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Abstract

MUTUALISM IN NUCLEIC ACID/PEPTIDE DOMAIN ARRAYS: IMPLICATIONS FOR
ORIGINS OF LIFE, NANOTECHNOLOGY, AND DISEASE

By Allisandra K. Rha

The intricate connections between nucleic acids and proteins in the cell produces
a network of spatially and temporally regulated mutualisms. These mutualisms
likely preceded cellular life, and are essential to the central dogma. The
ribosome, a conglomerate of proteins and ribosomal RNAs is conserved and
regarded as the Darwinian threshold for cellular life. Less complex mutualisms
are expected to have preceded the ribosome and supported the first cellular
networks in protocells. The stabilization and propagation of nucleic acids with
homogeneous 5’-3’ linkages, a necessary prerequisite to the organization of a
replicative system, was likely mediated by proteins or small peptides that served
to protect nucleic acids from the harsh prebiotic environment. Peptide
assemblies, which may have formed prebiotically upon concentration of peptides
as short as two amino acids in a discrete area, are being explored as scaffolds
for specific nucleic acid elongation. The use of peptide assemblies as scaffolds is
also exploited in nanotechnology where the production of peptide hydrogels for
tissue engineering continues. The complementarity of nucleic acids is
manipulated in the construction of DNA origami, where its digital-like interactions
are fine-tuned for the development of responsive systems. The diversity of DNA
secondary structures and their context dependence extends these efforts.
Guanine quadruplexes, which demonstrate efficient electron transfer are being
explored as wires in bionanocircuitry. Combination of the scaffolding properties of
peptide assemblies and the diverse complementary folding landscape of DNA,
highlights the fabrication of artificial mutualisms. Extant mutualisms between
DNA and RNA binding proteins and their targets in the cell, are responsible for
the spatiotemporal regulation of cellular information flow. RNA is processed in
membraneless organelles known as ribonucleoprotein granules (RNP). The
liquid-liquid phase transitions that characterize the assembly and disassembly of
RNP granules is mediated by RNA binding proteins with low complexity domains
(LCD). Disruption of transient interactions between LCDs, or seeding of
infectious domains by reversible LCD amyloids, is considered a contributor to
altered ribostasis in protein misfolding diseases where deposition of RNA at
disease lesions has not yet been explained. Here we explore these diverse
mutualisms through structural characterization of a novel RNA/peptide co-
assembly.
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Chapter 1: Looked at life from both sides now

Original publication source: Smith, J. E., Mowles, A. K., Mehta, A. K., Lynn, D. G.
Looked at life from both sides now. Life 4, 887-902 (2014).

From Up and Down, and Still Somehow

Life may best be understood as information on a nanoscale [1]. The sequences of DNA
and the vast repertoire of catalytic and structural forms of proteins constitute a dynamic
evolving network easily seen in the top—down causality of the tree of life. Most
remarkable is the information flow achieved with two biopolymers, so universal as to be
termed the Central Dogma of biology [2], locked in mutualistic synergy. Hydrogen-bond
donor/acceptor pairs bias the folding pathways of nucleic acids to optimally store “digital-
like” information in the genome. In contrast, protein folding is context dependent,
coupling “analog-like” conformational distributions with inputs from the changing
environments that drive evolution. Coordinating these analog and digital forms of
information has been heralded as the Darwinian Threshold of cellular life [3].

Early experiments [4] showed that amino acids and peptides are readily
accessible from simple gaseous precursors, providing a source for the building blocks of
biogenesis. The discovery that nucleic acids can serve as catalysts, ribozymes [5,6] and
deoxyribozymes [7], proved that these polymers could carry both analog and digital
functions, and gave substance to an RNA World hypothesis for early life [8]. Genome
sequencing from across all three domains of life and the resulting top—down
understanding of the progressive growth of molecular information over time was traced
back to the critical threshold for cellular life as the emergence of the ribosome [3]. This
organelle, the digital-to-analog converter of the Central Dogma, is itself a supramolecular
RNA/protein co-assembly [9] composed of integrated biopolymers that emerged

simultaneously [10,11]. Today messenger RNA, the intermediate carrier of genetic



information, serves in mutualistic synergy with proteins at every stage of the process.
From mRNA-binding proteins during transcription to nuclear membrane transport, from
being spliced, capped and polyadenylated by ribonucleoprotein complexes (RNPs) to
the mRNA-protein complexes necessary for translation in the ribosome, this positive
reciprocal relationship between nucleic acids and proteins within dynamic networks

provides the foundation for genomic biological information flow [12].

The origins of this protein/nucleic acid biopolymer mutualism can now be
reconsidered in light of the discovery of protein-only infectious agents known as prions
[13]. Prion proteins undergo Darwinian-like selection and propagation from a clonal
population of diverse assembled phases existing within a cellular matrix. While the basis
for such selection in disease remains unknown, the process achieves gain-of-function
phenotypes from folding and assembly of cross- forms [14—16] (Figure 1). These
scaffolds also serve as adhesives in bacterial biofilms [17,18], as heritable elements in
fungi [19], and in one, the Het-s amyloid, the assembly mediates self/non-self
recognition to control incompatible fusions [20]. Increasingly beneficial functions of
amyloids are being found in multicellular organisms, including the protective egg
envelope of Austrofundulus limnaeus embryos [21], barnacle adhesives [22], weevil
cocoons [23], and Crysopa flava (lace-wing fly) silks [15]. Orb2 amyloid oligomers
contribute to long-term memory of fruit flies [24] and the Pmel17 amyloid fibers appear to
play a role in directing the polymerization of the skin pigment polymer melanin [25].
These current functions of amyloid highlight the evolutionary potential of assembled
protein phases and underscore the possibility of independently evolving nucleic acid and
protein biopolymers, all of which could enrich the obligate mutualisms seen in biological

information networks.

As Joni Mitchell sang over 40 years ago, “| have looked at life from both sides



now..., and still somehow..., | don’t know life at all’. Since that time, the structural and
functional analysis of both sides of biological information flow have revealed the richly
dynamic far-from-equilibrium networks of nucleic acids and peptides that enable
biopolymer evolution. Here we review some of this growth in the context of chemical
evolution, looking at life from the above and below that is today informing the potential

for the sustained emergence of function in a wider array of dynamic chemical networks.
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Figure 1-1. The architectural core of prions and amyloids. Fibers are defined both by
the length of the H-bonded B-strands and [3-sheet stacking, or lamination. The distance
between two H-bonded peptides in a B-sheet is 4.7A and the approximate distance
between laminated B-sheets is 10A. The amino (N) terminus is colored blue and the
carboxy (C) terminus is colored red. The vertical grey arrow indicates the H-bonding

direction and the typical direction of the amyloid fiber long axis.

Biopolymer Diversity
Discrete geometries of hydrogen-bonding donor and acceptor pairs direct genomic
information, achieving “digital-like” coding fidelity. In this case, functional diversity is

accumulated through mutations within the nucleic acid polymer sequence that is



expressed in phenotypic variations mapped to the tree of life. The iconic right-handed B-
DNA double helix [26,27] can adopt other antiparallel double helix conformations,
including A-DNA, Z-DNA and A-RNA, and their biological roles are still being explored
[28-30]. Bulges, hairpins, and cruciform conformations further contribute to the structural
diversity and extend the possible functions of this scaffold [31,32]. The ability of nucleic
acids to fold into polymorphic non-canonical structures in response to metal coordination
(G-quadruplexes) and pH (i-motif) [33—35], and the growing evidence for these
structures existing in vivo [36,37], have continued to expand the functional possibilities
[38,39]. Applications of such structures will be explored in Chapter 3. The extension to
new nucleic acid catalysts [5—7] through in vitro-directed evolution has been reviewed
[40-43]. Clearly the nucleic acid scaffold has remarkable functional potential for both
information storage and processing.

Proteins, with an even greater diversity in side chain functionality, are acutely
sensitive to amino acid substitutions and are environmentally responsive in their folding
dynamics. The polyamide backbone can access a-helices, B-sheets, and turns directed
by non-covalent interactions ranging from Van der Waals, hydrophobic effects, aromatic
stacking, tr-cation interactions, hydrogen-bonding and electrostatic interactions. All these
factors influence secondary and tertiary peptide conformations in context-dependent
ways [44,45] and provide remarkable diversity that still defies 3°and 4°structural
predictions [44,46].

The growing recognition of the prevalence of protein misfolding diseases and
prion infections has focused greater attention on defining higher order 4°structures and
protein phases [47—49]. A central feature of all known prion and amyloid fibers is the
range of accessible paracrystalline cross-p architectures [50,51]. Amyloid fiber cross-
section is defined both by the length of the H-bonded B-strand and side-chain

interactions that stabilize sheet stacking, or lamination (Figure 1). These fiber ends



template the addition of individual peptides, reducing the diverse conformational space
any peptide can sample to a single state. Unlike information storage in nucleic acid
duplexes, the template cross-f3 protein strand transmits conformational information to the
incoming strand, which then serves as the template for further propagation to the next
incoming strand. In prions, specific morphological forms of the peptide cross-3
architecture are selected for and propagated from clonal ensembles of diverse amyloid
templates [52-55].

The diversity of conformational forms accessible to these peptide templates may
be most easily explored in studies with simple peptides. The nucleating core of the A
peptide associated with Alzheimer’s disease, ''LVFF?'A, can access a range of
morphological phases, each responsive to pH, media dialectic, surfaces, solvent
composition, and various salts [56—-59]. Despite this diversity, specific conditions have
been found that allow for the growth of phases sufficiently homogeneous for structural
characterization. At neutral pH, anti-parallel 3-sheet fibrils predominate with A [16-22],
Ac-"°KLVFFAZE-NH, (Figure 2). Cross-strand pairing between the positively charged
lysine and negatively charged glutamate residues of neighboring H-bonded strands
defines an in-register arrangement [59,60]. Protonation of the glutamate at low pH favors
a shift of the strands to out-of-register, creating more complementary p-sheet faces that
allow the number of sheets to grow (laminate) into ribbons and nanotubes [59,61-63].
The AB [16—22] E22L congener, Ac-KLVFFAL-NH,, removes this ionic pairing constraint
completely and assembles independent of pH as nanotubes with the same out-of-
register B-strands [57,59,63,64]. The context-dependent folding of amyloid assemblies

will be a recurring theme in the chapters that follow.
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Figure 1-2. AB [16-22] peptide assembles into distinct morphologies depending
on sequence and conditions. In the cartoons above, blue represents the positively
charged lysine (K), red the negatively charged glutamate (E), and orange the uncharged
glutamine (Q). Two of the four faces of the fiber in the anti-parallel B-sheets present
lysine and glutamate residues on the surface (purple), whereas the fibers with parallel -
sheets have a lysine surface and a glutamine surface. (Unpublished EM images from

members of Lynn Lab.)

Single molecule experiments have been used to map the phase transitions [65,66] and
have begun to reveal intermediate nucleation events during conformational progression
[67—69]. The simple change of one ‘O’ for an ‘NH’ in Ac-KLVFFAQ-NH; initially
assembles as antiparallel B-strands, which arise as a kinetic intermediate controlled by
charge repulsion in the initial particle phase. A secondary conformational mutation

stabilized by glutamine side chain cross-strand pairing directs the nucleation and



propagation of the thermodynamically more stable parallel B-strand registry [68]. This
clear demonstration of kinetic intermediates expands the diversity of accessible
informational forms that may propagate under different environmental conditions, and
highlights the progressive nature of peptide nucleation and propagation as a mechanism
for the selection of functional information.

The diversity of these peptide assemblies is derived not only from primary
sequence, but also from the varied arrangements accessible to the ordered phases. In
the simplest forms, even single aromatic amino acids [70] and dipeptides, containing
aromatic [71-74] and aliphatic residues [75,76], can assemble as distinct phases.
Aliphatic dipeptides (Al, IA, VV, VI, AV, VA, and IV) assemble into hexagonal prisms to
form microporous crystalline materials, zeolites [75,76], and various other complex
assemblies [77,78]. Diphenylalanine nanotubes (FF) can react with 2-iminothiolane, in
which the subsequent thiolation of the N-terminal primary amine induces a
morphological shift from nanotubes to spherical closed cages [74]. The opportunity to
exploit even the simplest of peptide-assembly surfaces as templates for further
chemistry with subsequent feedback control of the assembly certainly expands the
potential functional diversity. As the structural understanding of these assemblies
continues to grow and new surfaces are designed as templates for post-assembly
modification, the functional diversity of these forms will continue to extend their

informational potential.

Functional Assemblies

Genomic information present in the one-dimensional nucleic acid templates, as
managed by proteins, produces the functional biopolymers of living dynamic cellular
networks. Quite possibly the simplest functional form of this molecular information

processing is found in viroids. These single stranded RNAs of only a few hundred



nucleotides direct pathogenesis in many plant diseases [79]. Viroids are non-protein
coding circular structures that assemble as long rod-like forms with a central conserved
region and loops containing complex hydrogen-bonding patterns [80—82]. One class of
viroids contains a hammerhead ribozyme for self-cleavage during replication cycles
[80,83,84], allowing many of their functions to be self-contained and hailed as vestiges of
an RNA World [85]. However, viroids are informational templates and depend on the
host’s cellular network for functional replication.

The paracrystalline cross- peptide assemblies of the infectious prions are quite
similar [50]. Like viroids, assembly stabilizes the structure against biotic and abiotic
destruction and transmissibility is based on their ability to function as templates. These
peptide templates also bind generic and functionally diverse small molecules, much like
nucleic acids bind histochemical dyes [86—89]. The prototypical dye Congo Red (CR)
[88] binds end-to-end along the laminate groove of Ac-KLVFFAE-NH; nanotube surfaces
[64], and binds in a similar site-specific way to the HET-s prion of the filamentous fungus
Podospora anserine [90,91]. These amyloid assemblies also bind oligoelectrolytes and
poly(thiophene acetic acid) [92,93], much like RNA binding proteins [94], and other
biological surfaces [95-101]. Experimental [102,103] and computational [104] evidence
indicate that B-sheets can serve as templates for homochiral polymerization of N-
carboxyanhydride activated amino acid monomers [103] and in situ activated a-amino
acids [102]. Model self-replicating systems of 3-sheet [105-107] peptides have been
designed and the ability of B-sheets to template the polymerization of homochiral

oligopeptides up to 30 residues long has been reviewed [108].

These activities may represent only a small fraction of the functions that provide
the basis for the various amyloid diseases, and these capabilities have led to speculation

about an amyloid world built on the potential of these surfaces to store and transfer



information [109-111]. As impressive as these activities are, neither RNA nor amyloid
alone achieve the functional diversity necessary for even the simplest cellular networks.
The mutualism so evident in every step of information transmission in a cellular network
suggests that life required both sides. In chapter 2, the use of amyloid assemblies as
catalysts or scaffolds for prebiotic nucleic acid polymerization will be explored. Through
variation to the primary sequence a library of nanostructures is accessible. Four of these
nanostructures are evaluated for their potential role in the polymerization of nucleic acids

with homogeneous 5’,3’ linkages.

From Both Sides Now

Proteins and nucleic acids both store and process chemical information in cellular
networks, but they do so interdependently; proteins are made from nucleic acid
templates, and proteins read the templates. To the extent that there is a code or set of
rules for such a mutualism may be revealed in the specific recognition of nucleic acids
by RNA- and DNA-binding proteins and their elaborate structure—function relationship
[112—114]. As mentioned above, the pinnacle may be the nucleic acid/peptide (NA/P)
associations in the ribosome [9,115], but small nuclear ribonucleoprotein (snRNP)
complexes and nucleases, including Ribonuclease P (RNaseP), provide simpler
examples [5]. The woven intricacies of such co-assemblies are increasingly being
defined [116,117] and have been reconstituted [9,118]. As rules for co-assembly
emerge, co-evolutionary strategies become possible. Figure 3 outlines minimal
functional capabilities that might be achieved with the co-assemblies. The nucleation of
polymers (red and blue) might propagate as a template (purple) able to catalyze the
independent production of more polymers (red and blue) in Figure 3A. Mutations in such
a feedback system could allow for a minimal system capable of chemical evolution. This

functional capability is of course dependent on the ability of these co-assemblies to
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transition to some unique functional form (mixture of squares and triangles, purple), as
outlined in Figure 3B. While extant biology is a sophisticated network of efficiently
functioning molecular partners, the many varied functions necessary for the existence of
life, relies on the emergence of such co-assembling information networks capable of
sustained growth in molecular order.

Data now exists for prion infectivity being altered by oligonucleotides [119-123],
but little structural information is available. Similarly, in vitro guanine (dG):¢ and cytosine
(dC)46 hexadecamers, as well as their duplexes, associate with amphiphilic self-
assembling peptides. The binding is pH dependent, occurs on a much faster timescale
than for assembly of the neat peptide, and indeed gives rise to novel nucleic
acid/peptide co-assemblies [124]. In chapters 4 and 5 the global and structural
characterization of unique nucleic acid/peptide co-assemblies will be examined. These
co-assemblies provide insight to the maturation steps necessary for RNA processing,
the origins of disease, and expands on the context-dependent assembly of
nanostructures through a reductionist approach. Disease is explored further in chapter 6,
where Ap40 and Ap42 are assessed for their association with RNA in vitro. Results
indicate RNA is ordered in the presence of Ap40/42 and cross-f architecture is
maintained in at least AB40/RNA co-assemblies.

Hybridization of oligonucleotides containing sticky-ends can also be catalyzed in
the presence of self-assembling peptides, mimicking at least one integral step of
replication [125]. And a five-nucleotide ribozyme produces multiple translational
products, including the dipeptide FF [126]. In principle [127,128], when FF reaches the
critical concentration for peptide self-assembly, the resulting peptide nanotube could
selectively bind the ribozyme to create a dynamic system under feedback control.

Progress in this growing understanding of peptides and nucleic acids co-
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assembly may well depend on careful selection of systems, and the rich diversity of
functional co-assemblies with existing biopolymers provides an exciting opportunity to
define the basic mutualistic codes. In the simple assemblies outlined in Figure 3, the
thermodynamic process of assembly would be physically coupled to polymerization of
additional polymers from monomer building blocks, with the thermodynamic/kinetic
tension manifested as feedback control. Elucidating the mechanisms of association, and
the structural and functional diversity of the resulting complexes, will be necessary for a
more general understanding of the chemical thresholds for early evolution of molecular
mutualism. Simpler synthetic [129,130] and altered biopolymer [11,131,132] networks
could then be extended to the dynamic processes of minimal native biopolymer co-

assemblies [133-136].
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Figure 1-3. Autocatalysis and emergent functions from co-assemblies. (A) Co-
assemblies formed from nucleic acid and peptide polymers catalyze the polymerization
of additional polymers from monomer building blocks; (B) Co-assemblies derived from
individual nucleic acid or peptide assemblies can significantly increase the structural

diversity leading to emergent structures and functions.
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Conclusions: Towards Molecular Mutualisms

The cooperative functioning of nucleic acids and peptides was recognized early with the
designation of a central dogma decades ago, and it may well be that our attempts to
simplify the system into metabolism-first, RNA-first, or amyloid-first has limited a more
extensive exploration of mutualistic networks. Single biopolymer networks have
contributed significantly to systems chemistry, but sidestepped the interdependence of
metabolism and replication, analog and digital information processing, and the
mutualism, so apparent in living systems, that is essential for the emergence of new
functions [137]. The recognition of the importance of diverse, structurally complex, non-
covalent assemblies in early evolution is certainly highlighted by their prevalence in
biology [138—141], and routes to creating an ecology of biomolecules with sufficient
functional dynamics to evolve chemically are now emerging. We may have reached the
point where the creation of a mutualistic chemical ecology [142,143] can be used to
inform the progressive growth of molecular information on Earth and understand the
limits on chemical evolution broadly in our Universe [144—146]. As technology and
methodologies to analyze complex networks improve, the next scientific discoveries may
come from understanding harsh and extreme environments or even new “worlds” with
fundamentally different systems of molecular networks [11,147,148]. Certainly we should

now be able to define the limits on building to the complex networks we might call living.

In the following chapters we explore several topics including: potential prebiotic
interactions between nucleic acids and self-assembling peptides that promote ordering
of systems for early cellular networks, the use of DNA secondary structure diversity and

the robust context-dependence of peptide self-assembly for bionanotechnology, the
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maturation of RNA/protein interactions within ribonucleoprotein granules tasked with
maintaining RNA homeostasis, and the sequestration of nucleic acids to lesions of
protein misfolding diseases. Despite the diversity of these topics, a common theme is
prominent. Mutualism between nucleic acids and peptides or proteins likely preceded
extant cellular life and underpins every stage of the central dogma. Elucidating the
interactions that significantly contribute to these mutualisms will expand our
understanding of early cellular networks, the manipulation of complementary peptide and
nucleic acid interactions in nanotechnology, RNA processing, and altered ribostasis in

protein misfolding diseases. Our findings and their implications are presented here.
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Chapter 2: Altering peptide nanotube groove morphology to promote
nucleic acid elongation

Introduction

Biopolymers are capable of accessing diverse context-dependent morphologies. Nucleic
acids, which predominantly fold as anti-parallel B-form or A-form duplexes [1], can also
energetically access Z-form duplexes, parallel poly(rA) duplexes, hairpins, pseudoknots,
quadruplexes, and other 2°, 3°, and 4° structures [2-6]. This repertoire of accessible
nucleic acid morphologies ultimately dictates functional applications. For example,
guanine quadruplexes, which play a protective role in telomeres [7,8], are largely nuclease
resistant [9]. The catalytic capabilities of RNAs have been explored as a foundation for the
“RNA-world” hypothesis of the origins of life [10,11]. Simple ribozymes are capable of
catalyzing the synthesis of short polypeptides [12], and the RNA constituent of
Ribonuclease P, identified as one of the first ribozymes, is responsible for nuclease activity
[13]. The information storage and processing power of RNAs certainly contributes to our
understanding of the development of early cellular networks [14].

Proteins are capable of a comparable level of folding diversity and functional
applications. Full-length proteins access p-sheets, -turns, and a-helices, which then form
further 3° and 4° contacts [15]. Diversity in folding can most prominently be observed in
peptides as short as two amino acids. Aliphatic dipeptides self-assemble as hexagonal
prisms [16-19] and diphenylalanine, which assembles as nanotubes [20] can access a
diverse set of context-dependent morphologies with ferrocene modification of its terminus
[21]. Peptides derived from protein-misfolding diseases provide more insight to the
context-dependent nature of supramolecular morphologies [22-26]. Ap16-22, ‘KLVFFAE’,

self-assembles as nanotubes at acidic pH and fibers at neutral pH [27]. The emergence
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of environment-specific morphologies contributes to our understanding of amyloid strains
in protein-misfolding diseases, most notably prions [28,29].

Despite the clear morphological and functional diversity of proteins and nucleic acids,
as was described in chapter 1, neither biopolymer is capable of supporting complex
cellular networks on its own. The mutualisms that persist between nucleic acids and
proteins at all levels of cellular information processing [30-36] provide strong evidence for
a non-exclusive origins of life hypothesis [11]. The mutualistic interactions between nucleic
acids and proteins will be a recurring theme in the following chapters as applications to
nanotechnology, RNA processing, and disease are explored.

One barrier that many encounter in ascribing RNA as the first information storage and
functional entity, is the uncontrolled propagation of heterogeneous linkages under
prebiotic conditions. If there truly was a ‘RNA World’, the directed polymerization of
specific RNAs would be a prerequisite. Prebiotic condensation of nucleic acids has largely
focused on the use of clays including montmorillonite [37-40]. The cationic surface of
montmorillonite adsorbs negatively charged nucleotides where proximity-driven
condensation occurs [38-40]. This process yields nucleic acids exceeding fifty nucleotides
[40] with heterogeneous 3’-5’ 2’-5’ linkages. Cyclic nucleic acids comprise ~1/3 of reaction
products [39]. The specificity of this condensation can be improved by fixing the orientation
of nucleotides prior to phosphodiester bond formation [39,40]. In this chapter, we describe
the use of peptide nanotubes as polymerization scaffolds, fixing nucleotides in a specific
orientation to promote homogeneous 5,3’ or 5°,2’ linkages. Peptide nanotubes, formed
from the Ap16-22 congener KLVFFAL, selectively template aromatic small molecules in
the cross-p grooves of its surface [41]. Remarkably, these grooves are also capable of
sequestering small molecules for aldol and retro aldol reactions [42]. In this chapter we

explore the use of nanotubes as catalysts of selective nucleic acid polymerization.
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Results

Nanotube morphology has been characterized extensively for the ‘KLVFFAE’ congener,
KLVFFAL [43]. This peptide, which overcomes the bias towards salt-bridge formation at
neutral pH, forms robust nanotubes of 54+/-3nm diameter with a characteristic peptide-
bilayer wall [44,45]. Nanotube peptide bilayers are characterized by anti-parallel out-of-
register peptide orientation and registry, giving rise to a hydrophobic groove on the
nanotubes surface primarily made up of leucine residues of the second and C-terminal
positions of KLVFFAL (Fig. 2-1) [41-43]. Modification of these grooved surfaces for use in
other reactions, including the polymerization of nucleic acids, would support a prebiotic

biopolymer collaboration and perhaps, promote linkage specificity.

Figure 2-1 Peptide nanotube model highlighting the hydrophobic groove on the
surface and the anti-parallel out-of-register peptide bilayer.

Here, we describe the design of self-assembling peptides for the polymerization of linkage-
specific nucleic acids. Specifically, we modify key residues that contribute to nanotube

surface groove morphology and terminal residues, to produce assemblies that will
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promote 5’phosphate/3’hydroxyl proximity while eliminating unnecessary side reactions.
Microscopic and spectroscopic techniques were used to characterize peptide self-

assemblies, and Mass Spectrometry was employed to assess nucleotide polymerization.

Self-assembly of reactive-neutral peptide nanotubes

Peptide Ac-KLVFFAL-NH; and Ac-RLVFFAL-NH; form homogeneous nanotubes in 40%
Acetonitrile and water with trifluoroacetic acid. Ac-KLVFFAL-NH; nanotubes catalyze aldol
and retro-aldol condensation with the lysine side chain intimately involved in the reaction
mechanism [42]. Ferris and others pointed out that the oligomerization of nucleic acids is
a proximity driven process [37-39]. As long as the 5’phosphate is within a discernible
distance of the 3’hydroxyl, the reaction would likely take place. With lysine’s nucleophilic
side chain, side reactions in the oligomerization of nucleic acids are highly probable. To
prevent side reactions, including the formation of P-N bonds, we examined the use of
arginine (R) as the N-terminal amino acid (Figure 2-2). Arginine has a Guanidinium ion as

its side chain, which maintains a positive charge while eliminating nearly all reactivity (Fig.

2-2).
® H3N
NH3 ® >:NH
HN
%N "LL‘N
H H
O 0
Lysine Arginine

Figure 2-2 Molecular structures of Lysine (left) and arginine (right).
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Ac-RLVFFAL-NH; was synthesized via SPPS and assembled using 40% acetonitrile and
water. These assemblies were formed at pH2, which was achieved by adjusting the
amount of trifluoroacetic acid (TFA) to approximately 0.1%, and room temperature. TFA
acts as a counter ion for the positively charged lysine or arginine residue side chains at
both the bilayer leaflet interface and the solvent-exposed nanotube surface (Figure 2-3)
[45]. Within the bilayer, in the absence of TFA, electrostatic repulsion would drive peptide
leaflets apart. Peptide bilayer formation requires the presence of at least residual TFA
from HPLC purification. We examined assemblies at pH2 to ensure a sufficient amount of

TFA was present to drive bilayer formation, and to promote homogeneity.

TYIINTH @ TVIINTH @

O IAIIVI @M INIIVT

Figure 2-3 Peptide bi-layer model. Peptides are oriented anti-parallel, out-of-regiter by
one amino acid. Distances correspond to intersheet distance (10A), and distance between

solvent exposed lysines (9.4A).

Peptides were given 7 days to assemble before examination. Self-assembling peptides

undergo phase transitions as they develop into homogeneous structures, and nanotubes
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often take several weeks before reaching homogeneity [46]. Following initial submersion
in the solvent conditions, peptides aggregate to form defined particles. Within the particles,
nucleation of cross-beta architecture occurs. Growth of distinct assemblies follow. In the
case of nanotubes, sheet formation, flat peptide assemblies with high laminate number,
precedes ribbon formation, curvature of the original sheets, which ultimately leads to the
formation of nanotubes (Figure 2-4) [46]. This assembly pathway can be monitored by
TEM or through fluorescence life-time imaging using rhodamine-LVFFAL-NH, mixed with
peptide Ac-KLVFFAL-NH, [47].
S~
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{ P /
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Figure 2-4 Peptide nanotube assembly pathway. Peptides pass through several

phases before reaching terminal assembly.

Following one week of assembly, nanotube morphology and the formation of beta-sheets
was monitored by transmission electron microscopy (TEM) and Circular Dichroism (CD).
Prior to examination by TEM and CD, peptides Ac-KLVFFAL-NH, and AC-RLVFFAL-NH,
were spun down and resuspended in water. By resuspending in water, the assembly
environment could be easily manipulated for future catalysis. Ac-KLVFFAL-NH, and Ac-
RLVFFAL-NH; assemblies appeared identical and were homogeneously nanotubes by
TEM, with widths consistent with the literature [41-43]. By TEM, nanotube morphology can

be characterized by the following criteria: 1. Persistent length of assembilies is consistent,
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2. Assemblies have distinct white borders, nanotube walls, and 3. Negative stain is able

to enter nanotubes, which increases the contrast of white walls [27].

By CD, Ac-KLVFFAL-NH, and Ac-RLVFFAL-NH, nanotube assemblies, had elliptical
minima at 225nm and positive ellipticity at ~200nm, consistent with g-sheets (Figure 2-5).
High peptide assembly concentration resulted in saturation of the detector. Therefore,

precise determination of the wavelength for the positive ellipticity peak was not possible.

Ac-RLVFFAL-NH,

Ac-KLVFFAL-NH,

250 4 —— Ac-KLVFFAL-NH, in Water, pH7
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Figure 2-5 Monitoring Ac-KLVFFAL-NH, and Ac-RLVFFAL-NH, assembly. Ac-
KLVFFAL-NH, and Ac-RLVFFAL-NH, self-assemble as nanotubes of homogeneous width
in 40% acetonitrile, 60% water, 0.1%trifluoroacetic acid at pH2. CD identifies minima at
225nm and a positive elliptical peak at ~200nm. Nanotubes were spun-down and

resuspended in water prior to examination by TEM and CD.



27

Self-assembly of groove-modified peptide nanostructures

With the successful assembly of reactive-neutral nanotubes by peptide Ac-RLVFFAL-NH,,
increasing our potentially-catalytic assembly repertoire was possible through the design
of nanotubes with different surface groove morphologies. Alteration of leucine at position
two or seven would theoretically change the groove environment. As an initial candidate,
asparagine was examined as a replacement for leucine at position two (Figure 2-6).

Maintaining the arginine at the N-terminus, the peptide Ac-RNVFFAL-NH, was designed.

NH,
O
N Y
H H
O O
Leucine Asparagine

Figure 2-6 Molecular structures of Leucine (left) and asparagine (right).

Asparagine was chosen as an initial candidate to decrease the hydrophobicity of the
groove and promote hydrogen-bonding with added nucleotides or other substrates.
Peptides containing glutamine have a propensity to form parallel beta-sheets and

propagate as fibers. Therefore, glutamine was not explored.

Ac-RNVFFAL-NH, was assembled at both 20% and 40% acetonitrile, 0.1%TFA at pH2 to
assess optimal assembly conditions. Assembly of Ac-RNVFFAL-NH, was monitored by
CD over 10 days. At 10 days of assembly, samples were spun down and resuspended in

water for analysis by TEM and Fourier Transform-Infrared spectroscopy (FT-IR).
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For both Ac-RNVFFAL-NH; in 20% and 40% acetonitrile, elliptical signatures indicate
beta-sheet morphology (Figure 2-7). However, compared with the nanotube ellipticities of
Ac-RLVFFAL-NH,, Ac-RNVFFAL-NH, minima are below 220nm for the majority of time
points examined, and have broader peaks. At ten days, both conditions appear to have a
spectrum with a single maximum negative ellipticity between 210 and 220nm. This time

point was chosen for further analysis of Ac-RNVFFAL-NH, assemblies.
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Figure 2-7 Circular Dichroism of Ac-RNVFFAL-NH; over 10 days of assembly. Ac-
RNVFFAL-NH-> was assembled in 20% acetonitrile and 40% acetonitrile with 0.1%TFA at

pH2. Assemblies were monitored over ten days by CD using a 0.1mm quartz cuvette.
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Resuspension of Ac-RNVFFAL-NH, assemblies in water at ten days revealed fibrous
morphology for both assembly conditions. By TEM, fibers appeared straight with no
apparent twisting (Figure 2-8). Percentage of acetonitrile does not appear to affect the
assembly maturation of Ac-RNVFFAL-NH,. However, the viscosity of Ac-RNVFFAL-NH
assemblies at 20% acetonitrile appeared higher than that of those assembled at 40%
acetonitrile. Decreasing the percentage of acetonitrile in the assembly conditions likely
contributed to the kinetics of assembly. Although, not discernible by CD or TEM, a more
polar assembly environment often results in a greater degree of heterogeneity and

assembly due to hydrophobic collapse and desolvation.

Ac-RNVFFAL-NH,

< 3;7..- ‘\4\\

Figure 2-8 Transmission electron micrographs of Ac-RNVFFAL-NH, assemblies. Ac-
RNVFFAL-NH,, assembled at both 20% and 40% acetonitrile, 0.1% TFA pH2
resuspended in water. For both assembly conditions, fibers are apparent. MeCN =

Acetonitrile.

Ac-RNVFFAL-NH; fibrous assemblies resuspended in water were examined by FT-IR
spectroscopy to confirm secondary structure and begin to examine peptide orientation. As
mentioned previously, peptides containing glutamine propagate as parallel beta-sheets
and are fibrous in appearance. Asparagine and glutamine differ by a single methylene.

Ac-RNVFFAL-NH, assemblies compared to Ac-KLVFFAE-NH, fibers at pH7 and
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nanotubes at pH2, both of which propagate as anti-parallel f-sheets and have two amide
| stretches, had one amide | stretch (Figure 2-9). The amide | stretching occurs between
1600cm™ and 1700cm™ for beta sheets and other secondary structures including alpha-
helices. Absorbance at ~1625cm™ is consistent with the presence of beta-sheet secondary
structure. In an anti-parallel assembly, the amide is placed in two different orientations
giving rise to a second amide environment and a second stretching frequency at ~1695cm”
' This small secondary peak can be clearly seen for the fiber and tube controls in Figure
2-9. For Ac-RNVFFAL-NH, assemblies at both 20% and 40% acetonitrile, the absence of

this secondary peak suggests the orientation of peptides in both conditions is parallel.
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Figure 2-9 FT-IR of Ac-RNVFFAL-NH, assemblies. Canonical anti-parallel out-of-

register tubes and anti-parallel fibers were used for comparison.
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The appearance of parallel beta-sheets in Ac-RNVFFAL-NH, assemblies is supported by
published glutamine data [48]. The difference of one methylene does not appear to hinder
hydrogen-bonding across the laminate and thus, creates a densely-packed positively
charged fiber surface. Instead of altering the groove morphology as had been desired, a
cationic surface, much like that of montmorillonite, was created. The adsorption of
nucleotides to cationic surfaces is well-documented [38-40], and a flexible cationic amyloid
surface may promote nucleotide polymerization. However, the loss of groove structure will

likely result in heterogeneous linkages.

As a second candidate for altering groove morphology, tert-leucine was chosen as a
replacement for leucine at position two (Figure 2-10). This replacement maintains a
hydrophobic environment while bringing the side chain closer to the backbone and
potentially altering steric interactions with small-molecules. Arginine was maintained at the

N-terminus.

W,
0, N N
H H
O (@)
Leucine tert-Leucine
Figure 2-10 Molecular structures of Leucine (left) and tert-Leucine (right).
Peptide Ac-RtLVFFAL-NH; was synthesized by SPPS and assembled in 40% acetonitrile,

60% water, 0.1% TFA at pH2. Assembly was monitored by TEM and CD, and examined

further structurally by FT-IR and powder x-ray diffraction (PXRD).
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Ac-RiLVFFAL-NH, assembly maturation was monitored by CD and consistent beta-sheet
ellipticities were observed with an elliptical minimum at 218nm and a positive ellipticity at
204nm, after two weeks of assembly (Figure 2-11). A shoulder at ~226nm was also noted.
Assemblies were spun down and resuspended in water before preparation of TEM grids
or analysis by FT-IR and PXRD. Following the resuspension of Ac-RtIVFFAL-NH, in water,
nanotubes were observed by TEM. The majority of the nanotubes appeared mature.
However, several were still ribbonous in morphology, the step preceding nanotube

formation in the assembly pathway (Figure 2-4).

— Ac-RtLVFFAL-NH,

1 1
200 220 2 60

Ac-RtLVFFAL-NH,
Ellipticity (mdeg)

Wavelength (nm)

Figure 2-11 Ac-RtLVFFAL-NH2 assembly maturation by CD and TEM. Ac-RtLVFFAL-
NH2 was assembled in 40% acetonitrile, 60% water, and 0.1%TFA at pHZ2. Ribbons and
nanotubes of homogeneous width were present in transmission electron micrographs at

two weeks of assembly. Assembly was monitored by CD using a 0.1mm quartz cuvette.

FT-IR was used to assess orientation of peptides within beta sheets. For all nanotubes
examined previously, the orientation and registry of peptides has been anti-parallel out-
of-register by one residue as determined by solid state NMR [43]. Because of the similar

width and homogeneity of Ac-RiLVFFAL-NH, nanotubes as compared to the well-
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characterized nanotube-forming peptides Ac-KLVFFAL-NH;, Ac-RLVFFAL-NH;, and Ac-
pYLVFFAL-NH, [27,43,44], an anti-parallel orientation as determined by FT-IR was
expected. The appearance of a secondary amide | peak at 1696cm™ for mature Ac-

RtLVFFAL-NH; nanotubes (Figure 2-12) further confirmed expectations of an anti-parallel
beta-sheet assembly.

0.7
06 —R(tL)VFFAL 40%ACN
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Figure 2-12 Ac-RtLVFFAL-NH, assembly orientation is anti-parallel. Liquid thin-film

FT-IR after four weeks of Ac-RtLVFFAL-NH, assembly. Maxima at 1 627cm™ and 1696cm

1

PXRD was used to assess whether Ac-RtLVFFAL-NH, nanotubes maintained cross-$
architecture. A cross-f assembly is characterized by the positioning of beta-strands
orthogonal to the long axis of the nanostructure [27]. Peptides arranged in such a way
give rise to a diffraction pattern with two reflections by PXRD. The 4.7A reflection is
consistent with the interstrand distance of hydrogen-bonded beta-strands, while the ~10A

measurement reflects the intersheet or laminate distance. For Ac-RtLVFFAL-NH,,
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nanotubes have both a 4.7A and 10.3A reflection, consistent with cross-beta criteria. A

narrow peak at 10.3A suggests a highly homogeneous assembly landscape.
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Figure 2-13 PXRD analysis of Ac-RtLVFFAL-NH, nanotubes. A 4.7A and 10.3A

reflection is measured from the resulting diffraction pattern.

The final candidate for nucleotide polymerization was designed with the intention of
maintaining the hydrophobic character of the groove, while also increasing the groove size
to accommodate larger molecules, sterically-constrained molecules, and polymers. To
address these parameters, alanine was chosen as a replacement for leucine at position

two and tert-leucine replaced the C-terminal leucine (Figure 2-14).
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Figure 2-14 Molecular structures of Leucine (left) and alanine (right).

Ac-RAVFFALL-NH, was synthesized by SPPS and assembled in 40% acetonitrile, 60%
water, and 0.1% TFA, at pH2. At eight weeks, Ac-RAVFFAtL-NH, assembly was still
heterogeneous by CD and TEM. Nanotubes were not observed at any time by TEM.
Instead, sheets, short fibers, and amorphous aggregates were present in abundance. By
replacing the leucine at position two with alanine, the hydrophobic character may have
decreased too steeply for nanotube formation, and favorable Van der Waals interactions
disrupted. It should also be noted that two amino acids were replaced in this candidate.
The replacement of two amino acids that typically maintain intermolecular interactions with
smaller hydrophobic amino acids likely resulted in unfavorable solvent accessibility to the

groove, preventing nanotube propagation.

By CD, Ac-RAVFFALtL-NH; secondary structure was heterogeneous with negative minima
at 200nm and 230nm indicating the persistence of random coil/loop and beta-sheet

components, respectively (Figure 2-15).
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Figure 2-15 Ac-RAVFFAtL-NH, assembly monitored by TEM and CD. Transmission

electron micrographs and CD spectrum of Ac-RAVFFAtL-NH, at eight weeks of assembly.

Ac-RAVFFAtL-NH, was further examined by FT-IR for a more detailed sampling of amide
environments. By FT-IR, the environments of amide | can be assigned confidently. Amide
| relies primarily on the stretching frequency of the C=0 bond of the peptide backbone.
However, side-chain amides also show up in this region. The position of the amide | peak
is influenced by its environment, with interstrand hydrogen-bonds contributing significantly
to the stretching frequency of the C=0 bond. For Ac-RAVFFAtL-NH,, the FT-IR spectrum
indicates a beta-sheet component (Figure 2-16), but a peak at ~1695cm™ is not
discernible; a broad peak from 1650cm™ to 1700cm™ reduces resolution of the secondary
amide | peak. This broad band has been assigned to unassembled peptide monomers. A
distinct peak at 1640cm™ may represent the sampling of a distinct C=0 bond environment.

The 1640cm™ peak is attributed to disordered or amorphous peptide aggregates here.
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Figure 2-16 FT-IR analysis of Ac-RAVFFALtL-NH, at eight weeks of assembly. Liquid
thin-film FT-IR spectrum of Ac-RAVFFA(L-NH,. Amide | maxima at 1626cm™, 1640cm’,

and 1670cm™.

Powder x-ray diffraction (PXRD) of Ac-RAVFFAtL-NH, assemblies reflects other findings.
Consistent with what is expected for cross-f assemblies, Ac-RAVFFAtL-NH, assemblies
have two major reflections by PXRD, ~4.6A and 10.2A (Figure 2-17). The breadth of the
reflection associated with interstrand hydrogen-bonds is consistent with the various C=0
environments shown by FT-IR. Laminate/intersheet distance is narrower than expected at

10.2A, suggesting some level of homogeneity in tertiary assembly.
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Figure 2-17 PXRD of Ac-RAVFFAtL-NH, reveals typical cross-f reflections.
Repeating domains give 4.6A and 10.2A reflections, consistent with interstrand and

intersheet distance, respectively.

Synthesis of modified adenine nucleotides

After clearly defining the design of four distinct peptide self-assemblies for nucleotide
polymerization, the appropriate choice of nucleotide substrate was essential. Peptide
assemblies examined in the following pages are diverse in global morphology, but all
maintain a cross-beta or beta-sheet rich component. Peptide self-assemblies include: Ac-
RLVFFAL-NH; (nanotubes), Ac-RNVFFAL-NH; (fibers), Ac-RtLVFFAL-NH; (nanotubes),

and Ac-RAVFFALL-NH; (fibers and amorphous aggregates).
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Adenine was chosen as the initial polymerization candidate nucleotide. Past studies have
characterized the binding of aromatic small molecules all containing multiple ring
structures [41,42]. Therefore, a purine seemed the appropriate choice for a substrate.
Because of guanine’s propensity to self-associate through Hoogsteen hydrogen bonds, it

was not explored.

To promote phosphodiester bond formation, nucleotides were modified with leaving
groups, either imidazole or 2-methylimidazole [49]. Imidazole and methylimidazoles are
acceptable activating agents in prebiotic chemistry because their synthesis has been
demonstrated in what many agree to be plausibly prebiotic conditions [50]. Addition of
imidazole or 2-methylimidazole to the phosphorus of deoxyadenosine monophosphate or
adenosine monophosphate promotes phosphodiester bond formation because the
release of imidazole changes the nature of the reaction; it is no longer a dehydration

synthesis.
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Figure 2-18 Synthetic scheme of phosphorimidazolides for nucleotide

Z

polymerization. R=OH or H
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Nucleic acid polymerization on nanotubes

Modified nucleotides were combined with each of the designed peptide assemblies with
polymerization conditions following closely those of Vogel et al. [37], and including Tris,
NaCl, and MgCl,. Peptides were diluted to a concentration of 0.5mM and modified
nucleotides were added in 20-fold excess at 10mM. Polymerization was monitored first at
72 hours and later at two months. However, because no change was observed for longer

time intervals, only 72-hour time points are included here.

To detect nucleotide and polymer products, liquid chromatography followed by mass
spectrometry (LC-MS) was used. Interestingly, modified adenosine monophosphates
consistently yielded dimers, while modified deoxyadenosine monophosphates
consistently produced trimers (Figure 2-19, 2-20). Relative concentration of each product
and remaining starting material was determined based on the starting concentration of the

phosphorimidazolide used and the integration of individual peaks.

For Ac-RLVFFAL-NH,, products and remaining reactant concentrations were compared
across samples containing peptide, buffer alone, or a polyuridine or polythymine template
for modified adenosine monophosphates and deoxyadenosine monophosphates,
respectively (Figure 2-21). Between these samples there was no difference in product
formation or monomer loss suggesting Ac-RLVFFAL-NH, nanotubes do not catalyze

nucleotide polymerization under these conditions.
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Figure 2-19 Ac-RLVFFAL-NH2 nanotubes combined with imidazole-modified
adenosine monophosphates. Hydrolyzed monomer, dimer, and activated dimer
formation are apparent from these LC-MS data. Integration of individual peaks and starting

monomer concentration (10mM) was used to calculate the concentrations shown.
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Figure 2-20 Ac-RLVFFAL-NH; nanotubes combined with imidazole-modified

deoxyadenosine monophosphates. Hydrolyzed monomer, dimer, activated dimer, and

hydrolyzed trimer formation are apparent from these LC-MS data. Integration of individual

peaks and starting monomer concentration (10mM) was used to -calculate the

concentrations shown.
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Figure 2-21 Comparison of control polymerization reactions to Ac-RLVFFAL-NH,

driven reactions. RNA(U), was used as a template for the polymerization of imidazole-

modified adenosine monophosphates. DNA(T),c was used as a template for the
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polymerization of imidazole-modified deoxyadenosine monophosphates. Concentrations

were measured from integration of LC-MS data.

Despite the data indicating a lack of catalysis under these conditions, there is a lot we can
learn about this system. Upon examination of reaction cocktails containing Ac-RLVFFAL-
NH, nanotubes by TEM, extensive bundling of tubes was consistently observed. It has
been shown that certain divalent salts can induce bundling of nanotubes, and bundling
assists in structural characterization. However, the divalent salts that typically cause
bundling, MgSO, and Na,SO,, were absent from these reactions. To determine the cause
of nanotube bundling, each reaction component was added to the tubes independently

(Figure 2-22).

dAMP-Imidazole

Ac-RLVFFAL-NH,

Figure 2-22 Analysis of reaction conditions and the Ac-RLVFFAL-NH; nanotube

bundling phenotype. Each reaction component was added to Ac-RLVFFAL-NH?2
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nanotubes independently to asses for cause of nanotube bundling observed in reaction

conditions. Scale bars are 500nm.

From these analyses, it was apparent that only in the presence of imidazole-modified
adenosine monophosphates (rAMP-Imidazole) or imidazole-modified deoxyadenosine
monophosphates (dAMP-imidazole) was bundling observed. These data suggest the
binding of phosphorimidazolides and/or their reaction products to the tube surface. Binding
of these substrates passivated the positively-charged tube surface and caused the
extensive bundling of nanotubes. This appearance of bundling may have impeded further

polymerization of nucleic acids.

The polymerization of activated nucleotides for the remaining three characterized peptide
assemblies yielded similar results to Ac-RLVFFAL-NH,. Compared to buffer-only controls
and template-containing controls, peptide-containing reactions did not significantly

catalyze polymer formation.

Modified nucleotides combined with Ac-RNVFFAL-NH, fibers revealed the same trend in
product formation; imidazole-modified adenosine monophosphates produced dimers at
most, while imidazole-modified deoxyadenosine monophosphates produced up to trimers

(Figure 2-23, 2-24).
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Figure 2-23 Ac-RNVFFAL-NH, fibers combined with imidazole-modified adenosine
monophosphates. Hydrolyzed monomer, dimer, and activated dimer formation are
apparent from these LC-MS data. Integration of individual peaks and starting monomer

concentration (10mM) were used to calculate the concentrations shown.
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Figure 2-24 Ac-RNVFFAL-NH, fibers combined with imidazole-modified
deoxyadenosine monophosphates. Hydrolyzed monomer, dimer, activated dimer, and
hydrolyzed trimer formation are apparent from these LC-MS data. Integration of individual
peaks and starting monomer concentration (10mM) was used to calculate the

concentrations shown.

Visualization of reaction cocktails by TEM revealed particle formation and loss of fibers in
both imidazole-modified adenosine monophosphate samples and imidazole-modified
deoxyadenosine monophosphate samples (Figure 2-25). Concentration of peptide in the
reaction conditions was maintained at 0.5mM, which is above the critical concentration of
most ‘Ac-KLVFFAE-NH, congeners. However, the critical concentration for Ac-
RNVFFAL-NH; appears to be above 0.5mM from these data. By CD, loss of beta-sheet
signal is observed in dilute peptide samples and in samples containing individual reaction

components (data not shown).
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Figure 2-25 Ac-RNVFFAL-NH2 disassembly in the presence of modified nucleotides.
In the transmission electron micrograph on the left, mature Ac-RNVFFAL-NH, fibers at a
concentration of 2.6mM. Peptide is diluted to 0.6mM and reaction components are added:

dAMP-Imidazole (middle), and rAMP-imidazole (right). Scale bars are 200nm.

Examination of Ac-RtLVFFAL-NH; nanotubes as polymerization catalysts yielded results
similar to Ac-RLVFFAL-NH, nanotubes and Ac-RNVFFAL-NH, fibers. Formation of
hydrolyzed monomer, dimer, and trimer were apparent from LCMS data of
deoxyadenosine monophosphate-imidazole polymerization in the presence of Ac-
RtLVFFAL-NH,. Retention times differ from previous chromatograms because a different

column was used for the liquid chromatography portion of this analysis.
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Figure 2-26 LCMS analysis of deoxyadenosine monophosphate -Imidazole
polymerization using Ac-RtLVFFAL-NH,. Hydrolyzed monomer, dimer, and trimer are

shown. Values indicate retention time.

By TEM, Ac-RtLVFFAL-NH, nanotubes did not produce the same response as Ac-
RLVFFAL-NH; nanotubes in the presence of activated monomer. Instead, positive
staining and sheet formation are observed. It appears that nanotubes are now the minor
assembly species. Interestingly, the positive staining of assemblies by TEM is usually
attributed to the presence of negative charges on the surface. These data suggest a
concentration of at least nucleotide monomers on the surface of Ac-RtLVFFAL-NH,

assemblies.

Ac-RILVFFAL-NH, = 'dAMP:Imidazole

Figure 2-27 Ac-RtLVFFAL-NH, assemblies following addition of deoxyadenosine

monophosphate-imidazole (dAAMP-Imidazole).
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Examination of Ac-RAVFFAtL-NH, assemblies as polymerization catalysts also yielded

the formation of hydrolyzed monomers, dimers, and trimers for deoxyadenosine

monophosphate-imidazole (Figure 2-28).

Figure 2-28 LCMS analysis of deoxyadenosine monophosphate-imidazole
polymerization using Ac-RAVFFAtL-NH,. Hydrolyzed monomer, dimer, and trimer are

shown. Values indicate retention time.

Conclusions

The condensation of peptides, and the propagation of amyloid fibrils and other peptide
assemblies are undoubtedly plausibly prebiotic. However, the surfaces that best promoted
the polymerization of nucleic acids with homogeneous 5’-3’ linkages necessary for efficient
information storage and transfer have not yet been elucidated. From these data we
characterize the morphology of four distinct peptide assemblies, all sharing the N-terminal
arginine and core ‘FF’ dyad. The ‘FF’ dyad alone has been shown to propagate as
nanotubes [20], and context variation has defined the specific assembly of several distinct
supramolecular architectures [21]. The plasticity of peptide assemblies suggests its

persistence in different environments may have contributed to the localized chemistry.
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For Ac-RNVFFAL-NH, assemblies, parallel fiber formation was observed, resulting in the
formation of a dense cationic fiber surface. This surface, like that of montmorillonite should
have promoted the adsorption and polymerization of nucleic acids, albeit with
heterogeneous linkages in the case of RNA. Despite the absence of polymerization, the
specific folding/assembly properties of peptides containing asparagine can be explained
further from these data. Asparagine, like glutamine, is capable of interstrand hydrogen-
bonding between side chains in the laminate interface. Therefore, asparagine and
glutamine should be considered nanotube-breakers and their propensity to form Q- and

N-tracts along fibrils, a thermodynamic product of assembly.

For all peptides considered here as polymerization catalysts, the conditions used for
polymerization may have limited polymer length. Because the same amount of
polymerization/condensation is observed for control samples, | am inclined to believe our
method of analysis was not appropriate for this system. LCMS has a low detection
threshold and detecting the formation of polyanions by MS is difficult. Therefore, other
methods of analysis should be explored. The typical ladder formation by LC was not
observed in our chromatograms, so the data is likely accurate in its interpretation of the
species existing in solution. Gel electrophoresis of samples from polymerization reactions
consistently yielded no bands, suggesting concentrations were too low or no polymers at

or above our length threshold of ten nucleotides were present.

The binding of activated monomers to at least Ac-RLVFFAL-NH, nanotubes characterized
here is a promising start to the polymerization reactions many hope to observe in the future
for peptide assemblies, and the electrostatic driving forces of nucleotide binding

foreshadow those explored in chapters 4, 5, and 6. The exploration of more desirable
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conditions for polymerization and more appropriate positive controls will likely improve the

potential outcomes of future experiments.

Methods

Peptide Synthesis

Peptides were synthesized using Solid Phase Peptide Synthesis (SPPS) with a Rink-
Amide MBHA resin, 0.4mmol/g substitution, and capped at the N-terminus with an acetyl
group. Peptides were cleaved and deprotected using a cocktail of 90% TFA, 2% anisole,
3% 1,2-ethanedithiol, and 5% thioanisole. All chemicals were purchased from Sigma-
Aldrich. Following cleavage and deprotection, peptides were purified by reverse-phase
HPLC using acetonitrile and water with 0.1%TFA and a C18 column to a >98% purity.
After purification, acetonitrile was removed by rotavaporation. The remaining aqueous
solution was frozen at -80°C or flash frozen using liquid nitrogen and lyophilized to yield

a white powder.

Peptide Assembly. Due to the salt sensitivity of peptides used in this study, following
purification and lyophilization, peptides were desalted using Sep-Pak® C18 cartridges.
Peptides were then placed in 40% Acetonitrile, vortexed briefly and sonicated for 5
minutes to promote solubility. The pH was not adjusted; each sample was examined at
pH5. A stock solution of 2mM peptide was used to set up all assemblies. Experimental
samples were set up within five minutes of dissolution. All nucleic acid oligomers were
purchased from Integrated DNA Technologies. For NA/Peptide co-assemblies, a stock
solution of TmM NA was used. Order of addition was as follows: Peptide, solvent, nucleic

acid. Assemblies were kept at 4°C unless otherwise noted. Final peptide concentration in



52

all experimental setups was 1mM. Final nucleic acid concentration was approximately

100uM. All co-assemblies were established with a 1:1 (peptide: nucleic acid) charge ratio.

Transmission electron microscopy

Electron microscopy images were obtained using a Hitachi H-7500 and a Jeoul
transmission electron microscope. All samples were placed on 200 mesh copper grids
with carbon coating and negatively stained using 2%w/w uranyl acetate (Sigma-Aldrich).
The microscope was operated at 75kV. Cross-section images were obtained by
embedding pelleted assemblies in resin. Using a microtome, embedded assemblies were

sliced 1um thick and placed on grids for analysis by TEM.

Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR spectra were acquired using a Jasco FT-IR 4100 (Easton, MD, USA) averaging 750
scans at 2cm™ resolution. For each sample, 8ul of peptide solution was dried as a thin film
on a Pike GaldiATR (Madison, WI, USA) ATR diamond surface. The MCT-M detector,
having a 5mm aperture and a scanning speed of 4mm/sec was used. Samples were

normalized to the amide | stretch at ~1625cm™.

Circular Dichroism (CD)

A Jasco-810 Spectropolarimeter was used to record CD spectra. Samples were examined
at room temperature in a 50uL cell with a 0.1mm path length. The reported spectra were
acquired from 260nm to 190nm with a step size of 0.2nm and a speed of 100nm/s, and
are the average of three independent scans. Ellipticity, in mdeg, was converted to Molar
ellipticity (6) with [6] = 6/(10 x ¢ x /), where ‘c’ is peptide concentration in moles/L and ‘I’ is

the pathlength in cm. Melting curves of pep-KG and NA/pep-KG samples were obtained
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using a gradient of temperature from 4°-60°C and a focal wavelength of 220nm and

260nm, respectively.

Powder X-Ray Diffraction

Experimental samples were flash frozen using liquid nitrogen and lyophilized to yield a
white powder. The samples were loaded into mylar capillaries and the diffraction patterns
measured using a Bruker APEX-Il diffractometer with graphite monochromated Cu
radiation, K-alpha radiation, A=1.54184A, 40kV and 35mA, with a 0.5 pinhole collimator
and with exposure times of 900s per frame. The data integration software XRD2SCAN
and the Bruker AXS software were used for analysis of the resulting diffraction patterns.

The following equation was used to convert spectra from 20 to d-spacing(A):

T

1.54184/(2x sin <ze>< %))

Synthesis of activated monomers

Synthesis of phosphorimidazolides was carried out according to Vogel et al. Adenosine
monophosphate or deoxyadenosine monophosphate (0.44mmol), 2,2’-bipyridine-1,1’-
disulfide (1.41mmol), triphenylphosphine (1.41mmol), and imidazole (7.10mmol) were
dried at 0.1 Torr for 30 minutes to one hour. Under argon, anhydrous DMSO (3.7mL) was
used to dissolve the mixture and gave a clear, colorless solution. Addition of triethylamine
(1.01mmol) changed the solution color to yellow. The yellow solution was stirred under
argon at room temperature for four hours. After four hours, the solution was added
dropwise to a stirred solution of NaClO4 (0.01M) in acetone/diethyl ether (1.4:1, v/v) to
give a white/off-white precipitate. The precipitate was isolated by vacuum filtration and

washed with acetone/diethyl ether. The precipitate was dried in a vacuum desiccator and
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placed at -20°C for storage. Product formation was confirmed by *'P NMR and later by

mass spectrometry.

Polymerization reactions

Peptide assemblies were combined with Tris, MgCl,, NaCl, and activated monomer to
form reaction conditions. Final concentration of reaction components was 0.5mM peptide
assembly, 50mM MgCl,, 20mM NaCl, 100mM Tris, and 10mM activated monomer.

Reactions were kept at room temperature and analyzed by LCMS after three days.

LTQ-FTMS

For LCMS, a Thermo linear quadrupole ion trap (LTQ) Fourier transform mass
spectrometer (FTMS) was used. Samples were first separated by liquid chromatography
using acetonitrile and 50mM TEAA. A gradient of 2-14% acetonitrile over 30 minutes was
used to separate products. Liquid exiting the column was subject to mass spectrometry

analysis. Chromatography peaks correspond with respective mass spectrometry peaks.
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Chapter 3: DNA/Peptide chimeras: manipulation of mutualisms

for functional applications

Introduction

Complementarity of nucleic acids and the diversity of peptide assembly is exploited in
the pursuit of programmable systems for biomolecular nanotechnology [1-3]. The
mutualism that exists between nucleic acids and proteins/peptides is continuously
challenged in the development of nanostructures and scaffolds [4-7]. The specific
Watson-Crick base-pairing of DNA has been examined extensively in the development
of two- and three-dimensional origami for a multitude of applications including
biosensors, drug delivery, and nanocircuitry [3,8-10]. For example, the construction of
nanoactuators [11], tunable DNA-controlled switches, allows for further optimization of
devices for sensitive detection of single molecules. Peptide assemblies remain robust,
largely non-conductive [12], and capable of accessing a repertoire of context-dependent
morphologies [13,14]. These assemblies, which have been largely explored as scaffolds,
are also capable of catalyzing chemical reactions. Retroaldol condensation within the
grooved surfaces of peptide nanotubes, rely on essential solvent-exposed lysine
residues. Modification of peptide assemblies through the tethering of enzymes has also
been explored [16].

The coalescence of nucleic acids and peptides, capable of self-assembly, is not
novel. Nucleic acids and proteins are continuously in contact in the cell [17,18], and
exploitation of these interactions has led to the production of aptamer-based detection
methods for disease diagnoses [19]. In vitro, studies examining the assembly of
DNA/peptide conjugates reveal highly-ordered amyloid-like nanostructures [20,21].
Similarly, peptides modified with two N-terminal cytosines form nucleobase-directed

nanotubes that maintain interstrand hydrogen-bonding [5]. These chimeric assemblies
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highlight the robust properties of peptide assembly, while accommodating nucleobase
and nucleic acid specificity.

DNA has become of increasing interest in bionanocircuitry because of its
guanine-dependent electron transport [9,22,23]. Guanine, which is highly susceptible to
oxidative damage in the cell [24,25], is responsible for the conductivity of double-
stranded DNA and other secondary structures [26-30]. Guanine quadruplexes, which are
found naturally in telomeric regions, at centromeres, and within certain promoters
[31,32], form via Hoogsteen hydrogen bonding in guanine-rich regions of DNA [29,33-
35]. Four guanines hydrogen bond to form a single quartet (Figure 3-1a) [29], which then
undergoes monovalent cation-dependent stacking with other quartets to form the
quadruplex (Figure 3-1b) [36,37]. Although naturally occurring guanine quadruplexes
form through the folding of a single strand, synthetic quadruplexes can be formed from
one, two, or four strands [35,37-39]. Remarkably, G-quadruplexes are capable of
stacking [35,37], producing nanowires micrometers in length [31] that can be used in
biomolecular nanotechnology and have been explored as components of biosensors

[40].

Figure 3-1 Guanine Quadruplex structure. (a) Guanine quartet forms via
Hoogsteen hydrogen bonds. (b) Monovalent cations stabilize quadruplex

formation through the stacking of guanine quartets.
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The specific folding of guanine-rich sequences as guanine quadruplexes will be
exploited in this chapter. Through conjugation of a guanine-quadruplex-forming
sequence to a peptide, the formation of insulated guanine wires is possible. Diluting
these DNA/Peptide conjugates with free peptide will promote the formation of peptide
self-assemblies while incorporating guanine quadruplexes. Here, we describe the
formation of conical nanotube peptide self-assemblies, whose formation is dependent on
the proper folding of incorporated guanine quadruplexes. The characterization of these
assemblies is an important first step in defining insulated guanine wires for
bionanocircuitry, and extending the biomolecular morphological repertoire of

DNA/peptide chimeras.

Other DNA secondary structures have also been exploited for nanotechnology.
Beyond the specificity of Watson-Crick base-pairs, DNA secondary structures that are
responsive to pH or light permit temporal and spatial control of integral elements [41,42].
I-motifs, which rely on the formation of hemiprotonated C-C+ base-pairs (Figure 3-2a)
also fold as quadruplexes, but with intercalated bases (Figure 3-2b) [41]. These DNA
structures often accompany guanine quadruplexes on complementary strands rich in
cytosine [43]. An increase in pH deprotonates cytosines causing loss of structural
stability and unfolding [41,42]. The responsiveness of this system has led to its

application in a multitude of DNA-controlled devices [44,45].
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Figure 3-2 I-motif structure. (a) C-C+ base pairs depend on hemiprotonated
state of cytosine. (b) single strand cytosine quadruplex forms through

intercalation of C-C+ base pairs.

In this chapter, we end by describing the formation of DNA/peptide conjugates and their
application in responsive hydrogel systems. A proof-of-concept approach is used to
define the co-assembly of free peptides and DNA/peptide conjugates capable of forming
hydrogels through the introduction of a linker DNA that bridges the gap between
nanostructures. The use of i-motifs and other responsive DNA elements within the linker
or the DNA conjugated to the peptide would expand our use of hydrogels in drug
delivery, tissue engineering, and much more. Chapters 1 and 2 highlighted some of the
supramolecular architectures peptide assemblies access, and the context-dependent
nature of morphology appearance will be explored further in this chapter and those that

follow.
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Results

The assembly of peptide nanotubes is resistant to several alterations to the primary
amino acid sequence, addition of two cytosine bases to the N-terminus, and the covalent
attachment of fatty acid side chains to the N-terminus of incorporated peptides [5,13,46].
The robust assembly of nanotubes is explored further here through the formation of
nucleic acid/peptide chimeric assemblies. Peptide Ac-KLVIIAG-NH, demonstrates
context-dependent nanotube assembly. In high salt, nanotubes appear as the dominant
supramolecular architecture. Here, we exploit this context-dependent peptide assembly
for the formation of guanine nanowires within peptide nanotubes. Peptide assembilies,
which have little conductivity, serve as insulators and prevent potential lateral electron

transport with other nanowires [12].

Synthesis of DNA/Peptide conjugates

DNA/peptide conjugates were formed through the copper catalyzed click chemistry of
alkyne-modified peptides and azide-modified DNA. Peptide Ac-ELVIIAG-NH, was
synthesis by solid phase peptide synthesis (SPPS) and purified by reverse phase HPLC
using a C18 column. Purified Ac-ELVIIAG-NH; was subject to a two-step reaction
resulting in the alkynylation of the terminal glutamic acid side chain shown in Figure 3-3
[47]. In the first step, N-hydroxysuccinimide is added to the carboxylic acid of glutamic
acid as a leaving group to improve yield of the second step. Propargylamine replaces N-
hydroxysuccinimide through it's reaction with the carbonyl of the glutamic acid side

chain.
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Figure 3-3 Synthesis of alkyne-modified peptides for use in click reactions.

Intermediate and final product synthesis of alkyne-modified peptides was confirmed by
MALDI-TOF mass spectrometry. The mass spectrometry results of the final synthetic
product are shown in Figure 3-4. The m/z of 814.54 corresponds to alkyne-modified Ac-
aELVIIAG-NH; (‘a’ denotes alkyne) in association with one sodium ion. Purification of
Alkyne-modified peptides proved difficult. Therefore, click reactions were carried out with

crude synthetic products.
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Figure 3-4 MALDI-TOF MS analysis of alkyne-modified Ac-ELVIIAG-NH,.

Azide-modified DNA was purchased from integrated DNA technologies for the purposes
of this study. To form the DNA/peptide conjugate, alkyne-modified Ac-aELVIIAG-NH,
was combined with azide-modified DNA in a 4-6nmol click reaction catalyzed by Cu(l)
(Figure 3-5). The product of the click reaction and unreacted DNA was ethanol
precipitated. Further characterization of DNA/peptide conjugates by mass spectrometry
was unsuccessful. The use of mass spectrometry to identify polyanionic macromolecules

is challenging, as was eluded to in Chapter 2.
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Figure 3-5 Copper catalyzed click chemistry of alkyne-modified peptides

and azide-modified nucleic acids.

DNA/peptide conjugation was confirmed by urea-PAGE (Figure 3-6). The DNA ‘Ns-
TTTTGGTG4TGG’ was conjugated to Ac-aELVIIAG-NH; as a candidate for guanine-wire
formation within nanotubes. The retardation of guanine quadruplex-peptide (GQ-peptide)
conjugates relative to unreacted ‘N3;-TTTTGGTG4TGG’ (GQ-azide) was consistent with

a successful conjugation.

The design of GQ/peptide conjugates (GQPC), was based on the successful formation
of guanine-quadruplexes using a two-strand model of sequences originally derived from
Tetrahymena telomeres [37]. Two strands of the sequence 5-GGTG4TGG-3’ come
together to form parallel guanine-quadruplexes capable of long-range order through
stacking of terminal quartet faces [35]. This parallel quadruplex is showcased in Figure
3-1b, where the connecting loops are composed of single thymine nucleosides. A T4-
linker was added to the 5’-end of the guanine-quadruplex sequence to permit a greater

degree of motion in quadruplex formation.
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Figure 3-6 Urea-PAGE of guanine quadruplex/peptide conjugate formation.
Lane 1: 10bp ladder. Lane 2: N3-TTTTGGTG4TGG. Lane 3: GQ-Peptide

conjugate.

Spectroscopic identification of guanine quadruplexes

Guanine quadruplex formation of ‘GGTG4TGG’ DNA was assessed independent of its
conjugation to Ac-aELVIIAG-NH,. Because of the distinct electron transition dipole
moments between double-stranded DNA, parallel guanine-quadruplexes, and anti-
parallel quadruplexes, circular dichroism (CD) was an effective spectroscopic approach
to distinguish between accessible secondary structures [48-51]. Parallel guanine
quadruplexes have a characteristic CD signature arising from the stacking of bases and

the orientation about the glycosidic bond [48,49,51]. The guanine quadruplex of
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‘GGTG4TGG’ as depicted in Figure 3-1b, has a positive ellipticity at 260nm and a
negative ellipticity at 240nm in sodium phosphate buffer (Figure 3-7), consistent with the
unique electron transitions of parallel quadruplexes [51]. The sodium in the buffer
permits quadruplex assembly, which requires the presence of a monovalent cation for

stable stacking of guanine quartets [36,37].
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Figure 3-7 Circular Dichroism of parallel quadruplex assembly for the

sequence ‘GGTG4TGG’. Maximum ellipticities at 210nm, 240nm, and 260nm.

Guanine quadruplex formation was further confirmed by use of FT-IR. The C=0
stretching frequency of the C6=06 carbonyl of the guanine base has a maximal
absorbance at 1690cm™ in guanine quadruplexes. The presence of the 1690cm™ peak,
along with the peak at ~1540cm™, which is attributed to the N2 N7-H hydrogen bond of
Hoogsteen interactions, is consistent with guanine quadruplex assembly (Figure 3-8)

[39]. The C6=06 stretching frequency of guanine bases is observed at ~1666cm™ when
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it is not involved in hydrogen bonding, and is absent in the spectrum below. The
spectrum acquired here is consistent with the published parallel quadruplex spectrum of

‘GGGGTGGGG' [39].
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Figure 3-8 FT-IR analysis of ‘GGTG4TGG’ guanine quadruplex assembly.

With the confirmation of guanine quadruplex formation in the buffer conditions, the
assembly of peptides, independent of quadruplex presence was essential. Ac-KLVIIAG-
NH,, which selectively forms nanotubes in high-salt conditions, assembles primarily as
twisted fibers at a concentration of 0.4mM in sodium phosphate buffer as scored by
transmission electron microscopy (TEM) (Figure 3-9). Despite the presence of NaCl,
fibers are the major supramolecular species. These observations may be peptide-
concentration dependent. By circular dichroism, a weak [3-sheet signature is observed

with a maximum negative ellipticity at 218nm.
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Figure 3-9 TEM and CD analysis of Ac-KLVIIAG-NH; assembly in NaH2,PO,

buffer. Maximum negative ellipticity observed at 218nm.

GQPC/Ac-KLVIIAG-NH; co-assembly characterization

To promote successful assembly, GQPC were co-assembled with free Ac-KLVIIAG-NH,
peptides at a molar ratio of 1:40. The concentration of Ac-KLVIIAG-NH, was maintained
at 0.4mM to maximize the concentration of GQPC added and remain above the critical
peptide assembly concentration of ~0.3mM; due to the reaction scale, a minute amount
of GQPC was produced. The assembly was biased towards guanine quadruplex
formation by heating the mixture to 95°C for five minutes and allowing the components
to slowly cool to room temperature [35].

GQPC/Ac-KLVIIAG-NH; co-assembly resulted in the formation of homogeneous
nanostructures resembling nanotubes (Figure 3-10). Unlike other nanotubes examined,
GQPC/peptide nanotubes are conical in appearance with a wide end that tapers to a
narrow point. Assembly of GQPC/peptide nanostructures follows closely with other
peptide nanotubes, where mature assemblies are preceded by ribbon formation [52].
This phenomenon is observed in the bottom right micrograph of Figure 3-10. As

discussed in Chapter 2, nanotube morphology is characterized by white walls and a dark
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interior by TEM. The hollow character of the nanotube allows stain to enter prior to

dehydration on grids for analysis [52].

Figure 3-10 TEM analysis of GQPC/Ac-KLVIIAG-NH: co-assembly. Examples
of conical nanotubes observed by TEM for GQPC/peptide co-assemblies. Scale

bars are 2um, unless otherwise noted.

The conical property of the nanotubes was examined further through measurement of
the distinct ends. For each nanotube, ends were designated as being narrow or wide.
Visually, the examination of individual nanotubes and assignment of ends does not
appear to be subjective. Measurements made of narrow and wide openings were
recorded and compared. As expected, the nanotube openings have significantly different

sizes. The narrow openings have a mean width of 58.7nm and a standard deviation of
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3.5nm, while wide ends have a mean width of 160.4nm and a standard deviation of

2.1nm.
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Figure 3-11 GQPC/Ac-KLVIIAG-NH, nanotubes are conical. Width
measurements taken at predefined ends of conical nanotubes. Narrow, n=24.

Wide, n=20. P<0.0001 Error bars represent standard deviation.

The formation of conical nanotubes from ribbons was characterized at five days of
assembly to assess whether wide or narrow ends form first. According to transmission
electron micrographs, the formation of the narrow end precedes the wide end of conical

GQPC/peptide nanotubes.
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Figure 3-12 Narrow end formation precedes wide end formation in conical
GQPC/Ac-KLVIIAG-NH; nanotube assembly. Arrowheads point to narrow

(right) and wide (left) nanotube openings.

Spectroscopically, GQPC/peptide conical nanotubes exhibited characteristic -sheet
ellipticities by CD with a maximum negative ellipticity at 222nm and a positive ellipticity
at 203nm (Figure 3-13). The observance of guanine quadruplex formation was not
possible because the concentration was below the detection threshold of the 0.1mm
cuvette used. Increasing the pathlength would permit quadruplex observation by CD

within GQPC/peptide co-assemblies in future studies.
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Figure 3-13 CD analysis of GQPC/Ac-KLVIIAG-NH; nanotubes. Maximum

negative ellipticity is at 222nm.

To assess whether conical nanotube assembly was dependent on guanine
quadruplex formation, lithium phosphate buffer was used. Although lithium is a
monovalent cation, its atomic radius is considerably smaller than sodium and
potassium, the monovalent cations that contribute most often to quadruplex
assembly. Monovalent cations stabilize the stacking of quartets through cation-
dipole interactions with up to eight oxygen atoms on neighboring quartets [37].
Lithium is incapable of supporting these electrostatic interactions, and is
therefore considered neutral in guanine quadruplex assembly.

The supramolecular morphology of 0.4mM Ac-KLVIIAG-NH; in lithium

phosphate buffer is unchanged; twisted fibers are the predominant

73

nanostructures observed. Co-assembly of GQPC with Ac-KLVIIAG-NH; in lithium

phosphate buffer yields the same fiber morphology as peptide-alone assembly

(Figure 3-14). Although some nanotubes are observed, they lack the conical
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features of GQPC/Ac-KLVIIAG-NH; nanostructures in sodium phosphate buffer.
These data suggest guanine quadruplex formation is essential to the assembly of

conical nanotubes.

KLVIIAG-NH,/

2

Figure 3-14 Lithium phosphate buffer disrupts conical nanotube assembly.
Ac-KLVIIAG-NHZ2 assemblies (left). GQPC/Ac-KLVIIAG-NHZ2 co-assemblies

(right). White arrows point to nanotubes. Scale bars are 500nm.

Guanine Quadruplexes form during conical GQPC/peptide co-assembly
To visualize the formation of guanine quadruplex assembly within GQPC/peptide co-
assemblies spectroscopically, the use of intercalating agents was explored.
Protoporphyrin IX (PPIX) was selected as an initial candidate of guanine quadruplex
detection. Its structure and metal binding pocket (Figure 3-15) suggest it would be an

ideal candidate for intercalation between guanine quartets [53].
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Figure 3-15 Protoporphyrin IX (PPIX) structure. PPIX is a tetrapyrrole with a

metal binding pocket at its center.

PPIX is a tetrapyrrole with extensive conjugation allowing for its action as an efficient
chromophore. Its maximum absorbance by UV spectroscopy is at 400nm. Binding of
PPIX to GQPC/peptide co-assemblies was observed through an increase in absorbance
at 400nm. Compared to PPIX-alone and PPIX bound to 0.4mM peptide assemblies, the
UV absorption increased ~3.5-fold. Although PPIX intercalates well with guanine
quadruplexes, its specificity is not clear. Binding of PPIX to a double stranded DNA

control revealed nonselective binding of PPIX to DNA secondary structures.
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Figure 3-16 PPIX binding by UV-Vis spectroscopy. GQPC is the GQPC/Ac-
KLVIIAG-NH; co-assemblies. Peptide refers to Ac-KLVIIAG-NHz-only

assemblies.

Specific guanine quadruplex recognition

The development of a guanine-quadruplex specific fluorescent dye was undertaken
recently by Chen et al. [54]. Although the method of its guanine quadruplex detection
has not yet been fully explored, it has profound specificity as a detector of guanine
quadruplex formation in vitro. The structure of this fluorescent dye, ISCH-oa1, can be

seen in Figure 3-17.

76
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ISCH-oa1

Figure 3-17 Structure of ISCH-oa1, a GQ specific fluorescent dye.

Binding of ISCH-0a1 to GQPC/peptide co-assemblies was examined by fluorescence
spectroscopy. ISCH-o0a1, when bound to GQPC/peptide co-assemblies had a greater
than 16-fold increase in fluorescence intensity. Compared with peptide-alone and double
stranded DNA controls, ISCH-0a1 appears to be a specific indicator of guanine

quadruplex formation.
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Figure 3-18 ISCH-oa1 binding by fluorescence spectroscopy. ISCH-oa1 was
used at 1uM for all samples. 0.4mM Ac-KLVIIAG-NH2 assemblies were used as

a peptide-only control. GQPC corresponds to GQPC/Ac-KLVIIAG-NH, co-
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assemblies. Double stranded DNA used as a control for the specificity of DNA

secondary structure recognition.

The data from Figure 3-18 is quantified in Figure 3-19.
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Figure 3-19 Fold fluorescence intensity change for ISCH-oa1 binding from
Figure 3-18. Peptide refers to Ac-KLVIIAG-NH,. GQPC refers to GQPC/Ac-

KLVIIAG-NH, co-assemblies.

Alteration of GQPC/peptide co-assembly concentration in the presence of 1uM ISCH-
oal was examined as a means to identify the number of guanine quadruplexes within
co-assemblies and define the binding properties of ISCH-oa1 (Figure 3-20).
Unfortunately, we ran out of GQPC/peptide co-assembly before the experiment could be

completed, so this remains an area of active investigation.
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Figure 3-20 ISCH-oa1 titration with GQPC/Ac-KLVIIAG-NH; by fluorescence
spectroscopy. G-quadruplex concentration determined from initial concentration

of ‘GGTG4TGG’ conjugated to peptides for assembly.

From these data, the successful formation of GQPC/peptide nanotubes was defined.
The formation of insulated guanine wires has applications in many areas of
bioelectronics and represents a robust first-look at how guanine quadruplexes and

peptides behave when co-assembled.

Creating responsive hydrogels

The remarkable complexity and programmability of DNA substructures has expanded
our ability to develop DNA-controlled devices [1-3,8,11]. One such substructure, the i-
motif, forms at acidic pH through the hemiprotonation of cytosine base pairs [41].
Increase of the pH to near neutral or alkaline levels disrupts i-motif structural stability
through the deprotonation of cytosines. The assembly and disassembly of i-motifs can

be used to create systems capable of expansion and contraction [11,45]. The
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characterization of such DNA-only systems continues to be explored. However, the
incorporation of peptide assemblies as flexible or rigid scaffolds has not yet been
described.

The development of hydrogels for applications in tissue engineering and drug
delivery is underway {55-59]. Many peptide hydrogels are being exploited for their
tunable viscoelasticity, structural resemblance to the extracellular matrix, and porous
character capable of sufficient oxygen transport [60]. Here, we begin to describe the
development of a DNA/peptide hydrogel with the potential for further tuning through

variation of pH.

As with the GQPC/peptide co-assemblies described earlier in this chapter, the robust
assembly of nanotubes will be exploited as a scaffold for hydrogel formation. The
predicted model of hydrogel assembly is shown in Figure 3-21.

DNA Linker

(i-motif) Conjugated

a
DIA Peptide

b | @@~ @
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_
Hm““”"“m
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Figure 3-21 Nanotube-based hydrogel assembly. (a) Structure of DNA/peptide

conjugate with DNA linker. (b) Connections between nanotubes mediated by
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linker through Watson-Crick base pairing. (c) Example of possible network

formation.

Assembly of Nucleic Acid Peptide Conjugates (NAPC)

Conjugation of DNA to peptides was carried out as described in Figures 3-3 and 3-5. Ac-
KLVIIAG-NH2 was used as an initial candidate for Nucleic acid peptide conjugate
(NAPC)/peptide co-assembly. Urea-PAGE was used to confirm the successful
conjugation of DNA ‘GACACTCGTATGCAT to peptide Ac-aELVIIAG-NH, (Figure 3-22).
The retardation of the DNA-Peptide band compared to the DNA-Azide band, supported
successful conjugation. The DNA chosen for conjugation was arbitrary and met the two

necessary criteria: thermal stability at room temperature and no self interaction.

Figure 3-22 Urea-PAGE confirmation of NAPC. First lane: 10bp ladder.

Second lane: unreacted DNA-Azide control. Third lane: NAPC.
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Initial examination of hydrogel formation was performed in Tris-HCI. Because specific
assembly conditions are not required for the assembly of double stranded DNA,
conditions that favored nanotube assembly were chosen. In Tris-HCI, Ac-KLVIIAG-NH,
forms p-sheet-rich assemblies by CD. The characteristic p-sheet signature with a

maximum ellipticity at 218nm was observed (Figure 3-23).

50
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Figure 3-23 CD analysis of Ac-KLVIIAG-NH; in Tris-HCI. Maximum negative

ellipticity is at 218nm.

Analysis of Ac-KLVIIAG-NH; assemblies by TEM reveal the formation of nanotubes with
heterogeneous widths. Co-assembly of Ac-KLVIIAG-NH2 with variable amounts of
NAPC generates heterogeneous assemblies. At a peptide to NAPC ratio of 100:1,
nanotubes remain the predominant supramolecular architecture. However, fibers were
visible by TEM (Figure 3-24b). With increasing amounts of NAPC, the predominant
supramolecular nanostructure is no longer nanotubes; fibers appear to dominate the

assembly landscape.
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Figure 3-24 Selective co-assembly of NAPC and Ac-KLVIIAG-NH; assessed
by TEM. (a) Ac-KLVIIAG-NH2 assemblies. (b) 100:1 Ac-KLVIIAG-NH2 to NAPC.
White arrowhead points to a fiber. (c) 50:1 Ac-KLVIIAG-NHZ2 to NAPC. White
arrow points to a nanotube. (d) 30:1 Ac-KLVIIAG-NH2 to NAPC. Scale bars are

500nm unless otherwise noted.

Subsequent examination of Ac-aELVIIAG-NH2 assemblies by TEM revealed the
formation of homogeneous fibers suggesting the NAPC biases assembly towards fiber

formation.
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Figure 3-25 Ac-aELVIIAG-NH; assembly by TEM.

Addition of a DNA linker to the above assemblies with varied amounts of NAPC (Figure
3-24), was not successful in forming a hydrogel. Several factors likely contribute to the
unsuccessful outcomes of this attempt: assembly concentration may not be high
enough, nucleic acids are sticking to the positively charged nanotube surfaces, or NAPC

are not incorporated into the observed nanostructures.

Phosphorylated tyrosine nanotubes were explored as a second candidate for hydrogel
assembly. Ac-pYLVFFAL-NH; (‘p’ indicates phosphorylation), assembles as nanotubes
in TEAA and 40% acetonitrile [61]. These nanotubes maintain a negatively charged
surface and should prevent any potential electrostatic interactions between the
backbone of DNA and positively charged peptides. To co-assemble the NAPC and Ac-
pYLVFFAL-NH,, peptide Ac-aELVFFAL-NH, was synthesized (Figure 3-26). Subsequent
conjugation to DNA was carried out as described in Figure 3-5. Consistency in the
hydrophobic peptide tail is necessary for co-assembly. Due to issues with solubility,

acetonitrile was used instead of DMF during synthesis.
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Figure 3-26 Synthesis of alkyne-modified Ac-ELVFFAL-NH..

Homogeneous Ac-pYLVFFAL-NH; nanotube assembly was confirmed by TEM in TEAA
and 40% MeCN. Co-assembly of NAPC with Ac-pYLVFFAL-NH, at a ratio of 1:20
resulted in the formation of sheets as the predominant supramolecular architecture.
NAPC concentration was increased to 5% to account for sufficient DNA density on
assembly surfaces. Nanotubes observed in NAPC/peptide co-assembly samples were
larger than those observed for Ac-pYLVFFAL-NH,-alone assemblies as shown in Figure
3-27. Addition of the DNA linker to these co-assemblies was unsuccessful in inducing
hydrogel formation. For these co-assembled samples, the primary barrier appears to be

homogeneity in nanostructure morphology.



86

Figure 3-27 TEM analysis of Ac-pYLVFFAL-NH; nanotubes and NAPC/Ac-
PYLVFFAL-NH, co-assemblies in TEAA and 40% MeCN. Measurements

indicate nanotube width.

Conclusions

In this chapter, | described the formation of three DNA/peptide conjugates for application
in biomolecular nanotechnology. Through simple modification of the glutamic acid side
chain with an alkyne, the successful conjugation to azide-modified DNA was possible.
Conjugation of guanine quadruplex-forming DNA to Ac-aELVIIAG-NH; was confirmed by
urea-PAGE, and co-assembly with Ac-KLVIIAG-NH, revealed formation of
homogeneous conical nanotubes. Through buffer variation and subsequent removal of
integral monovalent cations, it was determined that conical nanotube assembly was
dependent on guanine quadruplex formation. The recent development of a guanine-
quadruplex-specific dye, ISCH-0a1, was monumental to our conclusion that guanine
quadruplexes form within GQPC/peptide co-assemblies. We have yet to determine the
precise location of guanine quadruplexes within the co-assemblies or their degree of
stacking, but it is clear the results of these experiments provide a foundation for the

development of highly mutualistic functional assemblies, which include peptide insulated
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guanine nanowires. We have not yet done the experiments to assess conductivity of co-
assemblies. However, quadruplex assembly clearly infuences nanostructure gross
morphology.

The development of DNA/Peptide conjugates for use in responsive hydrogel
formation is still being investigated. Challenges including assembly concentration,
electrostatic interactions, homogeneity of co-assemblies, and density of DNA/peptide
conjugates must be addressed and conditions optimized for successful hydrogel
formation. With a repertoire of peptides and accessible morphologies to sample, there is

no doubt the challenges discussed here will be overcome.

These data begin to describe the diverse, mutualistic interactions that can be exploited
for application in nanotechnology and beyond. The guanine quadruplex-dependent
conical nanotube formation described here foreshadows the following chapters where

the presence of nucleic acid influences the gross morphology of peptide assemblies.

Methods

Peptide Synthesis. Peptides were synthesized using Solid Phase Peptide Synthesis
(SPPS) with a Rink-Amide MBHA resin, 0.4mmol/g substitution, and capped at the N-
terminus with an acetyl group. Peptides were cleaved and deprotected using a cocktail
of 90% TFA, 2% anisole, 3% 1,2-ethanedithiol, and 5% thioanisole. All chemicals were
purchased from Sigma-Aldrich. Following cleavage and deprotection, peptides were
purified by reverse-phase HPLC using acetonitrile and water with 0.1%TFA and a C18
column to a >98% purity. After purification, acetonitrile was removed by rotavaporation.
The remaining aqueous solution was frozen at -80°C or flash frozen using liquid nitrogen

and lyophilized to yield a white powder.



88

Peptide Assembly. Due to the salt sensitivity of peptides used in this study, following
purification and lyophilization, peptides were desalted using Sep-Pak® C18 cartridges.
Ac-KLVIIAG-NH; was placed in 10mM NaPO, buffer with 100mM NaCl at pH6.8,
vortexed briefly and sonicated for 5 minutes to promote solubility. A stock solution of
2mM peptide was used to set up all assemblies. Experimental samples were set up
within five minutes of dissolution. Nucleic acid peptide conjugate concentration was
determined by UV-Vis spectroscopy assuming no peptide influence at 260nm.
GQPC/Ac-KLVIIAG-NH; samples were set up with a peptide concentration of 0.4mM
and a GQPC concentration of 10uM. For NAPC/Ac-KLVIIAG-NH; samples, peptide
concentration was 1mM and NAPC concentration varied from 10uM to 33uM. For
NAPC/Ac-KLVIIAG-NH, co-assembly, peptides were dissolved in 50mM Tris-HCI, pH
7.3. NAPC/Ac-pYLVFFAL-NH, samples were set up with a peptide concentration of
1mM and a NAPC concentration of 50uM. Ac-pYLVFFAL-NH, peptides were dissolved
in 40% Acetonitrile and TEAA (final concentration 60mM). For all co-assemblies, order of

addition was: peptide, conjugate, buffer. Samples were stored at room temperature.

Alkyne Modified Peptide Synthesis. Peptide (~20mg) and N-hydroxysuccinimide
(33.5mg) were dissolved in DMF (2mL). Once dissolved, EDC (55.8mg) was added.
Solution was stirred at room temperature for 30 hours. Attachment of N-
hydroxysuccinimide to the carboxylic acid was confirmed by MALDI. More N-
hydroxysuccinimide can be added to increase yield. A solution of 0.2M NaHCO; (100ul)
was added to the Imide-Peptide/DMF mixture from the previous reaction.

Propargylamine (0.15mmol) was added immediately after NaHCO3 to the reaction
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cocktail. Alkyne-modified peptide was visible by MALDI after 5 hours stirring at room

temperature. Addition of more propargylamine may increase yield.

For Ac-ELVFFAL-NH,, acetonitrile was substituted for DMF in all cases. Instead of
stirring for 30hours, solution was stirred for seven days. All other steps remain the same.

Product formation was confirmed by MALDI-TOF MS.

Nucleic Acid Peptide Conjugate Synthesis. Nucleic acid/Peptide conjugates were
formed via a copper-catalyzed click reaction. All reactions were performed at 4nmol to
6nmol azide-modified nucleic acid and excess alkyne-modified peptide. In one tube
combine azide-DNA (~4nmol), alkyne-peptide (in excess, 4ulL), 2M TEAA pH7 (4ul),
saturated ascorbic acid in H20 (4uL), DMSO to 50% the volume (20uL), and 10mM Cu-
TBTA (added last, 4ulL). Leave reaction at room temperature for 48 hours. The DNA-
Peptide conjugate and any unreacted DNA was ethanol precipitated on ice using 2mL
MgCl; and four times the volumes of 200 proof ethanol for 20 minutes. Precipitate was
pelleted and washed with 70% ethanol. The pellet was dried in a vacuum desiccator and

analyzed by urea-PAGE.

Urea-PAGE. A 20% 7M urea polyacrylamide gel was used for confirmation of nucleic
acid/peptide conjugation. 20% PAGE gels were 1mm thick and run at 100V for 90
minutes. A 10bp ladder was used as a reference for DNA and conjugate migration.
Samples were prepared in TBE-urea sample buffer, heated to 95°C for five minutes to
prevent secondary structure formation and run on the gel. Gels were incubated in 1X
SYBR-Gold in TBE for 20-40 minutes following electrophoresis and visualized using a

Bio-rad gel imager.
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Transmission Electron Microscopy. Electron microscopy images were obtained
using a Hitachi H-7500 and a Jeoul transmission electron microscope. All samples were
placed on 200 mesh copper grids with carbon coating and negatively stained using
2%w/w uranyl acetate (Sigma-Aldrich). The microscope was operated at 75kV. Cross-
section images were obtained by embedding pelleted assembilies in resin. Using a
microtome, embedded assemblies were sliced 1um thick and placed on grids for

analysis by TEM.

Circular Dichroism. A Jasco-810 Spectropolarimeter was used to record CD spectra.
Samples were examined at room temperature in a 50uL cell with a 0.1mm path length.
The reported spectra were acquired from 260nm to 190nm with a step size of 0.2nm and
a speed of 100nm/s, and are the average of three independent scans. Ellipticity, in
mdeg, was converted to Molar ellipticity (6) with [6] = 6/(10 x ¢ x /), where ‘C’ is peptide

concentration in moles/L and ‘I’ is the pathlength in cm.

Fourier-Transform Infrared Spectroscopy. FT-IR spectra were acquired using a
Jasco FT-IR 4100 (Easton, MD, USA) averaging 750 scans at 2cm™ resolution. For each
sample, 8ul of peptide solution was dried as a thin film on a Pike GaldiATR (Madison,
WI, USA) ATR diamond surface. The MCT-M detector, having a 5mm aperture and a

scanning speed of 4mm/sec was used.

Fluorescence Spectroscopy. Fluorescence spectroscopy was performed on a
Cary Eclipse Fluorescence Spectrophotometer. The emission was fixed at

650nm for identification of the maximum excitation of 550nm. The excitation was
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then fixed at 550nm and emission spectra were accumulated from 560nm to
700nm. ISCH-o0a1 was used at 1uM in all cases. The titration was performed
through variation of GQPC/peptide co-assembly concentration. A quartz cuvette
with a 3mm pathlength was used for all fluorescence analysis. Fluorescence
intensity was normalized to f/fo, where f is the fluorescence of the sample and fO

is the fluorescence of 1uM ISCH-oa1.
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Chapter 4: Design and Global Architecture Characterization of Nucleic
Acid/Peptide Co-assemblies

Introduction

The intricate macromolecular network connecting RNA, DNA and their nucleic acid binding
proteins underpins the spatiotemporal regulation of cellular information flow [1]. Many of
the proteins and peptides involved in interactions with nucleic acids have a propensity for
self-aggregation, adding further dimensions to this supramolecular network [1-3]. Notably,
intrinsically-disordered, low complexity domains (LCDs) of RNA-binding proteins
containing repeating dyad arrays of FG, QN, YG, and RG are critical for the sophisticated
phase behavior of micron-sized nucleic acid/protein coacervates [3-8], and necessary and
sufficient for the spatiotemporal regulation of mMRNAs through the assembly of messenger
ribonucleoprotein (MRNP) granules [1-6]. These granules are often referred to as
membraneless organelles and include the nucleolus where RNA and proteins are
assembled into the ribosomal subunits [7-12]. The transient and fluxional behavior of
mRNP granules is necessary to guide RNA through the many stages of information
processing [1], and the maturation of these granules may be increasingly relevant to a
multitude of disease states [13-21]. This will be explored further in Chapter 6.

In an Amyotrophic Lateral Sclerosis model, RNA binding was integral to the
nucleation of the LCD-dependent assembly of higher-order FUS RNP fibrils and mediated
interactions with the C-terminal domain of RNA Pol Il [22]. This and other examples of
mRNP granule maturation, including that of Cajal Body self-organization [23], reveal an
essential role for nucleic acids in the assembly pathway [24]. Non-canonical RNA
sequences have been shown to impact mRNP granule development [25-31], and other
evidence suggests transient amyloid assembly mediates mRNP granule maturation as

seen in Figure 4-1 [3,7,32-36].
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Figure 4-1 Ribonucleoprotein (RNP) granule maturation and the pathological
transition. RNP granules are composed of RNA binding proteins with RNA recognition
motifs (RRM) and often disordered domains, and RNA. Maturation of RNP granules to to
excessive exposure to stress can lead to the formation of less-dynamic granules.
Presence of pathogenic mutations, often found in disordered domains, may lead to a
pathological transition to amyloid fibril assembly. TEM shows Ac-KLVIIAG-NH, peptide

fibers as an example of amyloid assembly.

Amyloids are characterized by cross-f diffraction patterns arising from the

stacking of p-sheets orthogonal to the assembly’s long-axis [37,38]. The amyloid-f (Ap)
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peptide of Alzheimer’s disease, which aggregates as amyloid extracellularly in senile
plaques, is perhaps the simplest, and most well-characterized, intrinsically-disordered
peptide [37-40]. The canonical Ap core, amino acids ‘KLVFFAE’, or AB(16-22), has been
examined extensively [38,41,42], and shown to be essential for initial nucleation and
propagation of fibrillar Ap assemblies [37-39]. AB16-22 and its congeners assemble
through a two-stage nucleation process, much like ribonucleoprotein granule assembly
with oligonucleotides, but with a higher propensity for assembly [38]. Here, we use this
peptide to explore co-assembly with RNA and define through a reductionist approach
well-ordered supramolecular assemblies that result from highly specific and mutualistic
cross-templating of nucleic acid and amyloid domains. Specific contacts between the
surface of the peptide and nucleic acid backbone dominate the assemblies, providing
insight to the ubiquitous, and often sequence-independent, association of cellular
mRNAs with proteins and their pathogenic impact on mRNP granules [1,43,44]. These
co-assemblies are remarkably dynamic, a critical feature of mMRNP granules [1,2], and
reveal how LCDs and other more aggressive (3-sheet-prone infectious domains could
structurally intercept cellular stress, development, or other mRNP granules through

irreversible nucleic acid/peptide co-assembly.

Results

Sampling of peptide congeners for nucleic acid co-assembly

The liquid-liquid phase separations that give rise to the mRNP granules are entropy-driven
desolvation events [1-8,10,31], and the self-solvation energetics in the granules are
expected to be dominated by electrostatic forces [26,43-46]. Because of this, we focused
our initial examination on nucleic acid chain length and a stoichiometry that achieves

overall charge neutrality. G/C-rich nucleic acids are excluded to avoid competing
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secondary structures including guanine quadruplexes and cytosine i-motifs discussed in
detail in Chapter 3. The peptides explored are shown in Figures 4-2 and 4-6. As scored
by transmission electron microscopy (TEM), assembly proved to be sensitive to both the
terminal and internal amino acids of Ap(16-22) when in association with A/lU RNA
oligomers.

Peptides Ac-KLVFFAG-NH, and Ac-RLVFFAG-NH, maintain the canonical
‘LVFFA’ hydrophobic core of AB(16-22), and form well-defined cross-f3 structures, but
display significant morphological heterogeneity when co-assembled with RNA by TEM
(Figure 4-2). Despite its propensity to form a RNA duplex, RNA (AU)s was used at
temperatures at or above its T, and did not appear to cause significant aberrations in

co-assembly structure when compared with single stranded RNAs.

Ac-KLVFFAG-NH,

Ac-RLVFFAG-NH,

Figure 4-2 Ac-KLVFFAG-NH; and Ac-RLVFFAG-NH; assembly and co-assembly

with RNA. TEM analysis of Ac-KLVFFAG-NH- (A) and Ac-RLVFFAG-NH; (B) assembly
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with and without RNA. Scale bars are 100nm in the first column and 500nm in the

second column.

Co-assembly of peptide Ac-KLVFFAG-NH, with RNA was examined by laser-scanning
confocal microscopy to begin to examine RNA localization. The amyloid-specific dye
Thioflavin T was used as an indicator of peptide assembly, while RNA was observed via
Cy3 fluorescence, which was covalently attached at the 3’-end of RNA(U)+o. The merge
of amyloid and RNA fields confirmed co-localization of the fluorophores and suggested

co-assembly of RNA and peptide.

ThioflavinT RNA(U),,-Cy3

Ac-KLVFFAG-NH,

Figure 4-3 Laser scanning confocal microscopy of RNA/Ac-KLVFFAG-NH, co-
assemblies. Thioflavin T, amyloid indicator. Cy3 covalently bound to the 3’-end of

RNA(U)4o. Scale bars are 10um.

Co-assembly of Ac-KLVFFAG-NH; and RNA was examined further using electrostatic
force microscopy (EFM). EFM is identical to atomic force microscopy (AFM), except that
electrostatic surface forces are probed instead of Van der Waals. By applying a +1V
charge bias to the cantilever tip and placing it in non-contact mode, a micrograph
revealing charge distribution is produced. Examination of Ac-KLVFFAG-NH,/RNA co-

assemblies by EFM yielded micrographs where co-assembly surfaces were primarily
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negatively-charged (Figure 4-4). Topography, taken in normal AFM mode, provided a

complete depiction of the Ac-KLVFFAG-NH,/RNA co-assembly.

nm Topography Vv Amplitude
600- |

400-

200+

Ac-KLVFFAG-NH,

Figure 4-4 Ac-KLVFFAG-NH/RNA co-assemblies have negatively-charged
surfaces. Topography, AFM, depicts total co-assembly present. Amplitude, EFM,

depicts surface charge distribution for the co-assembly.

Structurally, Ac-KLVFFAG-NH, and Ac-RLVFFAG-NH,, with and without RNA,
maintained cross-beta diffraction patterns consistent with amyloid nanostructures by
powder x-ray diffraction. Co-assemblies show persistence of the interstrand distance of
4.7A and intersheet distance of ~10A is consistent with maintenance of the amyloid core
architecture. These data taken with the micrograph from EFM suggest these amyloid

nanostructures are coated with RNA.
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Figure 4-5 Diffraction patterns consistent with amyloid are maintained in Ac-

KLVFFAG-NH; and Ac-RLVFFAG-NH,; co-assemblies. All assemblies depict

reflections at 4.7A and ~10A.
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Despite clear co-assembly of Ac-KLVFFAG-NH2 and Ac-RLVFFAG-NH; with RNA, the

heterogeneity of nanostructures makes further structural characterization difficult. To

address heterogeneity, we surveyed several peptides that differed in sequence at the

‘FF’ dyad or C-terminal residue. These positions were chosen based on their

contribution to assembly kinetics [47,48] and their influence on nanostructure surface

dynamics. The ‘FF’ dyad, which is oft-touted as being essential for fibril formation was

replaced with other hydrophobic residues. The C-terminal glycine was replaced with
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bulkier hydrophobic amino acids that restrict rotation about the peptide bond. Some of
these peptides are shown in Figure 4-6. In all cases, fibers were observed in peptide-
alone assembly and bundled fibers or amorphous aggregates emerged in the presence
of RNA. Heterogeneity was observed for all peptide co-assemblies in Figure 4-6, and

RNA’s contribution remained unclear.

Ac-KLVIIAA-NH
Ac-KLVIIAL-NH,

Ac-KLVLLAG-NH,
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Figure 4-6 Sampling of peptide congeners and their co-assembly with RNA reveals
heterogeneity. Ac-KLVIIAA-NH; and Ac-RLVIIAA-NH, with and without RNA(A)+o (A,B).
Ac-KLVIIAL-NH; and Ac-RLVIIAL-NH, with and without RNA (C,D). Ac-KLVLLAG-NH,

and Ac-RLVFFAG-NH, (E,F).

Assembly of homogeneous nucleic acid/peptide nanostructures

The isoleucine dyad is closest in hydrophobicity to the FF dyad, according to the
Fauchere-Pliska index (Table 4-1), and was selected to reduce the possibility of wt-nt
stacking between peptides and incorporated nucleobases [47,48]. Other hydrophobic
dyads also reduce heterogeneity. However, with the internal di-isoleucine and glycine at
the C-terminus, homogeneous structures are observed in the nucleic acid/peptide co-
assembly. Peptides Ac-KLVIIAG-NH; and Ac-RLVIIAG-NH; are explored for the

remainder of this Chapter.
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Amino Acid Hydrophobicity Amino Acid Hydrophobicity
Alanine 0.310 Leucine 1.700
Arginine -1.010 Lysine -0.990
Asparagine -0.600 Methionine 1.230
Aspartic acid -0.770 Phenylalanine 1.790
Cysteine 1.540 Proline 0.720
Glutamine -0.220 Serine -0.040
Glutamic acid -0.640 Threonine 0.260
Glycine 0.000 Tryptophan 2.250
Histidine 0.130 Tyrosine 0.960
Isoleucine 1.800 Valine 1.220

Table 4-1 Fauchere-Pliska index — Hydrophobicity was determined from TLC

retention time of amino acids.

As shown in Figure 4-7, congeners ‘Ac-KLVIIAG-NH,’ (pep-KG) and ‘Ac-RLVIIAG-NH’
(pep-RG), maintaining both the cationic N-termini for solubility and a small C-terminal
residue to create space in the laminate groove [41], were selected for further analyses.

The laminate groove is explained in greater detail in Chapter 2.

Dynamic
C-terminus

Cationic N-terminus

Figure 4-7 Primary sequence of Ac-KLVIIAG-NH, (pep-KG) and Ac-RLVIIAG-NH,

(pep-RG). Length of extended peptide shown as 2.6nm.
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Initial examination of pep-KG and pep-RG showed that both peptides form assemblies
with characteristic p-sheet molar ellipticities and infrared transitions (Figure 4-8). A more
negative molar ellipticity for pep-KG than pep-RG, suggests the presence of more beta-
sheet-rich assemblies. Fourier Transform Infrared (FT-IR) spectroscopy supports this
supposition. Absorbance of pep-RG at 1670cm™ is indicative of disordered peptide
aggregates and free peptide monomers. It is unclear from the FT-IR spectra whether
peptide assemblies are anti-parallel or parallel because the remaining monomer pool
has reduced the resolution of peaks at ~1695cm-1. The Amide | stretch is the strongest
peptide signal by FT-IR and corresponds to the C=0 stretching frequency of the
backbone carbonyl. Several peaks can be observed between 1600 and 1700cm-1 for
full-length proteins with multiple secondary structures. For amyloid assemblies, -sheet
amide | stretching is observed at ~1625cm-1. When an amyloid assembly contains anti-
parallel beta-strands, a second peak may be present at ~1695cm-1. In anti-parallel beta-
sheets, the C=0 of the peptide backbone experiences two distinct environments. These
environments affect its stretching frequency leading to the appearance of a small

secondary peak.

5.0x105- — pep-KG 1.1-

— pep-KG
— pep-RG 1.0+ pep

T 5 099 — pep-RG
'S 0.04— T ' < 0.81
& 00 220 260 o 0.74
'%_ 2 0.6
= -5.0x1064 S 0.54
w § 0.4+
8 28 0.3+
S -1.0x107+ < 024
0.1+
0.0

-1.5%107= T T T
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Figure 4-8 Pep-KG and pep-RG form assemblies with characteristic beta-sheet

signatures. CD reveals minima at 218nm. By FT-IR, the amide | stretch is ~1625¢cm’.
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Both pep-KG and pep-RG form fibers (Figure 4-9) with mean widths of ~4nm. These
results are most consistent with peptide bilayers [49,50]. However, bundling of pep-KG
fibers as twisted dimers and trimers shifts the mean fiber width to ~8.7nm (Figure 4-10).
Pep-RG assemblies bundle more extensively making large scale measurements difficult.
Co-assembly of pep-KG or pep-RG with RNA yields homogeneous ribbons at 4°C
(Figure 4-9c/d). The inset in Figure 4-9c¢ highlights the finer multi-lamellar architecture of
the ribbon wall. This remarkable morphological change is highly reproducible and robust

with maintenance of the assembly observed following several freeze-thaw cycles.

Figure 4-9 Assembly of pep-KG and pep-RG with and without RNA. (a/b) Pep-Kg
and pep-RG self-assemblies in 40% acetonitrile, 60% water. (c/d) Co-assembly of pep-
KG or pep-RG with RNA in 40% acetonitrile and 60% water. Inset highlights multi-

lamellar wall architecture. Scale bars are 200nm, unless otherwise noted.
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Figure 4-10 Pep-KG fiber width measurements. Measurements taken perpendicular

to the long-axis of the fiber using ImagedJ. u=mean+/-standard deviation.

Particle formation in RNA/peptide nanostructure assembly

When co-assembled with RNA at 4°C, the assembly proceeds through an initial particle
phase, much like mMRNP granules (Figure 4-11). Particles in peptide assemblies are
essential. Much like protein folding landscapes, amyloid-forming peptides undergo
hydrophobic collapse before organized assembly propagates and the lowest energy well
is accessed. Hydrophobic collapse results in the concentration of peptides in mostly-
spherical particles where energetics produce nucleation events that drive peptide

propagation as amyloid nanostructures.
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Pep-KG, RNA(A),,

Figure 4-11 Particle phase of RNA/pep-KG co-assemblies. TEM analysis of the

particle phase at 5 minutes of co-assembly. Both scale bars are 1um.

RNA/Pep-KG particles mature as ThioflavinT-positive amyloid particles grow and fuse
with RNA particles (Figure 4-12). Thioflavin T bound by amyloid has maximum emission
at 488nm. The emission of Thioflavin T in particles suggests amyloid formation begins
early and independent of RNA. Fusion with RNA-only particles results in the co-

localization of fluorophores and, presumably, the co-assembly of the two biopolymers.
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4 é

Figure 4-12 RNA/pep-KG particle phase monitored by laser scanning confocal

microscopy at 30 minutes post-co-assembly. First row: Thioflavin T-positive particles.
Second row: FAM-positive particles. Third row: Fusion of Thioflavin T- and FAM-positive

particles. Scale bars are 10um.

Cooperative binding of nucleic acids to peptide assemblies
Nucleic acids are necessary for the nucleation and propagation of ribbonous co-

assemblies, with each occurring independent of polynucleotide length. While at least 6
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nucleotides are required (Figure 4-13), either DNA or RNA are sufficient to produce
ribbons and DNA strands up to 7,560 nucleotides maintain a ribbonous co-assembly
(Figure 4-14). This independence of chain length suggests that diverse nucleic acid
packing arrangements are accommodated within these homogeneous co-assemblies.
DNA below six nucleotides is not sufficient to produce multi-lamellar ribbons. Instead,
thin-walled nanotubes are observed, similar to those observed for pep-KG and pep-RG
in the presence of salt alone (Figure 4-15). This length-dependence suggests a

cooperative component to nucleic acid binding that nucleic acids less than six

nucleotides cannot fulfill.

DNA(A),

Figure 4-13 Co-assembly of pep-KG with DNA(A),, DNA(A)s, or DNA(A),by TEM.

Scale bars are all 500nm.
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Ac-KLVIIAG-NH,

DNA 7560

Ac-RLVIIAG-NH,

Figure 4-14 Co-assembly of pep-KG or pep-RG with varying lengths of single
stranded DNA. Length of incorporated DNA is in the top right corner of each

micrograph. Scale bars are 500nm unless otherwise noted.
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Figure 4-15 Assembly of pep-KG and pep-RG with and without MgCI2. First column
of transmission electron micrographs depicts peptide-alone assembly. Second column
depicts assembly of pep-KG and pep-RG in the presence of 300mM MgClI2. Inset
features cross-sections of nanotubes. Nanotube width values are taken from TEM and

measured using ImagedJ. u=mean +/- standard deviation.

Temperature affects global co-assembly architecture

Remarkably, both pep-KG and pep-RG co-assemblies transition into well-defined multi-
lamellar nanotubes with mean diameters of ~205 nm at 37°C (Figure 4-16 and 4-17). The
insets in Figure 4-16a/b feature cross-sections of the nanotubes taken perpendicular to
the tube long-axis. It is from these cross-sections that diameter measurements were
carefully made. From the cross-sections of these co-assemblies at 37°C, maintenance of
the multi-lamellar wall phenotype is also observed. Longitudinal cross-sections shown in
Figure 4-16c¢/d reveal a narrow interior and thick, layered tube walls. The temperature

dependence to RNA/Peptide co-assembly maturation suggests the ribbons arrested at
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4°C are intermediates in the assembly pathway. An increase in temperature to 37°C is

necessary for the transition to symmetrical nanotubes.

Figure 4-16 Pep-KG and pep-RG co-assembly with RNA(A), at 37 °C yields
symmetrical nanotubes. (a/b) Co-assembly of pep-KG and pep-RG with RNA(A) o at
37°C. Insets feature cross-sections of nanotubes. White arrowheads point to hollow
nanotube interior. (c/d) Longitudinal cross-sections of nanotubes; white interior and dark

multi-lamellar walls are apparent. Scale bars are as noted.
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Figure 4-17 Nanotube diameter measurements taken from pep-KG/RNA nanotube

cross-sections at 37 °C. Measurements made in ImagedJ. u=mean+/-standard deviation.

In Figure 4-18, measurements taken from individual lamella of the multi-lamellar walls of
these nanotubes reveal repeating widths of 2.4+0.3nm and 2.5+0.3nm for pep-KG and
pep-RG, respectively. This spacing distance is the same as the extended peptide length
of 2.6 nm (Figure 4-7), and consistent with a single g-sheet peptide monolayer defining

each lamella.
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Figure 4-18 Individual lamella width taken from longitudinal cross-sections of pep-
KG/RNA and pep-RG/RNA co-assemblies at 37 °C. Measurements made using

Imaged. u= mean o =standard deviation.
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A cartoon depiction summarizing the conditions sampled for pep-KG and pep-RG with

and without RNA is shown in Figure 4-19.

Longitudinal
cross -section
—
/ 4°C 37°C

Peptide-only Peptide + RNA

Figure 4-19 Summary of the morphological transitions and depictions of pep-KG

and pep-RG assemblies with and without RNA.

Microscopy confirms co-assembly

To confirm co-assembly and begin to examine the position of the RNA, constructs
prepared with Cy3 bound to the 3’-end of RNA(A)1, were co-assembled with pep-KG or
pep-RG and co-stained with the amyloid-specific dye ThioflavinT (ThT). Both RNA/pep-
KG and RNA/pep-RG co-assemblies show co-localization of ThT and Cy3 signals
(Figure 4-20). Aggregation of ribbons at 4°C is common. Therefore, clustering of ThT
and Cy3 fluorophores is expected. The co-localization of ThT and Cy3 supports the co-

assembly of RNA and peptide in the observed nanostructures.
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RNA (A).,-Cy3

pep-KG

pep-RG

Figure 4-20 RNA/Pep-KG and RNA/pep-RG co-assemblies examined by laser
scanning confocal microscopy. Pep-KG and pep-RG co-assembled with RNA(A)1o-
Cy3 were co-stained with Thioflavin T (ThT). Merge indicates combination of ThT and

Cy3 fields. Cy3 covalently attached to the 3’-end of RNA(A) 1.

Surface mapping of the ribbons with electrostatic force microscopy (EFM) further
confirms the presence of RNA on the external surfaces of the assemblies (Figure 4-21).
For EFM amplitude, negatively-charged regions are dark. The low resolution of images
makes resolving ribbon internal surfaces difficult. However, a predominantly negative
external surface is apparent. Since the peptides themselves are positively charged, a

negative surface charge is only possible if RNA is coating the peptide assembly.
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Figure 4-21 Single RNA/pep-KG ribbon examined by AFM and EFM. Topography
indicates normal AFM mode; Van der Waals interactions. Amplitude indicates EFM

mode; electrostatic interactions.

Evaluating the electrostatic contribution to RNA/peptide co-assembly
Since it has now been established that RNA and pep-KG or pep-RG co-assemble,
understanding the forces that dictate co-assembly will provide insight to the assembly
landscape and information for the development of more comprehensive models

depicting amyloid/RNA dynamics in protein-misfolding diseases.

When assembled with excess MgCl,, RNA/peptide co-assembly nanotube widths are
reduced to ~100nm, and contain fewer lamellae (Figure 4-22). The decrease in lamellae
is highlighted in the insets of Figure 4-22. From TEM, it would appear the salt out-
competes the RNA during assembly. Transmission electron micrographs appear similar

to those of pep-KG or pep-RG with MgCl, alone (Figure 4-15).
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RNA (A),, 300mM MgCl,

Figure 4-22 Pep-KG and Pep-RG assembled with RNA(A) and MgClI, to modulate
electrostatics. Excess MgCl, (300mM) is added to RNA and peptide at the time of
assembly. Insets feature nanotubes with fewer lamellae. Scale bars are 200nm unless

otherwise noted.

Despite appearance of loss of co-assembly by TEM, some lamellae remain and laser
scanning confocal fluorescence microscopy provides a clearer look at the localization of
the biopolymers. While the electrostatics appear to be modulated by the Mg*?, the
overall assembly is retained and the RNA remains co-localized with the peptide
assembly (Figure 4-23); Thioflavin T and Cy3 co-localization indicate the maintenance of
RNA/peptide co-assembly even in the presence of excess MgCl,. With high MgCl,
concentration, the nucleic acid and peptides co-assemble as thinner-walled nanotubes
of heterogeneous widths containing fewer lamellae. A similar result is obtained with
nucleic acid oligomers containing fewer than six nucleotides, supporting a strand length

threshold for cooperative assembly (Figure 4-13).
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Figure 4-23 Examination of pep-KG and pep-RG assemblies in the presence of

pep-KG, MgCl,

pep-RG, MgCl,

MgCl, and RNA. Co-localization of Thioflavin T (first column) and Cy3 (second column)

is shown in the third column.

Electrostatics were examined further through the complete removal of the positive
charge from the peptide. Removal of the positive charge was achieved with Ac-ELVIIAG-
NH; (pep-EG), which assembles under these conditions as bundled fibers (Figure 4-24).
The presence of DNA at 4°C has little influence on the assembled morphology, and
there is no evidence for co-localization of peptide and nucleic acid fields by laser
scanning confocal microscopy (Figure 4-25). Despite eliminating electrostatic
interactions between N-terminal peptide residues and the phosphate backbone of
RNA/DNA, if other interactions existed within co-assemblies they would be maintained in

DNA/pep-EG or RNA/pep-EG co-assemblies. Because of the complete loss of
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fluorophore co-localization observed, electrostatic interactions likely contribute the most

to the nucleation and propagation of RNA/peptide co-assemblies.

Figure 4-24 Assembly of pep-EG with and without DNA(A).. Transmission electron
micrographs of pep-EG assembly with (right) and without (left) DNA(A)+o. Scale bars are

500nm.

Thioflavin T RNA(A),-FAM

Figure 4-25 Laser-scanning confocal microscopy of RNA/pep-EG co-assemblies.

FAM is covalently attached at the 3’-end of RNA(A)1.. The merge of Thioflavin T and

FAM is shown in the third panel (right). Scale bars are 10um.
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To determine the importance of phosphate periodicity on co-assembly, a linear
polyphosphate with approximately 50 phosphates was prepared and shown to
reconstitute the multi-lamellar co-assembly morphologies achieved with RNA (Figure 4-
26). These results further highlight the positional plasticity of the RNA/peptide interface.
Not only can nucleic acid oligomers from six to 7,560 nucleotides be accommodated, but
polyphosphates, which are the same only in anion can also recapitulate co-assembly

morphology.

Polyphosphate PolyP,,

Figure 4-26 Co-assembly of pep-KG and pep-RG with PolyPs, recapitulates multi-
lamellar morphology. TEM examination of pep-KG and pep-RG co-assembled with

polyphosphate PolyPs,. Scale bars are as shown.

RNA/peptide co-assemblies remain dynamic

As with the mRNP granules, these paracrystalline assemblies remain dynamic. Melting
of the pep-KG fibers, determined by loss of peptide negative ellipticity at 220nm, gives a
Tm of 38°C, while the T,, of the DNA co-assemblies, determined by the hyperchromic
shift of the positive ellipticity of the nucleic acid bases at 260nm, is 42°C (Figure 4-27).

Although this crystalline phase likely contributes to the pathology of many, if not all,
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protein-misfolding diseases, the co-assemblies remain dynamic. This makes possible

the development of therapeutics and other interventions for amyloid dispersal.
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Figure 4-27 Melting temperature of pep-KG and DNA/pep-KG assemblies. Circular
Dichroism used to assess T,, of pep-KG and DNA/pep-KG assemblies. For pep-KG
assemblies, loss of ellipticity at 220nm was monitored from 20°C to 60°C. For DNA/pep-

KG co-assemblies, the hyperchromic shift at 260nm was monitored from 20°C to 60°C.

Sensitivity to nucleases represents another mechanism of dynamic control in nucleic
acid processing. A 30-minute exposure to RNasej; at room temperature resulted in
disassembly of the RNA/pep-KG nanostructures by TEM, and urea-PAGE confirmed the
hydrolysis of the incorporated RNA (Figure 4-28). Loss of co-assembly in the presence
of nucleases confirms the essential role of nucleic acid in co-assembly maintenance,
and highlights the accessibility of the incorporated nucleic acid to the external
environment. The co-assembly’s sensitivity to nucleases provides context for a feedback
mechanism describing assembly and disassembly, and how the two processes can be

intimately regulated in the cell.
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Figure 4-28 RNA/Pep-KG co-assemblies are sensitive to nuclease digestion. (a)
Urea-PAGE analysis of RNasel; digest. Lane 1, RNA(A)s control; Lane 2, RNA(A)s after
30 minute RNasel; digestion; Lane 3, Co-assembly before digestion; Lane 4, Co-
assembly RNA(A) s after 30 minute RNasel; digestion. (b) Feedback mechanism
describing pathways for co-assembly and disassembly. (c,d) RNA/Pep-KG co-assembly

before and after RNasel; digestion. Scale bars are 200nm.

Co-assembly of dsDNA and pepKG/RG

Not only are co-assemblies capable of accommodating short and long strands of
primarily single stranded nucleic acids and responsiveness to their environment,
incorporation of double-stranded DNA (dsDNA) also recapitulates co-assembly
architecture. Unlike single-stranded DNA and RNA at 4°C, co-assembly of pep-KG or

pep-RG with dsDNA at 4°C leads to the prevalence of thick-walled nanotubes. By TEM,
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thick-walled nanotubes are abundant. The rigidity and periodicity of organized dsDNA

may influence assembly energetics and bias the system towards nanotube formation.

Figure 4-29 Pep-KG and pep-RG co-assembly with dsDNA(AT). TEM analysis of

dsDNA/Peptide co-assemblies. Scale bars are 200nm.

Co-assembly of dsDNA and pep-KG or pep-RG was characterized as before. Amyloid-
specific, Thioflavin T was used as a marker of peptide assembly, while Cy3 covalently
attached to the 3’-end of one strand of dsDNA was used to monitor dsDNA localization.
Co-localization of the two signals provided support for the co-assembly of dsDNA and

peptides.
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. .‘

Figure 4-30 Laser-scanning confocal fluorescence microscopy of dsDNA/peptide

co-assemblies. Thioflavin T, first column. Cy3, second column. Merge of the two

fluorophores, third column. All scale bars are 10um.

Conclusions

Our models for the transient and dynamic interception of mRNP granules, by high-
propensity amyloid-forming domains, expands our understanding of protein-misfolding
disease etiology. Within this chapter we designed and globally characterized the co-
assembly architecture of RNA/peptide nanostructures. At 4°C, the co-assembly of RNA
and peptide was arrested at homogeneous ribbons. By increasing the temperature to 37°C
further assembly is permitted and the transition to symmetrical nanotubes observed. In
these systems, ribbons appear to represent an intermediate along the assembly pathway.

Through perturbation of intermolecular interactions, electrostatics were shown to be the
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primary contributor of RNA/peptide co-assembly maintenance. With high MgCl,
concentration, the nucleic acid and peptides co-assemble as thinner-walled nanotubes of
heterogeneous widths containing fewer lamellae. With a similar morphology observed for
peptides co-assembled with nucleic acids less than six nucleotides in length, a strand
threshold for cooperative assembly was established.

Even these highly ordered paracrystalline co-assemblies remain remarkably
responsive to enzymatic digestion and environmental perturbations, consistent with the
reversible associations necessary for RNA processing [1,2,6,7,31]. Through further
exploration of the co-assemblies characterized here, elucidation of the exact mechanism
that drives crystalline phase transitions in mRNP granules and their impact on RNA
processing may be possible [51-54]. For example, altered ribostasis [18] has been offered
as a mechanism for degenerative disease etiology. Particularly in neurons, where long-
range RNA transfers are critical, cellular dysfunction and autophagy may be particularly

sensitive to changes in information management [21,55].

Methods

Peptide Synthesis. Peptides were synthesized using Solid Phase Peptide Synthesis
(SPPS) with a Rink-Amide MBHA resin, 0.4mmol/g substitution, and capped at the N-
terminus with an acetyl group. Peptides were cleaved and deprotected using a cocktail
of 90% TFA, 2% anisole, 3% 1,2-ethanedithiol, and 5% thioanisole. All chemicals were
purchased from Sigma-Aldrich. Following cleavage and deprotection, peptides were
purified by reverse-phase HPLC using acetonitrile and water with 0.1%TFA and a C18
column to a >98% purity. After purification, acetonitrile was removed by rotavaporation.
The remaining aqueous solution was frozen at -80°C or flash frozen using liquid nitrogen

and lyophilized to yield a white powder.
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Peptide Assembly. Due to the salt sensitivity of peptides used in this study, following
purification and lyophilization, peptides were desalted using Sep-Pak® C18 cartridges.
Peptides were then placed in 40% Acetonitrile, vortexed briefly and sonicated for 5
minutes to promote solubility. The pH was not adjusted; each sample was examined at
pH5. A stock solution of 2mM peptide was used to set up all assemblies. Experimental
samples were set up within five minutes of dissolution. All nucleic acid oligomers were
purchased from Integrated DNA Technologies. For NA/Peptide co-assemblies, a stock
solution of TmM NA was used. Order of addition was as follows: Peptide, solvent,
nucleic acid. Assemblies were kept at 4°C unless otherwise noted. For the NA/Peptide
samples at 37°C, the order of addition was identical. Final peptide concentration in all
experimental setups was 1mM. Final nucleic acid concentration depended on length. All

co-assemblies were established with a 1:1 (peptide: nucleic acid) charge ratio.

Electron Microscopy. Electron microscopy images were obtained using a Hitachi H-7500
and a Jeoul transmission electron microscope. All samples were placed on 200 mesh
copper grids with carbon coating and negatively stained using 2%w/w uranyl acetate
(Sigma-Aldrich). The microscope was operated at 75kV. Cross-section images were
obtained by embedding pelleted assemblies in resin. Using a microtome, embedded

assemblies were sliced 1um thick and placed on grids for analysis by TEM.

Laser Scanning Confocal Microscopy. Fluorescence micrographs were obtained
using an Olympus FluoView 1000 (FV1000) laser-scanning confocal microscope.
Samples were prepared on microscope slides, with coverslips sealed using clear nail
polish. Samples were examined using the 60X 1.42NA oil immersion objective.
Thioflavin T was added to samples at a final concentration of 2mM prior to sample prep

and the 405nm laser line was used to visualize its staining. The RNA(A) with Cy3 or
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FAM covalently attached at the 3’-end was purchased from Integrated DNA
Technologies. The 488nm or 559nm laser line was used to visualize FAM and Cy3
signals, repsectively. Images for Thioflavin T and FAM or Cy3 fields were obtained

concurrently and processed using Fiji [56].

Circular Dichroism (CD). A Jasco-810 Spectropolarimeter was used to record CD
spectra. Samples were examined at room temperature in a 50uL cell with a 0.1mm path
length. The reported spectra were acquired from 260nm to 190nm with a step size of
0.2nm and a speed of 100nm/s, and are the average of three independent scans.
Ellipticity, in mdeg, was converted to Molar ellipticity (8) with [6] = 6/(10 x ¢ x /), where ‘¢’
is peptide concentration in moles/L and ‘I’ is the pathlength in cm. Melting curves of pep-
KG and NA/pep-KG samples were obtained using a gradient of temperature from 4°-60°C

and a focal wavelength of 220nm and 260nm, respectively.

Fourier Transform Infrared (FT-IR) Spectroscopy. FT-IR spectra were acquired using
a Jasco FT-IR 4100 (Easton, MD, USA) averaging 750 scans at 2cm™ resolution. For each
sample, 8ul of peptide solution was dried as a thin film on a Pike GaldiATR (Madison, WI,
USA) ATR diamond surface. The MCT-M detector, having a 5mm aperture and a scanning

speed of 4mm/sec was used. Samples were normalized to the amide | stretch at ~1625cm”

1

Electrostatic Force Microscopy. A Park System XE-100 AFM was used to carry out
EFM measurements. With a charge bias of +1V applied between the cantilever and the
sample, an electrostatic field was created allowing for the surveying of charge upon the

assembly surface. Pt-Ir coated cantilevers that are electrically conductive were used in
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non-contact mode to map electrical properties on the sample surface. The cantilever tip
radius was <20nm and had a force constant of 2.8 N/m. Prior to EFM imaging, the
NA/Peptide samples were deposited on gold film, Si/SiO, substrates. The thickness of
the oxide layer was 300nm. The co-assemblies were deposited as 10 uL droplets
suspended in acetonitrile and water. Samples were dried over 12 hours before

examination. The topography (AFM) and amplitude (EFM) were obtained.

Polyphosphate Synthesis. Polyphosphate (PolyPsy) was synthesized according to the
literature. KH,PO,4was melted 450° for 4 hours and the resulting glass purified by
stepwise precipitations in Acetone-Water mixtures [57]. The length was determined from

*IP NMR peak integration [58].

RNAse;s Assay. NA/pep-KG co-assemblies with RNA(A)15 incorporated were exposed
to RNAsey, a non-specific ssSRNA nuclease. 500 units RNAself was combined with
NA/pep-KG co-assembly containing 1nmol RNA(A);s and a RNA(A)1s control for
30minutes with 1XNEB Buffer. NA/pep-KG without RNAse; and RNA(A)1s without
RNAses were also included as controls. After 30 minutes, all four samples were loaded
onto a 1mm UREA-PAGE gel and run for 90 minutes at constant 100V. A 10bp ladder
was used. The gel was removed from the gel box after 90 minutes and stained for 20
minutes using a 1X solution of SYBR Gold in TBE. A BIO-RAD gel imager was used and

Quantity One was used to visualize the gel.
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Chapter 5: Passivation of the Cross-f interface by Nucleic Acids

Introduction

Dysregulation of post-transcriptional RNA has been implicated in the accumulation of
mRNA at the site of protein/peptide aggregation in multiple neurodegenerative diseases
[1-8], and the seeding by strongly amyloidogenic peptides in mRNP granules could induce
a transition to paracrystalline structures similar to those described here [9-16]. Evidence
supports the reconstitution of disease-relevant forms of these assemblies in vitro. For
example, in prion diseases, the isolation of nucleic acid and lipids in association with prions
led to the examination of their affect on prion toxicity. Nucleic acid introduced in vitro to
prions and injected into the brains of mice accelerated the infectious prion state [3], and
enhanced cytoxicity was observed in cells exposed to prion/nucleic acid aggregates in
culture [2]. The methods outlined here and in the previous chapter, can now be used to

correlate structure with disease relevant strains.

In Chapter 4, the design and global morphological characterization of two nucleic
acid/peptide co-assemblies was described. Here, we examine these RNA/peptide co-
assemblies in greater detail with an emphasis on structure. These data expound upon
the arrangement of nucleic acids when in complex with amyloid nanostructures, and
pave the way for the development of comprehensive models for the interception of RNA

processing in protein-misfolding diseases and others [17].

Results

Disease associated and synthetic amyloids are identified based on their cross-
diffraction pattern [18]. Over 20 diseases have now been characterized as amyloidosis

[19,20], and many amyloid deposits have been implicated in the pathogenesis of
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neurodegeneration [21]. In Alzheimer’s disease, the context-dependent folding of {3-
amyloid peptides [22] has been attributed to the degree of disease pathogenesis and its
structural differences offered as an explanation for the presence of senile plaques in
non-diseased brains; the presence of neurotoxic or nontoxic amyloid strains [23,24].
Because of the environment-specific morphology of amyloid fibrils, identification of
substances that impact amyloid fibril gross morphology is necessary. Nucleic acids
sequestered in amyloidosis likely affect the nucleation and propagation of amyloid
nanostructures and contribute to disease progression. Thus, we have chosen to focus
our investigation on the structural characterization of a $-sheet-rich RNA/peptide co-

assembly.

Peptide and RNA/peptide assemblies maintain cross-p architecture

As an initial approach to characterizing RNA/peptide co-assembly structure, powder x-
ray diffraction (PXRD) was used. PXRD analyses of the peptide and RNA co-assemblies
identified d-spacings of 4.7A and 11A shown in Figure 5-1, consistent with those of
cross-p nanostructures (Figure 5-2) [25]. Therefore, these distances were assigned to
the interstrand H-bonding and p-sheet laminate distances of cross-f3 nanostructures,
respectively (Figure 5-2) [18]. The width of diffraction peaks is attributed to the
heterogeneity of assembled populations with that specific repeating distance. When
compared to each other, the width of the 11A peak of pep-RG assemblies is greater than
that of pep-KG assemblies supporting the CD and FT-IR data of Chapter 4 (Figure 4-8).
The PXRD profiles of peptide-alone assemblies also reveal wider peaks than either
RNA/peptide co-assembly, suggesting a greater degree of homogeneity in samples

assembled with RNA.
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Co-assemblies form homogeneous anti-parallel in-register g-sheet

monolayers

From the PXRD data constraints, the design of peptides for solid-state nuclear magnetic
resonance analyses was possible. With solid state NMR, the determination of strand
orientation and registry within the p-sheets is possible [26,27]. Figure 5-3 highlights the
possible orientations peptides within cross- assemblies will likely populate. Orientation
in this case refers to parallel or anti-parallel -strands, while registry refers to the
interstrand alignment of residues. An in-register assembly is one in which all residues
are aligned and H-bonding occurs between every backbone amide. An out-of-register
assembly is often characterized by the overhang of one amino acid. In this scenario,

solvent exposure of a cationic residue is most common.

To examine peptide orientation and registry by solid state NMR, Rotational-Echo
Double-Resonance (REDOR) was used [27]. With this approach, the elucidation of the
precise distances between heteronuclei is possible. Pep-KG (Ac-K[1-">C]LVII['°N]AG-
NH,), enriched with [1-"*C]-Leucine and "°N-Alanine, was synthesized for use in
*C{"*N}REDOR experiments. For ">C{"®N}JREDOR, the relaxation rate of '*C nuclei in
the assembly is first recorded (So). Once the relaxation rate of '>C nuclei-alone has been
established, "°N n-pulses are introduced to the system. The impact of the presence of
"N nuclei on the relaxation rate of ">C nuclei (S) is directly related to the distance
between the two nuclei. The design of peptides for REDOR experiments, must place '°C
and "N nuclei far enough apart that solid state NMR measurements only correspond

with interstrand distances and are not influenced by intrastrand dipolar recoupling.
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Figure 5-3 Design of isotope-enriched pep-KG for ">*C{"’N}REDOR. Four possible
organization modes are displayed. Peptide orientation and registry is precisely
determined by "*C{”’N}REDOR. Pep-KG (Ac-K[1-"*C]LVII[>"NJAG-NH,) was synthesized

for *C{"’N}REDOR.

To interpret data accurately, molecular modeling was used to simulate potential REDOR
curves. Because REDOR is used to measure the distance between heteronuclei, the
measurement of parallel beta-sheet assemblies is not possible with the current isotope-
enrichment positions. To identify parallel assemblies another solid state NMR technique
is used, and will be discussed in great detail later on in this chapter. Constraints
provided by PXRD data allow for the precise positioning of peptides in a molecular
model. Distances between *C and N nuclei can be estimated, and their dipolar
recoupling used to generate the curves shown in Figure 5-4. The slope of the generated
curve is directly related to the strength of the dipolar recoupling and the distance
between isotope-enriched nuclei in the peptide assembly. As noted previously, parallel
assemblies place the isotope-enriched nuclei too far apart for interpretation of data by

REDOR.
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Figure 5-4 Simulated curves of >C{"’N}REDOR data for pep-KG assemblies.
Curves are generated from molecular models. rcy corresponds to the distances between
"*N and "*C nuclei. *C nuclei are dephased by two "°N nuclei on neighboring beta-

strands in anti-parallel peptide assemblies.

For solid state NMR, approximately 40mg of isotopically-enriched peptides were
assembled in 40% acetonitrile and 60% water, at pH5. Two samples were generated:
pep-KG assemblies alone and DNA(A)o/pep-KG co-assemblies. DNA was used for solid
state NMR analysis because of the quantity necessary for an assembly of this scale.
Assembly of pep-KG fibers and DNA/pep-KG ribbons was scored by TEM. To prepare
samples for solid state NMR, assemblies were centrifuged at 4,000rpm for 30 minutes
until pellet formation was apparent. Because pep-KG fibers were more dispersed and
smaller in width, MgSO, was used to bundle fibers prior to centrifugation. After pelleting

of assemblies, the supernatant was removed and the pellet was flash frozen for
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lyophilization. TEM was used to examine assemblies before and after lyophilization and

confirmed maintenance of gross morphology (Figure 5-5).

|~ post-lyophilization
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Figure 5-5 Pep-KG and DNA/pep-KG before and after lyophilization prior to
examination by *C{"*N}REDOR. (a) Pep-KG fibers before and after bundling with

MgSO, and lyophilization. (b) DNA/Pep-KG ribbons before and after lyophilization.

To measure *C{"®N}JREDOR, two pulse sequences are used. The first, Sy, establishes
the relaxation rate of '*C nuclei by recording the integrated sum of center and sideband
peaks over time following cross-polarization and & pulses. This measure represents the

relaxation rate of "*C nuclei in an isolated system.



141

/2
1}4 Decoupling
CP 128 kHz
dl 52.5-72.5 KHz
P3@  PI5@ PL13
PL12 PL2
Tt T T T T It T T
x oy x y oy x y xa T
13 CP
C 62.5kHz
L .ln
P15@PLI1 P2@PL11

n=L0

Figure 5-6 *C S0 pulse sequence for >C{X}REDOR, where X represents nucleus
dephasing "*C. Cross-polarization of "H prior to "*C x pulses enhances signal. Following
pulse sequences of variable time, the integrated sum of ">C spectrum center and

sideband peaks generated is graphed.

Following S, measurements, the introduction of "°N nuclei to the system via the pulse
sequence shown in Figure 5-8 results in an observable change in the ">C relaxation rate.
This measurement is given the designation ‘S’. Depending on the distance between °N
and °C nuclei, and the number of "N nuclei dephasing "°C, the "*C relaxation rate will
appear different. By measuring the difference between the ">C relaxation rate in the
presence and absence of "°N nuclei, the distance and number of "°N nuclei dephasing

each ™C nucleus, and the percentage of ">C nuclei dephased can be extrapolated.
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Figure 5-7 *C{"’N}REDOR ‘S’ pulse sequence. Introduction of °N nuclei by = pulses
of variable time allows for the measurement of '>C relaxation over time in the presence

of "°N nuclei, and the elucidation of internuclear distances.

For pep-KG (Ac-K[1-">C]LVII['°N]JAG-NH,) fibrillar assemblies, enriched with [1-">C]-
Leucine and "N-Alanine, "*C{"°N}REDOR gave dephasing rates for 37+1.5% of the total
3C population where ">C nuclei were dephased by two N nuclei at distances of 4.35A
and 5.2A. This population was uniquely defined as anti-parallel in-register p-strands and
matched with the simulated REDOR curve from molecular modeling. In contrast,
BC{"*N}REDOR analyses of DNA(A):o/pep-KG co-assemblies assigned 92+1.5% of the
peptide p-strand population as anti-parallel and in-register (Figure 5-9). Although at the
level of transmission electron microscopy, heterogeneity is not apparent for pep-KG
fibrillar assemblies, by solid state NMR there are clearly at least two populations of
assembled ®C nuclei. Dephasing of nearly 100% of the ">C population as anti-parallel in-

register p-strands for DNA/pep-KG ribbonous assemblies suggests a greater degree of
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homogeneity in the presence of nucleic acid, and the selection of this peptide orientation
and registry during nucleation by selective, cooperative binding of nucleic acid. The
REDOR curves are plotted as AS/S0, which allows for the direct measurement of the

percentage of observed "°C spins dephased by °N.

Ac-K[1- “CILVII[ *NJAG-NH ,
1.0+ pH 5, 40% CH ,CN
0.9+ ®C{*NJREDOR

® pep-KG alone
® pep-KG + DNA(A)

0.84

0.7

92+1.5%

0.6+

—h—0—
~)—bh—
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AS/S,

0.44 37+1.5%

0.3+
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A[1-7ClLeu  @I["°N]Ala

Figure 5-8 *C{"’N}REDOR identifies anti-parallel in-register beta-strand
populations of pep-KG and DNA/pep-KG assemblies. AS/S, refers to the difference
in the relaxation rate of ">C nuclei in the presence and absence of "°N nuclei divided by
the relaxation rate of ">C nuclei alone. AS/S, is directly proportional to the percentage of

3C nuclei in a given environment.

Examination of lyophilized solid state NMR samples by FT-IR (Figure 5-10) using a
pressure tip, confirms the differences between samples obtained by "*C{"’N}REDOR.

For FT-IR of isotope-enriched samples, two main amide | peaks are taken into



144

consideration. The C=0 bond of the peptide backbones, which previously was populated
by 98.9% "2C nuclei, now has one position 100% occupied by "*C. This change results in
the emergence of a new amide | peak corresponding to *C=0 stretching. Because of
the isotope mass, *C=0 stretching occurs at higher wavenumbers than ?C=0
stretching. Examination of isotope-enriched peptides by FT-IR is referred to as Isotope-
Edited IR. The positions of amide | peaks between samples is nearly identical; DNA/pep-
KG '?C and "*C peaks are shifted to slightly higher wavenumbers compared with their
pep-KG counterparts. This, taken along with the enormity of the ">C peak of pep-KG
assemblies, likely accounts for the differences REDOR has begun to unveil. The low
resolution of the area beneath the *C peak of pep-KG assemblies suggests

heterogeneity.

pep-KG
pep-KG DNA(A),

0

O N o © o = b w
'l '} '} '} ] ] '} ]

lized Absorbance

Norma
o
[6)]

© oo
[(CIARENN
|

o O
o 4
]

1720 1700 1680 1660 1640 1620 1600 1580
Wavenumber (cm™)

Figure 5-9 Isotope-edited Infrared spectroscopy examination of lyophilized solid

state NMR samples for pep-KG and DNA/pep-KG assemblies. Peaks at ~1606cm’
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represent '?C=0 stretching frequencies of amide . Peaks at ~1637cm’ represent *C=0

stretching frequencies of amide I. Absorbance is normalized to ?C=0 peaks.

To identify the peptide orientation and registry of the remaining population of "*C nuclei
not dephased by "°N nuclei, Double-quantum filtered dipolar recoupling with a
windowless sequence (DQF-DRAWS) was employed (Figure 5-11) [26]. With DQF-
DRAWS, homonuclear recoupling of 3C nuclei defines interstrand distances, which can
then be equated to peptide registry in parallel models. Unfortunately, unlike
BC{"*N}REDOR, which relies on the loss of the transverse magnetization, DQF-DRAWS
is unable to assign a precise percentage of the ">C population to a specific peptide
registry. Instead, DQF-DRAWS simply identifies the existence of a peptide registry, and

the precise interstrand distance of that registry within a population.
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Figure 5-10 DQF-DRAWS pulse sequence. Following cross-polarization, The DQF-
DRAWS sequence was applied. Variable times of dipolar buildup allowed for the precise

determination of "*C homonuclear distances.
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From DQF-DRAWS, the existence of a parallel out-of-register by one amino acid peptide
arrangement was identified for pep-KG assemblies. This population of *C spins had a
homonuclear distance of 7.5A (Figure 5-12). Although DQF-DRAWS can not assign a
specific percentage of the remaining ">C population to these measurements, the clarity
of these data suggest this, and the anti-parallel in-register peptide strand orientation
discussed earlier, are the only populations in pep-KG fibrillar assemblies.

Ac-K[1-"°CILVII["°*N]JAG-NH,
104 pH 5, 40% CH.CN
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A[1-°CllLeu @ ["N]Ala
Figure 5-11 DQF-DRAWS analysis of pep-KG fibrillar assemblies identifies a "*C
homonuclear distance of 7.5A. Peptide orientation is parallel and out-of-register by

one residue.

Nucleic acids passivate the cross-g monolayer interfaces
The precise positioning of DNA within the DNA/pep-KG co-assemblies was made
possible through use of *C{*P}REDOR. For examination of nuclei by NMR, the nuclear

spin must not be equal to zero [28]. The most abundant phosphorus isotope, *'P, with a
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nuclear spin of /%, is NMR active, allowing for ease of observation without isotope-
enrichment. Based on the peptide orientation and registry identified by *C{"°NJREDOR
and the lamellae width measurements described in Chapter 4, a model for the
positioning of DNA within the DNA/pep-KG co-assemblies was developed. DNA was
placed at monolayer interfaces to passivate positively-charged terminal residues and

account for the distinct lamella boundaries observed by TEM.
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3P A[1-3C]Leu ®['*N]Ala

Figure 5-12 Model depicting position of DNA (*'P) in DNA/pep-KG co-assemblies.
Left model highlights likely ">C{*'P} measured distances. Right model simplifies

DNA/peptide representations.

For *C{*'"P}REDOR experiments, the "°C S, pulse sequence is identical to that of
*C{"*N}REDOR (Figure 5-7). The S pulse sequence introduces the *'P nuclei to the
system via a series of n pulses (Figure 5-14). The integrated sum of center and

sideband peaks for the "*C spectra generated following *'P = pulses, is used in the

generation of the "*C{*P}REDOR curve.
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Figure 5-13 *C{*’P}REDOR ‘S’ pulse sequence. Introduction of *'P nuclei by = pulses
of variable time allows for the measurement of '>C relaxation over time in the presence

of ¥'P nuclei, and the elucidation of internuclear distances.

Peptide Ac-K[1-"*C]LVII["°N]JAG-NH, co-assembly sample from "*C{"°N}REDOR was
repurposed for >C{*'"P}REDOR. For *C{*'P}REDOR, "N nuclei were not considered.
Dephasing of "*C nuclei by *'P provided a single distance for an isolated system
assuming one phosphorus dephased each ">C nucleus. Distances acquired from
BC{¥"P}REDOR place backbone *'P nuclei of the DNA(A)o 8.9A from all [1-"*C]-Leucine
carbon nuclei (Figure 5-15). Despite the absence of detectable diffraction assignments
for the nucleic acid in the RNA/pep-KG co-assemblies, the relative arrangement of the
peptide and nucleic acid backbones are highly ordered. Based on these data, nucleic
acids passivate the cross-p interface of monolayers, consistent with the model proposed

in Figure 5-13.
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Figure 5-14 C{*P}REDOR identifies a distance of 8.9A for 100% of "*C nuclei
dephased by a single phosphorus. AS/S0 is a measure of the difference between >C
relaxation rates in the presence and absence of *'P nuclei divided by the relaxation rate

of 3C nuclei in the absence of 3'P nuclei.

Synthesis and characterization of a ">*C/*'P calibration standard

Since this was the first examination of ">C{*'P}REDOR by our spectrometers, and
molecular models did not exist prior to our calculations to describe the positioning of
DNA, and prepare a simulated curve explaining the data, a crystalline internal control
was necessary for accuracy of distance measurements between '>C and *'P nuclei. For
consideration as a control for the *C{*'P}REDOR experiments described here, and
future experiments, required the satisfaction of the following criteria. First, the control

must have a published crystal structure that defines at least one intramolecular *C/*'P
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distance and second, it must be readily available in isotopically-enriched ('*C) form.
Several candidates were examined for their use as "*C{*P}REDOR standards. a-D-
galactose 1-phosphate and phosphoenolpyruvate, which are soluble in water and easily
crystallize following evaporation were explored as initial candidates [29,30]. For solid
state NMR calibration standards, it is desired that the T, be less than 1s. With a fast T4,
standards can be run quickly and used to confirm accuracy and precision of results. The
T, is a measure of relaxation that quantifies the rate of energy transfer from the spin
system to the surrounding lattice in the z direction. A longer T4 indicates less motion in
the lattice, since motion allows for minor fluctuations in the magnetic field. Therefore, the
ideal standard would be a soft crystal. Unfortunately, ease of crystal formation for a-D-
galactose 1-phosphate and phosphoenolpyruvate meant the production of crystals with
little lattice motion; hard crystals. Their respective T4 measurements were 23s and 13.5s
on the Bruker 600mHz solid state NMR spectrometer used. Our third candidate as a
*C{*'P}REDOR standard had a more complicated crystallization and involved some
inorganic chemistry. A reaction between zirconyl chloride and glyphosine led to the
synthesis of Zr[(O3PCH;)(HO3PCH;)NHCH,COOH],-2H,0 (Figure 5-15) [30]. The
precise control of reaction conditions was required because reaction between glyphosine
and zirconyl chloride can yield two different crystals with a minor difference in reaction
pH. After two weeks of reaction at 80°C in the presence of hydrofluoric acid, a white
crystal was produced. X-ray diffraction of the crystal confirmed the homogeneous
formation of Zr[(O3sPCH;)(HO3PCH2)NHCH,COOH],-2H,0. The product was confirmed
to be the correct structure by PXRD with unit cell dimensions as follows: a = 5.44
angstroms, b = 14.95 angstroms, ¢ = 13.31 angstroms, alpha = 90 degrees, beta =
95.26 degrees, gamma = 90 degrees. Testing of the glyphosine candidate through

measurement of the T1 gave a relaxation rate of 1.6s. Although not below 1s as desired,
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the T4 was close enough that isotopically-enriched crystal was prepared in large enough
quantity for calibration of *C{*'P}REDOR experiments. To reduce the *C homonuclear
recoupling in the crystal, Zr[(O3PCH;)(HO3PCH,;)NHCH,COOH],-2H,0 crystals were
prepared with isotope-enriched glyphosine diluted with unenriched glyphosine 20:1. This
dilution decreased the signal to noise, but allowed for precise measurement of >C/*'P

internuclear distances within the crystal without *C homonuclear complications.

Zr[(O,PCH,)(HO,PCH,)NHCH,COOH],*2H,0

Figure 5-15 Zr[(O3PCH,)(HO3PCH;)NHCH,COOH],-2H,0 crystal structure.
Coordination to Zirconium shown at center. Measurements are distances between "°C

and *'P nuclei within 5A.



152

The gyromagnetic ratio of a nucleus is the ratio of its magnetic moment to its angular
momentum. Every nucleus has a distinct gyromagnetic ratio. The effect of one
gyromagnetic ratio on another is a direct measure of distance between nuclei, which we
measure as the relaxation rate. The larger the gyromagnetic ratio, the greater the sphere
of influence of that particular nucleus. *'P has a gyromagnetic ratio of 17.235. Compared
with "°C at 10.705 and N at -4.316, the influence *'P has on the system will be much
larger. Because of its large gyromagnetic ratio, long distances between "*C and *'P
nuclei can be easily measured; *'P nuclei located farther away will influence the
relaxation rate of "*C nuclei. Because of this phenomenon, characterization of the crystal

and "*C{*'P}REDOR data required inclusion of all *'P nuclei within 10A of "*C nuclei.
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Figure 5-16 °C spectrum of Zr[(O;PCH;)(HO;PCH;)NHCH,COOH)],-2H,0 by solid
state NMR. Four CH, carbons and one CO carbon is identified. The largest peak

corresponds to the site of isotope-enrichment.
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Figure 5-17 Bp spectrum of Zr[(O3;PCH;)(HOsPCH;)NHCH,COOH],-2H,0 from solid
state NMR. Two phosphates populate the Zr[(OsPCH,)(HOsPCH;)NHCH,COOH],-2H,0
crystal. One phosphate coordinates twice to zirconium, while one only coordinates once.
This difference in coordination accounts for two populations of *'P nuclei. Center and

side bands are shown.

*C{*'P} REDOR calculated from Zr[(OsPCH,)(HOsPCH,)NHCH,COOH],-2H,0 crystals

allows for the reexamination of >*C{*'"P}REDOR of DNA/pep-KG co-assembly samples.
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These data confirm that the 8.9A measurement between an isolated phosphorus and the
[1-"3C] of Leucine is accurate and that the number of *C nuclei dephased by *'P nuclei

is close to 100%.

3C{*'P}REDOR
Zr{(O,PCH,)(HO,PCH,)NHCH,COOH],*2H,0

ASIS,

Time [ms]

Figure 5-18 *C{*’P}REDOR of Zr[(OsPCH;)(HO;PCH,)NHCH,COOH],-2H,0. Blue
dots to the left indicate isolated [°C] CH2 nuclei. Yellow dots represent *'P nuclei within
10A. In total, 29->"P nuclei contributed to the calculation of the REDOR curve to the
right. REDOR data suggests 100% of "°C nuclei are dephased by *'P nuclei in the

Zr[(OsPCHs)(HO3PCH;)NHCH,COOH],-2H,0 crystal.

Molecular dynamic simulations of DNA/pep-KG co-assemblies

The curve fit to "*C{*'"P}REDOR data in Figure 5-15 was calculated based on the
molecular dynamics simulation of DNA/pep-KG co-assemblies and carefully constrained
values. The confirmation of calculated measurements from *C{*'P}REDOR of

Zr[(O3PCH3)(HO3PCH2)NHCH,COOH], - 2H,0 further supports the outcome of molecular
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dynamics simulations. The assumption of an isolated system where one phosphorus
dephased one *C nucleus at 8.9A eliminates the contribution of *'P nuclei at distances
greater than 8.9A. Because the *'P nuclei have a greater gyromagnetic ratio, it is
important that we consider the influence of all *'P nuclei within at least 10A of each "*C
nucleus. Through the use of molecular dynamics, the space that each nucleus occupies

can be more easily estimated and an accurate REDOR curve produced.

For the initial examination of the DNA/Pep-KG co-assembly by molecular dynamics,
pep-KG peptides oriented anti-parallel and in-register in a cross-f monolayer was
constructed. Enough DNA(A)1o strands to passivate the positively-charged terminal
Lysine residues were added to each cross-f interface. DNA(A)4o strands were extended
and aligned along the H-bonding direction (Figure 5-20). Two molecular dynamic
simulations were started, one with phosphates positioned away from lysines and one
with phosphates positioned toward lysines. The final frame of both simulations
positioned phosphates toward lysines in a nearly identical pattern and bases away from

lysines, exposed to water.
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H-bonding B-strands

B-sheet laminates

Figure 5-20 DNA/pep-KG co-assembly constructed for molecular dynamics with
phosphates positioned toward lysines. Model simplified for visualization by the
removal of amino acid side chains. Charge neutrality is obtained through the passivation
of cross-f interfaces with DNA and Na* ions (not shown). Orange spheres are

phosphorus atoms.

Molecular dynamics simulations were carried out for 1.2ns. At 1.2ns, the positions of
DNA(A)4o strands changed dramatically from time Ons with phosphates clustered around
lysine residue side chains, positioning most within 10A of a [1-"*C]Leu nucleus (Figure 5-
21). DNA(A)1o strands condensed by up to ~20A in most cases, suggesting the density
of nucleic acid at the cross-f interface may be higher than previous estimates. In both

models, phosphorus is represented by orange spheres.
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H-bonding pB-strands

B-sheet laminates

Figure 5-21 Final frame of DNA/pep-KG co-assembly molecular dynamics with
phosphates clustered around lysine side chains. DNA(A)o strands aligned along H-
bonding axis. Peptides maintain H-bonding contacts and laminate hydrophobic

interactions. Orange spheres are phosphorus atoms.

The root-mean-square deviation (RMSD) of atomic positions can be used to monitor the
movement of different constituents over the course of the simulation. These
measurements allow us to approximate whether equilibrium has been achieved in the
system. In Figure 5-22, the movement of peptide backbones, DNA, and phosphorus
atoms was tracked over the course of the simulation. The initial spike in RMSD is
attributed to the warming of the system from OK. According to the RMSD, it appears the

system is at or close to equilibrium by the end of the simulation.
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Figure 5-22 Root-mean-square deviation of atomic positions during molecular
dynamic simulations. Peptide backbone, DNA, and phosphorus movement monitored

over the course of 1.2ns.

From these simulations the precise area of phosphorus occupation in DNA/pep-KG co-
assemblies was determined. The curve fit to the data in Figure 5-15 defines the
DNA/pep-KG co-assemblies with a *C-*'P distance centered at 8.9A and a Gaussian
distribution of distances with a width of 2.4A accounting for the distribution of
phosphorus nuclei. From these data, all "*C are dephased by 'P illustrating the the

highly ordered assembly architecture of DNA/pep-KG co-assemblies.

Co-assembly structural model

Data taken from these structural analyses and the global characterization described in
Chapter 4 allowed for the construction of a comprehensive model of nucleic acid/peptide
co-assembly. As summarized in Figure 5-23, the structural constraints provide evidence

for separate peptide and nucleic acid domains that propagate along the entire length of
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the multi-lamellar nanotube (Figure 5-23c-e). The anti-parallel in-register peptide
conformation is energetically accessible in the absence of nucleic acids, but RNA
specifically templates this strand arrangement (Figure 5-23a/b). Moreover, the RNA
backbone is well-ordered along each cross-f leaflet interface of the multi-lamellar
nanotube. We assume the bases are packed within the laminate groove as previously

shown with aromatic bases [32], but do not attain long-range order.

%: -

Peptide \

Figure 5-23 3D model describing pep-KG and nucleic acid/pep-KG assemblies. (a)
pep-KG and RNA space filled models. (b) pep-KG assemblies access anti-parallel, in-
register arrays. (c/d) model depicting multi-lamellar nanotube and a closer look at the
lamellae organization; anti-parallel, in-register peptide monolayers are passivated by
nucleic acid at cross-g interfaces. (e) Nucleic acids densely pack at cross-f interfaces.
11A corresponds to intersheet distance determined by PXRD. 4.7A corresponds to

interstrand distance (H-bonding) as determined by PXRD.

Conclusions

Here we provide evidence that positively-charged, matrix-like cross-f interfaces are
compatible with the nucleic acid phosphate backbone, placing each phosphorus atom on
average 8.9A from the second residue backbone carbonyl of the cross-p core. In mMRNP

granules we have yet to determine the actual sequence of events that must accompany
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the initial phase separation and transitions to the more crystalline phases characterized
here, but these processes are also likely to be critical to the functioning of different
processes such as transitioning through the nuclear pore and reversible stabilization of
mRNP granules in the cytoplasm [33-36].

These reported structures now provide insight to the composition, the energetic
assembly landscape, and the dynamics of amyloid/nucleic acid co-assemblies. This more
complete understanding of the nature of these interactions between peptides and nucleic
acids may lead to the development of more comprehensive and mutualistic models for the
maturation and disease transitions globally associated with RNA processing [17,21].
These structures also contribute to our understanding of the context-dependent assembly
of amyloid nanostructures [22-24]. Nucleic acid sequestration to inclusions of protein-
misfolding disorders likely influences amyloid gross morphology and may select for
neurotoxic strains in the case of neurodegenerative amyloidosis.

Technologically, nucleic acid/peptide co-assemblies have been explored for DNA
delivery in several forms [37-39]. Optimization of the interactions between the nucleic
acids and the peptides of these structures will constrain and extend these efforts for the
development of biosensors, matrices for 3D printing of tissues, and nanocircuitry, which
were explored in Chapter 3 [39-41]. Finally, such mutualistic relationships have been
argued as critical for our understanding of life’s origins [42,43], and efforts to explore the

functional significance beyond disease etiology now has a firm structural foundation.

Methods
Peptide Synthesis
Peptides were synthesized using Solid Phase Peptide Synthesis (SPPS) with a Rink-

Amide MBHA resin, 0.4mmol/g substitution, and capped at the N-terminus with an acetyl
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group. Isotope-enriched amino acids [1-">C]Leu and ['°N]JAla were used in place of
Leucine and Alanine, respectively, during synthesis. Peptides were cleaved and
deprotected using a cocktail of 90% TFA, 2% anisole, 3% 1,2-ethanedithiol, and 5%
thioanisole. All chemicals were purchased from Sigma-Aldrich. Following cleavage and
deprotection, peptides were purified by reverse-phase HPLC using acetonitrile and water
with 0.1%TFA and a C18 column to a >98% purity. After purification, acetonitrile was
removed by rotavaporation. The remaining aqueous solution was frozen at -80°C or

flash frozen using liquid nitrogen and lyophilized to yield a white powder.

Peptide Assembly

Due to the salt sensitivity of peptides used in this study, following purification and
lyophilization, peptides were desalted using Sep-Pak® C18 cartridges. Peptides were
then placed in 40% Acetonitrile, vortexed briefly and sonicated for 5 minutes to promote
solubility. The pH was not adjusted; each sample was examined at pH5. A stock solution
of 2mM peptide was used to set up all assemblies. Experimental samples were set up
within five minutes of dissolution. All nucleic acid oligomers were purchased from
Integrated DNA Technologies. For NA/Peptide co-assemblies, a stock solution of 1TmM
NA was used. Order of addition was as follows: Peptide, solvent, nucleic acid.
Assemblies were kept at 4°C unless otherwise noted. Final peptide concentration in all
experimental setups was 1mM. Final nucleic acid concentration was approximately
100uM. All co-assemblies were established with a 1:1 (peptide: nucleic acid) charge

ratio.

Powder X-Ray Diffraction
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Experimental samples were flash frozen using liquid nitrogen and lyophilized to yield a
white powder. The samples were loaded into mylar capillaries and the diffraction patterns
measured using a Bruker APEX-Il diffractometer with graphite monochromated Cu
radiation, K-alpha radiation, A=1.54184A, 40kV and 35mA, with a 0.5 pinhole collimator
and with exposure times of 900s per frame. The data integration software XRD2SCAN
and the Bruker AXS software were used for analysis of the resulting diffraction patterns.

The following equation was used to convert spectra from 260 to d-spacing(A):

1.54184/(2x sin <ze>< %))

Solid-State NMR (REDOR and DQF-DRAWS)

Pep-KG was synthesized via SPPS with isotopically enriched Leucine [1-'C] and Alanine
["°N] (Cambridge isotopes). A Bruker Avance 600mHz solid-state NMR spectrometer with
a Bruker 4mm HCN BioSolids magic-angle spinning (MAS) probe was used to collect
REDOR and DQF-DRAWS spectra. MAS frequency was actively maintained at 10kHz +/-
2 Hz with the exit cooling and spinning air temperature below -1°C, to prevent sample
denaturation. *C (150.928 MHz) CP-MAS spectra before and after *C{'°N}REDOR,
C{"’"P}REDOR, and DQF-DRAWS experiments, confirmed sample preservation.
Samples were centered in MAS ceramic rotors with boron nitride spacers or custom teflon
spacers.

The pulse sequence of "C{'°NJREDOR [27] consisted of two parts, an ‘S’
sequence that contains both "*C (150.928 MHz) and "°N (60.818 MHz) rotor synchronized
n-pulses, and the ‘Sy’ sequence which is identical but does not contain any >N dephasing
pulses. The *C{*P}REDOR pulse sequence was identical except that ‘S’ contained both
3C and *'P pulses, while ‘Sy’ did not contain *'P pulses. REDOR data points are the

integrated sum of center- and sideband peaks. Error bars are calculated using the noise
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of each spectrum as the maximum peak height deviation. To normalize for the decay due
to T, (spin-spin relaxation), individual REDOR curves are plotted as AS/Sy. The slope
steepness of the REDOR dephasing curves is directly related to the *C-"°N or "*C-*'P
dipolar recoupling, in "*C{"®*N}REDOR and "C{*'P}REDOR, respectively, hence the
distance between the spins. When more than one "N is present, the resulting
BC{"*N}REDOR curve depends on both the "*C-"°N distances as well as the relative
orientations of the "*C-"°N internuclear vectors. This is identical for ">C{*'P}REDOR with
*IP in place of "°N. All *'P nuclei within 10A of [1-"*C]Leu of Ac-KLVIIAG-NH, contributed
to non-linear fit calculations.

By plotting REDOR as AS/S,, the plateau (maximum dephasing) is directly related
to the number of spins that are coupled. For example, if only half of the observe spins (in
this case "°C) are coupled to a dephasing spin (in this case "°N or *'P), the REDOR curve
will achieve half the value observed when all the spins are coupled. The experimental data
was fit to a linear combination of 3-spin (one *C and two "N’s) and "*C{"°N}REDOR
curves corresponding to the *C-"°N distances sufficient to fit the experimental data points
using the Non-Linear Fit routine in Mathematica.

DQF-DRAWS [26] experiments were implemented with the addition of spin-
temperature alternation of the initial "H (600.3 MHz) 1.9us n/2 pulse to the pulse
sequence and phase cycling previously described [44]. 'H cross-polarization RF fields
were ramped from 50 to 70 kHz and the "*C (150.8 MHz) cross-polarization RF field was
kept constant at 50kHz. SPINAL-64 [45] "H decoupling at 128 kHz was used during both
dipolar evolution and acquisition. For DRAWS S4 recoupling, a 41.23 kHz °C RF field,
measured by fitting a ">C nutation curve to a sine function with a decaying exponential,
was used. The rotor period (206.2us — v,= 4.85 kHz) was set to 8.5 times the '°C =

pulse length.
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DQF-DRAWS curves were calculated using SIMPSON [46], where an array of 13C
spins were approximated with a three spin “infinite loop” model [47] and chemical shift
tensor components 81=74.1ppm, 8,,=6.0ppm and 833=-80.1ppm, which were measured
from the "*C CP-MAS spectra. The infinite loop model consists of three spins with identical
dipolar recouplings but with the orientation of the CSA to dipolar tensors identical between

spins 1-2 and spins 3-1. The effects of DQ-relaxation were approximated by multiplying

the calculated SQ intensity with a decaying exponential [46] of the form e — IXTD0"
2

DRAWS curves were calculated from 3A to 9A and used to find a best fit to the

experimental data points by minimizing the residual:

nowi(xi—x 2 . .
X = \/Mfl“"c) where x; and w; are the experimental data and error respectively.

Synthesis of Zr[(OsPCH,)(HO;PCH,)NHCH,COOH],-:2H,0 as a *'P{"*C}REDOR
Calibration Standard

A clear solution of (2-13C) Glyphosine (300mg, 1.2mmol) in 9mL of water was added to
a solution of ZrOCI2-8H,0 (192mg, 0.6mmol) in 2.9M HF (2.46mL, 7.2mmol) in a closed
HDPE vessel. The mixture was maintained at 80°C for 7 days in a mineral oil bath.
White crystals were obtained and isolated using vacuum filtration. After washing with
water, crystals were placed in a vacuum desiccator where they were dried for 48 hours
[31]. A 97mg quantity of product was recovered. The product was confirmed to be the
correct structure by PXRD with unit cell dimensions as follows: a = 5.44 angstroms, b =
14.95 angstroms, ¢ = 13.31 angstroms, alpha = 90 degrees, beta = 95.26 degrees,

gamma = 90 degrees.

¥c{*'P}REDOR of Zr[(0;PCH_)(HO;PCH;)NHCH,COOH],-2H,0
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Zr[(O3PCH3)(HO3PCH2)NHCH,COOH], 2H,0 was loaded into a ceramic solid state NMR
sample rotor with a 1mm teflon spacer and a 2mm plastic drive tip. *C{*'P}REDOR was
carried out as described in the main text. All *'P nuclei within 10A of [2-'*C] Glyphosine

of Zr[(O3PCH3)(HO3PCH2)NHCH,COOH], contributed to non-linear curve calculations.

Molecular Dynamics Simulations

Models for molecular dynamics were built in Schrodinger suite’s Maestro. A peptide
monolayer of 16 -strands by 10 p-sheets was constructed using pep-KG. Distance from
PXRD were used to create the pep-KG monolayer. Eight DNA(A)+o strands were placed
at each cross-f interface and manually manipulated to place phosphates toward terminal
lysines. DNA(A),, strands were oriented along the H-bonding direction. Periodic
boundaries approximating infinite H-bonded p-sheets were defined as 76A in the direction
of H-bonding, 110A in the direction of p-sheet lamination, and 200A parallel with extended
peptides. The box defining these boundaries was solvated with simple point charge water
(SPC) and defined under optimized parameters for liquid systems. Minimization was
performed after solvation. Molecular dynamics simulations were carried out using

Desmond. The time of each simulation was defined as 1.2ns.

Modeling of Peptides.

The individual peptide model and RNA model were generated in Chimera [48]. Based on
the experimental data, the peptide model and RNA model were further organized to the
models of 3D superstructures using Strata 3D (https://www.strata.com/). Peptides were
oriented anti-parallel with all amino acids in-register, the interstrand distance set to 4.7A,
and the intersheet distance set to 11A for both peptide-only assemblies and

RNA/peptide co-assemblies. Peptide Ac-KLVIIAG-NH, was used in all models. RNA was
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placed at high-density between peptide monolayers in RNA/peptide co-assembly models

to account for 100% dipolar recoupling of °C and *'P in *C{*'P}REDOR.
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Chapter 6: Nucleic Acid/Peptide Co-assemblies and Disease Etiology
Introduction

Protein and peptide/nucleic acid interactions are often associated with
neurodegeneration when protein misfolding is a hallmark of disease onset [1-9]. For
example, Furin and BAPP mRNAs are enriched in immature senile plaques of
Alzheimer’s patients brains [2], and prion proteins in association with nucleic acids
display enhanced cytotoxicity [3]. Double-stranded DNA has also been identified in
association with mature a-synuclein fibrils and in vitro, stimulates fibrillation [9]. While
much work has focused on the pathogenic cross-seeding of amyloid-forming proteins
[10,11], little is known of the association between pathogenic proteins and RNA.

In degenerative diseases, the accumulation of mutated RNAs in nuclear foci and
the redistribution of certain RNA binding proteins to the nucleus or cytoplasm underlie
molecular pathogenesis [12-16]. In myotonic dystrophy, microsatellite expansion of
RNAs DMPK and ZNF9 leads to the sequestration of splicing factors to nuclear foci,
disrupting normal RNA processing [17,18]. A similar pathology is observed in
Alzheimer’s disease where sequestration of RNA processing machinery, including U1-
70K, leads to their presence in large insoluble tangle-like inclusions and presumably
splicing defects [19]. The mutation of a key RNA binding protein involved in stress
granule assembly and alternative splicing, TIA1 [20,21], in Welander distal myopathy
leads to the persistence of cytosolic inclusions, highlighting the granule maturation
events discussed extensively in Chapter 4 [22,23]. Inclusions with ALS pathologies have
also identified markers of stress granules [24,25]. Interception of messenger
ribonucleoprotein (MRNP) granules, sites of RNA processing, by pathogenic proteins
may well lead to the disruption of RNA homeostasis, a process the granules exclusively

manage [26-30]. In this chapter we begin to dissect the interactions between the f3-
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amyloid peptides of Alzheimer’s disease, Ap40 and 42, and nucleic acids. The
dysregulation of RNA binding proteins and the aggregation of $-amyloid in Alzheimer’'s

disease are intimately linked in our model describing the nucleation and propagation

events necessary for disease etiology [31,32].

i T Pathogenic

%\L : proteln/peptlde

RNA/Peptide
. Co-assembly

il -- -
Figure 6-1 Interception of mRNP granules by B-sheet-prone infectious domains of
pathogenic proteins/peptides leads to nucleation and propagation of infectious

domains and sequestration of nucleic acids.

Results

The global and structural characterization of a designed RNA/peptide co-assembly in
Chapters 4 and 5 uniquely positions us to examine other nucleic acid/peptide
interactions that might persist in protein-misfolding and degenerative diseases.
Determining how nucleic acid presence affects amyloid formation will provide insight to
the mechanism by which nucleic acids are sequestered to and associated with mature
amyloid fibrils [2,7-11]. The interception of MRNP granules by p-sheet-prone infectious
domains of pathogenic proteins and peptides likely contributes to the propagation of

mature fibrils and altered ribostasis [6].
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ApB40 and 42 fibril surfaces are ideal for templating nucleic acids

ApP40 and Ap42, which only vary by two amino acids at the C-terminus, vary
considerably in their published 3D structures [33,34]. Despite these variations,
examination of surface charges suggests some complementarity with the phosphate
backbone of nucleic acids is possible, and disordered regions may promote flexibility or

plasticity in nucleic acid association.

In 2013, Lu et al. [33] published an article in Cell describing the structure of Ap40 fibrils
seeded from Alzheimer’s patient brain homogenate. From selective isotope-enrichment
and two-dimensional solid state NMR data, they published a model with three-fold cross-
B symmetry. On the surface of Ap40 fibrils, The N-terminal cationic residues remain
largely solvent-exposed. Our global and structural data from Chapters 4 and 5, which
purports that interactions between amyloid-forming peptides and nucleic acids are
primarily electrostatic, support a comprehensive model for Ap/nucleic acid co-assembly
via electrostatic interactions. As seen with pep-KG in Chapters 4 and 5, nucleic

acid/peptide co-assembly may influence the global morphology of fibrils as well.

Prior to the publication of these data by Lu et al., LUhrs et al. [34] contrived a model for
Ap42 fibril structure based on quenched hydrogen/deuterium exchange NMR and
pairwise mutagenesis studies. This structure was further constrained by previous solid
state NMR studies aligning peptides parallel, in-register. From their data, they published
a fibril structure with two-fold symmetry and the N-terminal 17 amino acids disordered.
Amino acids 18-42 form a beta-turn that propagates perpendicular to the fibril long-axis.

The bundling of at least four protofibrils was revealed by cryo electron microscopy and
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supported by simulations. Unlike the published Ap40 structure, the disordered
arrangement of the majority of charged residues at the N-terminus of Ag42 allows for a

more dynamic association with nucleic acid.

'DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV*IA

wu 0'9

Figure 6-2 Amino acid sequence of AB40 and AB42, and published structure
of Ap40 fibril with three-fold symmetry. Residues highlighted in green are

acidic and solvent exposed. Residues highlighted in blue are basic and solvent

exposed. Structure adapted with permission by author, from Lu et al. [33].

Co-assembly of AB40 and 42 with RNA

Initial examination of AB/RNA co-assembly began with transmission electron microscopy
(TEM). With TEM, large scale changes in amyloid morphology are observable. TEM can
be a subjective measure of the degree of peptide assembly, but is most often used to

highlight the presence or emergence of nanostructures over time.
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To assess co-assembly of Ag and RNA, the following samples were set up: Ap40 90uM,
Ap42 90uM, Ap40 90uM with RNA(A)1o 90uM, and Ap42 90uM with RNA(A)1o 90uM. All
samples were prepared in 10mM Phosphate Buffer with 0.02% azide and kept at 37°C.
At 24 hours of assembly, TEM grids were prepared. Although not quantitative, electron
micrographs reveal the start of fibril formation in three out of four of the samples (Figure
6-3). Ap40 with RNA, at 24 hours, did not appear to assemble; amorphous aggregates

were observed by TEM.

Figure 6-3 AB40/42 assembly and AB40/42 co-assembly with RNA as scored by
TEM at 24 hours. AB-alone assemblies are shown in first column. AB/RNA co-

assemblies are present in second column. All scale bars are 200nm.
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Assembly and co-assembly maturation was examined again at one week post-mixing. In
contrast to assemblies at 24 hours, short protofibrils were primarily present in peptide-
alone samples, while RNA-containing samples showed more organized supramolecular
architectures. AB40/RNA co-assemblies appeared as short fibrils with smooth edges and
aggregated in plaque-like clusters. Fibers were observed in AB42/RNA co-assemblies

with lengths often exceeding 1um.

Figure 6-4 AB40/42 assembly and AB40/42 co-assembly with RNA as scored by
TEM at one week post-mixing. AB-alone assemblies are shown in first column.

AB/RNA co-assemblies are present in second column. All scale bars are 200nm.
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At two weeks post-mixing, homology between assemblies and co-assemblies was
observed; nanostructures aggregated to form branching and network-like architectures.
In AB40 samples, the typical twisting and pitch of long fibers was observed. However,
shorter protofibrils persisted. As compared with one week co-assemblies, AB40/RNA
fibril aggregates were not abundant. Ap42 assemblies and Ap42/RNA co-assemblies did

not possess any discernible differences by TEM.

RS

Figure 6-5 AB40/42 assembly and AB40/42 co-assembly with RNA as scored by
TEM at two weeks post-mixing. AB-alone assemblies are shown in first column.

AB/RNA co-assemblies are present in second column. All scale bars are 200nm.
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By TEM, at three weeks post-mixing, Ap40 assembly appeared as short protofibrils less
than 200nm in length. This is in contrast to the long fibers observed the previous week
and may be due more to sample preparation than a reflection of assembly maturity.
Ap42 assemblies appeared similar to previous weeks where aggregated short fibrils
dominated the grid. For both AB/RNA co-assemblies, aggregation of fibrils into plaque-
like clusters was observed. For all samples examined, finding nanostructures on
prepared grids proved difficult. A low assembly concentration may limit our ability to

examine these structures subjectively by TEM and other microscopy techniques.
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Figure 6-6 AB40/42 assembly and ApB40/42 co-assembly with RNA as scored by
TEM at three weeks post-mixing. ApB-alone assemblies are shown in first column.

APB/RNA co-assemblies are present in second column. All scale bars are 200nm.

Visualization of co-assembly by fluorescence microscopy

Despite variable assembly by TEM, laser-scanning confocal fluorescence microscopy
was used to further assess AP co-assembly with RNA. For examination by fluorescence
microscopy, Ap40 and Ap42 were co-assembled with RNA(A),-Cy3, where Cy3 was
covalently attached to the 3’-end. Thioflavin T, a small molecule whose excitation and
emission changes upon binding cross-f was used as an indicator of amyloid. The co-
localization of Thioflavin T (peptide-field) and Cy3 (RNA field) would suggest the co-
assembly of Ap peptides and RNA. As expected based on TEM analysis, identifying
assembly by fluorescence microscopy proved difficult. However, both AB40/RNA and
AP42/RNA samples showed some co-localization of Thioflavin T and Cy3 suggesting co-

assembly (Figure 6-7).
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Figure 6-7 Laser-scanning confocal fluorescence microscopy of AB40/RNA and
AB42/RNA co-assemblies. RNA(A)1o was covalently tagged with Cy3 at the 3’-end.
Thioflavin T was used as a marker of amyloid. The merge of the two fields is shown in

the right-most column. Scale bars are 10um.

Co-assembly maturation of AB40 and 42 with RNA(A)4,-Cy3 was confirmed by TEM, and
no anomalies appeared between micrographs containing Cy3-tagged RNA and

untagged RNA at three weeks post-mixing (Figure 6-6 and 6-8).
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Figure 6-8 AB40/42 co-assembly with RNA-Cy3 as scored by TEM at three weeks

post-mixing. Scale bars are 200nm.

Circular Dichroism identifies order in co-assemblies

Conformational information about incorporated RNA(A)+o in AB/RNA co-assemblies can
be extrapolated from Circular Dichroism (CD) data. In the absence and presence of Ap
at three weeks post-mixing, canonical RNA ellipticities are observed. The presence of
AP enhances molar ellipticity signatures suggesting an increase in the ordering of RNA
within co-assemblies [35,36]. Double stranded RNA, which natively folds as an A-form
helix is stabilized by vertical base-base stacking and the hydrogen-bonding of base pairs
[37]. Base-base stacking, which contributes almost twice as much to stability as
hydrogen-bonding, is responsible for the maintenance of A-form helices in single
stranded RNA samples [35,37]. RNA is unable to access the B-form conformation
because the 2’-hydroxyl of its ribose prevents C2’-endo and selects for C3’-endo sugar
puckering [37]. The contribution of this homogeneous sugar puckering is observed at
265nm for Poly(rA) oligomers [35]. The positive long-wavelength contribution, in
accordance with UV absorption, confirms the formation of the right-handed helix [37].
With the exception of the sugar puckering contribution, the remaining elliptical signatures
are attributed to base-base stacking and sugar-base torsion angles [35.38]. The

observed increase in ellipticities for RNA in association with Ap is attributed to the
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existence of a higher concentration of RNAs fixed in the A-form helical conformation. Co-
assembly of Ap with RNA(A)4, stabilizes the single stranded helix, increasing the
hydrophobic environment surrounding bases and increasing the ellipticity of the base-
base contributions. These data support the co-assembly of Ap and RNA and highlight
the maintenance of RNA structural integrity in co-assemblies. CD of Ap40 and Ap42
assemblies at three weeks post-mixing lack the negative cotton effect associated with §3-

sheet-rich assemblies. The concentration of assembled amyloid fibrils is likely below the

detection threshold.
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Figure 6-9 Circular Dichroism analysis of Ap40/42 assemblies and AB40/ and
ApB42/RNA co-assemblies. Molar Ellipticity [6] is plotted on the y-axis and calculated
based on the following equation: [08] = 68 /(10xcXxl) where c=concentration (mol/L) and

I=pathlength (cm).
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Powder x-ray diffraction of co-assemblies

With fibril concentration below the detection threshold of Circular Dichroism for
characterization of the beta-sheet architecture, powder x-ray diffraction (PXRD) was
explored for more detailed analysis. By PXRD, Ap40/RNA co-assembly was assigned as
cross-f. Diffraction data at short distances was complicated by the diffraction of the
NaHPOQ, salt of the buffer, but cross-p reflections were unaffected. Because of the
sample size, removal of buffer prior to sample prep for PXRD was not possible. Bands at
4.7/4.85A, 9.56A and 10.05A are attributed to peptide secondary structure and
correspond with interstrand and intersheet distances, respectively. A reflection at 2.28A
may represent the base rise along the incorporated A-form RNA helix, but the RNA

phase was not conclusively solved.
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Figure 6-10 PXRD analysis of AB40/RNA(A)1, co-assembly. Reflections at 4.7/4.85A,
9.56A, and 10.05A are attributed to peptide secondary structure. Abundance of short

distances by diffraction are assigned to NaHPO, from the buffer.

Examination of Ab42/RNA co-assemblies by PXRD was less conclusive in terms of
secondary or tertiary assembly structure. A small peak at 3.2A, hidden peaks 5.5A and
6.1A, and the peak at 4.85A can be attributed to the peptide phase. These reflections
alone do not support cross-f architecture. A reflection at 2.3A may indicate base
stacking in A-form RNA helices. However, the RNA phase has not been solved for these

data.
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Figure 6-11 PXRD analysis of AB42/RNA(A), co-assembly. Reflections at 3.24,
4.85A, 5.5A, and 6.1A are attributed to peptide secondary structure. Abundance of short

distances by diffraction are assigned to NaHPO, from the buffer.

Conclusions

The interactions between pathogenic proteins or peptides and nucleic acid are without
doubt. In a multitude of protein-misfolding diseases, the association of nucleic acids with
protein inclusions has been described [1-3,7-11]. Investigation into the role of nucleic
acids in disease pathogenesis has begun, and the mechanism of its sequestration
evaluated. RNA, which has been shown to nucleate the formation of FUS fibrils [39] and
increase the cytotoxicity of prions [3], is highly-processed in the cell through the use of

ribonucleoprotein (RNP) granules [27-29]. The interception of RNP granules by
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pathogenic proteins would account for the disruption of RNA homeostasis and the

sequestration of RNA to protein inclusions in protein-misfolding diseases [7-16,26-30].

The dynamic interactions between RNA and amyloid-forming peptides was described in
chapters 4 and 5 where nucleic acid was shown to be essential to the nucleation and
propagation of homogeneous RNA/peptide co-assemblies, and in chapter 3 where DNA
secondary structure was necessary for conical homogeneous architectures. The use of
ApP40 and Ap42 of Alzheimer’s disease begins to interrogate the mechanism of RNP

granule interception during disease etiopathogenesis.

In this chapter, we begin to assess the interactions between Ap40/42 and RNA. Through
use of microscopy, spectroscopic methods, and x-ray diffraction, the assembly of
peptides and conformational homogeneity of RNA was characterized. AB40/RNA and
AP42/RNA co-assemblies show co-localization of amyloid and RNA domains by laser-
scanning confocal microscopy. These data support the co-assembly of RNA and full-
length amyloid-p peptides. The CD signature for RNA in the presence of Ap peptides
was increased compared to RNA alone, suggesting a higher concentration of ordered
base-base contributions in the A-form helices [35,37]. Macromolecular crowding would
easily explain this phenomenon. However, aggregation of peptides impedes the
measurable effect of macromolecular crowding [40]. Therefore, the change in RNA
ellipticity should be attributed to its ordered co-assembly with Ap peptides. Finally, PXRD
analysis of Ap40/RNA co-assemblies identifies the persistence of cross-3 domains, an

architecture regularly identified in Alzheimer’s disease patient brains [33].
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With the identification of RNA at the site of immature senile plaques [7,8], understanding
the role RNA might have in plaque morphology is crucial. Our characterization of
RNA/peptide co-assemblies in chapters 4 and 5, that of a peptide/DNA conjugate
assembly in chapter 3, and the sustained interaction between AP peptides and RNA
here, begins to describe the influence of RNA presence and co-assembly on gross
morphology, and informs on the amyloid/nucleic acid interactions that might dominate

protein-misfolding disorders.

Methods

Peptide Synthesis. Peptides were synthesized using Solid Phase Peptide Synthesis
(SPPS) with a PEG resin, and left uncapped at the N-terminus. Peptides were cleaved
and deprotected using a cocktail of 90% TFA, 2% anisole, 3% 1,2-ethanedithiol, and 5%
thioanisole. All chemicals were purchased from Sigma-Aldrich. Following cleavage and
deprotection, peptides were purified by reverse-phase HPLC using acetonitrile and water
with 0.1%TFA and a C18 column to a >98% purity. Purification was performed twice
because of breadth of peak on the chromatogram and to increase purity. After
purification, acetonitrile was removed by rotavaporation. The remaining aqueous solution
was frozen at -80°C or flash frozen using liquid nitrogen and lyophilized to yield a white

powder.

Peptide Assembly. Peptides were placed in 10mM Phosphate buffer 0.02% azide,
vortexed briefly and sonicated for 5 minutes to promote solubility. A stock solution of
100uM peptide was used to set up all assemblies. Experimental samples were set up
within five minutes of dissolution. All nucleic acid oligomers were purchased from

Integrated DNA Technologies. For NA/Peptide co-assemblies, a stock solution of 1TmM
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NA was used. Order of addition was as follows: Peptide, solvent, nucleic acid.
Assemblies were kept at 37°C. Final peptide concentration in all experimental setups

was 90uM. Final nucleic acid concentration was approximately 90uM.

Transmission Electron Microscopy. Electron microscopy images were obtained
using a Hitachi H-7500 and a Jeoul transmission electron microscope. All samples were
placed on 200 mesh copper grids with carbon coating and negatively stained using
2%w/w uranyl acetate (Sigma-Aldrich). The microscope was operated at 75kV. Cross-
section images were obtained by embedding pelleted assembilies in resin. Using a
microtome, embedded assemblies were sliced 1um thick and placed on grids for

analysis by TEM.

Laser-Scanning Fluorescence Confocal Microscopy. Fluorescence micrographs
were obtained using an Olympus FluoView 1000 (FV1000) laser-scanning confocal
microscope. Samples were prepared on microscope slides, with coverslips sealed using
clear nail polish. Samples were examined using the 60X 1.42NA oil immersion objective.
Thioflavin T was added to samples at a final concentration of 2mM prior to sample prep
and the 405nm laser line was used to visualize its staining. The RNA(A) with Cy3
covalently attached at the 3’-end was purchased from Integrated DNA Technologies.
The 559nm laser line was used to visualize Cy3 signals. Images for Thioflavin T and Cy3

fields were obtained concurrently and processed using Fiji [56].

Circular Dichroism. A Jasco-810 Spectropolarimeter was used to record CD spectra.

Samples were examined at room temperature in a 50uL cell with a 0.1mm path length.

The reported spectra were acquired from 260nm to 190nm with a step size of 0.2nm and
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a speed of 100nm/s, and are the average of three independent scans. Ellipticity, in
mdeg, was converted to Molar ellipticity (6) with [6] = 6/(10 x ¢ x /), where ‘C’ is peptide
concentration in moles/L and ‘I’ is the pathlength in cm. Melting curves of pep-KG and
NA/pep-KG samples were obtained using a gradient of temperature from 4°-60°C and a

focal wavelength of 220nm and 260nm, respectively.

Powder X-Ray Diffraction. Experimental samples were flash frozen using liquid
nitrogen and lyophilized to yield a white powder. The samples were loaded into mylar
capillaries and the diffraction patterns measured using a Bruker APEX-II diffractometer
with graphite monochromated Cu radiation, K-alpha radiation, A=1 .54184A, 40kV and
35mA, with a 0.5 pinhole collimator and with exposure times of 900s per frame. The data
integration software XRD2SCAN and the Bruker AXS software were used for analysis of

the resulting diffraction patterns. The following equation was used to convert spectra

T

from 20 to d-spacing(A): 1.54184/(2X sin (29X %»
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Chapter 7: Mutualisms in Nucleic Acid/Peptide Domain Arrays

Nucleic acids and proteins are intimately linked in the cell. The ribosome, a
conglomerate of proteins and ribosomal RNAs is essential to the central dogma and has
been heralded as the Darwinian threshold of extant cellular life [1]. Beyond the
ribosome, distinct interactions of RNA- and DNA-binding proteins with their respective
targets finely tune spatial and temporal gene expression patterns [2-5]. The complexity
and level of mutualism found in DNA/protein and RNA/protein interactions is astounding.
Perhaps most prominent, are the effects observed when minor disruption of these
interactions occurs. In myotonic dystrophy, microsatellite expansion of two RNAs leads
to sequestration of splicing factors to nuclear foci and a disruption of normal RNA
processing [6]. Ribonucleoprotein granule diseases encompass a large class of
pathologies, and highlight how minor alterations in nucleic acid/protein interactions have
dire consequences [7-12]. What we know about nucleic acids, proteins, and their
interactions has been exploited for years in the pursuit of biomolecular nanotechnology.
Specifically, the production of DNA origami [13] is founded on the basic set of principles
Watson and Crick established in describing the double helix and base-pairing [14].
Others have attempted to exploit protein secondary structure interactions for the
production of protein origami, succeeding in the formation of tetrahedra from coiled-coil
domains [15]. Production of aptamer-based biosensors for detection of antibodies and
other proteins has proved to be a valuable method in disease diagnoses, and specifically

requires the interactions of nucleic acids and proteins [16].

In this dissertation, | described the mutualisms that likely persisted in the prebiotic
environment between nucleic acids and short peptides, and how their collaboration

might have supported archaic cellular networks. The manipulation of nucleic acid and
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peptide folding was explored in chapter 3 through the development of insulated guanine
wires and responsive hydrogel systems for biomolecular nanotechnology. RNA
processing was the focus of chapters 4 and 5 through the global and structural
characterization of nucleic acid/peptide co-assemblies, nanostructures that provide
insight to the pathological transition of mature RNP granules to fibrillar aggregates.
Finally, | examined the interactions between RNA and the full-length AB40 and Ap42
peptides of Alzheimer’s disease, to further define the effects interception of mMRNP
granules by pathogenic proteins or peptides might produce. The conclusions and

implications of these findings are described below.

Development of chimeras for bionanotechnology

Guanine quadruplexes, which are found naturally at telomeres, centromeres, and in
multiple promoters [17,18], are capable of long-range electron transport and assemble to
form micrometer long assemblies [17,19]. Peptides, which often have little to no
conductivity [20], form nanostructures that are sequence- and context-dependent [21],
and were chosen as insulators in the production of coated guanine wires. In chapter 3,
the successful conjugation of the quadruplex-forming DNA sequence ‘GGTG4TGG’ to
Ac-aELVIIAG-NH; was demonstrated. Guanine quadruplex peptide conjugates (GQPC)
were co-assembled with free peptides (Ac-KLVIIAG-NH;) to promote peptide assembly.
Assembly was biased towards guanine quadruplex formation by heating the assembly
components to 95°C for five minutes and allowing the solution to cool slowly to room
temperature. GQPC/Ac-KLVIIAG-NH; co-assemblies revealed a unique conical
nanotube morphology, which proved to be dependent on guanine quadruplex assembly;
GQPC/Ac-KLVIIAG-NH; co-assemblies in lithium phosphate buffer did not form conical

nanotubes. Guanine quadruplex assembly was further confirmed through use of the
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quadruplex-specific dye ISCH-0a1 by fluorescence spectroscopy [22]. From these data,
we have yet to define the exact location of guanine quadruplexes within the co-
assemblies, or their degree of stacking, but it is clear these results provide a firm

foundation for the exploitation of mutualisms in the production of nanodevices.

Engineering homogeneous nucleic acid/peptide co-assemblies

RNP granule disorders often result from the mislocalization of essential RNA processing
components [7-12]. Altered ribostasis has been offered as an explanation for
neurodegenerative and other protein-misfolding diseases [23], most notably Amyotrophic
Lateral Sclerosis, where accumulation of nuclear foci containing protein aggregates
often accompany cellular pathologies [11,24]. In chapters 4 and 5 we sought to
characterize the interactions between aggregation-prone peptides and nucleic acids
through the design and production of homogeneous nucleic acid/peptide co-assemblies.
After sampling congeners derived from Ap16-22, the nucleating core of Ap40/42 of
Alzheimer’s disease, the peptides Ac-KLVIIAG-NH; and Ac-RLVIIAG-NH; were chosen
for further investigation. Both, Ac-KLVIIAG-NH2 and Ac-RLVIIAG-NH2 self-assemble as
fibers in 40% acetonitrile and water. However, interactions with nucleic acids influence
global morphology, giving rise to ribbons 10 to 20 times the width of fibers, in the same
conditions. Co-assembly of nucleic acids and peptides was first confirmed by
fluorescence and electrostatic force microscopy, where co-localization of amyloid and
RNA domains and surface charges were mapped, respectively. Examination of multi-
lamellar ribbon and nanotube wall architecture identified each lamella with a width
corresponding to the extended peptide length of 2.6 nm, and consistent with a single f3-

sheet peptide monolayer defining each layer. CD melting curves assessed thermal
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stability and nuclease digestion revealed dynamic components of co-assembly
architecture.

Structural characterization of DNA/Ac-KLVIIAG-NH, co-assemblies was the focus
of chapter 5. Through use of solid state NMR, "*C{"°N}REDOR, the peptide orientation
and registry was assigned as anti-parallel, in-register for 92% of co-assemblies and only
37% of Ac-KLVIIAG-NH; fibrous assemblies, suggesting nucleic acids select for anti-
parallel in-register conformations during nucleation. *C{*'P}REDOR defined the position
of phosphorus nuclei as 8.9A from the *C-enriched carbonyl of the leucine residue, with
a Gaussian distribution of 2.4A in width. For *C{*P}REDOR, 100% of the "°C nuclei
were dephased by *'P, placing DNA between the lamellae of the ribbon and nanotube
walls and supporting a model that precisely defines the passivation of the cross-

interface by nucleic acids.

Comprehensive models for RNA processing and disease etiology

To interrogate the altered ribostasis hypothesis, chapter 6 focused on the
characterization of Ap40/42 co-assembly with RNA. Defining these interactions would
support the interception of mMRNP granules by p-sheet-prone infectious domains and
offer an explanation for the sequestration of RNAs to immature senile plaques of
Alzheimer’s disease [25-28] and mature fibrils of other protein-misfolding diseases [29].
Through use of TEM, the observed fibrillation of Ap in the presence of and absence of
RNA was characterized. The ordering of RNA in AB/RNA co-assemblies was examined
by CD where a typical A-form helix elliptical signature was observed. Compared to RNA
alone, the RNA of AB/RNA co-assemblies was more ordered giving rise to an increase in

the observed molar ellipticities of A-form RNA helices by CD.
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In summary, the mutualisms examined within this dissertation provide a firm foundation
for understanding the diverse interactions nucleic acids and proteins/peptides maintain.
In chapters 2 and 3, the sequence- and context-dependent folding of peptide and nucleic
acid/peptide conjugate assemblies was investigated. The results from these chapters
begin to reveal how mutualisms may be exploited in the development of devices for
biomolecular nanotechnology. Disruption of canonical nucleic acid/protein mutualisms
was explored in chapters 4, 5, and 6, and provide a comprehensive model for mMRNP
granule interception and altered ribostasis in disease etiology. These data also provide
insight into the influence of nucleic acid sequestration on amyloid gross morphology in
neurodegenerative amyloidosis where nucleic acids may select for neurotoxic strains.
The manipulation of the nucleic acid/peptide interactions described here provide the

groundwork for future work interrogating biopolymer mutualism.

We can now use the mutualisms described herein to develop more comprehensive
models of protein/nucleic acid complementarity. The manipulation of these precise, yet
accommodating, interactions provide support for the production of dynamic, responsive
systems for use in biotechnology, and their dispersion in vivo through novel therapeutics
will contribute to our understanding of nucleic acid/peptide interactions at disease
lesions in protein misfolding disorders. Specifically, the continuation of the project
outlined in chapter 6 will culminate in a better understanding of the role of mMRNA at
senile plaques, and how it might influence amyloid gross morphology or neurotoxicity.
These findings may lead to the development of novel therapeutics targeting these
specific co-assemblies. Cross-seeding of beta-sheet prone infectious domains with low
complexity domains (LCD) of RNA binding proteins at ribonucleoprotein granules is

currently being explored as an avenue for RNA sequestration to disease lesions, and
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may provide further insight to the etiology of RNP granule disorders and the emergence
of fibrillar assemblies in a multitude of diseases.

In chapter 3, the description of peptide-insulated guanine nanowires for
nanocircuitry continues with the interrogation of nanostructure morphology. The data and
conclusions from chapters 4 through 6 provide a firm foundation for identifying the
prominent contributing interactions to conical tube morphology, and may help to define
the location and degree of stacking of the guanine quadruplexes within the conical

nanostructures.
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