ABSTRACT

DONG, XIN YI. ModulatingPeptideAggregation: Insights frorGoarseGrainedSimulations
(Under the direction of Dr. Carol Hall).

Peptide aggregation is a complex phenomenon with implications in human health and
biotechnologyMultiple neurodegenerative diseases have been linked to peptide aggregation
Alzheimer's, Huntington's, Parkinson's, dmmdi Gehrig's diseasén 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
usein tissue engineering. The aim okttvork pesented heris to improve our understanding of
peptide aggregation and to develop guidelines for moduldting

This journey begins with the study of CATCH peptides. CATCH standSder
AssemblyTags based o8Harge complementarity, where-essembly 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 ontains a pair of cationic and anionic peptides that cooperativedgsEmble intd-
sheet structures. The number and type of charged residues may vasy$tem 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 incitb@smonber of
charged residues in complementary peptides led to fastessambly. Next, we examined the
effect of sidechain composition on the morphology ehssembled CATCH-sheet fibrils.

Simulation and experimental results showed that CATCH systath glutamic acid residues in
the anionic pept i eleeetbtraduretthan CGATOHsystemswithiasparte d b

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
experimentallyFinally, we then explored the influence of hydrophobic crowders on the
morphology of CATCH ceassemblies. 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 computatienally
derived small molecule inhibitors against T8 aggregatiod a distinctive feature of Lou
Gehrig's disease and other neurodegenerative diségsgallocatechin gallateGCG), a
compound found in green tea, was also benchmarked as an inhibitor. In this work, we considered
the TDP-43(307319)fragment as our peptide model as this segment has been shown to be an
amyloidogenic core capable of forming neurotoxic fibrils. Firg,simulated’DP-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 wildip&-43(307#319)
peptide, we then modeled multiple system configurations in the presence of small molecule
inhibitors: (1) 50 unstructuretdDP-43(307#319)peptides starting from an extended
conformation in the presence of 50 inhibitors, (2) afprened 56mer TDP-43(307319)fibril
structure in the presence of 50 inhibitors,§3)nstructured TDR3(30%319) peptides starting
from an extended conformatiamthe presence of 6 inhibitgrand (4)a preformed 6merTDP-
43(30%319)oligomer structure in the presence of Bibitors. EGCG was the most effective
inhibitor in disrupting important peptideeptide interactions necessary for oligomer and fibril
formation.

In summary, our work provides useful insights into the molecular mechauaiseslying

peptide aggregation. These should be useful for designing biomaterials and therapeutics.
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(A) Quantitative assessment of hydrogen bond formation over DMD

simulation. B) Analysis of free peptide depletion (orange), oligomerization
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bilayer simulations(B) Bottom row shows side views for three independent
simulations of CATCH(6K+/6F) separated bilayer simulations...................... 57
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CATCH(6K+) and (6E) are shown in blue and red, pestively....................... 94
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(Top row) Final simulation snapshots of CATCH(6K+/BReptides in the
presence of 10 A crowders at a peptide concentration of 5 mM and (bottom
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respectively. Purple circles represent phelaylme (F) sidechains. Dashed
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Figure 3.10 (Top row) Final snapshot of CATCH(6K+/6E system in the prese
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Figure 4.2
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Structures of inhibitor molecules considered. Molecules with a "+" have a
protonated amine group and are positiveiyrged. Proprietary molecules
(322, 339, and 348) are depicted as Markush structures.................ccooeeee.. 132

Aggregation kinetics of TDHE3(307#319) monitored by ThT fluorescence in

the absence and presence of compounds in 100mM ammonium acetate
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(A) Initial configuration for 50 TDR13(30%319) peptides starting from
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simulation snapshots for systems containing 50 -ARBEB07#319) peptides
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bonds as a function of time. (Right) Number of sidecisaiiechain

interactions between peptides as a function of time. To reduce noise, a rolling
average with a window of 10 B collgsis was applied to each time series.
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containing a préormed 50mer TDR43(30%319) fibril structure in the
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inhibitor that is present is indicated on each panel. Only S configuszdre
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Figure 4.10 (A) Structure of EGCG with the rings label€B) Interaction energy map
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mM KCL, 10mM Na2HPO4and1.8mM KH2PO4,pH 7.4),5x PBS,10x
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1.8mM KH2PO4, pH 7.4).Error bars shown as the standard errothef
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mM Na2HPO4and1.8mM KH2PO4,pH 7.4),1x PBS(137mM NacCl, 2.7
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1.8mM KH2PO4, pH 7.4).Error bars shown as tretandard error of the mear203
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Figure6.1 Char acterization of t heassembfiesiatheegelt CAT CH(

state. (a) Sequence and chemical structure of the various CATCH(6X+) and
CATCH(6Y1T) peptides. (b) I nversion
pairs at [peptide]=12nM in neutral gueous buffer. (c) 8nd GNfithe

materials formed by 1&dM CATCH( 6 K+/ 6 D1 ) or CATCH( 6 K+

neutral aqueous buffer at different angular frequencies (mean * s.d., n=3). (d)
Polarized light micrographs of the materials formed byn\
CATCH(6K+/6Di1i) or CATGCBJiBages bfth&€t1 ) . ( e)
materials formed by the different CAT
mM in neutral aqueous buffer. Twtbmensional SAXS diffraction pattern (f)

and radial intensity profile (g) of the materials formed byriM
CATCH(6K+/6D1) or CATCH(6K+/.6.EI.).2%6n
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FTIR spectra of 12 mM CATCH(6R+) or CATCH (60n neutral aqueous
buffer show that the peptides adopt random coil configurations when alone,
consistent with prior reports for CATCH(6K+) and CATCH(BE................... 260

Snapshots of discontinuous molecular dynamics (DMD) simulations with the
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consistent with the FTIR spectra shown in Figure 6.6. Three independent
DMD/PRIMEZ20 simulations of CATCH(6R+) alone and CATCH®Rlone

were performed at a reduced temperature (T*) of 0.185 for 200 b collisions

(~6.5 ¢€s). Each s y2@0tpeptides; vehith issequivalestht a t ot al
to an experimental concentration of 20 mM. No aggregation was observed at
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Chapter 1

Motivation and Overview



1.1 Motivation

Peptide aggregation is a hallmark of neurodegenerative disedessarchers have
observed the aggregation & in Alzheimer's diseasé&}synuclein inParkinson's, amylin in
type Il diabetes mellitus, and TBA3 in Lou Gehrig'sliseaseThe latter is also known as
amyotrophic lateral sclerosis (ALS) and is discussed in greater ie@hiapter 4Proteinaceous
inclusions in these diseases can arise for a variety of reasons: oxidative stress, epigenetic
alterations, or changes in a person's environmental condifioli®st neurodegenerative
diseases arise sporadically, with aging being a large risk falctoreasing outunderstandingf
theunderlyingmolecular mechanisnier peptide aggregation allows tesdevelop better
guidelines for treatment and preventmfitheseagingrelated 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 synthesistuarability throughchemical
modification. The selhssembly propensity of peptides can be harnessed to construct well
defined nanostructures suchfasheets, micelles, nanotubes, or vesftfePeptided-sheets
structures can further assemble into nanofibers, whigltiezsslink into a hydrogel structufe
The bulk properties of peptideased biomaterials can be tuned by altering the sequence of the
peptides, or by altering environmental conditions (e.g. pH, temperature, concentration, ionic
strength). Peptidbased biomaterials can be easily functiondlizg conjugating the desired
moiety to the peptide prassembl{’L Peptide ceassembly, the spontaneous organization of
two individual peptides to form a new structure, prosidie additional organizational conttol
the design proce%¥ In brief, peptides are a choice structural component for biomaterials for

applications in biosensing, drug delivery, and tissue enginééfit



Progress in science and technolbggenhanced our toolbox, allowing us to observe and
model peptide aggregation from multiple perspectives and with greater resthationefore
Dye-based assays are still commonplace for broadly assessing fibril forthatieroscopy
techniques, such as atomic force microscopy (AFM) and transmission electron microscopy
(TEM) canbe used taharacterize the fibril morphology in terms of length and alignment.
Circular dichroism spectroscopy (CBfiidFouriertransform irrared spectroscopy (FTIR)
reveal the underlying secondary structures. Advances in crystallography have led to the
observation of cylindrin and corkscrew oligomers in amyloidogenic pepititfeBetailsmissing
from biophysical measuremerdanbe informed by computational approaches. Explicit solvent
atomistic molecular dynamics are a powerful tool to interrogate pepdiiede interactions at
high resolution. Hurdles in sampling configurational space can be overcome with methods such
as replca exchangeumbrella sampling, steered molecular dynamics, and sd%drbwever,
evenwith these advancesxplicit solventatomistic molecular dynamics are still limitedtérms
of the number of molecules that can be simulated.

Coarsegrained discontinuous molecular dynamics simulationsiseéulfor studying
peptide aggregation. Discontinuous molecular dynamics is an-dkieah approach that forgoes
integration of Newton's equation of motion at every time'&tdme PRIME20 force field is a
coarsegrained 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 conformatios?®. PRIME was then expandenliecomePRIME20which includes force field
parameters for all 20 amino acitfst make up a proteth The parameters for each amino acid
were derived using a perceptron learning algorithm based on the structures of 71$tatgive

globular proteins from the Protein Data Bank (PDB). Sincedtelopmentthe PRIME20 force



field has been used in conjunction with discontinuous molecular dynamics to study assembly of
ADb fragments, Nterminalprion protein peptides, and amphipathic peptiéfe%. The force field

has also been augmented to consider the effects of macromolecular crowdineggseesalbly of
amyloidogenic peptidé326 Additionally, an inhibitor model has been incorporated into the
PRIMEZ20 force field to consideéhe phenolic inhibitors EGCG, resveratrol, curcumin and
vanillin?”.

The goal of the work in this thesis is to deepen our understanding of peptide aggregation
using molecular simulation techniques witie overarching goal of defining guidelines for
modulating peptide assembly. Simulations in this work are motivated by experimental
observations and aim to resolve details not eésilpd by biophysical techniques. The CATCH
(Co-AssemblyT ags based oG@Harge Complementarity) system wasosen as a model system
to study peptide cassembl§?2°, The term CATCH refers to sysemcontaining gair of
chargecomplementary peptides, CATCH(X+) and CATCH)Ywhere 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 ceassembly. To understand the effects of environmental conditions on peptide co
assembly, we examined the influence of macromolecular crowding on the morphology of
CATCH coassemblies.

We examinegbeptide seHassembly in TDRI3, a protein linked to AL®. 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 fibtlidNVe firstsimulated systemsontaining
N=6, 8,10, and 50rDP-43(30#319)to determine its propensity for oligomer and fibril

formation To provide insight and guidelines for developing drugs targeting amyloidogenic



peptides, we benchmarked the impafcsmall molecule inhibitors othe wildtypeTDP-43(307
319)peptide organization.

In summary, we examined multipdspects of peptide aggregation in systems of synthetic
and naturallyoccurring peptides. The ability to form aggregates is not a feature limited to
amyloidogenic peptides, but rather an intrinsic characteristic of polypeptide®hhirthis
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 chaptehe dissertation is provided.

1.2.1 Programming ceassembled peptideanofiber 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. Cassembling peptides can be crafted into supramolecular biomaterials for use in
biotechnological applications, such as cell culture scaffolds, drug delivery, bicsesrsdtissue
engineering. Peptide emssembly refers to the spontaneous organization of two different
peptides into a supramolecular architecture. Here we use molecular dynamics simulations to
guantify the effect of anionic amino acid type orassemblydynamics and nanofiber structure
in binary CATCH(+#) peptide systems. CATCH peptide sequences follow a general pattern:
CQCFCFCFCQC, where al/l Cbs are either a posit
acid. Specifically, we investigate the effettsubstituting aspartic acid residues for the glutamic
acid residues in the established CATCH{6fBolecule, while keeping CATCH(6K+)
unchanged. Our results show that structures consisting of CATCH(6K+) and CATGH{6D

f | a tsheets, habe strongernt er act i ons bet ween esheatfages,d r esi



and have slower eassembly 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 grantnmsight i
sequenco-structure relationships.

1.22 Modulating peptide ceassembly via macromolecular crowding: Recipes for co

assembled structures

In Chapter3, we explore the effects of hydrophobic crowders on CATCH(6K-/6E
peptide ceassemblyPeptidebased 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
asserbly is through macromolecular crowding. Here we use discontinuous molecular dynamics
simulation combined with the PRIMEZ20 force field to investigate thecetif hydrophobic
crowders on the architecture of-assembled peptide aggregates. The peptide system used in this
work is a mixture of oppositelg har ged synthetic peptides: ACAT
( KQKFKFKFKQK) an)do A(CARQEMHE FEEFEQE) . dohtaneday st e ms
mixture of 50 CATCH(6K+) and 50 CATCH (6Fpeptides at peptide concentrations of 5 mM
and 20 mM, and crowders with diameters of 10, 20, 40 and 80 A. Crowders were modeled as
spheres with either haigphere or squaneell/squareshoulder interetions. At low
concentrations where CATCH -@ssembly typically does not occur, the crowders were effective
chaperones to trigger @ssembly. Small harsiphere crowders promoted formation of
multilayer fibrils. Large haréphere and moderately hydrophobiowders led to shorter fibrils
and stabilized oligomer intermediates. Large highly hydrophobic crowders promoted the

f or mat isheets andfsupfiressed the formation of oligomers. Overall, the simulations



demonstrate that the crowder size and crovse#chain interaction strength govern the
supramolecular architecture of peptideassemblies.
1.23 Benchmarking computationallyderived inhibitors on TDP43 organization via

discontinuous molecular dynamics simulations

In Chapterd, we examine the efficacy of computationadlgrived small molecule
inhibitors against TDR3(307-319)aggregationAggregation of TDP43 in neurons is
associated with multiple neurodegenerative diseases including amyotrophic lateral sclerosis
(ALS) and frontotemporal dementiB D). 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 joimntr@phore 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 JR&erived compounds against TEIB(307#319) aggregation. Our
simulations demonstrate that a subset of these compounds is capable of delaying oligomer and
fibril formation and disrupting interactions in pf@med oligomer and prrmed fibril
structures. Epigallocatechin gallate (EGC&Jlavonoid found in green tea, was also evaluated
for comparison. The role of the pharmacophore structure for each compound in inhibiting TDP
43(30%319) aggregation is discussed.

1l24Charge gui des p adhdetibrilizing geptideccéassembly i n b

In Chapter 5, we explore the effect of the number of charged residues in a peptide
sequence on peptide-essembly kinetics. Peptide-assembly is attractive for creating
biomaterials with new forms and functions. Emergence of these properties depémels on

peptide content of the final assembled structure, which is difficult to predict in multicomponent



systems. Here using experiments and simulations we show that charge governs content by
affecting propensity for seland ceassociation in binary CATCH(4)/peptide systems.

Equimolar mixtures of CATCH(2+£2, CATCH(4+/4), and CATCH(6+/6) formed two
conponentb-sheets. Soligtate NMR suggested the cationic peptide predominated in the final
assemblies. The cationio-anionic peptide ratio decreased with increasing charge. CATCH(2+)
formedb-sheets when alone, whereas the other peptides remained uradsé&tbillization

rate increased with peptide charge. The zwitt
slowly and only at decreased simulation temperature. These results demonstrate that increasing
charge draws complementary peptides togetheerdstvoring ceassembly, while likeharged
molecules repel. We foresee these insights enabling developmerass@mbled peptide
biomaterials with defined content and predictable properties.

1.25 Sidechain chemistry governs hierarchical order of charg@mplementary peptide €eo

assemblies

In Chapter 6, we explore the effects of sath@in chemistry on the material bulk
properties in ceassembled peptide structur8glfassembly 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 ceassembly of @hargecomplementarp-sheetforming peptide pair into hierarchically
ordered biomaterials at physiologic pH and ionic stiemgtvater. Over milk to micromolar
concentrations, the CATCH(6K+) (KQKFKFKFKQK) and CATCH(§RDQDFDFDFDQD)
pair formed microrscale platdike structures an@-sheetrich 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



assembly kinetics, or mutating the &hd Gterminal amino acids in CATCH(6K+) and
CATCH(6D-) to Q, which weakened favorable interfacial interactions that lebelheet
stacking. A CATCH(6K+)green fluorescent protein fusion could be incorporated intb-the
sheefplates and microspheres formed by the CATCH(6K+)Giair, demonstrating the potential

to endow functionality.



1.3 Publications

Chapters 2, 5 and 6 are based on the following publicatiomsdi¢ates 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.pchi.1011685

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

K.; Hudalla, G. A. Char ¢SbkeetGibrilizing Pepttl@eGoh way Sel e

Assembly. Communications Chemistry 2020, 3 (1), 11 https://doi.org/10.1038/s420@P0-

00414w.

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. Stlain Chemistry
Governs Hierarchical Order of Char@eo mp | e meSheePeptide £oassemblies.
Angewandte Chemie latnational Edition n/a (n/a), e202314531.

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

Co-assemblingeptides can be crafted into supramolecular biomaterials for use in
biotechnological applications, such as cell culture scaffolds, drug delivery, biosensors, and tissue
engineering. Peptide emssembly refers to the spontaneous organization of two differe
peptides into a supramolecular architecture. Here we use molecular dynamics simulations to
guantify the effect of anionic amino acid type orassembly dynamics and nanofiber structure
in binary CATCH(+#) peptide systems. CATCH peptideggences follow a general pattern:
CQCFCFCFCQC, where al/l Cbs are either a posit
acid. Specifically, we investigate the effect of substituting aspartic acid residues for the glutamic
acid residues in the establishEATCH(6E) molecule, while keeping CATCH(6K+)
unchanged. Our results show that structures consisting of CATCH(6K+) and CATGH{6D
f | atstheere tbhs , have stronger interact-sheaifacehy et ween
and have slower eas&€mbly 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
sequencédo-strucure 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 bioséABestidebased
hydrogels are appealing due to their biocompatibility, biodegradability, and low toxicity.
Peptdebased bi omaterials can be faosrsneendb |fyroo)m oar stil
a blend of eaosmpeombd nytdos) . ( fidosgstem thvatcande madeviab e

selective ceassembly, which occurs when peptides A Brnmb-assemble in solution, but remain
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in a randorrcoil state when separated. Selectiveassembly 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 (CoAssembly Tags based on CHarge complementarity) are binary systems of
oppositely charged synthetic peptides that selectively sos e mb |-sbeetinanbfibersb
Charge complementarity drives CATCH peptideassembly; attraction between opposkely
charged peptides promotes cooperativ@ssembly, while repulsion between l&learged
peptides discourages sasembly. CATCH peptides are cationic and anioni@usiof
QL1[QQKFQFQFEQQ]. The alternating motif of hydrophobic and hydrophilic residuQ11
is a common feature in sedssembling peptides and is preserved in the CATCH pepfities
original pair of CATCH peptides reported were: CATCH(4+),@QKFKFKFKQQ-Am) and
CAT CH/( 6 FEQEFEFEAEQEAM), where the number and sign denote the overall charge
of the peptide as measured by the number of (positatedyged) lysine (K) or (negagly-

charged) glutamic acid (E) residUesSATCH peptides have been used successfully to

immobilize functional proteins within macroscopic hydrogelfie efect of the total charge on

the ceassembly 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 resultan increased rate of-essembly.However, these

studies did not explore the effects of replacing the type of cationic or anionic residues within
CATCH peptides on their eassembly.

Here we study the effect of sidechain type on CATCHassembly.We substitute

negativelycharged aspartic acid residues (D) for the negatiglefyrged 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 shorté&idure 2.1A). The positivelycharged amino acid residue,

lysine, remains the same. We will refer to the CATCH(6gixture with glutamic acid as
CATCH(6K+/6E) (KQKFKFKFKQK/EQEFEFEFEQE), and the mixture with aspartic acid
residues as CATCH(6K+/6p (KQKFKFKFKQK/DQDFDFDFDQD). Experiments performed

by Liu et. al show that CATCH(6K+/6and CATCH(6K+/6D) form hydrogels with dferent
structural and mechanical properties. Cryogenic scanning electron microscopy and conventional
transmission electron microscopy (TENRidure 2.2) show that CATCH(6K+/68 nanofibers

are randomly entangled, whereas CATCH(6K+)6drm multi-layer stacks of aligned fibrifs.

We hypothesize that the mismatched lengths of the charged residues in CATCH (§kcrégie
an incentive for two bilayers to stack togetffeégure 2.1B, C). Thioflavin T analyses show that
CATCH(6K+/6E) assembles at a fastetedhan CATCH(6K+/6D), suggesting a difference in
interaction strength between the (K+YBair and the (K+/B) pair.

The aim of this work is to determine the effect of sidechain type on peptiagsembly
and how this corresponds to the nanofiber structures and morphologies observed in experiments.
A computational approach is taken. Atomistic molecular dynamics simwlstiused to analyze
sidechainrsidechain interactions in detail as this affords a closer look (higher resolution) than can
be obtained in biophysical experiments or in cognsened simulations. Atomistic simulations
of a single bilayer and of two stackbilayers (two bilayers stacked upon one another) are
performed and analyzed for each CATCH(6K+/6E+) and CATCH(6K+)/6stem. Single
bilayers are also simulated to predict the fibril structure for each peptide pair. Th@atked
bilayer simulations are used to quantify the sideclsalechain 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+),-{68nd (6E). A coarsegrained
simulations approach, discontinuous molecular dynamics (DMD) with the PRIMEZ20 forcefield,
is used to investigate assembly kinetics and pathway for large CATCH (6K -sA&ffems and
CATCH(6K+/6D-) systems starting from randeooil conformations. DMD/PRIME20
simulations allow access to timescales that are not available through traditional atomistic
molecular dynamics, and spatial resolution that is not accessible tHymygjtysical
measurements.

Highlights of our results include the following: Sindligayer atomistic simulations show
that CATCH(6K+/6E) has a more pronounced twist than CATCH(6K+/)6[Providing a
possible explanation for the experimentailyserved differences in nanofiber thickness between
the two. Atomistic simulations of the twaasked 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 t 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/PRIMEZ20 results show
that CATCH(6K+/6E) monomers cassemble at a faster rate ti@ATCH(6K+/6D-)
monomers, in agreement with experimental thioflavin T analyses. Discordant helical segments
found in the CATCH(6B single peptide atomistic REMD simulation offer an additional
possible explanation for the fast-aesembly observed for CATE6K+/6E-). Visualization of
CATCH(6K+/6D) DMD r esul t s -lsdhrorwesl tihratt e rsrodrabettbb-es und
sheet <conf or ma t-sheenassentbly.rOgeeall, dunresults guggest that the anionic

sidechain composition in CATCH(6K+/6Fesults in random entanglement of nanofibers, while
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the anionic sidechain composition in CATCH(6K+/&Pesults in multlayer stacks of aligned
fibrils.
2.3Methods

2.3.1Explicit-Solvent Atomistic Molecular Dynamics Simulation

Explicit-solventatomisticMD simulations at T=310 K are carried out in the canonical
ensemble using the AMBER package with the AMBER ff14SB force’fielduantify the
sidechairsidechain interactions between CATCH peptide pairs for CATCH(6K-}-/kd for
CATCH(6K+/6D-). Temperature is maintained using the Langevin thermb$ted. SHAKE
algorithm is used to maintain bond length constraints on bonds involving hydfogens.

Four different atomistic simulation configurations were built: (1) two stacked bifayers
two bilayers stacked upon one another, (2) two separated béatweosbilayers separated by a
distance of ~13A measured from the surface of each bilayer, (3) a siagtr band (4) a single
peptide. The AMBER tLEaP program was used to build the peptide sequencetetimeimal
was capped with an acetyl group and thefninal was capped with a methyl group. -psi

angles were modified to conform to an antipardiistrand using Chimerd 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).1* The single bilayer was built with 12 peptides in eactemister

ant i p asheetl Theetivo stacked bilayers and the two separated bilayers models consist of
fourinr egi st er -sheetlaygrsawith 12Ipeplidesbn each layer stacked orf topeo

anot her . I n al |l bi | a-gtrands wene spacedns A apartraed en ébi ghbor
sheets within a bilayer were spaced ~13A apart (to promote hydrophobic interactions). Fhe inter

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

box containing TIP3P water with a 12 A bufféSingle peptide simulations were started in an

extended conformation with plpisi angles 0f180 and 180° respectively.

Three independent simulations were run for the single bilayer systems, the two stacked
bilayers, and the two separataithyers. 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
1000step 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®&%00
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 psefdjalannealing 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 conductethedNPT ensemble at 310 K. Raoeansquared
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 implicitsolvent 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 forcefiéfd-or an exchange probability of ~0.25, with

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

peptide!® Chirality restraints were generated for each system to avoid a chirality inversion.
Langevin dynamics was employed for temperature cénoinstraints were maintaineding

the SHAKE algorithn?.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 acceptarioa 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 algorithrif.”
The implicitsolvent molecular mechanics/Generalized Born Surface Area (MM/GBSA)

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 calcuthérgnding free

ener goydng( . PGFor t he MMGBSA analysis, we define t
bottom bilayer to be t he tfor ebcee ptthoer ,ficc oammpd etxh €
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 chargedregiddi o n t h e s esheetsttat rasnltdwhdanthe twval b

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

energiesrespectively, between two bilayers before and after they stack together.

The linear interaction energy (LIE) appro&okas used to calculate the VDW interaction

energies between the sidechains of kstiaet and intesheet neighboring charged residues for
the last 5 ns of the simulation trajectories. Similar to MMGBSA, it is typically used to predict the

binding affinityof proteinl i gand compl exes. We define one gr
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and the other group to be the fireceptor. 0 Her
between two specific groups of sidechain atoms.

2.3.2Coarsegrained DMD simulations

Implicit-solvent discontinuous molecular dynamics (DMD) simulations are carried out
using the PRIMEZ20 forcefiefid designed specifically for modeling peptide aggregation. In
PRI ME20, amino acids are modeled by fCQOur sphe
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 structed#HFfR-C U,  aCO dbondR
lengths). The two major nelmonded interactions in PRIMEZ20 are ditenal hydrogen bonding
interactions between backbone NH and CO spheres, andl{mational) interactions between
two sidechain R spheres. Both are modeled as squelrénteractions. Polar, charpeharge,

and hydrophobic interactions between amino amédchains are described using a combination
of 210 different squarevell widths and 19 different squaveell depths?® All other interactions
are modeled using a hasgphere potential. Hafsphere diameters, squasell widths, and
squarewell depths wez determined by Cheon et. al using a perceptron learning algétifam.
detailed description of the geometric and energetic parameters of the PRIME20 model is
provided in earlier work%2?

Three independent simulations of CATCH(6K+/HBnd CATCH(6K+/6D) were run.
Each system contained a total of 200 peptd£80 positivelycharged peptides and 100
negativelycharged peptidésrandomly distributed in a cubic box with a side length of 321 A
for a peptide concentration of 20 mM. All simulations were carried out for approximately 16 ps
in the canonical ensemble. The Andersen thermostat was employed to maintain the simulation at

a constant reduced temperature T* of 0.18, rougbityespondingo 296 K.?*?*Thereduced
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temperaturén our systemis definedasT* = kg T /nd)whereChg = 12.47kJ/molis the

hydrogenbondingenergy??

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

formation?? 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

b e t h eshdetifonnzed at the end of the simulation. A pair of pepisleonsidered
Afconnectedo if one of two conditions is met:
the pair of peptides, or (2) there are attiiéa® 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 Dfyad.

2.4 Results and Discussion
2.4.1Analysis of single CATCH bilayer geometry and intsheet sidechaisidechain

interactions

Three independent expliesblventatomistic MD simulations foa single
CATCH(6K+/6E) bilayer structure and for a single CATCH(6K+/4Dbilayer structurevere
carried outo determine the bilayer geometry and irdheeet sidechaisidechain interactions
(Figure23A-D) . The initial configuration for each C
with 12 inregister antiparallel peptides in each layer. Over the course of the 200 ns simulation,
the sidechains in each structure relaxed into a more realisticsgo

The longer anionic sidechain in CATCH(6K+/&)Eeads to a more pronounced {eft
handed bilayer twist in CATCH(6K+/6[Ethan in the CATCH(6K+/6B) bilayer Figure

23BD). Here, we define the twist i nstrandssThis of t |
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angle was measured by calculating the I ine of
defining that line to be a vector with end points at thetlthe@ er mi nal CU at oms,
measuring the angle between the two resulting vectors. Th&€BK+/6E) simulations

resulted in a twisted bilayer, while the CATCH(6K+/4Bimulations resulted in a relatively flat

bilayer. The average angle of twist between the nearest neighbor peptides for CATCH{pK+/6E

and CATCH(6K+/6D) were-3.55°and-2.22°,respectively. The lefh a n d-shdet thvist

(denoted by the negative sign) observed in the CATCH(6K-}/6Bbeet bilayer is inherent to

ant i p asheetk. [Thesltwisbng phenomenon can be attributed to the chirality of the amino

acids, the intestrard backbone hydrogen bonding, and irgand sidechain interactioffs®?

Over the course of the last 5 ns of the MD simulation, CATCH(6K-}/aid
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 ackstatoff of 3A and an
angle cutoff of 135e. Salt bridgesandan our si m
average bonding angle of ~156°. Salt bridge interactions were calculated using the LIE approach
(Table21); VDW and ELE interactions were calcul at €
ammonium group and the atoms glutamic acid an
CATCH(6K+/6E) had less favorable VDW interactions than (6K+/gbut more favorable
ELE interations; CATCH(6K+/6E) and (6K+/@®-) had ELE interactions 66402 and4410

kcal/mol, respectively. However, when considering the charged residues as a whole (excluding
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the backbone atoms), CATCH(6K+/gthad more favorable VDW interactions than (6K+§BD
-125.9 vs-85.8 kcal/mol.

The di f f-sheettwistieg far the CATCH(6K+/6Eand CATCH(6K+/6D)
single bilayers may be expl ai nelketbtyucturedow e ac h
maximize hydrogen bonding and salt bridge interactions. In CATCH(6K}/6te sidecham 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@KhD
sidechains of lysine (K) and aspatrtic acid (D) are of mismatchethleBgen 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+/6{paccommodates the mismatched sidechain lengths
by hindering its backbone from forming an inherefi-handed twist. The relationship between
si dechai n-sheetoogforinaticn obdervied in the CATCH system is consistent with a

previous quantitative and experimental studiestthatv e s h ostvands tcdmtairtiing b

glutamic acid have a greatgropensity for twisting than those containing aspartic &¢d.

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. Con¢adéfined to be any two
atoms within 7A of one another. The greatest number of contacts for both CATCH (6Ka6E
(6K+/6D-) was between the phenylalanine residues, 45,149 and 45,163 contacts, respectively
(Figure 2.4). This is expected as the phenylatenresidues 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(6Kt6&tl 39,552 contacts and a

VDW interaction of-125.9 kc&mol between the lysine and glutamic acid sidechains; (6K-/6D
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had 39,552 contacts and a VDW interaction8%.8 kcal/mol between the lysine and aspartic
acid sidechainsThe additional methylene group in glutamic acid (E) in the CATCH(6K-}/6E
pair leads to more contacts and stronger isteand 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 experimentgfoemed by Petrauskas et #3” The relationship

betweenstrongintest r and i nt e rsheetttwisting sbseavadddbATCH (EK+MBE)

is consistent with previous experimental studies that suggest that increased interactions between
intra-sheet neighboring sidechains is related to increased tw#dtihg.

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

Threeindependenéxplicit-solvent atomistic MD simulations were carried out for a
CATCH(6K+/6E) mixture and for a CATCH(6K+/6E) mixture, with each arranged in the two
stackedbilayer configuration. Each simulation started fromafper med @Ai deal 06 stru
(Figure 2.5A-D). Intra-sheetb-strands were spaced ~5 A apart (measuring from the backbone
center) to promote backbone hydrogen bonding between neighlbestrgnds. The initial
bilayers for both CATCH(6K+/68 and CATCH(6K+/6B) were spaced ~3 A apart, measuring
between the end of the sidechains facing inward on the second arfatshdt. 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+/g@han for CATCH(6K+/6E). The distance
between the second and third layer was measured by fitting the backbone atorhssbeeato

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 thigtheet for CATCH(6K+/65 and for CATCH(6K+/6D)
changed over the course of the simulation from an initial distance o&dd.82.7 A to a final
distance of 13.2 and 11.3 A, respectively. Thus, the CATCH(6K}iGiFayers were further

apart than the CATCH(6K+/6Ebilayers by roughly 2 A. The longer anionic sidechain (E) in
CATCH(6K+/6E) acts as a physical barrier in the &iag process, while the shorter anionic
sidechain (D) in CATCH(6K+/6E) allows the charged se&lues to interdigitate in an alternating
manner, bringing them closer together. In CATCH(6K+J)6ibe complementary charged
residues between the second and third layer create a tight steric zipper that draws the sheets

closer togethet3

Atomistic MD simulations of the two stacked bilayer CATCH systems show that
CATCH(6K+/6D-) bilayers have more favorable fatmeface 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-/61an
in CATCH(6K+/6E), suggesting that CATCH(6K+/6{phas more favorable interi@ons
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 attimes3erond and
third layer. CATCH(6K+/6D) experiences a VDW interaction that B¥ddd stronger than for
CATCH(6K+/6E), -49.8 vs-20.7 kcal/mol, in agreement with the MMGBSA resultalfle
2.2). The contrast in interaction energies between the two GA3¥Stems can be explained by
the physical arrangement of the stacked bilayers. Thetaokedilayer simulations have

shown that CATCH(6K+/6E) can stack more closely together than CATCH(6K+)6E
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facilitating the VDW and ELE interactions between the charged residues on the second and third
sheets. The single bilayer simulations have shown that thesimdet lysine and glutamic acid
residues in CATCH(6K+/68 have stronger interactions than thearsheet lysine and aspartic
acid residues in CATCH(6K+/61, -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+/§D

The difference in bilayer structure and faodace interactions between
CATCH(6K+/6E) and CATCH(6K+/6D) provides a possible explanation for the difference in
their experimentalhobserved 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+/6]pforms aligned bundles of nanofibers with long persistence
lengths that tend to appear as mldyier stacksKigure 2.2). The single bilayeatomistic
simulations predict that CATCH(6K+/6E t ends t o f eshemisthraor e t wi st ed

CATCH(6K+/6D-) . A ssheett stackfiogether, they must either untwist or twist together,

both of which incur some energy cdst: However, for sheets with weak fateface attraction,

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

I i kel i {sheet staclonfy anf fibril thickness growth incredsésr CATCH(6K+/6E), the

twisted bilayer structure and wealcégto-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-fadace

interactions betwen charged residues are consistent with the formation of-tar fibril
bundles. The combination of strong inilaeet interactions and weak faoeface interactions

leads to a twisted structure for CATCH(6K+/&Evhile the combination of weak intsheet
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interactions and strong fate-face interactions lead to a flat structure for CATCH(6K+)6D
This phenomenon has also been observed in atomistic MD simulations of shasssetfbling
peptides®

2.4.3Quantification of CATCHbilayer stacking

Three independent expliesblvent 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
separatedbilayer configuration. The tweeparatedilayer configurations are essentially the
aforementioned twetackedilayer configurations with an additian10A of space between the
bilayers, for a total spacing of ~13A between the edges of each bilayer. The additional spacing
allowed the bilayers to have more choice in their stacairghgement.

CATCH(6K+/6D-) had a greater number of contacts between charged residues on the 2nd
and 3rd layer than CATCH(6K+/6] suggesting that CATCH(6K+/6fibrils are more likely
to be weltaligned than CATCH(6K+/68. CATCH(6K+/6D-) had 25,185 contacts between
charged residues and an average twistangl2 of2 e bet ween neighboring
CATCH(6K+/6E) had 17,652 contacts between charged residues and an average twist-angle of
2.8¢ between neighboring strands.rbil@&erer al | ,

observed for CATCH(6K+/6E) leads to wellaligned fibrils.
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2.4.41n-silico assessment of CATCH essembly pathway and emssembly kinetics

DMD/PRIMEZ20 simulations of CATCH systems were carried outdtermine their co
assembly pathway and-@ssembly 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 collisgo(~16 pus) at T*=0.18 (296 K).
Simulation snapshots at 0, 8, and 16 us were taken to examine their assembly pa&tlgues's (
2.6A,B). At t=0 ps, the peptides in the CATCH(6K+/4End CATCH(6K+/6D) systems are in
randomcoil conformations and are randgn@rranged in the box. For CATCH(6K+/gEat t=8
Os, nearly all the pept-shdeesructuraor an oslered eligdmere d i n
At 16 ps, CATCH(6K+/6E) has f ul | y -skheststeiatubes andgifa b hewafh b
barrels. For CATCH(&+/6D-) at t =8 Os, we s-sheet fndtiplmati on of
oligomers, and many free peptides still remaining. At t=16 us, we observed elongation of the

previouslyme n t i esimeet,chowever there are still free peptides remaining. ThT assays have

demonstrated that CATCH(6K/6E) assembles faster than CATCH(6K/&D)en the timescale

(~16 ps) of our simulations and the difference in assembly kinetics between CATCH(6K+/6E
and CATCH(K+/6D) , it i s not unexpected to observe s
CATCH(6K+/6D-) sy st em. For bot h CAheé&rbowte threughe ms we o0b
monomer addition or through the interaction of two sroadlered structures.
Comparison of the hydrogen bond formation rates between CATCH(6K)+d6E
CATCH(6K+/6D-) suggests that CATCH(6K+/6Efibrillizes 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(6Ka/gE

CATCH(6K+/6D-) ar e bot h c ap ab-sheetstrdctureassheveeveh | i ng i1 nt o
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CATCH(6K+/6E) assembles at a significantly faster rate than CATCH(6K-f6In

experiments, this is likely related to the greater interaction strength between)(BaitEhan

the (K+/D-) pair3637Due 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
hydragen 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+/4Bas a
hi g her -sheattassembly thah CATCH(6K+/§Dand a greater depletion ratefiafe
peptides, in agreement with the hydrogen bond kineficgi{e 2.6B) and ThT analyses.
Independent implicisolvent atomistic REMD simulations of a single peptide were
carried out for CATCH(6K+), (68, and (6D) to explore the conformational space of CATCH
free peptides in solution. Each peptide started in an extended conformation andwiated
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 310KTable 2.3). Here, the term helix refets 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 ressdB and 9. CATCH(6fhad the greatest total
amount of helical content compared to CATCH(6K+) and-{6B.27 vs 4.42 and 5.24
respectively. Notably, CATCH(6K+) had the most bend conformations compared to
CATCH(6E) and (6DB); CATCH(6K+) had a total bencbnformation of 1.25, while
CATCH(6E) and (6D) had a total bend conformation of 0.43 and 0.62, respectively.

CATCH(6K+) and (6B) had more coil content than CATCH(@FE2.39 vs. 1.63, respectively.
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The difference in discordant helix content between CATCH(K+);)(Gihd (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 pepiidetisat
has a t endsetaedy>*Ouw prddioted monformations for CATCH(§End
CATCH(6D-) are in agreement with previoustpserved conformations for aspartic acid
oligomer and glutamic acid oligomer in simulations performed by Hunklat.&their

simulations showed that gl ut amheticalatwétudes,( E) ol i

while aspartic acid (D) oligomers are intrinsically disordéféd.addition, glutamic acid has
been frequently found in protein sequences with a propensity for helical striéfares.

The amount of+helix/-betastranddiscadance in CATCH(6E may f aheetl i t at e
co-assembly. Kallberg et al. found that multiple amyloidogenic peptides that are predicted to
f or-mit b an d s -halices) and that fibril formation is lost upon removal or mutation of the
Uhelix-forming sgments2l n a studypoot @aimy| CAfll) b Fezoui and
a partiallyfolded helixc ont ai ni ng conformer is an inter medi

helix stabilization may facilitate fibriormation#> However, they also found that if a helix is
sufficiently stabilized, it can resist structural reorganization and inhibit fibril formé&tiéihe

greater proportion of discordant helix observed in CATCH)@&an in (6D) may promote
f a s tskeet asBembly in CATCH(6K+/68han in (6K+/6D).
More recent studi es of -hdrbnirdegnediategpramotes N s ugg

di mer formati on t h rbodgesii> QATGH peptdéesane moshattcou | ar Db

proper | y o r-hggin.iHawevel, thetbend eonfdrmation observed in CATCH(6K+)
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may play a si-mailmapi mod¢enft or mhtei ®n observed in
stable intermediate that facilitates peptjubptide interactions.

2.4.5b-barrels observed in DMD simulations of CATCH peptides

DMD/PRIMEZ20 simulationslsoreveal orpathway and ofpathway oligomers,
i nc | u-barratsgn CATCH peptide eassembly. In both CATCH(6K+/6Eand
CATCH(6K+/6D) systbemsgeglb and ordered ol-shegebmers f or
struct dbrae s e-chedt hat varapdround to form a cylindrical structure, with the last
and fsitrrsatndbs connected by -barelstarigiogiresizdhfppdB6to® en b o
peptides Figure 2.6A-B) formed relatively early in the simulations for botATTCH(6K+/6E-)
and CATCH(6K+/6D) . Near tbyaralell st teh ait f ebarmletducturee mai ne d
throughout the course of the simulatiostabilized by hydrogen bonds and hydrophobic
i nteractions bet ween -lpahetsthyt wer hobasofiiciently stalgliged d u e s .
by their intramol ecul arshgeta.t eracti ons unravele
DMD si mul at ibarreldo-b-sheeai traositi@ns ib both CATCH systems.
Figure 2.6C shows a @n e r-barbel intermediate in the CATCH(6K+/6Dsystem that
eventually seeds the final 42 e r-shdet structure. The DMD snapshots show the CATCH
(6K+/6D-) -bérrel shifting into an elliptical shape, flattening out, and opening at the ends. The
b-sheet then grows through a combination of monomer addition and interactions with other small
ordereds t r u c t ur e sstrands,ultinsately formigg tHe finaP4dme r-s theet st4 ruct ur
barrel intermediates have also been observed by Sun et. al in atomistic DMD simulations of

hIAPP19 29 and its S20G mutant, hIAPR228 , iR 1 6 a nsgnudeim BACOre. Each

of these peptides ultimately selésembled into cesb a g g rP'®-baardl @igomers have

garnered a lot of interest in the field of neurodegenerative diseases as a source of toxicity and a
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possible therapeutictarggtUn der st andi ng what f acto+sharelcontr i b

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 al s obarelrsousturdsesimilahtethofedaundint i o n
amyloidogenic peptides and in agreement with conclusions drawn by Shao et. al on previous

CATCH simulations? Although CATCH pepties produce epathway and ofp at hway b

barrels, our resear ch pr ebarieldwith potemial apglibatons nt o d

such as singlenolecule sensors or DNA sequenctgf.

2.5 Conclusion

In conclusion, we investigated the charged resréseélue interactions and the assembly
pathway for two CATCH(+) pairs: CATCH(6K+/6E) and CATCH(6K+/6D). Although
glutamic acid (E) only differs froraspartic 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 scafe>¢Qurin silico results demonstrate that sidechain type plays a

significant role in peptide eassembly, and in turn, may affect the resulting fibril structure and
morphology.
The difference in the CATCH(6K+/6and CATCH(6K+/6D) bilayer structures and
faceto-face interactions observed in simulations provides a possible explanation for the
difference in theinot nanofiber structures. In experiments CATCH(6K+/)6erms randomly
entangled nanofibers, while CATCH(6K+/60orms multilayer stacks of aligned fibrils.
Atomistic molecular dynamics simulations of single bilayers predict that CATCH(6K}/6E
adopts a twated structure, while CATCH(6K+/6D0 adopt s a -sheetlsteutturevThé v f | a

inherent twist in the CATCH(6K+/6{t bilayer is due to the chirality of amino acids and strong
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inter-strand sidechaisidechain interactions. However, the CATCH(6K+/pbilayer is
restricted from twisting to accommodate the backbone hydrogen bonding and salt bridge
interactions between neighboring charged groups. Atomistic molecular dynamicgisinsubéd
two bilayers stacked on top of one another show that CATCH(6K}H&Es weaker facw-face
interactions between the two bilayers than CATCH(6K+)J6Dhese results are further
corroborated with MD simulations of two separated bilayers, that #etWCATCH(6K+/6E)
has fewer number of contacts between the two bilayers than CATCH(6K+FW
CATCH(6K+/6E), the twisted bilayer structure and weak fé@dace interactions lead to
formation of thin randomly entangled nanofibers. While for CATCH(&r), the combination
of a flat bilayer structure and strong faoeface interactions between charged residues leads to
formation of multilayer fibril bundles.

Discontinuous molecular dynamics simulations with the PRIME20 forcefield reveal the
b-sheet ceassembly pathway for CATCH(6K+/6and CATCH(6K+/6D3). DMD/PRIME20
simulation results show that CATCH(6K+/§EEca s s e mb | -gheet structures aba faster

rate than CATCH(6K+/6B), further substantiating Thioflavin T results showing faster assembly
kinetics for CATCH(6K+/6E) than for CATCH(6K+/6D)%. The discordant helix observed in
atomistic single peptide REMD simulations for CATCH{BRrovides an additnal possible

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

Previous studies of di scordant helices in AD

component can lead to faster sgdisembly than in the alvsz® of the helical componefit.

However, further experimental and computational investigation on CATCH(6K#6id
(6K+/6D-) dimerization and energy barriers for etitb-sheet transitions are required to better

understand CATCH cassembly kinetics. Wacknowledge 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 coiorteenvironment. The work
presented focuses on sidechsidechain interactions and bilayer geomefryuture
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.
| n addisthiecent tfoorbmat i o nharrehiernzetiacdesinlboths er ved D

CATCH(6K+/6E) and CATCH(6K+/65) DMD simulations, similar to those found in atomistic

MD simulations of amyloidogenic peptides by Sun et &d.future work, we hope to extend our

investigation and explore the fremergy surface of CATCH intermediates to gain a better
understand of CATCH coassembly.

Understanding how sidechain composition relates to assembly kinetics and ultimately to
mechani cal properties expands the bioengineer
peptides are cationic and anionic variants of Q11[QQKFQFQFEQQ)]. The alternatihgfmo
hydrophobic and hydrophilic residues is a common theme irassefimbling 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 chargielliess. The charged residues

hinder two CATCH peptides of the same charge fromasdembling. However, CATCH

peptides contain the hydrophobic residues which IDR sequences generally lack; the hydrophobic
residues form the hydrophobic core of CATCH bilayersating an ordered structure with

potential for fibril growth. There is still a daunting number of sequence mutations within the
CATCH system to explofe and with each mutation, its effect on fibril structure. We envision

that through a combinatonofo mput ati onal and experi ment al co
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strand str uct dbraersr efsimsbtEotvith pbecisa otganizationpand

subsequently, biomaterials with uniform properties.
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Figures and Tables
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Figure 2.1 (A) Schematic of CATCH peptide sequence and sidechain structure for CATCH(6K+) in bl)en (6E

red and (6B) 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 Chirhé&idechain 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 pagéC) 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-assemblie/A) Cryogenic TEM
micrographs of CATCH(6K+/68 and CATCH(6K+/6D) in the sol state (1 mM total peptidé) Cryogenic SEM

micrographs of CATCH(6K+/68 and CATCH(6K+/6D) in the gel state (12 mM total peptide).
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Figure 2.3 Snapshots ofA-B) CATCH(6K+/6E) and(C-D) CATCH(6K+/6D-) bilayers before and after 100 ns of
simulation. Final structure of CATCH(6K+/6Eand CATCH(6K+/6D) have an average twist ¢£.90 and 0.43°

between neighboring peptides, respectively.
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Figure 2.4 Snapshots ofA-B) CATCH(6K+/6E) and(C-D) CATCH(6K+/6D-) bilayers before and after 100 ns of
simulation. Final structure of CATCH(6K+/6Eand CATCH(6K+/6D) have an average twist ¢£.90 and 0.43°

between neighboring peptides, respectively.
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Figure 2.5 Contact map fo(A) CATCH(6K+/6E) and(B) CATCH(6K+/6D-). Contacts are counted for all atoms
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in each single bilayer system and grouped by residue. Contacts between two atodetemti@eed using a distance

cutoff of 7A. Values reported are averaged over three independent MD simulations.
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Figure 2.6 Snapshots ofA-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 ofA) CATCH(6K+/6D-) and(B) CATCH(6K+/6E) over the course of a ¥ 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 represegdeinChronological

snapshots of oligomer growth, -barelinte o dCHOBGEKHN6Dc hange, and

simulation.
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Figure 2.8 (A) Quantitative assessment of hydrogen bond formation over DMD simuldipAnglysis 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 crite
bridges were defined to be betweenthg dr o gens on | ysineds ammonium group a
or on as p aarkoxyle acid groug.&Balt bridge VDW and ELE interactions were calculated between the

atoms on the |lysinebs ammonium gpaupiandcttdésatambornl
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  No. of salt  Saltbridge VDW Salt bridge ELE VDW interactions between
hydrogen bonds bridges interactions interactions charged residues
(kcal/mol) (kcal/mol) (kcal/mol)
CATCH(6K+/6E 128.2+ 0.5 349+1.8 54.3+ 4.4 -5402.0+ 100 -125.9+ 3.8
CATCH(6K+/6p 119.2+4.38 276 +1.3 423+ 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 valMés for VD
energies are calculategt bonsidering only the sidechagidechain interactions between the charged residues on the top bilayer

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

System VDW ELE vVDW
(kcal/mol) (kcal/mol) (LIE)
(kcal/mol)

CATCH(6K+/6E -67.0£3.5 -1848.3t471.2 -20.7+44

CATCH(6K+/6p -151.4+24.3 -2355.1+600.2 -49.8%+85
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Table 2.3 Summary of DSSP analysis for each CATCH single peptide REDIation. Average secondary content over all
frames for each residue are reported. Helix is the sum of the averagedfaalha, 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-)

1 023 024 020 | 000 0.00 0.00 | 029 022 0.19 | 048 054 0.61
2 039 047 037 | 000 0.00 0.00 | 032 0.27 025 | 028 0.27 0.37
3 047 062 054 | 0.18 0.08 0.10 | 024 023 0.24 | 0.09 0.07 0.12
4 050 066 060 | 019 0.09 0.09 | 023 0.21 0.25 | 0.08 0.04 0.06
5 048 069 063 | 0.18 0.07 0.09 | 024 018 0.21 | 0.10 0.07 0.08
6 050 0.72 064 | 021 0.07 0.09 | 022 0.19 0.22 | 0.06 0.03 0.05
7 05 075 063 | 013 0.04 007 | 027 018 0.21 | 0.05 0.03 0.09
8 048 074 060 | 020 004 010 | 026 0.19 0.25 | 0.06 0.02 0.05
9 043 066 050 | 0.16 0.04 009 | 032 026 030 | 0.09 0.04 0.12

10 0.27 046 034 | 000 000 000 | 031 039 035 | 041 0.16 031

11 0.12 028 019 | 000 0.00 0.00 | 0.18 034 029 | 070 0.39 0.52

Total 442 6.27 524 | 1.25 043 0.62 | 288 266 275 | 239 163 2.39
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2.7 Supporting Information

Figure 2.9 Final snapshots of CATCH(6K+/6Fand CATCH(6K+/6E) separatetbilayer simulations after 200 ns MD
simulation (A) Top row shows side views for three independent simulations of CATCH(6Kyt¢éRarated bilayer simulations.

(B) Bottom row shows side views for three independent simulations of CATCH(6Kg6garated bilayer simulations.
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Chapter 3 Modulating peptide co-assembly via macromolecular crowding: Recipes for co
assembled structures
Chapter3 is essentially a manuscript byn Dong, Madisen DomayerGregoryA Hudalla, and

Carol K. Hallsubmitted to Nanoscale.
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3.1 Abstract

Peptidebased biomaterials are commonly found in applications such as tissue
engineering, wound healing, and drug deliv&gntrolover 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 PRIMEZ20 force fikto investigate the effect of hydrophobic crowders on the
architecture of cassembled peptide aggregates. The peptiderayssed in this work is a
mixture of oppositebc har ged synthetic peptides: ACATCH( 6
ACATCH(®GE( EQEFEFEFEQE). The systems explored c
CATCH(6K+) and 50 CATCH (68 peptides at peptide concentrations of 5 nmid 20 mM,
and crowders with diameters of 10, 20, 40 and 80 A. Crowders were modeled as spheres with
either hargsphere or squatwell/squareshoulder interactions. At low concentrations where
CATCH coassembly typically does not occur, the crowders wdeetafe chaperones to trigger
co-assembly. Small harsiphere crowders promoted formation of multilayer fibrils. Large-hard
sphere and moderately hydrophobic crowders led to shorter fibrils and stabilized oligomer
intermediates. Large highly hydrophobicwrd e r s pr omot e d -slhebteand or mat i o
suppressed the formation of oligomers. Overall, the simulations demonstrate that the crowder
size and crowdesidechain interaction strength govern the supramolecular architecture of
peptide ceassemblies.
3.2 Introduction

Peptide sefassembly 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 selfassemblyof &i n Al z hUsiymeurcd s=,in in Parkinsonos, an
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self-assembling properties of peptides can be leveraged to develop supramolecular biomaterials
such as hydrogels, vesicles, lipid bilayers, and tubular struttétestidebased biomaterials are
a particularly attractive choice for biological applications such as biosensing, drug delivery, and
tissue engineering due to their mechanical stability, biocompatibility, and biodegraddbhisy
peptidebased structures rely solely on physical cilogsng, as opposed to chemical
modifications, there is lowisk of introducing harmful agents upon administratigkny artifacts
from peptide degradation are naturadlgcurring amino acids that can be metabolized by the
cells. An added benefit of peptide biomaterials is that they can be functionalized by conjugating
the selfassembling peptide to a molecule with tiesired functionalit§

The bulk properties of biomatergajovern their performance for biomedical applications.
For example, networellignment, 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 environmehtn drug delivery, the rigidity of the nanostructure can determine
how well it can transport across biological hydrogels and cellular bdtrieraddition, the size,
shape, and charge of the carrier material directly impact how it interacts with itS. thoget
supramolecular peptideased 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 pepbdsed supramolecular structures with
predictable architectural featut€s*. Generally, setassembling peptides are amphiphiles with
alternating hydrophobic and hydrophilic residues. Altering the peptide sequence can change the
crosslinking interactions between peptides, and in turn the bulk properties of the resulting fibril

structuré®8 The chain length and structurkthe peptide also determine the fibril architecture.
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Peptidebased hydrogels have been built from long and ati@in peptidesh-structures (sheets,
hairpins, or turns)*helical peptides, and cyclic peptid&&®. 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 nudecoies
added to a solution of peptides impacts the interactions and transport properties of the?peptides
The concept of macromolecular crowding was first introduced by Minton in 1981 and has since
been extensively researched and revieWé&d Motivation for research on macromolecular
crowding in biological systems comes in part from the observation that cells themselves are
crowded®. Understanding of how crowders impact peptide assembly has advanced our
understanding of peptide aggregation. For example, within brgystem, the introduction of
metal NPs has been shown to both accelerate and inhibit fibrilliZdtfnin the field of
biomaterials, previous work has demonstrated that macromolecular crowding can be used to alter
hydrogel stiffness. Bhnamukhaarachchi and coworkers used 8 kDa PEG crowders-tarime
fibril architecture and the degree of confinement in collagen hydréydleey 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 resistamenechanical stre8sExperiments by
Hirota and coworkers revealed that PEG crowders converted a linearroytaatrimer to a
smaller cyclic trimef. Restuccia and coworkers showed that crowded conditions led to the

alignment of glycosylated peptide fibdtsCollectively, 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 aimentioned previous work, we hypothesize that
macromolecular crowding can be used to influence the size and morpbbgyramolecular
peptide nanostructures.

The objective of this work is to determine the effect of crowder size and crowder
sidechain interaction strength on peptideassemblg a process in which two distinct peptides
spontaneously associate to form a supramolecular structure. Our peptideisystamture of
oppositelycharged synthetic peptides, referred to as CATCHAEsembly Tags based on
Charge complementarityy. Although various CATCH pairs have been reported, here we limit
our study to the ACATCH( 6 K+) ¢ (HQEERBFRE-EQEKXF K QK)
CATCH peptides of the same charge resistasfembly due to strong electrostatic repulsion.

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

selectively ceassemble inthb-s heet nanofi bers with an alternat
charged and negativetjharged peptide strands above a critical concentration in the low 0.1 mM
ranget? 1436 At mM concentration, CATCH(6K+/6f nanofibers can undergo a syl

transition to form a physically crosslinked hgdel. 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
intermediateresolution PRIME20 force field to study the effect of crowders on peptide co
assembly. We consider two conditions: (1) a low peptide concentration whassembly
typically does not take place, and (2) a high peptide concentration whass@mbly 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 A)
and crowdessidechain interaction strength (0, ¥z, 1, 9, & peptide cassembly at low
(Cpeptidce=d mMM) and high (Geptite=20 mM) peptide concentrations. All simulations involving
crowders were performed at a crowder volume fradii@sde=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 resultedssernbly.
Small hardsphere crowders were the most effective for guiding peptidessembly into fibrils
containing two or mor@-sheet layers. The presence of crowders can alter the relative orientation
of neighboringb-strands in &-sheet structure. Adding crowders into the CATCH(6K+)J6E
mixture increased the instances of mismatched nearest neighbors (instances of AA or BB pattern
rather than AB) and i fb-khegh maahces wherathedydtophobei g h b o
residues that lie on one side db-atrand are flipped along the backbone relative to the
hydrophobic residues of the neighborimgtrand. Introduction of small hasphere, weakly
hydrophobic, or hydrophobic crowders increased fibril thickness. Largespheteor
hydrophobic crowders increased the number of stabilized oligomer intermediates in a system.
Large highlyhydrophobic crowders promoted and stabilized the formati@rsbieet 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 systealtievaluate the effect of crowders on peptide
assembly; the method presented carektended to other peptide sequences and crewder

sidechain interactions.
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3.3 Results and Discussion

In this work we considered peptide concentrations of 5 and 20 mM, crarddmhain
interaction strengths of 0, %, 1, 2, aid&d crowder diameters of 10, 20, 40 and 80 A, at a
constant crowder volume fraction @frowde= 0.20. The crowder volume fraction is defined as
Ucrowder= NVcr/V (Wwhere N is the number of crowdersgAds 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 timescalef ~16
without requiring an unreasonably long CPU time. The unit for crowidiechain interetion
strengthUis based on the phenylalanine sidechain in PRIME20 (see Methods). For exainple, 0
represents a hassphere interaction andJtepresents a hydrophobic interaction equivalent to a
phenylalanine sidechain group. The interaction energy parameters are providéteil.4in
Methods. The hydrophobic crowders have attractive interactions with phenylalanine (F)
sidechains, and repulsive interactions with glutamine (Q), glutamic acid (E), and aspartic acid
(D) sidechaind consistent with how a phglalanine sidechain is modeled in the PRIME20
force field. A visual of each crowding condition is showrrigure 3.1. The peptide
concentration throughout this paper refers to the number of peptides per unit volume and is
defined asd 0 T 0 w,whereb is Avogadro's number andis 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 concentretireferred to as the "effective
peptide concentration" and is definedas: 0 Twp % .Atacrowdervolume
fraction of(crowde= 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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3.3.1Aggregation in the absence of crowders

Simulations of CATCH(6K+/6E peptides in the absence of crowders were performed to
establish a baseline for peptideassembly. Systems of equimolar CATCH(6K+) and
CATCH(6E) mixtures containing a total of 100 peptides were simulated for 500 billion
colli sions (~16 e€s), at a reduced temperature of
20 mM. This simulation temperature is the temperature above which systems of
CATCH(6K+/6E) peptides at geptise=20 mM are unlikely to form fibril structures. The din
simulation snapshots are showrFigure 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 axaeneric cylindrin. Cylindrins arb-sheet structures connected by
backbone hydrogen bonds that have wrapped around to foibametlike structuré typically
composed of six or eight peptides. The structures formegkat&5 MM agree with previous
observations of oligomer formation at lower concentrations in the CATCH (4K)+#§Etend’.

At a peptide concentration of 20 mM, the CATCH(6K+/pReptides organized into a long
antiparallelb-sheet bilayer with an alternating motif of CATCH(6K+) and CATCH{6E
peptides. Thif-sheet structure is consistent with previous experimental and simtites@al
observations of CATCH(6K+/6{ structure¥” 14,

Fibrils are the largest ordered structures that form during CATCH(6K*+8Eassembly
in DMD simulations. In experiments, CATCH(6K+/gEibrils extend to form nanofibers that
can furthercrosslink into hydrogetd'2 The fibrils formed at g2ptide=20 MM contained a
maximum of twab-sheets stacked upon one another, withhydrophobic phenylalanine

sidechains pointing inwards (between the sheets) and the charged lysine and glutamic acid
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sidechains pointing outwards. Thesheets within the fibril were antiparallel and exhibited the
expected ABAB pattern between strands of posithatigirged and negativetharged peptides.
For a thirdb-sheet to laminate or form upon the two existingheets, the negativetharged
residues on the CATCH(6)Epeptides on onb-sheet would need to align with the positively
charged residues on the CATCH(6K+) peptides on the btsheet, and vice versa. We
speculate that we have not captured this lamin&tiemt 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 positivetharged residues will occur.

3.3.2Effect of crowding on peptide cassembly kinetics

In this sectionwe summarize the impact of crowding on peptideassembly kinetics at
three crowdesidechain interaction strength$iardsphere (), moderately hydrophobic (P
and strongly hydrophobic @8 and detail how the behavior at each interaction strength changed
with crowder size. The impact of crowding on peptideaseembly was characterized by
calculating the number of peptides in assembled structures and the number of sidechain
sidechain inteat i ons over the course of easddinedtalbeat i on .
a group of peptides that share either four hydrogen bonding interactions or four sidechain
sidechain interactions. The effect of the crowsidechain interaction strength and the crowder
size on assembly kinetics was more pronounce@gfgxisc=20 mM than for 5 mM and is
discussed in detail below. The effect of crowders on peptide assembly fluctuategiat®
mM due to the sparseness of CATCH(6K+/6geptides in a low concentration system and the
timescale explored in our simulatis (~16s).

Hard-sphere (§) crowders increased the rate ofassembly for CATCH(6K+/68

peptides and stabilized -@ssemblies. Interestingly, the rate of assembly fesi€e=5 MM in

67



the presence of 10 A hasphere crowders was higher than in a noncrowgegd&20 mMm
system, even though the effective concentratiaaf&3 mM) was much lower. This result
demonstrated that a crowded system with {sigeres is more effective than a revowded
high concentration system in driving peptide assembly. For hgH€5 mM and 20 mM, the
rate of peptide cassembly increased with decreasing crowder dianmeigure 3.3 shows
results for Gepiice=20 MM). Decreasing the crowder diameter increased the depletion forces
between peptides, in agreement with theory and with previous computational and experimental
observationg¥“, In a hardsphere crowded environment, CATCH(6K+/pReptides 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 ttaggieere repulsions are
entropically stabilizing2° Our results are consistent with previous simulations carried out by
Latshaw et al. in which the addition of hasphere crowders increased the rate of aggregation of
A b (-22p%8 Experimentally, excluded volume effects by inert polymers have been reported to
increase the rate of amyloid aggregation and stabilize compact conforifiations
Stronglyhydrophobic Zlcrowders of diameter 40 and 80A were effective in initiating
CATCH(6K+/6E) co-assembly, but later obstructed the formation of sideesidechain
interactions between peptiddgdure 3.4). In the presence of stronghydrophobic $lcrowders,
the phenylalanine sidechains on CATCH(6K+/6geptides favored interactions with the
crowders over interactions with other phenylalanine sidechains; this led to a reduction in the
maximum number of sidechasidechain interactions that formednepared to systems with
hardsphere crowders or no crowders. The rate of formation of sidesltiohain interactions

increased with crowder size. At the start of the simulation, crowders with 40 and 80A diameters
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promoted sidechaisidechain interactions by recruiting peptides to their surfaces and increasing
the local concentration. In other words, the surface of the large stioydpgphobic crowders

with 40 and 80 A diameters acted as a template for CATCH (@K} feptide ceassembly.
However, since CATCH(6K+/6f phenylalanine sites were occupied by the crowders, the
maximum number of sidechagidechain interactions that formed is reduced compared to the
case with no crowders (dashed IFigure 3.4). This explains why thé-sheet structures form in

the presence of stronglydrophobic Flcrowders of diameter 40 and 80A, as will be discussed

in later sections.

Extremelyhydrophobic (8) crowders with diameters of 10 and 20 A suppressed peptide
co-assemblyFigure 3.5). For both Gepide=5 (not shown) and 20 mM, the 10 and 20 A diameter
crowders with Binteraction strength inhibited eassembly as the CATCH(6K+/6peptides
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 thewdere c
volume fraction increased; smaller crowders created a more homogenous atigpestied
void space and increased the likelihood of a crovettEchain interaction compared to systems
of large crowders. As a result, CATCH(6K+/&peptides in thengsence 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 highlydrophobic crowders led to disorderef#22)
oligomerg*. Inhibition of peptide assembly by small interacting crowders has been observed
experimentally as well. Gao et al. useglutathione (GSH) coated AuNPs as their crowder
model; the GSH has freamrboxylandamino groups that have n@pecific electrostatic and

hydrogen bonding interactions wittbAThey showed that larger AUNPs acceleratéeh A
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fibrillation, while smaller AUNPs suppressedsfibrillation, and Au nanoclusters completely
inhibited Abao fibrillation®,

It helps to summarize the full range of interaction strengths explored:sgaete (C)
and weaklyhydrophobic (%) crowders were more effective in driving-aesembly as the
crowder diameter decreased. In contrast, moderat8ydExtremely (8 hydrophobic
crowders were more effective in driving-aesembly as the crowder diameter increased.
Extremelyhydrophobic (8) crowders of 10 and 28 diameters suppressed peptide co
assembly.

3.3.3Effect of crowders on fibril structure

The assembled CATCH(6K+/6Estructures 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 leashyouogen
bonding interactions or share at least four sideeb@achain 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 monolayesheet structure. A fibril is an assembled structure that contains
greater than eight peptides and has more thab-cheet layer.

CATCH(6K+/6E) fibril formation was promoted by the addition of small (10 A)
crowders at Geptide=5 and 20 mMKigure 3.6). At a low peptide concentration g&tide=5 mM),
fibril formation typically does not occur in the absence of crowders. However, the addition of
small hardsphere (0) or weakly-hydrophobic (%) crowders led to the formation of fibrils that
contained twd-sheet layers. The addition of small hydrophoblg éhd stronglyhydrophobic
(20 crowders led to the formation of singiyerb-sheet structures. The addition of small

extremelyhydrophobic (8) crowders prevented any assembly. As the croypdetide
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interaction strength increased, the level of organization in the assembled structures decreased. At
a high peptide concentrationggise=20 mM), where fibril formation typically does occur in the
absence of crowders, these fibrils contained a maximum ob{si®et layers. However, the
addition of small 0, %, % and ZIcrowders at Gepice=20 mM led to the formation of fibrils that
containedgreaterthan twob-sheet layersAt Cpepiide=5 and 20 mMaddition of small hard
sphere crowders wasoreeffective at promoting fibril formatiothan addition of theompared
larger and more hydrophobic crowdeFs summarize, the addition of small Acrowders 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 smallio 20crowders led to CATCH(6K+/6# fibril structures with
i nstances of n bs$trandgwitidnad-simeet that fadilitated the gormation of
relatively thick fibrils Figure 3.6). The term "flipped"” is used here to describe neighbdring
strands in which the hydrophobic residues onf@s&and are facing the opposite direction
relative to the direction faced by the hydrophobic residues on its neighlbestrand Figure
3.7). In contrast, the hydrophobic residues on neighbdriatyands typically point in the same
directi on. Du e b-strandg, Wweiolsserve fotmatmm db-hgedbilayer with a
hydrophobic core, but with a segment of hydrophobic residues facing the solvent on the end of a
b-sheet. CATCH(6K+/6B peptides then add da 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+)6Reptides in &-sheet; by mismatch here we
mean that neareseighbor CATCH peptides are of the same charge. The observation of

Afl i ppedd and mi asmantdssuygests tmecrogderb can lead @ instances of

71



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 antiphrasheet & structures, as
opposed to the expected parallel arrangefhefhis antiparallel orientation offAwas also

observed by Gladtz and coworkers in molecular dynamics simulations employing gold
nanoparticles as crowdé?sAdditionally, simulaions by Parray et. al found that ethylene glycol
crowders resulted in a small increasélinelical content in cytochromeproteins®. 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.

3.3.4Effect of crowding on oligomer formation

Oligomer formation initiates CATCH(6K+/6fEco-assembly and is generally followed
by b-sheet and fibril formation. Here, we classify oligomers to include festgeet structures.
An oligomer can either elongate through monomer addition, grow by merging with another
oligomer, or remain a smatirdered structure throughout the simulation. pdpfae=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 fildkil Cpeptiaie= 20 mM in the absence of
crowders, most oligomers that for med-shedat t he
and fibril structures by ~és.

The large 80 A hydrophobic crowders stabilized oligomer intermediates and short fibril
structures at @ptiae=20 mM. The %) 10) and ZIcrowders with an 80 A diameter led to the
formation of multiple small ordered CATCH(6K+/6Eco-assemblies that did not merge with

other oligomers to form a larger structufFégure 3.8). These small ordered -@ssemblies were
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either small fibril structures, cylindrin structures, or Idngheets. The presence of crowders led
to an increased frequency of CATCH(6K+/eptides participating in a cylindrin structure.

The increased formation of small ordered oligomers in the presence of large 80 A
hydrophobic crowders is likely a consequence of the compartments formed by the crowders and
is chaperoned by the crowdsidechain interactions. Hydrophobic crowders have atithctive
and repulsive interactions with CATCH(6K+/§Eidechains. Scaling up the crowsdidechain
interaction,(] strengthened both types of interactions. The duality of attractive and repulsive
crowdersidechain interactions incentivized a hydrophbaiollapse of CATCH(6K+/65
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 gelavolume (in comparison to hasghere crowders) as
the charged residue cannot easily enter the region defined by the-shhoalder potential. The
augmented excluded volume generated by the repulsive interactions between the hydrophobic
crowders and #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 crowdedrse and coworkers
demonstrated that the addition of dextran or Ficoll (under shaking conditions) resulted in shorter
Ab fibrillar specie$. They suggested that shaking prevented polymeric crowders from forming a
structure mesh and allowed excluded volume effiactlominate. Our simulations and previous
work suggest that excluded volume effects produced by crowders can stabilize oligomeric

species and fibril fragments.
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335Ef fect of -sheaforthatong on b

CATCH(6K+/6E) peptides formed lonfy-sheet structures in the presence of large 40 A
hydrophobic crowders with an interaction strength@&nd 2’ In the presence ol
hydrophobic 40 A crowders, the peptides assembled into a percolatéalysvb-sheet structure
spanning the simulation box and connecting to its periodic deigyre 3.9). In the presence of
2Uhydrophobic 40 A crowders, the peptides assembled into a $aygleb-sheet structure
longer than the length of the simulation b&xglre 3.10). Hydrophobic crowders larger than 10
A in diameter provided a surface for nucleation and stabibesigeet structures.arge
hydrophobic (1) and stronglyhydrophobic (£) 40 A crowders led to longérsheets than 20
and 80 A crowderatthe same peptiderowder interaction strengths. In a simulation study of
hydrophobic crowderd,atshaw calculated the minimum diameter, 24.4 A, of a sphere that
would allow for a 3peptideb-sheet to form along the surfat®e Crowders with diameters below
24.4 A have too small a curvature and hinder hydrogen bond formation. As the crowder diameter
increased, the angletween consecutive peptides ib-aheet laying on the crowder surface
decreased, facilitatinfrsheet nucleation on a crowder surface. In the presence of 40 A
hydrophobic crowders, CATCH(6K+/6Eformed ab-sheet structure that spanned the surfaces
of multiple crowders. However, in the presence Bhytdrophobic 80A crowders,
CATCH(6K+/6E) cannot easily span across multiple crowders, likely due to the large gaps
created in between the crowders. In the presencBlofdophobic 80 A crowders,
CATCH(6K+/6E) formed individuab-sheet structures that wrapped around the large crowders
(Figure 3.10. We surmise that 40 A is the optimal crowder diameter for facilitating the

formation of longb-sheet structures.
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CATCH(6K+/6E) peptides only formed singlayerb-sheets in the presence dJahd
5Uhydrophobic crowders with diameters of 40 and 80 A structuresat&€5 and 20 mM
(Snapshots for @hydrophobic crowder systems agiefidse= 20 mM are shown ifrror! R
eference source not foupdUnder these conditions, it is more energetically favorable for the
phenylalanine residues on CATCH(6K+/&o interact with the crowder than with the
phenylalanine residues on another CATCH peptide. The hydrophobic crowders continually
recruited the CACH peptides to their surfaces; there the peptides assemblddsheet
structures or added onto existingheet structures. The strong crowdlechain interaction
prevented-sheets from delaminating and assembling into multilayer fibril structackted to
a system of dispersddsheets. The crowd€2ATCH(6K+/6E) -sheet complex maximizes the
number of hydrophobic interactions as it places CATCH(6K+)/@Benylalanine sidechains in
contact with the hydrophobic crowder and other phenylalanine sidechains. Increasing the
peptidecrowder interaction strength fronJ® S0led to similar structures. However, in the case
of 50crowders p-sheets formed more readily with crowders of 80 A than with crowders of 40 A
diameter. This could be because thedlasurface of the 80 A crowders "straightens out" the
CATCH(6K+/6E) peptides. In the presence diydrophobic 40A crowders, a large portion of
CATCH(6K+/6E) peptides were partially immobilized to the crowder surface in a random coll
conformation. Our results align with previous simulations performed by Latshaw that showed
that increasing the crowdeeptide interaction strength for the hydrophobic crowders resulted in
f or mat i o4sheatsfin sgsterhsyoia22*4. Radic and coworkers observedmaitar
trend in DMD simulations of coarggained A peptides and nanoparticles with explicit surface
atoms®. They found that strong Npeptide attractions led all of thebAeptides to be bound to

the NP surface and reduced peptide mobility.
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3.4 Methods

3.4.1Peptide model

The simulatiormethodused in this work is discontinuous molecular dynamics, a fast
alternative to conventional molecular dynamics (DMDIPMD is an eventiriven approach that
approximates a continuous intermolecular potential with step and shoulder potentials. The
PRIMEZ20 force field was used for the peptide model. PRIME20 was developed by the Hall
group to study the formation of ordered structures in pegtidesthe PRIME20 force field,
each amino acid is represented using a-tmadperresidue model: three for the backbone (NH,
CU 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 bagjue geometric and energetic parameters. The
combination of DMD and the PRIMEZ20 force field allows molecular simulation of systems at
long timescales that are not accessible usingtalh simulations. DMD/PRIME20 has been
used to study multiple amyladgenic peptides: B, tau, and prion protein peptides. Greater
detail on the force field can be found in earlier vi®pR

3.4.2Crowder model

Crowder diameters of 10, 20, 40, and 80 A were chosen ascthglyly correspond to the
hydrodynamic radius of PEG 300, 1000, 4000, and 20000, respettirelhe 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 Wasowder= 0.20. The crowder volume fraction is defined as
Ucrowder= NVcr/V, where N is the number of crowderssRds the volume occupied by a single
crowder, and V is the volume of the simulation box.

Crowdersidechain interactions are modeled as either-Bplhetre interactions or

hydrophobic (squarevell and squarshoulder) interactions. For simplicity, crowemowder
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interactions are modeled only as haphere interactions. Multiple sets of crowdetechain
interaction strengths were explored. The varidhlescribes the magnitude of the interaction
strength between a crowder and the peptide sidechain groups. The esaedéain interaction
strengthJ is based on the set of interaction energies between a phenylalanine sidechain and the
20 amino acid sidechain groups in the PRIMEZ20 force field. When the craddahain

interaction strength isC1the interactiorenergies 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 crogsidechain interaction strength i§) Zhe
interaction energies between a crowder and the amino acid sidechain grawpseties

interaction energies between a phenylalanine sidechain and the amino acid sidechain groups, and
so forth. The interaction energies for the phenylalanine sidechain group were chosdelto mo
the crowdersidechain interactions because it is a hydrophobic residue. In addition,
phenylalanine is the only hydrophobic residue present in the CATCH(6K+3g&em and

plays a major role in driving eassembly. We investigate how the crowder simk@owder
sidechain interaction strength affect competition between the crowders and CATCH(§K+/6E
peptides for hydrophobic interactions when the crovaildechain interaction is weaker than,
equivalent to, and stronger than sideckadechain interaatns. The crowdesidechain

interaction strengths that were explored are: 0, ¥, 1, 2, @eSe are referred to as hard

sphere, weakly moderately, strongly and extremelyhydrophobic interactions. A summary of

the interaction energies used in this work is givehable 3.1, where positive values denote a
repulsive squarshoulder interaction, and negative values denote an attractive suglare
interaction. The interaction energiesTiable 3.1 are scaled based on the hydrogen bonding

energy,} 1200 kJ/mol. To relate the crowdsidechain interaction energy to real units,
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simply multiple the value by} » The interaction range is defined as, 0 Y («
, Where) is the width of the squatwell and,, is the average diameter for the two
interacting coarsgrained sites. The interaction rangeis kept constant regardless of

interaction strength.

3.4.3Simulation Procedure

Initial configurations for each simulation were generated using Paekrmeptides and
crowders were randomly placed in the simulation box. The reduced temperature is defined as
T*=KT/ (e, wherelks is the hydrogen bonding well depth. The reduced temperature can be
related to real temperature in Kelvin by the following approximatign: ¢l wap ¢
p p& W'. The concentration is defined @s 0 70 w,where) is the
number of peptides) is Avogadro's number, andis 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
Chpeptite=20 mM, CATCH(6K+/6E) does not form fibrils above T*=0.20. In addition to
Cpeptide=20 mM, systems of geptise=5 MM were also considered. Apdsiice=5mM and T*=0.20,
CATCH(6K+/6E) does not typically assemble. Investigating peptide cond@msaof both 5
and 20 mM reveals the effect of crowders on nonideal and idesdsgmbly conditions,
respectively. Simulation snapshots were rendered using Visual Molecular Dy¥¥&fics

3.4.4Peptide Classification

To determine whether a peptide was a part of an oligdwsdreet, or fibril, we
constructed graphs containing nodesptide$ and edges (interactions) to model pairwise
interactions between peptides. For each simulation snapshot, two graphs were constructed using

the NetworkX python packafe (1) based only on hydrogen bonding interactions and (2) based
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on hydrogen bonding interactions and sidectsailechain 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 pephidbgets are defined as the
resulting connected components of the hydrogen bonding graph. When considering both
hydrogen bonding interactions and sidecksdechain interactions, an edge is drawn between
two nodes when there are either at least four hyardmgpnding interactions or at least four
sidechairsidechain interactions. Considering both types of interactions allows us to identify
formations that contain more than one sifgiheet layer. From the hydrogen
bonding/sidechaksidechain interaction graph, an oligomer is defined as a connected component
containing eight or less peptides or containing onlyfekeet layer. A fibril is defined as a
connected component containing -sheetlayers. han ei gh
Peptides that do not fall into the oligomer or the fibril classification are classified as a free
peptide. Data from peptide skification were fitted to a sigmoid curve to reduce noise and
increasereadability. The Rvalue from curve fitting was 0.87.
3.5 Conclusion

In this work we used DMD/PRIME20 simulations to investigate the effect ofsprdre
and hydrophobic crowders on CATCH(6K+/4Eo-assembly. We focused on how the different
contributions of attractive, repulsive, and haphere interactions affect-e@s&mbly kinetics
and the morphology of the @ssembled aggregates. In addition, we explored how these
contributions change with crowder size in systems of lowp(=5 mM) and high (Geptiae=20
mM) peptide concentrations. Haspphere and weakdlgydropholic crowders were more
effective in promoting cassembly as the crowder diameter decreased. The smaBpteece

(09 crowders were the most effective for triggeringassembly 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 strengtlof greater were more
effective in promoting cassembly as the crowder diameter increased.

The results from DMD/PRIMEZ20 simulations provide new insights for directing peptide
co-assembly to produce specific nanostructures. Thicker fibril structures were produced in the

presence of small haigsbhere, weakWydrophobic, and moderatehydrophobiccrowders. In

these cases, the addition of small crowders |
neighboringp-strandsindé-s heet . The #Afl i ppedo nearest nei gh
thicker fibril s-sheeulayérsshor fioril structutes ancusmall orgeled b

oligomers (including cylindrins) were stabilized by large hydrophobic crowders but deterred
from formation by large stronglgydrophobic crowders. Formation fofsheet structures was
accelerated by large highlyydrophobic crowders. In contrast the small higijglrophobic
crowders constrained the CATCH(6K+/&fpeptides to a random coil conformation. Overall, we
showed that crowders can be used to modulate thphology of ceassembled structures by
influencing p@tide-peptide interactions and that simulations can be used to efficiently
investigate a range of crowder sizes and crovs@zchain 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 agsharggowding
may contribute to accelerated fibrillation of amyloidogenic peptitiés addition, crowding can
also stabilize smaller oligomeric amyloid species that may be more toxic than their fibrillar

counterpart¥. We foresee that the connectiogtlwween macromolecular crowding and
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amyloidosis will likely become of interest with the rise of miaad nano plastics

contamination in our drinking water and food supiy 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 consi
shown that interactions exist betean PEG and proteifi$%. In biomaterials, crowders have been

used to modulate peptide fibril architecture antuim, hydrogel properties. The findings from

research on macromolecular crowding in different discipiinebether it be for drug

formulation, developing biomaterials, or developing therapeutics against amyloidogenic

diseased can be used to inform one ahet. 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 morphol ogy depends on %tistedyiogr owder 6s
crowded biological systems becomes even more complex with polymeric crowders (e.g. PEG) as
they can crosslink to form networks and me$hé&s addition, the conclusions drawn from the
behavior of one peptide system cannot necessarily be geadra another peptide system, as
the crowdersidechain interactions and the bottlenecks for assembly may change from system to
systen®. 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 crowdeipeptide interactions, simulations can be used to help predict theftgpectures
that may or may not form in new crowded systems. In the absence of prior knowledge,

simulations can besed 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/PRIMEZ20 code is publicly available attps://github.com/CarolHalNCSU-CBE/Serial

DMD-PRIMEZ2Q Files generated from DMIPRIME20simulations are available at

https://doi.org/10.5061/dryad.6wwpzgnOl: 10.5061/dryad.6wwpzgn70
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Figures and Tables
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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 representedspb@ad. CATCH(6K+) and (6Fare shown

in blue and red, respectively.
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Figure 3.2 (Left) Final simulation snapshots of CATCH(6K+/Enixtures at Cpeptide=5 mM and (right) 20 mM, at T*=0.20.

CATCH(6K+) is shown in blue. CATCH(6fis shown in red.

94



Oe

w

a

5 1001

ﬁ ————
E -

e

[T}

2

£ 60

tuq

p: 0

c 4

o —— 0A
3 —— 10A
= 90 20A
é%j' — 40A
- — 80A
o 0 . . -
# 0 5 10 15

Time (us)

# of Sidechain-sidechain Interactions

N
(=]
(=]
(=]

1500

1000
0 AA
10
500 204
40 A
80 A
09 5 10 15

Time (ps)

Figure 3.3 (Left) Number of peptides assembled versus time and (right) pgmjatede sidechaisidechain interactions versus

time for CATCH(6K+/6E) forhards pher e (0U)

icrowder=0.20.

crowders with diameters of

=
o
o

[
(=]

@
i

.
e

[
o

# of Peptides in Assembled Structures

0 5 10 15
Time (us)

# of Sidechain-sidechain Interactions

—

[ B~ S =~ B =
o N owu o~
o v o 9w
o o o o

~J
(%2
o

500

N
w
[=]

o

0 5 10 15
Time (ps)

Figure 3.4 (Left) Number of peptides assembled versus time and (right) pgmjatede sidechaisidechain interactions versus

time for CATCH(6K+/6E) f or 20U crowders with diameters of 10, 20,

95

10,

40

20,

anc



# of Peptides in Assembled Structures

w
100 §1750

%

€
= 1250

60 T
S 1000

@

i<

w
40 £ 750
! £ 500

20 1 20A | &
(/ — 40A  F 250

/ — 80A g

9% 5 10 15 * 09
Time (us)

0A
10 A
20 A
40 A
80 A

10 15

Time (ps)

Figure 3.5 (Left) Number of peptides assembled versus time and (right) pgmjatede sidechaisidechain interactions versus

time for CATCH(6K+/6E)

5mM

20 mM

(113

for

50

crowder s

wi t h

di

ameters

of

10, 20,

i

~d

A
Nl
A S
il = ,kafhfg“:‘“ LS

Figure 3.6 (Top row) Final simulation snapshots of CATCH(6K+pReptides in the presence of 10 A 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

40

peptide interaction strengttior 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.

96

anc



+444440
R R
R R R

Figure 3.7 (A) Simulation snapshot of fibril formed with 10 A hard sphere crowders at Cpeptide=5 mM. Blue and red strands

represent CATCH(6K+) and CATCH(6E respectively. Purple spheres represent phenylalanine (F) side¢Bai@snplified
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Figure 3.8 (Top row) Final DMD/PRIME20 simulation snapshots of CATCH(6K+JGE the presence of 80A crowders with

crowdersi dechain interaction energies of 0, i, 1, and 20 at Cper
(Bottom row) Crowders aremoved 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+/6Esystem in the presence dbtydrophobic crowders with diameters of
10, 20, 40 and 80 j at Cpepti de=20-),andcronvdersrace eotbed irrllue,2e. CATCH
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Figure 3.10 (Top row) Final snapshot of CATCH(6K+/6Esystem in the presence dbiydrophobic at Cpeptide=20 mM,

Gcrowder =0. 20. CAT( B 6rivélers, are CaforedCimikué, Eed and gold, respectively. (Bottom row)

Crowders are removed for visualization.
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Table 3.1 Crowdersidechain interaction energy parameters

Interaction strengtlland rangexbetween crowder
and K, E, and F sidechains

Residue V] 10 2 U0 50 >

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




Chapter 4 Benchmarking the impact of computationally-derived inhibitors on TDP-43
organization via discontinuous molecular dynamics simulations

Chapterd is essentially a manuscript by Xin Y. Dong, Lewis Whitehead, and Carol K. Hall.
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4.1 Abstract

Aggregation ofTDP-43in 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 generateglenldad molecules with
varyingranges of activityln this work we use discontinuous molecular dynamieslined with
the PRIME20 force field to assess the inhibition mechanisi8derived compoundagainst
TDP-43(30#319)aggregationOur simulationsdemonstrate that a subset of these compounds is
capable of delaying oligomer and fibril formation and disrupting interactions ifopred
oligomer and prdéormed fibril structures. Epigallocatechin gallate (EGCG), a flavonoid found in
green tea, was al®valuated for comparison. The role of the pharmacophore structure for each
compound in inhibiting TDR3(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 diseé&sélhe latter is also known as amyotrophic lateral
sclerosis (ALS) 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 agagic rather than familial 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 A5 Discovery of these gene mutations shed light on
the disease mechanism for familial ALS as well as on other neurodegenerative diseases. Gene
mutations C90RF72 and TP43 have been associated with both ALS and frontotemporal
dementia (FTD). Thesmutationscan lead to dysregulated gene expression and can also lead to
sequence mutations in the associated protein. Either overexprestergene or changes in the
protein sequence can result in loss of function and the formation of toxic proteinaceous
inclusions.

Targeting TDP43 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 bloodrainbarrierpermeable due to their small siEesigningsmall 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, electrostagidrdphobic 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 struéfuidsltiple structural series of compounds
have been generated by utilizing this approach; several show some extent of biological activity
against amyloid formatidf2

In this work we applied discontinuous molecular dynamics simulation with the PRIME20
force field to investigate the inhibition mechanism for a series ofd#Pi8ed compounds against
TDP-43(30%319) aggregatidii® Residueg07to 3190n TDR43 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 TDPR43 fibrils found in tissues of patients wilontotemporalobar degeneratidh
In addition, these residues are part of the disorderir@inal domain on TDH3 that is
thought to be responsible for aggregattol. 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 form&tt#®and provides a baseline
for comparison. The structures of tmelecules investigated are providedrigure 4.1

Several different types of simulations were run to assess how the inhibitor molecules
affect TDR43(30%#319) aggregation. The following inhibition peptigibitor conditions were
explored: (1) 50 extended TEA3(30#319) peptides in the absence of intobs, (2) 50
extended TDRI3(30%319) peptides in the presence of 50 inhibitors, (3) ggraed 56mer
TDP-43(30#319) fibril structure in the presence of 50 inhibitors, (4) six extended4IYBO#
319) peptides in the presence of six inhibitors, ana (@eformed hexameric TDRR3(30%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 consider&glo metrics: (1) the number of intpeptide backbonre
backbone hydrogen bonds and (2) the number of peptide sidesitie@hain interactions. The
former is an indicator of whether a fibril is present, as backibackbone hydrogen bonds are
necessary fob-sheet formation. The latter is an indicator of whether a hydrophobic core is
present. Tracking both the number of backbbaekbone hydrogen bonds and the number of
sidechainrsidechain interactions provides a measure of peptide aggregdtyatnogen bonding
can occur even without sidechaidechain interactions, and vice versa.

Highlights of our results include the following. The most effective inhibitor molecules

redirected the TDH3(307#319) assembly pathway towards formation of disordered
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aggregate® as opposed to ordered fiblike structures. In systems starting from 50

unassembled TDR3(307%319) peptides: EGCG, 348, and 339 guided peptides to form large
aggregates of disordered peptides; 337, 305, 322, 303, and 201 guided peptichedaméo
amorphous aggregates containing segmerfissbieet 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 notig#antdisrupting the préormed
structures. In systems starting from six unassembled4Z§B0#319) peptidesEGCG, 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 reimg molecules were not effective in
disrupting the préormed cylindrin structure. In general, across all of the types of simulations
performal, EGCG was the most effective inhibitor molecule, followed by compounds 348, 339,
337, 305, 322, 303, and 20d,disaggregating prormed structures and preventing formation of
organized structures. To summarize, we demonstrate that DMD/PRIMEZ20 is a powerful tool for
benchmarking drugs and can be used to gain insight into the inhibition meclanssnall
molecules. Although this work is focused on TTBB®307#319) aggregation, the approach
presented here could be extended to other amyloidogenic peptgitee population stricken by
neurodegenerative diseases continues to grow, it is vital that we consider all possibilities for a
remedy.

4.3 Results and Discussion

4.3.1ThT analysis of inhibitor molecules

Thioflavin T (ThT) fluorescence assay was used to identify potent small molecule

inhibitors of TDR43(30#319) fibril formation. ThT is a welkknown amyloid marker that
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becomes fluorescent upon bindingbtsheet rich amyloid structur@sThT fluorescence for
TDP-43(307319) peptide alone and TEA3(307#319) in the presence of each inhibitor was
measured every half hour for 24.5 holw¥gy(re 4.2). Solutions containing only TDR3(30%

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, aspected, 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
formationmay be hindered by the presence of these two compoaidsmall 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 betvilee dye and the inhibitor molecules for
peptide binding sitéd 24 To further substantiate ThT results and to gain a more comprehensive
understanding of each compound's inhibition mechanism, we employed-gosirss

simulations.

4.3.2Simulations of TDR43(30%319)aggregation in the absence afhibitors

Simulations of TDP43(307#319) peptides in the absence of inhibitors were performed to
determine their aggregation propensity. DMD/PRIMEZ20 simulations were performed for systems
containing N=6, 8, 10, and 50 TBF3(30#319) peptides, at a peptide concetraof 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 simulatemmcentratiorand temperature were
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chosen to allow for fibrillization of TDR3(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 £6. Large systems, N=50, were run for 200 billion collisions,
corresponding to approximately &4.

The system size for the TR4B(307319) 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, TDB3(30%319) assembled into a cylindri
structure containing parallétstrands with a twist at residue G314. The twist placed residues
M311, F313, F316, 1318n the inside, and residub307, N312, A315, S317, N31¢h the
outside. The TDRI3(30%319) cylindrin structure formed in these sintidas is similar in shape
to ones observed experimentally in crystal structures of alphaB cry3Stallie possibility of a
TDP-43(307319) cylindrin intermediate has also been proposed by Laoscavtkersusing
ion mobility mass spectrometfy At N=8, TDP-43(30%319) assembled into a corkscrew
structure. These corkscrew structures are comparable to the SOD1 corkscrews observed
experimentally by Sangwan and coworkérét N=10, TDP-43(30%319) assembled into a
crossb structure. At N=50, TDR3(30%#319 assembled into multayer fibrillar structures, in
agreement with the TDRB3(30%319) amyloid fibrils observed experimentahy*

4.3.3Inhibitors deter formation oforganizedTDP-43(307319) fibril structures

Simulations starting from a system of 50 T@®30#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 showRigure 4.4A. The final
simulation snapshots of the peptitdibitor systems for the various inhibitors are shown in

Figure 4.4B. TDP-43(307319) peptides were able to aggregate to in all simulations. EGCG



prevented fibril formation and guided TBR(307%319) into an aggregate of disordered
peptides. The JR8erived molecules 348, 339, 305, 337, 305, 322, and 303 guided-3(@BB#
319) aggregated into one large amorphous aggregate containing varying ashésttand
peptides. The presence of these inhibitors prevented43B07319) from formingb-sheet
structures, and in turn fibrlike structures. Compound 201 did not inhibit fibril formation.
However, théb-sheets in the fibril structures formed irethresence of 201 are not as well
aligned as thé-sheets in the fibril structures formed in the absence of inhibitors. The formation
of disordered TDRI3(307#319) aggregates in the presence of 339 and 303 has also been
observed via atomic force microscopy (AFM) by the Bowers gfoup

The efficacy of an inhibitor molecule in these simulations can be inferred from its ability
to delay the formation of backboi#sackbone hydrogen bonds and sidecisadtechain
interactions between free TBA3(307#319) monomer peptide&igure 4.5). Backbone
backbone hydrogen bonding is necessary for the formation of a secondary structure. The number
of sidechairsidechain interactions present isadditionalindicator of how assembled a peptide
structure is (i.e., the likelihood that a hydrophobic core is present). All molecules delayed the
formation of peptidepeptide hydrogen bonds with EGCG, 348, and 339 being the most effective.
EGCG was the most effecé\at preventing peptideeptide sidechain interactions. The JPS
derived molecules were not effective in delaying peppieptide sidechain interactions.
Simulations results for 339 and 303 align with previous ThT and CD measurements of mixtures
of TDP-43(30%319). These experiments show that 339 inhibits the formation of amyloid fibrils,
althoughb-sheet structures are still detected; 303 delays, but does not prevent, the formation of
amyloid fibrils?®. Our simulation results suggest the following ranking, from most to least

efficacious inhibitors, is proposeBEGCG > 348, 339 > 337, 305, 322, 303 > 201.
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4.3.41Inhibitors disrupteda pre-formed TDP-43(30%319)fibril structure

Simulations of a préormed 50mer TDR43(30%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 thdilfinkstructure 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 aB@® B collisions
is shown inFigure 4.6B. EGCG reoriented thie-strands in the TD23(30%319) preformed
fibril structure into disordered peptides. The dRBved molecules also reoriented the-pre
formed structure, but to a |l esser extent. The
sheets of the priormed fbril structure and shifted the positiookthe b-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-fmened TDR43(307319) fibril
treated with these molecules did not charngéiloril morphology.

Next, we quantified the ability of the inhibitors to disrupt-presting peptidepeptide
hydrogen bonds and sidechaildlechain interactions. The time profiles for hydrogen bond
dissociation and sidechasidechain interactions are showrFigure 4.7. EGCG eliminated
nearly all of the prexisting peptideeptide backbonrbackbone hydrogen bonds early in the
simulation and disrupted a quarter of the-pxesting sidechahsidechain interactions. The JPS
derived molecules disrupted some-prasting bakbonebackbone hydrogen bonds but were not
effective in disrupting prexisting sidechausidechain interactions. The time profile for peptide
peptide hydrogen bond dissociation quantitatively demonstrates that EGCG, followed by 348 and
339, were the mogffective disruptors for preormed fibril structures. From these results, the

following ranking, from most to least efficacious inhibitors, is propoB&ICG > 348, 339 >



337, 305, 322, 303 > 201. This ranking aligns with results from our simulations of 50 TDP
43(30%319) starting from extended conformations in the presence of inhiltigiaé 4.5).

4.3.5Inhibitors deterred formation obrganized TDP43(30#319) oligomerstructures

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 dise&88%%° Additionally, it has been shown that some
compounds may inhibit the formation of fibrils, but not oligomers, and vice¥eEa these
reasons, the ability of small molecule inhibitors to prevent formation of a4ld3)B0%319)
cylindrin was also considered.

Simulations starting from a system of six TB(30%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 showhigure 4.8A. The final
simulation snapshots of the peptigdibitor systems for the inhibitors are showrFigure
4.8B. EGCG prevented oligomer organization and guided-IBE0%319) peptides to form a
small aggregate of disordered peptides. Molecules 348, 339, 305, 322, and 303 hindered the
alignment of neighboring TDR3(307%319) peptides and the formation of cylindtike
structures. Molecules 337 and 201 did not prevent the formation of a cyitk@rstructure. To
guantify the efficacy of the inhibitors in preventing oligomer formation, we averageuathieer
of interpeptide backboreackbone hydrogen bonds pressitam 50 t0300 B collisions Table
4.1). From these results, the following ranking, from most to least efficacious inhibitors, is

proposedEGCG > 348, 339 > 305, 322, 303 > 337, 201.
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4.3.6Inhibitors disrupted apre-formed TDP-43(307#319)oligomer

Simulations of a préormed TDR43(30%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 ugethese simulations is the final structure from a
simulation of six TDP43(30%319) peptides started from extended conformations at C=20 mM
and T*=0.20 after 500 B collisiongFigure 4.9A). Snapshots taken 30 B collisions for TDP
43(30%319) oligomers in the presence of six inhibitors are showigare 4.9B. EGCG, 348
and 339 were the most effective inhibitors in rupturing the cylindrin structure and transforming
b-strands into random coils. Molecul&37, 305, 322, 303, and 2@lere 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 backborleackbone hydrogen bonds peat from 50 t&00 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.

4.3.7Analysis of inhibitor-peptideinteractions

Interaction energy maps between the cogrsened sites on each inhibitor and the
coarsegrained sites on TDR3(307%319) were created for systems containing a hexameric
cylindrin structure and six inhibitors. The cylindrin system was chosen for furiabrsés as
current research suggests that this oligomer species may be the source of toxicity over fibril
specie®” 34, The interaction energy map for EGCG is provideHigure 4.10, the remaining
maps are provided in the supporting informatieor. all inhibitors, most of the interactions
occurred between the inhibitor phenyl rings and the hydrophobic residues e#3Eb19).

methionine, phenylalanine and isoleucimbis is best exemplified in the interaction energy map
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which summarizes the inhibitqgreptide interactions from 1000 billion collisions Figure
4.10C). Themosteffective inhibitors (EGCG348, 339 had more hydrogen bonding interactions
with TDP-43(307319) than the ineffective inhibitors (33305, 322, 303, and 2pdid, leading
to an overall lower (more favorable) interaction energy with the-AIB@07319) peptide
(Figure 4.11).

The primary interaction sites between the inhibitors and the residues cA3(BEG#
319) changed over the course of the simulation as the cylindrin structure unraveled. Over the first
one billion collisions the TDR3(30%#319) cylindrin was mostly intacDuring this time, the
hydroxyl groups on EGCG's A and D rings interacted with the backbacidbone carbonyl sites
on residues 307 to 310 (MGG@Jigure 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 Nterminal methionine and the subsequent glycine residues easy targets for EGCG
molecules. Once the E@Cmolecules bound to the TB#3(307319) cylindrin, the structure
began to open up. The aromatic rings on the EGCG molecules then targeted the inner
hydrophobic residues on TBD#&33o07-319) (Figure 4.10C).

4 .3.8Characterization of inhibitor structures

The pharmacophore structure directly influences the extent of inhibition of a compound
against TDP43(307#319) aggregation. A "pharmacophore” is the geometric ensemble of
chemical features (functional groups) necessary for adliwiiere the desired acttyihere is
the inhibition of TDRP43(30%#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 necessaryuptdigerpeptide backbonre

backbone hydrogen bonding interactions that lead to the formation of organized structures, such
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asb-sheets. The hydrophobic groups on the inhibitor are necessary to disrupejptide
sidechairsidechain hydrophobic interactions that lead to the formation of a hydrophobic core or
s t a c k i-shegts io fibril &ssembly. Essentially, inhibitor molesuhre competing withther
TDP-43(307319) peptides for binding sites on the TBB(30%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 JR8erived compounds have two aromatic groups. EGCG has eiglaxyydr
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 sitegiacewithin 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 baakthe-envelgpetype 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 planaritharmblecular planarity
parameter (MPP) and the span of deviation from plane 8DF)ese were calculated using
Multiwfn, an opersource program for wavefunction analysis metfbdshe MPP is the roet
meansquare 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 planelyeavy atoms were considered in our calculations.

11¢



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 A, respectively. Its preljjedlgeometry
allows it to bind to multiple surfaces; it is most strongly bounemall three rings are

occupied’. 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 A, respectively. SDP values
suggest the following order for nonplanarity: EGCG > 320% > 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 molecutég(re 4.12). Compounds 337 and 201
had the greatest amount of flexibility, as exemplified byoballatingMPP and SDP curves.

We speculate that the flexibility for 337 and 201 is partially responsible for their inability to
disrupt preexisting interpeptide interactions. In simulations containing afprened TDR
43(30%319) structure, 337 and 201 were doléensert themselves within the structure without
disturbing the overall integrity of the structure.

A well-tailored pharmacophore structure and a nonplanar geometry are both important
gualities to consider when designing an inhibitor. The multiple hydroxyl groups and phenyl
groups on EGCG, along with its nonplanar geometry allow the molecule to engageuliple
TDP-43(307%319) peptides at a time. This is exemplified bydbaespondingcGCG interaction
energy mapKigure 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
Ab7-36) peptidés.

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-@iy,-OH, and-H

respectively. In our simulations, compounds 348 and 339 perform similaryp@unds 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 hydrogkin group to produceompound322, 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 fedrdgen bonding sites and are more planar than
EGCG, 348, and 339.
4.4 Conclusion

In this work, we benchmarked multiple small molecule inhibitors againstAZB0 7
319) aggregationsing DMD/PRIME20 simulations. Overall, the addition of small molecules
led to conformational changes in the TBB(307#319) peptides and disrupted the fibrillization
process. Multiple system configurations were considered to determine if the inhibittats co
prevent fibril formation, disrupt a pffiermed fibril, or disrupt a préormed oligomer. In systems
containing 50 TDR13(307319) peptides starting froextended conformations, EGCG, 348,
and 339 guided peptides to form larger disordered aggregates (as opposed to obgsrertd
structures). Compounds 337, 305, 322, 303 and 201 guided peptides to form a large aggregate
with segments db-sheet structures. In systems containing #3P307%319) starting from a pre
formed fibril structure, EGCG reorganized the fibril structure into an aggregate of disordered
peptides. JPHerived molecules disrupted peptideptide hydrogen bonding interawis and
shiftedb-sheet structures within the fibril but the majority of the structure remained intact. In
systems containing six TD#3(307319) peptides starting from extended conformations, EGCG,
348, and 339 guided peptides to form a small disordered aggregate agntguiealignment

neighboring peptides. Compounds 337, 305, 322, 303 and 201 did not prevent formation of
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cylindrin-like structures. In systems containing T@B8(30%319) starting from a preormed

cylindrin structure, EGCG restructured the cylindrin into a disordered oligomer. In contrast, in
the presence of the remaining molecules, the cylindrin structon@med 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 pharmacophsirecture and the nonplanarity of the overall
structure.

EGCG, 348, and 339 were the most effective inhibitors against4dpF0#319) peptide
fibrillation across all three system configurations in agreement with ThT results (when
available). However, following these three leading compounds, the suggestenf kstélity
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-gCaiaesk
simulations cannot capture all of the nuanced interactmigl 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 alsbbange as the substituents are alférédthough 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 FD®&. 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 billibrSome of this cost can be unloaded via
computational means. ComputEdeddrugdesign 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
fragmentbased drug desid'. A combination of these tools can be used to help medicinal
chemists traverse the pharmacophore and chemicad.9Mcenvision 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.

4.5Methods

4.5.1Thioflavin T Binding

The effect of the compounds on TEIB(307%319) fibril formation was assessed using a
thioflavin T (ThT) dye binding assay. TDAB(307#319) peptides were synthesized by Genscript.
This core peptide of TDR3 has been shown to form amyloid like aggredat@be peptides
weredissolvedn 1,1,1,3,3,3Hexafluoroisopropanol (HFIP) @ concentration ddmM and then
further diluted with100 mM ammonium acetate (Sigmadrich, 0969:100ML) to a working
concentr at i Thercongpbundd de desddiveddMSO (MilliporeSigma, D2650)0
a concentration of 10 mNM.hereaction mixture containé@DeM ThT (VWR, 103011384), 50
€M TDP-43307319), 2.5% HFIP and 100 mM ammonium acetate

The reaction mixture was dispensed iat@6-well, low-binding polyethylene notreated
plate (Corning, 3880) with a clear bottgh 8 of rhixtureper wel). In each well 10 mM of
compound stock was added in duplicates for a final concentration of 2@0atds were sealed
with foil sealing tape (BicRad, MSF1001) to prevent evaporation and then placed in a plate

reader (BioTek Synergy Neo2) at 37°C without agitation. The vehicle caomtdined30 M



ThT, 50eM TDP-43307-319), 2.5% HFIP and 2% DMSO in 100 mM ammonium acefBte

blank controlcontained30eM ThT, 2.5% HFIP and 2% DMSO in 100 mM ammonium acetate.
ThT fluorescence was measur@e=440nm, 2er=490nm) throughthe bottom of the plate for
24.5 hours at O-Bour intervals. Each well was scanne® different areaand the resulting
values weraveraged for data analysis.

4.5.2Simulation method and peptide model

The simulation method used in this work was discontinuous molecular dynamics
(DMD)d an event driven approach using coagsained potentiaf. The simulation moves
forward from one collision event to the next and only updates the system state at these discrete
events, bypassing the small tirgiep integrations needed in traditional molecular dynamics.
Simulations were run in a canonical enseamfihe temperature of the system is maintained
using the Andersen thermostat

DMD is used in combination with the PRIME20 force fiéltf. PRIME20 was
developed by the Hall group for research in peptide aggregation. Each amino acid residue is
represented using a febead model: three beads for the peptide backbackbone groups (€
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 betweemNHCO backbonbackbone
hydrogen bond8. We found that these constraints led to faster aggregation of th&3(@B7
319) peptides than the original hydrogen bond constraints. Greater detail on how the force field
was developed can be found in previous WorRMD paired with the PRIMEZ20 force field
allows us to capture significant events such as peptide assembly and formation of small

nanostructures. Since its development, DMD/PRIMEZ20 has been successfully used to model
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aggregation of amyloidogenic peptides and thassgembly of chargeomplementary
peptided® O,

4.5.3Inhibitor modeli coarsegrained sites

The original PRIME20 force field does not contain geometric or energetic parameters for
molecules outside of the 20 naturatlgcurring amino acids. Previous work by Wang and
coworkers expanded the PRIMEZ20 force field to mgudhelnolicinhibitors: resveratrol, EGCG,
vanillin, and curcumitf. 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-gyvansed
groups: CH, CH, CH, C, OH, O, CO, N, NH, N#, H and ClFigure 4.13 shows the coarse
grained representation for EGCG and for each JPS molecule. The geometric and energetic
parameters for the inhibitor coargeained groups are summarized in

Table 4.3. For simplicity, all inhibitorinhibitor interactions are modeled as haphere
interactions. The geometric and energetic parameters for CH, CO, and NHg@énse groups
are the same as the ones used to representki@adCand NH groups for the peptide backbone
backbone in PRIME20. The geometric and energetic parameters f@r€the same as the ones
for the alanine side chain in the PRIMEZ20 force field. The aromati¢c CH, and C groups have
the same energetic parameters as,®Ht have a reduced diameter of 2.340 A. Chiral carbon
centers with a hydrogen substituent are modeled as two sites (C and H) as opposed to a single
CH site. The twesite representation was used to restrain the remaining sites next taréhe chi
center (via pseudbonds) and to maintain the correct chirality. Hydrogen (H) sites used to
maintain chirality are shown iRigure 4.13 as an encircled "H" connected to the chiral center via

a solid wedge for EGCG, 201, 322, 339, and 348. The Cl cgaageed group has a diameter of



3.5 A (its van der Waals radius) and has ksphlere interactions with all other coaggained
groups. The diameter of the H, O and OH group is based on previous work by Wang and
coworkers8. N, NH, andNH:* coarsegrained groups all have a diameter of 3.3 A. OH, O, CO,
N, NH, and NH" have hydrogen bonding interactions with their corresponding hydrogen bond
donor or acceptor. In addition, the Bittoarsegrained group has charged interactions with
peptide sidechains, modeled using the squaaiepotentidfor alysinesidechain group in
PRIMEZ20.

Coarsegrained 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 thieyidlvogen bonding
sites overlap, (2) the coargeained site does not already participate in a hydrogen bond with a
different coarseyrained sitePeptideinhibitor hydrogen bonding interactions do not have
explicitly-defined directionality. The bulkinesd the neighboring coarsgrained sites for a
hydrogen bond donor/acceptor (on the inhibitor and peptide) creates steric hindrance and
provides a degree of directionality to peptidhkibitor hydrogen bonding interactions.

4.5.41nhibitor model i bond and pseudo bond lengths

Bond and pseudbond parameters for each inhibitor molecule were obtained from
atomistic molecular dynamics simulations using the AMBER package. Rbends were used
to maintain a realistic structure for each inhibitor (e.g. a planar phenyl ring, @chtirmation
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
molecule8!. The partial charges that are missing from the GAFF parameterization were

calculated on the R.E.DRESP ESP charge Derjv8erver using Gaussian®62 Each
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molecule was solvated with the TIP3P water madal periodic truncated octahedral heith a

13A bufferf4. The atomistic MD simulation for each molecule proceeded in the following way:
(1) a 1006step energy minimization using the steepest descent method was performed on the
water molecules while the inhibitor molecule was constrained. (2) A-266fystep

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) Produahsrwere conducted in the NPT
ensemble for 100 ns. Bond and psebdad values were based on the average distance between
the corresponding atoms observed over the production run. Bond and-psealdituctuations

were based on the corresponding standardations for each bond length.

4.5.5DMD/PRIMEZ20 simulation procedure

Four peptidanhibitor systems were considered: (1) TB®30%319) aggregation in the
absence of inhibitors, (2) 50 TBA3(30%319) peptides aggregating in the presence of 50
inhibitors, (3) a prdormed 56mer TDR43(30%319) fibril structure in the presce of 50
inhibitors, (4) a prdormed hexameric TDHE3(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 generatedgiIBACKMOL®., Simulations of TDP
43(30%319) in the absence of inhibitors were performed first. The resulting assembled structures
from these peptidenly simulations were then used as thefprened structures for the
simulations with the inhibitors. Each simulatimas performed at a peptidencentratiorC=20
mM and a reduced temperature T*=0.20, corresponding approximately to a real temperature of
342 K. The high concentration promotes FTBR30%319) peptidepeptide interactions and

allows us to evalua 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
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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 TDR3(307319) monitored by ThT fluorescence in the absence and presence of compounds
in 2700mM ammonium acetate containing 30uM ThT and 2.5% HFIP. The peptide concentration in this assay was 50uM and
compound concentration was 208. 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 throughouexperiment and 440nm/490nm was usedxastatiorlemission wavelength.

Each curve is the average of five scans.

N=6 N=8

Figure 4.3 Final simulation snapshots for TBF(307319) 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 tan at 500 B collisions. The snapshot for N=50 was taken at 200 B collisions.

13¢



EGCG 348S

Starting configuration

Figure 4.4 (A) Initial configuration for 50 TDR3(30%319) peptides starting from extended conformations in the presence of
EGCG moleculegB) Final simulation snapshots for systems containing 50-4BB0%319) peptides starting from extended
conformations in the presence of 50 inhibitors at C=20 mM, T*=0.203@@d collisions. The inhibitor that is present is
indicated on each panel. Only S configurations are shown for chiral molecule€l3[B0%319) peptides and inhibitors are

shown in blue and pink, respectiyePeriodic 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-Z8{B07%319) peptides starting from extended
conformations in the presence of 50 inhibitors. (Left) Number of backbacibone peptidpeptide hydrogen bonds as a

function of time. (Right) Numéx of sidechairsidechain 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 enamtiomer of
molecule when applicable. Théabk line labeled "NONE" refers to a system of 50 T48307319) peptides starting from

extended conformations in the absence of inhibitors.
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Figure 4.6 (A) Initial configuration for a prdormed 50mer TDR43(30%319) fibril in the presence of EGCG molecul@s)
Final simulation snapshots for systems containing dgraed 50mer TDR43(307%319) fibril structure in the presence of 50
inhibitors at C=20 mM, T*=0.20 afte300 B collisions. The inhibitor that is present is indicated on each panel. Only S
configurations are shown for chiral molecules. TE8¢307319) peptides and inhibitors are shown in blue and pink,

respectively. Periodic boundary conditiare applied. Each snapshot is one unit cell.
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Figure 4.7 Analysis of peptide aggregation for systems containing-d#goneed 50mer TDR43(307319) fibril structure in the
presence of 50 inhibitors. (Left) Number of backbbaekbone peptidpeptide backborbackbone hydrogen bonds as a
function of time. (RightNumber of sidechaisidechain 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 forsix TDP-43(30%319) peptides starting from extended conformations in the presence of

s

[V -3

EGCG moleculegB) Final simulation snapshots for systems contaising DP-43(307%319) peptides starting from extended
conformations in the presencesif inhibitors at C=20 mM, T*=0.20, ang8D0 B collisions. Thénhibitor that is present is
indicated on each panénly S configurations are shown for chiral moleculd3P-43(307%319) peptides and inhibitors are

shown in blue and pink, respectively. Periodic boundary conditions are afifdielt snapshot is one unit cell.
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Figure 4.9 (A) Initial configuration for a prédormed hexameric TDE3(307319) oligomer in the presence of EGCG molecules.
(B) Final simulation snapshots for systems containing dgreed hexameric TDB3(30%319) cylindrin structure in the
presence of 6 inhibitors at C=20 mM, T*=0.20, &0@ B collisions. The inhibitor that is present is indicated on each panel.
Only S configurations are shown for chiral molecules. #3B07319) peptides and inhibitors are shown in blue and pink,

respectively. Periodic boundaconditions are applied. Each snapshot is one unit cell.
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Figure 4.11 Number of inhibitorbackbone hydrogen bonds as a function of time for systems containindoarpeel 6mer
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 appdid to each time series.
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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 Coarsegrained representations of inhibitor molecules. Proprietary molecules (322, 339, and 348) are depicted as
Markush structures. Pseutbonds used to constrain the molecules are shown with dashed lines. For readabilityppaesdo

for hydrogen siteare not shown. Circles are not drawn to scale.

Table 4.1 Average number of interpeptide backbdyeckbone hydrogen bonds from 56D B collisions for systems

containing six TDR43(307319) peptides starting from extended conformations in the presence of six inhibitor molecules.

Inhibitor Avg. # of HB
NONE 47.8+5.3
EGCG 6.3£26
348S 25.1+4.7
339S 241+6.1
337S 32.2+5.2
322S 26.9+4.1
305 34.1+54
303 29475
201S 37651
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Table 4.2 Average number of interpeptide backbdrseckbone hydrogen bonds from 5@ B collisions for systems

containing a préormed TDR43(307%319) cylindrin in the presence of six inhibitmolecules.

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 325+55
322S 348+54
305 39.4+55
303 33.1+7.4
201S 44.1 + 3.3

Table 4.3 Coarsegrained group parameters for inhibitor molecules

Reduced K

Atoms Mass Mass 0) < 0) (reducal unit) Interaction type
ChH 15.035 1.000 2.70 5.40 0.084 Hydrophobic
Ch 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
@) 15.999 1.064 2.15 4.50 1.000 Hydrogen bond
CoO 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
NH 16.020 1.066 3.30 4.50 1.000 Hydrogen bond / Charged
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5.1 Abstract

Peptide ceassembly is attractive for creating biomaterials with new forms and functions.
Emergence of these properties depends on the
which is difycult to predict iimentsrand simulationsip on en
we show that charge governs content by affecting propensity feaselfceassociation in
binary CATCH(+/17) pempitxder sysoemEATEHU2 mb2i@dY),
and CATCH( 6 +/ &1o)mpfoamsbaetsdSdigstate NMR suggested the cationic
peptide predominated i n -to-dnienicypeptdé ratiod desreased | | e s .
with increasing charge. CATCH(2+)rfom e -dhedis when alone, whereas the other peptides
remained unassembled. Fibrillization rate increased with peptide charge. The zwitterionic
CATCH parent peptide, fAiQl106, assembled sl owly
These results demomgte that increasing charge draws complementary peptides together faster,
favoring ceassembly, while likeeharged molecules repel. We foresee these insights enabling
developmentofcas sembl ed peptide biomaterials with de
properties.
5.2Introduction

Peptides that assemble into elongated ybri
widely used to create biomaterials for medical and biotechnology applicatidbsassembly is
a process in which two distinct peptides (e.g., A and B) can associate to form a single
supramol ecul ar structure. Combining two diffe
architecture can lead to biomaterials with a new form andtirf' 8, Early examples relied on
the ceassembly of a peptide A with avariantofAe . g. , A*) that i s modiye

mol ecul e that i mparts speciyc biological acti
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or antigen presentation. This strategy has been widely used to create nanomaterials for tissue
engineering and regenerative medi€ifie immune engineerif§ 8, protein capture and

releas&”?!, and fouling resistané& among other applications. More recent examples combine
two different peptides, A and B, that can sedBociate (i.e., AA or BB) as well as-assemble

(i.e., AB). This approach can lead to biomaterials with new nanoscale stréGtures
hydrogelator¥, gradated protein displ&y scaffoldng for anchoragelependent celt§, drug
delivery?’, and insights into proteimisfolding diseas&&

Changes in peptide amino acid sequence oft
these changes requires an understanding of how molecular features guide selection among the
different assembly pathways. Within singlemponent systems, for examplepleeing positive
residues with negative residues, and vice ver
kinetics¥ 24, Within binary systems, the possibilities are quite complicated, as peptides can
cooperatively ceassemble, randomly eassemble, destctively coassemble, or sefforf. Prior
wor k has shown that when two oppositely charg
can have different morphologies than those observed afteasseitiation of either peptide
alone8 3540 When peptides setfort 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 funfrbon aminoacid
sequence information. Unfortunately, these features are determined by peptide content of the
nanoyber, which is difycult to ascertain in m
distinguish sefand ceassociation events using conventional apphes.

ASel ecad svemicloy, 6 i s a unique case wherein t

sefassociation when al one, but when -aseemblyy ned f ¢
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is in many ways analogous to triggered-sasi§embly, wherein peptide association is induced by
introducing a chemical (e.g., pH, s&#}° or physical (e.g., heat, lighfy* stimulus. Often,
selective ceassembly 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 ybrill i z d%ao dstramdsst like wigyerdd Bethssembly, s
selective ceassembly is advantageous for encapsulating sensitive biological cargoes, such as
cells®51and protein®. We envision that selective @ssembly can also provide control of
pathway selection inibary peptide systems by minimizing the competition between asdf
co-association events.

To date, most peptides that selectivelyassemble 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 ciriese
designed using this concept include KVW10 and EVW10 derived from MAX1L113 and
P1%14 derived from P12, CATCH( +) and CATCEH@idKLVFWAK ved fr
and ELVFWAE d 3% Greateng highly chamgeddvariants of saffsemblingeptides
is thought to prevent their sedssociation through electrostatic repulsion and facilitate co
assembly through electrostatic attraction and hydrophobic collapse. We recently reported that the
chargei mbal anced pepti de p ai)seleCthelyCdagsdmblesintond CATC
nanoybers predominated by an alnegbgble aumbenof AB s
AA and BB fAmismatchesd are predictlelHe from mod
peptide component with the lower number of gear residues had greater propensity for strand
mi smat chi ngs acieat, i dim@).f This observation may

with the limited sequence space that has been explored in peptdsambly, underscores the

14¢



need for systematic studies to understand how
composition, structure, and function.

Here, we sought to understand the role of charge in the coassembly of binary peptide
mi xtures using the CATCH system. To maintain
peptides, which were derived from the satsembling peptide QI 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 cageud r e d tf oyrb rbi sPijeies.48)°3. o n  (
We proposed that the number of charged amino acid residues within each peptide would
determine selection between sa#fsociation and eassociation pathway§igure 5.1B).
Bi ophysical experiments and computational mod
cationic or anionic amino acids that bias CATCH peptide mixtures away frorassalimbly and
toward ceassembly at equilibrium. Discontinuous molecular dynamic (DKiBulations based
on the PRIME20 model, whichweeceor r obor at ed by experi ments, i
peptide charge on eassembly 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
thermodynani ¢ -ofifofnd0 swi tch, and identify charge as a
controlling peptide cassembly.
5.3Results

5.3.1Selfassociation and cassembly of CATCH pairs

We characterizedeas sembly of the CATCH(2+/21), CATC
CATCH(6+/ 617) p a i-buffered salinel(PBS)puking Fquieatiaresform infrared

(FTIR) spectroscopy, transmission electron microscopy (TEM),-stdie nuclear magnetic



resonance (ssNMR) spectroscopy, and DMD simulatibrggi(e 5.2 . We yr st used Tl
view nanoyber mocropnhbolnoignyg 2C4A ThC Ha(f2t+e/r2 1) , CAT CH(
CATCH(6+/617T) in sol ufiguebh28dt LATEHY2mdl2an f at im
nanoybers with | ong persi st en €igurel5.8Anagdfiguse t ha't
5.6), similar to Q11 Figure 5.7) . I n contrast, CATCH(6+/61T) forr
widths of 11.5 + 2.6 nm that spanned hundreds of nanometers with very short persistence lengths
and little to no lateral associatioRigure 5.2A ard Figure 5.8 . CATCH( 4+/ 417 ) f or m
nanoyber ssitnhdtarwegroe both CATCH(6+/61T) and CATC
and long persistence lengths as well as regions with high and low lateral assoEigtioa (
5.2A andFigure5.9 . Si mi |l ar differences in assembled n
previously in a study comparing charged-omed twvoc o mponent pefti de nanoy
We used FTIR spectroscopy in the amide | r
analyze the formation of new hydrogen bonds resulting from peptide organization into structures
r i ¢ hshaeetskighre 5.2A). Samples of the CATCH parent peptide Q11 had a strong
maxi mum at 1622 c-sheelcorifomnthtiodgurei5\L05 consfstenawitih a
priorreport,.  Simil arl vy, FTI R spectra for equimol ar
CATCH(4+/41), and CATCH(6+/61T) had strong max
indica t i v -sheai $ecobdary structures within the samplegi(e 5.2B, black traces). In
contrast, spectra of CATCH(21), CATCH( 4+) , CA
had broad maximaat~164P6 45 c¢m1 1 i nd iccoaitli vceo nofFiguresadst di oonm s (
blue and red traces). Unexpectedly, the CATCH
indicating a -gheeesdconuarynstuctefeureS.2B, blue trace, left panel);

this result suggested that CATCH(2+) can-sslociate. Notably, CFCH (2+) in pure water
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al so had a ma x i Fguren5.1d)tsugieStiddthatcsasfssadciation does not
depend on counterions in 1x PBS.

The secondary structures and content of CA
CATCH(6+/61T) samples in the gel St atRgurever e as
52CandFigure5.12 . Sampl es were yrst subjected to cer
peptide from unassembled peptide and then lyophilized before conducting sSNMR
measurements. 1D 13C spectra were collected using the corqmasgemultiCP method from
Duan and SchmielRoh®8 which was validated with a series of similara® s e misheetd b
peptide sampled={gure 5.135.18 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
l inewidths observed in previous amyloid ybril
anordered structti®®® The 13C chemical shifts for sampl e
CATCH(4+/41), and CATCH(6+/61) weabed.landnsi st en
Figure 5.19), suggesting that these peptide pairs adogitedar structuresSecondary chemical
shifts for c a rchribonsywhichcae caicolatesl asahe change in chemical shift
value from values reported for rand@ail structures, can be used to determine secondary
structuré. Her e, CATCH(2+/21), CATCH(4+/47), and C
secondary chemical shifts of Frcarboi, reapactively, 0. 7 p.
indicating that t-sheets,cansmgiehtaith FilRemeasurementdheur n b
the presence of shiftscorrespandj t o t he Co of | ysine and CuU of
p.p.m., respectively, indicated that both (+)
however, the magnitude of the signal suggested that the cationic peptide was the predominant

speciesNot ably, the much smaller peak at 179 p.p.



the ClU of glutamic acid suggested that signiy
centrifuged pellet compared to CATCH (2+). The ratio of cationic to anionic peptide decreased
with increasing charge, approachioawere2 i n CATC
comparable to the estimated ratio of cationic
previously* We note that the exact position of the
sample to sample. We pos maghdogiesolisdrnvedinTEMe di f f e
micrographs irFigure 5.2A may arise in part from the differences in the amount of CATCH(+)
and CATCH(1) peptides detected in the differe
DMD simul ations with the PRI ME20 force yel
mi xtures of CATCH(4+/ 471 ) adhabtst@AdreSd(ree5:2D)6 1 ) i nt
in agreement with the experimental data; howe
aggregateRigure 5.2D) unless the simulation temperature was decreased from T* = 0.2 to T* =
0.18 Figure5.20 . We hypothesized that the | ack of ob
DMD models at higher temperatures could be due to slower kinetics tteabeyond the 16 ps
time scale of the simulations. Analysis of th
CATCH(6+/61T) indicated t hatassédmbiegeforgddbydrogemg pep
bonds and that the phenylalanine sidechains pointeard toward the core of the bilayers,
while the charged sidechains pointed outward toward (the implicit) water, similar to DMD
model s reported previously for equimol ar mi xt
Further mor e, t he -sheeweteprddensinamly arganized ine arcalterniting
positivel/ negative conyguration (e.g., CATCH(
although some CATCH(+): CATCH(+) and CATCH (1)

No stable aggregates were observed in DMD simuteh s of CATCH(271), CATCH
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CATCH(471) , CATCH( 6 +) , Figure®.2)CobnsiStéh{with HTIRa |l one (
measurements, suggesting that the presence of a at@rgdementary 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 thatastembly of

this molecule may proceed over longer timescales than the simulation window. Taken together,
simulations and experiments demofhdt+that padpati
pairs selectively cassemble intotwe 0 mp o nsehnetetb nanoyber s. Il n cont
may cooperatively cassemble with CATCH (2+); however, the satisembly propensity of

CATCH(2+) favors its increased incorporation into the reatii@semblies.

5.3.2Minimum concentration required for CATCH ceassembly

Next, we evaluated the minimum concentration required for coassembly of
CATCH(4+/ 41) and CATCHRKigore3.3andfFigup&.22r s using CD

CATCH(2+), CATCH(21), and the pair were not s

coandsela ssembly events. Samples of CATCH(4+), CA
CATCH(61) alone all had CD spectra with minim
randomc oi | ¢ o n ¥igutes.22. Overrthe rarfige of 5@00 uM, equimolar mixtures of

CATCH(4+/ 471 )( &@nhMd6ICATICHansi ti oned-cofflrom predomi
conygurations to a miskteetse, ofandanaheetmr ediolms nam
secondary structuregigure 5.30) . The mini mum concentration at

CATCH(6+/61) formed a predominantly bsheet se
UM (Figure 5.3), which is consistent with the minimum reported previously for equimolar

mi xtures of CAMRGWE ¥ eghéel chmbentandiGated by the minimum at 212
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nm, was observed at lower concentrations of CATCH®+/6t han CATCH((4+/ 471 ) ,
that increasing the number of charged residues decreases the thresholaskerbly.

5.3.3.Co-assembly kinetics observed via DMD simulations and biophysical experiments

DMD simulations offer a unique opportunity to probeassembly kinetics at the
microsecond scale, which is not accessible using conventional biophysical experimentation.
Here, we examined DMD snapshots of equi mol ar
CAT CH ( 6 coritaining 96 peptide units over 200 billion collisions (~16 ps) at time points of
0, 1.6, 3.2, 8, and 16 ubi@ure 54A, B andFigure 5.23. At t = 0 us, the simulation randomly
distributes the peptide units throughout the boxinrandommi | conygur ati ons. Foa
CATCH(4+/47) pair, a snapshot at ®Hhe# Os revea
secondary structures with most of the mp units still unassembled. After 3.2 us, we observed
an increase in the number of assembled peptides, but it was not until 8 ps that approximately half

of the peptides were incorporated into bilayer structures. Finally, after 16 py, aleaflthe

peptide units wesrhee e tn cnoarnpooyrbaetre ds tirnutcot ubr es. Sna
show an increase in the nsumdbetr ywlfr iplesp td weers taisr
CATCH(4+/ 41) . Il n parti oClAITECrH, (&f+t)e ranld. 8C AQSC Hy 6fT

wer e already i nc esheptsecandasy dgtrudtures. By 312 ud, abguehalf obthe
peptides were in the assembled state, at 8 us most were assembled, and after 16 ps nearly all of
them were incorporatedinfibss heet nanoyber structures. Recall
not form aggregates after 16 pys in simulations at T* = Bigufe 5.2D).

Treating the number of hydrogen bonds formed between peptides in the simulated
environment as a measure of the coassembly ki

ybrillization proceeded Figue 5.4C). A dlobeaexaminatiant of C
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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 wit
CATCH( 4 Figue.dD). The number of hydrogen bonds formed in the DMD simulations
(Figure54C) correl ates with 't heFigure54D), whereastheat i on Kk i
number of oligomers remains relatively constant, suggesting that free peptides preferentially add
onto alreadsheesst abl i shed b

Informed by the DMD simulations, CATCH peptide coassembly kinetics were evaluated
using CD spectroscopy anHiguteb.%ApB). ahe Chrspdctra(oflT h T) p
samples of CATCH(6+/61) wer e i6@Ennaandtheesttopg c on st
minimum in ellipticity at 212 n-sramluggested mo
conformation within 1 minKigure 5.5A). In contrast, the magnitude of the ellipticity at 212 nm
in samples of CATCH(4+/ 47 ) i sepepbidesadaptedal t h ti m
bstrand conformation more slowly than the CAT
the peptides alone, samples of CATCH(4+/47) a
pbuorescence sFiggeb®24 ,f momMyEhT h@t demonstrates a
upon bindingtocrosb amy |l oi & sMeasduireg changes in ThT |
CATCH(6+/61T) samples reached a maxi mum bet wee
samples required 248 h Figure 5.5A). Notably,the faster kinetics observed through ThT
puorescence suggested that CATCH(6+/61) may h
CATCH(4+/47), as |l onger nanoyber®Theoaul d provi
assembly kinetics of the CATCH(4+/417) and CAT
strength of the solution, whereas sadsembly of the individual peptides generally did not

(Figure 5.255.30. In particular, the time to hathax of the ThT signal was shorter for mixtures
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of CATCH(4+/417) in 51 PBS when compaxihdd to 11
signal was |l onger for s ampiguees.25 iih coBuast, eltimé +/ 41 )
tohafmax f or mi xtures of CATCH(6+/617) decreased
extentthatcmas sembly kinetics could not be measured
CATCH(6+/ 67) mi xRigure®2§. Thentypelodibns ReBeht did not affect co
assembly of either CATCH(4+/ 47) fassen®RTCH (6 +/
kinetics of zwitterionic Q11 as measured with ThT were more sluggish than either CATCH
peptide pair, taking ~144 h to reach a maximéigre 5.31). Consistent with this, Q11 did not
6 aggregate in simulations at T* = 0.2, but did at T* = OFi§Ure 5.32), similar to the
CATCH(2+/21) pair.

The ybrillization process was qualitativel
micrographsFigure 55C). Samples of CATCH (4+/41) at 10 O

visible nanoybers, but iymhsteddarwaggremgad @emi.nd

samples of CATCH(6+/67) at 10 OM incubated fo

nony bri lghr@amgaages throughout the viewing area. A
a combination of nanoybers and nonybrillar ag
were predominated by nanoybergsamplesofiioh mi n, na

CATCH(4+/ 41) and CATCH(6+/61T). Similar observ
equi mol ar mixtures of CATCH(4+) and CATCH(6T1)

early time points, but elongated nanoybers | a
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5.4 Discussion

Our results suggest that a minimum charge density is required for CATCH peptides to
resist seHassociation. Above this minimum,-essembly kinetics are determined by the number
of charged residues within the 11 amino acid sequence. Fibrillizing pefyydeslly require
bet ween 5 and 15 ami mdcheadi dhsa nfooyrb eas sagnghhli yt eicrt tu
short in length do not contain enough molecular contacts to form stable hydrogen bonds, whereas
longer peptides have too many degrees of freeddiorin 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
sufycient onpmidri co fr els yshibet Brenatibpno Geheaally pzwittebionic
seltfassembling peptides with alternating hydrophilic and hydrophobic residues (e.g., Q11,
RADAL16, KFES8, P114) assemble through the expulsion of water and collapse of the
hydrophobic fae as well as ionic pairing, van der Waals interactions, and hydrogen bonding
through the peptide backbone-sheétforenationcateshori | ar i
range (=5 nm or less) and require intimate, often directional, cditécta contrast,
el ectrostatic interactions are |°%Highlychargednge (
variantsofselas sembl i ng peptides, such as CATCH(4+),
CATCH(61T) derived f r -associ@ibnibecautengerdange electrostatic st s e
repulsion prevents the shor@nge interactions that drive aggregation. In contrast, peptide
variants with a lesser number of charged residues, such as CATCH(2+), are prone to self
association, Il i keliye hte craaumslel gihweeg dlaecdkt rao stud tyicc

peptidé peptide contact. A difference in preference for-sedfsusceas soci ati o-n r esul
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sheet nanoybers with disproportionate peptide
morphology, features that cannot be presently predicted from primary sequence alone.

Although ceassembly of chargeomplementary peptide pairs is not a new concept, the
degree of charge necessary to resistasdbciation has not been explicglydied. A previous
study reported that the zwitterionic enantiomeric peptidemntd D (FKFE): can ceassemble
when combined, yet they also safsociate when alofle A pair of peptides h
charged residues, EEFKWKFKEE (p1l) and KKEFEWEFKK (p2)assemble when combined
yet also seHassociate at high and low pH or upon extended incubation at high ionic strength,
where the former alters the charge stateadceptance or donation of protons and the latter
likely mediates charge shielding \déaunterions present in solutfdrt® Previous work showed
that peptide pairs with more charged residues, suchaiBll ( EQEFEWEFEQE, <char ¢
and P1114 (QQOFOWOFOQQ, charge=4%4) or CATCH( 4+)52eond CATCH( 6
assemble when combined but do not-asociate. The hydrophobic phenylalanine residues in
the CATCH peptides have been shown to be necessary-&@sembly, demonstrating that
molecular association is not due to charge complementarity®aléngther, the ionic strength of
the solutiordoes not affectthe sedéf s s embl y propensity of CATCH( 4+
CATCH(6+), or CATCH(61), except in the wunique
which favors CATCH(4+) selassociation through a mechanism that is not yet diegnies
5.27-5.30. Together, these observations suggest that in aqueous solutions containing ions, more
than two glutamate residues can preventasdociation, whereas three or more lysine residues
are needed. These diff er endnesctinpotential®pect di sp
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.

15¢



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 kinettsugfe
complementary peptide @ssembly, despite differences in time scale and number of molecules
within each system, highlighting the signiyca
peptide ybrillization. | mu rairme tcruy ,ar CD,DMDn & i Tt
collectively demonstrated that biassemblgfastegqui mo |
than binary equi molar mixtures of CATCH(4+/ 41
CATCH(6+/61T) peptides i nfromrapdgrciomd | aro nrhiox tmarte o
strands faster than CATCH(4+/ 4) peptides in a
that CATCH(6+/61) coassemblies under went f ast
assemblies. Solution ionic strength afesttea s s embl y ki netics of CATCH
CATCH(6+/61) to different extents; we observe
CATCH (6+/671) Kkineti cs-assemnblapmpoached@ maxiGthiad +/ 41 )
intermediate ionic strength. Furthd&rh T puor i metry measurements sSuc
ionic strength (i.e., 11 PBS and 11 CD buffer
the maximum ThT signafasdembngy, CAhGHEedhs/ 4ib)y ido
affected byionicseaengt h dur i ng Ggsanbly AlhsughBncreasing @onic
strength did not generally increase the-asociation propensity for any of the peptides when
alone, it remains to be determined if the increased rate-assembly at higher ionic streihg
correlates with increasing contentof ikeh ar ged nei ghbor mi smatches i

Notably, neither CATCH(4+/417) nor CATCH(G6+

phaseodo often observed during ybril-bfandati on



synuclein, which suggests that the nucleation and elongation rate constants for synthetic CATCH
peptides are signiycant|-formyngpemides Onetplauaibie t hos e
explanation for this is that charge serves to draw peptidesgeth est abl i shing suf
local concentrations of peptide to favor rapid nucleation and elonffatkmtording to

Coul ombdés | aw, attractive and repulsive force
residues within the peptide sequence. Assgnthat 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 2.28ld increase in Coulombic attraction between CATCH(6+) and
CATCH(61T) 8 vensandCAEARACTCIEH4 41 ) . From our obser
the attraction between oppositely charged molecules increases their likelihood of collision, while
repulsion keeps likeharged molecules apart, which together favor coassembly over self

associatia. Considering the relatively slow kinetics of zwitterionic Q11, our data further support

the inference that oppositely charged peptide
di st ances t -cheat assemblyeWhieraceupledrwithfobservatioom DMD

simulations, which demonstrated that nuclei form quickly and remain constant in number over
thecourseofcas sembl y, while free peptides preferent
our observations also suggest that primary nucleglismelongation may be the dominant

mechanism for CATCH peptide @ssembly. Toward this end, TEM suggested that

CATCH(4+/ 47 ) mi xytburriesl afrorangegdr engoant e s t hat per si
those formed i n CATCH(itémdns io pbe determined iftCASCH Al t hou
peptides ceassemble via a twstep nucleation mechanism involving formation ofwyob r i | | ar

aggregat es t hat’0 @iéthiddaggyegation bvertt is affthavdy,ithe formation
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ofnronybrill ar aggregates in binary CATCH(+/717) p
pathway is more complicated than the sirgfiep processes outlinedfigure 5.1

Our previous study on the CATCH¢hdrged 671 ) pai
neighbor @i mperfect i on s Aggiegation kineticsdilely gag anb | ed n
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 ratése(, KAA, kBB, and kAB). To prevent selfsorting, the rate constant
ofccassociation needs thaothdiefselhisgroicy adntolny (gr. eat, e
kBB). Further, we postulate that the formationoface s e mb |l ed pepti de- nanoyb
charged neighbor imperfections (i.e., perfectly alternating strand organization) requires kAB to
be maximized,whl e kAA and kBB are minimized. Much |
pair reported previously, the CATCH peptide pairs studied here may not meet these criteria, as
we qualitatively observed mismatching via DMD
CATCH(6+/ 61 ) pairs. These observations suggest t
long rather than short intermolecular distances in peptigessembly processes. Thus, charge is
|l i kely insufycient for encodi g mphhea eand s enmloy b
within the established sequence space. Future efforts to balaneatgegcharge effects with
shortrange intermolecular complementarity may enable opportunities to improve the
compositional precisionofeas s e mb | ed p e pMeierdision that achigvihge r s .
molecularl e v e | p r -etrand erdeowithirocla s e mb |l ed pepti de nanoyhb

the development of new biomaterials with more sophisticated functional and structural features.



5.5Conclusion

In conclusion, we surveyed the assembly pathway of three pairs of ¢hatgleed
CATCH(+/ 1) peptide pairs, CATCH(2+/21), CATCH
from the original chargeni s mat ched CATCGCHHelett/ 61 gn b aer.s bwer e
alCATCH peptide mixtures, although the morphol
the number of charged amino acid residues in each peptide. ssSNMR suggested that these
morphological differences may arise in part from disproportionate compositiotiaficand
ani oni c p e pt-shdetssalthaugh other moldcliae determinants likely also contribute
to the observed differences. We also found that increasing charge biases binary systems toward
co-assembly and away from sel§sembly. These rdsiare broadly consistent with the small
sequence space of chargemplementary peptides that has been studied thus far, yet advances
our understanding of speciyc molecular featur
assembly pathways that are pbssiIn particular, the minimum number of residues that imparts
resistance to setissembly differed between cationic and anionic peptides. Where two glutamic
acid residues afforded resistance to-ssBociation, two lysine residues did not. Further,
increasing the number of charged amino acid residues within each peptide incresaaedahe
coassembly of CATCH(+/ 1) p adassanblyidbinargpeptideh ar ge ¢
mixtures by enhancing the rate ofassociation in addition to providinglae r mody n-ami ¢ Ao
of fo switch.
5.6 Materials and methods

56.1Pepti de synthesis and puriycation

Peptides were synthesized on ai2@ mesh rink amide AM resin (Novobiochem)

using standard Fmoc solghase peptide synthesis on a CS336X automated peptide synthesizer
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(CS Bio), according to established metH8dBeptides were acetylated at theiteddmini 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 placeith desiccator overnight. Peptides were cleaved from resin and deprotected
using a cocktail containing 95% tri puoroacet.i
(Sigma), and 2.5% ultrapure water. Solublptfke is then separated from the sakdin 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 timesand then dried in vacuo overnight. Peptides were dissolved in water, frozen, and
freezedried with a FreeZone 1 lyophilizer (Labconco).

Peptides were puriyed t o -peribn@ocedigqudi ty by re
chromatography (RMPLC) wusing a DionexTM Ultimate 30007
equippedwitha€@ 8 col umn ( Ther mo Scientiyc) or a PFP
mobile phase consisted of (A) water and (B) acetonitrile, both containing 0.1% TFA. Peptides
were detected by absorbance at 215 nm.
5.6.2Matrix-assisted laser desorption/ionizatigime-of-p i ght mass spe<ctrometr

TOF-MS)

For MALDI-TORMS analysis, RFHPLCpur i yed peptide was mixed
cyana4-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. Sampl es
on an AB SCIEX TOF/TOFTM 5800 (Bruker) equipped with a 1 kHz N2-BpamTM on axis

laser Figure 5.33.
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563Nanoyber 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 phenyl al anpeptide canipecentshnaglec e ( o
the peptides are mixed at a 1:1 molar ratio (equimolar) in water, and are then infused with 10x
PBS to reach a ynal concentration of 11 PBS (
and 1.8 mM KH2PO4, pH 7.4). Singtemponent peptide systems are dissdland infused
with 10x PBS to reach 1x PBS at the desired concentration.

5.6.4Transmission electron microscopy

Nanoybers prepared at 1 mM were incubated
stated. Samples were diluted to 250 OM with u
yl t er . -cdfborrcoate400 mesh copper grids (FCF40-U B EMS) wferr e poat
30 s on top of 20 Ol peptide nanoybers and th
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, Tle¢hErlands) housed in the University
of Florida Interdisciplinary Center for Biote
from three separate images using Image J (NIH) with the average and standard deviation
reported.

5.6.5FTIR 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 1x PBS wihottedi
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onto the ATR accessory. Each sample was scanned 50 times with the average of the spectra
reported.

5.6.6Circular dichroism

Circular dichroism was performed on a Chiroscan spectrophotometer (Applied
Photophysics) between 190 and 260 nm. Peptides were prepared in 1x CD buffer (137 mM KF,
2.7 mM KCI, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4) at either 200 uM for single
peptdesbut i ons or 400 OM total peptide (200 OM C
assembled solutions, unless otherwise stated. Due to differences in assembly kinetics, samples
were scanned until no changes in ellipticity were observed over time. Each samptamrasd
three times with the average of the spectra reported. Data sets of peptides at different
concentrations were converted to mean residue ellipticity using

0a & "Qn 0 QR QO
06 N00E QIEt OQE o1 M Q¢

., TT
pS

5.6.7Solid-state NMR
NMR samples at 10 mM peptide concentration in 1x PBS veex@vered by
centrifugation at 12,100 x g for 5 min after 24 h of peptide assembly. Samples weralfredze
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 tirepeeter with a 3.2 mm
Bruker MAS probe. Quantitative HH3C CPMAS (crosgolarization magic angle spinning)
measurements were conducted at 277 K using the compaodste multiCP pulse sequentdo
compensate for effects of motion and relaxation. Saswkre 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 ded ay, an

polarization. Reported chemical ftkiare 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.

5.6.8ThT kinetic analysis

A stock solution containing 0.8 mg/ ml ThT
0.22 Om syringe ylter (Millex).-wahplget i de sampl
(Corning) to reach a ynal concentratxirB&®r of 50

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.

5.6.9Coarsegrained DMD simulations

DMD, a fast alternative to traditional molecular dynamics, was used in conjunction with
the PRI ME20 f or c-assembly of CAT@H pepitidés’| PRIME20 is an
implicit solvent intermediate e s ol ut i on protein force yeld desi
aggregation. In the PRIME20 model, each of the 20 natural amino acids is represented by four
beaddt hr ee for t he bac k®amckonefq theesideckain BpHere RC U, and
Each sidechain sphere has a distinct hard sphere diaefé¢eti¢e van der Waals radius) and
sidechainto-backbone distances (RNH;®U , aCOX Sidechaifnsidechain interactions are
modeled with a square well potential. A combination of 210 different square well widths and 19
different square well depths ansed to discriminate the polar, chdrgearge, and hydrophobic
interactions that occur between two sidechain gréuplydrogen bonding interactions between
backbone NH and CO beads are modeled as a directional square well potential, while all other
nontbonded interactions are modeled as hard sphere potentials. A detailed description of the

geometric and energetic parameters of the PRIME20 model is provided in earliéri6rk
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Each system contained a total of 96 peptdé8 of the positively charged peptides and 48 of
the negatively charged counterpartandomly distributed in a cubic box with a side length of
200 A. All simulations were carried out for ~16 ps in the canonitsémble 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 Khe reduced temperature
in our system i s dey nHBd 1243 kJ/Mdl is the HydBofen Badding wh e r
energy. Cl uster analysis was performed to detern
formation54. A cluster is deyned as a network
of hydrophobic and hydrogen bonding interactions. A pair of peptides weseleced 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 sufycient to
ybril formation over the course of a simulati
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

a @ = polar residue ® = hydrophobic residue c = cationic residue e = anionic residue

CATCH(2+) CATCH(4+) CATCH(6+)
@EEAEEEHREM) @@EPAERERE0) BAERERERC0)
CATCH(2-) CATCH(4-) CATCH(6-)
CEEGRRREECO|CRECERERERVEREGEGEGERE)

B
b Low Charge High Charge

B
Kes
+ + H o H E|

Co-association

A B
B B -
+ -

Co-association

I
I
I
I
|
|
1
|
I
|
1
kAA kaa : l kAA l kBB
1
|
1
|
I
I
I
I
I
1
I

A r

r Y
* H E Kyn = Kgg > Kyg

Self-association

+ + “I"= Kue>>> Ky~ Kgg

Self-association

Figure 5.1 a Schematic of residue placement in CATCH peptibeSchematic of hypothesized reaction rates based on the

number of charged residues.
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5.11 Supporting Information

Figure 5.6 CATCH(2+/2) TEM micrographunmodified(left) and50% sharpened (right) using Micros@dwerPoint
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Figure 5.7 TEM micrograph of Q11 nanofibers.
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