the gene or changes in the 

protein sequence can result in loss of function and the formation of toxic proteinaceous 

inclusions.  

Targeting TDP-43 inclusions via small molecule inhibitors is a viable approach in 

mitigating ALS. Small molecules are an attractive therapeutic as they are easy to synthesize and 

are likely to be blood-brain-barrier-permeable due to their small size. Designing small molecules 

typically involves traversing a large chemical or pharmacophore space to optimize a lead 

compound. A pharmacophore is an ensemble of chemical features necessary for biological 

activity and may include hydrogen bonding, electrostatic, hydrophobic and aromatic groups. A 

novel method developed by Ranu and Singh evaluates pharmacophores by exploring the Joint 

Pharmacophore Space (JPS). Their approach mines the JPS and extracts potential 

pharmacophores based on their geometric structures10. Multiple structural series of compounds 

have been generated by utilizing this approach; several show some extent of biological activity 

against amyloid formation11,12.  

In this work we applied discontinuous molecular dynamics simulation with the PRIME20 

force field to investigate the inhibition mechanism for a series of JPS-derived compounds against 

TDP-43(307-319) aggregation10,13. Residues 307 to 319 on TDP-43 were chosen for study 

because they serve as a minimal core region capable of forming amyloid fibrils, similar to the 
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full -length TDP-43 fibrils found in tissues of patients with frontotemporal lobar degeneration14. 

In addition, these residues are part of the disordered C-terminal domain on TDP-43 that is 

thought to be responsible for aggregation15ï17. The JPS molecules studied here are referred to 

numerically as: 201, 303, 305, 322, 337, 339, 348. In addition to the JPS molecules, EGCG was 

considered as it has been shown to inhibit amyloid fibril formation18ï20 and provides a baseline 

for comparison. The structures of the molecules investigated are provided in Figure 4.1.  

Several different types of simulations were run to assess how the inhibitor molecules 

affect TDP-43(307-319) aggregation. The following inhibition peptide-inhibitor conditions were 

explored: (1) 50 extended TDP-43(307-319) peptides in the absence of inhibitors, (2) 50 

extended TDP-43(307-319) peptides in the presence of 50 inhibitors, (3) a pre-formed 50-mer 

TDP-43(307-319) fibril structure in the presence of 50 inhibitors, (4) six extended TDP-43(307-

319) peptides in the presence of six inhibitors, and (5) a pre-formed hexameric TDP-43(307-319) 

cylindrin in the presence of six inhibitors. The simulations were performed at a peptide 

concentration of C=20 mM and a reduced temperature of T*=0.20 (342 K). To assess the 

efficacy of the inhibitors, we considered two metrics: (1) the number of inter-peptide backbone-

backbone hydrogen bonds and (2) the number of peptide sidechain-sidechain interactions. The 

former is an indicator of whether a fibril is present, as backbone-backbone hydrogen bonds are 

necessary for ɓ-sheet formation. The latter is an indicator of whether a hydrophobic core is 

present. Tracking both the number of backbone-backbone hydrogen bonds and the number of 

sidechain-sidechain interactions provides a measure of peptide aggregationðhydrogen bonding 

can occur even without sidechain-sidechain interactions, and vice versa.  

Highlights of our results include the following. The most effective inhibitor molecules 

redirected the TDP-43(307-319) assembly pathway towards formation of disordered 
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aggregatesðas opposed to ordered fibril-like structures. In systems starting from 50 

unassembled TDP-43(307-319) peptides: EGCG, 348, and 339 guided peptides to form large 

aggregates of disordered peptides; 337, 305, 322, 303, and 201 guided peptides to form large 

amorphous aggregates containing segments of ɓ-sheet structures. In systems starting from a pre-

formed fibril structure, EGCG was effective in reorganizing the fibril into an aggregate of 

disordered peptides; the remaining molecules were not effective in disrupting the pre-formed 

structures. In systems starting from six unassembled TDP-43(307-319) peptides: EGCG, 348, 

and 339 best prevented the formation of a cylindrin structure. In systems starting from a pre-

formed oligomer structure, EGCG, 348, and 339 were the most effective in disrupting backbone-

backbone interactions in the cylindrin structure; the remaining molecules were not effective in 

disrupting the pre-formed cylindrin structure. In general, across all of the types of simulations 

performed, EGCG was the most effective inhibitor molecule, followed by compounds 348, 339, 

337, 305, 322, 303, and 201, in disaggregating pre-formed structures and preventing formation of 

organized structures. To summarize, we demonstrate that DMD/PRIME20 is a powerful tool for 

benchmarking drugs and can be used to gain insight into the inhibition mechanism for small 

molecules. Although this work is focused on TDP-43(307-319) aggregation, the approach 

presented here could be extended to other amyloidogenic peptides. As the population stricken by 

neurodegenerative diseases continues to grow, it is vital that we consider all possibilities for a 

remedy.  

4.3 Results and Discussion 

4.3.1 ThT analysis of inhibitor molecules 

Thioflavin T (ThT) fluorescence assay was used to identify potent small molecule 

inhibitors of TDP-43(307-319) fibril formation. ThT is a well-known amyloid marker that 
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becomes fluorescent upon binding to ɓ-sheet rich amyloid structures21. ThT fluorescence for 

TDP-43(307-319) peptide alone and TDP-43(307-319) in the presence of each inhibitor was 

measured every half hour for 24.5 hours (Figure 4.2). Solutions containing only TDP-43(307-

319) peptides resulted in increase in ThT fluorescence over time, signifying the formation of 

amyloid fibrils. EGCG is known to inhibit amyloid assembly and was used as a positive control 

in this assay. Therefore, as expected, EGCG resulted in ThT fluorescence reduction over time, 

suggesting inhibition of fibril formation. The addition of compound 339 resulted in a sharp 

increase in fluorescence followed by a decrease, suggesting that some fibrils may have formed 

early on but were later destabilized by the addition of 339 molecules. The addition of compounds 

305 and 337 reduced the fluorescence intensity compared to peptide alone, suggesting that fibril 

formation may be hindered by the presence of these two compounds to a small degree. 

Compounds 201, 303, 322, and 348 had little to no effect on fibril formation. However, using 

ThT assay, we cannot distinguish between disordered conformations, oligomers and fibrillar 

species. There also exists potential competition between the dye and the inhibitor molecules for 

peptide binding sites22ï24. To further substantiate ThT results and to gain a more comprehensive 

understanding of each compound's inhibition mechanism, we employed coarse-grained 

simulations.  

4.3.2 Simulations of TDP-43(307-319) aggregation in the absence of inhibitors  

Simulations of TDP-43(307-319) peptides in the absence of inhibitors were performed to 

determine their aggregation propensity. DMD/PRIME20 simulations were performed for systems 

containing N=6, 8, 10, and 50 TDP-43(307-319) peptides, at a peptide concentration of C=20 

mM, and at a reduced temperature T*=0.20. The idea here was to explore formation of different 

types of oligomer and fibril structures. The simulation concentration and temperature were 
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chosen to allow for fibrillization of TDP-43(307-319) fragments in the N=50 system within a 

reasonable wall clock time. Small systems, N=6, 8, and 10, were run for 500 billion collisions, 

corresponding to approximately 16 ɛs. Large systems, N=50, were run for 200 billion collisions, 

corresponding to approximately 6.4 ɛs.  

The system size for the TDP-43(307-319) simulations governed the type of final 

assembled conformation that was observed. Smaller system sizes of N=6 and 8 resulted in the 

formation of cylindrical oligomers. At N=6, TDP-43(307-319) assembled into a cylindrin 

structure containing parallel ɓ-strands with a twist at residue G314. The twist placed residues 

M311, F313, F316, I318 on the inside, and residues M307, N312, A315, S317, N319 on the 

outside. The TDP-43(307-319) cylindrin structure formed in these simulations is similar in shape 

to ones observed experimentally in crystal structures of alphaB crystallin25. The possibility of a 

TDP-43(307-319) cylindrin intermediate has also been proposed by Laos and coworkers using 

ion mobility mass spectrometry26. At N=8, TDP-43(307-319) assembled into a corkscrew 

structure. These corkscrew structures are comparable to the SOD1 corkscrews observed 

experimentally by Sangwan and coworkers27. At N=10, TDP-43(307-319) assembled into a 

cross-ɓ structure. At N=50, TDP-43(307-319) assembled into multi-layer fibrillar structures, in 

agreement with the TDP-43(307-319) amyloid fibrils observed experimentally11,14. 

4.3.3 Inhibitors deter formation of organized TDP-43(307-319) fibril structures  

Simulations starting from a system of 50 TDP-43(307-319) extended peptides in the 

presence of 50 inhibitors were performed to evaluate whether or not these compounds could 

prevent fibril formation. A representative initial configuration is shown in Figure 4.4A. The final 

simulation snapshots of the peptide-inhibitor systems for the various inhibitors are shown in 

Figure 4.4B. TDP-43(307-319) peptides were able to aggregate to in all simulations. EGCG 
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prevented fibril formation and guided TDP-43(307-319) into an aggregate of disordered 

peptides. The JPS-derived molecules 348, 339, 305, 337, 305, 322, and 303 guided TDP-43(307-

319) aggregated into one large amorphous aggregate containing varying amounts of ɓ-strand 

peptides. The presence of these inhibitors prevented TDP-43(307-319) from forming ɓ-sheet 

structures, and in turn fibril-like structures. Compound 201 did not inhibit fibril formation. 

However, the ɓ-sheets in the fibril structures formed in the presence of 201 are not as well-

aligned as the ɓ-sheets in the fibril structures formed in the absence of inhibitors. The formation 

of disordered TDP-43(307-319) aggregates in the presence of 339 and 303 has also been 

observed via atomic force microscopy (AFM) by the Bowers group28. 

The efficacy of an inhibitor molecule in these simulations can be inferred from its ability 

to delay the formation of backbone-backbone hydrogen bonds and sidechain-sidechain 

interactions between free TDP-43(307-319) monomer peptides (Figure 4.5). Backbone-

backbone hydrogen bonding is necessary for the formation of a secondary structure. The number 

of sidechain-sidechain interactions present is an additional indicator of how assembled a peptide 

structure is (i.e., the likelihood that a hydrophobic core is present). All molecules delayed the 

formation of peptide-peptide hydrogen bonds with EGCG, 348, and 339 being the most effective. 

EGCG was the most effective at preventing peptide-peptide sidechain interactions. The JPS-

derived molecules were not effective in delaying peptide-peptide sidechain interactions. 

Simulations results for 339 and 303 align with previous ThT and CD measurements of mixtures 

of TDP-43(307-319). These experiments show that 339 inhibits the formation of amyloid fibrils, 

although ɓ-sheet structures are still detected; 303 delays, but does not prevent, the formation of 

amyloid fibrils28. Our simulation results suggest the following ranking, from most to least 

efficacious inhibitors, is proposed: EGCG > 348, 339 > 337, 305, 322, 303 > 201. 
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4.3.4 Inhibitors disrupted a pre-formed TDP-43(307-319) fibril  structure 

Simulations of a pre-formed 50-mer TDP-43(307-319) fibril in the presence of 50 

inhibitors were performed to evaluate the ability of the molecules to disrupt an existing fibril 

structure. The starting fibril structure used in these simulations is the final fibril structure from a 

simulation of 50 peptides started in extended conformations at C=20 mM and T*=0.20, after 200 

b collisions (Figure 4.6A). The final simulation snapshot for each inhibitor after 300 B collisions 

is shown in Figure 4.6B. EGCG reoriented the ɓ-strands in the TDP-43(307-319) pre-formed 

fibril structure into disordered peptides. The JPS-derived molecules also reoriented the pre-

formed structure, but to a lesser extent. These compounds inserted themselves in between the ɓ-

sheets of the pre-formed fibril structure and shifted the positions of the ɓ-sheets relative to their 

original positions, although the overall structure remained intact. Simulation results for 305 and 

201 align with previous AFM observations, in which a pre-formed TDP-43(307-319) fibril 

treated with these molecules did not change its fibril morphology11. 

Next, we quantified the ability of the inhibitors to disrupt pre-existing peptide-peptide 

hydrogen bonds and sidechain-sidechain interactions. The time profiles for hydrogen bond 

dissociation and sidechain-sidechain interactions are shown in Figure 4.7. EGCG eliminated 

nearly all of the pre-existing peptide-peptide backbone-backbone hydrogen bonds early in the 

simulation and disrupted a quarter of the pre-existing sidechain-sidechain interactions. The JPS-

derived molecules disrupted some pre-existing backbone-backbone hydrogen bonds but were not 

effective in disrupting pre-existing sidechain-sidechain interactions. The time profile for peptide-

peptide hydrogen bond dissociation quantitatively demonstrates that EGCG, followed by 348 and 

339, were the most effective disruptors for pre-formed fibril structures. From these results, the 

following ranking, from most to least efficacious inhibitors, is proposed: EGCG > 348, 339 > 
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337, 305, 322, 303 > 201. This ranking aligns with results from our simulations of 50 TDP-

43(307-319) starting from extended conformations in the presence of inhibitors (Figure 4.5).  

4.3.5 Inhibitors deterred formation of organized TDP-43(307-319) oligomer structures 

We next examined the ability of each inhibitor to prevent formation of an organized 

oligomer structure. Previous studies have suggested that the cylindrin structure may possibly be 

the source of toxicity in amyloidogenic diseases25,29,30. Additionally, it has been shown that some 

compounds may inhibit the formation of fibrils, but not oligomers, and vice versa31. For these 

reasons, the ability of small molecule inhibitors to prevent formation of a TDP-43(307-319) 

cylindrin was also considered.  

Simulations starting from a system of six TDP-43(307-319) extended peptides in the 

presence of six inhibitors were performed to evaluate whether these compounds could prevent 

oligomer formation. A representative initial configuration is shown in Figure 4.8A. The final 

simulation snapshots of the peptide-inhibitor systems for the inhibitors are shown in Figure 

4.8B. EGCG prevented oligomer organization and guided TDP-43(307-319) peptides to form a 

small aggregate of disordered peptides. Molecules 348, 339, 305, 322, and 303 hindered the 

alignment of neighboring TDP-43(307-319) peptides and the formation of cylindrin-like 

structures. Molecules 337 and 201 did not prevent the formation of a cylindrin-like structure. To 

quantify the efficacy of the inhibitors in preventing oligomer formation, we averaged the number 

of interpeptide backbone-backbone hydrogen bonds present from 50 to 300 B collisions (Table 

4.1). From these results, the following ranking, from most to least efficacious inhibitors, is 

proposed: EGCG > 348, 339 > 305, 322, 303 > 337, 201.  
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4.3.6 Inhibitors disrupted a pre-formed TDP-43(307-319) oligomer  

Simulations of a pre-formed TDP-43(307-319) hexameric cylindrin in the presence of 6 

inhibitors were performed to evaluate the ability of the molecules to disrupt an existing oligomer 

structure. The starting cylindrin structure used in these simulations is the final structure from a 

simulation of six TDP-43(307-319) peptides started from extended conformations at C=20 mM 

and T*=0.20, after 500 B collisions (Figure 4.9A). Snapshots taken at 300 B collisions for TDP-

43(307-319) oligomers in the presence of six inhibitors are shown in Figure 4.9B. EGCG, 348 

and 339 were the most effective inhibitors in rupturing the cylindrin structure and transforming 

ɓ-strands into random coils. Molecules 337, 305, 322, 303, and 201 were able to enter the 

hydrophobic core of the cylindrin and at most partially unfurled the structure. To quantify the 

efficacy of the inhibitors in disrupting oligomer structures, we averaged the number of 

interpeptide backbone-backbone hydrogen bonds present from 50 to 300 B collisions (Table 

4.2). From these results, the following ranking of inhibitors from most to least efficacious is 

proposed: EGCG > 348, 339 > 305, 322, 337, 303, 201.  

4.3.7 Analysis of inhibitor-peptide interactions 

Interaction energy maps between the coarse-grained sites on each inhibitor and the 

coarse-grained sites on TDP-43(307-319) were created for systems containing a hexameric 

cylindrin structure and six inhibitors. The cylindrin system was chosen for further analysis as 

current research suggests that this oligomer species may be the source of toxicity over fibril 

species32ï34. The interaction energy map for EGCG is provided in Figure 4.10, the remaining 

maps are provided in the supporting information. For all inhibitors, most of the interactions 

occurred between the inhibitor phenyl rings and the hydrophobic residues on TDP-43(307-319): 

methionine, phenylalanine and isoleucine. This is best exemplified in the interaction energy map 
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which summarizes the inhibitor-peptide interactions from 10-100 billion collisions (Figure 

4.10C). The most effective inhibitors (EGCG, 348, 339) had more hydrogen bonding interactions 

with TDP-43(307-319) than the ineffective inhibitors (337, 305, 322, 303, and 201) did, leading 

to an overall lower (more favorable) interaction energy with the TDP-43(307-319) peptide 

(Figure 4.11).  

The primary interaction sites between the inhibitors and the residues on TDP-43(307-

319) changed over the course of the simulation as the cylindrin structure unraveled. Over the first 

one billion collisions the TDP-43(307-319) cylindrin was mostly intact. During this time, the 

hydroxyl groups on EGCG's A and D rings interacted with the backbone-backbone carbonyl sites 

on residues 307 to 310 (MGGG) (Figure 4.10B). This was expected as the glycine residues do 

not have a sidechain site and could not participate in the hydrophobic core of the cylindrin, 

making the N-terminal methionine and the subsequent glycine residues easy targets for EGCG 

molecules. Once the EGCG molecules bound to the TDP-43(307-319) cylindrin, the structure 

began to open up. The aromatic rings on the EGCG molecules then targeted the inner 

hydrophobic residues on TDP-43(307-319) (Figure 4.10C).  

4.3.8 Characterization of inhibitor structures 

The pharmacophore structure directly influences the extent of inhibition of a compound 

against TDP-43(307-319) aggregation. A "pharmacophore" is the geometric ensemble of 

chemical features (functional groups) necessary for activityðwhere the desired activity here is 

the inhibition of TDP-43(307-319) aggregation. The features considered in our simulations 

include charge, hydrophobicity, and hydrogen bond donor/acceptor capability. The hydrogen 

bond donor/acceptor groups on the inhibitors are necessary to disrupt inter-peptide backbone-

backbone hydrogen bonding interactions that lead to the formation of organized structures, such 
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as ɓ-sheets. The hydrophobic groups on the inhibitor are necessary to disrupt inter-peptide 

sidechain-sidechain hydrophobic interactions that lead to the formation of a hydrophobic core or 

stacking of ɓ-sheets in fibril assembly. Essentially, inhibitor molecules are competing with other 

TDP-43(307-319) peptides for binding sites on the TDP-43(307-319) peptide. The more sites an 

inhibitor molecule can interrupt and occupy on the peptide, the more effective the inhibition.  

The best working inhibitor molecule in our simulations and in experiments, EGCG, had 

the most aromatic groups and the most hydrogen bonding sites. EGCG has three aromatic 

groups, while the JPS-derived compounds have two aromatic groups. EGCG has eight hydroxyl 

groups, two esters, and a ketone, for a total of 11 hydrogen bonding sites. In contrast, the JPS-

derived compounds typically have three to five hydrogen bonding sites. In addition, in 

compounds 322, 339, and 348, some of the hydrogen bonding sites are buried within the 

molecule and are less accessible than the hydrogen bonding sites that reside on the terminal ends 

of the molecule. The difference in the number of functional groups between EGCG and the JPS-

derived molecules provides a back-of-the-envelope-type explanation for the difference in 

performance observed in simulations and experiments.  

The planarity of an inhibitor molecule influences its mobility, how well it packs in 

between molecules, and the ability of the chemical features on the molecule to perform their role 

in inhibition. Two metrics that were used to characterize planarity are the molecular planarity 

parameter (MPP) and the span of deviation from plane (SDP)35. These were calculated using 

Multiwfn, an open-source program for wavefunction analysis methods36. The MPP is the root-

mean-square deviation of the atoms from a plane fitted to the molecular structure. The SDP is the 

difference between the largest distance measured from above the fitted plane and the largest 

distance measured below the fitted plane. Only heavy atoms were considered in our calculations. 
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Smaller MPP and SDP values correspond to a more planar system. EGCG had the largest MPP 

and SDP values of all of the inhibitors, 1.30 and 5.25 Å, respectively. Its propeller-like geometry 

allows it to bind to multiple surfaces; it is most strongly bound when all three rings are 

occupied37. Compounds 322, 339, and 348 are structurally similar to one another and had 

approximately the same MPP and SDP values, ~0.86 and ~3.32 Å, respectively. SDP values 

suggest the following order for nonplanarity: EGCG > 337 > 201 > 339, 348, 322 > 303, 305. 

The MPP and SDP for each compound were plotted over the course of a 100 ns AMBER 

simulation to determine the flexibility for each molecule (Figure 4.12). Compounds 337 and 201 

had the greatest amount of flexibility, as exemplified by the oscillating MPP and SDP curves. 

We speculate that the flexibility for 337 and 201 is partially responsible for their inability to 

disrupt pre-existing inter-peptide interactions. In simulations containing a pre-formed TDP-

43(307-319) structure, 337 and 201 were able to insert themselves within the structure without 

disturbing the overall integrity of the structure. 

A well-tailored pharmacophore structure and a nonplanar geometry are both important 

qualities to consider when designing an inhibitor. The multiple hydroxyl groups and phenyl 

groups on EGCG, along with its nonplanar geometry allow the molecule to engage with multiple 

TDP-43(307-319) peptides at a time. This is exemplified by the corresponding EGCG interaction 

energy map (Figure 4.10). This finding is in alignment with previous simulations performed by 

Wang and coworkers that showed that EGCG molecules are able to occupy multiple sites on an 

Aɓ(17-36) peptide18.  

Compounds 348, 339, and 322 are structurally similar, but the activities of the molecules 

vary due to the different substituent group on the terminal phenyl ring, -CN, -OH, and -H 

respectively. In our simulations, compounds 348 and 339 perform similarly. Compounds 348 and 
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339 have a nitrile group (-CN) and hydroxyl (-OH) group as a substituent on the phenyl, 

respectively. These substituent groups are both capable of hydrogen bonding in simulations. 

When the substituent is replaced with a hydrogen (-H) group to produce compound 322, the 

hydrogen bonding site is lost, along with its activity. Compounds 303, and 305 are structurally 

similar and were less effective inhibitors than EGCG, 348, and 339 in simulations. This is likely 

due to the fact that both 303 and 305 have few hydrogen bonding sites and are more planar than 

EGCG, 348, and 339.  

4.4 Conclusion 

In this work, we benchmarked multiple small molecule inhibitors against TDP-43(307-

319) aggregation using DMD/PRIME20 simulations. Overall, the addition of small molecules 

led to conformational changes in the TDP-43(307-319) peptides and disrupted the fibrillization 

process. Multiple system configurations were considered to determine if the inhibitors could 

prevent fibril formation, disrupt a pre-formed fibril, or disrupt a pre-formed oligomer. In systems 

containing 50 TDP-43(307-319) peptides starting from extended conformations, EGCG, 348, 

and 339 guided peptides to form larger disordered aggregates (as opposed to organized ɓ-sheet 

structures). Compounds 337, 305, 322, 303 and 201 guided peptides to form a large aggregate 

with segments of ɓ-sheet structures. In systems containing TDP-43(307-319) starting from a pre-

formed fibril structure, EGCG reorganized the fibril structure into an aggregate of disordered 

peptides. JPS-derived molecules disrupted peptide-peptide hydrogen bonding interactions and 

shifted ɓ-sheet structures within the fibril but the majority of the structure remained intact. In 

systems containing six TDP-43(307-319) peptides starting from extended conformations, EGCG, 

348, and 339 guided peptides to form a small disordered aggregate and prevented alignment 

neighboring peptides. Compounds 337, 305, 322, 303 and 201 did not prevent formation of 
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cylindrin-like structures. In systems containing TDP-43(307-319) starting from a pre-formed 

cylindrin structure, EGCG restructured the cylindrin into a disordered oligomer. In contrast, in 

the presence of the remaining molecules, the cylindrin structure remained mostly intact. 

Simulation results suggest that inhibition occurs by stabilization of disordered oligomeric species 

via hydrogen bonding and hydrophobic interactions. Further analysis of the compounds 

highlights the significance of the pharmacophore structure and the nonplanarity of the overall 

structure. 

EGCG, 348, and 339 were the most effective inhibitors against TDP-43(307-319) peptide 

fibrillation across all three system configurations in agreement with ThT results (when 

available). However, following these three leading compounds, the suggested level of activity 

from simulations (in terms of inhibition) for each compound begins to differ from experimental 

results. These deviations are generally expected for a multitude of reasons. Coarse-grained 

simulations cannot capture all of the nuanced interactions and geometries that exist between the 

inhibitor and peptides. The strength of a hydrogen bond donor/acceptor on an inhibitor can 

change based on electronegativity of the atom. The interaction strength and stacking preference 

between phenyl rings can also change as the substituents are altered38. Although the predicted 

activities from ThT assays and simulations for the inhibitor compounds do not perfectly align, 

the results from simulations provide worthwhile insight on the inhibition mechanism for each 

compound. Additionally, simulations provided a starting point for understanding the key 

interactions for formation of both the oligomeric and the fibrillar species. 

At the time of this writing, small molecules are the most likely type of therapeutic to be 

approved by the FDA39. Small molecules are an attractive therapeutic intervention due to their 

ease of synthesis and ease of modification. However, the cost for developing a new molecular 
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entity (drug) can range from $160 million to $4.5 billion40. Some of this cost can be unloaded via 

computational means. Computer-aided drug design using docking, molecular modeling, 

statistical models, and machine learning has facilitated the search for effective drug molecules. 

Molecular simulation has been shown to be a powerful tool for screening compounds and for 

fragment-based drug design41. A combination of these tools can be used to help medicinal 

chemists traverse the pharmacophore and chemical space. We envision molecular simulations 

playing an increasingly larger role in drug discovery and strengthening the medicinal chemistry 

domain knowledge base alongside of machine learning and artificial intelligence.  

4.5 Methods 

4.5.1 Thioflavin T Binding 

The effect of the compounds on TDP-43(307-319) fibril formation was assessed using a 

thioflavin T (ThT) dye binding assay. TDP-43(307-319) peptides were synthesized by Genscript. 

This core peptide of TDP-43 has been shown to form amyloid like aggregates14. The peptides 

were dissolved in 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) to a concentration of 3mM and then 

further diluted with 100 mM ammonium acetate (Sigma-Aldrich, 09691-100ML) to a working 

concentration of 200 ɛM. The compounds were dissolved in DMSO (MilliporeSigma, D2650) to 

a concentration of 10 mM. The reaction mixture contained 30 ɛM ThT (VWR, 103011-384), 50 

ɛM TDP-43(307-319), 2.5% HFIP and 100 mM ammonium acetate.  

The reaction mixture was dispensed into a 96-well, low-binding polyethylene non-treated 

plate (Corning, 3880) with a clear bottom (98 ɛL of mixture per well). In each well, 10 mM of 

compound stock was added in duplicates for a final concentration of 200uM. Plates were sealed 

with foil sealing tape (Bio-Rad, MSF1001) to prevent evaporation and then placed in a plate 

reader (BioTek Synergy Neo2) at 37°C without agitation. The vehicle control contained 30 ɛM 
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ThT, 50 ɛM TDP-43(307-319), 2.5% HFIP and 2% DMSO in 100 mM ammonium acetate. The 

blank control contained 30 ɛM ThT, 2.5% HFIP and 2% DMSO in 100 mM ammonium acetate. 

ThT fluorescence was measured (ɚex=440 nm, ɚem=490 nm) through the bottom of the plate for 

24.5 hours at 0.5-hour intervals. Each well was scanned in 5 different areas and the resulting 

values were averaged for data analysis.  

4.5.2 Simulation method and peptide model 

The simulation method used in this work was discontinuous molecular dynamics 

(DMD)ðan event driven approach using coarse-grained potentials42. The simulation moves 

forward from one collision event to the next and only updates the system state at these discrete 

events, bypassing the small time-step integrations needed in traditional molecular dynamics. 

Simulations were run in a canonical ensemble. The temperature of the system is maintained 

using the Andersen thermostat43.  

DMD is used in combination with the PRIME20 force field13,44. PRIME20 was 

developed by the Hall group for research in peptide aggregation. Each amino acid residue is 

represented using a four-bead model: three beads for the peptide backbone-backbone groups (CŬ, 

NH, CO) and one for the function group (R). The force field provides unique geometric and 

energetic parameters for all 20 naturally occurring amino acids. The parallel preference hydrogen 

bond constraints were used to impart directionality between NH and CO backbone-backbone 

hydrogen bonds45. We found that these constraints led to faster aggregation of the TDP-43(307-

319) peptides than the original hydrogen bond constraints. Greater detail on how the force field 

was developed can be found in previous work13. DMD paired with the PRIME20 force field 

allows us to capture significant events such as peptide assembly and formation of small 

nanostructures. Since its development, DMD/PRIME20 has been successfully used to model 
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aggregation of amyloidogenic peptides and the co-assembly of charge-complementary 

peptides45ï50.  

4.5.3 Inhibitor model ï coarse-grained sites  

The original PRIME20 force field does not contain geometric or energetic parameters for 

molecules outside of the 20 naturally-occurring amino acids. Previous work by Wang and 

coworkers expanded the PRIME20 force field to model phenolic inhibitors: resveratrol, EGCG, 

vanillin, and curcumin18. Here, we follow a similar approach to incorporate the JPS molecules 

into the PRIME20 force field.   

The molecules explored in this work can be described by twelve different coarse-grained 

groups: CH3, CH2, CH, C, OH, O, CO, N, NH, NH2+, H and Cl. Figure 4.13 shows the coarse-

grained representation for EGCG and for each JPS molecule. The geometric and energetic 

parameters for the inhibitor coarse-grained groups are summarized in  

Table 4.3. For simplicity, all inhibitor-inhibitor interactions are modeled as hard-sphere 

interactions. The geometric and energetic parameters for CH, CO, and NH coarse-grained groups 

are the same as the ones used to represent the CŬ, CO and NH groups for the peptide backbone-

backbone in PRIME20. The geometric and energetic parameters for CH3 are the same as the ones 

for the alanine side chain in the PRIME20 force field. The aromatic CH2, CH, and C groups have 

the same energetic parameters as CH3, but have a reduced diameter of 2.340 Å. Chiral carbon 

centers with a hydrogen substituent are modeled as two sites (C and H) as opposed to a single 

CH site. The two-site representation was used to restrain the remaining sites next to the chiral 

center (via pseudo-bonds) and to maintain the correct chirality. Hydrogen (H) sites used to 

maintain chirality are shown in Figure 4.13 as an encircled "H" connected to the chiral center via 

a solid wedge for EGCG, 201, 322, 339, and 348. The Cl coarse-grained group has a diameter of 
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3.5 Å (its van der Waals radius) and has hard-sphere interactions with all other coarse-grained 

groups. The diameter of the H, O and OH group is based on previous work by Wang and 

coworkers18. N, NH, and NH2
+ coarse-grained groups all have a diameter of 3.3 Å. OH, O, CO, 

N, NH, and NH2
+ have hydrogen bonding interactions with their corresponding hydrogen bond 

donor or acceptor. In addition, the NH2
+ coarse-grained group has charged interactions with 

peptide sidechains, modeled using the square-well potential for a lysine sidechain group in 

PRIME20.  

Coarse-grained sites on the peptide backbone and the inhibitor molecule can have 

hydrogen bonding interactions. Two criteria must be satisfied for a hydrogen bonding interaction 

to occur between an inhibitor and a peptide: (1) the potential wells of the two hydrogen bonding 

sites overlap, (2) the coarse-grained site does not already participate in a hydrogen bond with a 

different coarse-grained site. Peptide-inhibitor hydrogen bonding interactions do not have 

explicitly-defined directionality. The bulkiness of the neighboring coarse-grained sites for a 

hydrogen bond donor/acceptor (on the inhibitor and peptide) creates steric hindrance and 

provides a degree of directionality to peptide-inhibitor hydrogen bonding interactions.  

4.5.4 Inhibitor model ï bond and pseudo bond lengths 

Bond and pseudo-bond parameters for each inhibitor molecule were obtained from 

atomistic molecular dynamics simulations using the AMBER package. Pseudo-bonds were used 

to maintain a realistic structure for each inhibitor (e.g. a planar phenyl ring, a chair conformation 

for piperazine, and trigonal planar geometries where appropriate, shown as dashed lines in 

Figure 4.13). The generalized AMBER force field (GAFF) was used to parameterize the 

molecules51.  The partial charges that are missing from the GAFF parameterization were 

calculated on the R.E.D. (RESP ESP charge Derive) Server using Gaussian 1652,53. Each 
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molecule was solvated with the TIP3P water model in a periodic truncated octahedral box with a 

13Å buffer54. The atomistic MD simulation for each molecule proceeded in the following way: 

(1) a 1000-step energy minimization using the steepest descent method was performed on the 

water molecules while the inhibitor molecule was constrained. (2) A 2500-energy-step 

minimization was performed on all atoms. (3) The system was heated from 0 to 310 K over six 

100 ps heating stages in the NPT ensemble. (4) Production runs were conducted in the NPT 

ensemble for 100 ns. Bond and pseudo-bond values were based on the average distance between 

the corresponding atoms observed over the production run. Bond and pseudo-bond fluctuations 

were based on the corresponding standard deviations for each bond length.  

4.5.5 DMD/PRIME20 simulation procedure 

Four peptide-inhibitor systems were considered: (1) TDP-43(307-319) aggregation in the 

absence of inhibitors, (2) 50 TDP-43(307-319) peptides aggregating in the presence of 50 

inhibitors, (3) a pre-formed 50-mer TDP-43(307-319) fibril structure in the presence of 50 

inhibitors, (4) a pre-formed hexameric TDP-43(307-319) cylindrin in the presence of six 

inhibitors. For simplicity, the concentration of peptides to inhibitors was kept at a 1:1  ratio. The 

initial configuration for each system was generated using PACKMOL55. Simulations of TDP-

43(307-319) in the absence of inhibitors were performed first. The resulting assembled structures 

from these peptide-only simulations were then used as the pre-formed structures for the 

simulations with the inhibitors. Each simulation was performed at a peptide concentration C=20 

mM and a reduced temperature T*=0.20, corresponding approximately to a real temperature of 

342 K. The high concentration promotes TDP-43(307-319) peptide-peptide interactions and 

allows us to evaluate the efficacy of the inhibitors at suppressing aggregation at an early 
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timepoint. The chosen reduced temperature decreased the likelihood of formation of metastable 

peptide structures.  
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Figures and Tables 

 

 
 

Figure 4.1 Structures of inhibitor molecules considered. Molecules with a "+" have a protonated amine group and are positively-

charged. Proprietary molecules (322, 339, and 348) are depicted as Markush structures. 
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Figure 4.2 Aggregation kinetics of TDP-43(307-319) monitored by ThT fluorescence in the absence and presence of compounds 

in 100mM ammonium acetate containing 30uM ThT and 2.5% HFIP. The peptide concentration in this assay was 50uM and 

compound concentration was 200uM. For no compound/vehicle control in black, 2% DMSO was added. The fluorescence assay 

was performed in a 96 well half area plate (Corning, #3880) on a micropate reader (Bio Tek Agilent Synergy Neo2). The 

temperature was maintained at 37°C throughout the experiment and 440nm/490nm was used as excitation/emission wavelength. 

Each curve is the average of five scans. 

 

 

 
 

Figure 4.3 Final simulation snapshots for TDP-43(307-319) systems containing different sizes. From left to right, N=6, 8, 10, 

and 50. Each simulation was performed at a concentration of 20 mM and a reduced temperature of T*=0.20. Snapshots for N=6, 

8, and 10 were taken at 500 B collisions. The snapshot for N=50 was taken at 200 B collisions.   
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Figure 4.4 (A) Initial configuration for 50 TDP-43(307-319) peptides starting from extended conformations in the presence of 

EGCG molecules. (B) Final simulation snapshots for systems containing 50 TDP-43(307-319) peptides starting from extended 

conformations in the presence of 50 inhibitors at C=20 mM, T*=0.20, and 300 B collisions. The inhibitor that is present is 

indicated on each panel. Only S configurations are shown for chiral molecules. TDP-43(307-319) peptides and inhibitors are 

shown in blue and pink, respectively. Periodic boundary conditions are applied. Each snapshot is one unit cell.  
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Figure 4.5 Analysis of peptide aggregation for systems containing 50 TDP-43(307-319) peptides starting from extended 

conformations in the presence of 50 inhibitors. (Left) Number of backbone-backbone peptide-peptide hydrogen bonds as a 

function of time. (Right) Number of sidechain-sidechain interactions between peptides as a function of time. To reduce noise, a 

rolling average with a window of 10 B collisions was applied to each time series. Dashed lines represent the R enantiomer of a 

molecule when applicable. The black line labeled "NONE" refers to a system of 50 TDP-43(307-319) peptides starting from 

extended conformations in the absence of inhibitors.  
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Figure 4.6 (A) Initial configuration for a pre-formed 50-mer TDP-43(307-319) fibril in the presence of EGCG molecules. (B) 

Final simulation snapshots for systems containing a pre-formed 50-mer TDP-43(307-319) fibril structure in the presence of 50 

inhibitors at C=20 mM, T*=0.20 after 300 B collisions. The inhibitor that is present is indicated on each panel. Only S 

configurations are shown for chiral molecules. TDP-43(307-319) peptides and inhibitors are shown in blue and pink, 

respectively. Periodic boundary conditions are applied. Each snapshot is one unit cell. 

 
 

Figure 4.7 Analysis of peptide aggregation for systems containing a pre-formed 50-mer TDP-43(307-319) fibril structure in the 

presence of 50 inhibitors. (Left) Number of backbone-backbone peptide-peptide backbone-backbone hydrogen bonds as a 

function of time. (Right) Number of sidechain-sidechain interactions between peptides as a function of time. To reduce noise, a 

rolling average with a window of 10 B collisions was applied to each time series.  
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Figure 4.8 (A) Initial configuration for six TDP-43(307-319) peptides starting from extended conformations in the presence of 

EGCG molecules. (B) Final simulation snapshots for systems containing six TDP-43(307-319) peptides starting from extended 

conformations in the presence of six inhibitors at C=20 mM, T*=0.20, and 300 B collisions. The inhibitor that is present is 

indicated on each panel. Only S configurations are shown for chiral molecules. TDP-43(307-319) peptides and inhibitors are 

shown in blue and pink, respectively. Periodic boundary conditions are applied. Each snapshot is one unit cell. 

 
 

Figure 4.9 (A) Initial configuration for a pre-formed hexameric TDP-43(307-319) oligomer in the presence of EGCG molecules. 

(B) Final simulation snapshots for systems containing a pre-formed hexameric TDP-43(307-319) cylindrin structure in the 

presence of 6 inhibitors at C=20 mM, T*=0.20, and 300 B collisions. The inhibitor that is present is indicated on each panel. 

Only S configurations are shown for chiral molecules. TDP-43(307-319) peptides and inhibitors are shown in blue and pink, 

respectively. Periodic boundary conditions are applied. Each snapshot is one unit cell. 
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Figure 4.10 (A) Structure of EGCG with the rings labeled. (B) Interaction energy map between the TDP-43(307-319) coarse-

grained sites and the EGCG coarse-grained sites averaged over the first 1 billion collisions and (C) averaged over from 10 to 100 

billion collisions. Coarse-grained sites for EGCG are grouped by the phenyl rings and are labeled on the y-axis. The NH, CO, and 

R (sidechain) coarse-grained sites are shown for each residue on TDP-43(307-319) and are labeled accordingly along the x-axis.  
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Figure 4.11 Number of inhibitor-backbone hydrogen bonds as a function of time for systems containing a pre-formed 6-mer 

TDP-43(307-319) cylindrin structure in the presence of six inhibitors. To reduce noise, a rolling average with a window of 10 B 

collisions was applied to each time series. 

 

 

 
 

Figure 4.12 Variation of molecular planarity parameter (MPP) and span of deviation from plane (SDP) for each compound over 

the course of a 100 ns molecular dynamics simulation performed at T=310 K. 
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Figure 4.13 Coarse-grained representations of inhibitor molecules. Proprietary molecules (322, 339, and 348) are depicted as 

Markush structures. Pseudo-bonds used to constrain the molecules are shown with dashed lines. For readability, pseudo-bonds 

for hydrogen sites are not shown. Circles are not drawn to scale. 

 

 
Table 4.1 Average number of interpeptide backbone-backbone hydrogen bonds from 50 to 300 B collisions for systems 

containing six TDP-43(307-319) peptides starting from extended conformations in the presence of six inhibitor molecules. 

Inhibitor  Avg. # of HB 

NONE 47.8 ± 5.3 

EGCG  6.3 ± 2.6 

348S 25.1 ± 4.7 

339S 24.1 ± 6.1 

337S 32.2 ± 5.2 

322S 26.9 ± 4.1 

 305 34.1 ± 5.4 

 303 29.4 ± 7.5 

201S 37.6 ± 5.1 
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Table 4.2 Average number of interpeptide backbone-backbone hydrogen bonds from 50 to 300 B collisions for systems 

containing a pre-formed TDP-43(307-319) cylindrin in the presence of six inhibitor molecules. 

Inhibitor  Avg. # of HB 

NONE 47.8 ± 5.3 

EGCG  5.6 ± 2.6 

348S 33.8 ± 4.2 

339S 25.1 ± 4.8 

337S 32.5 ± 5.5 

322S 34.8 ± 5.4 

 305 39.4 ± 5.5 

 303 33.1 ± 7.4 

201S 44.1 ± 3.3 

 
 

Table 4.3 Coarse-grained group parameters for inhibitor molecules 

Atoms Mass 

Reduced 

Mass ˋ ό)ύ ˂ ό)ύ 

ʶ  

(reduced unit) Interaction type 

CH3 15.035 1.000 2.70 5.40 0.084 Hydrophobic 

CH2 14.027 0.933 2.34 4.68 0.084 Hydrophobic 

CH 13.019 0.866 2.34 4.68 0.084 Hydrophobic 

C 12.011 0.799 2.34 4.68 0.084 Hydrophobic 

OH 17.007 1.131 2.15 4.50 1.000 Hydrogen bond 

O 15.999 1.064 2.15 4.50 1.000 Hydrogen bond 

CO 28.010 1.863 4.00 4.50 1.000 Hydrogen bond 

H 1.008 0.067 1.20 0.00 0.000 Hardsphere 

Cl 35.453 2.358 3.50 0.00 0.000 Hardsphere 

N 14.007 0.932 3.30 4.50 1.000 Hydrogen bond  

NH 15.015 0.999 3.30 4.50 1.000 Hydrogen bond  

NH2 16.020 1.066 3.30 4.50 1.000 Hydrogen bond / Charged 
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Chapter 5 Charge guides pathway selection in ɓ-sheet fibrillizing peptide co-assembly 

Chapter 5 is essentially a manuscript by Dillon T. Seroski, Xin Dong, Kong M. Wong, Renjie 

Liu, Qing Shao, Anant K. Paravastu, Carol K. Hall, Gregory A. Hudalla accepted by 

Communications Chemistry. 
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5.1 Abstract 

Peptide co-assembly is attractive for creating biomaterials with new forms and functions. 

Emergence of these properties depends on the peptide content of the ýnal assembled structure, 

which is difýcult to predict in multicomponent systems. Here using experiments and simulations 

we show that charge governs content by affecting propensity for self- and co-association in 

binary CATCH(+/ī) peptide systems. Equimolar mixtures of CATCH(2+/2ī), CATCH(4+/4ī), 

and CATCH(6+/6ī) formed two-component ɓ-sheets. Solid-state NMR suggested the cationic 

peptide predominated in the ýnal assemblies. The cationic-to-anionic peptide ratio decreased 

with increasing charge. CATCH(2+) formed ɓ-sheets when alone, whereas the other peptides 

remained unassembled. Fibrillization rate increased with peptide charge. The zwitterionic 

CATCH parent peptide, ñQ11ò, assembled slowly and only at decreased simulation temperature. 

These results demonstrate that increasing charge draws complementary peptides together faster, 

favoring co-assembly, while like-charged molecules repel. We foresee these insights enabling 

development of co-assembled peptide biomaterials with deýned content and predictable 

properties. 

5.2 Introduction  

Peptides that assemble into elongated ýbrillar structures (i.e.,ñpeptide nanoýbersò) are 

widely used to create biomaterials for medical and biotechnology applications1ï5. Coassembly is 

a process in which two distinct peptides (e.g., A and B) can associate to form a single 

supramolecular structure. Combining two different types of molecules into a single ýbrillar 

architecture can lead to biomaterials with a new form and function6ï8. Early examples relied on 

the co-assembly of a peptide A with a variant of A (e.g., A*) that is modiýed to include a 

molecule that imparts speciýc biological activity, such as cell adhesion, molecular recognition, 
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or antigen presentation. This strategy has been widely used to create nanomaterials for tissue 

engineering and regenerative medicine9ï15, immune engineering16ï18, protein capture and 

release19ï21, and fouling resistance22, among other applications. More recent examples combine 

two different peptides, A and B, that can self-associate (i.e., AA or BB) as well as co-assemble 

(i.e., AB). This approach can lead to biomaterials with new nanoscale structures23, 

hydrogelators24, gradated protein display25, scaffolding for anchorage-dependent cells26, drug 

delivery27, and insights into protein-misfolding diseases28.  

Changes in peptide amino acid sequence often alter nanoýber properties, and predicting 

these changes requires an understanding of how molecular features guide selection among the 

different assembly pathways. Within single-component systems, for example, replacing positive 

residues with negative residues, and vice versa, can alter nanoýber morphology or assembly 

kinetics29ï34. Within binary systems, the possibilities are quite complicated, as peptides can 

cooperatively co-assemble, randomly co-assemble, destructively co-assemble, or self-sort6. Prior 

work has shown that when two oppositely charged peptides coassemble, the resulting nanoýbers 

can have different morphologies than those observed after self-association of either peptide 

alone28,35ï40. When peptides self-sort and form distinct nanostructures, interactions between these 

structures can alter bulk biomaterial properties38. A grand challenge in peptide coassembly is 

having the ability to accurately predict biomaterial structure and function from amino acid 

sequence information. Unfortunately, these features are determined by peptide content of the 

nanoýber, which is difýcult to ascertain in multicomponent systems due to the inability to 

distinguish self- and co-association events using conventional approaches.  

ñSelective co-assembly,ò is a unique case wherein two distinct peptides, A and B, resist 

self-association when alone, but when combined form ýbrillar structures. Selective co-assembly 
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is in many ways analogous to triggered self-assembly, wherein peptide association is induced by 

introducing a chemical (e.g., pH, salt)41ï43 or physical (e.g., heat, light)44,45 stimulus. Often, 

selective co-assembly is enabled by the cooperative transition of peptides A and B from random-

coil conformations into secondary structures that template the intermolecular interactions that 

drive ýbrillization, such as Ŭhelices46ï48 and ɓ-strands49ï51. Like triggered self-assembly, 

selective co-assembly is advantageous for encapsulating sensitive biological cargoes, such as 

cells50,51 and proteins52. We envision that selective co-assembly can also provide control of 

pathway selection in binary peptide systems by minimizing the competition between self- and 

co-association events.  

To date, most peptides that selectively co-assemble have been derived from self-

assembling peptides by swapping out neutral residues for charged residues such as lysine (K), 

arginine (R), glutamic acid (E), and aspartic acid (D). Examples of peptide coassemblies 

designed using this concept include KVW10 and EVW10 derived from MAX149, P11-13 and 

P11-14 derived from P11-250, CATCH(+) and CATCH(ī) derived from Q1152, and KLVFWAK 

and ELVFWAE derived from Aɓ53. Creating highly charged variants of self-assembling peptides 

is thought to prevent their self-association through electrostatic repulsion and facilitate co-

assembly through electrostatic attraction and hydrophobic collapse. We recently reported that the 

charge-imbalanced peptide pair CATCH(4+) and CATCH(6ī) selectively coassembles into 

nanoýbers predominated by an alternating AB strand order, although a non-negligible number of 

AA and BB ñmismatchesò are predicted from models and observed experimentally54. The 

peptide component with the lower number of charged residues had greater propensity for strand 

mismatching (i.e., ñself-associationò). This observation may not be surprising, but when coupled 

with the limited sequence space that has been explored in peptide co-assembly, underscores the 
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need for systematic studies to understand how molecular features inþuence nanoýber formation, 

composition, structure, and function.  

Here, we sought to understand the role of charge in the coassembly of binary peptide 

mixtures using the CATCH system. To maintain consistency with the original CATCH(4+/6ī) 

peptides, which were derived from the self-assembling peptide Q1155, we systematically 

replaced glutamine residues with either positively charged lysine, K, or negatively charged 

glutamic acid, E, residues. This design incrementally varies the number of charged residues in 

each peptide, but retains the hydrophobic core required for ɓsheet ýbrillization (Figure 5.1A)52. 

We proposed that the number of charged amino acid residues within each peptide would 

determine selection between self-association and co-association pathways (Figure 5.1B). 

Biophysical experiments and computational models identiýed lower limits for the number of 

cationic or anionic amino acids that bias CATCH peptide mixtures away from self-assembly and 

toward co-assembly at equilibrium. Discontinuous molecular dynamic (DMD) simulations based 

on the PRIME20 model, which were corroborated by experiments, identiýed an inþuence of 

peptide charge on co-assembly kinetics that was not anticipated based on prior knowledge. These 

results provide a mechanistic basis for pathway selection that extends beyond the concept of a 

thermodynamic ñon-offò switch, and identify charge as a fundamental design consideration for 

controlling peptide co-assembly.  

5.3 Results  

5.3.1 Self-association and co-assembly of CATCH pairs 

We characterized co-assembly of the CATCH(2+/2ī), CATCH(4+/4ī), and 

CATCH(6+/6ī) pairs in 1Ĭ phosphate-buffered saline (PBS) using Fourier transform infrared 

(FTIR) spectroscopy, transmission electron microscopy (TEM), solid-state nuclear magnetic 
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resonance (ssNMR) spectroscopy, and DMD simulations (Figure 5.2). We ýrst used TEM to 

view nanoýber morphology 24 h after combining CATCH(2+/2ī), CATCH(4+/4ī), or 

CATCH(6+/6ī) in solution at an equimolar ratio (Figure 5.2A). CATCH(2+/2ī) formed 

nanoýbers with long persistence lengths that were prone to aggregation (Figure 5.2A and Figure 

5.6), similar to Q11 (Figure 5.7). In contrast, CATCH(6+/6ī) formed nanoýbers with uniform 

widths of 11.5 ± 2.6 nm that spanned hundreds of nanometers with very short persistence lengths 

and little to no lateral association (Figure 5.2A and Figure 5.8). CATCH(4+/4ī) formed 

nanoýbers that were similar to both CATCH(6+/6ī) and CATCH(2+/2ī) with regions of short 

and long persistence lengths as well as regions with high and low lateral association (Figure 

5.2A and Figure 5.9). Similar differences in assembled nanoýber morphology were reported 

previously in a study comparing charged one- and two-component peptide nanoýbers56.  

We used FTIR spectroscopy in the amide I region between 1600 and 1700 cmī1 to 

analyze the formation of new hydrogen bonds resulting from peptide organization into structures 

rich in ɓ-sheets (Figure 5.2A). Samples of the CATCH parent peptide Q11 had a strong 

maximum at 1622 cmī1 indicative of a ɓ-sheet conformation (Figure 5.10), consistent with a 

prior report13. Similarly, FTIR spectra for equimolar mixtures of CATCH(2+/2ī), 

CATCH(4+/4ī), and CATCH(6+/6ī) had strong maxima between 1619 and 1620 cmī1, 

indicative of ɓ-sheet secondary structures within the samples (Figure 5.2B, black traces)57. In 

contrast, spectra of CATCH(2ī), CATCH(4+), CATCH(4ī), CATCH (6+), and CATCH(6ī) 

had broad maxima at ~1642ï1645 cmī1 indicative of random-coil conýgurations (Figure 5.2B, 

blue and red traces). Unexpectedly, the CATCH(2+) spectrum had a maximum at 1621 cmī1, 

indicating a predominance of ɓ-sheet secondary structure (Figure 5.2B, blue trace, left panel); 

this result suggested that CATCH(2+) can self-associate. Notably, CATCH (2+) in pure water 
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also had a maximum at 1620 cmī1 (Figure 5.11), suggesting that self-association does not 

depend on counterions in 1× PBS.  

The secondary structures and content of CATCH(2+/2ī), CATCH(4+/4ī), and 

CATCH(6+/6ī) samples in the gel state were assessed through 1D 13C ssNMR spectra (Figure 

5.2C and Figure 5.12). Samples were ýrst subjected to centrifugation to separate assembled 

peptide from unassembled peptide and then lyophilized before conducting ssNMR 

measurements. 1D 13C spectra were collected using the composite-pulse multi-CP method from 

Duan and Schmidt-Rohr58, which was validated with a series of similar co-assembled ɓ-sheet 

peptide samples (Figure 5.13-5.18) and allows quantitative peak comparison. Narrow linewidths 

observed in the aliphatic region of 1D 13C spectra ranged from 1.1 to 1.8 p.p.m., consistent with 

linewidths observed in previous amyloid ýbrils, indicating that each peptide pair assembled into 

an ordered structure59,60. The 13C chemical shifts for samples of CATCH(2+/2ī), 

CATCH(4+/4ī), and CATCH(6+/6ī) were consistent within peak linewidths (Table 5.1 and 

Figure 5.19), suggesting that these peptide pairs adopted similar structures. Secondary chemical 

shifts for carbonyl carbons and Ŭ-carbons, which are calculated as the change in chemical shift 

value from values reported for random coil structures, can be used to determine secondary 

structure61. Here, CATCH(2+/2ī), CATCH(4+/4ī), and CATCH(6+/6ī) showed approximate 

secondary chemical shifts of ī2.7 and ī0.7 p.p.m. for the carbonyl and Ŭ-carbon, respectively, 

indicating that the samples were rich in ɓ-sheets, consistent with FTIR measurements. Further, 

the presence of shifts corresponding to the Cɔ of lysine and Cŭ of glutamic acid at ~23 and ~181 

p.p.m., respectively, indicated that both (+) and (ī) peptides were present in the samples; 

however, the magnitude of the signal suggested that the cationic peptide was the predominant 

species. Notably, the much smaller peak at 179 p.p.m. in the CATCH(2+/2ī) sample assigned to 
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the Cŭ of glutamic acid suggested that signiýcantly less CATCH (2ī) was present in the 

centrifuged pellet compared to CATCH (2+). The ratio of cationic to anionic peptide decreased 

with increasing charge, approaching 2 in CATCH(6+/6ī) samples. Measured ratios were 

comparable to the estimated ratio of cationic to anionic peptide in CATCH(4+/6ī) reported 

previously54. We note that the exact position of the Cŭ of glutamic acid may differ slightly from 

sample to sample. We postulate that the different nanoýber morphologies observed in TEM 

micrographs in Figure 5.2A may arise in part from the differences in the amount of CATCH(+) 

and CATCH(ī) peptides detected in the different CATCH nanoýber samples with NMR.  

DMD simulations with the PRIME20 force ýeld predicted aggregation of equimolar 

mixtures of CATCH(4+/4ī) and CATCH(6+/6ī) into bilayer ɓ-sheet structures (Figure 5.2D), 

in agreement with the experimental data; however, CATCH(2+/2ī) was not predicted to 

aggregate (Figure 5.2D) unless the simulation temperature was decreased from T* = 0.2 to T* = 

0.18 (Figure 5.20). We hypothesized that the lack of observed aggregation of CATCH(2+/2ī) in 

DMD models at higher temperatures could be due to slower kinetics that were beyond the 16 µs 

time scale of the simulations. Analysis of the ýnal aggregated structures of CATCH(4+/4ī) and 

CATCH(6+/6ī) indicated that 4 neighboring peptides in these co-assemblies formed hydrogen 

bonds and that the phenylalanine sidechains pointed inward toward the core of the bilayers, 

while the charged sidechains pointed outward toward (the implicit) water, similar to DMD 

models reported previously for equimolar mixtures of CATCH (4+) and CATCH(6ī)54. 

Furthermore, the peptides within each ɓ-sheet were predominantly organized into an alternating 

positive/ negative conýguration (e.g., CATCH(+):CATCH(ī):CATCH(+): CATCH(ī)), 

although some CATCH(+):CATCH(+) and CATCH (ī):CATCH(ī) neighbors were observed. 

No stable aggregates were observed in DMD simulations of CATCH(2ī), CATCH(4+), 
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CATCH(4ī), CATCH(6+), and CATCH(6ī) alone (Figure 5.21), consistent with FTIR 

measurements, suggesting that the presence of a charge-complementary peptide is required for 

assembly of these molecules. Aggregates were also not observed in DMD simulations of 

CATCH(2+) alone (Figure 5.15), in contrast to experiments, suggesting that self-assembly of 

this molecule may proceed over longer timescales than the simulation window. Taken together, 

simulations and experiments demonstrate that the CATCH(6+/6ī) and CATCH(4+/4ī) peptide 

pairs selectively co-assemble into two-component ɓ-sheet nanoýbers. In contrast, CATCH(2ī) 

may cooperatively co-assemble with CATCH (2+); however, the self-assembly propensity of 

CATCH(2+) favors its increased incorporation into the resultant assemblies.  

5.3.2 Minimum concentration required for CATCH co-assembly 

Next, we evaluated the minimum concentration required for coassembly of 

CATCH(4+/4ī) and CATCH(6+/6ī) pairs using CD (Figure 5.3 and Figure 5.22). 

CATCH(2+), CATCH(2ī), and the pair were not studied due to the difýculty of distinguishing 

coand self-assembly events. Samples of CATCH(4+), CATCH(4ī), CATCH(6+), and 

CATCH(6ī) alone all had CD spectra with minima between 199 and 202 nm indicative of 

random-coil conýgurations (Figure 5.22). Over the range of 50ï400 µM, equimolar mixtures of 

CATCH(4+/4ī) and CATCH(6+/6ī) transitioned from predominantly random-coil 

conýgurations to a mixture of random coils and ɓ-sheets, and to predominantly ɓ-sheet 

secondary structures (Figure 5.3A). The minimum concentration at which CATCH(4+/4ī) and 

CATCH(6+/6ī) formed a predominantly ɓsheet secondary structure was between 300 and 400 

µM (Figure 5.3B), which is consistent with the minimum reported previously for equimolar 

mixtures of CATCH(4+/6ī)52. However, more ɓ-sheet content, indicated by the minimum at 212 
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nm, was observed at lower concentrations of CATCH(6+/6-) than CATCH(4+/4ī), suggesting 

that increasing the number of charged residues decreases the threshold for co-assembly.  

5.3.3. Co-assembly kinetics observed via DMD simulations and biophysical experiments 

DMD simulations offer a unique opportunity to probe co-assembly kinetics at the 

microsecond scale, which is not accessible using conventional biophysical experimentation. 

Here, we examined DMD snapshots of equimolar mixtures of CATCH(4+/4ī) and 

CATCH(6+/6ī) containing 96 peptide units over 200 billion collisions (~16 µs) at time points of 

0, 1.6, 3.2, 8, and 16 µs (Figure 5.4A, B and Figure 5.23). At t = 0 µs, the simulation randomly 

distributes the peptide units throughout the box in random-coil conýgurations. For the 

CATCH(4+/4ī) pair, a snapshot at 1.6 Õs revealed the initiation of some bilayer ɓ-sheet 

secondary structures with most of the peptide units still unassembled. After 3.2 µs, we observed 

an increase in the number of assembled peptides, but it was not until 8 µs that approximately half 

of the peptides were incorporated into bilayer structures. Finally, after 16 µs, nearly all of the 

peptide units were incorporated into ɓ-sheet nanoýber structures. Snapshots of CATCH(6+/6 ) 

show an increase in the number of peptides assembled into ɓ-sheet ýbrils over time relative to 

CATCH(4+/4ī). In particular, after 1.6 Õs a fraction of CATCH (6+) and CATCH(6ī) peptides 

were already incorporated into bilayer ɓ-sheet secondary structures. By 3.2 µs, about half of the 

peptides were in the assembled state, at 8 µs most were assembled, and after 16 µs nearly all of 

them were incorporated into ɓ-sheet nanoýber structures. Recall that the CATCH(2+/2ī) pair did 

not form aggregates after 16 µs in simulations at T* = 0.2 (Figure 5.2D).  

Treating the number of hydrogen bonds formed between peptides in the simulated 

environment as a measure of the coassembly kinetics suggested that CATCH(6+/6ī) 

ýbrillization proceeded faster than that of CATCH(4+/4ī) (Figure 5.4C). A closer examination 
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of the DMD assembly kinetics demonstrated a faster rate of free peptide depletion as well as 

faster increase in the number of peptides within ýbrillar structures for CATCH(6+/6ī) relative to 

CATCH(4+/4ī) (Figure 5.4D). The number of hydrogen bonds formed in the DMD simulations 

(Figure 5.4C) correlates with the ýbril formation kinetic proýle (Figure 5.4D), whereas the 

number of oligomers remains relatively constant, suggesting that free peptides preferentially add 

onto already established ɓ-sheets.  

Informed by the DMD simulations, CATCH peptide coassembly kinetics were evaluated 

using CD spectroscopy and thioþavin T (ThT) þuorimetry (Figure 5.5A, B). The CD spectra of 

samples of CATCH(6+/6ī) were relatively constant over the range of 1ï60 min, and the strong 

minimum in ellipticity at 212 nm suggested most of the peptides adopted a ɓ-strand 

conformation within 1 min (Figure 5.5A). In contrast, the magnitude of the ellipticity at 212 nm 

in samples of CATCH(4+/4ī) increased with time, suggesting that these peptides adopted a 

ɓstrand conformation more slowly than the CATCH(6+/6ī) pair of peptides. Relative to each of 

the peptides alone, samples of CATCH(4+/4ī) and CATCH(6+/6ī) exhibited a stronger 

þuorescence signal from ThT (Figure 5.24), a dye that demonstrates an increase in þuorescence 

upon binding to cross-ɓ amyloid structures62. Measuring changes in ThT þuorescence over time, 

CATCH(6+/6ī) samples reached a maximum between 12 and 24 h, while CATCH(4+/4ī) 

samples required 24ï48 h (Figure 5.5A). Notably, the faster kinetics observed through ThT 

þuorescence suggested that CATCH(6+/6ī) may have a faster rate of ýbril formation than 

CATCH(4+/4ī), as longer nanoýbers would provide more sites for ThT to bind63. The co-

assembly kinetics of the CATCH(4+/4ī) and CATCH (6+/6ī) peptides depended on the ionic 

strength of the solution, whereas self-assembly of the individual peptides generally did not 

(Figure 5.25-5.30). In particular, the time to half-max of the ThT signal was shorter for mixtures 
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of CATCH(4+/4ī) in 5Ĭ PBS when compared to 1Ĭ PBS; however, the time to half-max ThT 

signal was longer for samples of CATCH(4+/4ī) in 10Ĭ PBS (Figure 5.25). In contrast, the time 

to half-max for mixtures of CATCH(6+/6ī) decreased with increasing ionic strength, to the 

extent that co-assembly kinetics could not be measured using ThT þuorimetry for 

CATCH(6+/6ī) mixtures in 10Ĭ PBS (Figure 5.26). The type of ions present did not affect co-

assembly of either CATCH(4+/4ī) or CATCH (6+/6ī). Comparatively, the self-assembly 

kinetics of zwitterionic Q11 as measured with ThT were more sluggish than either CATCH 

peptide pair, taking ~144 h to reach a maximum (Figure 5.31). Consistent with this, Q11 did not 

6 aggregate in simulations at T* = 0.2, but did at T* = 0.18 (Figure 5.32), similar to the 

CATCH(2+/2ī) pair.  

The ýbrillization process was qualitatively characterized from transmission electron 

micrographs (Figure 5.5C). Samples of CATCH (4+/4ī) at 10 ÕM incubated for 1 min had no 

visible nanoýbers, but instead were predominated by non-ýbrillar aggregates. In contrast, 

samples of CATCH(6+/6ī) at 10 ÕM incubated for 1 min had a combination of nanoýbers and 

non-ýbrillar aggregates throughout the viewing area. At 10 min, samples of CATCH(4+/4ī) had 

a combination of nanoýbers and nonýbrillar aggregates, whereas samples of CATCH(6+/6ī) 

were predominated by nanoýbers. At 60 min, nanoýbers predominated in samples of both 

CATCH(4+/4ī) and CATCH(6+/6ī). Similar observations were reported previously for 

equimolar mixtures of CATCH(4+) and CATCH(6ī), which adopt nonýbrillar aggregates at 

early time points, but elongated nanoýbers later54.  

  



 

 155 

5.4 Discussion  

Our results suggest that a minimum charge density is required for CATCH peptides to 

resist self-association. Above this minimum, co-assembly kinetics are determined by the number 

of charged residues within the 11 amino acid sequence. Fibrillizing peptides typically require 

between 5 and 15 amino acids for assembly into ɓ-sheet nanoýber architectures. Peptides too 

short in length do not contain enough molecular contacts to form stable hydrogen bonds, whereas 

longer peptides have too many degrees of freedom to form stable structures. This restriction in 

sequence length provides some limitations for future sequence designs, particularly with regard 

to the number of charged residues that can be inserted into a peptide while maintaining a 

sufýcient number of hydrophobic residues to favor ɓ-sheet formation. Generally, zwitterionic 

self-assembling peptides with alternating hydrophilic and hydrophobic residues (e.g., Q11, 

RADA16, KFE8, P11-4) assemble through the expulsion of water and collapse of the 

hydrophobic face as well as ionic pairing, van der Waals interactions, and hydrogen bonding 

through the peptide backbone. The molecular interactions that drive ɓ-sheet formation are short 

range (~5 nm or less) and require intimate, often directional, contacts64,65. In contrast, 

electrostatic interactions are longer range (~1 nm to 1 ɛm) and omnidirectional66. Highly charged 

variants of self-assembling peptides, such as CATCH(4+), CATCH(4ī), CATCH(6+), and 

CATCH(6ī) derived from Q11, tend to resist self-association because longer-range electrostatic 

repulsion prevents the shorter-range interactions that drive aggregation. In contrast, peptide 

variants with a lesser number of charged residues, such as CATCH(2+), are prone to self-

association, likely because they lack a sufýcient repulsive electrostatic ýeld strength to prevent 

peptideïpeptide contact. A difference in preference for self- versus co-association resulted in ɓ-
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sheet nanoýbers with disproportionate peptide content, and correlated with observed variances in 

morphology, features that cannot be presently predicted from primary sequence alone.  

Although co-assembly of charge-complementary peptide pairs is not a new concept, the 

degree of charge necessary to resist self-association has not been explicitly studied. A previous 

study reported that the zwitterionic enantiomeric peptides L- and D-(FKFE)2 can co-assemble 

when combined, yet they also self-associate when alone67. A pair of peptides having +1 or ī1 

charged residues, EEFKWKFKEE (p1) and KKEFEWEFKK (p2), co-assemble when combined 

yet also self-associate at high and low pH or upon extended incubation at high ionic strength, 

where the former alters the charge state via acceptance or donation of protons and the latter 

likely mediates charge shielding via counterions present in solution51,68. Previous work showed 

that peptide pairs with more charged residues, such as P11-13 (EQEFEWEFEQE, charge = ī6) 

and P11-14 (QQOFOWOFOQQ, charge = +4)50, or CATCH(4+) and CATCH(6ī)52, co-

assemble when combined but do not self-associate. The hydrophobic phenylalanine residues in 

the CATCH peptides have been shown to be necessary for co-assembly, demonstrating that 

molecular association is not due to charge complementarity alone52. Further, the ionic strength of 

the solution does not affect the self-assembly propensity of CATCH(4+), CATCH(4ī), 

CATCH(6+), or CATCH(6ī), except in the unique case when the ions are depleted or enriched, 

which favors CATCH(4+) self-association through a mechanism that is not yet clear (Figures 

5.27-5.30). Together, these observations suggest that in aqueous solutions containing ions, more 

than two glutamate residues can prevent self-association, whereas three or more lysine residues 

are needed. These differences may reþect disparities in sidechain interaction potentials;68 

however, the effect of charge likely also depends on peptide length, number of hydrophobic 

residues, and the density of charged residues along the peptide backbone.  
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An unexpected result of our study was the dependence of coassembly kinetics on the 

number of charged residues within the different CATCH peptides. Notably, both simulations and 

biophysical experiments predicted similar trends with regard to the kinetics of charge-

complementary peptide co-assembly, despite differences in time scale and number of molecules 

within each system, highlighting the signiýcance of this approach to reýne our understanding of 

peptide ýbrillization. In particular, DMD simulations, ThT þuorimetry, CD, and TEM 

collectively demonstrated that binary equimolar mixtures of CATCH(6+/6ī) co-assemble faster 

than binary equimolar mixtures of CATCH(4+/4ī). DMD simulations and CD suggested that 

CATCH(6+/6ī) peptides in a equimolar mixture transition from random-coil conformations to ɓ-

strands faster than CATCH(4+/4) peptides in an equimolar mixture. ThT þuorimetry suggested 

that CATCH(6+/6ī) coassemblies underwent faster ýbril formation than CATCH(4+/4ī) co-

assemblies. Solution ionic strength affected co-assembly kinetics of CATCH(4+/4ī) or 

CATCH(6+/6ī) to different extents; we observed a direct correlation between ionic strength and 

CATCH (6+/6ī) kinetics, whereas CATCH(4+/4ī) co-assembly approached a maximum at 

intermediate ionic strength. Further, ThT þuorimetry measurements suggested that physiologic 

ionic strength (i.e., 1Ĭ PBS and 1Ĭ CD buffer) may lead to increased ýbril mass, estimated from 

the maximum ThT signal during CATCH(4+/4ī) co-assembly, whereas ýbril mass was not 

affected by ionic strength during CATCH(6+/6ī) co-assembly. Although increasing ionic 

strength did not generally increase the self-association propensity for any of the peptides when 

alone, it remains to be determined if the increased rate of co-assembly at higher ionic strengths 

correlates with increasing content of like-charged neighbor mismatches in CATCH nanoýbers.  

Notably, neither CATCH(4+/4ī) nor CATCH(6+/6ī) demonstrated the classical ñlag 

phaseò often observed during ýbril formation for peptides/proteins, such as amyloid-ɓ and Ŭ-
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synuclein, which suggests that the nucleation and elongation rate constants for synthetic CATCH 

peptides are signiýcantly greater than those of natural ýbril-forming peptides. One plausible 

explanation for this is that charge serves to draw peptides together, establishing sufýciently high 

local concentrations of peptide to favor rapid nucleation and elongation69. According to 

Coulombôs law, attractive and repulsive forces are proportional to the number of charged 

residues within the peptide sequence. Assuming that the peptides are present at an exact 

equimolar ratio and that all lysine and glutamic acid residues are protonated or deprotonated, 

respectively, there is a 2.25-fold increase in Coulombic attraction between CATCH(6+) and 

CATCH(6ī) 8 versus CATCH(4+) and CATCH(4ī). From our observations, we postulate that 

the attraction between oppositely charged molecules increases their likelihood of collision, while 

repulsion keeps like-charged molecules apart, which together favor coassembly over self-

association. Considering the relatively slow kinetics of zwitterionic Q11, our data further support 

the inference that oppositely charged peptides can ñattractò a partner peptide from greater 

distances to enable faster ɓ-sheet assembly. When coupled with observations from DMD 

simulations, which demonstrated that nuclei form quickly and remain constant in number over 

the course of co-assembly, while free peptides preferentially add onto the ends of growing ýbrils, 

our observations also suggest that primary nucleation plus elongation may be the dominant 

mechanism for CATCH peptide co-assembly. Toward this end, TEM suggested that 

CATCH(4+/4ī) mixtures formed non-ýbrillar aggregates that persisted for a longer duration than 

those formed in CATCH(6+/6ī) mixtures. Although it remains to be determined if CATCH 

peptides co-assemble via a two-step nucleation mechanism involving formation of non-ýbrillar 

aggregates that seed ýbril formation70, or if this aggregation event is off-pathway, the formation 
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of non-ýbrillar aggregates in binary CATCH(+/ī) peptide mixtures suggests that the coassembly 

pathway is more complicated than the single-step processes outlined in Figure 5.1.  

Our previous study on the CATCH(4+/6ī) pair revealed the presence of like-charged 

neighbor ñimperfectionsò within coassembled nanoýbers54. Aggregation kinetics likely play a 

key role in the emergence of these imperfections. We consider a coassembling peptide system as 

having three possible reactions, A joins with A, B joins with B, or A joins with B, and three 

corresponding reaction rates (i.e., kAA, kBB, and kAB). To prevent selfsorting, the rate constant 

of co-association needs to be signiýcantly greater than that of self-association (i.e., kAB è kAA å 

kBB). Further, we postulate that the formation of co-assembled peptide nanoýbers lacking like-

charged neighbor imperfections (i.e., perfectly alternating strand organization) requires kAB to 

be maximized, while kAA and kBB are minimized. Much like the CATCH(4+)/CATCH (6ī) 

pair reported previously, the CATCH peptide pairs studied here may not meet these criteria, as 

we qualitatively observed mismatching via DMD simulations for both the CATCH(4+/4ī) and 

CATCH(6+/6ī) pairs. These observations suggest that charge plays a more signiýcant role at 

long rather than short intermolecular distances in peptide co-assembly processes. Thus, charge is 

likely insufýcient for encoding the assembly of perfectly alternating two-component nanoýbers 

within the established sequence space. Future efforts to balance long-range charge effects with 

shortrange intermolecular complementarity may enable opportunities to improve the 

compositional precision of co-assembled peptide nanoýbers. We envision that achieving 

molecular-level precision of ɓ-strand order within co-assembled peptide nanoýbers will enable 

the development of new biomaterials with more sophisticated functional and structural features.  
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5.5 Conclusion  

In conclusion, we surveyed the assembly pathway of three pairs of charge-matched 

CATCH(+/ī) peptide pairs, CATCH(2+/2ī), CATCH(4+/4ī), and CATCH(6+/6ī), derived 

from the original charge-mismatched CATCH(4+/6ī) pair. ɓ-Sheet nanoýbers were observed in 

all CATCH peptide mixtures, although the morphology of the nanoýbers formed varied based on 

the number of charged amino acid residues in each peptide. ssNMR suggested that these 

morphological differences may arise in part from disproportionate composition of cationic and 

anionic peptides within the ɓ-sheets, although other molecular determinants likely also contribute 

to the observed differences. We also found that increasing charge biases binary systems toward 

co-assembly and away from self-assembly. These results are broadly consistent with the small 

sequence space of charge-complementary peptides that has been studied thus far, yet advances 

our understanding of speciýc molecular features that guide selection among the different 

assembly pathways that are possible. In particular, the minimum number of residues that imparts 

resistance to self-assembly differed between cationic and anionic peptides. Where two glutamic 

acid residues afforded resistance to self-association, two lysine residues did not. Further, 

increasing the number of charged amino acid residues within each peptide increased the rate of 

co-assembly of CATCH(+/ī) pairs. Thus, charge can promote co-assembly in binary peptide 

mixtures by enhancing the rate of co-association in addition to providing a thermodynamic ñon-

offò switch.  

5.6 Materials and methods  

5.6.1 Peptide synthesis and puriýcation 

Peptides were synthesized on a 200ï400 mesh rink amide AM resin (Novobiochem) 

using standard Fmoc solid-phase peptide synthesis on a CS336X automated peptide synthesizer 
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(CS Bio), according to established methods52. Peptides were acetylated at their N-termini with an 

acetylation cocktail (10% acetic anhydride (Sigma), 80% dimethylformamide (Fisher), and 10% 

N,N-Diisopropylethylamine (Fisher)). Synthesis resin was collected and washed with acetone 

(Fisher) and placed in desiccator overnight. Peptides were cleaved from resin and deprotected 

using a cocktail containing 95% triþuoroacetic acid (TFA) (Fisher), 2.5% triisopropylsilane 

(Sigma), and 2.5% ultrapure water. Soluble peptide is then separated from the solid-resin support 

and then precipitated using diethyl ether (Fisher) on ice for 5 min. To remove residual TFA, 

precipitated peptide was then pelleted via centrifugation and resuspended with cold diethyl ether 

three times and then dried in vacuo overnight. Peptides were dissolved in water, frozen, and 

freeze-dried with a FreeZone 1 lyophilizer (Labconco).  

Peptides were puriýed to >90% purity by reverse phase high-performance liquid 

chromatography (RP-HPLC) using a DionexTM Ultimate 3000TM System (Thermo Scientiýc) 

equipped with a C-18 column (Thermo Scientiýc) or a PFP column (Thermo Scientiýc). The 

mobile phase consisted of (A) water and (B) acetonitrile, both containing 0.1% TFA. Peptides 

were detected by absorbance at 215 nm.  

5.6.2 Matrix -assisted laser desorption/ionization-time-of-þight mass spectrometry (MALDI-

TOF-MS)  

For MALDI-TOF-MS analysis, RP-HPLC-puriýed peptide was mixed 1:1 (v/v) with Ŭ-

cyano-4-hydroxycinnamic acid (Sigma) (10 mg/ml) in 70% acetonitrile and 30% water both 

containing 0.1% TFA. Two microliters of the solution was spotted and dried onto an MSP 96-

target polished steel BC MALDI plate. Samples were analyzed using reþectron, positive mode 

on an AB SCIEX TOF/TOFTM 5800 (Bruker) equipped with a 1 kHz N2 Opti-BeamTM on axis 

laser (Figure 5.33).  
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5.6.3 Nanoýber preparation 

Peptides were prepared by dissolving lyophilized peptides in either water (cationic 

peptides) or 200 mM ammonium bicarbonate (anionic peptides) with the concentration 

determined using phenylalanine absorbance (ɚ = 258). For all two-peptide component samples, 

the peptides are mixed at a 1:1 molar ratio (equimolar) in water, and are then infused with 10× 

PBS to reach a ýnal concentration of 1Ĭ PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

and 1.8 mM KH2PO4, pH 7.4). Single-component peptide systems are dissolved and infused 

with 10× PBS to reach 1× PBS at the desired concentration.  

5.6.4 Transmission electron microscopy 

Nanoýbers prepared at 1 mM were incubated overnight in 1Ĭ PBS, unless otherwise 

stated. Samples were diluted to 250 ÕM with ultrapure water ýltered through a 0.22 ÕM syringe 

ýlter. Formvar-carbon-coated 400 mesh copper grids (FCF400-CU-UB, EMS) were þoated for 

30 s on top of 20 Õl peptide nanoýbers and then dried by tilting the grid on a Kimwipe. Samples 

were negatively stained with 2% uranyl acetate in water for 30 s and analyzed using a Hitachi H-

700 for endpoint studies or a FEI Tecnai Spirit (FEI, The Netherlands) housed in the University 

of Florida Interdisciplinary Center for Biotechnology Research. TEM ýber widths were analyzed 

from three separate images using Image J (NIH) with the average and standard deviation 

reported.  

5.6.5 FTIR spectroscopy 

The FTIR spectra were recorded using a universal ATR sampling accessory on a Frontier 

FTIR spectrophotometer (PerkinElmer). Prior to scanning, the FTIR spectrophotometer was 

blanked with ultrapure water. Samples were prepared at 10 mM and 1× PBS with 4 µl spotted 
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onto the ATR accessory. Each sample was scanned 50 times with the average of the spectra 

reported.  

5.6.6 Circular dichroism 

Circular dichroism was performed on a Chiroscan spectrophotometer (Applied 

Photophysics) between 190 and 260 nm. Peptides were prepared in 1× CD buffer (137 mM KF, 

2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4) at either 200 µM for single 

peptide solutions or 400 ÕM total peptide (200 ÕM CATCH(+) + 200 ÕM CATCH(ī)) for co-

assembled solutions, unless otherwise stated. Due to differences in assembly kinetics, samples 

were scanned until no changes in ellipticity were observed over time. Each sample was scanned 

three times with the average of the spectra reported. Data sets of peptides at different 

concentrations were converted to mean residue ellipticity using 

ὉὰὰὭὴὸὭὧὭὸώ

ὃάὭὨὩ ὦέὲὨί  ὧέὲὧὩὲὸὶὥὸὭέὲ  ρπ
  ρπ 

5.6.7 Solid-state NMR  

NMR samples at 10 mM peptide concentration in 1× PBS were recovered by 

centrifugation at 12,100 × g for 5 min after 24 h of peptide assembly. Samples were freeze-dried, 

packed into NMR rotors, and minimally hydrated (1 mg of water per mg of peptide). 

Measurements were performed on an 11.75 T Bruker Avance III spectrometer with a 3.2 mm 

Bruker MAS probe. Quantitative 1H-13C CPMAS (cross-polarization magic angle spinning) 

measurements were conducted at 277 K using the composite-pulse multi-CP pulse sequence58 to 

compensate for effects of motion and relaxation. Samples were spun at 22 kHz to prevent 

spectral overlap from spinning sidebands. Measurements were run with 14 100 kHz decoupling, 

0.2 s 1H recovery time, 2 s recycle delay, and 14 100 ɛs CP periods to ensure equivalent cross-

polarization. Reported chemical shifts are relative to tetramethyl silane, as calibrated with 
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adamantine before each experiment. Custom code in Wolfram Mathematica was used for 

chemical shift peak analysis.  

5.6.8 ThT kinetic analysis 

A stock solution containing 0.8 mg/ml ThT (Acros) in 10Ĭ PBS was ýltered through a 

0.22 Õm syringe ýlter (Millex). Peptide samples were prepared in a black 96-well plate 

(Corning) to reach a ýnal concentration of 500 ÕM total peptide, 0.08 mg/ml ThT, and 1× PBS. 

Samples were analyzed using a SpectraMax M3 spectrophotometer (Molecular Devices) using 

excitation 450 nm and emission 482 nm. All samples were run in triplicate, with the mean and 

standard deviation reported.  

5.6.9 Coarse-grained DMD simulations 

DMD, a fast alternative to traditional molecular dynamics, was used in conjunction with 

the PRIME20 force ýeld to simulate co-assembly of CATCH peptides71ï73. PRIME20 is an 

implicit solvent intermediate-resolution protein force ýeld designed by the Hall group for peptide 

aggregation. In the PRIME20 model, each of the 20 natural amino acids is represented by four 

beadsðthree for the backbone spheres NH, CŬ, and CO and one for the sidechain sphere R. 

Each sidechain sphere has a distinct hard sphere diameter (effective van der Waals radius) and 

sidechain-to-backbone distances (RNH, R-CŬ, and R-CO). Sidechainïsidechain interactions are 

modeled with a square well potential. A combination of 210 different square well widths and 19 

different square well depths are used to discriminate the polar, chargeïcharge, and hydrophobic 

interactions that occur between two sidechain groups71. Hydrogen bonding interactions between 

backbone NH and CO beads are modeled as a directional square well potential, while all other 

non-bonded interactions are modeled as hard sphere potentials. A detailed description of the 

geometric and energetic parameters of the PRIME20 model is provided in earlier work71,74,75. 
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Each system contained a total of 96 peptidesð48 of the positively charged peptides and 48 of 

the negatively charged counterpartsðrandomly distributed in a cubic box with a side length of 

200 Å. All simulations were carried out for ~16 µs in the canonical ensemble at a peptide 

concentration of 20 mM. The Andersen thermostat was employed to maintain the simulation at a 

constant reduced temperature T* of 0.20, corresponding to 342 K76,77. The reduced temperature 

in our system is deýned as T* = kBT/ŮHB, where ŮHB = 12.47 kJ/mol is the hydrogen bonding 

energy76. Cluster analysis was performed to determine the rate of oligomerization and ýbril 

formation54. A cluster is deýned as a network of peptides that are joined through a combination 

of hydrophobic and hydrogen bonding interactions. A pair of peptides were considered joined if 

one of two conditions were met: (1) a majority of the backbone hydrogen bonding sites were 

occupied or (2) there is at least one hydrophobic interaction. For our system of CATCH peptides, 

these conditions were considered sufýcient to accurately track the formation of oligomers and 

ýbril formation over the course of a simulation.  

5.9 Data availability  

Data not shown can be found in the Supplemental Materials or can be requested from the 

corresponding author.  
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Figures and Tables 

 

 
 
Figure 5.1 a Schematic of residue placement in CATCH peptides. b Schematic of hypothesized reaction rates based on the 

number of charged residues. 
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Figure 5.2 a TEM micrographs of CATCH(2+/2ī), CATCH(4+/4ī), and CATCH(6+/6ī) (scale bar = 200 nm). b FTIR-ATR 

spectra of CATCH(2+) (dashed blue line), CATCH(2ī) (dashed red line), CATCH(2+/2ī) (solid black line), CATCH(4+) 

(dashed blue line), CATCH(4ī) (dashed red line), CATCH(4+/4ī) (solid black line), CATCH(6+) (dashed blue line), 

CATCH(6ī) (dashed red line), CATCH(6+/6ī) (solid black line). c CPMAS of co-assembled CATCH(2+/2ī) (light gray line), 

CATCH(4+/4ī) (dark gray line), and CATCH(6+/6ī) (black line). d DMD simulations of co-assembled CATCH(2+/2ī), 

CATCH(4+/4ī), and CATCH(6+/6ī) after 16 Õs where cationic and anionic peptides are represented by blue and red, 

respectively. 
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Figure 5.3 a Concentration-dependent transition from random coil to ɓ-sheet of CATCH(4+/4ī) and CATCH(6+/6ī) at 50 ÕM 

(orange line), 125 ÕM (light gray line), 200 ÕM (dark gray line), 300 ÕM (purple line), and 400 ÕM (black line). b Concentration-

dependent CD spectra plotted as MRE212 nm/MRE202 nm. RC = random-coil region, T = random coil to ɓ-sheet transition region, 

ɓ = ɓ-sheet region. 
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Figure 5.4 DMD snapshots of a CATCH(4+/4ī) and b CATCH(6+/6ī) over time where cationic and anionic peptides are 

represented by blue and red, respectively. c Quantitative assessment of hydrogen bond formation over time. d DMD analysis of 

the free peptide depletion (solid orange line), oligomerization (association of 2ï5 peptides, solid purple line), and fibrillization 

(addition of free peptides onto assemblies with >5 peptides, solid black line) of CATCH(4+/4ī) and CATCH(6+/6ī) over time. 
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Figure 5.5 a CD kinetic spectra of CATCH(4+/4ī) and CATCH(6+/6ī) co-assemblies over time at 400 ÕM (t= 0, dashed black 

line; t= 10 min, solid light gray line; t= 30 min, solid dark gray line; t= 60 min, solid black line). b Thioflavin T kinetic 

measurements of CATCH(4+) (blue triangles), CATCH(4ī) (red squares), CATCH(4+/4ī) (black circles), CATCH(6+) (blue 

triangles), CATCH(6ī) (red squares), and CATCH(6+/6ī) (black circles) at 500 ÕM, error bars shown as the standard error of the 

mean. c TEM of 10 ÕM CATCH(4+/4ī) and CATCH(6+/6ī) at 1, 10, and 60 min (scale bar = 200 nm). 

 

  



 

 181 

5.11 Supporting Information  

 
 

Figure 5.6 CATCH(2+/2-) TEM micrograph unmodified (left) and 50% sharpened (right) using Microsoft PowerPoint. 
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Figure 5.7 TEM micrograph of Q11 nanofibers. 








































































































































































































