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ABSTRACT

The de novo design of peptides enables the creation of highly specific solution
selfassembled structwse Coiled coils are excellent candidates for the building blocks
of these assemblies due to their robust and simple archittdtatadiows for the
precise placement of amino acid residues at bundle interfaces within a desggn.
ability to design fronfirst principles their oligomerization and subsequent higher
order assembly offers their expanded use in producing new matdral&rd these
ends, homdetrameric, antiparallel, coilecbil, peptide bundles have been designed
computationally, synthestzl via solidphase methods, and their solution behavior
characterized Two different bundl€orming peptides were designed &ondnd to be
extremely stable with respect to temperature and remained soluble in solution even at
high (millimolar) peptide corentrations.The coiledcoil tetramer was confirmed to
be the dominant species in solution by analytical sedimentation studies and by small
angle neutron scattering, where the scattering form factor is well represented by a
cylinder model with the dimengis of the targeted coiled coiht higher
concentrationgvidence of interbundle structure was observed via neutron scattering
that was welmodeled by a structure factor foluble aggregatexf the bundles.The
behavior of the dispersed bundles isi&nto that observed for natural proteins.

Furthering this work, peptideequences were computationally designed te self
assemble in solution to create lattices with defined spacings and symmetry. These
computationally designed sequences are increditiljas. However, they create

vastly different assemblies in solution determined by minor changes in their primary
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structure. Rational modification of a designed sequence illustrates the importance of
single amino acids in the hierarchieslsembly process. These sequences are
characterized using circular dichroism to confirm the cedeitldesign as well as
transmission electron microscopy to illustrate the microstructure and nanostructure of
the assembled peptides. The sequences eaateamique assemblies with specific
underlying lattice symmetries and spacirtye differences in which can be attributed

to differences in their primary structures.

Five additionalpeptide sequences were found to assemble into emoiéskhat
subsequetly assembld into a variety of different microstructures. The sequences
were previously designed to assemble to form 2D lattidewever, they were
originally screened out a®otviable candidatefr lattice formation by an analysis of
their interfacal interactions. The five peptide sequences all assembled into
nanostructures with unique latticesowtver, thdattice nanostructuregiffer from
theoriginaly predicted symmetrgesigred for the 2D sheetsThe importance of
subtle changes in the prary sequence, especially the impact of arginine over lysine,
are illustrated through comparisons of the microstructuaaostructureand assembly
kineticsof these sequencedhe TEM analysis of these peptide assemblies under
different pH and ionic séngth conditions helps to elucidate the possible interactions
responsible for the resultimgorphologies as well as to expand our understanding of
these sequences and other similar computationally designed coiled coil sequences

Combining the observatiomsade for the specific impact of amino acid
identity and placement in the coiledil bundle, trendgmipacing the assembly of the

originally intended 2D lattice can be inferrgach as: the total number and position of
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charged residues, the number andtposof arginine residues in particular, and the

placement of aromatic residues
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Chapter 1

BACKGROUND

1.1 Introduction

Biomolecules ar¢éhefoundationof all life. Arguably, the most important
among them areucleic acids, namely deoxyribonucleic acids (DNA) and ribonucleic
acids (RNA). DNA and RNA act as blueprints to encode the information for the
structural and biofunctional protein molecules. Nucleic acids and praiesrsth
biopolymers comprised of monomeric units, nucleotides in the case of nucleic acids
and amino acids for proteins.

The order or sequence, known as the primary structure, ultimately dictates the
structure and function of these molecules in viizor DNA, there are only four
monomers found in naturadenine, thymine, cytosine, and guanine. These monomers
associate spdically through hydrogen bonding withnd only with one other
monomer, adenine with thymine and cytosine with guanine. Two complementary
single strands of DNA assemble through base pairing to create the highly specific and
stable double helix structewr

The twenty commonly occurring amino acids in nature introduce more
complexity to protein assembly, which is broken up into levels of structure. The
various levels of protein folding are stabilized by forming hydrogen honds
complimentary electrostatinteractionsas well as by burying hydrophobic residues
from solvent exposed areas. Tezondary structure of proteins incluspeecific

localizedtwists and turns of the backbgri@o commonsecondary structures are the



beta sheet, pleated stretchebsdized by hydrogen bonds between adjacent strands of
backbone, and the alpha heleyjindrical coiled segments of the backbone stabilized
by hydrogen bonds between layers of the spifaltiary proteinstructuredescribes

the final configuration of gingle protein chain and quaternary structstée ultimate
configurationusuallycomprisedf multiple proteirs.

In nature DNA and proteins assemble, or fold, highly specifically based on
their sequence driven by many weak interactions, especidhy icase of proteins,
such as hydrogen bond-stackirglaeddbtiryingst ati ¢ 1 nt e
hydrophobic interactions. Depending on the size of the molecule, hundreds to
thousands of these weak interactions ensure the highly specific formation of the
molecule for its intended purpose. The result of misfolded proteins or mutations to the
DNA sequence include many ilinesses and diseases. These dire consequéhees are
evolutionarydriving force to ensure the specificity of these folding processeslfor
living organisms. The highly complicated and intricate folding process instilled by
mother nature in these biomolecules is what makes them so interesting from a
materials science perspectivehe desire to harness this capability has led to the fiel
of selfassembling materials based on biomolecules, especially DNA and pi@i&ins
[3]. Many methods have been used ranging from rational design methods, which
utilize more simple biomolecule motifs or moieties, metal coordinagiod,covalent
attachment to create assemblies, to computational methods, which develop more
intricate designs based on larger and more complicated biomolecules assisted by
computational algorithms which facilitate the process. Ultimately, the use of
compuationally designed peptides, which simplify the design process, provide the

foundation for this work.



1.2 Biomolecules for SeHAssembling Materials

1.2.1 Rationally DesignedDNA Assembled Materials

The highly specifianannemith which complementary DNA molecules
assemble in nature is a powerful tool that mstoglieshave sought to harness in the
creation of new selassembled materiald]i [8]. The many different pathways with
which DNA can be utilized in the agon of materials is summed up eloquently by
Jones et al. in Figure 1[2]. Some of the earlier work utilized DNA adinker to
connect gold nanoparticl¢s0]. Short complementary DNA linkers were attached to
the nanoparticles using thiol. Regularly spaced arrays of nanopssiiere
subsequently observed. Other methods have demonstrated that nanoparticles
functionalized with DNA can be reversibly connecfetl]. They were able to link the
nanoparticles using DNA strands that were complementary to the nanoparticle DNA
coatings and unlink them using a DNA strand that has a higher affinity for tiaé ini

DNA linker.
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Figurel.l: Schematic detailing the types of assemblies that utilize DNA broken
down by time period and the method of DNA assembly. HB}m
Reprinted with permission from AAAS.

Another goal of early DNA inspired materials was the creation of crystals
comprised solely of DNA. By creating subunits with complementary edges two
dimensional crystal&2] as well as three dimensionattice$13] and crystall 4]
were assembled with treendous accuracy. Slowly annealing these structures from
higher temperatures helps to enable the formation of the desired crystal structure.

Very simple molecular machines have also been created and developed by

short rational DNA design methofi5]. A molecular tweezer structure comprised of



DNA was developed that would closeapen with the addition of a specific DNA

strand that would interact (close) or di ss
end. The opening and closing of the tweezer was monitored by the fluorescence

guenching activity of dye molecules on oppeshds of the open tweezer. The

specificity of DNA sequences has also been used in the creation of hydrogels

constructed only from DNALG]. Similarly to the molecular tweezer, sticky ends of a

double stranded DNA were the driving force for the formation of the

thermoresponsive hydrogel system. As opposed to rationally designed DNA

molecules as building material, natilyaccurring proteins can also be used.

1.2.2 Protein assemblies

Incorporating a natural protein into a saffsembled material utilizes the
structural stability or symmetry of a previously characterized protein to simplify the
design. Many natural proteinssasnble to form symmetric quaternary structures in
nature. Exploiting this symmetry helps to simplify designs. Two possible methods
for designing assemblies of proteins by rational mutations are commonly used: the
introduction of residues that can be uasdandles for covalent links or metal
coordination, and the selective mutation of specific protein interfaces to promote
physical interactions and assemfly]i [24]. By adding metal coordinating resieki
or disulfide forming cysteines to highly specific sites on a protein a variety of one,
two, and three dimensional structures can be assef@@fd30]. One such example
introduces a single mutation to a ferritin protein that creates a metal coordination site
that can induce assembly with crystalline of@&1. In addition, the surface charges

of the protein interact with a poly(acrylaaerylamide) hydrogel. These interactions



combine to create reversible structural flexibility allowing the assemblies to expand

and contract upon specific stimuli (Figure 1.2A)
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Figurel.2: (A) Design of metal linked ferritin proteins electrostatically bound to a
poly(acrylatei acrylamide) hydrogel network with reversibly induced
expansion and retraction of the lattice. (B) Genetically fused proteins
resulting in linear and two diemsional arrays. (C) Natural lectin protein
assembled lattice using a specifically designed linker with four binding
sites on the tetrahedral protein. Reproduced with permission from
reference$27], [31], [32] Reproduced from [27] with permission from
Springer.



As seen previously in the proteassociation with a charged polymer hydrogel,
the assembly of proteins can also be guided using electrostatic interactions and other
linkers. Many proteins have a defined surface charge. By adding a linker with the
opposite charge, various assemblieslmaformed33]i [37]. Thenegatively charged
CCMV protein has been shown to form complexes upon the addition of a positively
charged dendron that can be photodegraded to disassemble the cof3dexeés
introduce higher order assemlagiven by physical interactions, the interfaces of a
protein are analyzed and specific mutations are made to promote the desired
associationj38], [39]. As few as one mutation has been shown to have an impact on
this assembly proce$38]. Protein composites also provide a pathway taragating
different materials. The symmetry of natural proteins can also be exploited by
combining two different proteins genetically to create prepeotein composites. The
resulting assemblies are driven by the symmetric interfaciahsséfmbly othe
constituent proteins (Figure 1.2(31], [40]. By utilizing the symmetry of a natural
tetrameric protein with regularly spaced specific binding domains, a platece
was generated without any mutati¢gB8]. The four binding domains of the
tetrahedron shaped lectin protein were linked by a synthesized bismannoside linker

resulting in tetrahedral lattice formation (Figure 1.2C).

1.2.3 Synthetic peptides

The rationalddesign strategies of peptides have many different structural and
functional goals and applicatiof§l]. Several of these strategies include: the use of
natural protein analogs, like collagen mimetic peptides, developing molecules based
on secondary structure motifs, such as beta sheets and alpha helices, and the use of

polypeptides or pepte conjugates. One of the most commonly used scaffolds for



protein based peptide design is collagen. The structure and assembly of native and
synthetic collagen have been widely characterized resulting in a toolbox of potential
modifications that can b@ade. By introducing metal coordinating groups collagen
peptides can undergo directed assembly to form many unique assemblies dictated by
the type of metal as well as the placement of the coordination chemistry within the
peptide sequence (Figure 1.3AP]i [48]. Collagen peptide assemblies have also

been designed by incorporating complementary electrostatic dop@jnsrhis

design generated sheets with a regular underlying lattice of collagen peptides (Figure

1.3B).

1M0A

Figurel.3: (A) Collagen peptide triple helix functionalized with terminal metal
chelating ligands (left) and the resultiagsembly induced by metal
addition (right, Scale bar:m). (B) Design of collagen peptides with
oppositely charged amino acid sections at the opposing termini (left)
resulted in the assembly of ordered peptide sheets (right, Scale bar: 1 um)
Reprinted with permission frofd4] and[49]. Copyright 009,2014
American Chemical Society.



Motifs derived from natural proteins that assemble to form highly regular
secondary structures are well characterized. Using these motifs to design materials
allows for the highly specific placement of amino acid residuessalnskequently their
functionalitieg[50]. Utilizing the specific placement of residues, an alpha helix was
designed with three hydrophobic interfaces sepdray complementary charges. The
resulting assembly was twaimensional sheets with a honeycomb lattice (Figure
1.4A)[51]. Alpha helices are also known to form structures, known as ecdligs]
when as few as two helices wrap one another to bury hydrophobic groups at the center
of the coil bundle. Mdifying the exterior residues of these helices can be done to
induce further assembly of the coiled coils to form fijg&i [56]. Coiled-coil
motifs have also been used in a fashion similar to DNA origami. By creating a
polypeptide with coiled coil constituent domains, the-asembly of a designed
polyhedron $ achieved (Figure 1.4B%7]. Combining multiple secondary structure
motifs into one discrete subunit, a Aatural antiparallel betalphabeta peptie was
designed58]. This peptide behaved differentlyath the natural parallel motif
resulting in the formation of a more stable subunit and discretasstimbled
structures (Figure 1.4C). Beta sheet peptides have also been utilized in the formation
of beta hairpin fibrillar hydrogel&9], [60]. The assembly is triggered by screening
charges of the peptide which then folds to bury hydroghgdoups at the core of the
fibril and is stabilized by hydrogen bonds between the arms of the beta hairpin (Figure
1.4D). The assembly kinetics were also modified by changing one lysine residue to a

glutamic acid in order to reduce the positive chagpeiisions.
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Figurel.4: (A) Design of alpha helical peptide with three interaction domains
leading to a symmetric lattice 2D assembly. (B) Use of coiled coil motifs
to drive the assembly of a polyhedron. (C) Modified {adphabeta
motif resulted in the assemylof discrete peptide structure. (D) Beta
hairpin fibrillar hydrogel forming peptide stabilized by hydrophobic
interactions and hydrogen bondinBeprinted with permission from
[5]]. Copyright 01§ American Chemical SocietiReproduced with
permissiorfrom referencefs1], [57]i [59]

Amphiphilic polypeptides and peptigmlymer conjugates are also widely
used for the assembly of fibril61], hydrogeld62], [63], vesicleq64], [65], and
liquid crystalg[66]. The conjugatiorof peptides to natural proteins can lead to new
materials with desired solution assembly properties. A viral capsid protein was

conjugated to an elastin like polypeptide in order to introduce two assembly pathways
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of pH and temperature to create pars¢&’]. Hydrophobic dipeptides have also been

conjugated to DNA for the formation of fibri[68].

1.3 Computational Biomolecule Design

In order to fully realize the sedissembly potential of biomolecules,
computational design methods can be used to create more intricate and specific
sequences and structures. Computational methods can sample many possible
configurations othe designed molecule over a range of parameters and can also test
many potential sequences or mutations when designing entirely de novo sequences to

determine lower energy structures.

1.3.1 Discrete Particles

The fields of DNA origami as well as DNA tiles haveen widely used in the
formation of unique and highly specific architectures comprised of DNA §igne
[8], [9], [69]i [71]. The modern concept of DNA origami, developed by Rothemund,
is summarized in Figure5A. This method uses long DNA strands and
complementary short staple strands to link them together highly specifically to form
almost arbitrary structurdg2]. A similar method to DNA origami using single
stranded DNA tiles has also been used ¢ater a wide variety of different shaped

assemblies including letters and numbers (Figure 15EB)
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Figurel.5: (A) DNA Origami design process by determining the shape and filling it
in with parallel helices followed by determining the scaffold (in black)
and crossover locatisrand the location of the DNA staple strands to
connect helices. (B) DNA tile assemblies show the versatility of this
process. Reproducerbi [72], [73] with permission from Springer.

Discrete protein molecules can also be designed by computational methods in a
completely de novo fashidi@4]i[77]. The de novo computational design of proteins
can create novel molecules for specific structural or biological applications. The
design of a protein with cavitiespslar to those seen in nature, was successful in
creating potential liganrtlinding sites (Figure 1.6AY6]. Other designs have created
more symmetric proteing8]i [81], which are similar to naturally occurring analogs,
as well as completely novel globular proteins containing novel folds (Figure 1.6B)
[82]. The symmetric TIMbarrel design is significant because it is the first successful
attempt to replicate this natural fold and the resulting protein does not share

similarities to the natural proteanalogs (Figure 1.6¢J9]. Manystudies have also

12



focused on designing de novo coiled coil bundles including increasing numbers of

helical subunits (Figure 1.6083]i [86].

sTIM-1and 4 sTIM-2and 5 sTM-3and 6 3

Figurel.6: Computationally de novo designed proteins inclgd{@\) A curved beta
sheet protein for to mimic ligand binding domains of natural proteins. (B)
A symmetrical cyclic oligomer. (C) A TIMbarrel protein. (D) Coiled
coil pentamers, hexamers, and heptamers. Reproduced from references
[76], [78], [79], [85]with permission.From [76] and [85]. Reprinted
with permission from AAAS.

1.3.2 Cages and Intricate Assemblies
Taking the design process further, assemblies comprised of multiple building

blocks can be cread. These building blocks can include DNA, proteins, and

13



peptides. The DNA origami method described previously has also been expanded
from two-dimensional assemblies to a thidimensional box that can be opened or
closed with a DNA strand similarly tbé molecular tweezer design (Figure 1.7A)

[87]. The creation of thredimensional designs formed from DNA rods or bricks
[88]i[90] (Figure 1.7B) as well as rounded architecty®dg (Figure 1.7C)yrepared
through DNA origami methods, which were also successful at generating a variety of

structures. The kinetics of these assemblies have also been expRjred
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Figurel.7: ( A) Designed DNA box that can open al
DNA brick design of 3D structures. (C) DNA assemblies with
curvature. Rproduced with permission from referen¢®g], [90], [91]
From [90] and [91]. Reprinted with permission from AAAS.
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Cage like structures can also be made using natural proteins as building blocks
(Figure 1.8A)[23], [24], [75], [93] [100]. Natural proteins with the desired symmetry
are docked onto a model oftlesired particle shape and symmetry and the potential
interfaces are modified to generate proteins that willasdbemble with the desired
structure. Cages consisting of two different modified protein subunits have been
designed with atomic accuracyigbre 1.8B)[96], [100]. This method was taken a
step further to computationally design an increase to the solubility and therefore the
yield of one of these designed teims[97]. Similar to the rational genetic fusion
designs, computational methods have been used to ensure the symmetry is maintained
when the proteins are combined with computationally selected linkers (Figure 1.8C)
[98], [99]. The generated linker helps to ensure that the symmetry of the protein
constituents is preserved following the fusion, thereby causing the assembly of the

desired structure to occur.
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Figure1.8: Computationally modified protein assemblies including: (A) An
icosahedron comprised of 60 protein units. (B) Coassembled cages
comprised of two different designed proteins. (C) Assemblies of
genetically fused proteins with designed linkers. Reproduced with
permission from referencgd5], [96], [98]

The previously discussed rationally des
generated a single polypeptide chain with blocks of coiled coil dimer constituent

helices has also been enhanced using computational ssdtheearch through
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possible sequencés01]. The results of this work included more polypeptide
sequences that were successful at generating the desired tetrahedron in addition to
other shapes including a square bgsgdmid and a triangular prism. The concept of
genetic fusion of two different proteins with inherent quaternary symmetry to create
assemblies was applied to de novo designed peptide (Figure[102}) The

assembly process was successful generating a much more compact polyhedron than
the proteinrprotein fusions due to the small size of the de noveigeepssembly that

was used for this study. By covalently linking two de novo designed coiled coil
peptide sequences by a disulfide bond assemblies were created based on the symmetry
of the coiledcoil constituents (Figure 1.98)03]. De novo designed homotrimeric

and heterodimeric coiled coil sequences were linked in order to drive assembly by the
association and specificity of the separate coiled coils for their respective constituents.
De novo computaticad methods were applied to generate the sequence of a-coiled
forming peptide that assembles into a nanotube (Figure ]19€) Two sequences

were genated in which the only difference was that for four amino acids, one
sequence had all only arginine basic residues and the other had only lysine for basic
residues. The arginine containing sequences resulted in much tighter nanotubes with

approximately hiithe diameter of the lysine containing tubes.
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Figurel.9: (A) A natural symmetric protein was genetically fused to a de novo
designed peptide to drive the assembly of a desired structure based on the
fusion properties. (B) De novo designed coiled coil homatrs and
hetero dimers were linked together covalently by a disulfide bond in
order to generate cage like structures. (C) Unique nanotube structures
were created from the sedEsembly of de novo designed coiled coils.
Reprinted with permission froni(2]. Copyright 015 American
Chemical Societyl-rom [103]. Reprinted with permission from AAAS.
Reproduced with permission from referen32]1 [104]

1.3.3 Arrays

As opposed to the design of individual particles and discrete assemblies as was
previously discussed, arrays that have no designed boundaries are also possible. By
using a de novo desigorocess, it was shown that a coiled coil sequence could be
prepared that would crystallize to form a desired lattice (Figure 1 [105). By
generating complementary interfaces these designed peptides cact itttdorm a
highly specific lattice through physical interactions between neighboring bundles.
Taking the protein interface design further from generating cages, computational
methods can be employed to design many iterations of interfacial mutartéstnd
their potential to assemble as well as their stalili8}, [21], [75], [94} Two-
dimensional arrays prepared from genetically fused protomers of a symmetric protein
with mutated interfaces to drive assembly were prepared (Figure J1®AB) This
strategy differs from previous design efforts that incorporated symmetric proteins by
fusing the subunits of the natural protein together to create a hexameiteshside
interactions of the protomers were disallowed. Whereas, more similarly to the protein
interface design used to create cages, arrays have also been generated by docking
symmetric proteins into desired symmetries and exploring mutations of tHfagete

to drive the desired assembly (Figure 1.1(kDp]. A variety of symmetries were
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successfully designed and assembled driven by the physical interactions created at the

designed interfaces.
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Figurel1.10: (A) Coiled-Colil trimers were de novo designedsielfassemble to form a
crystalline lattice with a desired symmetry and spacing. (B) Symmetrical
protein subunits were fused together followed by mutations of the
interfaces to drive the assembly toward a chosen symmetry lattice. (C)
Two-dimensional arrag/formed from the computational mutation of
protein interfaces=rom [106]. Reprinted with permission from AAAS.
Reprinted with permission froniQ7. Copyright 015 American
Chemical Society.reference$105]i [107]

1.4 Functionalization

In order to make functional materiaésdesigned selissembly system can be
modified for a given application. The stability of the designed system is paramount to
the sucess of the functionalization process, if not part of the original design. Adding
certain functionalities to a system may also act to disrupt the driving force of the self
assembly (such as adding a hydrophobic moiety when burying hydrophobic groups is
afactor that governs the desired assembly). One common functionalization method is
the binding of nanoparticles, whether through the addition of a chemical handle or by
utilizing the inherent chemistry of the system of interest. In the electrostatia drive
assembly of order collagen sheets discussed earlier, cationic gold nanoparticles were
able to bind to the designed shgdd®]. The collagen triple helices were also
subsequently functionalized with a biotin moiety to selectively bireb&ividin
tagged gold nanoparticles. Many sa$isembled peptide fibers have also been
functionalized with various metals in attempts to create nanojtio&}. Assemblies
can also be functionalized with prote{d€9] for a host of applications or with

peptides to promote cellular respongERD].

22



1.5 Computational design of coiledcoils for desired assembly.
We previously reported on the computational de rae&ign of coileetoll
peptides that are programmed to sefemble into a predetermined strucfdel].
This work explored the solution selésembly of four types of structures
(Figure 1.11), a soluble bundle and two dimensional lattices with P622, P422, and
P222 symmetry. The sequences were designadampletely de novo fashion
sampling all natural amino acids, with the exceptions of proline and cysteine.
Sequences were determined separately for each lattice symmetry to generate peptides

with defined symmetry and lattice parameters.

I Positively charged KHR | Negatively charged DE Polar NQSTY
Hydrophobic FILMVW Small AG Interior motif residues

Figurel.11: The different structures designed in this work include (A) a soluble
bundle, (B) P622 lattice, (C) P422 lattice, and (D) P222 lattice. The
color coded surface residues dictate the assembly of each bundle.
Reproducedrom [111] with permission from AAAS.
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Themost promising candidates for the assembly of each symmetry were
screened and selected. The resulting sequences were synthesized and characterized
for the solution behavior. All of the investigated sequences created alpha helices that
assembled into a we range of structures. The majority of these structures were found
to have an underlying lattice with a spacing on the order of the designed unit cell.
However, only one of the sequences that was investigated successfully assembled into
a structure withthe designed lattice symmetry and closely matched the designed
spacing (Figure 1.12)In spite of not forming the designed latticdse remaining
sequences present unique material properties such as pH and temperature dependent

assemblynto other latitce symmetries
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Figurel.12: Panels are color coded based on the symmetry of the designed peptide
(bluei P622, greeii P422, orangé P222) (Top left) assemblies of
peptides from each designed symmetry with corresponding lattice
images. (Bottom left) Table abserved lattice parameters by TEM.
(Right) Various assemblies based on different solution conditions.
Reproducedrom [111] with permission from AAAS

1.6 Dissertation Overview

The focus of this dissertation is the characterization of computationally
desigred coiled coil peptidethatare specifically designed for a chosen structure. The
aim of this introduction was to describe other-sai$embling systems as comparisons
for this work. In Chapter 2, the confirmation and characterization of computationally
designed soluble coiled colil peptide building blocks is discussed. The solution
assembly behavior of these peptides were determined in order to compare them with
the computational design. Chapter 3 explores a set of similar sequences, each

uniquely degined to selassemble into a P622 lattice. The discovery of another
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successful sequence with respect to the design is helpful for future computational
design methods. Chapter 4 investigates another set of similar sequences, which were
also designed to ssmble into a P622 lattice. These sequences were not successful in
assembling with the desired structure, but their assembly behavior based on their
individual sequences provides insights as to potential design parameters and assembly
trends of these pages. Chapter 5 utilizes the assembly trends observed in Chapters 3
and Chapters 4 to discuss the previously characterized P622 sequences along with

additional data. In Chapter 6 this work is summarized and future studies are proposed.
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Chapter 2

SELF-ASSEMBLY AND SOLUBLE AGGREGATE BEHAVIOR OF
COMPUTATIONALLY DESIGNED COILED -COIL PEPTIDE BUNDLES

2.1 Introduction

The design of selassembled nanostructures with desired physical attributes
such as specific shapes and sizes, as well as desired chemical properties such as the
display of functional groupand charge, is important for creating model systems for
studying selassembly as well as the development of novel materials. Biopolymers
such as DNA or proteins form highly specific and unique structures in nature by
solution assembly. The monomer gences of these biomolecules determine their
selfassembled structures and, subsequently, how they function. Understanding and
manipulating interand intramolecular interactions that cause these biomolecules to
selfassemble in such intricate and speddishion is paramount to the creation of
new, synthetic materials with designed structures and functions formed via solution
selfassembly.Many studies have reported the use of naturally occurring
biomolecules and their analogues for the production wfmaterials, by virtue of
naturally programmed and specific safsembly; these methods also permit
assembled architectures with physical properties afforded by natural biomofétules.
The intramolecular folding of biomolecules can provide desired intermolecular
interactions due to the specificity of spatial display of chemical functionality. This

structured presentation of chemical functionality in peptide and protein folded
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structuredhas been exploited to generate designed intermolecular nanoscale
assemblies such as cadésheets, discs!® tubest!*2and fibrils 16,

In order to utilize the plethora of interactions responsible for the folding and
assembly of biomolecules, comptibnal methods, as compared to rational design
methods, have been increasingly employed to identify suitable molecule candidates for
building a desired structure. Related design strategies have been developed to create
progammable nanostructures from BN"2! once a desired intermolecular DNA
structure has been targeted, computational methods identify the nucleotide sequences
that mediate assembly of the nanostructure. This identification is based on utilizing
complementary base pairing between nuckeid chains as well as the topology of the
design. Computational work has also been directed toward using natural proteins as
building blocks for the creation of various symmetrical cages consisting of one or
multiple proteinsequence®? These studis utilize naturally occurring proteins, and
their inherent size and shape, to identify modifications to the exterior amino acids of
the folded protein in order to create various eliige particles from the induced
intermolecular assembly. Similar straesgyof altering naturally occurring proteins
have been applied to design tdimensional arrays through multiple noncovalent
interactiong®? including metal bindingnduced assembRp.

To provide a broad perspective on ordering andassémbly, the dispsed
state of assembling biomolecular structures needs to be examined. Computational
methods have been applied to the design of peptides that, upon assembly in solution,
yield desired nanostructures and behatfoAn ultimate goal of this strategy is to
design and control nanostructure and material function, unconstrained by the

structures and sequences of naturally occurring proteins and therefore avoiding
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limitations in size, stability and possible chemical functionalfg. discussed in
Chapter 11 will first presenttheresults on designed coiled coils where the
computational design was performed to create stable but dispersed cosea coil
solution. Despite being dispersable in solution, the coiled coil bundles still undergo
nonspecific, interbutiie interactions at higher peptide concentratidhevious

studies have provided examples of success with de-designed nanostructures
based on the coilecoil bundle nanostructure.#13? Antiparallel homotetrameric
coiled coils were selected fdne present work due to their potential stability and
specific arrangement of functionality on the interior and exterior surfaces of the
bundles. Constituent peptides within a coited structure exhibit alpha helical
secondary structure, intrahelicaldmggen bonds, and complementary hydrophobic
interactions. The formation of helical bundles occurs when two or more peptides
associate to bury hydrophobic groups within the interior of the bundle. A variety of
studies have been performed on the rationsilgsheof coiledcoil peptides in order to
understand the impact of various residues at different locations of the coiféd coil

as well as to create functional assembité$:3! Similar work on the design of stable
protein structures has been conddaising computational metho#fs33° Herein,
computation is used to guide the variation of peptide sequences, which form targeted
tetrameric bundles through solution assendbfy. Our previous work showed that
robust coiled coils could be computatitipalesigned that form tetrameric bundles,
which subsequently undergo interbundle assembly into targeted nanostructures (e.g. 2
D plates)?® Importantly, related coiledoil bundles of the same length and same core
hydrophobic amino acids, were designpddfically to not undergo assembly into any

regular nanostructure but to remain as stable, dispersed bundles in solution. The
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current work explores the range of behaviors of a cai@dbundle design, where
variants of this design have previously beleoven to form regular lattices in solution.
Understanding the dissociated (solubilized) state is a key element of understanding the
selfassembly of such peptide systems, and herein we focus on sequences designed to
remain soluble. We probe the concemvrmtdependence of interbundle structure and
the temperature stabilities of these bundles in solution. In combination with our
previous work, these studies inform the picture of the dispersed state of such peptide
bundles and the ability to manipulate asBbnvia modification of solution conditions
and the exteriors of helical bundles with a common caslgticore.

A coiled-coil homaotetramer with antiparallel helices (D2 symmetry) was
chosen as the targeted nanostructure with two sequences predicidd], Bid
BNDL2 (Figure2.1). As mentioned, the bundle core is designed to contain
hydrophobic amino acid side chains, critical to the stability of the folded, emiéd
state. The exterior amino acids of the bundles were designed to maintain solubility;
this is in contrast to previous coiledil bundles that were computationally designed
to undergo intebundle assembly into predetermined lattice nanomatéfi#l3he
coiled-coil peptide designs were experimentally investigated using circular dichroism
(CD) spectroscopy to demonstrate their inherent afy@ti@al character and thermal
stabilities. The designed tetrameric oligomerization state was verified using analytical
ultra-centrifugation (AUC). Finally, the peptide bundles were investigatedutico
at various concentrations using small angle neutron scattering (SANS) to further
assess their coilecbil bundle nanostructure as well as the interbundle interactions
present at higher concentrations. Importantly, a cylindrical form factor model is

consistent with the scattering data and is in strong agreement with the designed size
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and shape of the targeted cotleall bundles. At higher peptide concentrations (~5
mM), an interparticle structure factor becomes apparent in the neutron scattering tha
reflects the soluble aggregate nature of the coiled coils when they become more

crowded in solution and begin to interact in a reversible and dynamic fashion.
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Figure2.1: Computationally designed coilamil bundles BNDL1 and BNDL2.
Residues are colarodedbased on their chemical properties to show the
chemical diversity on the surface of the bundles. The wheel diagram
looking down the long axis shows the antiparallel design of the homo
tetramer bundle and indicates where residues will be located along the
coiled-coil based on the heptad repeat. The residues that compose the
hydrophobic core are highlighted in the wheel diagram and sequences.

2.2 Experimental

2.2.1 Peptide Synthesis
Peptides were prepared at a 0.25 mM scale on Rink amide resin using a CEM
Liberty Blue synthesizer. Standard microwave assisted Fyased protocols were

employed. Amino acids, resin and activator were purchased from ChemPep and CEM
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and used as received. All solvents were analytical grade (Fisher Scientific). Peptide

cleavage was achied by shaking peptide solutions for 2 hours in a cleavage cocktalil

comprising (by volume) 95% trifluoroacetic acid (TFA), 2.5 % triisoproylsilane, and

2.5 % Milli-Q water. The peptide was then precipitated by adding the cleavage

cocktail and cleaved pege to diethyl ether, and the mixture was then centrifuged and

the supernatant discarded. The process of suspending in diethyl ether, centrifuging,

and discarding the supernatant was repeated a total of three times. The resulting

peptide was then dissolvadwater and lyophilized.

2.2.2 Peptide Purification

Purification was performed via reverphase HPLC using a BEH130 Prep

Cl8 10 em column (XBridge, Waters

Corpor at

were dissolved in MiliQ water containing 0.1 % (by volumelA and were filtered

(0.20 em filter, Corning, Il nc., Corning, \

subjected to an elution gradient (Quaternary Gradient Module (Waters 2545), Waters

Corporation) of 100% MilkQ water with 0.1 %vol TFA to 40% Milli-Q water with

0.1 %vol TFA and 60 % acetonitrile with 0.1-%®l TFA within 60 min. Fractions

were detected using UVis detection at 214 nm (Waters 2489, Waters Corporation)

and collected (Waters Fraction Collector Ill, Waters Corporation). The collected

fractions were examined by E&lass spectrometry (LCQ Advantage Mass

Spectrometer System, Thermo Finnigan, San Jose, CA) with an auto sampler system

(Surveyor Autosampler, Thermo Finnigan). Pure fractions were combined and

lyophilized followed by analytical BLC-MS (Waters Xevo G5 QTof, Waters

Corporation) to demonstrate single species piiityre 22).
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2.2.3 Solution Assembly of Coiledcoil Bundles

All buffers were prepared at 50 mM concentration in Milwater by
dissolving the corresponding buffealts and adjusting the pH to the desired value.
The prepared buffers were then filtered using a 0.2 um nylon filter. The buffers used
are sodium acetate buffer at pH 4.5 and borate buffer at pH 10. For every sample,
purified, freezedried peptide for @esired concentration was weighed and dissolved
in buffer at the desired pH and then heated to 80 °C for 30 minutes in order to disrupt
any irregular aggregates or bundles. The samples were then allowed to cool to room

temperature before any experimenwtre performed.

2.2.4 Circular Dichroism (CD) Spectroscopy

Secondary structures and the temperati@@endent behavior of the synthetic
peptides were analyzed using CD spectroscopy on a J8&fbspectropolarimeter
(JASCO, Inc., Easton, MD). Sample solutiorsrgvprepared at 1*10 mM
concentration in a quartz cuvette with 1 mm path length-Q30Hellma, Inc.). Pure
borate or sodium acetate buffer solutions at 50 mM were used to dissolve the samples
and for the background correction. Sample spectra weredegt@mom (19€250) nm
at desired temperatures. Temperature was ramped at 20 °C / hour with 15 minutes of
equilibration time at each temperature point before recording a spectra. CD spectra
were recorded with a 1 nm bandwidth and a 4 second respondertieaeh data
point and averaged over three runs. The ellipticity at 222 nm was used to monitor the
alpha helical character and therefore the temperdpendent unfolding of the
peptides. CD data is reported en®dmhohe mean

1) which is the molar ellipticity per residue of the pepfide.
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2.2.5 Analytical Ultra Centrifugation (AUC)
Sedimentation velocity (SV) experiments were performed in a Beckman
Coulter XL-I analytical ultracentrifuge using an ABD 8 cell titanium rotoloaded
with 12 mm optical path length;sector, Epofcharcoal centerpieces at a
centrifugation speed of 5236 rad/s (50 kRPM); experiments were performed at the
National Institute of Standards and Technology, Gaithersburg, MD. All experiments
were perfomed at 20.0° C, after a minimum 2 h equilibration time and with reference
buffers of the same composition as the sample solutions. A filling volume of 400 mL
was employed in each sector of appropriate reference or sample; reference and sample
buffers compised 50 mM sodium acetate with 50 mMNaCl. Density and viscosity
values for the buffer solution were measured independently using an Anton Paar 5000
M densitometer/ Lovis ME viscometer combination instrument. Measured values
were 1.001127 g/cm3 and 1.0d®a s, respectively. Radial interference scans were
measured once per minute for each cell
Analysis of the interference data was conducted using the C(s) model in
SEDFIT version 15.018"42 The partial specific volume fahe peptide was estimated
using the center point of the value range given by the embedded calculator based on
the peptide sequence (0.719 cm3/g as the center of (0. 71.4249) mL/g). The
meni scus was devsir, forieacteekperimenideéperédéntly. Both
were consistent with visual identification and across all experiments; regularization

used was P=0.68.

2.2.6 Small Angle Neutron Scattering (SANS)
SANS measurements were conducted at the NIST Center for Neutron Research

(NCNR), National Institte of Standards and Technology, Gaithersburg, MD on the
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NG-B 30m SANS beamline. Samples were dissolved in borate or sodium acetate
buffer prepared in D20.

A neutron beam with a mean wavel ength,
mechanical velocity selector. The wavel er
half max. The 640 mm x 640 mm 3He proportional counter used has a spatial
resolution of 5.08 mm x 58mm. Sampld¢o-detector distances of 1, 4, and 13 m were
used to provide a g range of approximately 0.004 to 0.500 vkhere q is the
scattering wave vector defined by q = (4"1
scattered neutron and the incidendadoe Data obtained were corrected for background
noise and radiation, detector inhomogeneity, as well as empty cell scattering.

Intensities were normalized to an absolute scale relative to the empty beam
transmission. The uncertainties of individual datenfsowere calculated statistically
from the number of averaged detector counts. Data fitting was perfovitheas

described in the supplemental information.
2.3 Results and Discussion

2.3.1 Computational Design of BNDL1 and BNDL2

The design of the peptide sequenibas been described previouSlyBased
on a mathematical modébf coiled coils, the coordinates of a peptide backbone
atoms were calculated. This approach allows the creation of an ensemble of coiled
coil scaffolds by controlling five geometrical paneters associated with the coiled
coil bundle. Each peptide helix in a D2 symmetric tetramer contains 29 residues to

allow the accommodation of four heptad repeats.
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Monte-Carlo simulated annealing methods were used to sample the ensemble
of coiledcoil scaffolds and identify candidate bundle structures and sequences as local
energy minima. Initially, 11 interior sites were varied and constrained to be
hydrophobic amino acids. The lowestergy configurations were identified and the
most probable sequees, calculated by the statistisakbchanicsased design
theory?”4447 were selected as potential candidates.

The remaining 18 sites of the BNDL peptides were designed using the
statisticalmechanics based design theory but in the context of an istéatacheric
bundle. No information regarding interbundle interactions and a regular lattice
nanostructure was included in the calculati®h#t the 18 exterior sites of each
peptide, 18 natural amino acids (Pro and Cys were excluded) were allowed.o3the m
probable sequences of BNDL1 and BNDL2 were designed using effective inverse
temperatures of 0.5 mol/kcal and 1.5 mol/kcal respectR/eBNDL2 has lower
internal energy than BNDL1. This choice yields large numbers of complementary,
low-energy interetions between residues on the the exterior of BNDL2. Electrostatic
interactions play a prominent role in determining sequence identity, and the resulting
sequence of BNDL2 has only ionizable residues on its exterior (F2gure
Computational models @fach designed structure were assessed using Molptdbity.

Both candidate sequences were synthesized, purified and characterized.

2.3.2 Solution Characterization of BNDL1 and BNDL2

Following synthesis and cleavage from resin, the peptides were purified by
RP-HPLC. The purity of the peptides was confirmed with UPMS (Figure 2.2).
The designed masses of BNDL1 and BNDL2 are 3560 g/mol and 3715 g/mol, the
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masses of the pure products as determined byESivere 3559 g/mol and 3715

g/mol, consistent with the deed products.
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Figure2.2: (Top) UPLC trace (left) and E®NS (right) for BNDL1. (Bottom)
UPLC trace (left and ESWS (right) for BNDL2.

Due to the hydrophobic nature of the residues designed to comprise the core of
the designed bundles, close attentmthie isoelectric point of the peptides was

required to ensure solubility in aqueous solution. The isoelectric points of BNDL1
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and BNDL2 were estimated to be pl = 4.4 and pl = 10.5, respectively, based upon the

sequences and t he pEacidssTheocharge &se functiodoefv i d u al

pH was calculated atww.pepcalc.conusing the equation:

1 Ftes 1P

Z="N, -3'N,
2 F10PH 4108 ; P10 410%™

21
Where | components are from amine functionalities and j components are from acid

functionalities. The isoelectripoints (pl) are displayed in Figure 2.3.

BNDL1 BNDL2
‘ pl4.43 Z  pl10.54

a Charge at 4 Charge at pH
o pH10:-3--4 o 45:3-4
© _ ©
S o S =
D 1]
=2 =

pH pH

Figure2.3: Net charge vs pH of BNDL1 (left) and BNDL2 (right) displaying the
isoelectric point and net charge at the pH used for characterization.

Correspondingly, BNDL1 was found to be soluble in basic condiaods
BNDL?2 was found to be soluble in acidic conditions. Subsequent studies were

conducted with BNDL1 in 50 mM, pH 10 sodium borate buffer and BNDL2 in 50

mM, pH 4.5 sodium acetate buffer.
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CD studies of the bundles were conducted to confirm their secondary
structures. The acquired data (Figu 8how the characteristic shape and minima
expected for alpha helices; the ratios of the mean residue ellipticities (MRE) of the
characteristic minima of 222 nm to 208 nm are 1.01 for BNDL1 and 1.04 for BNDL2
at 5 C, indicative of the presence of a coilell tertiary structuré®4%>° Performing
CD measurements in solutions with trifluoroethanol (TFE), which is known to
stabilize individual helices while being disruptive to coiled coils, also helps to
demonstate the presence of the coiled coil. Samples prepared in solutions of 50 %
(by volume) TFE and 50 % (by volume) buffer exhibited a reduction in the ratio of the
minima to 0.90 for both sequenggsgure 2.5 suggesting the disruption of the coiled
coil by TFE>12
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Figure2.4 (Top) Full CD curves for heating frof °C to 85 °C for BNDL1 I(eft)
and BNDL2 Right). Concentrations are 0.1 mM peptide in 50 mM pH
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and BNDL2 respectivelyAlpha helical character is observable
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Figure2.5: CD of 0.1 mM peptide in solutions prepared from 50F& and 50% 50
mM pH 10 borate buffer for BNDL1 and 50% TFE and 50% 50 mM pH
4.5 sodium acetate buffer for BNDL2.

The thermal stability of each sequence was investigated by heating the peptide
solutions. Both sequences display excellent thermal stabilitglevated
temperature, this is apparent in the retention of both the characteristic shape and
minima observed for an alpha helix as well as the ratio of the minima indicative of
coiled-coil structure. BNDL1 and BNDL2 each retain CD spectra consigtiémt
alphahelical structures, even at 85° C, though there is a diminution in the absolute
ellipticity for each sequence. The unfolding of each bundle was monitored using the
mean residue ellipticity (MRE) at 222 nm as a function of the temperature¢Flg

bottom). For each sequence there is no clear inflection point apparent in this curve,
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i.e, there is no indication of cooperative loss of secondary structure over the
accessible temperature range. The lack of such a transition suggests thatd&iDL1
BNDL2 do not unfold completely at 85° C even after 12 hours. The increase in MRE
at 222 nm that begins around 70° C for BNDL1 suggests the onset of unfolding;
however, there is no plateau observed at higher temperature to indicate that the helices
hawe fully unfolded within the timescale of the measurements. At 85° C the ratio of
the MRE between the characteristic minima of an alpha helix, 222 nm and 208 nm,
decreased to 0.90 for BNDL1 and 0.93 for BNDL2 indicating the caiteldstructure

has beenlghtly disrupted even though alpha helical structure is maintained at
elevated temperatures. The net helical propensities of the residues in each $&quence
suggest that BNDL2 should have a higher helical propensity than BNDL1, which is in
agreement witlthe experimental thermal stability suggested by the CD spectra, where
BNDL2 appears to have greater helical content at high temperatures. For the circular
dichroism thermal stability experiments 85° C was chosen as the maximum
temperature due to the aques boiling point of the buffer. This temperature is a
reasonable limit due to the primary solution condition for most experiments being
room temperature. Given that the two sequences share interior residues, the high
thermal stability of each is likely direct result of the designed hydrophobic core. The
coiled-coil character of both sequences is maintained even at high temperature. This
core stability enables the peptides to tolerate variation of their exterior residues,
allowing variation of a cerdit structure and hydrophobic core to yield two distinct
sequences with acidic and basic isoelectric points, respectively. The observations also
confirm that designed, complementary electrostatic interactions on the exterior of the

bundle can further enhaa thermal stability.
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AUC sedimentation velocity experimenfserformed by Jeffrey Fagan at
NIST, also strongly indicate that the dominant morphology of the bundles is in the
tetrameric form. For each sequence, the sigredhted differential sedimentan
coefficient distribution found that greater than 88 % of the signal was due to a
component with sedimentation coefficient s(w,20) = .68 Sv. This observation is
consistent with MWs for the bundles of MW(BNDL1) = 14.7 kDa and MW(BNDLZ2)
= 16 kDa(Figure 26). Based on the theoretical molecular weights of the peptide
sequences, MW(BNDL1) = 3.4 kDa and MW(BNDL1) = 3.7 kDa, the data strongly
suggest a tetrameric form for each peptide in solution. This theoretical MW of the
tetrameric form is well whin the uncertainty in MW values from the measurements

due to shape factors and calculated parameters.
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Figure2.6 AUC Data for BNDL1 (top) and BNDL2 (bottom) strongly suggest that
the tetramer is the dominant species in solution. Low intensity peaks are
observed at larger masses indicating the presence of soluble aggregates.
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Having confirmed the computational design of the tetrameric coodd
bundles by AUC and CD, we sought to experimentally determine the shape and size of
the bundles in solution anétérmine how they interact. Samples were therefore
investigated using small angle neutron scattering (SANS) (FigdyeCbncentration
series spannedill5 mM peptide (BNDL1 and BNDLZ2) in 50 mM sodium borate
buffer or 50 mM sodium acetate bufféothprepared in RO), respectively. All of
the peptide solutions were visibly clear, suggesting that there was nataigeor

permanent aggregation.
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Figure2.7: SANS concentration series of BNDL1 (left) and BNDL2 (right) from 1.0
i 15 mM withcorresponding fitted models (solid black curves). All fits
were performed using the same model that includes both form and
structure factor components. Peptides were dissolved in buffers prepared
in deuterium oxide, specifically 50 mM pH 10 sodium bolat#er for
BNDL1 and pH 4.5 50 mM sodium acetate buffer for BNDL2.

In static SANS experiments, if a sample has an isotropic distribution of
monodisperse scatterers with no orientation preference, the scattered intensity | is a

function of the scatteringectorq, given byEquation 2.2:
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™ Oy 0nR°Yn 2.2

The intensity is determined by the number density of scatterers, N, the volume, V, and
the difference between the scattering length densities (SLD) of the scatterer and
sol vent , @&} inEqudton2.2irclude B(q),the forsn factor, which
depends on the size and shape of individual scatterers while the interparticle
interactions are described by the structure factor, S(q).

At low concentrations (1 mM), we may expect to see singlegpaform
factor scattering which is representative of individual cedei bundles?® Increasing
concentration will likely cause the bundles to become more crowded and to interact
with each other nonspecifically. Neutron scattering can reveal sucparttele
correlations present in the structure facfoihe interaction of natural proteins in
crowded, concentrated conditions has been widely studied, and such efforts have been
performed to observe the stability of proteins in pharmaceutical formugitas well
as intermolecular interactions among disezmesing amyloid proteifs Such
measurements also allow comparison of the solution behavior of the computationally
designed system with that of natural proteins.

A cylindrical form factor aloneyithout a structure factor, well fit the low
concentration single particle scattering data from SAN®Ie 2.).%" The goodness
of the cylinder fit®is not unexpected due to the anticipated, designed structure of the
coiled-coil bundles and the use &iis model to fit similarly sized and structured
proteins2®>® The average length and radius from all concentrations within a 95 %
confidence interval are 4.370.19 nm and 1.26 0.04 nm, respectively, for BNDL1
and 4.37 0.25 nm and 1.18 0.05 nm, repectively, for BNDL2. We directly
compared the cylinder model with the SASSIE PD®#%itand found them to model

the form factor similarly wel{Figure 2.8) SASSIE is able to generate a scattering
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profile using a protein data base file (PDB) coorteeaf the heavy atoms in a

proten. Theoretical form factor based scattering profiles for each designed

homotetrameric bundleavecalculated from the atom coordinates (PDB file) using

SascCalc, a free analysis tool available on SASIEledas Cal ¢ empl oys a i
vectoro approximation i .e. orientations of
uniform spherical grid using the golden number, whictunm enables speedy

calculations of a rotationally averaged scattering profileguia exact coordinates of

all atoms in the scattering entif§.This technique of fitting scattering data with

models created from PDB files previously has succeeded in the study of structures of

many protein systems, including monoclonal antibddiasi DNA-binding

protein&®. In fact, while the SASSIE fit to the SANS data for both coiled coil designs

is good, the cylinder form factor better approximated the size of BNDL1 through a

slightly better fit with the data at high q valu€sgure 2.8.506t

= 1.0 mM BNDLA ] ~—o— 1.0 mM BNDL2
SASCALC Fit —— SASCALC Fit

o

=
=
o

R aTa =l N LY

0.001 4

Intensity (cm™)
Intensity (cm™)

0.001 4

1E-4 \ \
0.02 0.1 0.2

1E-4
0.02

Figure2.8: BNDL1 (left) and BNDL2 (ight) at 1.0 mM (squares) with SASCALC
fit (solid line).
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Table2.1: Fit results for SANS concentration series of BNDL1 and BNDL2. Fit
paramegrs include radius of cylindeR (A), length of cylinderL (A),
number of bundles peggregateN, distance between bundles within
aggregateD, and the standard deviation of(&), (p (A). The values
dR (A) and dL(A) are the standard deviation errors calculated by python
while curve fitting. The standard deviation in the average sadt®
and L was calculated by taking the square root of the average of the
variances. Ri s t he coef fi ci éisthegaofinessafr r el at i

fit.
BNDL1
CmM) |R(A) dR(A) varR L(A) dL(A) varL [N D(A) sigb(A) R? j?2
1 141 0423 0.1789 404 1945 3.783(1 N/A N/A 0.987 1.282
25 124 0.142 0.0202 40.9 0.693 0.480(1 N/A N/A 0.986 3.706
5 12.3 0.060 0.0036 45.9 0.497 0.247(69 47.1 4.32 0.997 3.992
10 12.7 0.032 0.0010 46.1 0.273 0.075( 76 352 4.73 0.996 14.286
15 12.8 0.024 0.0006 454 0.191 0.036f(79 303 12.46 0.995 44.067
Average| 12.9 0.202 43.7 0.961
BNDL2
cCmM) |RA) dR(A) varR LA dL(A) varL [N D) sigpb(d) R? j?
1 13.8 0.514 0.2642 42.0 2475 6.126(1 N/A N/A 0.972 1.55
25 108 0.169 0.0286 44.1 0.868 0.753(1 N/A N/A 0.965 2.661
5 10.7 0.087 0.0076 45.1 0.771 059460 43.7 10.50 0.99 1.193
10 10.2 0.052 0.0027 453 0.524 0.275(62 343 8.91 0.994 1.601
15 9.7 0.044 0.0019 425 0.391 0.153] 60 304 10.52 0.979 9.949
Average| 11.0 0.247 43.8 1.257

At higher peptide concentrations, interparticle correlations are observed in the
scattering structure factor. Assuming the nearest neighbor distance between coiled
coils within anaggregate obeys a Gaussian distribution, the number of bundles present
andthe average distance between bundles within an aggregate can be approximated

with a structure factor fit to the data (Fig@8).5+% This kind of model has also
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been used to study concentrated behavior of naturally occurring lysozyme ftagins

well as exchanged clay dispersidhs

. \.,
sy

b —
r

Figure2.9 Representation of the solution behavior for SANS fitting. Each
individual bundle is fit with a cylinder form factor. At high
concentrations, the behavior of these bundles is fit using an aggregate
model. Thecoiled-coil bundles loosely and nonspecifically associate to
form soluble aggregates. The fit parameters indicated are the length of
the cylinder, |, the radius of the cylinder, r, and the distance between
bundles in an aggregate, D.

A python script devdoped by Nairiti Sinhathat employs a nehinear least
sqguares algorithm based on Scipyods Opti miz
expressionfquation 2.2to the experimental SANS data in the@hge of 0.02 A to

0.2 AL. The form factor P(Q) &s calculated based on a cylindrical model, described

by the expression:
00 _ " 0h OETQ 2.3

0 ¢z L 2.4
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The radius of the cylindeR, and the length of the cylinddr, were varied within
20% of the average values predicted from the cylindrical form factor fits by SasView.
The structure factor was modeled usihg followingexpression for interacting

cylinders obeying a Gaussian dibtrtion as derived by Kratky and Por6d
YR p - B 0 QAT QO gp—— 2.5

The corresponding fit parameters were: the number of bundles in an aggregate, N; the

distance between bundles within the aggregate, D and; the Gaussian dreor in t

di stance distri butp Theredwdedchiiqru atr reedr veasad rueeg ast €

calculatedusing the following equation o esti mate the 2goodness

value ofl indicates a perfect fit:
w —B _ 2.6

Where k (Qi ) is Equation 2.Mwith n fitted parameters;, is the " scattering
data point andi%is the corresponding variance if9 The complete list of the fit
results is provided in Table 2.2.

The structure factor contribution is apparent atcemrations of 5.0 mM and
above, as indicated by the onset of a maximum between q values of 0.05 and 0.09 A
(Figure 27); the maximum shifts to higher g with increasing concentration due to
closer interbundle packing within the soluble aggregates. This trend can be modeled
by the structure factor fits shown in Table 2.1; with an increased bundle concentration,
the distace between coiled coils, D, in an aggregate decreased, as expected. Due to
the convolution of the form factor and structure factor in the total scattering intensity,
the real space distance corresponding to the maximum of the correlation peak does not

matd the separation distance determined by fitting the data. This explains why both
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peptides were fit to have a separation distance of 3.0 nm (Table 2.1) when the peak
maxima are not located at the same q (Figufe ZL'he increased number of bundles
per agregate in BNDL1 over BNDL2 may also give rise to the sharper intensity of
the correlation peak observed for BNDL1. The number of bundles per aggregate may
be higher for BNDL1 due to the incorporation of polar residues, which can form
hydrogen bonds, aralso results in a lower surface charge for BNDL1 than for
BNDL2. Fitting was performed over mid to high g in order to determine the size of
the bundles and distance between coiled coils in the more concentrated samples.
Importantly, the combination of @ipal clarity in the concentrated coiled coill
suspensions and the presence of clear structure factor scattering is indicative of soluble
aggregate behavior. Soluble aggregates are distinct from permanent aggregates or
precipitates in that they are dynamapsely bound with a higher average local
concentration of coiled coils than in bulk solution. The interactions causing the
dynamic clustering of bundles are combinations of oppositely charged, mildly
hydrophobic, and polar regions on the bundle surfé€igsire 2.1). The soluble
aggregate state is commonly seen in concentrated protein solutions, sometimes as a
precursor state for a transition to a permanent aggrégiftewnhile other times a
stable suspension of dynamic aggregéftds the coiledcail system here, the soluble
aggregated state observed in more highly concentrated bundle samples is stable for at
least one month as observed via SANS experiments, therefore behaving in solution as
designed and not further assembling or aggregating imtora regular, stable
structure.

An upturn in SANS intensity at low q is observed for all concentrations of both

sequences which is most likely the scattering from the overall soluble aggregate
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domains comprised of many bundles or ksagge concentratioftuctuations in dilute
bundle solutionsKigure 2.D). This upturrwasfit, by Nairiti Sinha,without

changing the fit parameters obtained using the mid and high g data, with an additional
term that describes the distance between the soluble aggrdggtes 2.1, Table

2.2). The upturn at lower Chas been previously shown to fit an empirical

expressiorf!

) v @ e 2.7

Here, E corresponds to a long range correlation distance between loose clusters of
peptide aggregates and é\a relative weighting factor:oth(Q) was fit with A and E

as fit variables using a similar ndinear leasisquares algorithm, wherelfguation
22,wi t h previously fitt odaspusedtaanalticallys R,
calculate 1(Q).Thegoodness of fit was estimated by reducedscjuared valuess

seen in Table 2.2This type of large scale solution structure is seen in many solution
assembled systems with micellar nanostructure such as casein micelles containing
colloidal calcium phgshate nanoclustéitas well as hydrogels comprised of beta
hairpin fibrils™ or diblock copolymers. The SANS data are consistent with the
cylindrical structures expected for the designed bundles and reveal that the solution
structure of the soluble agggates is similar for each sequence, despite the large

differences in their exterior amino acid residues.
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Figure2.10: BNDL1 (left) and BNDL2 (right) at 1.0 mM (squares) and 15.0 mM
(stars) fit for the whole q range to reveal lgqvecattering intensity. The
fit of the lowq data approximates the characteristicagise between
soluble aggregatencentration fluctuations at larger lengtiales.

Table2.2: Fit results for 1 mM and 15 mM BNDL1 and BNDL2 for the full g
range. Fit parameters include A, weighting éacand E, the distance
between aggregates in units of A.

BNDL1

CmM)] A dA ER) dE R* {2
1 1.53 0.199 195 10 0.987 1.28
15 |29.88 0.766 227 2 0.995 44.07

BNDL2
CmM)] A dA ER) dE R? {2
1 096 007 154 5 0.972 155
15 1.6 0.256 199 12 0.979 9.95

2.4 Conclusions

The experimental confirmation, via CD, AUC, and SANS, of the formation of
soluble coileecoil bundles from computationally predicted sequences supports the

successful preparation of robust, solubtaled-coil bundles in solution. The coiled
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coil character apparent in the CD data, combined with AUC molecular weight
observations, confirm that a peptide tetramer is dominant in solution. The
hydrophobic interior core design of the coiled coil proviskasility for two different
bundle exteriors. In addition, SANS helped demonstrate that these synthetic,
computationally derived bundles behave similarly to naturally occurring proteins in
solution, forming soluble aggregates at higher concentratiohnis. fdrther supports

the robust character of these bundles that were designed with the primary goal of
achieving a stable tetrameric unit. At the highest concentrations of peptide, the
bundles remained soluble with an average interbundle separatiarcdisfa35 nm

within a soluble aggregate. Previous efforts have shown that specifically modifying
the exterior residues of the bundle using computational design yielded a variety of
unigue, solutiorassembled materials that form as a result of noncoyatatbundle
interactions® Herein we have characterized the structural features of the dissociated
state and its interbundle correlations. Due to the design of the stable hydrophobic
core, modifying the amino acids that lie on the exterior of the coiled coil did not
drastically éter the formation of the bundle or the nature of the soluble aggregated
state. The stability and vast possibility in amino acid sequence of these coiled coil
bundles makes them excellent candidates for model colloidal systems of anisotropic
particles, igas typically reserved for rdike assemblies of natural proteih& and

viruse$¥ ”® as well as potential anisotropic building blocks for novel maté?ials
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Chapter 3

THE IMPACT OF SUBTLE CHANGES IN SEQUENCE ON THE
HIERARCHICAL SOLUTION ASSEMBLY OF DE NOVO DESIGNED 2D
PEPTIDE LATTICES.

3.1 Introduction

The primary structure, or amino acid sequence, of peptides and proteins
ultimately dictate how these biomolecules assemble in solu8amall changes to the
side chain chemistry of individual amino acids can result in drastic changes in how
peptides and proteins behave. Studies of specific mutations to natural proteins, as well
as designed proteins and peptides, illustrate the positivegattive impact individual
amino acids can potentially have on the overall structure and function of the of the
native moleculed.” In order to further understand the satlsembly of biomolecules
in nature, computational methods have widely been ustidesign of discrete
stable peptides and protefiyS.In order to design more complex assemblies, naturally
occurring proteins have also been modified with rational as well as computational
methodologies to create highly specific and unique structaiggution through
purely physical interactior’$3! Other strategies to assemble natural proteins in order
to create various materials include the use of small mof&ciiler peptidé® linkers
and metal coordination or disulfide borid$! As opped to natural proteins, shorter
non-natural peptides can also be designed by rational mé#fdds completely de

novo techniqueS' #’ to create a variety of structures.
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The focus of this work expands on previous de novo computational efforts to
desigqn peptides that assemble in solution to create a specific and desired
nanostructuré® In this hierarchical assembly procgisslividual alpha helical peptide
sequences initially come together to form antiparallel cas@titetramer bundles
driven by hylrophobic interactions at the core of the bunddssdescribed in Chapter
2. The computational design of the hydrophobic core, which is the same for all of the
sequences, was found to be extremely robust and $fableese coiled coils further
associat through specifically designed interactions on the exteriors of the bundles and
assemble to form 2D lattices (Figure 3.1). In our previous &fwree unique lattice
symmetry designs were investigated and shown to create unique structures. However,
only one of the chosen sequences for a specific lattice symmetry, P622, and spacing
was successful in closely matching the design. Although not all the sequences
investigated in that work closely matched their corresponding design, they all made
regular ad unique assemblies in solution dependent on conditions such as pH and
temperature. Further analysis of one such sequence has examined the kinetic
pathways of the assembly and demonstrated the usefulness of these peptides as

materials*®
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Figure3.1: Coiled coil peptide bundle side view and top view wheel diagram
displaying the position of amino acids. Top down view of coiled coils
within the 2D P622 lattice symmetry with lattice paghne r " a" and
60.

During the design process many potential seqeg were generated as
candidates for the assembly of a given symmetry each with unigue lattice parameters.
The initial sequences investigated in our previous effort were narrowed down based on
possessing lower activation energies as determined duringitipgutational de novo
design proces® These sequences were then investigated by the Proteins, Interfaces,
Structure and Assemblies (PISA) interface anat{sisdetermine how well these
peptides would interact in the given symmetry. For the P622 symifourteen low
energy potential P622 sequences were analyzed by the PISA screen, however, only

three of those sequences were deemed valid candidates by the screening process. In
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order to better inform our design process this work focuses on invesgigiatee of

the remaining eleven sequences, all of which were not recommended for assembly by
the PISA screen. These three sequences, denoted Al, A2, and A4, were chosen based
on the similarity of their primary structures to each other. By investigdiffegences

in the solution setassembly behavior of these sequences our goal is to provide
feedback to our computational process in order to better design and screen future
sequences for the accurate assembly of specific peptide lattices with desired
symmetry, lattice spacings, and functionalities. Rational mutation to specific amino
acids in these sequences is also a way to further probe the importance of specific
interactions in the hierarchical assembly process. For each sequence we seek to
determindf it can form regular assemblies and identify any regular underlying lattice

structures if present.

3.2 Methods

3.2.1 Solid Phase Peptide Synthesis (SPPS)

Peptides were prepared at a 0.25 mM scale on Rink amide resin using an
Aapptec Focus XC synthesizer. Standaidrowave assisted Fmdmased protocols
were employed. Amino acids, resin and activator were purchased from ChemPep and
Sigma Aldrich and used as received. All solvents were analytical grade (Fisher
Scientific). Peptide cleavage was achieved by shakiptideesolutions for 2 hours in
a cleavage cocktail comprising (by volume) 95% trifluoroacetic acid (TFA), 2.5%
triisoproylsilane, and 2.5% MiHQ water. The peptide was then precipitated by
adding the cleavage cocktail and cleaved peptide to diethyl ettt the mixture was

then centrifuged and the supernatant discarded. The process of suspending in diethyl
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ether, centrifuging, and discarding the supernatant was repeated a total of three times.

The resulting peptide was then dissolved in water and llyogdh.

3.2.2 Peptide Purification

Purification was performed via reverphase HPLC using a BEH130 Prep
C18 10 mm column (XBridge, Waters Corporation, Milford, MA). Crude peptides
were dissolved in MiliQ water containing 0.1% (by volume) TFA and were filtere
(0.20 mm filter, Corning, Inc., Corning, NY) before HPLC injection. Products were
subjected to an elution gradient (Quaternary Gradient Module (Waters 2545), Waters
Corporation) of 100% MilkQ water with 0.1 vol% TFA to 40% MiHQ water with
0.1 vol% TFA and 60% acetonitrile with 0.1 vol% TFA within 60 min. Fractions were
detected using UWis detection at 214 nm (Waters 2489, Waters Corporation) and
collected (Waters Fraction Collector Ill, Waters Corporation). Pure fractions from
HPLC were combinedral lyophilized followed by analytical UPL-®1S (Waters
Xevo G2S QTof, Waters Corporation) to demonstrate single species fidgtyre
3.2).
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Figure3.2: UPLC Trace (top) and ESMS (bottom) of pure peptides
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3.2.3 Solution Conditions

All buffers wereprepared at 50 mM concentration in Mi)i water by
dissolving the corresponding buffer salts and adjusting the pH to the desired value
while monitoring with a pH meter. The prepared buffers were then filtered using a 0.2
um nylon filter. The buffers ugdeare sodium acetate buffer at pH 4.5, phosphate
buffer at pH 7, and borate buffer at pH 10. For every sample, peptide for a desired
concentration was weighed and dissolved in buffer at the desired pH and then heated

to 80° C for at least 30 minutes irder to homogenize the sample.

3.2.4 Circular Dichroism (CD) Spectroscopy

Secondary structures and the temperati@@endent behavior of the synthetic
peptides were analyzed using CD spectroscopy on a J8&fbspectropolarimeter
(JASCO, Inc., Easton, MD). Samepsolutions were prepared at 0.1 mM concentration
in a quartz cuvette with 1 mm path length (Q8, Hellma, Inc.). Pure buffer
solutions were used for the background correction. Sample spectra were recorded from
190-250 nm at desired temperatures. Terapee was ramped at 10° C / hour with 15
minutes of equilibration time at each temperature point before recording a spectra.
CD spectra were recorded with a 1 nm bandwidth and a 4 second response time for
each data point and averaged over three runs. eTipticity at 222 nm was used to
monitor the alpha helical character and therefore the tempetpesndent unfolding
and refolding of the peptides. Thelymean
was calculated using the peptide concentratomber of amino acid residues, and

cell path length.
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3.2.5 Transmission Electron Microscopy (TEM)

Sampl es were prepared by -eoptedl2@0imesh 3 €L
copper grids (CF20Cu, Electron Microscopy Sciences, Inc.) immediately after
treatment ging a plasma cleaner (PEB2G, Harrica Plasma, Inc.). The peptide
solution was wicked away after approximately 1 minute immediately followed by
application of 3 eL of 2 wt% phosphotungst
NaOH, which was wicked awaafter approximately 15 seconds. Sample observation
was performed on a FEI TALOS microscope. Lattice spacings were determined in
ImageJ by averaging the distances between fringes obtained from FFTs of lattice

images as well as plot profiles.

3.3 Results andDiscussion

The three computationally designed peptide sequences and one rationally
mutated sequence in this study (TaklE) were prepared by solid phase peptide
synthesis, purified by HPLC and subsequently lyophilized. Peptide solutions were
prepared byveighing out peptide for a desired concentration in aqueous buffer at a
desired pH. Each pure peptide was initially investigated using circular dichroism
spectroscopy (CD) to confirm the alpha helical and coiled coil nature of each sequence
as well as thir thermal stability (Figur8.3). All the sequences display the
characteristic minima associated with the alpha helix secondary strefcfTine.
melting temperatures are approximately 30 °C for A1, A2, andbA3K and
approximately 45 °C for A4. Tharsilarity in melting temperature between Al, A2,
and AXG13K is consistent with the similarity in the sequences of these peptides
which only differ in 23 amino acids. The MRE values of the respective sequences

vary most likely due to a combination of useror during weighing of the lyophilized
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peptides and assembled structures settling in the cuvette during analysis. The latter is
a reasonable assumption because the MRE values of the minima at 80 °C for all of the
sequences are similar when the petidédl be predominantly denatured and free in

solution.

Table3.1: Peptide sequences Al, A2, A4, and@13K. The heptad assignment
(a-g) denotes the location of each residue along the alpha helices of the
coiled coil. The residues highlighted in gray comptisehydrophobic
core of the coiled coil bundle.

Name ab cdefgabcdefgabcdefgabcdef ga

Al DR DI RNMADQI RGMARSI DEMAKKI DWEA -NH2
A2 DWDI RNMADQI RGMARSI DEMAKKI DR EA-NHz
A4 DK DI RQMAKQI KDMARSI DDMAKRI EWEA -NH2

AlG13K DR DI RNMADQI RKMARSI DEMAKKI DWEA-NH:2
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Figure3.3: Circular dichroism spectra at 5 °C and 80 °C as well as the inset MRE
value at 222 nm versus temperature from 5 °C to 80 °C for (A) Al (B)

A2 (C) A4 (D) AL-G13K.

Following confirmation of thecoiled coil formation, peptide assemblies were
investigated using microscopy. Peptide solutions at a desired concentration were
initially heated to 80 °C, where CD confirmed the sequences were denatured, and
shaken vigorously to homogenize the soluti®@ulutions were then either removed to
room temperature, quenched at a desired temperature, or cooled at a controlled rate to a
desired temperature. TEM sample grids were then prepared at various time points of

assembly. TEM samples were negatively statheith phosphotungstic aci(PTA)
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solution, the result of which causes pores and thinner areas to be darker due to the
presence of the high atomic number, more electron dense stain as compared to the low
atomic number peptidesThese plates were designedassembly in two dimensions,
therefore the viewing angle of the TEM projections is commonly down the [001]
direction. Therefore, only a and b parameters of the unit cell are assigned because c can
not be determined from the TEM and would requiney dffraction data. However,
the ¢ parameter is more likeban be approximated dke length of the coiled coil
bundle

The assembly of the Al peptide was initially investigated in pH 7 phosphate buffer
after quenching the sample to rovemperature. The observed assembly after 1 hour
was found to be two types of plate, flat plates with lattice observed throughout and larger
dendritic plates with regular lattice at the center that diminishes radially (Fighre 3.
The lattice of the flaplates and the lattice at the center of the dendritic plates are the
same. The observed lattice matches the designed P622 symmetry and has unit cell
parameters o = b =4.28 nm. The computationally designed unit cell for the Al
sequence was a = b 24.nm, which is in very close agreement with the observed TEM
results. The TEM observed spacing could be larger due to stain penetrating the pores
of the lattice or due to the drying process.

Control of the plate structure was obtained by controllirey tétmperature of the
assembly. The dendritic plates were exclusively formed by quenching the solution from
80 °C to 5 °C for ten minute@-igure 34E). When the plates are quenched at low

temperatures many plates are nucleated and assemble rapidlyikdlichccounts for
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the formation of defects that occur radially outward from the center of the dendritic
plates, resulting in their irregular shag&milar behavior has been observed for crystals

of isotactic polystyrene films that have been undercoBiéithe resulting structures are
referred to as seaweed morphologies owing to their appearaice.assemble
exclusively largegegularplates(Figure 34F), the solution at 80 °C was cooled at a rate

of 3°C per minute to 30 °C, which is just below the melting temperature as determined
by CD. This control of the plate morphology suggests that when assembled near the
melting temperature there are less coiled coil bundles available in spagisome are

unassembledand therefore the plates assemble slower and more regularly.
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Figure3.4:

d

e f g a b ¢ f
I R NM A D Q

e f g a b ¢ d e g a b ¢ d e f g a

R GMAIRS I DEMATZKIKI D WE A
Assembly of Al in pH 7 phosphate buffer (top) and Al sequence
(bottom). (A) Small, thin, regular assembly showing P622 symmetry
throughout, as seen in the FFT inset (scatébbaam). (B) Larger,

thicker, dendritic assembly of these plates (scale bar 1 um). (C) Center
of the assembly in (B) showing uniform lattice at the center, as seen in
the FFT inset (scale bar 50 nm). (D) Low magnification of room
temperature quench eftl hour of assembly showing combination of

thin plates, as seen in (A), and dendritic assemblies, as seen in (B) (scale
bar 2 um). (E) 10 minutes of assembly after 5 °C quench resulting in
solely dendritic assemblies (scale bar 2 um). (F) Single regrtdar

plate assembled for 10 minutes at 25 °C assembly after cooling at 3 °C

per minute from 80 °C (scale bar 1 um).

The assembly of the A2 sequence was much less robust than that of the A1

sequence. Regular plates and lattice were observed after 1 aksembly following

a room temperature quench from 80 °C (FigdiB®. The A2 peptide sequence only
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differs from the Al sequence by the location of two amino acids. The tryptophan and
arginine of positions 27 and 2 respectively in the design of Alvaaped in the

design of A2 to positions 2 and 27 respectively. This swap results in the tryptophan
moving from the pore of the P622 design in the A1 assembly to the Hounaitibe

interface in the A2 assembly. It is possible that the tryptophan at énfacd is
responsible for disrupting the designed assembly resulting in a lattice symmetry that
differs from the design. The observed lattice parameters for the A2 assembly are

a = 2.41 nm, b =2.35 nm, and d = 90. 1.

> o

Figure3.5: 1 Day assembly of A2 in pH 7 pbphate buffer (top) and a comparison
of A1l and A2 sequences with differences highlighted (bottom). (A) High
magnification to show peptide lattice with FFT inset (50 nm scale bar)
and (B) low magnification to show plate structure (1 um scale bar).
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The A4primary structure differs the most from the other designed sequences.
There are eight sequence positions that differ from the A1 sequence, however, six of
the amino acid differences have similar chemistries i.e. both residues are either
positively chargednegatively charge, or polar uncharged. The two remaining
differences that are not similar chemistry include the glutamic acid of Al at position
nine is a lysine in A4 and the glycine at position thirteen in Al is a glutamic acid in
A4. The differencetgposition thirteen is significant because a charged group is
introduced in A4 in the Afo position of
the coiled coil. This not only increases the total number of charged groups within the
sequence, but alsads a charged residue in a position that can potentially interact
with other bundles. The A4 sequence has the most charged residues with 14, one
more than A1 and A2. While this may not seem significant, it is important to note that
each coileetoil bundke is comprised of four peptides; therefore, for every one
additional charged group in the peptide, there are four additional charged groups on
the bundle. The A4 sequence assembles rapidly and creates a uniqueTlad#ice.
lattice observed by TEM anddltorresponding FFT in Figuretd. suggest that the
assembly is more complicated than parallel bundles interacting laterally due to the
irregular pattern of the darker PTA filled pores.

The unit cell determined from the FFT corresponds to parameters b4 &
nm and b = 4.31 nm. To accommodate this unit cell and the observed pattern, a
twisted arrangement of coilembil bundles is proposed. This arrangement consisting
of 6 bundles each rotated°3@om the previous bundle was proposed due to the (600)
spot observed in the FFT which has a spacing of 2.33 nm, consistent with the diameter

of a coiledcoil bundle. In Figure 8B, a model of the proposed structure was placed
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over a Fourier filtered representation of the lattice to demonstrate hoprdpissed
structure fits with the observed TEM data. The clearly defined pores occur between
bundles that are perpendicular to the plate, and the darker streaks are the result of
angled pores filled with stain. The bundles that lie parallel to the pstero pore to

be stained and cause the b spacing to be consistent with the length of-aabiled
bundle. This proposed unit cell would also justify the preferential growth direction of
the plates (Figure 8C). The plate assembly at later time pofits 1 hour) grows
preferentially to make long rod like plates that can become many micrometers long.

In order to determine why this configuration occurs as opposed to the designed P622

symmetry, single crystal diffraction data would be required.
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Figure3.6: TEM images of A4 assembled in pH 7 phosphate buffer (top) and
sequence comparison between Al and A4 in which side chains with
similar chemistries are highlighted in green and with different
chemistries are highlighted in yellow (bottom). (A) High magniferat
of 1 minute assembly of A4 to show peptide lattice with FFT inset (Scale
bar: 50nm) and (B)corresponding Fourier filtered image with proposed
unit cell model overlayed (Scale bar: 20 nm). (GyLmagnification of
1 day assembly of A4 to show plateusture (Scale bar: 1um).
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Due to the success of the Al sequence to assemble with the computationally
designed lattice and the A4 sequence to assemble robustly to create large assembilies,
it was hypothesized that making the A1 sequence more similar Aglthequence
could result in robust plates with the desired P622 lattice symmetry. The rational
design alteration to the Al sequence that was made to accomplish this was to change
the glycine residue at position thirteen in Al to a lysine creating theseguence Al
G13K. A lysine was chosen for position thirteen in order to have complementary
charge with position nine (an aspartic acid) just as is the case for positions nine and
thirteen in the A4 sequence (lysine and aspartic acid respectively). alibisat
mutation had the desired effect as observed in FigjdreThe AXG13K sequence
assembles rapidly, within minutes, to create a P622 lattice with lattice parameters of a
= b = 3.92 nm, and d = 60. The garmls e mbl y

crystals.
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Figure3.7. TEM images of A1G13K assembled in pH 7 phosphate buffer (A, B, D)
and pH 10 borate buffer (C) (top) and sequence comparison between Al
and AXG13K in which the rationally designed alteration of the side
chain is highlighted in yellw (bottom). (A) High magnification of 5
minute assembly of AG13K to show peptide lattice with FFT inset
(Scale bar: 50 nm). (B) Low magnification of 1 hour assembly oef Al
G13K to slow plate structure (Scale barugh). (C) AXG13K lattice
after 1 hour ohssembly in pH 10 borate buffer (Scale bar: 50 nm). (D)
CysA1G13K assembly after 15 minutes (Scale bar: 50 nm).
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The A1:-G13K sequence appears to be especially robust, assembly can also
occur at pH 10. None of the other sequences assembled regularlpepihan
neutral. The plates are much thinner and less regular, but the lattice symmetry
remains the same. Due to the stability and regular symmetry of this sequence it was a
good candidate for functionalization with a cysteine in order to decomfeefitide
assemblies with regularly spaced thiol groups. The addition of the cysteine had no

impact on the structure of the plates or the underlying lattice.

3.4 Conclusions

Herein we have furthered our experimental understanding of our lattice
forming denovo designed seklissembling peptides in the hopes of informing future
design efforts. By comparing computationally designed peptide sequences with
similar primary structures we were able to elucidate how specific amino acid
selections may impact the hégchical solution assembly of these peptide systems.
CD initially confirmed that the coiledoil building blocks were consistent with the
design and also demonstrated similar thermal stability for the most similar sequences.
The assemblies were also cheterized by TEM to confirm that all of the designed
sequence were able to construct regular lattices in solution which are the basis of
further assembly of unique plate microstructures. The Al sequence closely matches
the symmetry and spacing predictgdthe computational design process. This
sequence, along with the rational mutation®@13K, serve as key successful
examples for furthering our computational methodology for future design efforts.
These peptides, especially A413K, are also promisings materials for chemical
functionalization as templates for inorganic growthor peptide and protein

decoratio®, as seen in the literature.
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Chapter 4

SEQUENCE COMPARISONSTO DETERMINE TRENDS IN THE
HIERARCHICAL SELF -ASSEMBLY OF DE NOVO DESIGNED PEPTIDE
STRUCTURES

4.1 Introduction

In nature, biomolecules sedssemble into highly complex and specific
structures that dictate their function. Replicating the robust specifitywhich
biopolymers fold is desirable for the production of ssl§embling materials. Rational
design methods have been employed to utilize prdteiasd DNA as building
blocks for many types of structures. Sooh¢hese methods introduce disulfide
bond$ or metal coordinatioh!! betweematural proteins to create assemblies. In
order to further this concept, computational design methods can be employed to create
entirely new proteing13as well as novel assemblies composed of prot&ingor
DNA®that seek to harness the intricate assembly process that nature has afforded.
Many of the computational methods toateassemblies focus on modifying
interfaces between natural proteins to promote assembly of a desired stfitture.
Furthering understanding of how proteins fold is paramount to the successful
implementation of future computational design proceSs&omolecules such as
proteins and nucleic acids both offer unique opportunities in the development of novel
materialg®, however, this work focuses on the design and assembly of peptides. T
use of peptides, as opposed to large proteins, simplifies the designadsssatibling

systemg! Many rational peptide design methods utilize known secondary structure

10¢



motifs to create materiaté.?’ On the other hand, de novo computational methods
seek to design peptide sequences from scratch in order toseHatesembled
structureg®3°

We have previously reported on the de novo design of codédbundles to
achieve a desired structife The goal of that work was to computationally determine
peptide segences that would hierarchically assemble first into homotetrameric,
antiparallel coileetoil bundles which then further associate through solely physical
interbundle interactions to form specifically chosen lattice symmetries. Soluble
bundles discussedn Chapter 2yere also designed in order to investigate the stability
of the coiled coil hydrophobic core. The soluble bundles were found to be highly
thermally robust and regular, as a result of the hydrophobic core désitpe. core
stability of the coileecoil bundles allows for the computational modification of the
exterior sites to design desired interactions betwieetundles that drive the self
assembly of peptide lattices. Seven out of the eight investigated peptide sequences
designed to construct lattices all safsembled in solution to form structures
comprised of coiled coils. Although all of these peidesembled into regular
structures with unique lattices, only one of these sequences closely matched the
designed symmetry and spacing. However,
unigue assemblies with microstructures that can be manipulatedutipis conditions
such as pH, temperature, and ionic strength with underlying peptide lattices that
provide highly specific placement of chemical functionality making them promising
candidates for the development of novel solutionastiembled materiaté>3

Similarly to Chapter 3 his work investigates alternative sequences from our

previously described computational design process that have not yet been®tudied.



Hundreds of peptide sequences athwinique lattice parameters were designed in the
computational process, however, only nine of those sequences were selected for
investigation after an assessment of their potential to interact and assemble into the
designed symmetry by PDBePISA (Proteilmerfaces, Structures, and Assembliés).
This tool utilized PDB files of the designed peptides in order to probe the interfacial
interactions between bundles. For the P§gmmetry sequences, fourteen of the

lowest energy sequences were screened by PDBePISA and three of those sequences
were deemed valid candidates. This work characterizes the structures and assembly
behavior of five of the remaining eleven sequencesibet not previously

considered for assembly. These sequences were chosen on the basis of the similarity
of their primary structures to one another (Figldg. All five of these de novo

designed sequences safsemble in solution to create a varietgtofictures,

however, none achieve the designed symmetry. By studying the assembly of these
sequences and comparing them with the previously investigated P622 designed

sequence8 we seek to determine trends that help inform future design efforts
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Figure4.1l: Sequaces of peptides (top) with the coiled coil core highlighted in gray,
acidic residues highlighted in red, and basic residues highlighted in blue.
The totals of charged, polar, hydrophobic and aromatic residues (bottom
left) for the entire sequence as inad for the b and f coiled coil heptad
positions. (Bottom right) Coiledoil tetramer and top down view wheel
diagram of an antiparallel coiled coil displaying the heptad amino acid
positions.

4.2 Methods

4.2.1 Solid Phase Peptide Synthesis (SPPS)

Peptides werprepared at a 0.25 mM scale on Rink amide resin using an
Aapptec Focus XC synthesizer. Standard microwave assistedlfased protocols
were employed. Amino acids, resin and activator were purchased from ChemPep and
Sigma Aldrich and used as received. gdlvents were analytical grade (Fisher
Scientific). Peptide cleavage was achieved by shaking peptide solutions for 2 hours in
a cleavage cocktail comprising (by volume) 95% trifluoroacetic acid (TFA), 2.5%
triisoproylsilane, and 2.5% MiHQ water. The pgatide was then precipitated by

adding the cleavage cocktail and cleaved peptide to diethyl ether, and the mixture was
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then centrifuged and the supernatant discarded. The process of suspending in diethyl
ether, centrifuging, and discarding the supernatast \wwpeated a total of three times.

The resulting peptide was then dissolved in water and lyophilized.

4.2.2 Peptide Purification

Purification was performed via reverphase HPLC using a BEH130 Prep
C18 10 mm column (XBridge, Waters Corporatibtilford, MA). Crude peptides
were dissolved in MiliQ water containing 0.1% (by volume) TFA and were filtered
(0.20 mm filter, Corning, Inc., Corning, NY) before HPLC injection. Products were
subjected to an elution gradient (Quaternary Gradient Motldegrs 2545), Waters
Corporation) of 100% MilkQ water with 0.1 vol% TFA to 40% MiHQ water with
0.1 vol% TFA and 60% acetonitrile with 0.1 vol% TFA within 60 min. Fractions were
detected using UWis detection at 214 nm (Waters 2489, Waters Corporasind
collected (Waters Fraction Collector Ill, Waters Corporation). Pure fractions from
HPLC were combined and lyophilized followed by analytical URMS (Waters
Xevo G2S QTof, Waters Corporation) to demonstrate single species fkidgtyre
4.2).
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Figure4.2: (Top) UPLC chromatogram demonstrating purity of the peptides in this
study. (Bottom) UPLC peak mass spectra of the corresponding peptides.

4.2.3 Solution Conditions

All buffers were prepared at 50 mM concentration in Milwater by
dissolving the corresponding buffer salts and adjusting the pH to the desired value
while monitoring with a pH meter. The prepared buffers were then filtered using a 0.2
um nylon filter. The buffers used are sodium acetate buffer at pH 4.5, phosphate
buffer at pH 7, and borate buffer at pH 10. For every sample, peptide for a desired
concentration was weighed and dissolved in buffer at the desired pH and then heated

to 80° C for at leas?0 minutes in order to homogenize the sample.
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4.2.4 Circular Dichroism (CD) Spectroscopy

Secondary structures and the temperatié@endent behavior of the synthetic
peptides were analyzed using CD spectroscopy on a J8&tbspectropolarimeter
(JASCO, Inc, Easton, MD). Sample solutions were prepared at 0.1 mM concentration
in a quartz cuvette with 1 mm path length (Q8, Hellma, Inc.). Pure buffer
solutions were used for the background correction. Sample spectra were only recorded
from 200250 nm due tdarge HT values at lower wavelengths resulting from
scattering of the assemblies. Temperature was ramped at 10° C / hour with 15 minutes
of equilibration time at each temperature point before recording a spectra. CD spectra
were recorded with a 1 nm bamdth and a 4 second response time for each data
point and averaged over three runs. The ellipticity at 222 nm was used to monitor the
alpha helical character and therefore the temperdpendent unfolding and
refolding of the peptides. The mean residue | | i mre (deg cnt dmpr?), vak]
calculated using the peptide concentration, number of amino acid residues, and cell

path length.

4.2.5 Fourier Transform Infrared Spectroscopy (FTIR)

Samples were prepared by dryiaitey 100 €L
assembly for 1 day, on 22 mm thick KBr windows under Nitrogen. The windows
were placed in a Thermo Nicolet Nexus 6700IRTand transmission measurements
were run. A background measurement was taken after the sample chamber was
purged with Nitroga for ten minutes before each sample. The background subtracted
spectra were recorded from 600 tta 4000 cm with 200 scans at a resolution of 4

and data spacing of 1.928 é¢m
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4.2.6 Transmission Electron Microscopy (TEM)

Samples were preparedbyapply g 3 €L of -soated@00enesho c ar &
copper grids (CF20Cu, Electron Microscopy Sciences, Inc.) immediately after
treatment using a plasma cleaner (PBRG, Harrica Plasma, Inc.). The peptide
solution was wicked away after approximately 1 minoteediately followed by
application of 3 eL of 2 wt% phosphotungst
NaOH, which was wicked away after approximately 15 seconds. Sample observation
was performed on a FEI TALOS microscope. Lattice spacings werenitegerin
ImageJ by averaging the distances between fringes obtained from FFTs of lattice

images as well as plot profiles.

4.2.7 Atomic Force Microscopy (AFM)

Samples were prepared by casting 3 pL of 1 mM sample on mica discs that
were freshly cleaved using gch tape and blowing the disc dry with Nitrogen.
Imaging was performed on a Bruker Multimode AFM using Bruker ScanAsysps
in Scanasyst PeakForce Tapping mode. Images were analyzed using Bruker

Nanoscope Analysis software.

4.3 Results and Discussion

The sequences investigated in this work were synthesized by solid phase
peptide synthesis, purified by-HPLC, lyophilized, and examined for purity by
UPLC-MS(Figure 4.2. The peptides were initially investigated using circular
dichroism (CD) spectroscopy determine their secondary structure and thermal
stability. However, the sequences of B3, B4, and B7 assemble extremely robustly and
immediately upon dissolving these sequences in pH 7 phosphate buffer the solution

becomes cloudy. Even at elevated temagpures (85 °C for 1 hour) these solutions

11¢



remained cloudy. The CD spectra for these peptigigsile 4.3 were consistent with

alpha helical secondary structure, however, due to the rapid assembly the spectra were
convoluted with the scattering of thesemblies. The rapid assembly also prevents
accurate determination of concentration, therefore the MRE values do not allow for
accurate determination of the helix dissociation as a function of temperature. In order
to confirm the secondary structure #8, B4 and B7 FTIR was used. The amide |

peaks in the FTIR spectra of these sequences are consistent with alpha helical
secondary structurgigure 4.4.3° The remaining sequences, B9 and A8, assemble

more slowly and the CD spectra for these were comsigti¢gh alpha helical secondary

structure with melting temperatures near 60F@re 4.3.

N—

Figure4.3: CD of all sequences. B3, B4, and B7 assemble too rapidly for accurate
determination of concentration, therefore the MRE values are likely
incorrect as sme assemblies may have settled. The A8 and B9
sequences are more soluble and have accompanying melting curves for
the MRE at 222 nm vs Temperature.
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Figure4.4: FTIR of assemblies dried on KBr windows.

The assemblies of the sequences were subsequently iatedtity TEM.

Given the nature of TEM, 2D projections of the plates are observed and the contrast

resulting from the high z phosphotungstic acid (PTA) solution negative staining causes

pores to appear darker than the surrounding peptide bundles. Therablesswere

initially designed to assemble into 2D lattices, however, there is usually some growth,

usually the stacking of 2D lattices, observed. For nomenclature of the lattice observed

by TEM, the unit cells have been defined with thb, ando paraneters describing

lateral (side to side) bundle interactions and the ¢ parameter is defined by end to end

bundle interactions.
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The B3 and B7 sequences only differ in one amino acid, however, the differing
amino acids have the same polar side chain chgmistran asparagine in B3 and a
glutamine in B7. The sequences behave identically forming massive fibrillar
assemblies at pH 7 as seen in FiguB&A and4.5E. These assemblies are very similar
to other fibrils formed from the end to easdsociation of coiled coif§:*” The
spacings observed from the FFT patterns and plot profiles of thinner fibrils (Figure
2B,2F) were found to be c =5.10 nm and a =2.39 nmforB3 and c=5.12 nm and a =
2.44 nm for B7. These dimensions are consistéhtthe length and width of our
designed coiled coils, which suggests that the bundles are assembtiogesicidn
the plane of the plate as opposed to stacking (Figure 4.8). In the previously mentioned
fibrils*®*"the coiled coil is parallel with theng axis of the fibril whereas in the
fibrils assembled from these peptides the coiled coil is perpendicular to the long axis
of the fibril. This indicates that the axial growth of the fibrils is due to interfacial
association of the computationally dgsed bundles. The preferential growth
direction of the fibrilan the [100] directiorcould be the direct result of a strongly
interacting interface between bundles due to the design préweesver this would
imply that the [010] direction is more wegkhteracting To confirm the end to end
association of the bundles in these fibrils, the B3 sequence was synthesized with an
acetylated Nlerminus toprevent potential electrostatic interactions between the
terminal amines of one bundle and the glutaaaid or aspartic acid side chains that
are in the sequence near both termini. This acetylation resulted in the absence of
regular assembly of B3 which strongly suggests that theriNinal free amines were

crucial to the fiber formationAlthough the degn was not successful in creating 2D



lattices, there are still strong interactions between the interfabésh result in the

observed regular assemblies

Figure4.5. TEM of B3 assembly (AD) and B7 assembly (E). Assembly
conditions include pH 7 phospleabuffer (A,B,E,F), pH 10 borate buffer
(C,G), and pH 7 phosphate buffer with 1.0 M NaCl (D,H). The high
magnification images of thinner assemblies in B and F with have FFTs
inset to display symmetry. Scale bars: (A) 1 um,ZBhm, (C) 50 nm,
(D) 1 pm,(E) 1 pm, (F) 50 nm, (G) 100 nm, (H) 1 pm.

In pH 10 solution the fibrils appear to be thinner and less robust (Biys@
and4.5G). The thinner fibrils are able to fold over onto themselves and wrap up.
Also, very short strands can be observed irbtekground of TEM images that are in
agreement with the expected width of single end to end bundle assembly. Sample
thicknesses were determined for B3 at pH 7 and pH 10 using AFM (Eid)reThe
samples assembled at pH 7 are consistent with the larkgtHibrils observed by

TEM and range from approximately 50 nm to 400 nm thick. The samples assembled
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at pH 10 are also consistent with the folded fibrils observed by TEM and confirm that
observedibrils are in good agreement with tdemeterof a sirgle coiled coil with
heights of 2.49 nrfor a single layeand 4.47 nm for a folded regioithis would

imply that the b parameter of these assemblies is between 2.2 and 2.5 nm.

Length (nm)

Figure4.6: AFM images of B3 at pH 7 (top, Scale bar: 2 um) and pkbb&tom,
Scale bar: 200 nm) with corresponding height traces shown in blue and
red for each.

Assembly at pH 7 was also observed with the addition of an additional 1 M
NaCl (Figure4.5D and4.5G). These assemblies are observed to be less wide and less
longthan the assemblies at pH 7 without additional salt. The robust nature of the
assembly is evident at this high ionic strength when charge interactions should be

screened. This could likely be due to arginine residues, which are abundant on the
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exteriorsites of both of these sequences, and are capable of forming multiple
interactions with other opposite charges or even other arginine re€fdties.

The difference between the charge states of the amino acids of B3 and B7 at
pH 7 versus at pH 18@re that lysine residues and thaéd¥mini may be deprotonated
as this is very close to their pKalues of ~10.5 and ~9.6 respectively. It seems more
plausible that the lysine is deprotonated because end to end assembly (likely the result
of the charge Mermini interacting with negatively charged Asp or Glu near the
termini) still occurs atd 10. The thinner fibrilgre likely due to less interactions
along the surface of the bundle due to deprotonated lysine.

The B4 sequence is most similar to thed@guence in that they only differ by
their ninth residue, a tyrosine for B4 and an aspartic acid for B3. This is a significant
change because this difference iIis at the ¥
external location, and an acid residue 8fiBreplaced by an aromatic residue of B4.
This reduces the total number of charged groups as well as the total number of charged
groups at fAbdo and AfoOo positions. The asse
resulting in long fibrils (Figurd.7A). However, these fibrils have a different
underlying structure as observed in Figur34 This structure is more consistent
with the 2D lattice design than with the structure observed for B3 and B7. Bigure
illustrates the different types of asday where B3 and B7 assemble as in the bottom
left, B4 assembles more like the bottom right. The observed lattice, chBdilated
from the FFTis a rhombic lattice with a #47nm, b =5.16n m, ansBas =
illustrated in the inset of Figure 4.7Bue to the structure of the unit cell, the stain

filled pores appear oblong. The B4 sequence does not asseqguderlyat pH 10 or
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at high ionic strength indicating that the assembly impatiae stronglyby charge

interactionof neighboring bundkethan that of B3 and B7

i

Figure4.7. TEM of B4 assembly at pH 7. (A) Low magnification showing long
fibrils (Scale bar: 2 um). (B) High magnification of a fibril to show
regular structure with FFUinit cellinset (Scale bar: 50 nm).
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Figure4.8 Schematic of the pes of observed coiled coil assembly. The bottom left
has the end to end longitudinal interaction in the XY plane. The bottom
right has the bundles in a stacked 2D lattice orientation.

The B9 assembly is mokike B7 with two differencesat position 2Ghe
aspartic acid of B7 is a glutamic acid in B9 and at position 23 the arginine of B7 is a
lysine in B9. These changes seem trivial as they result in the same chemistry (acidic
to acidic and basic to basic) at the same position, however, these mantifidadive
significant impacts on the assembly. The assembly of B9 at pH 7 is much slower, the
solutions is clear when heated to 80 °C and take at least 12 hours for regular assembly
to be observed. The microstructure of the fibrils is shorter (Figg@ee than those of
B3 and B7, however, the underlying nanostructure is very similar to B3 and B7 with
spacings of 2.43 nm and 4.79 nm respectively (Fig@®). These observations

suggest that one of these two changes impacted how robustlydssidss.
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Figure4.9 (A) B9 at pH 7 showing shorter fibril assembly (Scale bar: 200 nm). (B)
High magnification of a fibril at pH 7 showing nanostructure with FFT
inset (Scale bar: 50nm). (C) B9 assembled at pH 10 showing thin fibrils
(Scale bar: 500 nm). (B9-K23R mutant assembled at pH 7 showing
fibril assembly similar to B3 and B7 (Scale bar: 2 um).

In order to probe this impact directly a mutant sequence of B9 was prepared

with an arginine at position 23 named-B23R (Figure 4.3. This sequence, now
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only differing from B7 at position 20, behaves identically to B3 and B7 (Fi¢9i2)

and demonstrates the importance of arginine in the assembly. This also explains the
assembly of B9 at pH 10 (Figu4e9C). The observed fibrils are very thin which is

likely due to the deprotonated lysine (which would have been arginine in B3 and B7)
not being able to interact at the bundle interface. If position 23 is within the plane of
the fiber growth direction, this also justifies the shorter fibrils as lysine ddes no
interact as robustly as arginine.

The last sequence, A8 differs the most from the other sequences. It is most
similar to B9 with only 7 differences. Based on the observations of the assembly
behavior of the other sequences, the most important of difesences are the
arginine substitutions. B3, B7, and B4 have four arginine, B9 has 3, and A8 only has
one. A8 still has the same total number of charged residues and the same number of
charged r esi demaspositionsi As@xpecte fibfil igrowthhis
much slower and less robust; it takes at least one day for regular assembly of A8 at pH
7 (Figure4.10A). The nanostructure of A8 is more akin to that of B4 (as in the bottom
right representation of Figuke8). The observed spacingskigure4.10B are 2.40
nm and 2.96 nm. Where the assembly of A8 most differs from the others is at pH 10
(Figures4.10C and4.10C). The assembly of A8 at pH 10 is more robust, occurring
rapidly and resulting in thin fibrils with the same nanostructibiseoved at pH 7. The
preferential growth of the fibrils at pH 10 could be the result of the single arginine
residue interacting with an acidic residue that was formerly interacting with the now
deprotonated lysine. Regular assembly of B9 and A8 sequarecast observed at

high ionic strength which could be due to less arginine in their sequences. Similar
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observations have been made when lysine was substituted for arginine in fiber forming

coiled-coil assemblie4?

Figure4.1Q (A) Assembly of A8 at pH 7 showing microstructure (Scale bar:200 nm).
(B) Nanostructure of A8 assembled at pH 7 with FFT inset to show
symmetry (Scale bar: 50 nm). (C) Assembly of A8 at pH 1@vsimp
fibrillar microstructure (Scale bar: 1 um). (D) Nanostructure of A8
assembled at pH 10 with FFT inset (Scale bar: 50 nm).



4.4 Conclusions

It is important to note that none of these sequences formed regular assemblies
in acidic conditions (pH 4.5). Thiadicates that as much of an impact as arginine has,
if the acidic residues are protonated no assembly occurs. Although all of these
sequences were designed to assemble into 2D P622 symmetric lattices and did not,
they all still assembled to form regulaicrostructures with regular underlying
nanostructures which supports the formation of the designed coiled coil. These
assemblies are still potentially useful as materials for a wide variety of
applications'®>** As most of these sequences are rich in arginine, that makes them
candidates for antimicrobial applications where it has been observed that arginine has
an impact on bacterf&:*® The impact of arginine over lysine was investigated in the
assembly of collagen mimetic peptides (CMP)t was found that the peptidesttvi
arginine formed regular fibrils or sheets whereas the peptides with lysine only formed
irregular aggregates. This demonstrates the propensity of arginine to form lateral
associations as we have also observed in this work. The role of arginine has been
explored in nature as well. Arginine (along with tryptophan and tyrosine) was found
to be prevalent in many fAhot spot®# of bir
was found that increasing the number of surface residues of arginine, by replacing
lysine, on a green fluorescent protein (GFP) variant increased the stability against
denaturats of the proteirt? It was also found that arginine motifs play an important
rol e i n t heE ddicytoplaskel The mreviouslypirivestigatétiB2
sequence, which has fourteen total charged residues, also has seven charged residues
at the b and f positions and asséslrapidly and robustly. However, the assembly
does melt at elevated temperature and only two of the charged residues are arginine.

The previously investigated A6 sequence, which has fourteen total charged residues,
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six charged residues at the b and$igons and only two arginine, closely matched
the designed P622 symmetry and spacing. This suggests, perhaps, that there is a
Asweet spoto in the number, placement, anc

computational design of these lattice forgpeptides.
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Chapter 5

ASSEMBLY TRENDS FROM DIRECT SEQUENCE COMPARISON
OF DE NOVO DESIGNED LATTICE FORMING PEPTIDES.

5.1 Introduction

The computational design of protein and peptide assemblies has created many
unique and interesting structufEl [3]. One of the methods used to create assemblies
involves the selective mutation désigned interfaces between natural profdjins
[10]. In these studies, computational designs create many potential candidates which
are narrowed down todozens of designs to be attempted. The genes for these
proteins are expressed, the resulting proteins are created, then they are screened by
methods such as looking for assemblies with the desired size by SEC or by checking
TEM to see if the designed asdaly was formed. Although these techniques are
vastly successful at creating intricate and robust assemblies, they do not usually
explore the fAfailedo designs. Many of
in fact work with some coercion of tlessembly process.

Our previous work investigated computational design of de novo coiled coil
bundles that would assemble in solution to create lattices with a desired syjhijetry
For the three lattice symmetries that were investigated, a total of eight peptide
sequences we investigated. All of these sequences were synthesized, purified, and
characterized. Of the eight, seven were found teassiémble regularly to create
assemblies with underlying lattice structures. Of those eight, only one of the

sequences closelyatched the design of the desired lattice symmetry and spacing.
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The seven peptide sequence that assembled regularly are still interesting candidates for
a host of materials applications. To further our understanding of why some of these
sequence may or manot have worked, we sought to expand the sample set by
including more peptide sequences from the successful symmetry group, P622, that
were originally screened out during our design process to investigate how they
assemblas seen in Chapter 3 and Chapté

An additional eight P622 lattice candidate peptide sequences, to the three
originally studiedil1], were selected. These eight candidate sequences were all low
energy designs, however they were screened out by a software that investigates protein
interface interactionknown as pdbPISA2]. These eight sequences were
investigated separately in a group of three (Chapter 3) and a group of five (Chapter 4).
Within the group of three, one of the sequences assembled to form the P622 symmetry
it was designed to form. This sequence was deemgeco@ssful by our screen,
however, it is now one of only two successful peptides in this design methodology.
Within the group of five, the sequences are more prone to form fibrils than 2D sheets.
Although none of this group were successful with regardise designed assembly,
the insights provided based on subtle changes in the sequence and the impacts they
have on structure are invaluable.

This work seeks to provide further analysis of the three initially investigated
P622 sequence designs, as wellbasompare the eleven investigated P622 designs to
explore any trends. Small angleay scattering data (SAXS), high quality TEM
images, and new assembly pathways have been investigated since our first study of

these sequenddd].
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5.2 Materials and Methods

5.2.1 Peptide Synthesis

Peptides were prepared at a 0.25 mM scale on Rink amide resin using an
Aapptec Focus XC synthesizer. Standard microwave assistedlfased protocols
were employed. Amino acids, resin and activator were purchased from ChemPep and
Sigma Aldrich and used asceived. All solvents were analytical grade (Fisher
Scientific). Peptide cleavage was achieved by shaking peptide solutions for 2 hours in
a cleavage cocktail comprising (by volume) 95% trifluoroacetic acid (TFA), 2.5%
triisoproylsilane, and 2.5% MiHQ water. The peptide was then precipitated by
adding the cleavage cocktail and cleaved peptide to diethyl ether, and the mixture was
then centrifuged and the supernatant discarded. The process of suspending in diethyl
ether, centrifuging, and discarding thepernatant was repeated a total of three times.

The resulting peptide was then dissolved in water and lyophilized.

5.2.2 Peptide Purification

Purification was performed via reverphase HPLC using a BEH130 Prep
C18 10 mm column (XBridge, Waters Corporatibtilford, MA). Crude peptides
were dissolved in MiliQ water containing 0.1% (by volume) TFA and were filtered
(0.20 mm filter, Corning, Inc., Corning, NY) before HPLC injection. Products were
subjected to an elution gradient (Quaternary Gradient Motédrs 2545), Waters
Corporation) of 100% MilHQ water with 0.1 vol% TFA to 40% MiHQ water with
0.1 vol% TFA and 60% acetonitrile with 0.1 vol% TFA within 60 min. Fractions were
detected using UWis detection at 214 nm (Waters 2489, Waters Corporgaéind

collected (Waters Fraction Collector Ill, Waters Corporation). Pure fractions from



HPLC were combined and lyophilized followed by analytical URMSE (Waters

Xevo G2S QTof, Waters Corporation) to demonstrate single species purity.

5.2.3 Solution Conditions

All buffers were prepared at 50 mM concentration in Milwater by
dissolving the corresponding buffer salts and adjusting the pH to the desired value
while monitoring with a pH meter. The prepared buffers were then filtered using a 0.2
um nylon filier. The buffers used are sodium acetate buffer at pH 4.5, phosphate
buffer at pH 7, and borate buffer at pH 10. For every sample, peptide for a desired
concentration was weighed and dissolved in buffer at the desired pH and then heated

to 80° C for at last 30 minutes in order to homogenize the sample.

5.2.4 Circular Dichroism (CD) Spectroscopy

Secondary structures and the temperati@@endent behavior of the synthetic
peptides were analyzed using CD spectroscopy on a J8&fbspectropolarimeter
(JASCO, hc., Easton, MD). Sample solutions were prepared at 0.1 mM concentration
in a quartz cuvette with 1 mm path length (Q8, Hellma, Inc.). Pure buffer
solutions were used for the background correction. Sample spectra were only recorded
from 206250 nm dueo large HT values at lower wavelengths resulting from
scattering of the assemblies. CD spectra were recorded with a 1 nm bandwidth and a 4
second response time for each data point and averaged over three runs. The mean
resi due enMed(degpen’dnool)t was calfuldited using the peptide

concentration, number of amino acid residues, and cell path length.
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5.2.5 Fourier Transform Infrared Spectroscopy (FTIR)
Samples were prepared by drying 100 €L
assembly for 1 day,r022 mm thick KBr windows under Nitrogen. The windows
were placed in a Thermo Nicolet Nexus 6700IRTand transmission measurements
were run. A background measurement was taken after the sample chamber was
purged with Nitrogen for ten minutes beforeteaample. The background subtracted
spectra were recorded from 600-tta 4000 crm with 200 scans at a resolution of 4

and data spacing of 1.928 ¢m

5.2.6 Transmission Electron Microscopy (TEM)
Samples were prepared by -eoptedl2@0imesh 3 €L
copper grids (CF20Cu, Electron Microscopy Sciences, Inc.) immediately after
treatment using a plasma cleaner (PBRG, Harrica Plasma, Inc.). The peptide
solution was wicked away after approximately 1 minute immediately followed by
appi cation of 3 €L of 2 wt% phosphotungstic
NaOH, which was wicked away after approximately 15 seconds. Sample observation
was performed on a FEI TALOS microscope. Lattice spacings were determined in
ImageJ by averaginifpe distances between fringes obtained from FFTs of lattice

images as well as plot profiles.

5.2.7 Small Angle X-Ray Scattering (SAXS)

SAXS measurements were conducted at the Argonne National Lab Advanced
Photon Source (APS), Lemont, IL on the DNIAT 5-ID-D beamline. Samples were
measured in buffer solution in quartz capi
Angstroms was usedlhe 5ID-D station contains a pinteSAXS camerathe

sampleto-detector distanaof approximatel\8.5041 m for SAXS, 1.0131@ for



MAXS, and 0.2006 m for WAXS were used. Five exposures for 1 second each were

recorded and averaged.

5.3 Results and Discussion

Thesequences investigated in this wol6, B1, and B2as well as a summary
of the types of amino acids present in the eleven P622 sequences are displayed in
Table 5.1.Although the numbers in tHitotaldo columns seem similar, all of these
sequences are dgsed with the same 13 residues in the positions that comprise the
hydrophobic core. It has also been demonstrated for these peptides (Chapter 3 and
Chapter 4) as well as for many other designed sequences that single njatiions
[15] can drastically impact the assemblihe alpha helicity of these sequences was
confirmed using CD (Figure 5.1) and FTIR (Figure 5.2he A6 and B1 sequence
assemble much more slowly than the B2 sequence, which assembles immediately
upon solvation. In order to perform CD measurements &2agetylated, which
seems to slow down the assembly enough to make a CD measurement. To confirm
the helicity of B2, FTIR measurements were also performed of the unacetylated
peptide assemblies dried on a KBr window. The amide | peak location is consiste

with alpha helical content (Figure 5.2).
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Figure5.1: CD data for A6, B1, and AB2 at pH 7 demonstrating alpha helicity.
CD data for B2 without acetylation is not possible due to the rapid
assembly.
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Figure5.2: FTIR of B2 assembly dried on a KBr window. The Alail peak is
consistent with alpha helix formation.
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Table5.1: Sequences of A6, B1, and B2 P622 designed peptides (top) and summary
of the amino acids of all the studied P622 designed sequences (bottom).

a b ¢c d e f g a b ¢ d e f g a b ¢c d e f g a b ¢ d e f g a
A6 D E K I K NMAID QI K HMAWMMI DR MATE K I DR E A
BID E K I K Q MAHWI GE MAGOQI NK MA S E I S A E A
B2 D E EI K R MAEWI S K MAGNI K D MAIK K I DR E A

Total b f
Acidic/Basic Polar Nonpolar | R | Acidic/Basic Polar Nonpolar aromatic | R | Acidic/Basic Polar Nonpolar aromatic| R

A6 14 2 13 2 3 0 0 0 3 1 0 0 2

Bl 10 5 14 0 2 1 1 0 0 2 1 1 0 0

B2 14 2 13 2 3 0 1 0 0 4 0 0 0 2

Al 13 3 13 4 4 0 0 0 2 1 € 0

A2 13 3 13 4 3 0 0 1 1 2 1 1 0

A4 14 3 12 3 4 0 0 0 1 2 1 0 1

B3 16 1 12 5 4 0 0 0 2 3 1 0 0 2

B4 15 1 13 5 3 0 0 1 2 3 I 0 0 2

B7 16 1 12 5 4 0 0 0 2 3 1 0 0 2

B9 16 1 12 4 4 0 0 0 1 3 1 0 0 2

A8 16 1 12 q 4 0 0 0 0 3 1 0 0 1

To investigate each sequence the characteristic sjgasirsgrved in TEM
were used as starting points for matching the SAXS data. The SAXS data was fit by

trial and error manipulation of the lattice spacing equation (Equation 5.1) of a

- s

monoclinic unit cell in which a I b | =c.

- —— - — - 5.1

For this work U an9°duetdhe designandalsos u me d
based on the TEM data. If the bundles are not standing perpendicular to the beam, it
would be difficult to make out detailed lattice imagBse in-plane angley as wel
a and b are varied from the observed TEM values slightly in an attempt to match the
observed peaks.

For the first sequence, A6, the nanosture can be seen in FigureB.3The
average values obtained from the FFT of lattice images giagksl in Figure 3D.

These values are manually adjusted in an attempt to match the SAXS data. The

calculated values were found to match the observed peak positions closely using the
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SAXS values depicted in Figur@®. These values are qualitativelpse to the
values obtained from TEM. Discrepancies in the TEM unit cell and the SAXS unit
cell values could be the result of slightly shrinking the peptide lattice whedrieds
out on the TEM grid for analysisThe designed P622 unit cell for A6 issd = 45.7

Angstroms and o9 = 120

14z



Figure5.3: A6 assembly at pH 7. (A) Low magnification TEM image of assembled
peptide plates (scale bar: 1 um) and (B) High magnification TEM image
detailing peptide lattice and FFT showing symmetry (scale bar: 25 nm).
(Bottom left) SAXS data for A6 plates in solution at pH 7 and (Bottom
right) table of the TEM measured spaciagsl the SAXS parameters
Angstromsused for calculation of pealkse displayed at the tog’he
values gacand @osare the calculated q was from Equation 5.1 and the
observed peaks from the SAXS data respectively.

For B, the nanostructure can be seen in Figu4B.5The assembly clearly
does not share the P622 designed lattice as was designed. However, the values
obtained from the FFTfdhe lattice, whickare displayed in Figure4D offer a good

starting point for matching the SAXS dat&he calculated values weable to closely
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