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ABSTRACT

Prior characterizations of the nucleoside phosphoramidate moiety have centered upon the
ability of amine containing side-chains to mask the negative charge inherent to
monophosphorylated nucleosides for the purpose of enhancing their passive movement
across biological membranes. When used for the intracellular delivery of therapeutic
nucleoside monophosphate analogs, these molecules are referred to as phosphoramidate
“ProTides” and represent an important class of antiviral and anticancer prodrugs. The
primary aim of this thesis to build upon these works and present the nucleoside
phosphoramidate moiety as a multifunctional regulator of molecular self-assembly.
Appendage of nucleoside phosphoramidates to molecules such as self-assembling peptides
was shown to modulate the self-assembling properties of the molecules through alteration
of the non-covalent interactions between individual monomers and nanostructure
assemblies. Additionally, the nucleoside phosphoramidate moiety was found to impart
enzyme responsive qualities. Histidine triad nucleotide binding proteins (Hints), an enzyme
class that possesses phosphoramidase activity, were found to regulate the assembly of
nucleoside phosphoramidate bearing nanostructures by inducing ionic interaction mediated
crosslinking after enzymatic hydrolysis. Chemical modification of self-assembling
peptides with nucleoside phosphoramidates bearing non-natural and therapeutic
nucleosides was also achieved to effect the first ever demonstrated self-assembling
phosphoramidate ProTides as one-component nanomedicines. The developed formulations
are currently under investigation for localized delivery of cancer chemotherapeutic

prodrugs.
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CHAPTER 1: LITERATURE REVIEW



1.1. SELF-ASSEMBLING PEPTIDES AND THEIR DERIVATIVES

Chemistry is the science of atomistic and molecular transformation. As the
traditionally regarded “central science”, chemistry provides the critical framework for
fundamentally understanding how atoms and molecules interact and change one another in
natural processes, as well as in the development of new molecules.? Both inorganic and
organic molecules are designed and synthesized by chemists for applications in all aspects
of daily life, with molecular synthesis being the technique by which the manipulation of
bonds between atoms is used to create desired changes in molecular structure.>® The
resulting orientation and arrangement of atoms within a molecular structure directly

determines the physical, chemical, and biological properties of a particular molecule.*®

The propensity of individual molecules to spontaneously associate together in
ordered arrangements is one property governed by molecular structure.® While the forces
holding atoms together within a molecule are largely covalent, the forces enabling
intermolecular association are non-covalent.” Therefore, in the design and synthesis of self-
assembling molecules, consideration must be paid not only to the covalent bonds between
atoms, but also to the arrangement of atoms within a molecule to facilitate non-covalent
interactions through space. Just as the arrangement of atoms within a molecule dictate
structure, the three-dimensional arrangement of non-covalent forces between molecules in

turn directly influences the structure of higher ordered molecular assemblies.®

Molecular self-assembly is ubiquitous across nature, synthetic chemistry, and

materials development.® Indeed, biomolecular self-assembly contributes to the vast array
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of biological matter consisting the extracellular matrix, cellular and subcellular
membranes, and the cytoskeleton.’® In synthetic chemistry and materials science,
molecular self-assembly is readily utilized for the fabrication of nanomaterials and

colloids, two-dimensional surface arrays, and mesoscopic to microscopic structures.®

Of significant interest to researchers and clinicians is the development of novel self-
assembling materials for the treatment of disease. As with all self-assembling materials,
the molecular subunits consisting supramolecular biomaterials may vary in size and
chemical content (inorganic or organic), but must be applied to “support, enhance, or

replace” diseased or damaged tissues and biological systems.'?4

Historically, biomaterials have included a range of materials such as bulk metals,
ceramics, glass, and both natural and synthetic macromolecules.’® Early biomaterials
contributed to significant clinical advances in a range of medical fields such as orthopedic
and dental implants, heart valve replacement, and surgical tools such as synthetic sutures.®
The maturation of biomaterials science has led to the integration of the disciplines of
clinical science, engineering, chemistry, and biology to effect the development of third
generation biomaterials.*® The goal of this next generation of materials is to move beyond
enhancements in biocompatibility and demonstrate the potential to influence and guide
biological interactions.'® While traditional biomaterials maintain utility in a wide variety
of biomedical applications, a desire to achieve the aims of third generation development
has led researchers to investigate and develop materials with dynamic and tunable

properties while also possessing biologically active moieties.!’~°



Figure 1.1 Characteristics of supramolecular biomaterials. Adapted from Webber et

al.12
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Figure 1.2 Assembly formats of supramolecular biomaterials. Adapted from Webber

etal.12
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The fundamental properties of supramolecular biomaterials position them to be
ideal in fulfilling the needs with which third generation biomedical materials have been
tasked. Self-assembly relies upon combinations of non-covalent inductive and dispersive
forces to achieve intermolecular cohesiveness.?’ Individually, these forces are small in
magnitude and considerably weaker than covalent interactions. Nevertheless, these forces
function in concert to confer mechanical properties to supramolecular materials
approaching that of conventionally used cross-linked polymers and macromolecular
systems.'?>!3 Individually weak interactions between monomer units convey inherent
sensitivity to stimuli as individual interactions may be modulated by biological, chemical,
and physical cues to affect bulk properties.?* This feature is currently being applied to
achieve dynamic spatiotemporal control of biomaterials within living systems.'”?! In
addition, the chemical motifs driving molecular recognition and self-assembly are highly
specific in their molecular recognition properties enabling rational design of
supramolecular assemblies incorporating these motifs.??> The highly ordered self-
organization of the motifs enables modification of individual monomer units for the display
of additional functional and responsive domains. The ability to combine multi-domain
functional monomers into a single material further approaches the dynamic modularity
displayed in biological systems and furthers the aim towards the development of
biologically interactive and integrable therapeutic materials (Figure 1.1, adapted from

Webber et al.).1?2?

Two general assembly formats have been described for self-assembling

biomaterials depending on the size of the molecules utilized and the non-covalent
6



interactions between them (Figure 1.2, adapted from Webber et al.).!? Large linear
polymeric molecules, otherwise unassociated except through chain entanglement, may be
physically cross-linked through incorporated molecular recognition motifs.'>** Both
synthetic and natural polymers traditionally lacking crosslinking moieties may be
chemically modified with such crosslinking motifs along the length of the molecule to
enable multiple association events to generate a supramolecular polymeric network.
Utilization of “host-guest” interactions through incorporated macrocyclic hosts such as
cyclodextrin and cucurbit[n]urils and a variety of hydrophobic guest ligands,
complimentary hydrogen bonding moieties, and metal and chelating ligand combinations
have been incorporated into supramolecular designs.**?%-2% An alternative method to direct
chemical incorporation of molecular recognition motifs is crosslinking polymer-
nanoparticle interactions. In these systems crosslinking is achieved through complimentary
chemistries on both the polymer and nanoparticle surface and can even be extended to the

3-D assembly of polymeric microgel particles.?®?’

Low molecular weight organic molecules and peptides have been widely
investigated for their self-assembling properties and for application as novel
biomaterials.?®?° In contrast to the cross-linking of linear polymers, these lower molecular
weight molecules assemble into high-aspect ratio structures such as tubes, ribbons, and
fibers (Figure 1.2, adapted from Webber et al.).*?> Non-covalent interactions leading to
these assembly modes commonly include aromatic interactions and hydrogen bonding
patterns between the peptide components leading to 3-sheet, alpha-helical coiled-coil, and

triple helix motif formation.>® These interactions enable molecular stacking of individual
7



monomers into highly specific and ordered structures, eventually forming entangled
matrices constituting supramolecular hydrogels.®! In addition to conventional peptide
monomers, chemical modification of peptides with alkyl chains has generated the seminal
class of synthetic self-assembling molecules termed peptide amphiphiles.> The
hydrophobic nature of the appended alkyl chains contributes to hydrophobic interactions
between monomers which are stabilized by hydrogen bonds in the peptide block.
Additional charged moieties in the peptide farthest away from the alkyl chain contribute to
solubilization enabling the formation of cylindrical micelles or ribbon like nanofibers. In
addition to lipophilic modification, biofunctionalities including nucleobases and synthetic
moieties may also be used to direct monomer assembly alone or appended to peptides.3334
Engineered polypeptides are a similar class of self-assembling monomer that extends the
functionality of small molecule peptide monomers to include high molecular weight
macromolecules obtained through recombinant expression.®® The resulting monomers may
assemble into an array of structures dictated by the orientation of interacting interfaces and
non-covalent interactions, but may also assemble into the oligomeric amyloid type

assemblies exhibited by self-assembling peptides.®

As a class, supramolecular biomaterials hold significant therapeutic potential in
applications such as drug and biologics delivery, tissue engineering and regeneration,
imaging and diagnostics, immune therapy, synthetic biology, and bioelectronics to name a
few.31:36-42 The low molecular weight of monomers in this class of biomaterial enables high
levels of control over chemical composition and heterogeneity as small molecules and

peptides may be synthesized through conventional organic methods and even solid phase
8



synthesis.?®2%%3 The low molecular weight of these agents also facilitates biocompatibility
including resistance to immunogenicity as small molecules do not generally induce an
immune response without a carrier adjuvant. Moreover, the lack of exotic features in
molecules such as self-assembling peptides consisting of short amino-acid sequence
repeats further contributes to their lack of immune recognition.®®3%4445 Small molecules
are also readily metabolized and cleared from tissues and systemic circulation and can be
designed for degradation into biologically safe components by specific enzymes.*%4¢ The
ease of synthesis of these molecules further facilitates the incorporation of biological
recognition motifs, signaling molecules, therapeutic moieties, and even components for

material regulation (Figure 1.3),323347-49

In this review, we aim to discuss recent advances in the biomedical application of
self-assembling peptides and related derivatives with specific emphasis on rationally
designed biological instructiveness, integrability, responsiveness, and in vivo regulation.
Although the subject of intense investigation, self-assembling peptides and related
molecules represent comparatively few clinically approved platforms.t8:3%505! |t js our goal
to highlight emerging areas of potential clinical success and to shed light on potential novel
applications of these materials to address unmet medical needs. We begin the review with
brief introductions of the general classes of self-assembling peptides and derivatives to

facilitate later discussions regarding their specific application.

1.1.1 CLINICALLY USED SELF-ASSEMBLING PEPTIDES



Figure 1.3 Characteristics of low molecular weight supramolecular biomaterials
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Figure 1.4 Commercialized self-assembling peptides
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The discovery of the self-assembling protein sequence derived from zuotin, which
contains a repeated sequence of the amino acids glutamic acid (E), alanine (A), and lysine
(K) (-AEAEAKAKAEAEAKAK-c) later termed EAK16-11, was a seminal observation
in the field of self-assembling peptides.*®>? The observation of self-complementary amino
acid repeats within the sequence was originally investigated to determine the effects of
ionic interactions within the highly charged oligopeptide as influencers of secondary
structural characteristics. Serendipitously, the peptide was observed to undergo
spontaneous self-assembly into nanofibrous structures in aqueous buffer of sufficient ionic
strength. At the macroscopic scale, the nanofibrous structures formed membranes which
were found to be thermally, chemically, and biologically stable. Curiously, the
experimentally observed p-sheet secondary structure formed in the peptide assemblies was
distinctly different from the computationally predicted a-helix.>? The implications of this
secondary structural motif driven by self-complementary ionic bridges and paired
hydrophobic interactions provided the basis for expansion into synthetic derivatives based
upon the same principles that have driven the field of self-assembling peptides for nearly

three decades.>®

These patterns of self-complementarity were readily utilized to design an entire
class of de novo self-assembling peptides through careful balancing of the sequence and
order of ionic and hydrophobic residues. Redesign of the EAK16-1l peptide yielded
changes in the length of oppositely charged blocks, as well as mix-and-matching of various
ionic and hydrophobic amino acids to yield a plethora of derivatives.>* One group of

derivatives formed by through replacement of Glutamate with Aspartate, and Lysine with
12



Arginine, within the self-assembling peptide core generated the RADA16 series of self-
assembling peptides. Important not only for their self-assembling properties and
contribution to the basic understanding of supramolecular assembly, the RADA16 series
of peptides realized successful commercial and clinical translation as hydrogels for tissue
culture, as well as their clinical application as surgical aids, gels for regenerative medicine,
and therapeutic delivery vehicles.***®* RADA16-I (RADARADARADARADA),
commercially recognized as Purastat (3D-Matrix, Ltd.), is currently under clinical
investigation as a hemostatic agent for endonasal, gastrointestinal, and hepatic surgeries
(Figure 1.4).56-58 The hemostatic properties of RADA16-I is proposed to result in part from
the ionic strength triggered gelation mechanism of these peptides. Because of the ionic
content of bodily fluids, the application of nanofiber solutions at sites of bleeding and
hemorrhage rapidly generates gels to effect the hemostatic effect.>¢-¢ Purastat (RADA16-
1) is clinically approved for its function as a hemostat in several countries and currently

undergoing clinical trials in the USA.3%4°

A transmembrane receptor domain of the IsK potassium channel was the inspiration
of a series of self-assembled peptides that eventually became clinically used biomaterials
for dental application. The 27 amino acid transmembrane domain was originally
investigated in order to determine its f-sheet secondary structure character within lipid
membranes through a series of biophysical studies.®® Subsequent investigation of the
peptide and a shortened 24 amino acid derivative revealed their ability to form
organogels.>®%° Like the previously mentioned families of peptides, hydrophobicity was

found to play a key role in the ability of these peptides to become amphiphilic detergents
13



and thus not undergo gelation even in the presence of polar protic solvent.>® Although
increasing polarity was found to trigger the requisite structural transition for gelation, the

studied peptides were found to be insoluble in water.*

To guide the de novo design of self-assembling peptides, Aggeli and colleauges
developed a series of criterion which were used to instruct the development of gel forming
peptide assemblies for biomedical application. The design of self-assembling peptides
should incorporate (1) complementary ionic, hydrophobic, and hydrogen bond interactions
among the side-chains, (2) lateral recognition between adjacent molecules to impart
directionality and high aspect ratio features to the assemblies, and (3) hydrophilic surfaces
to impart solubility in aqueous solutions through solvent interactions.®® Consideration of
the above guidelines led the group to synthesize a de novo oligopeptide referred to as DN1.
Characterization of the peptide revealed its sequence (Ac-GIn-GIn-Arg-Phe-GIn-Trp-GlIn-
Phe-Glu-GIn-GIn-NH>) imparted B-sheet forming character as well as linear assembly in
aqueous environment.®® The oppositely charged Arg and Glu residues contributed an
antiparallel orientation of the B-sheet assembly, while a combination of hydrophobic
interactions provided by the methylene units of the amino acid side chains and aromatic
interactions between Trp and Phe residues aided inter-strand recognition.®® The guiding
principles of rational design leading to the DN1 were contrasted with a poly-GIn 11-mer
peptide which similarly underwent assembly into [-sheet structures with adequate
interstrand recognition, but formed insoluble aggregates in aqueous solution due to the lack
of sufficient solvating polar residues.®® In subsequent investigations, insertion and

replacement of charged residues within the peptide was performed to determine the effect
14



on pH responsiveness. DN1’s gelation capability was found to be significantly tied to pH,
with gel phase formation at pH values lower than 5 and flocculated aggregates above pH 5
due to charge neutralization.®! Subsequent replacement of Glu with a GIn residue yielded
a singly ionizable peptide termed P11-2 which formed a stable gel at pH values as high as
10 due to the ionization state of the Arg residue. A derivative of DN1 with sequence Ac-
Gnl-GIn-Arg-Phe-Glu-Trp-Glu-Phe-Glu-GIn-GIn-NH> termed P11-4, was determined to be
highly sensitive to pH and ionic strength in terms of its assembly due to incorporation of
one cationic residue (Arg) and three anionic residues (Glu). Similar to the P11-2 peptide,
P11-4 formed self-assembled hydrogels at pH values between 5 and 7, but disassembled

into isotropic solutions at pH values in excess of 7.2 (Figure 1.4).%

The ability to leverage the ionization state of P11-4 in regulation of its assembling
properties led to investigation of the peptide for skeletal tissue regeneration and
engineering applications.’*% Similar to the self-assembling properties of RADA in
response to ionic strength contributing to its function as a hemostat, the application of P1;-
4 as a viscous solution at basic pH was envisioned as a delivery method to fill skeletal
voids and undergo gelation as a result of in situ pH and ionic strength (Figure 1.4).%
Interestingly, the peptide was explored as a treatment technique for dental caries which are
lesions characterized by reduced tooth enamel and mineralization, which affects the
stability and mechanical properties of the tooth.%* Application of the peptide solution and
resulting self-assembly into nanotape structures was thought to potentially mimic the
original extracellular matrix on which hydroxyapatite is deposited to generate the dental

enamel. In the developing tooth, extracellular matrix is degraded as the tissue develops and
15



mineralizes, resulting in a lack of fibrous structures to allow remineralization in cases of
later tooth disease or damage.®® The supramolecular peptide scaffold of P11-4 was found to
contribute to deposition of hydroxyapatite crystals with its highly polar solvent exposed
surfaces, high aspect ratio assembly, and high degree of order.5* Compared to controls,
application of P11-4 peptide solution to teeth was found to reduce demineralization under
acid conditions and contribute to remineralization at physiologic pH. P11-4 gels were also
able to form de novo hydroxyapatite in the absence of teeth, with areas of mineralization
found throughout the gel structure which were absent in a comparative gelatin gel.%® With
these positive clinical results, the P11-4 peptide has been commercialized as Curodont by
the Swiss company Credentis and successfully translated into the clinic.52®® The agent has
been approved in Europe for treating caries lesions and has also been applied for the

treatment of sensitive teeth and enamel erosion protection.®’

112 CLASSES OF SELF-ASSEMBLING PEPTIDES AND DESIGN

CONSIDERATIONS

The previously mentioned examples comprise only a small portion of investigated
self-assembling peptide platforms for biomedical applications. Numerous other [3-sheet
forming peptides have been investigated for their self-assembling properties which
constitute one of the more well studied and diverse families of self-assembling
molecules.®®"® Other classes of self-assembling peptides have also been developed
including a-helix forming peptides, aromatic peptides, and peptide amphiphiles. These are

largely distinguished from one another by the non-covalent forces driving assembly and
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their effect on resulting structural features of their assemblies. As these aspects have been
reviewed elsewhere, we will only briefly introduce the various classes of investigated self-

assembling peptides and considerations for their design and resulting morphology.

32,36,49,68,71

1.1.2.1. BETA-SHEET FORMING PEPTIDES

Following the discovery of the EAK and RADA classes of self-assembling
peptides, understanding the thermodynamic and kinetic parameters and how they are
affected by the non-covalent interactions leading to self-assembly became a primary goal
of researchers in the field (Figure 1.5).*° A fundamental investigation conducted following
the discovery of EAK16-I1 sought to determine the effect of sequence modifications on
resulting assembly properties.>* A series of peptides consisting of alternating charged and
hydrophobic residues were synthesized which varied in the identity of hydrophobic amino
acid incorporated and number of repeated segments. As previous characterizations
indicated assembly only in solutions of sufficient salt content, the effect of these
modifications on the critical salt concentration for gelation were of primary interest as
subsequent biomedical applications would later depend on this feature for in situ gelling
derivatives. The peptides contained one of either Phe (FKFE,), lle (IKIEy), or Val (VKVE)
as the hydrophobic amino acids within the repeats.>* Importantly, the hydrophobic content
of the designed peptides was found to have significant consequences on the mechanical
properties of resulting fibrous structures, a key feature taken into consideration for later

prototype design for specific applications. Increasing side-chain hydrophobicity was found
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to reduce the ionic strength dependence of gel formation, and the number of repeat amino
acid segments affecting ionic strength dependence in a peptide length coordinated manner

(Figure 1.5). Additionally, increasing the hydrophobic character of uncharged amino acids

was found to result in an increase in self-assembly kinetics.>*
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Figure 1.5. Structures of B-sheet forming self-assembling peptides
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Kinetic enhancement of assembly was later explained by considering the balance
of hydrophobic and charged residues within the peptide.>*’> The energetic penalty for
solvating the hydrophobic face of the peptides was determined to be counterbalanced by
the charge repulsion experienced by the highly ionic hydrophilic faces. This interplay
results in significant charge repulsion between peptides as the energetic barrier preventing
the hydrophobic faces from associating at low salt concentrations, as previously
demonstrated with application of DLVO theory to the assembly process indicating higher
ion valence leading to lower peptide critical assembly concentrations.’? Increasing ionic
strength of the solution lowers the Debye length due to ionic screening, alleviating
repulsion and enabling the hydrophobic faces to associate. **Furthermore, increasing the
bulkiness of the hydrophobic side chain as in the case of the Phe containing peptides,
increases the solvation penalty enabling assembly at lower salt concentrations than the
respective lle and Val containing amino acids.>"? In addition to the entropic penalty for
solvation of the bulky Phe side-chains, association driven by enthalpic aromatic-aromatic
interactions could also play a role in facilitating assembly, a thermodynamic factor

important in multiple self-assembling peptide classes.”™

Interestingly, the above experiments were performed at low pH where the lysine
side chain residues, expected to be protonated, generate a highly cationic form of the
peptide leading to the charge repulsion phenomenon.>*"2 Increasing the pH of the peptide
solution to neutrality results in spontaneous assembly of the peptides into a fibrous gel
matrix. This was further investigated through substitution of the negative Glu residues with

uncharged GIn which produced two interesting effects. The first was increased requirement
20



for salt in solution at low pH, possibly due to reduced hydrogen bonding capability of Gln
compared to Glu even in the uncharged state. The second was the ability to remain a
viscous liquid at neutral pH and undergo assembly at increasing ionic strength. This is key
for biomedical applications as addition of low pH solution is undesirable due to the

potential for tissue damage.>*"?

Substitution of the diphenylalanine residues in the amyloid-p 16-22 peptide (Ac-
KLVFFAE-NH>) with hydrophobic residues of varying steric bulk and aromaticity was
performed to systematically characterize the effect of these side-chains on self-assembly
(Figure 1.5).” Similar to hydrophobic interactions contributing to self-assembly in the
FKFE peptides, the diphenylalanine core in amyloid-p is considered a key driving force in
the fibrilization of the full length peptide and has been widely investigated in its own right
as a self-assembling motif to be discussed in a later section.”®’” Both phenylalanine
residues were sequentially modified to either Ala, Tyr, cyclohexyl-Ala, or pentafluro-Phe,
with the unnatural amino-acids providing key insights into the differing roles of
hydrophobicity and aromaticity in driving self-assembly. Interestingly, both Ala and Tyr
modification at the amyloid-p19 position prevented self-assembly of their respective
peptides indicating that decreasing hydrophobicity was not tolerated at this position. In
contrast, sedimentation studies determined that the cyclohexyl-Ala and Pentafluoro-Phe
modifications significantly increased the assembly kinetics of their respective peptides.”
The wild-type peptide exhibited a very slow self-assembly rate and took several weeks to
reach an assembly equilibrium.” Conversely, the more hydrophobic synthetic

modifications rapidly increased the assembly kinetics, reaching assembly equilibria in less
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than an hour, with respective critical assembly concentrations for the cyclohexyl-Ala and
pentafluoro-Phe modifications of 44 uM and 4 pM respectively.”> Compared to the wild
type peptide which possesses a critical assembly concentration of 33 puM, simple
replacement at position-19 with the bulky cyclohexyl side chain is insufficient to
recapitulate the aromatic-aromatic interactions present between Phe residues in B-strand
oriented peptides and may even induce steric clash due to increased ring size.” In contrast,
the cyclohexyl-Ala substitution at position-20 where Phe residues are predicted to
participate in hydrophobic interactions with the Val residue resulted in a modest decrease
of the critical aggregation concentration to 22 uM.”® In both cases however, the
pentafluoro-Phe modification made significant contributions to decreasing the critical
aggregation concentration due to its retained aromatic character at position-19, and
enhanced hydrophobicity contributed at both positions.” Interestingly, the enhanced
assembly driving character of the pentafluoro-Phe could also be due to the high fluorous
content of the side chain, which could contribute to non-covalent association.” Evident
from this investigation is the wealth of assembly information that can be garnered from
structure activity relationships investigating the role of individual amino-acid residues in
promoting self-assembly. Careful tuning of intermolecular interactions through rationally
designed amino acid substitutions can potentially play a significant role in guiding the

dynamic assembly of peptides for functional benefit.

In addition to the identity of the amino acids, the number of amino acids within the
peptide also plays a considerable role in regulating self-assembly. A previously mentioned

investigation also looked beyond modifications to amino acid identity to observe the effect
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of changing the number of KFE repeats within the self-assembling scaffold.> Interestingly,
the study revealed a biphasic relationship between peptide length and salt dependence.
Although initially decreasing the required salt concentration, continuing to increase the
length of the peptide yields diminishing returns. With increasing peptide length, the
hydrophobic surface area of the peptide increases faster than net charge, providing longer
species and a greater driving force for association. Conversely, very long peptides carry an
entropic penalty for self-assembly due to the long-range ordering of the molecules which

counteracts the hydrophobic driving force without sufficient charge screening.>

These results have been further reflected in more theoretical investigations of
peptide self-assembly. One study investigating the balance of enthalpic and entropic forces
governing self-assembly of peptides with varying length correlated experimentally
observed data with computational methods.” Interestingly, only peptides with five or
greater residues were found to undergo self-assembly due to lack of enthalpically favored
interactions between peptides to afford higher ordered association. Combining molecular
dynamics simulations with experimental data revealed increasing peptide length results in
sequential entropic penalties of approximately 11k (where k is the Boltzmann constant) per
residue. This entropic penalty is associated with not only immobilization of the backbone
but also the amino acid side-chains. Experimentally, increasing the peptide length from
five to nine residues resulted in sequential decreases in the critical aggregation
concentration (defined as the concentration of peptide required to trigger self-assembly)
from 170 to 14 uM respectively. Similar to the results of Caplan et al., an eleven residue

peptide possessed a critical aggregation concentration of 405 uM which was significantly
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greater than the value of 14 uM found for the nine residue peptide.>*"® Clearly an optimal
sequence length is likely to exist in designing self-assembling peptides which is determined
by the balance of associative interactions and the requirement for high degrees of peptide

ordering.

Interestingly, the progression of monomer aggregation to elongated nanostructure
can proceed through a series of transiently stable intermediate structures.”® Evaluation of
the self-assembly kinetics of the FKFEFKFE peptide found that by modulating the pH of
the solution, the assembly kinetics could be slowed to allow visualization of time
dependent structures using atomic force microscopy (AFM). Initial aggregation of the
peptide after dissolution resulted in left-handed helical ribbons approximately 7.1 nm in
width with a pitch of approximately 19 nm. After 2h, a second fibrillar species 8 nm in
diameter began to form which continued to predominate at longer time points, eventually
self-aggregating and forming interconnected fibrillar matrices. Molecular dynamics
simulations were used to predict the arrangement and register of the 3-strand interactions
to explain the kinetic morphology transition. Interestingly, two different antiparallel and
double helical arrangements were predicted to be stable with the morphological transition

possibly due to continued collapse of the helices into more tightly packed nanofibers.”

Indeed, the molecular structure of the RADAL6-1 peptide was investigated through
13C isotope labeling and subsequent solid-state NMR measurements. Unexpectedly,
neighboring 3-strands were found to be parallel in orientation enabling intermolecular ionic

interactions between oppositely positioned Arg and Asp residues. Dipolar 3C-13C
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couplings between selectively labeled residues within the peptides provided the evidence
for this assembly orientation.*® 3C isotope labeling within self-assembling peptides also
has use in Fourier-Transform Infrared Spectroscopy (FTIR). In the study by Senguen et al.,
Isotope Edited FTIR (IE-FTIR) was utilized to study the orientation and pairing registry
between neighboring amyloid-B derived peptides.”8 Amino acid residues Phe20, Ala21,
and Leul7 were selectively 3C labeled within the amyloid-p(16-22) peptide to probe for
coupling between the isotopically labeled carbonyl carbons. *3C is known to possess a
lower vibrational frequency compared to *>C which results in a 20 cm™ shift in the amide
frequency when the 13C labeled residue is alone in the peptide. However, greater shifts are
expected when two isotopically labeled residues are in proximity, thus enabling, in the case
of self-assembling peptides, the register of -strand orientation to be determined. The study
revealed that the peptide was assembled into an out of register antiparallel arrangement,
offset by one amino-acid residue, evident from the enhancement in amide resonance shift
observed between Leul7 and Phe20 labeled peptides regardless of the hydrophobic

modification at position 19.”

Consideration of these studies for designing and modifying self-assembling
peptides reveals an interesting point. The packing mode of B-sheet forming peptides is
likely to be dependent on the sequence and resulting intermolecular interactions between
peptides and not necessarily generalizable characteristics.? An examination of 30 self-
assembling peptides derived from amyloid forming proteins such as insulin, the yeast prion
Sup35, and Amyloid-p found a range of beta-sheet assembly orientations using x-ray

crystallography techniques which indicated strong sequence dependence on structure.®!
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Interestingly, even the same peptide sequence can adopt variable packing modes and
morphologies dependent on the environmental factors including the presence of metal

cations and pH.8284
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Figure 1.6 Considerations of register and peptide orientation in B-Sheet peptide

assemblies
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1.1.2.2 AROMATIC PEPTIDES

The diphenylalanine self-assembling motif, derived from residues 19 and 20 from
the amyloid-p protein, has been widely used to drive self-assembly of a wide variety of
peptide derivatives. Nanotubes formed from aqueous solutions of diphenylalanine were
first observed and utilized as tools for the fabrication of metallic nanowires.® The rigid
dipeptide nanotubes were distinctly different from the flexible amyloid fibers formed from
longer peptides, although B-sheet character was observed in the assemblies from FTIR

characterization (Figure 1.7).%°

A combination of experimental and computational approaches were undertaken to
investigate the molecular organization of the dipeptides within the nanotube formations.
Interestingly, the peptides were ordered into hexagonal arrangements in a head to tail
fashion with hydrated centers (Figure 1.7).8% These results were later reaffirmed in
computational analysis which predicted ring shaped organizations of the Phe-Phe peptide
in which both side-chains are positioned on the exterior of the ring structures leading to T-
shaped aromatic interactions.®” T-shaped aromatic interactions have been observed
between both aromatic amino acids and bases in nucleic acids and are thought to provide
stabilizing interactions for molecular recognition (Figure 1.7).838% Consecutive layering of
the hexagonal ring structures into 3-sheet arrangements is thought to form the basis for the

Phe-Phe dipeptide nanotube formation 888

Most illustrative of the assembly driving force provided by the diphenylalanine

motif is the observation that electrostatic interactions are expendable in the assembly of the
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peptide into ordered nanotubes. Neutralization of both the N- and C-termini still was found
to enable self-assembly into nanotubes.®>% This observation was supported by molecular
dynamics simulations that predicted side-chain interactions are key to the early stages of
the self-assembly process and electrostatic interactions between the termini contributing to

ordering and stabilization of the peptide backbones.%*!

Neutralization of the N-terminal charge on the peptide has been shown to enable
assembly of Phe-Phe, although nanofibrous structures are typically formed in contrast to
nanotubes formed from the dually protected parental peptide (Figure 1.8).% Incorporation
of hydrophobic and aromatic chemical modifications at the Phe-Phe N-terminus not only
promotes self-assembly, but also gelation in aqueous solution. A range of hydrophobic and
aromatic modifications at the N-termini of amino acids and short peptides were explored
in early reports for their ability to induce and contribute to gelation in aqueous solution.®?
% Among the most robust modifications was the polyaromatic fluorenylmethoxycarbonyl
(Fmoc) group that was shown to generate rigid hydrogels and exhibited fiber morphology
closely approximating those observed in traditional amyloid protein assemblies.®
Typically utilized as a labile amine protecting group is solid phase peptide chemistry, the
Fmoc group provides additional hydrophobic character to the peptides and is thought to

potentially provide a larger interface for n-m interactions necessary to drive assembly.%%

Evident through CD spectroscopic and FT-IR studies is the B-sheet character of
Fmoc-Phe-Phe peptide assemblies.®” Fluorescence spectroscopy showed that the N-

terminal fluorenyl rings participate in aromatic-aromatic stacking interactions evident
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through red shifting of the emission peak exhibited by Fmoc-Phe-Phe in comparison to
Fmoc-Phe and the possible formation of J-aggregates evident from a significantly red
shifted secondary fluorescence emission peak by Fmoc-Phe-Phe.®” These observations
were used as parameters for instructing molecular modeling interactions to investigate the
packing mode of Fmoc-Phe-Phe. In the B-sheet assembly, two peptide backbones were
hydrogen bonded and stacked atop one other, with fluorenyl groups zippered together with
adjacent sheet assemblies. To maximize aromatic interactions between the fluorenyl rings,
the sheet assemblies are twisted with respect to one another and form fiber structures with
four peptides consisting the circumference of a tube-like fibril. The computationally
predicted 3 A diameter fibrils were observed to form even higher ordered structure using
TEM imaging, forming ribbons of discrete widths consistent with the fibrils arranged

lengthwise (Figure 1.8).%7

A key feature of Fmoc-Phe-Phe is its ability to form rigid hydrogels in aqueous
environments despite its high degree of hydrophobic character, in stark contrast to the
careful balance of hydrophilic and hydrophobic residues necessary for self-assembly and
gelation of other rationally designed peptide classes (Figure 1.8). The fabrication of Fmoc-
Phe-Phe hydrogels is relatively facile and can be accomplished through initial solvation in
organic solvent and subsequent dilution with water, or through modulation of pH.% The
characteristic of Fmoc to drive assembly into hydrogels is not universal to all dipeptides.
Comparing the gelation ability of Fmoc-substituted dipeptides demonstrated that Fmoc-
Phe-Phe formed hydrogels under physiologic pH whereas other peptides required pH

values below 4 to undergo gelation. Additionally, the location of Phe residues within
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peptides can influence gelation as Fmoc-Phe-Gly forms gels in a pH dependent manner
while Fmoc-Gly-Phe crystallizes in solution.®* Despite being able to form gels under a
variety of conditions, the mechanical properties of Fmoc-Phe-Phe hydrogels vary
significantly from study to study and by fabrication technique. The final pH of prepared
Fmoc-Phe-Phe gels was found to be a key parameter influencing mechanical properties
with gel weakening. Diluting Fmoc-Phe-Phe from an initial organic solution with water
was found to form rigid hydrogels due to the low pH of the resulting samples. Fmoc-Phe-
Phe gels formed through pH titration demonstrate weaker mechanical properties at
physiologic pH indicative of this pH influence. Buffers and presence of residual solvent
also play a role in dictating the final rheological properties of Fmoc-Phe-Phe hydrogels.%
Despite empirical characterization of these discrepancies, a fundamental understanding of

the properties governing these molecular interactions is still not fully understood.

The charge state of Fmoc-Phe-Phe was demonstrated to play a key role in regulating
observed assembly morphology. The pKa values of the C-terminal carboxylic acids of an
N-terminally capped and uncharged peptides was shown to be approximately 3.5.%° Above
this pH, the negative charges of the peptides in solution should be expected to exhibit a
repulsive effect, preventing the molecules from assembling into higher ordered structures.
This effect was evident in the above-mentioned gelation studies of Fmoc-Phe-Phe where
most of the studied peptides failed to form hydrogels at solution pH above this value.
Nevertheless, Fmoc-Phe-Phe assembles into hydrogels at pH values close to neutral

conditions as shown in the study and by others.%*

31



The putative hypothesis behind this occurrence was suppression of Fmoc-Phe-Phe
ionization, causing an increase in the carboxylic acid pKa enabling persistence of
nanostructures at physiologically relevant pH. Although Fmoc-Phe-Phe is a singly
ionizable molecule, titration curves of Fmoc-Phe-Phe surprisingly revealed two pH
plateaus from 10.2-9.5 and 6.2-5.2.2%° These plateaus were taken as evidence of two
possible pKa values associated with the peptide and its morphological transitions, and the
pH titration data was correlated to structural characterization data. At pH values above the
transition range of 9.5-10.2, the peptide formed clear solutions consistent with disperse
monomers in solution. Decreasing the pH below 9 yielded a weak hydrogel consisted of
paired nanofibers, associated along their length and consistent with previous
characterization of Fmoc-Phe-Phe nanofibers.®%"1% The nanofiber assemblies only
formed weak gels at this stage, possibly due to partial assembly with a distribution of
monomers and higher assemblies present or the result of nanofiber charge repulsion. After
the initial assembly transition, approximately two-thirds of the peptides were expected to
remain ionized resulting in the partition of charged monomers from the assemblies. It is
also possible that the bulk of monomers assemble into higher structures, inducing charge
repulsion of the formed nanofibers preventing necessary fiber-fiber entanglements needed
for the generation of robust gels. Continuing pH decrease to the second pKa transition at
6.8 would induce switch from a weak gel to a viscous solution, explained by reduction of
overall nanofiber surface charge allowing the paired nanofibers to continue to associate
along their long axis to form the ribbon-like assemblies previously described for Fmoc-
Phe-Phe to form.%71%
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A similar investigation on assembly pH dependence was undertaken for another
aromatic dipeptide N-protected with a naphthyl moiety in lieu of the Fmoc protecting
group.’®? N-terminal naphthalene modifications of dipeptides were originally investigated
for their ability to drive self-assembly similar to Fmoc and were shown to enable self-
assembly of dipeptides into a range of nanofibrous structures with varying morphologies
dependent on the dipeptide sequence.'%? Prior to the study, glucono-3-lactone (GdL) was
realized as a tool to control the gelation kinetics of Fmoc-Phe-Phe due to GdL’s slow
hydrolysis which reduces solution pH and the ionization of the peptide.®® This technique
was further adapted to a NAP-Ala-Val peptide which was responsive to the pH modulation
technique and formed gels below pH 5.1 Interestingly, bromination of the naphthalene
cap was found to enhance the gelation properties of the peptide through a putative increase
of hydrophobic character.!® Similar to Fmoc-Phe-Phe, the NAP-Ala-Val peptide
possessed a carboxylic acid with a pKa of 5.9, a value significantly above the anticipated
pKa. Spectroscopic data suggested assembly of the molecule into $-sheets with sufficient
decrease in pH afforded by the addition of GdL. Chiral and linear dichroism spectroscopy
results indicated chirality of the assembled naphthalene chromophores due to their ordered
arrangement in the nanostructures. A biphasic assembly process was described beginning
with initial deprotonation of the Nap-Ala-Val peptide at pH close to the pKa, which
resulted in triggering assembly of the dipeptides into B-sheet assemblies. In the second
phase, further deprotonation of the structures led to possible nanofiber entanglements and
higher order lateral association of the fibers. The final rigidity and morphology of formed
hydrogels was found to be independent of the amount of GdL added and resulting final pH.
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Instead, rheological analysis pointed to a dependence on resistance to strain indicating that
a combined effect of pH and assembly kinetics were regulating the crosslinking density of

the nanofibers and not the underlying assembly interactions.

From these studies of pH and its resulting effect on the self-assembly of short self-
assembling, a similar set of parameters governing supramolecular association to that of
larger lamellar B-sheet forming peptides is apparent. Firstly, a primary driving force of
assembly is the hydrophobic association of the peptides through a combination of
desolvation, methylene interactions from amino acid side chains, and ©-7 interactions
afforded by the phenyl rings of Phe residues. This is exemplified by the propensity of
Fmoc-Phe-Phe to self-assemble at pH values much higher than similar Fmoc protected
hydrophobic peptides.®* In addition to entropic desolvation of the hydrophobic side-chain,
the enthalpic contributions of aromatic-aromatic interactions to the overall thermodynamic
driving force of assembly seems universal. Using non-aromatic side chains in the NAP-
Ala-Val peptide required additional hydrophobic character to be added to the naphthyl ring
through bromination to facilitate self-assembly. %t A second key feature is the charge state
of the peptide. This is evident in pH titration studies showing a clear dependence of the
ability of Fmoc-Phe-Phe and related peptides to self-associate as the C-terminal

carboxylate becomes protonated.1%0-101

It is unclear why the carboxylate pKa of self-assembling peptides is increased
compared to structurally related non-assembling peptides. A report investigating the

assembly kinetics of N-terminally and C-terminally capped tetrapeptides bearing two Phe
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and two Asp residues observed that the kinetic hurdle for fiber formation is the initial
dimerization event of two peptides.’® As GdL mediated decrease in pH neutralized the
negative charge of the Asp side chains, the repulsive electrostatic effect between two
peptides was removed.’%* Removal of this blocking effect enabled the both hydrophobic
and aromatic residues of the peptide to drive assembly through the favorable desolvation
of the bulky side groups and enthalpically favored aromatic-aromatic interactions.’%* The
rate limiting step in the assembly of the peptides was determined to be dimer formation,
evidenced by fluorescence data exhibiting a burst in fluorescence intensity provided by the
more fluorescent dimer, followed by a decay period where higher oligomers possess
decreased fluorescence.'® The reason for the slower assembly kinetics of dimers and low
oligomers directly from monomers was ascribed to the conformational restriction of the
peptides in the organized assemblies in comparison to free monomers. As the peptides also
generally initiated fibrillization at pH close to their pKa, partial ionization of the peptides
could contribute to the higher energy barrier required for dimerization which would then
be relieved by the more hydrophobic environment resulting in an environmentally specific
increase in the pKa facilitating further protonation of the remaining residues. Following
dimerization, association of the pre-ordered peptides into nanofiber assemblies was
relatively rapid due to the low entropic barrier of assembling the already conformationally

constrained peptides.t*
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Figure 1.7 Radial assembly of Phe-Phe into hollow nanotubes
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Figure 1.8 Representation of Fmoc-Phe-Phe nanofiber assembly
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Figure 1.9 Modifications of Phe-Phe dipeptide to yield aromatic self-assembling

gelators

INN\)L g“ /\or”\in on

o} /\OH o]
Chain Length and lonic o
Character

§,

N-terminal o
Modifications NJ: ;HYOH
H
!

Varying Aromatic
Content

Aoy J\\’qﬂ

38



In designing supramolecular hydrogels of this class, care must be taken to ensure
the optimal balance of hydrophobic, aromatic, and polar characteristics to ensure the
formation of stable secondary structural characteristics and also assembled nanostructures
that retain colloidal stability to prevent aggregation and precipitation (Figure 1.9). These
features were considered in developing a simple model to explain the preferable formation
of high aspect ratio structures in the gel state versus organization into 3D crystal
arrangements.*% It was found that the gel state consisting of nanofibrous structures could
represent a thermodynamic minimum, stabilized by the amphiphilic nature of most self-
assembling moieties which contribute to both association and nanostructure solvation.
Subtle tuning of the strength of interactions between the simplified geometric monomer
shapes could induce 1D or 3D organization, reminiscent of experimental observations
where single amino acid changes could drastically alter the self-assembling and gelating

properties of these molecules.%®

A separate investigation attempted to correlate crystal structure packing to gelating
capability of low molecular weight aromatic peptides to address the seemingly
idiosyncratic nature of amino-acid substitutions either promoting or ablating gelating
capability.% Peptides that formed crystals and not gels exhibited an increased propensity
for aromatic interactions between N-terminal naphthyl groups which were found to
abrogate the hydrogen bonding pattern present in gelating samples. Interestingly, crystals
grown from gel samples lacked the aromatic n-m stacking typically associated with
aromatic peptides indicating that the interactions may not be present or essential in all

systems. Conversely, linearly organized water channels were found within the obtained
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crystals indicating that internal hydration of nanostructures could also be a component of

self-assembly.1%

While computational simulations and analyses of crystal data have yielded valuable
insight into the self-assembling properties of short aromatic peptides, correlation to actual
gel structure and a priori molecule design from first principles remains largely out of reach.
Structure-activity relationship studies and empirical observation remain a key technique in
the design of optimal gelating peptides. Simple reorganization of aromatic residues within
Fmoc protected tetrapeptides was found to alter the assembly Kinetics, and simple
substitution of amino acid residues within the core structure could prevent stable
gelation.1%” Similar to design parameters adopted for designing B-sheet assemblies, general
conclusions could be reached, such as increasing monomer aromatic character can, 1)
accelerate assembly kinetics, 2) create more thermally stable structures, and 3) generate

greater elastic character as determined by rheological analysis.*®

In a systematic investigation of a varied peptide sequences and polycyclic aromatic
N-terminal modifications, several of the derivatives failed to exhibit gel formation although
most of the assembled structures did act as molecular gelators.'® The peptide with the
lowest side-chain hydrophobicity was unable to form gels with the smallest aromatic N-
terminal substitution which consisted of a naphthyl group, but was able to gelate with Fmoc
or pyrenyl modification.’®® A peptide bearing a Pro residue close to the N-terminus was
not able to form gels with any N-terminal modification and instead formed precipitates,

possibly indicating the molecular orientation of the peptide abrogated its ability to form
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stable secondary structural characteristics in solution. Similarly, another peptide bearing
Pro at the C-terminus failed to gel despite varied N-terminal modifications, indicating that
the residue might universally prevent efficient packing and backbone reordering necessary
for the formation of stable interstrand interactions.’®® Additionally, a lack of solubilizing
polar groups can lower the solubility of N-terminally protected peptides with an excess of
hydrophobic surface area. For example, pyrenyl modified VYGGG precipitating from

solution while Fmoc and naphthyl modification formed stable gels.%®
1.1.2.3 PEPTIDE AMPHIPHILES

The power of covalent modifications was made evident in the N-terminally capped
aromatic peptides as key drivers of self-assembly. Alternative to aromatic moieties are
aliphatic chains which have been appended to peptide termini to generate linear
amphiphilic molecules termed peptide amphiphiles. Lipidated peptides had previously
been investigated for their ability to hydrophobically insert into biological membranes, and
in the case of naturally derived lipoproteins, govern their underlying biological function.1%
Synthesis of fluorescent phospholipid conjugated peptides was achieved for the purpose of
investigating the interactions of eukaryotic cells with immune cells.**° In the course of the
study, it was observed that oligomerization of the lipidated peptide assemblies occurred in
the membrane and was suspected to result from associations between the membrane
immobilized peptides.t*® Later investigations focused on the ability of synthetically

lipidated peptides to form stable self-assembled nanostructures.'!
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Figure 1.10 Peptide amphiphile design for hydroxyapatite deposition
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Figure 1.11 Structures of peptide amphiphiles
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Extending the assembly of peptide amphiphiles from monolayers to high aspect
ratio structures capable of forming hydrogels was achieved later in seminal work which
cemented the peptide amphiphile as a key class of self-assembling hydrogelators.*'? In the
study, linearly organized nanostructures with periodic display of negatively charged
functional groups was desired to facilitate a functional and morphological mimic of bone,
which consists of hydroxyapatite crystals deposited onto a collagen matrix substrate
(Figure 1.10).1*3 The peptide amphiphiles were able to be synthesized using standard solid
phase techniques, with the N-terminal amine capped with fatty acid acyl chains.*? Several
components were incorporated into the molecular design of the peptide amphiphiles. The
first was a block of Cys residues that were expected to provide mechanical stability by
forming disulfide bonds with adjacent monomers.'*? Additionally, the dynamic nature of
disulfide bonds was expected to enable reduction sensitive motifs that could be cyclically
reduced then oxidized to generate tunable structures.*'? A second feature necessary for
hydroxyapatite deposition was the inclusion of phosphorylated amino-acids into the
peptide segment, thus mimicking highly phosphorylated proteins such as phosphophoryn
which are highly anionic and contribute to mineralization of hard tissues such as dentin.*!*
Thirdly, an Arg-Gly-Asp (RGD) sequence was incorporated at the C-terminus of the
peptide to facilitate cell adhesion to the surface of the mineralized nanostructures formed
by the peptide amphiphiles.t*> An alkyl chain of 16 carbons was used to modify the C-
terminus to contribute a conical or triangular profile to the molecule, which is necessary
for the packing of the peptide amphiphiles into high aspect ratio cylindrical micelles.'?
Cryo-TEM results confirmed assembly into 7-8 nanometer wide nanofibers, and
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conventional TEM staining exhibited preferential binding to the negatively charged
residues on the surface of the nanofibers versus the hydrophobic core, indicating the
molecules within the cylindrical micelles were indeed oriented with the alkyl chains inward
toward the center of the fibers and the peptide outward.!*? Interestingly, FTIR analyses
suggested the peptides self-associated into B-sheet structures in possible combination with
helical structures to effect the linear assembly of the molecules.!*? Due to the strong anionic
character of the peptide segment, assembly of the structures was found to be pH dependent

with assembly only observed at low pH values.!*?

Following this initial report, a significant body of work was put forth investigating
the mechanistic details of the molecules self-assembly and their regulation by external
stimuli. Similar to investigations demonstrating the pathway dependence of assembly on
the resulting material properties of N-terminally capped aromatic peptides, different
assembly protocols were found to induce varying morphologies in the resulting
nanostructures.!'® Dissolution of palmitoyl-ValsAlasAsps in hexafluoroisopropanol (HFIP)
resulted in soluble and unassociated monomers due to effective solvation of the lipophilic
tail and effective polar interactions with the hydrophilic peptide segment (Figure 1.11). In
the fully dissolved state, the peptide segments exhibited a random coil structure observed
with CD spectroscopy.!® In contrast, B-sheet formation was observed in predominantly
aqueous HFIP co-solvent mixtures as a concentration of HFIP greater than 20% prevented
assembly.!*® Intermediate co-solvent mixtures exhibited the random coil CD character of
the peptide segment, but also demonstrated features of self-assembly. For example, a

hypsochromic shift in the fluorescence of the solvatochromic probe Nile red bound to the
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peptide domain was consistent with the possible presence of short oligomers.'!® Kinetic
investigation of nanofiber assembly was undertaken to determine the role short oligomers
may play in the assembly process. By injecting the amphiphile, which had been dissolved
in HFIP, into water, a critical concentration of 20% HFIP was found to support B-sheet
formation with the slowest rate of assembly also measured at this concentration. Higher
concentrations of HFIP were found to only support random coil structures. Interestingly, a
pathway dependent phenomenon was revealed in which the addition of peptide amphiphile
and HFIP solvent resulted in different observed secondary structures. When the amphiphile
was added directly to water and diluted to a 20% solution with HFIP, little effect on the
kinetics of amphiphile assembly and the final -sheet character was observable, consistent
with the formation of highly metastable structures. Conversely, the addition of the
amphiphile into an already high HFIP content solvent mixture resulted in only random coil
structures although the final HFIP concentration was identical as before.!® From these
experiments a clear driving force for assembly is the hydrophobic alkyl chain which
requires the entropy of desolvation to facilitate oligomer formation.'® However, to
generate stable high aspect ratio structures, aqueous conditions are required to stabilize the
highly polar C-terminus of the peptide segment and reduce charge repulsion, as well as
facilitate proper folding of the hydrogen bonding residues similar to the previously

described B-sheet forming peptides such as RADA. 1

Understanding of the thermodynamic landscape of the palmitoyl-ValzAlasLyss
assembly was sought as it related dependence on ionic strength and pathway dependent

structural transitions (Figure 1.11).17 Similar to the energy wells and barriers relating to
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protein folding and conformation, this study sought to determine whether energetically
trapped assemblies of the peptide amphiphiles could be generated and whether the
structures could dynamically interconvert with the generally regarded thermodynamically
stable long cylindrical micelle structure.'*"1® A value of ionic strength determined to be 6
mM was found to control the formation of B-sheet structures among the peptide segments
due to necessary Debye-screening effects between the cationic lysine residues.!’
Interestingly, this value could be achieved through added aqueous salt, or could derive
from the charged peptide amphiphiles themselves. Dissolution of peptide amphiphiles
below the critical ionic strength resulted in short nanofiber formation with the peptide
segment having adopted a random coil structure due to the charged Lys residues.
Conversely, the peptide amphiphile readily formed extremely long nanofibers in solutions
above the critical ionic strength with the peptide segments arranged in B-sheets. Addition
of salt to the low ionic strength peptide amphiphile solutions triggered significant
morphology changes in the observed nanostructures with a transition to longer nanofibers
possessing B-sheet peptide secondary structure.!!’ This transformation took place on a
rapid time scale indicating a low energy barrier to the transition. Conversely, the high ionic
strength sample was diluted below the critical ionic strength without morphological
change.'” Thermal denaturation and reassembly was required to overcome the activation
energy level required for transition to shorter random coil fibers. Modeling results further
confirmed the molecular basis for the origin of the energy wells representing the differing
nanofiber morphologies resulting from charge screening of the Lys residues.!'” The
simulations predicted that a reduction in charge screening would favor randomly ordered
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peptide segments with ill-defined micellar cross-sections, while the enabling of charge
screening resulted in p-sheet formation and circular micellar cross-sections.'t’
Interestingly, cell compatibility was found to be dependent on nanofiber morphology with
long B-sheet nanofibers promoting cell attachment and survival while the shorter random
coil nanofibers induced cell death.*'” These results imply that a correlation exists between

the thermodynamic factors relating to nanofiber assembly and morphology and potential

in biomedical applications.

In addition to transitions between structural morphologies, characterization of the
molecular dynamics within a single nanofiber were investigated in an effort to bridge from
computation molecular dynamics simulations to experimental results.!!® Self-assembling
peptides have traditionally been designed and developed to generate specific morphologies
and molecular orientations. Nevertheless, the results of experimental results have
demonstrated that nanostructures can interconvert between different forms under varying
conditions, thus conformational dynamics is likely to exist within nanostructured domains
and within individual segments of molecules.’'® Modification of the different segments
within model peptide amphiphiles with a spin-label nitroxide probe was achieved for the
purpose of examining the dynamics with electron paramagnetic resonance (EPR)
spectroscopy.'*® The molecular mobility of specific sites within the amphiphile
characterized as rotational diffusion rates were plotted as a function of radial distance
within the nanofiber cross-section.!*® Owing to the lipid nature of the interior of the
micellar core, a liquid-like state was observed for this portion of the molecule indicating

significant conformational flexibility.}'® In contrast, the peptide segment of the
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amphiphiles exhibited solid-like character due to the B-sheet structures making up the
exterior domain of the amphiphiles.!'® Interestingly, the p-sheet structures could be tuned
through incorporating N-methyl amide residues that weaken the propagation of B-sheets

throughout the structure.!®

Inter-nanofiber dynamics were later investigated using super-resolution
microscopy, which enabled the characterization of nanostructures using fluorescently
labeled monomers.*?° With stochastic optical reconstruction microscopy (STORM), the
authors characterized the dynamics between two orthogonally labeled nanofibers.'?
STORM enables visualization of structures below the diffraction limit of light using simple
fluorophores commonly utilized in fluorescence microscopy.*?* Nanofibers conjugated to
Cy3 and Cy5 were mixed and monitored for exchange of fluorophores between
nanofibers.?® A combination of monomer and oligomer exchange was observed between
the nanofibers generating heterogenous distributions of the fluorophores along the
nanofiber lengths. The heterogenous nature of fluorophore along the nanofiber lengths was
attributed to locally stable B-sheet assemblies which were kinetically stable on the time
course of the mixing experiment.*?® The results of the study indicate that though there is
high cooperativity in the 3-sheet assemblies dictating the high aspect ratio structure of the
nanofibers. It was found, differentially ordered and stable peptide oligomers exist within
the nanofibers that could potentially contribute different functional effects in mixtures of
peptide amphiphiles affecting a range of parameters including their rheology, stability, and

biological interactions.'?
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The roles of non-covalent intermolecular interactions in guiding peptide
amphiphile assembly were investigated in a structure-activity relationship approach
through synthesis of 26 derivatives bearing a number of assembly altering modifications.??
A core cell adhesion motif was constructed at the C-terminus of all investigated peptide
amphiphiles which bore the sequence Glu-Arg-Gly-Asp-Ser, with the last four residues
comprising the integrin protein binding sequence and the addition of the anionic Glu
residue to impart pH and ion responsiveness.'?? The other structural component of the
peptide amphiphile held constant through the study was the hydrophobic alkyl chain at the
N-terminus. of the peptide segment containing a 7-amino acid repeat of Gly residues.'?? To
investigate the H-bond forming potential of different residues in the peptide segment, Gly
residues were systematically replaced with sarcosines bearing N-methyl moieties. The
modification of the Gly peptide backbone with N-methyl functionality was utilized to
perturb the expected H-bonding pattern in the parent sequence, thus uncovering site
specific contribution of specific residues to the overall stability of B-sheet assembly. In
addition to N-Methyl scanning along the backbone of the peptide, the total N-methyl
content was varied through incorporating multiple sarcosine residues through the
sequence.*?? Subsequent biophysical and rheological characterization of the N-methyl
peptide amphiphiles demonstrated a strong positional effect of H-bonding perturbation on
assembly and stability.'?? The residues closest to the N-terminal alkyl chain were found to
be the most important for guiding assembly as at least 4 uninterrupted Gly residues were
required at the N-terminal portion of the segment to induce gel formation. Regardless of
location, one N-methyl substitution among the 7 residue sequence still enabled nanofiber
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formation, although modification of the first four residues disrupted the H-bonding pattern
necessary to form mechanically stabilizing B-sheets.'?? Due to the low interaction of achiral
Gly with circularly polarized light, Ala scanning was conducted through the 7-residue
sequence to determine the contributions of each reside to the observed secondary
structure.*?? Unsurprisingly, the first four residues adjacent to the alkyl tail exhibited strong
B-sheet character. However, the next three residues and the constant Glu-Arg-Gly-Asp-Ser

sequence present in all the peptides exhibited polyproline type Il helical structure.??

Important design considerations are gleaned from integrating the above results into
a structure-function schema (vide supra). First, complementing the results of the previously
described EPR studies, the residues closest to the N-terminal alkyl chain are essential for
propagating B-sheet formation through the cylindrical micelle nanofibers.’%'?? The
resulting structural and conformational stability imparted by the secondary structural motif
allows robust hydrogel formation under the required pH and ionic strength conditions.
Secondly, the C-terminal portion of the peptide segment is not required to possess the p-
sheet structural motif and can even form helical structures.*'®'?2 The flexibility afforded
the C-terminal peptide secondary structure is important considering that biological

recognition sequences may employ structures other than B-sheets.?>124

Computational simulations have also been performed to further understand the
association mechanisms of peptide amphiphiles. Aside from the electrostatic forces
providing repulsive or associative interactions dependent on effects of pH and ionic

strength on charged residues within the peptide segment, the primary driving forces of
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peptide amphiphile association are hydrogen bonding and hydrophobic interactions.® For
the purpose of conducting simulations, a model amphiphile was constructed taking into
account molecular structure and the intermolecular interactions leading to assembly.?
Hydrophobic interactions in the absence of H-bonds drove association of monomers into
monodisperse spherical micelles through a closed association mechanism.? Conversely,
hydrogen bonding in the absence of hydrophobic interactions resulted in linear B-sheets
assembled through step-wise aggregation in an open association yielding disperse
assembly sizes.*? A critical micelle temperature (CMT) was observed that regulated the
effect B-sheet formation had on the overall assembly morphology.'?® Below the CMT, H-
bonding amplifies the effect of hydrophobic forces due to local increases in hydrophobicity
that facilitates the formation of amorphous aggregate structures.!?® However, linear
assemblies of B-sheets formed along the outer surface of micelles above the CMT induce
cylindrical micellization in order to avoid geometric curvature in the spherical assembly.*?
Analogous to experimentally determined Krafft temperatures, the hydrophobic parameter
was found to play a direct role in determining the CMT value, and thus, the point below

which formation of crystalline assemblies of surfactants is favored and the critical micelle

concentration is nonexistent. 12

Thermal transitions have been shown experimentally to regulate peptide
amphiphile assembly morphology.*?’ The peptide amphiphile palmitoyl-Lys-Thr-Thr-Lys-
Ser possessed a Krafft temperature of 30°C, below which the amphiphile formed insoluble
aggregates.’?” The phase transition was found to represent exchange between insoluble

nanofibrous tapes and soluble spherical micelles.?” Aggregation of the nanotapes was
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determined to result from hydrophobic interactions which were stabilized through -sheet
hydrogen bonding interactions.*?” Heating was required to disrupt the intermolecular
interactions and to overcome the entropic penalty for solvation in order to generate

spherical micelles which were able to be characterized with solution NMR.*?’

In designing self-assembling molecules, especially those that exhibit properties of
traditional surfactants such as the peptide amphiphiles, consideration must be made to the
phase relationship of the molecules in relationship to temperature and concentration.!?®
Although, intermolecular interactions may be incorporated into the H-bonding patterns of
the peptide segment, colloidal stability of the high aspect ratio structures in solution may
only occur under specific environmental conditions, thus presenting complications relating
to material stability for potential biomedical application.3*''” Additionally, incorporating
biologically active motifs within the fibrous structures may require specific topologies for
optimal presentation to achieve functional cellular interactions.®> As with all materials,
comprehensive integration of desired properties to meet the demands of the intended
application environment is critical to generate systems that may be examined for specific

purposes without interference from unintended material failure.

1.1.3 CHARACTERISTICS OF SELF-ASSEMBLING PEPTIDES AS

BIOMATERIALS

Self-assembling peptides possess several characteristics that render them ideally
suited to a range of biomedical applications. Firstly, the amide bonds contained within

monomer peptide backbones are hydrolytically stable, indicating that they are robust
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enough for bulk material application where temporal stability is necessary and will not
chemically degrade to release problematic side products unlike hydrolytically labile
polymers.'?® However, amide bonds are sensitive to endogenous and exogenous proteases
which effect material degradation to release individual amino acid constituents which may
be further metabolized or excreted.*?® Specific protease degradation sites may also be
incorporated through the amino acid sequence present in the monomer which may confer
responsiveness to matrix metalloproteinases, cathepsins, or plasmin as has been performed
with polymeric materials crosslinked with enzymatically labile moieties.*3*134 The
biodegradability of self-assembling peptides is an essential feature that enables in vivo

deposition of material without later invasive removal.*?®

Secondly, self-assembling peptides are generally regarded to have low
immunogenic potential which can be modulated depending on the incorporated sequences,
their presentation to immune cells, and the morphology of formed nanostructures.®
Generally, small molecules are regarded to be non-immunogenic, requiring chemical
conjugation to larger macromolecular carriers to enhance their immunogenic potential.
Termed haptens, such small molecules are not able to effect immune responses due to a
lack of cross-linking capability between B-cell antigen receptors and undergo antigen
presentation.!®® While self-assembling peptides themselves are small molecules consisting
of natural amino acids, questions regarding the immunogenicity of their resulting self-
assembled nanostructures has led to investigations of their immunogenic potential in
preclinical models. After injection into test animals, the B-sheet forming EAKII peptide

was shown to not elicit an inflammatory response at the injection site, nor to induce
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observable tissue abnormalities.’*® Similar results have been observed for other B-sheet
forming peptides which lack acute toxicity and facilitated formation of normal tissue.**’
Chemically modified self-assembling peptides bearing adhesion ligands, chemical

functionality, or lipophilic modifications have been shown to exhibit low immunogenic

potential, 33138139

Despite the lack of observed immune response, only a few studies have investigated
the immunogenic potential of self-assembling peptides for antibody production. The
generation of IgG antibodies for a self-assembling polyglutamine peptide alone or modified
with the integrin binding RGDS sequence was investigated to fundamentally characterize
the peptide’s immunogenic potential.1*> Although the peptide sequence was confirmed to
be foreign to the mouse, only 1 mouse out of 5 generated a detectable response to the RGDS
bearing peptide, while the unmodified peptide and a mixture of both peptides failed to
generate any detectable antibody titer.1*° Thus, the results of this study are consistent with

the conclusion that the peptides and their analogs exhibit low immunogenicity.

The context of the sequences presented in the self-assembling peptide appears to
play a role in potential immune response. Although the structures of the unmodified and
RGDS modified peptide nanostructures are approximately the same, an obvious difference
in the immunogenic potential of the amino acid sequences exists.1*® Additionally, the
degree of immune response can be different between modified peptides. Indeed, the RGD
sequence has been previously observed to enhance the adjuvant activity of peptide vaccines

delivered through nasal delivery.!** Overall, while immunogenicity may be designed and
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incorporated into self-assembling peptide sequences for specific applications such as
vaccine delivery, a general assumption derived from the current body of literature is that
self-assembling peptides are largely non-immunogenic. Nevertheless, the immunogenicity
of self-assembling systems must be assessed on an individual basis, since the likelihood of

a potential immune response is difficult to accurately predict for these systems.4

The amenability of self-assembling peptide systems to a range of chemical
modifications is another feature ideal for application as biomaterials. Solid-phase
chemistry enables rapid and divergent synthesis of chemically distinct self-assembling
peptides bearing a range of modifications including fatty acids, reactive chemical moieties,
unnatural amino-acids, ligands, and macromolecular modifications.3>!42-146 The mild
reaction conditions afforded by solid-phase synthetic methods are tolerant to a wide range
of chemical functionalities and well developed protecting group strategies greatly aid the
chemist in developing synthetic plans.®®!4” Depending on the reagents and resin chemistry
used, chemical modifications to stabilize peptides at termini for biomedical use may also

be applied.*>148

Additionally, as previously mentioned, biological signaling sequences such as cell
adhesion, growth factors, and other hormonal signals may be encoded into peptide
sequences at the desired location to generate monodisperse and biofunctionalized
monomers.>® This is in contrast to polymeric systems where biological recognition motifs
are often incorporated into polymeric systems post-polymerization yielding varying levels

of functionalization throughout the material.2**-15! Modularity of self-assembling systems
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is a feature not only of individual monomer units, but also of their combinations in self-
assembling structures to develop multifunctional materials. Unmodified, modified, and
mixtures of modified self-assembling peptides may be co-assembled into nanostructures at
desired ratios.'*4%2 Co-assembly has been achieved with a self-assembling peptides
bearing cell adhesion motifs, bioactive drug molecules and imaging agents, nanostructure
stabilizing motifs, modifications to chemically catalytic assemblies, as well as fluorescent
moieties. 3314015215 Modular assembly approaches pose a significant advantage to other
systems as functional biomaterials as tight control of bioactive moiety concentration can
be achieved, as the amount of functionally modified peptide will be the concentration

added to the co-assembly.*"

The ease of fabrication of peptide co-assemblies is also a desirable feature.
Chemical modification of covalent polymers can have a significant effect on characteristics
such as viscosity, solubility, and colloidal stability of formed nanostructures and can
complicate processing.*>® While attachment of bioactive moieties to peptides can alter the
balance of non-covalent interactions contributing to self-assembly, oftentimes the simple
presence of the unmodified self-assembling peptide can lead to stabilization of the
modified peptide within the assembled nanostructure. An extreme example was achieved
by demonstrating co-assembly of full-length proteins into peptide nanofibers.t®
Fluorescent proteins could be recombinantly expressed bearing pro-fibril forming
sequences termed “PB-tails”, which enabled favorable expression through fermentation in
Escherichia coli without aggregation. In the presence of 3-sheet forming peptides, multiple

proteins were able to be incorporated into nanostructures with high levels of control.>®
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A fourth key characteristic of self-assembling peptide biomaterials is their ability
to respond to stimuli in a dynamic manner. The non-covalent interactions governing
assembly closely mimic the interactions leading to biomolecular assembly and molecular
recognition present in living systems.'® Although cooperativity in the non-covalent
interactions leading to assembly convey significant structural stability to the assembled
structures, the individually weak interactions enable sensitivity to a wide variety to stimuli
that not only regulate assembly and disassembly, but also morphological transitions.?°
Responsiveness to both endogenous and exogenous stimuli has been engineered into self-
assembling peptide systems to gain functional control over material characteristics after
application within biological environments.?*?? Early examples of dynamic responsiveness
include the characterized self-assembly and gelation of B-sheet forming self-assembling
peptides such as RADA and EAK after application to bodily fluids.>® Additionally, the
enhancement of rheological properties in the presence of endogenous divalent cations have

also been demonstrated as a mechanism of responsiveness.'*

Though these early examples have demonstrated clinical translatability, next
generation mechanisms of responsiveness aim to exceed the spatiotemporal control offered
by sensitivity to pH and ionic strength as little control over these environmental cues is
possible within organisms. Enzymes have emerged as a powerful tool to regulate
supramolecular assembly as they possess substrate specificity, are catalytic in effecting
chemical transformations, and offer biocompatibility that is not present in other catalytic
methods.*® Thermal responsiveness is another stimulus that has been utilized with peptides

to control their assembly. De novo designed B-hairpin peptides have long been
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demonstrated to undergo assembly and gelation at temperatures above a lower critical
solution temperature (LCST). Such hydrogels have been utilized for injectable delivery
systems which undergo spontaneous self-assembly due to the increased temperature within
an organism.’%134160 A thermally responsive moiety was constructed into self-assembling
peptides through modification with the thermally responsive polymer poly(N-
isopropylacrylamide) (PNIPAAM).®! Similar to the pB-hairpin peptides, PNIPAAmM
possesses an LCST and was shown to rigidify hydrogels formed from FEFEFKFK
peptide.’! Self-assembling peptides sensitive to other physical stimuli such as magnetic
fields, ultrasound, and electromagnetic radiation hold promise for exploring biomedical

application,t62-164

In addition to environmental cues, self-assembling peptides may also be sensitive
to the presence of ligands or complementary peptides. Self-assembly of D-Ala bearing
peptides was triggered through addition of vancomycin, an antibiotic inhibitor of bacterial
cell wall biosynthesis.*®® Similarly, completely cationic or anionic peptides have been
shown to only assemble in the presence of the complementary ionic peptide as a
mechanism to control gel formation through modulation of ionic interactions.6®
Biorthogonal chemistry has also been utilized to cross-link self-assembled peptide
nanofibers, as well as conjugate neighboring monomers, in order to generate covalent

polymers. 145167

1.2 SELECT BIOMEDICAL APPLICATIONS OF SELF-ASSEMBLING

PEPTIDES
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1.2.1 ANTIMICROBIALS AND BIOSURFACTANTS

Taking advantage of their amphiphilic nature, lipopeptides have increasingly been
investigated for their surfactant properties in a variety of industries ranging from
agriculture and biotechnology to medicine.1®81° Similar to synthetically derived peptide
amphiphiles, lipopeptides possess lipid moieties conjugated to a peptide sequence.
Contrary, to the high aspect ratio organization of monomers into nanofibers by peptide
amphiphiles, these molecules often form surfactant like spherical micelles.’®1"* Relevant
to biomedical application, clinically used lipopeptides such as daptomycin and polymyxin
b have demonstrated antimicrobial properties through disruption of bacterial membrane

integrity (Figure 1.12).172

With growing interest in this mechanism of action, combined with the continued
rise of resistant microbial strains and the dearth of new antibiotics, self-assembling peptides
with antimicrobial characteristics have emerged as a promising therapeutic strategy to
address this clinical need.”® Antimicrobial peptides are ubiquitous across life with many
organisms producing their own agents to defend against infection.}’#1” Interestingly, the
phenomenon of self-assembly is now being recognized to play a role in the bioactivity of
antimicrobial peptides.}’® For example, the human protein a-defensin 6 self-assembles into
nanofiber networks upon binding to bacterial cell surfaces in the intestine, thus limiting
pathogenic capability.}”” An additional human example is presented by the antimicrobial
peptide dermicidin, which is secreted in human perspiration. Investigations into the

mechanism of action have shown that Zn?* stabilizes the assembly of peptides into higher
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ordered oligomers, neutralizing their respective charge and facilitating entry into pathogen
membranes.!’® Recently, the cysteine-abundant antimicrobial peptide protegrin-4 was
shown to form B-sheet fibrils which retained antimicrobial activity without demonstrating
toxicity towards human cells.!”® In the development of antimicrobial peptides, self-
assembly presents several advantages for therapeutic applications since higher ordered
structures can impart greater selectivity for pathogen membranes, exhibit stimuli
responsiveness to control activity, and demonstrate favorable pharmacokinetic properties

in comparison to free monomers.1’

Reminiscent of the lipopeptide antibiotics, peptide amphiphiles have been
investigated as synthetic alternatives to naturally derived molecules. The peptide WMR,
derived from the marine antimicrobial peptide myxinidin, was modified with alkyl chains
to enable co-assembly with non-therapeutic peptide amphiphiles into nanofibrous
structures.'® Assembly into the higher ordered structures at the nanoscale enhanced the
antimicrobial and antibiofilm activity of the peptide, possibly due to higher localized
concentrations and greater proteolytic stability in the self-assembled form®. As cationic
residues drive initial ionic interactions between antimicrobial peptides and the negatively
charged bacterial membranes, a peptide amphiphile bearing the (AKKARA), Cardin-
Weintraub motif was synthesized and investigated for its efficacy against drug resistant
bacterial strains.’®! In addition to the terminal cationic motif, the peptide amphiphile
possessed an internal B-sheet forming domain adjacent to the fatty acid tail to stabilize the
growth of linear nanofibers. Interestingly, addition of only a single AKKARA sequence at

the C-terminus of the peptide corresponding to the solvent exposed region was tolerated
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for self-assembly. Systematic investigation of the Cardin-motif peptide amphiphile’s
mechanism of action revealed the molecule possessed high binding affinity to
lipopolysaccharides present in bacterial membranes, leading to membrane disruption.
These effects were shown to lead to significant inhibition in the growth of methicillin
resistant Staphylococcus aureus (MRSA) and multi-drug resistant E. coli compared to non-

assembling counterparts and non-Cardin motif bearing amphiphiles.8!

Complimentary to the membrane associative character of antimicrobial peptides,
the nanostructure morphology dictating the presentation of these motifs to pathogen
membranes has also emerged as a design consideration to maximize therapeutic
potential.'¥2 A supramolecular structure-activity relationship study was undertaken to
determine how morphological differences in formed nanostructures between similar
peptide amphiphile sequences.'® A panel of fatty acid modified poly-Lys peptide
amphiphiles were synthesized that incorporated various fatty acid chain lengths and amino-
acid modifications adjacent to the tails to influence propensity for intermolecular
association between monomers leading to linear versus spherical assembly.!8?
Surprisingly, spherical assemblies were found to have the greatest antimicrobial effect,
exhibiting broad spectrum potency in vitro and in Galleria mellonella infection models.*®?
The discrepancy between the antibacterial activity of differing morphologies was reasoned
to be a product of the lower relative stability of spherical micelle assemblies compared to
nanofibers and related linear structures.*®? Decreased stability in the spherical structures
was likely to result in an increase of monomer release compared to nanofibers, essentially

indicating that antimicrobial activity likely derives from released monomers and is only
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secondarily related to morphology.'®? The use of such nanostructures as therapeutic
delivery vehicles points to their behavior as therapeutic depots rather than bulky

nanoparticles delivering many active moieties to a single cell.*8
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Figure 1.12. Mechanisms of antimicrobial peptide biological activity
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Further evidence of this phenomenon was provided in a study demonstrating that
the thermodynamics of self-assembly directly relate to the antibacterial potency of self-
assembling antimicrobial peptides.’®® Guanine nucleobase modified derivatives of
magainin Il and cecroin A-melittin, both biologically derived antimicrobial peptides, were
investigated for their antimicrobial activity as a function of increasing guanine content.
Due to the high self-association potential provided by guanine hydrogen bonding
interactions, derivatives bearing high numbers of these residues possess high energetic
barriers for dissociation and subsequent insertion into microbial membranes. This limits
the free monomers available to exert a therapeutic effect and correlated experimentally to

decreased potency.®

Longer synthetic self-assembling peptide sequences have also demonstrated
antimicrobial activity against pathogenic organisms. A designed peptide sequence
originating from BPIFA2, a protein secreted in human saliva, was found to have
antibacterial activity after changing polar residues to cationic Lys residues.® The peptide
termed GL13K and its D-enantiomer were investigated for the purpose of delineating
biological activity between monomer and potential self-assembled structures.'®®
Interestingly, the D-peptide derivative exhibited greater potency than the L-peptide
derivative which was only partially attributed to differences in metabolic degradation.'8
Although both peptides eventually formed nanofibers as a thermodynamic product, the D-
peptide underwent pathway dependent morphological transitions and possessed rapid
assembly kinetics in comparison to the L-peptide. Additionally, a scrambled L-peptide

consisting of the same amino acids demonstrated no activity and failed to assemble into
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higher ordered structures.'®® These results were taken to indicate that the process of self-
assembly was necessary for inhibitory activity due to the observed dependence on kinetics

and morphology.'%

De novo designed peptides that self-assemble into nanofibers were investigated
with solid state NMR spectroscopy to address the monomer versus nanostructure
antibacterial activity question.’® In a block sequence design, the peptide D-W362
consisted of D-Lys residues at the termini to provide cationic character and the central
block contained repeating GIn-Leu residues to drive assembly into B-sheets. Determination
of minimum inhibitory concentration (MIC) values against gram negative bacteria
provided evidence that peptide assemblies were responsible for activity as removal of
monomers and oligomers through filtration and centrifugation did not alter activity.'%®
Fluorescence microscopy and TEM were further utilized to characterize the inhibitory
effect of the D-W362 as nanofibers were found to be associated with bacterial membranes
and were predominantly associated with dead bacteria. Solid state NMR was used to
investigate the membrane interactions of the peptide and confirmed that nanofibers
preferentially interacted with liposomes over monomers and that exposed Leu residues may

contribute to the membrane Iytic activity.'®

In addition to their membrane disruption function, endogenous antimicrobial
peptides may also exert activity through immunomodulation, a feature that has inspired
incorporation into potential therapeutics. The antimicrobial peptide LL-37 is one such

immunomodulatory peptide whose dysregulation has even become associated with
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autoimmune disorders such as atopic dermatitis and psoriasis.’®’ LL-37 has been
recognized to play a multifunctional role during inflammatory responses to infection.*8®
While it possesses selective pathogen membrane lytic ability due to its highly cationic
character, LL-37 can also lyse eukaryotic membranes at high concentrations, and even
more surprisingly, forms supramolecular complexes with DNA to activate the innate
immune system.*®1% The mechanism by which LL-37 interacts with DNA is thought to
derive from the high cationic character of the peptide, which has been observed to facilitate
membrane transport of double stranded nucleic acids for presentation to Toll-Like
Receptors (TLRs), as well as activation of the Type | interferon response through
cytoplasmic sensing of DNA through the Stimulator of Interferon Genes (STING)
pathway. 8191 ||-37 was recently investigated for its roles in activating both TLR-9 and
TLR-3 and found to generate protofibrils that complex with double stranded DNA forming
a crystalline packing arrangement.'®? The ordered arrangement was shown to induce high
avidity binding to TLR-9 resulting in induced cytokine release!®?. Importantly, the results
of these studies provide a rationale for the design of antimicrobial peptide scaffolds capable
of nucleic acid complexation and TLR activation through manipulation of spatial charge
distribution along the assembled axis.'®? With the relevance of immunomodulation to

diseases such as cancer and autoimmune disorders, this mechanism of immune modulation

may lead to alternative classes of therapeutic agents.

1.2.2 HORMONAL SIGNALING MODULATION
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Small molecule therapeutics are traditionally considered to induce monomeric
interactions with their molecular target such as a single active agent inhibiting a pathogenic
protein or endogenous signaling enzyme.'®®* While significant bodies of work have
investigated the role of bivalent and multivalent ligands in medicinal chemistry, the
supramolecular presentation of bioactive therapeutic moieties is comparatively more recent
due to growing interest nanomedicines since the discovery of self-assembling
peptides.**1% Considered in this section are self-assembling peptides and related
derivatives with direct biological action, either as monomer depots or in a supramolecular
format. Agents chemically modified with therapeutically active moieties are discussed in

a later section.

Peptide hormones are a class of biological signaling molecule that primarily exert
their therapeutic function through ligand activity at extracellular signaling domains of cell
surface receptors.!® As signaling components of the endocrine system, peptide hormones
are responsible for controlling a wide range of physiological function including food
consumption. In particular, self-assembling peptide YY is a 36 amino acid peptide
hormone that is released after meal consumption and regulates continued food intake and
gastric mobility.!®® Despite its endogenous physiologic function, the clinical use of the
peptide and its derivatives as therapeutics is limited by poor pharmacokinetic properties,
since the peptides may be rapidly secreted and subject to metabolic deactivation.'®” Self-
assembling derivatives of peptide YY functionalized with lipid chains have been
investigated for their potential to decrease endogenous protease hydrolysis through micelle

formation and binding to circulating albumin (Figure 1.13).1% Palmitoylation was used to
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lipidate peptide YY through different conjugation sites within the peptide to induce
aggregation into micellar assemblies and form gels.'®® The location of the conjugation site
was found to influence the self-assembling properties through modulation of the critical
aggregation concentration, as well as nanostructure morphology.t® The high sensitivity to
the conjugation site was explained through substitution of cationic residues with the lipid
modification, influencing the degree of charge screening and solution pH required to
initiate assembly.!%® Self-assembly as a result of lipidation was found not only for the full-
length protein, but also extended to lipid modified fragments of peptide YY. To facilitate
synthesis and characterization, shortened derivatives of peptide Y'Y were synthesized that
consisting of the first 6 or 8 amino-acid residues from the N-terminus of the parent peptide,
which were shown to self-assemble into micelle structures under solution conditions.!%
While the self-assembling properties of these molecules were characterized, correlation to

biological activity was not reported.

Extending the self-assembly of signaling molecules to biological function, direct
interaction of self-assembled nanostructures with the protein galectin-3 was recently
investigated in vitro as a potential therapeutic strategy (Figure 1.13). Galectin-3 is a
carbohydrate binding protein that is expressed in a variety of cell and tissue types, may be
localized in various locations inside or outside of the cell, and has become associated with
diseases such as fibrosis and cancer.?®® Galectin-3 naturally binds to saccharide moieties
such as galactose and lactose which are not effective at inhibiting protein function due to
very low affinity in the monomeric state.?* Supramolecular presentation of monomeric

binding ligands was investigated using n-acetylgalactosamine-p1,4-n-acetylglucosamine
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(LacDinAc) modified p-sheet forming self-assembling peptides.?%? Nanofiber presentation
of the ligand generated micromolar affinity for galectin-3 through increased avidity effects
observed through binding in biochemical studies, although the results did not carry over to
in vitro studies due to competition with serum components.?% However, under low serum
concentration conditions, the nanofibers were shown to inhibit galectin-3 mediated
spontaneous apoptosis of T-cells.?%? Clearly, the multivalent presentation of bioactive
ligands through decoration on supramolecular nanofibers presents a unique method of
increasing the therapeutic potential of relatively weak interactions previously considered

undruggable.

In addition to supramolecular presentation, conjugation of signaling hormones to
self-assembling peptides has been shown to stabilize active conformations of shortened
bioactive sequences. Synthetic short peptides, lacking the rest of the protein structure to
stabilize active conformations, often form disordered coils in solution and lose binding
efficacy.?®® Selective stabilization of a peptide derived from insulin-like growth factor 1 in
a B-sheet conformation was achieved through conjugation to a short aromatic peptide.?%
Stabilization of this conformation was shown to more closely mimic the natural ligand
presentation for binding as an a-helical derivative, while the non-stabilized peptide formed

random coils and exhibited little activity.?%3

A similar phenomenon was reported in peptide amphiphile displayed ligands
mimicking brain-derived neurotrophic factor which binds tyrosine kinase B receptors

found in the CNS.2%* While the derivative peptide showed no activity alone, an
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enhancement in downstream signaling was observed in primary cortical neurons and
increased functional maturation was observed when the cells were cultured in ligand
functionalized peptide amphiphile gels.?%® Signaling molecules need not be covalently
linked to assembling monomers to confer stability. Supramolecular association of signaling
growth factors such as transforming growth factor-p1 and bone morphogenetic protein 4
was achieved through non-covalent interactions with anionic self-assembling peptides

enabling the fabrication of controlled release materials.?%®

Figure 1.13 Supramolecular presentation biological signaling moieties
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1.2.3 IMMUNOTHERAPY AND VACCINES

Supramolecular materials have proven to be invaluable for the advancement of
vaccine development and immunotherapy.?°72% As an alternative to existing vaccine
strategies, self-assembling peptides have garnered interest as vaccine adjuvant materials to
present disease associated antigens for recognition by the immune system (Figure

1.14).208:20% Short aromatic peptides constructed from all D-amino acids were used to test
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the generation of an immune response in mice against chicken egg albumin.?!® Immune
response and resulting antibody titers were found to be dependent on the peptide charge
state, since cationic derivatives exhibited greater immune stimulation than either a neutral
or anionic peptide.?'% Interestingly, the formation of an immune response was not
dependent on covalent attachment of the albumin to a self- assembling peptide, contrary to
other adjuvant materials where direct attachment to the antigen is required.?*! Favorable
humoral responses to adjuvants utilizing self-assembling peptides composed of D-amino
acids rather than their L-configuration have been reported by others as well.?*2 An antigen
from chicken egg ovalbumin was conjugated to either L- or D-configured Phe-Lys-Phe-
Glu-Phe-Lys-Phe-Glu self-assembling peptide and used to vaccinate mice. Although the
generation of CD4+ effector T-cells was comparable between the stereochemically
different peptides, higher antibody titers, and greater persistence of the vaccine material at
the injection site were exhibited by the D-peptide.?*? Interestingly, greater stability at the
injection site represents a plausible explanation for the favorable responses garnered
through using unnatural D-peptides as adjuvant materials, since their degradation by

extracellular proteases will be kinetically slower than their L-configuration counterparts.??

Direct attachment of antigens may also be achieved with self-assembling peptides
due to the facile chemistry involved, thus facilitating opportunities for optimizing the
presentation of antigens with differing morphologies and self-assembling moieties. An a-
helix forming self-assembling peptide was used to present a clinically relevant antigen
derived from epidermal growth factor receptor class 111 variant (EGFRvIII).* To enhance

humoral immune response, peptides bearing T-cell selective epitopes were co-assembled
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into the antigen nanofibers which induced favorable increases in antibody production and
produced increased T-cell responses.*® Additionally, the epitope bearing a-helical peptides
were shown to be internalized by antigen presenting cells although the mechanism of
uptake and importance of monomer versus nanoassembly uptake was not further

characterized.*®
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Figure 1.14 Self-assembling peptides for immunotherapy and vaccines
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Immunization against tumor necrosis factor (TNF) was demonstrated in a similar
system that also bore universal CD4+ T-Cell epitopes to promote humoral response.** In
contrast to the previous example, this system utilized a 3-sheet forming peptide which was
able to generate significant T-cell responses to TNF indicating that the presentation
morphology is not critical to the immunization process.** In vivo studies confirmed that

immunization against TNF prevented lipopolysaccharide induced inflammation.**

A well characterized epitope of ovalbumin was conjugated to a dialkyl modified
peptide amphiphile to investigate systemic antitumor effect of ovalbumin expressing tumor
cells.?® The unusual dialkyl modification was chosen to limit Toll-Like Receptor
activation and observe tumor immunity arising from presentation of the peptide epitope
alone.?** Immunization against the ovalbumin expressing tumor cells was achieved and
attributed to the peptide amphiphile facilitating dendritic cell uptake of the peptide epitope
through hydrophobic insertion into dendritic cell membranes and stability enhancement of
the peptide at the injection site.?*® Results of the study indicate that although some modified
peptide derivatives and lipidated molecules can promote innate immune responses,

adaptive responses may also be promoted by self-assembling adjuvant materials.
1.2.4 DRUG DELIVERY

Among the most investigated applications for self-assembling peptide materials is
their use for the delivery of therapeutic agents. Traditional drug delivery materials for
pharmaceutic applications generally involve non-covalent or covalent attachment to an

excipient material which is used to control the disposition of the agent after dosing through
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tissue targeting, limiting metabolism, and controlling release rate as examples.?!®

Typically, these are polymeric materials that form gel like materials for localized delivery
or micelles for systemic delivery.?!® Self-assembling peptides have been utilized in the
same manner to form hydrogels for localized delivery either through stimuli-responsive
drug encapsulation or through direct conjugation of therapeutic agents to self-assembling

moieties.*”217

Self-assembled nanomedicines present an especially exciting class of delivery
agents.*”*® Direct conjugation of a self-assembling peptide to a bioactive agent essentially
creates a one component drug delivery vehicle where the drug molecule is simultaneously
both the therapeutic and delivery agent (Figure 1.15).*” Oftentimes, the chemistry
conjugating the drug molecule to the self-assembling moiety is designed to contain an
effective prodrug of the active agent which would release the active moiety either within,
or in proximity to a diseased cell.?*® Generally, the chemical modification to induce self-
assembly of therapeutic molecules is hydrophobic in nature, and such modifications have
been performed with a wide range of fatty acid, isoprenoid, and lipid functionalities for the

purpose of triggering assembly into nanostructures and gels at the macroscopic scale. 2t

Additionally, self-assembled peptide nanomedicines for drug delivery have most
commonly used hydrophobic aromatic peptides which possess multiple functions in the
delivery platform: facilitating self-assembly, providing hydrophobic moieties that can
facilitate cell entry, and providing metabolic stabilization and tissue retention of the active

agent.?!® Conjugation of hydrophobic drugs is generally performed with agents that possess
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poor pharmacokinetic properties or significant off-target toxicities, where direct
application through an injectable formulation would be advantageous compared to
systemic delivery. Two such agents are doxorubicin (DOX) and paclitaxel (PTX) which
possess poor water solubility and significant off-target toxicities requiring novel
formulations.??%22! Both agents have been heavily investigated for in situ hydrogel delivery
through self-assembling peptides due to their poor physiochemical properties as single
agents, but high potency against cancer cells. DOX and PTX were both assembled into
nanofiber hydrogels through direct chemical conjugation to an N-terminally capped
aromatic peptide.??? The peptide, also possessing phosho-Tyr residues, self-assembled in
the presence of alkaline phosphatase resulting in removal of assembly blocking phosphate
moieties and facilitating peptide-peptide interactions.??® Interestingly, this method
facilitates the assembly of hydrophobic drug-peptide conjugates as the phosphate groups
solubilize the parent molecule and enable organization in the presence of catalyzing

enzyme without precipitation from solution.?8222

Maintaining the stability of an injected supramolecular peptide drug delivery
hydrogel is key to achieving a long-term release formulation without burst release kinetics
that can lead to injection site toxicity and rapid metabolic deactivation and clearance of the
chemotherapeutics.?*® N-terminally capped aromatic peptides with either D- or L-
stereochemistry and possessing both phospho-Tyr and PTX modifications were self-
assembled into drug carrying hydrogels in the presence of alkaline phosphatase.??? The D-
peptide modification was shown to be more hydrolytically stable to protease degradation

compared to the L-peptide. Nevertheless, the D-peptide was still able to undergo catalytic
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dephosphorylation to form hydrogels resulting in greater long-term potentialantitumor

efficacy.
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Figure 1.15 Self-assembling peptides as single component nanomedicines for drug

delivery

Drug-Peptide
Conjugate

Self-Assembled

Single Component Tumor Injectable
Nanomedicine Delivery ﬂ

@%}@

Inhibition of O -®

cellular processes Metabolic (\ _ % % %

k;;;z" M | Activation % % & 5

@ -®

Monomer Entry @ )

Drug Activation dumocCall into Tumor Cell Q® & %
and Cytotoxicity

e $EH

79



A similar enhancement of activity was observed for a self-assembling D-peptide
for the delivery of cyclooxygenase-2 inhibitors to treat localized inflammation.??® The
NSAID naproxen was shown to possess increased potency for cyclooxygenase-2 when
conjugated to the self-assembling peptide and with increased selectivity for its target over
other isoforms.??® Interestingly, the conjugation site of naproxen to the peptide was found
to have a profound effect on the release kinetics of constituent monomers from the
hydrogels indicating different conjugates possessed differing hydrogel assembly properties

as well as critical aggregation concentration.??®

Naproxen bearing hydrogelators were also combined with those bearing anti-HIV
nucleoside based reverse transcriptase inhibitors to reduce inflammation at the site of
injection and generate a prophylactic anti-HIV hydrogel.?* Similar to the differing release
rates observed for naproxen, the release of anti-HIV agents was shown to be dependent on
the nucleoside therapeutic present as well as N-terminal modification again highlighting
how modifications to molecular structure affect the thermodynamic properties guiding

assembly.?

Additionally, prodrug self-assembly and delivery is not completely dependent upon
in situ injection of a hydrogel solution for localized delivery. An interesting methodology
to yield self-assembled nanomedicine within the tumor after systemic delivery was
explored through phosphatase catalyzed hydrolysis of phosphor-Tyr residues.?® A
platinum(IV) prodrug of cisplatin was conjugated to a short aromatic peptide and

administered systemically to mice, with self-assembly dependent upon overexpressed
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phosphatases in the tumor microenvironment. Conjugation of the platinum agent to the
self-assembling peptide resulted in increased tumor accumulation in biodistribution
studies, decreased off-target toxicities compared to the free platinum agent, and maintained

therapeutic antitumor efficacy in vivo.?®

Peptide amphiphile conjugation has also been widely investigated as a method for
generating drug delivery hydrogels. Hydrazone linkages are commonly used in therapeutic
delivery vehicles due to their acid lability, leading to release of carbonyl containing
therapeutics under the acid environment of the lysosome or in certain cellular
microenvironments.??® Acylhydrazine functionality was introduced into the peptide
segment of a peptide amphiphile and used to generate a hydrazone linkage through
condensation with the ketone of nabumetone, an NSAID pain reliever.??” Release of the
therapeutic agent was observed to occur in an initial burst followed by slower zero-ordered

kinetics indicating hydrolysis of the linkage even under physiologic pH.??’

Delivery of dexamethasone, a steroidal anti-inflammatory agent, was also achieved
through a hydrazone linkage to a peptide amphiphile.??®® Dexamethasone was chosen for
delivery to develop an anti-inflammatory hydrogel that could be used to treat autoimmune
disorders and aid in cell transplantation therapies. Hydrolysis of the hydrazone linkage was
controlled over several weeks and demonstrated efficacy in a mouse inflammation model

where localized inflammation was suppressed without systemic effects.?%

Therapeutic release from hydrazone linkages to peptide amphiphiles was

systematically investigated through incorporation of a model fluorophore to different
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locations within the peptide amphiphile structure.??® Interestingly, the release kinetics of
the agent was found to be dependent on the conjugation site in relationship to its effect on
amphiphile packing into micelles as well as the ability to form B-sheet interactions between
monomers.??® These factors were predicted to influence the access of solvent to the
hydrazone linkage with more solvent exposure leading to an increase in the rate of
hydrolysis kinetics??®. In addition to behaving as localized drug release depots, peptide
amphiphile nanofibers have been investigated as active drug targeting formulations for
systemic delivery.Z° Incorporation of an apolipoprotein Al derivative sequence into the
peptide segment of a peptide amphiphile and subsequent co-assembly with a non-targeting
amphiphile generated soluble nanofibers capable of targeting atherosclerotic plaques.?*
The nanofibers were loaded non-covalently with a hydrophobic liver X receptor agonist to
facilitate lesion reduction and antiatherosclerotic activity when targeted to sites of

disease.230

A direct comparison of encapsulation versus covalent attachment to self-
assembling peptides was investigated with opioid analgesic peptides derived from
demorphin and endomorphin-2.2%! To develop a long-lasting opioid delivery formulation
to treat chronic pain, a panel of analgesic peptides were conjugated to self-assembling
peptides possessing natural amino acid sequences or metabolically stabilized peptides.?3!
While the opioid agonist peptides possessed high levels of potency at the p-opioid receptor
(MOR), decreased potency was evident after self-assembling peptide conjugation.?3!
Significantly reduced potency and in some cases altered pharmacological properties by the

self-assembling peptide conjugation indicated that direct chemical incorporation into the
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self-assembling structure afforded a level of safety from overstimulation.?®! Surprisingly,
little difference was observed in the anti-nociceptive properties between the peptide
hydrogel based methods indicating that monomer erosion from the fibrous hydrogels is the
primary mechanism for therapeutic release instead of active proteolytic degradation.?3!
However, proteolytic release of the active peptide agonist was still required for prodrug
activation, since proteolytically stabilized conjugation resulted in decreased in vivo

potency.?!

The direct self-assembly of therapeutic agents has also led to injectable gel
formulations, generally with peptide based drugs that represent true single component
nanomedicines. Two such molecules have been approved as therapeutics. Lanreotide is a
macrocycle somatostatin analog used in the treatment of acromegaly and certain
neuroendocrine cancers.?3223 In aqueous solution, lanreotide spontaneously assembles and
forms hydrogels enabling its administration to patients in an injectable gel form. The self-
assembly properties of lanreotide have been well investigated, revealing that the molecule
forms highly defined nanotubes in aqueous environments, approximately 24 nm in
diameter with a shell thickness 1.8 nm.?** The injectable gel performs as a slow release
depot, with released monomers antagonizing somatostatin receptors to decrease growth

hormone production(Figure 1.16).2°

A second clinically used peptide therapeutic gel is degarelix, which is a
gonadotropin releasing hormone (GnRH) receptor antagonist that is used for the chemical

castration of patients suffering from prostate cancer.?®® Degarelix self-assembles into

83



amyloid like fibers and exhibits a favorable safety profile and sustained hormonal
castration for up to 50 days(Figure 1.16).2%" Additionally, self-assembly into amyloid like
fibers has been investigated as a general property of GnRH receptor antagonists, with
studies into enhancement of self-assembling properties under continued

investigation.?%8:23°

Other endogenous self-assembling peptides have been discovered and investigated
as potential therapeutic hydrogels. A recent investigation characterized the gelating
properties of hemopressin, a known self-assembling peptide with pharmacological action
at cannabinoid receptors was undertaken to investigate formation of slow release
depot.?4%241 The self-assembly of the peptide hydrogel was observed to be dependent on
pH, was able to release both encapsulated macro- and small molecules, and was shown to
be biocompatible.?4%242 Interestingly, hemopressin and related analogs have shown
potency in reducing neuropathic pain in rodents presenting a possible clinical

application.?#

Universal among these peptides and their resulting self-assembled gels is a
dependence of pharmacological activity upon slow and sustained release of monomer
peptides. By extension, the thermodynamic parameters governing the self-assembly of
peptides into higher ordered structures has a direct effect on the potential clinical utility of
these agents.'® Monomers must possess enough associative attraction to form temporally
stable nanostructures to prevent burst release, and favorable non-covalent attraction

between assembled nanostructures is required to provide macro-stability to the gel
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formulation to prevent rapid material dissolution.*’*® However, as monomers are generally
the therapeutically active agents, the critical aggregation concentrations of the peptides
must be sufficiently high in order to release pharmacologically relevant concentrations of
the peptide.'82231 Additionally, gel properties such as crosslinking density could also play
an effect in controlling the release kinetics of monomers from therapeutic depot gels.?*
Clearly, further investigation is necessary to optimize the balance of physiochemical and
material properties necessary for generating clinically translatable self-assembling peptide

therapies.

Figure 1.16 Structures of Lanreotide and Degarelix
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CHAPTER 2: ENZYMATIC REGULATION OF SELF-ASSEMBLING

NUCLEOSIDE PHOSPHORAMIDATES
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2.1 INTRODUCTION
Portions of this chapter are adapted in a revised form from the published manuscript West
et al., with the consent of all authors (HT West, CM Csizmar, and CR Wagner).?** The

manuscript was principally written by the author of this thesis, HT West.

Enzymatic regulation of self-assembly has emerged as a highly effective method of
enabling spatiotemporal control over self-assembling materials.®®® Ubiquitous across
nature, self-assembly in response to enzymatic activity is responsible for regulating many
processes necessary for life and has been the subject of investigation for decades.?*>24
Among the most commonly recognized enzyme responsive assemblies is the assembly of
tubulin into microtubules. Indeed, tubulin itself possesses guanosine triphosphate
phosphorylase activity for its own self-regulation of dynamic supramolecular
polymerization®*7248, Additionally, recent studies have shown that a class of enzymes
termed katanins can sever microtubules with implications for control over cell
division.?**2% |n addition, the origins of the cellular cytoskeleton as a whole are thought
to derive from primordial self-assembling enzymes.?® The glycolytic enzyme
phosphofructokinase 1 has also been shown to self-assemble into filamentous
nanostructures from both purified extracts and within living cells.?522%3 Similar to tubulin,
its activity is inherently tied to its own enzymatic activity with only catalytically active
enzyme able to form higher ordered assemblies.?%?

Enzymatic post-translational modification of proteins can also influence self-
assembly. One example is the regulation of protein cytoplasmic polyadenylation element

binding protein (CPBE3) which has been associated with long term memory and synaptic
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plasticity.?>4?% Key to its molecular function, CPEB3 is a transcriptional regulator with its
activity state and self-assembly regulated by SUMOylation.?*® The covalent modification
is removed in response to neural activity, enabling CPEBS3 to self-assemble and undergo a
functional switch to induce transcriptional activation.?®® Additionally, SUMOylation is
responsible for solvating a number of other self-assembling proteins such as a-synuclein
with SUMO groups preventing aggregation of the protein and decreasing associated
cytotoxicity of molecular aggregates.?>’ Enzymatic processing can also induce self-
assembly through peptide backbone modification. Proteolytic cleavage of fibrinogen by
the enzyme thrombin yields the self-assembling product protein fibrin.2%® Activation of
fibrin self-assembly is a necessary step in clot formation after tissue injury and blood vessel
damage to initiate the wound healing process.?*®

Central to the regulation of supramolecular assembly by enzymes is their ability to
modulate  non-covalent interactions between monomers through chemical
transformation.*>”*> As can be seen from the above mentioned (vide supra), certain types
of functionalities are able to prevent or promote self-assembly. As the self-assembly of
biomolecules is highly specific and dependent on very defined associative interfaces,
perturbation of these sequences with chemical modifications such as that achieved with
SUMOylation can alter the pattern of hydrogen bonding, electrostatic, and hydrophobic
interactions necessary for self-association.?®%25” Additionally, as in the case of fibrin, entire
peptide blocks may be removed or joined together to either generate or degrade peptide

sequences with self-assembling properties.?>®2° Such patterns of functional control with
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enzyme responsive motifs have been extended to synthetic systems and widely investigated
to generate functional and dynamic biomaterials,>%2¢0

Diverse chemical transformations have been used to regulate a wide variety of self-
assembling materials, though transformations are most commonly achieved through
hydrolysis, condensation, and redox chemistries.?®*2%3 Enzymes achieve regulation of the
self-assembly of peptides in the same manner that alterations to the amino acid sequences
of self-assembling peptides can modulate assembly; through control of non-covalent forces
between adjacent peptides as well as the interactions between the exposed surfaces of
peptides and the solution environment. Hydrolysis is typically performed to remove
assembly blocking moieties, which either prevent facial association of monomer peptides
into organized linear assemblies or provide solubilizing handles that favor solvent
interactions over monomer association.’®2% In contrast, condensation reactions are
typically used to complete self-assembling peptide sequences to achieve a complete self-
assembling moiety.

Among the most widely investigated enzyme controlled assembly approaches is the
phosphatase/kinase switch. In this system, phosphorylation at hydroxyl bearing residues
interrupts the peptide binding interface presumably through a combination of charge
repulsion and perturbation of the aromatic interactions and hydrogen bonding patterns
between monomers (Figure 2.1).2622%* To reverse the assembly blocking effect of the
phosphate moiety, alkaline phosphatase activity hydrolyzes phospho-amino acids to yield
inorganic phosphate and the unhindered self-assembling peptide?®>264, As phosphate
moieties may be appended to amino acids through kinase activity, cyclically dynamic self-
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assembling systems have been demonstrated where self-assembling peptide gels can be

repeatedly assembled and disassembled through sequential enzyme addition.?5?

Additionally, a variety of chemical formats have demonstrated compatibility with the

system including short aromatic peptides as well as peptide amphiphiles.?6®
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Figure 2.1 Kinase/Phosphatase Switch Regulation of Supramolecular Assembly
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Figure 2.2 hHintl phosphoramidase activity and catalytic mechanism
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Key to the dynamic nature of their regulatory properties is the ability of enzymes
to perform these transformations in real time and in aqueous solution. Additionally,
enzymes possess desirable qualities for the regulation of self-assembling biomaterials
including their high degrees of substrate specificity, catalytic versus stoichiometric
activity, inherent biodegradability, and in the case of endogenous enzymes also
biocompatibility.*>*?%° Due to the utility of enzymatic activity in the regulation of self-
assembling peptides, systems incorporating enzyme responsive motifs have been
investigated for a wide variety of biomedical applications including drug delivery and
imaging and diagnostics.?6°268

Histidine Triad Nucleotide Binding Protein 1 (hHintl) is a human enzyme of the
Histidine Triad superfamily of proteins characterized by the ubiquitous presence of a
conserved triad of active site His residues which confer nucleotide binding capability and
enzymatic activity.?®” Hint proteins are widely distributed across the kingdoms of life and
are present in most sequenced genomes, with humans expressing three isoforms designated
numerically as hHint1, hHint2, and hHint3.26"-2% Among the three enzymes, hHintl has
undergone the most thorough characterization in terms of its enzymatic activity and
biological functions, with putative roles in transcriptional regulation and central nervous
system function,26%-27

Of clinical and therapeutic interest, hHintl possesses unique phosphoramidase
activity resulting in the phosphorus-nitrogen bond hydrolysis (Figure 2.2).275277
Nucleoside phosphoramidates are a class of synthetic prodrug that seeks intracellular
delivery of monophosphorylated antiviral and anticancer therapeutics, thus bypassing
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resistance mechanisms and the kinetic rate-limiting step of metabolic activation.?’® This
prodrug methodology has contributed to clinically approved agents such as sofosbuvir,
which is an anti-HCV agent shown to undergo intracellular activation by intracellular
hHint1.2"°

hHint1’s phosphoramidase activity is derived from a catalytic His112 residue,
which performs nucleophilic attack upon the phosphorus atom of the phosphoramidate
moiety, expelling the amine side chain and generating an active site nucleotidylated
intermediate (Figure 2.2).2”7 Subsequent hydrolysis of the intermediate releases the
nucleoside monophosphate completing the catalytic cycle.?"?8 A number of synthetic
substrates have been developed and assessed for hHintl catalytic parameters revealing a
preference for purine over pyrimidine substrates and ribose over deoxynucleotide and
unnatural sugars.?”®

Noting the utility of enzymatic activity in the regulation of peptide self-assembly
and combined with in depth knowledge of hHintl enzymatic activity and substrate
specificity, we sought to develop a hHintl modulated self-assembly system. In our system,
we specifically investigated how the assembly and gelation properties of self-assembling
peptides could be modulated through covalent modification with nucleoside
phoshoramidates, and how these properties change in response to hHintl catalytic activity.
To achieve this goal we developed a panel of self-assembling nucleoside phosphoramidate
modified short aromatic peptides that were shown to undergo hydrogelation in the presence
of hHint1. We also show that this mechanism of gelation results from an enzyme catalyzed
morphological transition exhibited by supramolecular nanofibers. This work constitutes
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the first report of self-assembling peptides modified with pronucleotide moieties, or
phosphoramidate pro-gelators (PPGs), and the first report of hHintl enzyme utilized for

the regulation of material properties.

2.2 RESULTS

Design, synthesis, and enzyme responsive properties of first generation nucleoside
phosphoramidate progelators (PPGs)

In developing the hHintl responsive gelating system, careful consideration was taken of
how the nucleoside phosphoramidate moiety could be chemically incorporated into the
monomer structure to achieve assembly and morphology control. Due to its chemical
simplicity, robust self-assembling properties, and tolerance for a broad range of chemical
modification, the short self-assembling peptide Nap-Phe-Phe (NAP-FF) was chosen as the
base self-assembling moiety of the PPGs.?! Additionally, derivatives of the molecule have
found significant utility in the development of the phosphatase/kinase enzymatic switch
for controlling peptide self-assembly providing further incentive for its incorporation into
this system?262264265 Qur initial PPG design oriented the self-assembling peptide and
nucleoside phosphoramidate moiety in a linear format, connecting the two moieties
through a 1,3-diaminopropane linker. In our design, the nucleoside phosphoramidate was
intended as an assembly blocking and solubilizing moiety, similar to phosphorylated amino
acids in phosphate sensitive systems?2. In response to hHintl enzyme activity, it was
expected that removal of the polar and anionic nucleoside phosphoramidate moiety would
facilitate assembly of the released amine modified peptide. Two PPGs were synthesized in

this design, NAP-FF-C3-AMP and NAP-FF-C3-CMP (Figures 2.3, 2.4). Interestingly,
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NAP-FF-C3-AMP was observed to form weak hydrogels in aqueous buffer, as could be
observed by visual inspection after attempted dissolution (Figure 2.3). In contrast, the less
hydrophobic NAP-FF-C3-CMP molecule was observed to form clear solutions in aqueous
buffer, indicating that the nucleoside phosphoramidate moiety may play a role in monomer
self-association. Additionally, the PPG NAP-F-C3-AMP was synthesized which bore only
a single Phe residue which was also observed to form clear solutions in aqueous buffer
emphasizing the importance of the additional aromatic residue in promoting monomer self-
association (Figure 2.3).

In contrast, the addition of hHint1 to NAP-FF-C3-CMP solutions resulted in clear
and stable hydrogel formation (Figure 2.4). Gelation properties in the presence of hHintl
were further evaluated using small amplitude oscillatory rheometry (SAOR) which
indicated a clear dependence of gelation kinetics on the quantity of enzyme added to the
sample. SAOR is dynamic mechanical analysis technique that facilitates the investigation
of soft materials such as hydrogels and viscous liquids. In the experiment, the material is
sandwiched between two plates with one of the plates oscillating at a set frequency and
amplitude. Through simultaneous recording of the torque and amplitude of the oscillation,
a relationship between the applied stress and resulting deformation of the material yields
values for the experimental parameters G’ (elastic modulus) and G”* (loss modulus). The
G’ and G”’ values correspond respectively to the contribution to sample rigidity from the
solid and viscous liquid character of the material tested. As hydrogels are hydrated
matrices, they possess both solid and liquid character, with the solid character (G)

possessing a greater magnitude than the viscous liquid (G’”) character due to the self-
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supporting nature of rigid hydrogels.?®> The NAP-FF-C3-CMP sample containing 0.8 uM
hHint1 failed to undergo gelation over the time course of the experiment indicated by the
lack of increase in both G’ and G’’(Figure 2.5a). Increasing the concentration of hHintl
to 4 uM initiated gelation at approximately 8 minutes indicated by the rapid rise in both G’
and G”’, while further increase to 8 uM resulted in nearly instantaneous gel formation
where G’ and G’ increased at approximately time 0 (Figure 2.5b,c). Additionally, a strain
sweep was performed where increasing the % strain or deformation of the material yielded
a consistent linear region up to nearly 10 % (Figure 2.5d). As the linear region indicates
non-dependence of both G” and G”* on the % strain value, the measure can be regarded as
an indicator of the strength of the material in response to applied stress.?®

Morphological investigation of hHintl initiated gelation of NAP-FF-C3-CMP
using transmission electron microscopy (TEM) revealed that a dense network of highly
ordered nanofibers had formed in response to hHint1 activity (Figure 2.6a). The widths of
the nanofibers were approximately 7-8 nm and the nanofibers were observed to form higher
ordered arrangements through lateral fiber association. In contrast, samples without hHint1
activity exhibited few fibrous nanostructures with a predominance of amorphous
aggregates indicating structural regulation in response to enzymatic activity occurred
(Figure 2.6b). A downside to this first generation of compounds was that the synthesis was
inefficient and resulted in poor yields, likely due to the mismatch in polarity between the

nonpolar self-assembling peptide and the highly polar and zwitterionic nucleoside

phosphoramidate amines (Figure 2.3). The diaminopropyl linker class was not further
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pursued for these reasons and a more tractable and efficient synthesis was undertaken to

facilitate development of a second generation of PPGs.
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Figure 2.3 Synthesis of NAP-F-C3-AMP and NAP-FF-C3-AMP

Photograph on the left depicts an 11.2 mM solution of NAP-F-C3-AMP in buffer (right)
and 11.2 mM solution of NAP-F-C3-AMP (left) with 10 uL of 3.86 uM hHintl.
Flocculation was observed in the vial on the left due to enzyme activity while substrate

only solution remained clear.
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Figure 2.4 Synthesis of NAP-FF-C3-CMP.

Photograph shows 11.1 mM (1% by weight) solution of the phosphoramidate pro-gelator

in buffer with gelation observed upon addition of hHint1 (4.1 uM final concentration)
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Figure 2.5. Oscillatory rheometry of NAP-FF-C3-CMP

(a) time sweep of 11.1 mM substrate solution with 0.8 uM hHint1 (b) 11.1 mM NAP-FF-
C3-CMP with 4 uM hHintl; (c) 11.1 mM substrate with 8 uM hHint1; (d) strain sweep of

hydrogel formed from c. to demonstrate linear viscoelastic region
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Figure 2.6. Transmission electron microscopy of NAP-FF-C3-CMP

(@) 1 wt/vol % substrate with 4 uM hHint1; (b) 1 wt/vol% substrate alone in buffer.




Design, synthesis, and preparation of hydrogels from second generation PPGs

Similar to the first generation PPGs a naphthyl N-terminal cap was incorporated
into the peptide component for its chemical stability and propensity for driving assembly
through aromatic interactions.?®! In contrast to the first generation PPGs, the
diaminopropane linker was replaced with a short PEG linker to facilitate solubility of
monomeric PPGs in the absence of hHintl. Additionally, the PEG linker incorporated
bifunctionality with terminal primary amine and azide groups to facilitate click chemistry
conjugation to suitably alkyne functionalized phosphoramidates to generate second
generation PPGs. NAP-FF peptide obtained through standard Fmoc-solid phase synthesis,
was coupled to an amino-PEGs-azide linker yielding the azido-labeled self-assembling
peptide 1.28 Nucleoside propargyl phosphoramidates were synthesized through the
condensation of propargyl amine and the desired nucleoside monophosphates mediated by
EDCI.2" Azido-labeled peptide and corresponding propargyl phosphoramidates were
coupled efficiently utilizing the copper catalyzed Huisgen cycloaddition reaction in the
presence of Na Ascorbate and Copper (I1) sulfate in 2:1 tBuOH/H20 as the solvent system
to yield PPGs 2 (NAP-FF-AMP), 3 (NAP-FF-UMP), 4 (NAP-FF-GMP), and 5 (NAP-FF-
CMP) (Figure 2.7).28 Cation exchange chromatography with Dowex 50wx8 resin was
performed to obtain the sodium salts of the respective PPGs.

The initial panel of second-generation PPGs was assessed for assembly properties
and hHintl enzymatic responsiveness. Each substrate was subsequently probed for its
ability to self-assemble and form hydrogels in the presence of hHintl using visual
inspection. Solutions containing 0.9% wt/vol NAP-FF-AMP, NAP-FF-UMP, NAP-FF-
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GMP, and NAP-FF-CMP (2-5) were prepared by dissolution of lyophilized PPG powder
in hHintl activity buffer (SECTION 2.4 MATERIALS AND METHODS). To
investigate gel formation, hHintl enzyme in activity buffer was added to generate solutions
with final hHint1 concentration of 6 uM and 0.9% wt/vol substrate. Samples were briefly
vortexed to ensure proper mixing and allowed to cure at room temperature. Samples were
checked after 15 min., at which time vials were inverted. All four PPG alone samples were
observed to remain viscous solutions in the absence of hHintl (Figure 2.8 insets). During
the same period, all four substrate solutions containing hHintl underwent hydrogel
formation (Figure 2.8 insets). Additionally, the four hydrogels remained stable for 24
hours after repeating the inversion test. Hydrogels originating from NAP-FF-AMP 2, NAP-
FF-GMP 4, and NAP-FF-UMP 3 were all opaque in nature, with NAP-FF-CMP 5 forming
translucent hydrogels.
Assessment of morphology with Transmission Electron Microscopy

Transmission electron microscopy (TEM) was utilized to investigate the
nanostructures of both substrate and hydrogel samples after uranyl acetate negative staining
and subsequent vacuum desiccation. Interestingly, structures ranging from amorphous
aggregates to fibrous networks were observed in the absence of HINT1 (Figure 2.8a-d).
Extensive fiber formation was observed in the NAP-FF-CMP 5 substrate sample with
fibrous structures also evident in the NAP-FF-UMP 3 and NAP-FF-GMP 4 substrate
samples. Within both the amorphous and fibrillar structures, portions of individual
nanofibers could be resolved in samples of all for substrates and were determined to be 6-
8 nm in diameter. Hydrogel samples presented clear and defined nanofiber formation for
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all four substrates in the presence of hHint1(Figure 2.8e-h). In comparison to the substrate
only samples, the fibrous networks formed from hHint1 activity were clearly defined with
individual nanofibers possessing diameters between 7-8 nm. Not only were all hydrogel
samples observed to exhibit nanofiber formation upon hHintl activation, but much of the
nanofiber content was contained within tightly packed nanofiber bundles suggesting a
morphological transition may be responsible for the observed gelation. NAP-FF-AMP 2
and NAP-FF-GMP 4 exhibited extensive nanofiber association with NAP-FF-UMP 3 and
NAP-FF-CMP 5 samples exhibiting fewer associated nanofibers and a prevalence of single
nanofibers. Whether associated or existing as individual nanostructures, nanofibers in the
hHintl activated PPG gels retained similar diameters to non-enzymatically activated
samples at 6-8 nm.

Characterization of PPG nanostructure and hHintl triggered hydrogel morphology
and with cryogenic transmission electron microscopy (Cryo-TEM)

Despite the observance of nanostructures in the enzyme free PPG samples through
conventional TEM, it was difficult to discern how the observed structures correlated to the
aqueous solutions of PPGs. Thus, Cryo-TEM was used for investigating the hydrated
structures of the nanoarchitectures formed from the PPGs and their respective hHintl
formed hydrogels. This technique contrasts with conventional TEM which can affect
nanostructure observation and characterization due to the necessity for extensive drying of
the sample and sample staining with heavy metal salts which can introduce interfering
artifacts and background staining.?® Consequently, all four phosphoramidate pro-gelator
substrates were analyzed by cryo-TEM, which revealed self-assembled fibrillar structures.
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Consistent with the results of the TEM, solutions of all four substrates in HINT1 activity
buffer were found to contain highly regular and continuous nanofibers approximately 7-8
nm in width (Figure 2.9). The nanofibers formed by all four pro-gelators are largely
unassociated and likely only align with the lacey carbon of the cryo-TEM sample grid due
to sample ice thickness variation. These results indicate the phosphoramidate pro-gelators
form organized supramolecular structures in solution prior to hHint1 enzyme activation.
PPG hydrogels corresponding to each substrate formed from hHintl were also
examined with cryo-TEM. Hydrogel samples were prepared in hHintl activity buffer at a
concentration of 0.9% by wt/vol. with 6 uM hHintl (Figure 2.10a-d). Clear nanofiber
association was observed in all four hydrogel samples. Consistent with the results from
TEM studies, this demonstrates cleavage of the nucleoside phosphoramidate moiety results
in self-association of the nanofibers leading to hydrogel formation. Measurements of
individual nanofibers present in both the substrate and hydrogel samples of NAP-FF-AMP
2, NAP-FF-UMP 3, NAP-FF-GMP 4, and NAP-FF-CMP 5 were approximately identical
and between 7-8 nm in diameter. Additionally, the nanofibers present in bundles were
determined to be of equivalent diameter despite their induced assembly into dense
association networks. Bundle diameters ranged from 14 nm to over 200 nm. The released
peptide generated from hHintl activity on the substrate nanofibers was also assessed for
its gelation ability and nanostructure. NAP-FF-NH> (Figure 2.11a) was observed to form
hydrogels at a concentration of 1% wt/vol in both water and PBS buffer. Addition of AMP
at a concentration of 1% wt/vol also resulted in hydrogel formation. NAP-FF-NH>
exhibited extensive ribbon-like structures exceeding 200 nm in width alone (Figure 2.11b).
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Gels in the presence of AMP were observed to form a range of structures including
individual nanofibers, twisted nanofiber ribbons approximately 35-55 nm in width, and
larger ribbons (Figure 2.11b). Both gel structures contrast with the highly ordered
monomeric substrate nanofibers and resulting structures formed from HINT1 activity.
hHintl triggered PPG hydrogelation determined with small amplitude oscillatory
rheometry

Small amplitude oscillatory rheometry (SAOR) has emerged as a key technique in
examining the rheological properties of peptide based hydrogels and self-assemblies.??
Time sweep experiments were used to examine the gelation Kinetics resulting from
enzymatic activity and resulting nanofiber association. A key observation in the gelation
of PPGs triggered by hHint1 is their syneretic behavior, complicating the use of oscillatory
rheometry by decreasing the observable time scale for measurement due to loss of
geometry adhesion. Although all four PPGs were observed to form hydrogels under various
conditions, reproducibility of final plateau moduli and gelation kinetics was complicated
by the syneretic behavior of the hydrogels leading to loss of sample adhesion to rheometer
geometries due to liquid-gel phase separation (Figure 2.12). These effects were especially
pronounced in characterization of the purine substrates which were observed to have
unstable time dependent moduli.

To mitigate problems associated with sample syneresis, adhesive sandpaper was
used to enhance gel adhesion to geometries. Although syneresis led to unpredictable loss
of sample adhesion after gelation occurred, determination of gelation time was enabled by
this modification. The kinetics of NAP-FF-AMP 1 hydrogelation were found to be closely
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tied to the amount of enzyme used to formulate samples, similar to the previously
investigated NAP-FF-C3-CMP molecule (Figure 2.13). In the presence of 6 uM hHintl,
rapid increases in both storage and loss moduli were observed at approximately 100 s. In
contrast, NAP-FF-AMP 1 underwent gelation by 3 uM HINT]1 resulting in increases of
both G” and G’” at an average time of 238 £ 30 s (Figure 2.13). However, hydrogels formed
from this substrate exhibited marked syneresis and loss of geometry adhesion over
extended time sweep experiments. Two concentrations of hHintl were also utilized to
investigate NAP-FF-UMP 3 gelation kinetics (Figure 2.14). At a concentration of 6 uM,
hHint1 was able to induce hydrogel formation from 0.9% wt/vol of NAP-FF-UMP 3 at an
average time of 157 = 67 s. Reducing the concentration of hHintl to 3 uM resulted in
significantly delayed gelation to an average time of 458 + 130 s (p = 0.0041, two-tailed
student’s t-test). Due to its ability to exhibit stable moduli over extended time courses,
different concentrations of NAP-FF-UMP 3 were also investigated for their ability to form
hydrogels in response to hHintl activity. Although decreasing the concentration of PPG
resulted in concomitant decreases in plateau moduli as expected due to fewer monomers
participating in assembly, gelation was observed at concentrations of NAP-FF-UMP 3 as
low as 0.23 wt/vol% (Figure 2.15a).
Role of hHintl catalysis in triggering gelation of PPGs

To elucidate the role of hHint1’s active site in initiation of hydrogelation, additional
time course experiments were performed in the presence of a competitive hHintl small
molecule competitive inhibitor, HNTI-3a (K¢ = 230 nM, structure in Figure 2.15b).*
Samples of 0.9% NAP-FF-AMP 2 and NAP-FF-UMP 3 were prepared in HINT1 activity
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buffer containing 2% DMSO alone or with 6 mM HNTI-3a. hHintl was added to the
solutions at a concentration of 6 uM and moduli were monitored over time courses to
observe the occurrence of hydrogel formation. HNTI-3a was found to completely ablate
hydrogelation of NAP-FF-UMP 3 for over 26 min. In contrast, clear hydrogel formation
was observed in the absence of inhibitor and in the presence of DMSO only (Figure 2.15b).
Consistent with the reversibility of inhibition of hHint1 by HNTI-3a, over the course of 24
h, hydrogelation was eventually observed. In contrast, although activation of NAP-FF-
AMP 2 by hHintl was inhibited by HNTI-3a, the kinetics of hydrogel formation were less
severely affected. In comparison to the DMSO only control which exhibited instantaneous
gelation at this hHintl concentration, HNTI-3a resulted in a delay of substrate activation
with sharp increases of moduli occurring at an average time of 346 £+ 39 s in the presence
of the inhibitor (Figure 2.15c). These results likely reflect the greater substract specificity
of hHint1 for purine over pyrimidine phosphroamidates.?”®

Additional time sweep experiments were conducted in the presence of a hHintl
H112N active site mutant to confirm that the enzyme catalytic activity is the initiator of
hydrogelation (Figure 2.15d). This mutant retains high binding affinity for nucleoside
phosphoramidates but lacks the histidine residue necessary for nucleophilic catalysis?®. In
the presence of 11 uM H112N mutant, NAP-FF-AMP 2 or NAP-FF-UMP 3 demonstrated
only weak hydrogel formation with moduli never rising above 0.2 Pa. Consequently,
consistent with the inhibition studies, hydrolysis of the phosphoramidate moieties by the
hHint1 active site along the substrate nanofibers result in hydrogel formation through non-
covalent crosslinking of supramolecular nanofibers.
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Figure 2.7. Synthesis of second generation PPGs (2-5)
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Figure 2.8. Transmission Electron Microscopy of Hydrogels and Substrates

Top Panel: Transmission electron microscopy (TEM) of substrate nanofiber solutions in
the absence of hHintl (scale bars represent 200 nm) (a). NAP-FF-AMP, (b). NAP-FF-
GMP, (c). NAP-FF-UMP, and (d) NAP-FF-CMP. Bottom Panel: TEM of hHintl formed
hydrogels (scale bars represent 100 nm) (e). NAP-FF-AMP, (f). NAP-FF-GMP, (g) NAP-

FF-UMP, and (h) NAP-FF-CMP

NAP-FF-AMP NAP-FF-GMP NAP-FF-UMP NAP-FF-CMP
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Figure 2.9 Cryo-TEM Substrates

PPG Nanofibers in Buffer (a) NAP-FF-AMP, (b) NAP-FF-UMP, (c) NAP-FF-GMP, (d)

NAP-FF-CMP. (All scale bars represent 0.15 uM)
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Figure 2.10. Cryo-TEM of Hydrogels

Hydrogels formed in the presence of hHintl (a) NAP-FF-AMP, (b) NAP-FF-UMP, (c)

NAP-FF-GMP, (d) NAP-FF-CMP (All scale bars represent 0.15 uM)
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Figure 2.11 Cryo-TEM of Free Peptide and Nucleoside Monophosphate

(a) NAP-FF-NH2 structure in the presence of PBS only, (b) and in the presence of AMP.

(All scale bars represent 0.15 uM)
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Figure 2.12. hHintl induced gelation of PPGs measured with SAOR.
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Figure 2.13. NAP-FF-AMP gelation in the presence of hHint1.

Red curves represent both G’ (filled shapes) and G’ (open shapes) in the presence of 6 pM
hHint1. Blue curves represent both G’ (filled shapes) and G”’ (open shapes) in the presence

of 3 uM hHintl. Data shown is of three replicate experiments for each concentration of

enzyme. Gelation points are indicated by black arrows.
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Figure 2.14 NAP-FF-UMP gelation in the presence of hHint1.

(a) Red curves represent both G’ (filled shapes) and G’ (open shapes) in the presence of 6
uM hHintl. Blue curves represent both G’ (filled shapes) and G’’ (open shapes) in the
presence of 3 uM hHintl. Each pair of G’ and G’ curves represent a single time course
measurement. 5 replicate experiments are shown for each concentration. Display of
replicate data is shown to demonstrate the clear effect hHintl has on gelation kinetics
despite the variability in the data. (b) Scatter representation of gelation time points.

Statistical significance (**) determined from student’s t-test (p = 0.0041, two-tailed)
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Figure 2.15 Concentration, inhibitor, and mutant enzyme gelation experiments

(a) Time sweeps at 0.45% and 0.23% wt/vol concentrations of NAP-FF-UMP with 6 uM
hHintl (b) NAP-FF-UMP and NAP-FF-AMP in the presence of H112N mutant (c) NAP-

FF-UMP with hHint1 inhibitor or DMSO control (d) NAP-FF-AMP with hHintl inhibitor

or DMSO control
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To further determine whether hHint1 catalytic activity was occurring in the gelation
process, 3P NMR experiments were performed demonstrating that rapid hydrolysis of
NAP-FF-AMP 2 to AMP and NAP-FF-UMP 3 to UMP occurred within minutes of hHint1
addition (Figure 2.16). Examination of hHint1 formed gels with HPLC was performed to
further investigate the relative proportion of PPG substrate remaining in the gels. It was
determined that the percentage of NAP-FF-AMP 2 remaining within hHintl formed
hydrogels after 24 hours was less than 1% (Figure 2.17).

Model substrate to probe hHint1 induced gelation with 'H NMR

To further understand the required substrate parameters of PPGs for hHintl
activation, an inverse linker substrate (NAP-FF-Inv-UMP, 6) was synthesized where
uridine monophosphate was functionalized with the amino-PEGs-azide and the NAP-FF
peptide was functionalized with propargyl amine at its free carboxyl terminus. Resulting
copper catalyzed click chemistry effectively yielded a molecule with switched orientation
of the linker compared to the PPGs 2-5. To observe if the molecule in fact performed as a
functional PPG in response to hHint1 activity SAOR was utilized to determine its gelation
capability. Analogous to PPGs 2-5, the inverse linker PPG 6 readily formed hydrogels in
the presence of hHintl with an average gelation time of 178 + 38 s in the presence of 6 uM
hHint1, similar to NAP-FF-UMP 3 (Figure 2.18a). Additionally, cryo-TEM was utilized
to investigate the morphology resulting from PPG assembly and resulting hHintl enzyme
activation. Also similar to the other PPGs, the inverse linker PPG 6 also assembled into

highly regular nanofibers approximately 7-8 nm in diameter. In the presence of hHint1, the
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nanofibers were observed to undergo lateral association into nanofiber bundles (Figure
2.18b).

To further investigate hHint1 catalytic activity on inverse linker PPG 6, NMR was
utilized to monitor the reaction trajectory in the conversion of phosphoramidate to
monophosphate and to estimate the concentration of visible nucleoside monophosphate.
NAP-FF-Inv-UMP 6 was dissolved in D20 at a concentration of 1 wt/vol % (= 9.4 mM)
and 6 uM hHintl was used to initiate the gelation reaction in the NMR tube. Both H and
81P nuclei were monitored over time with MeCN utilized as an internal standard for *H
experiments to estimate the concentration of generated UMP (Figure 2.19a,b). In 2P
experiments, a clear conversion from the substrate phosphoramidate to UMP was observed
in response to hHint1 addition as expected. However, 3P NMR experiments provided no
information about the state of the PPGs, released peptide, or UMP in regards to their higher
ordered assembly and whether aggregates or soluble monomers were observed.
Interestingly, *H NMR spectra of inverse linker PPG 6 exhibited broadened and upfield
shifted peaks in response to increasing concentration indicative of a decrease in relaxation
times resulting from aggregate assembly (Figure 2.19c). 'H NMR analysis of hHintl
induced gelation revealed complete disappearance of peptide associated peaks overtime
with gradual increases in peaks associated with released UMP, indicating the formation of
NMR invisible aggregate peptide structures and soluble nucleoside monophosphate.
Estimation of the concentration of released UMP over time using MeCN as an internal
standard revealed less than 10% molar equivalent (= 800 uM) of monophosphate was
released in the gel forming reaction (Figure 2.19b).
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Figure 2.16 3P NMR of 4.5 mM NAP-FF-AMP in the presence of 6 pM hHint1 in

activity buffer.

Qualitative experiment indicates a clear transition from PPG to nucleoside monophosphate
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Figure 2.17 Catalytic Turnover of NAP-FF-AMP by HINT1:

A representative HPLC time course of HINT1 induced degradation of NAP-FF-AMP at
time points 10 min, 30 min, 2.5 h, 5 h, 20 h and 24 h. The percent remaining NAP-FF-

AMP after 24 h was determined to be 0.8+£0.1 % within HINT1 formed hydrogels.
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Figure 2.18 hHint1 activated gelation of NAP-FF-Inv-UMP 6

(@) SAOR time sweep in the presence of hHintl (b) Cryo-TEM of NAP-FF-Inv-UMP (c)

Cryo-TEM of NAP-FF- Inv-UMP in the presence of hHintl (d) Synthesis of 6
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Figure 2.19 NMR characterization of NAP-FF-Inv-UMP (6)

(a) 3P NMR of hHint1 hydrolysis of 6 in blue and formed phosphate in red (b) *H NMR
of nucleobase proton at ring position 6 in PPG 6 in blue and UMP in red (c) concentration

dependence on signal 1% wt/vol to 0.01% wt/vol, red box around aromatic region
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Figure 2.20 Studies regarding nucleoside monophosphate retention in hHint1 formed

gels

(a) comparison of competitive release of UMP from hHintl formed gels of PPG 6
determined from 'H NMR due to supernatant presence of D>O alone or with 10 mM

Sodium phosphate (b) schematic illustrating monophosphate sequestration in hHintl

formed gels
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Figure 2.21 NAP-FF-EtAd hHintl Kinetics assay

(a) representative velocity curves for individual concentrations of PPG (pseudo-burst phase

indicated by black arrow). (b) Schematic of hHintl activity and generated fluorescence
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Figure 2.22 Time dependent release of ethenoadenosine monophosphate from hHintl

gels formed from PPG 7
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Previous determinations have shown that nearly all phosphoramidate is turned over
in response to hHintl catalytic activity and further experiments were carried out
investigating the possibility UMP was becoming immobilized within nanofibers resulting
in fractional release. NAP-FF-Inv-UMP hydrogels were formed in D20 using hHint1 and
allowed to equilibrate overnight. The next day either additional D20 or D,O containing 10
mM sodium phosphate were layered on top of the gels and aliquots were removed at
different time points to determine whether phosphate ion could replace nucleoside
monophosphate in the forming gel and induce greater release of UMP over equivalent time
periods (Figure 2.18a). Compared to addition of D20 alone, D>O containing additional
phosphate ion resulted in greater release of UMP indicating possible ionic substitution in
the formed gel structure due to competition for cationic nanofiber binding with inorganic
phosphate. In such an assembly mechanism, the positive charges present on the self-
assembled peptide nanofibers could coordinate multivalent anions such as the released
nucleoside monophosphate and inorganic phosphate, leading to cross-linking of the
nanofibers through ionic interactions (Figure 2.20b).

Model fluorogenic substrate to determine hHintl catalytic parameters of PPG
activation

Although hHintl catalytic hydrolysis of PPGs could be monitored through the
above-mentioned studies, the techniques are unable to provide catalytic parameters related
to hHintl enzyme activity for comparison to known and characterized substrates. To
determine whether hHintl catalytic activity could be monitored in a continuous assay
format, the fluorogenic PPG NAP-FF-EtAd (7) was developed which bears the unnatural
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fluorescent nucleoside 1,NS-ethenoadenosine in lieu of traditional nucleosides.?®
Interestingly, conjugation of the unnatural nucleoside phosphoramidate to the self-
assembling NAP-FF peptide resulted in significant quenching of fluorescence. Upon
hHintl hydrolysis, a rapid increase in the nucleoside fluorescence was observed. Steady
state kinetic analysis at concentrations well below the expected critical aggregation
concentration (CAC) revealed Km and Keat values of 4.8 £ 1.2 uM and 33 + 13 st
respectively (Figure 2.21). These kinetic parameters compare favorably to previously
characterized nucleoside phosphoramidates such as Trp-AMP which possesses a Km
0.13 £0.02 and keat 2.1 + 0.1.2° Interestingly, a pseudo burst-phase was observed in hHint1
kinetics experiments with higher concentrations of NAP-FF-EtAd 7. A possible
explanation for the occurrence is that hHintl acts upon oligomeric assemblies at a faster
rate due to the localized high concentrations of phosphoramidate, with equilibrium steady
state reached upon turnover of these assemblies. Further investigations into enzyme
activity upon self-assembled structures is clearly warranted.

NAP-FF-EtAd 7 was also utilized as a model probe to investigate the release of
ethenoadenosine monophosphate from hHintl formed gels in phosphate buffer. Over 24
hours, over 80% of the generated monophosphate was released from hHint1 formed gels.
Interestingly, an equilibrium was reached after that time where only limited additional
ethenoadenosine monophosphate was released over several days. Although the gelation
reaction and supernatant were both DBPS, it appears that nearly a fifth of generated
monophosphate is retained in hHintl gels under physiologically relevant pH and salt
concentrations at equilibrium (Figure 2.22)
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2.3 DISCUSSION

The first-generation of PPGs provided key evidence that hHintl responsive
elements could be incorporated into self-assembling peptides to gain spatiotemporal
control over their gelating properties. Additionally, the first-generation series of
compounds also established that the NAP-FF peptide’s robust self-assembling character
would provide a useful model self-assembling peptide for further chemical modification to
impart hHintl responsiveness. Clearly evident was the need for a second phenylalanine
residue in the peptide to generate stable gel assemblies rather than flocculated aggregates
in contrast to other reports of hydrogels formed from singly Fmoc-protected amino
acids.?®?8 Such discrepancy could be derived from the observed pathway dependence of
hydrogelation on preparation procedure for short aromatic amino acids and peptide
derivatives, as well as reduced aromatic surface area provided by the naphthyl N-terminal
cap compared to the N-terminal Fmoc group to stabilize linear assembly®.

The PEGs3 linker was found to readily enable dissolution of the second generation
PPGs, regardless of conjugated nucleoside monophosphate, to obtain viscous solutions in
aqueous buffer, presumably through enhanced solvation due to favorable water-ethylene
glycol interactions.'** As anticipated, addition of hHint1 to aqueous PPG solutions yielded
hydrogels which were stable on the bench top for days. Conversely, PPG solutions without
enzyme remained viscous solutions over the same period of time. The presumed
mechanism of enzyme induced gelation centered on the potential assembly blocking
characteristics of the polar nucleoside phosphoramidate moiety which was anticipated to
promote monomer solubilization along with the extended PEG linker, until removal by
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hHintl. Analogous mechanisms of gelation have been widely promoted in the literature
with similarly functionalized short-aromatic self-assembling peptides. Short aromatic self-
assembling peptides were previously shown to be functionalized in linear orientations with
C-terminally conjugated linkers connecting the self-assembling peptide to hydrophilic
solubilizing moieties such as taurine or nucleotides.?®?% Interestingly, these reports
indicated a lack of monomer assembly alone in solution, with both supramolecular
association and hydrogelation dependent on treatment with esterase in the case of the
taurine bearing monomer and alkaline phosphatase for the adenosine monophosphate
monomer.

Conventional TEM studies revealed that discrete numbers of nanofibers formed
bundles through lateral association resulting from hHintl enzymatic activity. Due to its
presence in all PPGs analyzed and uniformity within inspected samples, we regarded this
structural feature as the primary driver of hHintl induced PPG gelation. Laterally
associated nanofibers were previously described in hydrogels formed from the self-
assembly of Fmoc-Phe-Phe in response to decreasing pH, indicating this may be a general
feature of hydrogels formed from short aromatic self-assembling peptides.’®® However,
less clear from our studies was the nature of assembly in the PPG solutions without
enzyme, as a range of structures were observed ranging from amorphous aggregates to
fibrous networks. Additionally, due to the need for uranyl acetate staining and sample
dehydration, it was not clear whether the observed structures were formed in solution prior

to staining and drying or produced as a result of the sample preparation.
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Given the indeterminate nature of the TEM studies, cryo-TEM proved crucial for
gaining further insight into the mechanism of hHintl induced hydrogelation. Cryo-TEM
enables visualization of soft materials and nanostructures in the solvated state without
interference from artifacts derived from staining and drying.?% Surprisingly, all four PPG
solutions formed monodisperse and unassociated nanofibers. However, samples treated
with hHint1 readily formed nanofiber bundles generated from lateral nanofiber association
as observed from conventional TEM. Additionally, the unconjugated self-assembling
peptide formed distinctly different nanostructure morphologies than those observed from
the PPGs indicating pathway dependent organization of monomer assembly originating
from the nucleoside phosphoramidate moiety. From combined conventional and cryo-TEM
results, it was presumed that hHint1 catalyzes the transition between PPG nanofibers and
their higher ordered assembly into bundles. Presumably, the mechanism of hydrogelation
results from hydrolysis of the phosphoramidate moieties present along assembled substrate
nanofibers, allowing the “deprotected” nanofibers to self-assemble.

Inorganic phosphate and other polyanionic molecules have been previously
observed to initiate association of primary amine containing supramolecular structures
through charge coordination of self-assembled nanofibers.?°12%2 Hydrogelation of the
nanofibers would not be predicted after treatment with hHintl, since the surface of the
nanofibers would switch from anionic to cationic, unless compensating ionic interactions
are present. Consequently, it is possible the nucleoside monophosphate product is
responsible for cross-linking the poly-cationic self-assembled nanofibers and may
contribute additional non-covalent interactions through nucleobase hydrogen bonding and
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aromatic interactions (Figure 2.20). lonic cross-linking is ubiquitous in supramolecular
polymer and low molecular weight hydrogelation, which is evidenced by examples such
as the Ca®" dependent cross-linking of alginate, organic phosphate cross-linking of
chitosan, and the inorganic phosphate cross-linking of cationic peptide nanofibers.?%¥2%
Nucleobases have long been investigated as self-assembling motifs and have been
incorporated into a wide variety of synthetic and biologically sourced polymers to impart
their hydrogen bonding propensity into higher ordered structures.?®>2% Interestingly
experiments investigating whether nucleoside monophosphates could be competitively
released from hHintl formed hydrogels revealed that the addition of inorganic phosphate
containing buffer accelerates the release of nucleoside monophosphate from the hydrogels.
Presumably, inorganic phosphate could replace nucleoside monophosphate in the charge
coordinated hHintl gel while maintaining multivalent interactions and effectively cross-
linking the primary amine containing nanofibers (Figure 2.20). Further investigation of
this cross-linking mechanism could confirm the unique mechanism of gelation in which
the enzymatically released moiety is the mediating unit of nanofiber crosslinking and
hydrogel formation.

Dependence on hHintl for triggering gelation of PPGs was evident in SAOR
studies where increased gelation kinetics were observed in response to increased hHintl
concentration. Additionally, differences in the kinetics of gelation were observed with the
purine substrate NAP-FF-AMP 2 demonstrating more rapid gelation with equivalent
enzyme concentration than NAP-FF-UMP 3, reflecting hHint1 specificity preference.?’
Interestingly, even in the assembled state with concentrations of monomer at saturating

133



levels orders of magnitude above typical nucleoside phosphoramidate Ki, values, hHint1’s
preference for purine substrates is still evident.?”®

Additionally, hHintl inhibitor and catalytically dead H112N mutant confirmed that
both access to the active site and catalytic activity were necessary for initiating the gelation
reaction. Preference for the purine substrate was again evident in SAOR time sweeps of
NAP-FF-AMP 2 and NAP-FF-UMP 3 with hHintl preventing gelation of the pyrimidine
substrate for at least 30 min, while the purine substrate was still able to form hydrogels
despite delayed gelation kinetics in comparison to samples without inhibitor. The
difference in response is likely explained by the higher affinity of the unnatural purine base
in the inhibitor substrate mimic, which more effectively blocks pyrimidine access to the
active site than the more comparable NAP-FF-AMP substrate.?®® Importantly, due to the
known binding of the HNTI-3a ligand in the active site of hHintl and demonstration of
reduced gelation kinetics for both PPGs 2 and 3 albeit to different degrees, hHint1 triggered
gelation appears to be occurring through interactions of PPGs and the enzyme’s active site.
Dependence on catalytic activity as the sole driver of hydrogelation was further confirmed
through incubations with the catalytically dead hHint1 H112N mutant which was found to
be unable to initiate gelation for either NAP-FF-AMP 2 or NAP-FF-UMP 3.

hHintl enzymatic activity was found to be very efficient in the gelation of NAP-
FF-AMP 2 with less than 1% of the PPG substrate remaining in the hydrogel after 24 hours.
Due to the preassembly of PPGs into nanofibers, and the high turnover of PPGs to the
amine containing peptide and nucleoside monophosphate, hHintl likely performs its
phosphoramidase activity on PPGs contained within nanofibers. To monitor this reaction
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in real time, inverse linker PPG 6 was monitored in the presence of hHint1 using both 3!P
and INMR. As expected, a clear conversion of phosphoramidate to monophosphate was
observed using 3P NMR as observed in the hydrolysis of NAP-FF-AMP 2. Additionally,
monitoring of *H NMR over the same time frame demonstrated production of UMP and
gradual disappearance of peptide associated resonances due to the assembly transition from
soluble nanofibers to NMR silent gel structures. Surprisingly, although the concentration
of substrate PPG in the sample tube was quite high, only a small amount of UMP was
observed over 24 hours, much less than the expected stoichiometric equivalent.

A possible explanation for the low observed concentration of released UMP upon
treatment of NAP-FF-Inv-UMP 6 with hHintlis the sequestration of the nucleoside
monophosphate as a cross-linking ion pair agent between cationic nanofibers (Figure
2.20). Competition experiments were performed to observe if solutions containing
inorganic phosphate could competitively release UMP from the hHintl formed gels.
Indeed, the addition of D20 containing phosphate resulted in an increased release of UMP
compared to addition of D20 alone indicating that the released nucleoside monophosphate
potentially mediates nanofiber cross-linking. Due to the effectively high concentration of
released nucleoside monophosphate in the vicinity of nanofibers resulting from hHintl
activity, the nucleoside monophosphate is likely preferentially immobilized between
nanofibers compared to other ions. However, slow substitution could occur as an
equilibrium is reached with the surrounding solution similar to other ionically cross-linked

hydrogels.2%:2%?
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To further probe the importance of the hHint1 released nucleoside monophosphate
on hydrogelation, nucleoside monophosphate retention studies were carried out with the
fluorogenic PPG NAP-FF-EtAd. After incubation in phosphate buffered saline for 24
hours, approximately 80% of ethenoadenosine monophosphate molar equivalents were
released from the hHintl formed gel. Since 20% of the nucleoside monophosphate
remained in the gel, it appeared an equilibrium was reached in which, despite total
supernatant changes, the remaining monophosphate appears to be locked into the gel and
unable to be released. Thus, the majority of nucleoside monophosphate is likely initially
immobilized in surface exposed areas where exchange with solvent anions is likely
achieved rapidly. However, approximately 20% of monophosphate appears to be buried
within the nanofiber bundles and sequestered from solvent exposed areas, with multivalent
ionic interactions that are not readily susceptible to competition with solvent ions.

Additionally, efforts were undertaken to compare the phosphoramidase activity of
hHintl on PPGs compared to previously characterized nucleoside phosphoramidates, to
determine how the bulkier self-assembling peptide conjugation would affect catalytic
parameters. Interestingly, the fluorogenic substrate exhibited only a 40 fold increase in Km
compared to known purine substrates but possessed a higher keat Value by 10 fold indicating
that the PPG substrates remain efficient substrates of hHintl despite the bulky linker and
peptide.

Due to the distance separation of the nucleoside phosphoramidate and self-
assembling peptide, it is likely that the conjugation strategy could be applied to other
peptides, as well as synthetic and natural bio-polymers to impart hHint1 responsiveness for
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regulation of supramolecular assembly and nanostructure morphology. lonic cross-linking
is ubiquitous in mediating supramolecular interactions between self-assembling peptides,
peptide amphiphiles, and polymers.29-2942%7 Cationic lysine containing self-assembling
peptides were shown to be sensitive to the presence of inorganic phosphate which induced

crosslinking of nanofibers and hydrogelation®®:.

The gelation mechanism was
demonstrated with other polyanionic species such as suramin, trypan, heparin, and
clodronate?®?. Chitosan, a biopolymer derived from chitin, was shown to undergo gelation
in the presence of 6-phosphogluconic acid mediated by ionic cross-linking between
primary amines on the polymer and the negatively charged groups of 6-phosphogluconic
acid.?**2%" Nevertheless, such methods of cross-linking rely on stoichiometric quantities of
cross-linker to effect the gelation reaction. The gelation of such molecules is also inherently
sensitive to subtle changes in solution pH and ionic strength complicating their production
and application. In comparison, small quantities of hHintl enzyme catalyze similar
transitions with nucleoside phosphoramidate functionalized self-assembling peptides or
polymers in solution media with physiologic relevant salt concentrations and pH in a
selective manner at sub-stoichiometric concentrations of the counter ion. In addition, cross-
linking is generated by a human enzyme and the cross-linking agent itself is an endogenous
biomolecule indicating potential biocompatibility in comparison to systems where co-
solvents and synthetic cross-linkers can have associated toxicities.?®® We hope to further
develop such systems for application as in situ formed biomaterials for drug delivery or
regenerative purposes.

2.4 MATERIALS AND METHODS
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Materials and General Methods

Commercially available chemicals were utilized without additional purification.
Fmoc-Phe-OH, nucleoside-5’-monophosphates, propargyl amine, 2-naphthylacetic acid,
CuS04-5xH20, Na Ascorbate were purchased from Sigma-Aldrich. The amide coupling
reagents 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), (1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate (HATU), and (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) were purchased from Oakwood Chemical. Fmoc-Phe pre-
loaded Wang resin was purchased from Bachem. Amino-PEGz-Azide was purchased from
Quanta Biodesign. Diisopropylethylamine, tert-butanol, and piperidine were purchased
from Sigma-Aldrich. All bulk solvents were sourced from Fisher Scientific and were of
high pressure liquid chromatography (HPLC) grade. hHint1 wild type (WT) and H112N
mutant were expressed and purified as previously described.?®® Normal and reverse phase
chromatographic separations were performed on a Teledyne Isco CombiFlash system.
Analytical HPLC was performed on an Ultimate 3000 System (Agilent) and Higgins
Analytical Targa C18 5 pm column with 50 mM triethylammonium bicarbonate (TEAB)
buffer and acetonitrile (30%-100% Acetonitrile). hHintl enzymatic activity studies were
monitored by HPLC at wavelength 280 nm. Quantitative experiments were performed by
diluting hydrogel samples (0.9% phosphoramidate pro-gelator Substrate, 6 uM in hHintl1,
in Dulbecco’s phosphate buffered saline (DPBS)) 10x by volume in dimethylsulfoxide
(DMSO) after 24 h. Aliguots were taken from the DMSO solutions and diluted 10x with
50 mM TEAB Buffer for HPLC injection. Electrospray lonization Mass Spectrometry
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(ESI-MS) was performed on an Agilent MSD SL system and high resolution MS was
performed on an LTQ Orbitrap Velos (Thermo Scientific). Dowex 50wx8 cation exchange
resin was sourced from Sigma-Aldrich. Nuclear magnetic resonance imaging (NMR) of all
compounds was performed at 25°C utilizing an Ascend 500 MHz Bruker spectrometer (ds-
DMSO, Cambridge Isotope Laboratories). >*PNMR to observe hHintl catalysis was
performed using 5 mM phosphoramidate substrate in hHintl activity buffer (20 mM
HEPES, 1 mM MgCl, pH 7.3) with 6 uM hHint1 and 5% D-O.

General procedure for synthesis of (1)

Standard Fmoc-based solid phase chemistry was utilized to obtain the NAP-FF
peptide. Example Synthesis: Fmoc-Phenylalanine pre-loaded Wang Resin (1.0 mmol) was
swelled in dichloromethane for 15 minutes and washed three times with DMF. The resin
was suspended in 20% Piperidine in DMF with agitation provided N2 bubbling for three
minutes. The resin was washed with 20% Piperidine in DMF and again agitated for 18
additional minutes to ensure complete removal of Fmoc protecting group. After three
washings with DMF, the resin was suspended in DMF and to the reaction vessel was
charged Fmoc-Phenylalanine (3 eq., 1.16 g), HATU (3 eqg., 1.9 g), and DIEA (5 eq., 870
uL). The coupling solution was agitated with N2 bubbling for 45 minutes. Following the
coupling reaction, the resin was again washed three times with DMF and deprotected with
the same procedure as the pre-loaded resin. Following Fmoc deprotection, naphthyl acetic
acid (3 eg., 558 mg), HATU (3 eq., 1.14 g), and DIEA (5 eq., 870 uL) were charged to the
reaction vessel and agitated with N> for 45 minutes. Following the coupling reaction, the
resin was washed 3 times with DMF and 3 additional times with DCM. The resin was dried
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in vacuo overnight. Following resin drying, the resin was treated with 95:5 TFA/H,0 for
2 hours to effect peptide cleavage. The cleavage cocktail was agitated by shaking during
this time. Resin particulates were filtered away and the filtrate was concentrated to a clear
gum. The crude peptide residue was purified via flash chromatography to provide NAP-FF
in good yield (Yields: 62-79%). *H NMR spectrum (DMSO-ds): 2.73 (g, 1H), 2.93 (m,
1H), 3.00 (dd, 1H), 3.07 (dd, 1H), 3.53 (q, 2H), 4.46 (g, 1H), 4.58 (m, 1H) 7.85 (8.28

(d,1H), 8.34 (d, 1H), 12.77 (s, 1H).

Purified NAP-FF-OH peptide was charged to a round bottomed flask containing a
solution of 3,6,9-trioxa-1-azidoundecamine (1.2 eq.) in anhydrous DCM. HBTU (2 eq.)
and DIEA (1.5 eq.) were added to the solution and allowed to stir overnight at room
temperature. The reaction solution was diluted in DCM and washed with 0.1N HCI (100
mL) and brine (2 x 100 mL). The organic layer was dried over magnesium sulfate and
concentrated to a clear gum which was purified with normal phase chromatography
(DCM/MeOH 0-15%) (70-98%). *H NMR spectrum (DMSO-ds): 2.69 (g, 1H), 2.81 (g,
1H), 2.97 (dd, 2H), 3.16 (m, 1H), 3.22 (m, 1H), 3.34 (d, 1H), 3.37 (t, 2H), 3.48-3.49 (m,
14H), 4.47-4.55 (m, 2H), 7.15-7.25 (m, 10 H), 7.47 (m, 2H), 7.61 (s, 1H), 7.75 (d, 1H),

7.79 (d, 1H), 7.85 (d, 1H), 7.96 (t, 1H), 8.13 (d, 1H), 8.27 (d, 1H)
General Synthesis of Phoshoramidate Pro-Gelators (2-5)

5’-Nucleoside-monophosphate (2.5 mmol) was charged to a round-bottomed flask
and suspended in minimal de-ionized water (= 500 uL). To the suspension was added

propargyl amine (5 eq.) and the pH was adjusted to = 7 with 6N HCL. EDCI (4 eq.)
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wasadded to the red solution which was magnetically stirred. Reaction progress was
monitored with 3'P NMR which indicated reaction completion within 30 minutes. The
reaction solution was concentrated to a red gum and the crude material was partially
purified through reverse phase chromatography. The resulting nucleotide propargyl
phosphoramidate (2.0 eq) in H2O (2 mL) was added to a suspension of 1 (0.325-0.366
mmol) in 4 mL of t-BuOH. To this mixture was added 0.1 eq. of CuSO4 x 5H.0 and 0.2
eq. of Sodium ascorbate. The reaction vessel was purged with Argon and allowed to stir at
room temperature overnight in the dark. The suspensions were then purified with reverse
phase chromatography to obtain the TEA salts of the phosphoramidate pro-gelators.
Sodium salts were obtained of final compounds through cation exchange chromatography
with Dowex 50wx8 resin (Na* form). *H-NMR spectra and HPLC chromatograms are
located in Appendices.

NAP-FF-AMP (2): Yield 33.2%, 3P NMR (DMSO-ds): 6.296 ppm, HRMS (ESI-):
Calculated 1063.4191, Found 1063.4174. ((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl ((1-((4S,75)-4,7-dibenzyl-1-(naphthalen-2-yl)-
2,5,8-trioxo-12,15,18-trioxa-3,6,9-triazaicosan-20-yl)-1H-1,2,3-triazol-4-

yl)methyl)phosphoramidate

NAP-FF-UMP; (3): Yield 25.8%, 3P NMR (DMSO-ds): 6.226 ppm, HRMS (ESI-):
Calculated  1040.3919, Found  1040.3905. ((2R,3S,4R,5R)-5-(2,4-dioxo0-3,4-
dihydropyrimidin-1(2H)-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl ((1-((4S,7S)-4,7-
dibenzyl-1-(naphthalen-2-yl)-2,5,8-trioxo-12,15,18-trioxa-3,6,9-triazaicosan-20-yl)-1H-

1,2,3-triazol-4-yl)methyl)phosphoramidate
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NAP-FF-GMP (4): Yield 62.7%, 3P NMR (DMSO-ds): 6.314 ppm, HRMS (ESI-):
Calculated 1079.4140, Found 1079.4125.((2R,3S,4R,5R)-5-(2-amino-6-oxo-1,6-dihydro-
9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl  ((1-((4S,7S)-4,7-dibenzyl-1-
(naphthalen-2-yl)-2,5,8-trioxo-12,15,18-trioxa-3,6,9-triazaicosan-20-yl)-1H-1,2,3-triazol-

4-yl)methyl)phosphoramidate

NAP-FF-CMP (5): Yield 28.0%, 3P NMR (DMSO-ds): 6.289 ppm, HRMS (ESI-):
Calculated 1039.4079, Found 1039.4071. ((2R,3S,4R,5R)-5-(4-amino-2-oxopyrimidin-
1(2H)-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl ((1-((4S,7S)-4,7-dibenzyl-1-
(naphthalen-2-yl)-2,5,8-trioxo-12,15,18-trioxa-3,6,9-triazaicosan-20-yl)-1H-1,2,3-triazol-

4-yl)methyl)phosphoramidate
Synthesis of Inverse Linker NAP-FF-Inv-UMP Phosphoramidate Pro-Gelator (6)

NAP-FF-Propargyl: Solid components NAP-FF-OH (423 mg, 0.88 mmol) and HBTU (667
mg, 1.76 mmol) were charged to an oven dried round bottomed flask and suspended in dry
DCM. Under N2 atmosphere, propargyl amine (140 pL, 2.19 mmol) and DIEA (303 uL,
1.76 mmol) were added to the suspension which stirred overnight at room temperature. The
reaction solution was diluted in DCM and washed with 0.1N HCI (100 mL) and brine (2 x
100 mL). The organic layer was dried over magnesium sulfate and concentrated to a clear
gum which was purified with normal phase chromatography (DCM/MeOH 0-15%) Yield
81%, *H NMR spectrum (DMSO-ds): 2.74 (t, 1H), 2.82 (m, 1H), 2.96 (m, 1H), 2.99 (m,

1H), 3.15 (s, 1H), 3.48-3.593(q, 2H), 3.86 (s, 2H), 4.48-4.56 (m, 2H), 7.15-7.23 (M, 10H),
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7.47 (m, 3H), 7.602 (s, 1H), 7.75 (d, 1H), 7.79 (d, 1H), 7.86 (d, 1H), 8.18 (d, 1H), 8.25 (d,

1H), 8.32 (t, 1H)

Azide-PEG3-UMP: Uridine monophosphate (1.1 g, 3.4 mmol) was added to a scintillation
vial and suspended in 2 mL of H20. 3,6,9-trioxa-1-azidoundecamine (600 mg, 2.75 mmol)
was added to the suspension and the solution was neutralized with 1N HCI dropwise. EDCI
(2 grams, 10.5 mmol) was added to the suspension which stirred for 4 hours. At this time
the crude solution was diluted in 50 mM TEAB and was partially purified through reverse
phase chromatography. LRMS (ESI-) 523.2, calculated 523.4, 3'P NMR (DMSO-ds): 6.258
ppm. Residual EDCI urea salt was present in the partially purified phosphoramidate

however the product was carried to the next step without additional purification.

NAP-FF-Inv-UMP; (6): Preparation was performed as for PPGs 2-5. Yield 3P NMR
(DMSO-ds): 6.679 ppm, HRMS (ESI-): Calculated 1040.3919, Found 1040.3904.
((2R,3S,4R,5R)-5-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)methyl (2-(2-(2-(2-(4-(((S)-2-((S)-2-(2-(naphthalen-2-
yl)acetamido)-3-phenylpropanamido)-3-phenylpropanamido)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethoxy)ethyl)phosphoramidate
Synthesis of Fluorogenic NAP-FF-EtAd Phosphoramidate Pro-Gelator (7)

Preparation was achieved through generating the propargyl phosphoramidate derivative of
the fluorescent monophosphate followed by click chemistry to the azido peptide 1.
Ethenoadenosine monophosphate was prepared as previously described in the literature.?%

The propargyl phosphoramidate derivative was synthesized through EDCI mediated
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coupling to the monophosphate and subsequent partial purification through reverse phase.
Subsequent click reaction conditions and purification were identical to that described above

in the synthesis of PPGs 2-5.

NAP-FF-EtAd; (7): Preparation was performed as for PPGs 2-5. Yield 3P NMR (DMSO-
ds): 6.299 ppm, LRMS (ESI-): Calculated 1087.4, Found 1087.6 ((2R,3S,4R,5R)-3,4-
dihydroxy-5-(3H-imidazo[2,1-i]purin-3-yl)tetrahydrofuran-2-yl)methyl ((1-((4S,7S)-4,7-
dibenzyl-1-(naphthalen-2-yl)-2,5,8-trioxo-12,15,18-trioxa-3,6,9-triazaicosan-20-yl)-1H-

1,2,3-triazol-4-yl)methyl)phosphoramidate

General preparation of phosphoramidate pro-gelator solutions and hHintl formed

hydrogels

Precursor and gel samples were prepared as follows: Lyophilized foams of each
phosphoramidate pro-gelator were weighed into scintillation vials and dissolved in hHint1
activity buffer resulting in 1% wt/vol solutions. Samples were mixed with vortexing to
ensure complete dissolution of the material. Final working solutions of 0.9% wt/vol
concentration were obtained by mixing 450 uL of each 1 % wt/vol pro-gelator solution
with 50 additional pL of hHintl activity buffer. Hydrogel samples were generated in a
similar manner by adding 50 pL of hHintl in activity buffer to 450 uL of 1% wt/vol pro-
gelator solution to generate samples containing 6 pM concentrations of enzyme and 0.9%

wt/vol.

Conventional and Cryo-Transmission Electron Microscopy
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Imaging was performed using an FEI Technai Spirit Bio-Twin instrument.
Conventional TEM hydrogelation samples contained 0.9% by wt/vol phopshoramidate
pro-gelator and 19 uM HINT in activity buffer except NAP-FF-AMP which contained 36
uM HINT1. Gelation samples cured on grid for 10 minutes before blotting and staining.
Substrate only samples contained 0.9% by wt/vol phosphoramidate pro-gelator in activity
buffer. Conventional TEM samples were stained with 2% uranyl acetate for negative
imaging.

Hydrogel samples of 2-5 analyzed with Cryo-TEM contained 0.9% by wt/vol
phosphoramidate pro-gelator and 6 uM HINTL in activity buffer. The gel forming reaction
was allowed to proceed for at least 10 minutes before vitrification. Substrate only samples
contained 0.9% by wt/vol phosphoramidate pro-gelator in activity buffer. Inverse linker
substrate 6 was analyzed similarly with 3 pL of 1 % wt/vol PPG in DPBS applied directly
to the sample grid followed by 0.5 pL of hHint1 solution for a final enzyme concentration
of 50 uM in the gel sample. PPG alone sample consisted of 3.5 pL of 1% wt/vol PPG.
Cyro-TEM of 1% wt/vol NAP-FF-NHz in DPBS was performed with or without 1% wt/vol
adenosine monophosphate.

Small Angle Oscillatory Rheometry

Rheological experiments were performed on a TA Instruments AR-G2 Rheometer.
The 25 mm geometry was utilized with upper and lower geometries modified with 600 grit
sandpaper to aid in sample adhesion. All samples were 500 uL in volume and were
prepared by combining 450 pL of 1% wt/vol substrate in HINT1 activity buffer with up to
10 puL of Enzyme (Final Concentration in Sample 6 uM), and 40 uL of HINT1 activity
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buffer to maintain constant volumes between samples. The Peltier temperature was set to
a constant temperature of 23°C. Time course experiments were performed at 0.1% strain
and 1 rad/s for all experiments with both values within the linear viscoelastic range.
Experiment time lengths were kept to a minimum to observe sample curing while avoiding
evaporation, the effects of which were mitigated by use of humidity chamber lined with
moistened paper towels. In samples demonstrating a clear sol-gel transition with G’
becoming greater than G’’°, gelation times are defined as the time point at the crossover.
For samples where G’ was greater than G’’ for the entire time course, a time point was
estimated by constructing linear curves before and after the G’ increase and determining
the time point at which both linear functions possessed equal values to estimate the
inflection point. All reported gelation time points are averages of at least 3 individual
experiments.
NMR Experiments with NAP-FF-Inv-UMP

Concentration experiments were performed by making 0.005%, 0.01%, 0.025%,
0.05%, 0.075%, 0.1%, 0.5%, 1% wt/vol solutions of NAP-FF-Inv-UMP 6 in D-O.
Experiments monitoring the catalytic activity of hHintl were performed in DO without
H20 co-solvent to enhance H signal from the PPG and released monophosphate, and to
delay hHintl enzyme Kkinetics to enable monitoring over extended time periods. The
concentration of NAP-FF-Inv-UMP was 1% wt/vol with MeCN as an internal standard due
to its miscibility with D.O and presence of a single peak not overlapping with any region

of the PPG. The concentration of UMP generated was determined using the equation A =

Areay XS

o where A is analyte concentration, S is the concentration of MeCN, and the Area
S
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is the integrated signal for a characteristic peak. The peak monitored from UMP was the
position 6 proton of the nucleobase. UMP release experiments from hHintl formed gels
were performed by making hydrogels from 3.9 uM hHint1 and 1 % wt/vol PPG with a total
volume of 610 pL. Gels were cured at room temperature overnight, and the next day 610
uL of either D20 or D>O with 10 mM Sodium phosphate (both monobasic and dibasic for
final pD of 7.4) were added to the top of the gels and incubated for different time periods.
The cumulative release of UMP was determined using the equation above and MeCN as
an internal standard.
NAP-FF-EtAd Fluorescence Assays

hHintl enzyme Kinetic assays were performed as previously described?”.
Deviation from the published method was only used with respect to the fluorophore
excitation and emission which were achieved at 305 nm and 415 nm respectively. Non-
linear regression with built in Michaelis-Menten model in GraphPad Prism was used to
determine catalytic parameters. Ethenoadenosine monophosphate release was performed
by first generating 50 puL hydrogels from NAP-FF-EtAd with 0.9% wt/vol concentration
of the PPG in DPBS. The hydrogels cured overnight and at different time points, 450 uL
of additional DPBS were layered onto formed gel. At time points, the buffer was removed,
replaced with equivalent volume of fresh buffer, and analyzed with Cary Eclipse
Fluorimeter using an ethenoadenosine monophosphate standard curve to determine the

concentration of released monophosphate. Experiment was performed in triplicate.
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CHAPTER 3: SELF-ASSEMBLY OF NUCLEOSIDE PHOSPHORAMIDATE

MODIFIED PEPTIDES AND NUCLEOBASE DEPENDENT GELATION
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3.1 INTRODUCTION

Since their serendipitous discovery, various chemical modifications of self-
assembling peptides have been made to modulate their self-assembling and functional
properties beyond making changes in their peptide sequence.**!453% Among the earliest
performed and most basic of chemical modifications has been the addition of lipophilic
moieties such as fatty acids to generate peptide amphiphiles or lipopeptides.*®"1! In
addition to promoting membrane association and anchoring, aliphatic modifications
promote self-assembly of peptides themselves into micellar structures through
hydrophobic collapse.!” The broad utility of peptide amphiphiles is reflected in the
robustness of their self-assembly in a wide variety of formats, driven by the unique balance
of non-covalent interactions that lead to assembly at low concentrations and with
remarkable stability.32!" Additionally, peptide modification is not limited to a single fatty
acid chain as diglycerides have also been used to generate supramolecular vaccine

adjuvants.?t®

N-terminal aromatic modification of short peptides has proved invaluable as
synthetic peptide modifications to drive assembly and gelation. The addition of a
Fluorenylmethoxycarbonyl (Fmoc) group to the N-terminus of diphenylalanine peptides
sparked the development of a wide variety of low molecular weight gelating molecules
investigated for use in applications ranging from cell culture substrates to drug delivery
vehicles.®>%" Alternative N-terminal aromatic modifications include various naphthalene
and pyrene derivatives, as well as simple protecting groups such as benzyloxycarbonyl

moieties (Figure 3.1).1921% n addition, functional molecules such fluorescent dyes and
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therapeutics bearing aromatic character have been used as N-terminal aromatic
modifications.3%3%2 Despite the varied modifications that have been demonstrated, the
commonality among these moieties is the promotion of self-assembly through hydrophobic
collapse and stabilization of peptide association through aromatic and complementary

steric interactions.’>100.107.108

Additional modifications have sought modulation of assembly properties such as
gelation, rheological enhancement, or colloidal stabilization.*#41613%93 Conjugation of a
short PEG unit to Fmoc-pentafluorophenylalanine was found to enhance response to shear
when co-assembled with the unmodified amino-acid into a supramolecular gel.}*
Favorable solvation of the nanostructure surface was thought to play a role in promoting
stability of the nanofibers in a liquid-like state under shear forces until re-establishment of
the entangled gel network could occur.*** Thermoresponsive polymer segments have been
conjugated to the C-termini of self-assembling peptides to influence their gelation
properties in response to an increase in temperature.'®* Co-assembly of the polymer-
peptide conjugates with unmodified peptide yielded supramolecular hydrogels with
enhanced rigidity due to enthalpically favorable intra-fiber interactions between the
conjugated poly(N-isopropylacrylamide) polymer and peptide nanofiber although gelating
properties were unaffected by increasing temperature.6! Native chemical ligation has also
been used to enhance the mechanical properties of self-assembled peptide hydrogels.3%®
The conjugation technique was utilized to form covalent amide bonds between self-

assembled B-sheet forming peptides to effect assembly cross-linking.3%®
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Figure 3.1 Structures of PPGs 2-5 and NAP-FF-OH with N-terminal aromatic

modification
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Figure 3.2 Growth factor immobilization on peptide nanofiber through streptavidin

sandwich
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Figure 3.3 Strategies of self-assembling nucleopeptide design
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Figure 3.4 G-tetrad hydrogen bonding pattern
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Figure 3.5 Nucleopeptides formed through click chemistry conjugation of peptide and

nucleoside
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Functional modification of self-assembling peptides has been achieved through
conjugation to a wide variety of synthetic and biological molecules to impart characteristics
useful in a wide range of applications.>4°-%043%° One method of functionalization is through
chemical conjugation of self-assembling peptides in the synthetic stage prior to material
self-assembly, either alone or in co-assembly with unfunctionalized peptide to maintain
predictable assembly morphology and mechanical properties.>*** Among the first
explored modifications was the conjugation of biotin to a RADA class self-assembling
peptide for the purpose of growth factor delivery to damaged myocardial tissue. In the
design, biotinylated insulin-like growth factor 1was immobilized onto the also biotinylated
peptide nanofibers through the multivalent interactions provided by streptavidin (Figure
3.2). * Fully folded proteins were co-assembled into self-assembling peptides through
modification of the protein sequence to include a B-sheet forming motif through
recombinant expression. In the system, peptide nanofibers were modified with green
fluorescent protein without aggregation and loss of fluorescence in the assembled state.'®
The above examples are obviously not comprehensive of the vast array of modifications

reported, but clearly illustrate the breadth of modifications possible.

Post-assembly covalent modification has also been utilized as a method to influence
the gelation and functional properties of self-assembling peptides and peptide
amphiphiles.3®® A major hindrance to the addition of functional moieties to self-assembling
peptides is the tendency for modification to perturb the delicate balance of intermolecular
and monomer-solvent interactions that contribute to association, either disrupting assembly

or preventing it entirely. Post-assembly modification using click chemistry was
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investigated as a way to append small molecules and proteins to self-assembled
nanofibers.®® Similar formats have sought to cross-link self-assembled peptide
nanostructures after assembly to enhance their gel rigidity. Peptide amphiphile nanofibers
bearing multiple Lys residues in the peptide segment were cross-linked with glutaraldehyde
through Schiff base formation, significantly increasing their elastic moduli and resistance
to shear. An interesting approach to post-assembly modification was demonstrated where
peptide amphiphiles bearing dienes in the aliphatic tail were cross-linked with ultraviolet
light. Introduction of covalent cross-linked induced ordering of peptides repulsed by
electrostatics from random coil to B-sheet configurations, stabilizing the assemblies and

inducing nanofiber strand growth.’

Incorporating elements of both application focused functionality and enhancement
of assembly properties, nucleo-peptides have proven to be among the most valuable of
covalent modifications in self-assembling peptides. The most simplistic nucleo-peptides
have incorporated nucleobases as biologically derived aromatic moieties for N-terminal
modification of short self-assembling peptides, with reported hydrogen bonding capability
to nucleic acids although the molecular orientation and mechanism of this interaction is
unclear (Figure 3.3).34307-39 Conjugation at the C-terminal end of short aromatic peptides
has also been demonstrated with possible enhancement of solvent exposure contributing to
the ability of modified gel forming peptides to achieve functional interactions with a range
of nucleic acids.>® Similar modifications have also been achieved through incorporation of
peptide nucleic acids into surface exposed domains of peptide amphiphiles, enabling

sequence selective duplex formation with oligonucleotides exhibiting stabilities rivaling
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that of corresponding DNA duplexes (Figure 3.3).1%4310 peptide-nucleic acid modification
of a self-assembling peptide was also shown to enable the cross-linking of supramolecular
peptide nanofibers through biomolecular recognition achieved through a complementary
oligonucleotide sequence. Inclusion of the cross-linking moiety was shown to enhance the
rheological properties of gels formed from peptide nucleic acid modified in terms of elastic

modulus and frequency response.3!

Derivatives of nucleosides and nucleotides have long been investigated as self-
assembling moieties capable of forming gels in either organic or aqueous solvent.32
Generally, nucleosides and nucleotides are modified with aliphatic moieties such as alkyl
chains to promote their assembly and impart gelating properties to overcome the high
degree of solvation imparted by the sugar and phosphate.?'?34 Although monomeric
Watson-Crick hydrogen bonding interactions may readily promote assembly in organic
media, addition of coordinating moieties may also be necessary to trigger hydrogelation
through further non-covalent interactions which has been achieved with metal salts and
cationic surfactants.*>%1® The most robust class of nucleoside and nucleotide based
hydrogelators are based on guanosine, taking advantage of its unique ability to form tetrads
in the presence of alkali cations in aqueous solution (Figure 3.4).3'7 Simple triacetylation
of guanosine hydroxyl groups and addition of a methoxy group at the 8 position of the
guanosine ring yielded simple hydrogelator capable of supporting the growth of cells.3®
Additionally, diol modification of the guanosine ribose ring with borate generated robust
gelators capable of assembling in the presence potassium salt and high elastic moduli due

to cross-links provided by the borate modification.®*® However, a common limitation of
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guanosine derived hydrogels is their eventual aggregation and crystallization from solution
as formed gels result from metastable assemblies not represented by thermodynamic
minima.3'? Additionally, due to the relatively small area of intermolecular interaction
between nucleoside units, the rheological properties of formed gels are generally poor
which limits potential application.®?® Enhancing the rheological properties and gel stability
of these gels generally includes addition of polymers or small molecule stabilizers of G-

tetrads 318,320,321

Compared to nucleobase incorporation, relatively few investigations have sought
to incorporate nucleosides or nucleotide derivatives into self-assembling peptides.
Recently, click chemistry was used to click nucleosides to self-assembling peptides
(Figure 3.5).3%2 Interestingly, the modification triggered assembly into spherical
nanostructures, capable of encapsulating dyes enabling monitoring of long-term release.3?
Additionally, adenosine monophosphate was conjugated to short aromatic peptides to
impart alkaline phosphatase sensitivity to generate a responsive gelation system. The
monophosphate was conjugated through the exocyclic amine of the nucleobase, facilitating

presentation of the mono-phosphoester for phosphatase hydrolysis.3?®

We previously demonstrated the synthesis and self-assembly of nucleoside
phosphoramidate functionalized peptides into monodisperse nanofibers in aqueous
solution.?**  Our previous investigations sought to establish the nucleoside
phosphoramidate motif as an enzyme responsive moiety for controlling the spatiotemporal

gelation properties of self-assembling peptides.?** However, it has not escaped our
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attention that the nucleoside phosphoramidate moiety can potentially play a role in
influencing the self-association of functionalized peptides, as well as inter-fiber cross-links
leading to phosphoramidate driven gelation. The nucleoside phosphoramidate moiety
represents a fascinating peptide modification as it simultaneously imparts elements of
hydrophobicity, aromaticity, polar solvating groups, ionic charge, and nucleobase driven
hydrogen bonding interactions. Primarily, we have found guanosine phosphoramidate
functionalization as a driver of nanostructure association and gelation in solutions of
suitable ionic strength. In reporting our preliminary findings here, we hope to provide
insight into the potential applications of nucleoside phosphoramidates as modulators of
supramolecular assembly which can be applied to self-assembling systems based on

peptides and macromolecules.

3.2 RESULTS

Critical aggregation concentrations of phosphoramidates 2-5

A surprising observation in our previous development of hHintl responsive self-
assembling molecules was the spontaneous assembly of nucleoside phosphoramidate
functionalized self-assembling peptides into highly ordered and monodisperse nanofibers.
Despite the high polarity imparted by the functionalization through the hydrophilic diol of
the ribose sugar and negative charge provided by the phosphoramidate moiety, monomer
solvation was disfavored under the investigated experimental conditions, instead favoring

the nanostructure assembly.
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Figure 3.6 Critical aggregation concentration (CAC) determination of self-
assembling phosphoramidates 2-5 determined with nile red fluorescence and

sedimentation by ultracentrifugation

(a) representative nile red assay readout for critical aggregation determination of NAP-FF-
AMP 2 (b) calculated CAC for compounds 2-5 determined from nile red assay and
sedimentation for 2 and 3. Values represent mean and + standard deviation for at least three

separate experiments.
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To further understand the assembly properties of the nucleoside phosphoramidate
functionalized peptides 2-5, investigation of the critical aggregation concentration (CAC)
for each molecule was performed using a Nile red fluorescence assay (Figure 3.6). Nile
red is a solvatochromic dye with well characterized fluorescence in hydrophobic
environments leading to its widespread use as a phospholipid membrane imaging dye as
aqueous quenching of fluorescence is relieved in lipid environments.®** In addition to
functioning as a imaging probe for membranes, Nile red has widely been used as a staining
agent for detecting amyloids and characterizing self-assembled nanostructures.¢”*% The
assay was performed with each phosphoramidate 2-5 by incubating varying concentrations
of monomer with an identical 50 uM Nile red across all samples. Upon mixing, each
sample was heat denatured and reannealed at room temperature overnight in the dark to
ensure proper measurement of the assembly equilibrium. The critical aggregation
concentration represents an equilibrium threshold below which monomers predominate,
and above which self-assembled nanostructures are present. Therefore, in the Nile red
assay, at concentrations below the CAC, only baseline fluorescence will be observed due
to quenching of fluorophore in aqueous solvent. However, as the concentration of
phosphoramidate exceeds the critical aggregation concentration, Nile red can become
immobilized within the nanostructures thus relieving quenching by solvent and enabling
fluorescence readout. Interestingly, the two purine bearing conjugates NAP-FF-AMP 2 and
NAP-FF-GMP 4 exhibited CACs of 319 uM and 328 pM respectively (Figure 3.6). In

contrast, the pyrimidine modified phosphoramidates NAP-FF-UMP 3 and NAP-FF-CMP
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5 exhibited greater CAC values compared to the purines of 419 uM and 411 uM

respectively (Figure 3.6).

Because critical aggregation concentration determination using Nile red is a
secondary measurement of self-assembly, we sought to corroborate these values using
sedimentation experiments. Sedimentation through ultracentrifugation is a useful
technique for investigating the monomer and assembly equilibria of amphiphiles and self-
assembling molecules.” High-speed centrifugation of phosphoramidate solutions enabled
separation of self-assembled nanostructures and oligomeric species which collapsed onto
the bottom of centrifuge vessels generating a clear pellet, with free monomer remaining in
solution measured with HPLC. CAC values using the technique were found to closely
approximate those determined from the nile red assay with respective values for NAP-FF-
AMP and NAP-FF-UMP of 267 uM and 451 uM indicating the same trend between purine

and pyrimidine modified peptides (Figure 3.6b).
Spontaneous gelation of phosphoramidate conjugates 2-5 investigated with SAOR

Previously, we found that phosphoramidates 2-5 formed viscous solutions at 0.9 %
wt/vol in 20 mM HEPES and 1 mM MgCl.> through visual inspection aided by the inversion
test. In this test, liquid like material behavior is exhibited through flow and the lack of a
self-supporting structure, and gel character is indicated by the converse in both aspects. A
limitation of the technique is the difficulty in distinguishing weak gels from viscous
solutions as the yield stress of weak gels can be so low as to induce flow upon simple

inversion in small vessels.
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Figure 3.7 SAOR investigation of gel forming phosphoramidate NAP-FF-GMP 4

(a) strain response of elastic (G”) and loss (G’”) moduli indicating linear region from 0.10%
to approximately 10% where hydrogel mechanical properties are independent of applied
stress and resulting strain (b) angular frequency of applied stress response of elastic (G’)
and loss (G’’) moduli across a wide range of frequencies indicating broad linear response
region (c) Cyclic strain experiments indicating shear thinning properties. Shaded regions
represent the application of high strain to induce gel reversion to liquid like state indicated
by higher loss (G’’) moduli than elastic (G’) moduli. All figures represent single

experiments representative of data collected in at least three separate experiments.

a b
100000 100000

10000 - = 10000 | eeseseseesseseesessscsessesescs

= e

5, 1000 5 1000 0O0OCOAO0a0E0a00a0A00a000000

eG'OG"

2 100 Z 100

« S

0 10 o 10
1] . ‘ | 11 | | |
0.10% 1.00% 10.00% 100.00% 0.5 5 50 500

Strain (%) Angular Frequency (rad/s)

€ 100000

10000 L

G' and G" (Pa)

0 200 400 600
Time (s)

164



Figure 3.8 SAOR characterization of NAP-FF-GMP 4 gelation in the presence of

varying ionic strength

(a) strain sweeps and (b) frequency sweeps of 2.5 % wt/vol 4 in 10 mM Sodium phosphate
with 75 mM NaCl (black circles, G’ filled and G’ open) and 55 mM NaCl (blue squares,
G’ filled and G”’ open) (c) time sweep of 2.5 % wt/vol 4 in 10 mM Sodium phosphate with
35 mM NacCl. The very low moduli measured for these samples indicate no gel character.
All figures represent single experiments representative of data collected in al least three

separate experiments.

a b
100000 100000
e G' oG":75mMNacl
10000 = G' O0G":55mMNacCl 10000 -
: -,  oopapaocoaoeo PR

w w
. .
H Beeesacnaatestefarinaisin "l H
g 1000 lIlII.rlFI.I'llIl|ll'llll[.iI.[.‘ g 1000
& i e & eG' OG":75mMNaCl
® 100 § o 100 EG" OG":55mMNacl
10 } } 1 | 10 4 } } t
0.1% 1.0% 10.0% 100.0% 1000.0% 0.5 5 50 500
Strain (%) Angular frequency (1/s)
1.4 -
1.2 -
T A A
o 1-#®
:‘08— ¢ G’ : 35mMNacCl
o OG":35mMNacl
g 0.6 o
E.'JOA?GES% OGRS
0.2 -
0 T T T 1
0 200 400 600 800
Time (s)

165



Solutions of phosphoramidates 2-5 prepared in DPBS were investigated using small
amplitude oscillatory rheometry (SAOR) to determine possible weak forming gel
properties due to higher concentration and increased ionic strength. Despite these changes,
NAP-FF-AMP 2, NAP-FF-UMP 3, and NAP-FF-CMP 5 demonstrated only weak gel
character, at 2.5 % wt/vol with measured elastic moduli on the order of 10 Pa which borders
on the detection limit of the instrument. The weak mechanical properties of
phosphoramidate nanofibers formed from 2, 3, and 5 was evident upon sample application
to the rheometer geometries as deposited material rapidly collapsed into spreading

solutions.

In contrast, NAP-FF-GMP 4 formed robust hydrogels at a concentration of 2.5 %
wt/vol in DPBS signified by significantly higher elastic moduli (G’) than loss moduli (G”’)
in the linear viscoelastic region, where changes in magnitude and frequency of applied
stress do not affect material rigidity (Figure 3.7a,b). The hydrogels possessed elastic
moduli on the order of 10 kPa (9.4 + 4.6 kPa) with a gel-sol transition at 30% strain (Figure
3.7a). More interestingly, cyclic strain experiments revealed the shear thinning properties
of the gels. Significant decreases in moduli and liquid like character were observed at
strains greater than the yield strain, which rapidly reversed upon return of strains within
the viscoelastic region (Figure 3.7c¢). Cycling between high and low strain could be
repeated several times without loss of peak moduli over time further indicating the stability

of the hydrogels and recovery properties (Figure 3.7¢).
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Salt concentration dependent gelation of NAP-FF-GMP 4 determined with SAOR

and effect of phosphoramidate mixing

As NAP-FF-GMP 4 is expected to be negatively charged in aqueous solution at
physiologic pH, the gel forming character of the molecule was investigated in buffers of
varying ionic strength to investigate a dependence of gelation on ionic screening, a factor
possibly contributing to only weak gel formation in previously characterized samples. lonic
screening above a critical salt concentration is generally required to achieve self-assembly
and gelation of charged peptides and peptide amphiphiles, and it was expected that similar
character would be exhibited in this system.’>!1” Three different solutions buffered with
10 mM sodium phosphate and possessing sodium chloride concentrations of 75 mM, 55
mM, or 35 mM were used to prepare samples of 4 at concentrations of 2.5 % wt/vol. In the
high salt sample elastic moduli were comparable to the hydrogel prepared in DPBS with
an average elastic modulus of approximately 15 kPa (14.9 + 2.0 kPa) over the linear
viscoelastic region (Figure 3.8a,b). In comparison, hydrogels of 4 prepared in buffer with
55 mM NaCl exhibited significantly reduced moduli, with plateau moduli over the linear
viscoelastic region approximately 6.5 kPa (6.5 + 1.9 kPa) (Figure 3.8a,b). However, both
gels possessed wide linear ranges in response to both increasing strain and frequency. In
comparison, 4 prepared in buffer containing 35 mM NaCl possessed exceedingly weak gel
like character with moduli never exceeding 10 Pa indicating a clear dependence on ionic

strength for gel forming character (Figure 3.8c).

Stability of NAP-FF-GMP 4 hydrogels and monomer release kinetics
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The observation of NAP-FF-GMP 4 gel formation spurred further investigation into
characterizing the stability of the gels over time. Monomer erosion was assessed for 2.5 %
wt/vol gels formed in DPBS where an additional supernatant layer was added to the top of
cured gels after 24 h. Aliquots of supernatant were removed from samples at time points
over several days. The gels exhibited remarkable stability over this time period with less

than 10% of total monomers lost from the gel over 10 days (Figure 3.4).

Determination of supernatant monomer content over time also enabled the
determination of kinetic rate constants for the release of monomers from formed hydrogels
and corresponding half-life release profiles. A study investigating the pharmacological
release profile of somatostatin-14 monomers from self-assembled nanostructures produced
an empirical hybrid first order and zero order release equation to describe the system’s
erosion phenomenon.®?® Minimization through least squares non-linear regression
revealed that the zeroth order rate constant was not necessary in the fitting of the release
experimental data for NAP-FF-GMP 4 and that a modified version of the first order rate

equation,
Cr = CAC X (1 — e Fat)

where Cr is the percentage release of monomer from the total sample, CAC is the
equilibrium percentage of released monomer expected based on the critical aggregation
concentration, ki is the first order rate constant, and t is time closely fit experimental data.
Additionally, model fitting of the data produced a predicted first order rate constant of 2.65

+0.10 x 10 min corresponding to equilibrium half-life of 2.62 + 10 x 10° min or 43 h
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(Figure 3.9). Monomer release experiments were not performed with non-gelling
phosphoramidates 2, 3, or 5 due to difficulty of maintaining nanofiber separation from
added supernatant solutions without high speed centrifugation, which was expected to

affect monomer release kinetics through the dense nature of formed pellets.
Characterization of assembly formation with NMR

Monomer erosion experiments provided key evidence of the strength of
intermolecular interactions leading to both monomer assembly and inter-fiber cross-links
in the NAP-FF-GMP 4 phosphoramidate gels. Additionally, although both purines have
similar CACs, the aforementioned techniques provide little insight into the differences the
two nucleosides play in the early stages of assembly. *H NMR experiments were performed
to further characterize monomer association to generate supramolecular assemblies. Using
MeCN as an internal standard, the concentrations of NMR visible NAP-FF-GMP 4 and
NAP-FF-AMP 2 was determined with molecules dissolved in either DO or DO with 10
mM sodium phosphate and 50 mM NaCl (Figure 3.10a,b). As expected, samples in D20
with no salt generated linear responses of observed signal to increasing concentrations
indicating that NMR silent aggregates were not forming and only soluble aggregates and
monomer were likely observed. In contrast, NAP-FF-GMP 4 prepared in D20 with 10 mM
sodium phosphate and 50 mM NaCl demonstrated a striking lack of monomer signal. At
0.0625 % wt/vol, the observed signal of the aromatic region of 4 significantly deviated
from linearity resulting in no significant increase in the observed signal compared to

0.03125 % wt/vol. Furthermore, no significant increase in the observed signal was found
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by further increasing the sample concentration from 0.125 % wt/vol to 0.25 % wt/vol. Since
0.0625 % wt/vol corresponds to approximately 567 uM, slightly higher than the anticipated
CAC, we observed that 4 quickly transitions from monomer to NMR invisible aggregate
structures. Indeed, gel-like character was observed in the two highest concentrations at
0.125 % wt/vol and 0.25 % wt/vol. Similar trends were observed with samples of NAP-
FF-AMP in D20 or D20 with phosphate buffered saline (Figure 3.10b). Linear increases
with concentration were observed in the D20 only sample with flattening of the
concentration response above 0.0625 % wt/vol. The results show a clear dependence of
assembly for both purine phosphoramidates on the ionic strength of solution but fail to
point to a mechanism indicative of NAP-FF-GMP’s gelating properties in comparison to
NAP-FF-AMP. Although both phosphoramidates lost significant concentration response
to relative integration above the expected CAC, the nature of the formed assemblies could
be of a different nature, differing in size and intermolecular associations between

assemblies.
Small angle x-ray scattering

Previous cryo-TEM studies confirmed the self-assembly of phosphoramidates 2-5
into highly monodisperse nanofibers, approximately 7-8 nm in width and with lengths on
the order of microns.?** However, TEM spectroscopic studies limit sample visualization to
localized regions suitable for image generation. Small angle x-ray scattering experiments
were performed to gain information about sample wide nanostructure morphology.®?’ In

contrast to x-ray crystal analysis where crystallized samples produce distinct diffraction
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patterns which give precise information about atomic structure, x-ray scattering analysis of
solution phase samples produces radially smeared scattering patterns, which are

azimuthally averaged to produce 1D scattering profiles.3?8

We sought to initially
investigate the phosphoramidates at concentrated levels in H.O (Figure 3.11).
Surprisingly, strong diffraction peaks were observed at g-values 2.7 x 102 t0 3.7 x 102 A"
Lin 5 % wt/vol samples of NAP-FF-GMP 4 and NAP-FF-AMP 2. Conversion of the g-
values to characteristic distances revealed the sharp peaks corresponded to distances
between 17 nm and 22 nm. In scattering experiments, the presence of sharp peaks generally
corresponds to high levels of sample wide uniformity in nanostructures mimicking
crystalline features. As the measured diameter of nanofibers is approximately 7-8 nm as
observed from cryo-TEM studies, and the length of nanofibers is on the order of microns,
the characteristic scattering peak was attributed to long range ordering of the nanofibers.
Such long-range ordering has been observed in other self-assembling peptide systems
where charge repulsion due to ionized residues limits the packing of nanofibers at high
concentrations, leading to a characteristic inter-nanofiber distances represented by sharp
scattering peaks resulting from hexagonal packing.®? Interestingly, the characteristic peak
from NAP-FF-GMP 4 was less sharp than the other phosphoramidates indicating less
degree of sample wide homogeneity in terms of nanofiber packing, possibly due to
nanofiber cross-links and associations.®*°23! Additionally, the scattering peak was deemed
to be concentration dependent as samples examined at lower concentrations failed to
reproduce the sharp peak, but retained features in the low-q region indicative of inter-
particle repulsion.
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Figure 3.9. Monomer erosion from NAP-FF-GMP 4 gels.

Vertical axis corresponds to the percent release of monomer over time from the total
original amount. The blue curve corresponds to a first order release equation fit to the data
through non-linear least squares regression which enabled determination of observed half-
life of release. Calculated values correspond to mean and standard deviation of three

separate experiments.
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Figure 3.10. 'H NMR studies with signal intensity studied as a concentration of

phosphoramidate NAP-FF-AMP 2 or NAP-FF-GMP 4

(a) *H NMR spectrum of NAP-FF-GMP 4 at the indicated % wt/vol concentrations in D20
(left) and D20 with 10 mM sodium phosphate and 50 mM NaCl (right). Blue (left) and
black (right) boxes represent the aromatic region consisting the phenyl side-chains and
naphthyl ring. Spectrum are not on the same vertical scale due to increased scaling on the
right as only weak signals were produced in the gel forming samples. (b) Relationships of
aromatic region signal integration to increases in concentration. Linear relationships are
evident in samples without added salt, but clear loss of linearity is evident in samples of

phosphate buffered saline.
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Figure 3.11. SAXS scattering profiles of NAP-FF-AMP and NAP-FF-GMP

NAP-FF-AMP 2 (blue) and NAP-FF-GMP 4 (black) in H2O at concentrations of 5 %
wt/vol. Sharp peaks are evident at corresponding d-spacings between 17-22 nm. Sharp
peaks are indicative of sample wide nanofiber alignment into hexagonal close packing

arrangement due to charge repulsion of the anionic fibers.
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Figure 3.12. SAXS scattering profile of 2.5 % wt/vol NAP-FF-GMP in DPBS

Experimental data (blue) in DPBS buffer and theoretical model fitting of the data (red).
Experimental curve represents background, intensity beam, and transmission corrected
data. The model curve corresponds to the built-in cylindrical form factor in the fitting
software SASVIEW. Best fits were achieved with cylindrical radii approximately 3.5 nm.

Inset shows the slope of the low g-region corresponding to -1, indicative of cylindrical

structure.

101

109}

101}

100

102}

Intensity(cm )

10 +

Intensity (cm 1)

-3
10 ¢ 01 } t .
0.001 0.01 0.1 1 ’
q(A")

104 , ‘
103 102 10 10°

QA™)

175



Due to the high degree of nanofiber alignment, fitting of the data to form factor
models was deemed infeasible with samples in H20. As solution ionic strength can limit
charge repulsion in self-assembly, scattering experiments were performed with NAP-FF-
GMP 4 as a 2.5 % wt/vol solution in DPBS. The 1D scattering profile was modeled to
theoretic form factors in SASVIEW software using the built-in cylinder form factor model,
which closely approximated the experimental data with cylinders bearing radii
approximately 3.5 nm (Figure 3.12). Additionally, the slope of the data in the low q region
is close to -1 indicative of cylindrical structure.3?’32%3! The model also predicted
exceedingly long nanofibers, longer indeed than the resolution range of the SAXS detector
(= 100 nm), further confirming the assembly of phosphoramidate-conjugates into very long

cylindrical nanofibers.
Isothermal titration calorimetry

To gain further insight into the thermodynamic parameters defining assembly of
phosphoramidates 2 and 3, isothermal titration calorimetry (ITC) was performed to
determine the enthalpic and entropic contributions to the free energy of assembly. ITC is
an indispensable technique for investigating molecular recognition events contributing to
intermolecular association, and has been widely applied in the investigation of amphiphile
assembly.®2 In preliminary studies, NAP-FF-AMP was investigated by titrating
concentrated phosphoramidate into empty buffer, enabling visualization of the heat of
disassembly. Fitting of the enthalpies as a function of concentration using a general

sigmoidal dose response model enabled determination of the CAC of 420 £ 8 uM
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represented by the midpoint of the sigmoidal curve. It was anticipated that an increase in
the CAC would be observable during the titration experiments at 30°C. Enthalpies of
dissociation were determined from linear curves representing the top portion of the
sigmoidal and calculating the respective enthalpy at the concentration corresponding to the
CAC. The enthalpy of dissociation was determined to be 22.0 + 0.4 kJ/mol with the
corresponding enthalpy of association being the negative of the same value. As the CAC
represents a thermodynamic equilibrium between monomers and assemblies, the

thermodynamic relationship (Equation 1)
Equation 1: AG, = RT X In(CAC')

in which the Gibb’s free energy of association is proportional to the natural logarithm of
the mole fraction of CAC” in buffer solution.®*233 Determination of the Gibb’s free energy
of association enabled the corresponding calculation of the entropy of association, thus
providing a TAS of 8.4 + 0.4 kJ/mol. Clearly both the favorable enthalpic and entropic
forces of NAP-FF-AMP 2 contribute to its high propensity for self-association, although

the enthalpic contribution to assembly is dominate (Figure 3.13).
Investigation of co-gel rheological properties

Because of the propensity for nucleobase modified materials to undergo Watson-
Crick hydrogen bonding interactions, we investigated the gel forming properties of NAP-
FF-GMP 4 and NAP-FF-CMP 5 co-gels (Figure 3.9). Surprisingly, mixing of NAP-FF-
CMP with NAP-FF-GMP had a detrimental effect on gel rigidity indicating a decrease of

inter-fiber cross-linking interactions contributing to stable gel formation evidenced by the
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decreased values of G” and G”’(Figure 3.14a). Samples that contained 2.25 % wt/vol 4 and
0.25 % wt/vol possessed elastic and loss moduli approaching that of pure gel forming NAP-
FF-GMP and exhibited shear recovery in cyclic strain experiments indicating potential
injectability (Figure 3.14b). However, a sample containing 1.67 % wt/vol 4 and 0.83 %
wt/vol NAP-FF-CMP exhibited significantly reduced moduli than 4 alone with G’ lower
than 1 kPa (Figure 3.14a). Above the ration of the NAP-FF-CMP 5: NAP-FF-GMP 4 ratio
was not pursued as a loss of gel formation was observed indicating the significance of the

G-base in driving gelation.

As the phosphoramidates are anionic, we also sought to form gels through addition
of cationic polymers and divalent metal cations. A polyethylene imine (PEI) solution (50%
in H20, My 600,000-1,000,000) was diluted in DPBS to generate a = 5 % wt/vol solution
which was added at different ratios to the non-gel forming NAP-FF-CMP 5 to generate
samples with final concentrations of 2 % wt/vol 5 and 1 % wt/vol PEI or 1.67 % wt/vol 5
and 1.67 % wt/vol PEI (Figure 3.14c). Although the phosphoramidate alone failed to form
a gel, addition of PEI was found to trigger gel formation in both samples. Interestingly, the
2:1 5 to PEI concentration sample formed the more robust hydrogel with an elastic modulus
(G’) greater than 1 kPa, while the 1:1 concentration sample of 5 to PEI exhibited markedly
reduced rigidity with an elastic modulus approximately 250 Pa. Additionally, the gels
exhibited shear thinning propensity and were able to recover their plateau moduli after

application of high strain (Figure 3.14d).
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Figure 3.13. NAP-FF-AMP ITC Results.

Data represents enthalpy of dissociation as a function of concentration for NAP-FF-AMP
2 background subtracted to account for thermal events associated with instrumental setup.
Data was fit to built-in sigmoidal three parameter dose response model in GraphPad Prism
to obtain the midpoint of the curve corresponding to the CAC to produce AG of association.
Enthalpies were determined by generating linear curves approximating the top of the

sigmoidal and calculating the magnitude at the CAC.
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Figure 3.14. SAOR of co-gel formulations

(a,b) Strain sweep and cyclic strain of NAP-FF-GMP and NAP-FF-CMP at ratios of 9:1
and 2:1 for total % wt/vol concentrations of 2.5 % for both materials. (c,d) Strain sweep
and cyclic strain of NAP-FF-CMP and PEI co-gels at 2:1 and 1:1 ratios at total % wt/vol

concentrations of 2.5 % for both materials
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3.3 DISCUSSION

The primary aim of this study was to gain fundamental understanding of the
nucleoside phosphoramidate moiety relating to its ability to be used as a chemical
modification for the regulation of peptide self-assembly. Our surprising observations that
nucleoside phosphoramidate modified peptides 2-5 spontaneously assemble into highly
monodisperse nanofibers immediately spurred curiosity as to whether macroscale
assembly could be achieved with the nanofibers under untested conditions.?** Despite their
assembly into micron sized nanofibers, phosphoramidate conjugates 2, 3, and 5 failed to
form self-supporting gels indicating that despite their significant size, little entanglement
or cross-linking of the nanofibers was achieved. As the phosphoramidate moiety is
negatively charged, we hypothesized that increasing the ionic strength of the solution
would reduce charge repulsion between nanofibers and promote nanofiber entanglements
and possible gel formation. However, despite dissolution into high ionic strength buffers

such as DPBS, these molecules failed to form self-supporting hydrogels.

In contrast, the phosphoramidate conjugate 4 modified with guanosine
monophosphoramidate, readily formed self-supporting hydrogels with robust moduli under
the same conditions. Additionally, hydrogels of 4 exhibited shear thinning properties and
complete moduli recovery after application of high strain indicating the intermolecular and
inter-assembly interactions contributing to gel formation could be readily broken and
reformed in response to the application of stress. The gels also exhibited large linear
viscoelastic regions to both changes in the magnitude and frequency of applied stress

indicating the stability of gel inducing non-covalent interactions. The ability of 4 to form
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hydrogels was found to be context dependent, as a decrease in the solution ionic strength

below a critical threshold resulted in an inability to form gels.

Based on these results, we hypothesized that two primary factors regulate the
supramolecular self-assembly of the nucleoside phoshporamidates. The anionic character
imparted by the phosphoramidate moiety, which results in high negative surface charge
density along the nanofibers, prevents cross-linking and entanglement resulting in a lack
of gel formation in phosphoramidate conjugates 2, 3, and 5. Although NAP-FF-GMP 4 is
also negatively charged, its ability to utilize the privileged self-associating properties of the
guanine nucleobase are likely responsible for its gel formation capability.312318-321 Se|f-
assembling molecules based upon guanine, guanosine, and guanosine monophosphate
represent one of the most widely studied classes of self-assembling molecules.®*? The
primary driver of self-association in this class is the propensity for guanine bases to
undergo Hoogsteen hydrogen bonding to form G-tetrads or quadruplexes.312318320 gych
interactions are typically used to order small molecule nucleoside and nucleotide
derivatives into fibrillar high aspect ratio structures.3'231%-321 However, in the context of
the self-assembling phosphoramidate system, the aromatic peptide NAP-FF is the primary
driver of monomer assembly into high aspect ratio nanofibers.?®* As all four
phosphoramidate modified conjugates were previously observed to form fibers of
equivalent morphology, we posit that the guanosine phosphoramidate moiety drives inter-
fiber interactions through G-quadruplex formation instead of driving monomer association.
Consequently, the presence of guanine base in the phosphoramidate moiety is able to

overcome the negative charge repulsion and nanofiber surface solvation and drive
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association and nanofiber cross-linking in solutions of sufficient ionic screening.32%33

Evidence for this hypothesis was provided by experiments combining the non-gelling C-
base modified 5 with 4 and investigating gel formation with SAOR. Although
complementary Watson-Crick interactions were expected to enhance the rheological
properties of co-gel mixtures, a concentration dependent decrease in the moduli of co-gels
compared to NAP-FF-GMP alone was observed. It is possible that complementary base-
pairing between C and G bases is not favored in the system over solvation of the nanofiber
surface and formation of G-tetrads. Although C and G base pairs possess three hydrogen
bonds in the interaction, a Hoogsteen base-paired G-tetrad would possess eight
interactions, and provide a planar aromatic surface to promote further tetrad formation, as

well as providing a coordinating environment for alkali metal cations.31"3%®

To improve the rheological properties of non-gelling phosphoramidate conjugates
various methods were investigated including addition of divalent cations and cationic
polymers to aid in ionic cross-linking of the anionic nanofibers. Poly-L-Lys (PLL) was
added to nanofiber solutions but resulted in non-thermoreversible aggregates rather than
gel formation. However, addition of high molecular weight and branched PEI to nanofiber
solutions resulted in thermoreversible gel formation when mixed with NAP-FF-CMP at
2:1 and 1:1 % wt/vol ratios. Interestingly, the 2:1 phosphoramidate to PEI gel exhibited
higher moduli than the 1:1 sample indicating an optimal stoichiometry might exist between
the cationic polymer and phosphoramidate nanofibers. Additionally, the 5% aqueous
solution of PEI used to form samples possessed no gel forming character and exhibited

similar viscosity to buffer alone indicating no structure was formed by the polymer alone.
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The gels also exhibited shear thinning capability indicating the crosslinks were readily
broken and reformed in response to applied shear. Although the mechanism of this
interaction is unknown, it is expected that the high molecular weight and branched nature
of the polymer prevents high degrees of nanofiber ordering, instead promoting specific
nucleation sites where nanofibers become cross-linked at specific locations. Further
investigation into mixing of non-gel forming phosphoramidate conjugates with polymer
and rheological additives could generate hybrid materials with interesting functional

properties for various biomedical applications.

The effect of the nucleoside phosphoramidate moiety on the propensity of
functionalized NAP-FF monomers to associate was investigated by CAC determination
and NMR experiments. CAC were determined by Nile red fluorescence assay, which
measures oligomer formation through the increased fluorescence of the immobilized
solvatochromic dye within growing nanostructures.®* The two purine functionalized
molecules NAP-FF-AMP 2 and NAP-FF-GMP 4 possess CACs nearly 100 uM lower than
the pyrimidine functionalized molecules NAP-FF-UMP 3 and NAP-FF-CMP 5, although
when compared, little difference was observed among the purines and pyrimidine
functionalized molecule. As hydrophobic collapse is a likely a primary driver of self-
association in molecules 2-5, the larger nucleobase ring system present in the purine
conjugates could potentially increase the hydrophobic character of molecules 2 and 4
leading to their association at lower concentrations. Sedimentation experiments were
performed to exclude differential affinity by the aggregates for the Nile red dye as an

explanation for the discrepancy observed between purines (NAP-FF-AMP 2) and
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pyrimidines (NAP-FF-UMP 4). Indeed, the phosphoramidates exhibited similar respective
CAC values as those obtained using the Nile red fluorescence assay for NAP-FF-AMP 2
and NAP-FF-UMP 3. Furthermore, the similarity in CACs between purine conjugates 2
and 4 indicate that the gel forming propensity of 4 is not reflected in the initial association
of monomers, but rather is an event independent of initial association and likely resulting
from post-assembly association of the nanofibers. Similarly, *H NMR investigation of
NAP-FF-AMP 2 and NAP-FF-GMP 4 revealed little differences in the association of the
respective monomers in response to increasing concentration or ionic strength. Samples of
2 and 4 prepared in D20 exhibited strong linear responses in the signal intensity of the
aromatic region of the molecules’ peptide portion to increasing concentration, indicating
neither phosphoramidate conjugate self-assembled into appreciable NMR silent aggregate
in these conditions although assembly into soluble oligomers could not be discounted. In
contrast, samples of 2 and 4 prepared in D20 buffered with 10 mM sodium phosphate with
50 mM NaCl (pD = 7.2) demonstrated clear loss of linearity above concentrations of
0.03125 % wt/vol, with little gain in signal intensity upon further increase of monomer
concentration. As 0.03125% wt/vol and 0.0625 % wt/vol correspondingly represent
concentrations below and above the expected CACs, further addition of monomer to obtain
concentrations above 0.03125% wt/vol does not result in continued increase in signal
intensity due to monomer sequestration in NMR invisible aggregates. This data
corroborates the determined CAC values for these molecules, since the monomer
concentration should remain static above the CAC even with further increase of the
phosphoramidate concentration. A caveat of this technique is that observed signal cannot
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distinguish between monomer, soluble oligomers, or monomers in equilibrium with the
nanostructures when the on and off rates are faster than the NMR time scale. Further
investigation into relaxation times could reveal differences between the two
phosphoramidates in terms of the nature of oligomeric assemblies formed just above the
CAC. As assemblies of NAP-FF-GMP 4 readily form gels, association of formed
assemblies would result in significant shortening of the T relaxation time due to the
negative linear relationship of the parameter with molecular size. As NAP-FF-AMP 2 does
not undergo gelation, oligomeric assemblies formed above the critical aggregation
concentration are not expected to further associate with one another potentially exhibiting

T relaxation times longer than 4.3%

We also sought to characterize the release of phosphoramidate monomers from
formed assemblies through erosion experiments. Initial experiments with non-gelling
phoshoramidate conjugates 2, 3, and 5 demonstrated dispersal of nanofibers into added
supernatant complicating the detection of monomers. However, NAP-FF-GMP 4 gels
remained stable at the bottom of microcentrifuge tubes for weeks enabling continual
monitoring of monomer concentration present in added buffer supernatant. The release of
NAP-FF-GMP from gels was found to be exceedingly slow, with less than 10 % of the
monomer released after nearly 10 days. Fitting of the erosion data with a modified first
order rate equation that considers the CAC of 4 enabled determination of a release half-life
of approximately 43 h. The slow release of monomer from hydrogels of 4 can be attributed
to the combination of non-covalent guanosine specific interactions resulting in gel

formation. In addition to being immobilized within nanofibers due to anticipated aromatic
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interactions and hydrogen bonding, Hoogsteen hydrogen bonding between monomers of
cross-linked nanofibers could further reduce solvent accessibility and monomer mobility
within the gel matrix. Additionally, the release profile appears to be highly dependent upon
the CAC as the value represents an upper bound on the maximal concentration of monomer
present in solution. Thus, the release profile of monomer from the phosphoramidate
hydrogel appears to depend on both the thermodynamics of assembly, as well as the
associative factors between nanofibers leading to gel matrix formation. This system
exemplifies the highly controlled release profile achievable with single-component
nanomedicine gels, and potentially guides the future development of drug delivery

formulations.*’

Analysis of nanofiber morphology was investigated with SAXS experiments to
correlate  observations made previously in cryo-TEM experiments. Previous
characterizations of the nanofibers revealed highly monodisperse nanostructure
populations, consisting of fibers approximately 7-8 nm in diameter and of lengths on the
scale of microns. The advantage SAXS presents as a complimentary technique to cryo-
TEM experiments is that scattering creates a solution averaged profile representative of
nanostructure morphology, while TEM enables visualization of small localized regions of
material. Our initial scattering investigations utilized phosphoramidate conjugates
dissolved at high concentrations in H.O to maximize the potential for scattering above
background level. Surprisingly, samples analyzed in H>O at 5 % wt/vol concentrations
revealed intense scattering peaks at d-spacings of approximately 20 nm. As this

characteristic feature is more than double the diameter of nanofibers, and orders of
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magnitude smaller than the length, we hypothesized that the characteristic peak is likely
the distance between nanofibers. Similar observations have been made in the literature
where highly charged peptide-amphiphile nanofibers underwent solution ionic strength and
amphiphile concentration dependent long range ordering due to the high degree of
nanofiber ionic repulsion.3® Due to the expected surface exposure of the anionic
nucleoside phosphoramidate moiety in phosphoramidate-conjugate assemblies, the
nanofiber surface is expected to be highly charged which would contribute significant
charge repulsion between nanofibers and induce long range ordering, especially at high
concentrations where nanofibers are forced into tightly packed arrangements. These results
further confirm that charge repulsion between the nanofibers is a significant hurdle to
nanofiber entanglement and association, as liquid crystalline ordering is more favorable in
solutions of low ionic strength. These results also corroborate previous cryo-TEM
observation of nanofiber alignment in phosphoramidate-conjugate samples, where
variations in ice thickness induced nanofiber accumulation along the lacey carbon matrix
of the formvar grid, although the nanofibers themselves maintained a characteristic

distance between them.?**

Additionally, differences in the peak intensity were observed between NAP-FF-
AMP 2 and NAP-FF-GMP 4 nanofibers. Although both phosphoramidate samples
possessed peaks at equivalent g-values, the peak generated by the sample of 2 was much
more pronounced indicating that a higher degree of sample wide order was present than in
4. Investigation of nanofiber morphology within the samples in H20 was precluded by this

high range ordering as accurate model fitting would require the incorporation of structure
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factor parameters to account for the observed liquid crystalline character of the
nanofibers.3?’ Scattering experiments were performed with NAP-FF-GMP 4 dissolved in
DPBS at a concentration of 2.5 % wt/vol to investigate the nanoscale morphology of the
nanofibers. Using the scattering analysis program SASVIEW, data from this experiment
was fit using a built-in cylindrical form factor model which indeed confirmed the
cylindrical nature of the nanofibers, as well as their high aspect ratio dimensions. The
calculated radii of the nanofibers closely approximated experimentally observed
dimensions at approximately 36 A or 3.6 nm. Fitting of the data was most robust using
nanofiber lengths on the order of hundreds or thousands of nanometers which correlates
with the experimental observation of exceedingly long nanofibers and a high aspect ratio.
Additionally, the slope of the low g-region was approximately -1 further indicating

cylindrical fiber morphology.

The results of our combined investigations into the morphology of the nanofibers
formed by phosphoramidate conjugates closely mirrors previous investigations into the
morphology of nanofibers formed by similar aromatic self-assembling peptides.’® Fmoc-
FF was previously shown to self-assemble into nanofibers approximately 3 nm in diameter,
with lateral assemblies of the nanofibers contributing to gel formation in solutions of
sufficiently low pH.1® Due to the structural similarities between Fmoc-FF and the self-
assembling peptide in our system NAP-FF, the dimensions of fibers and orientations of
phosphoramidate conjugate monomers should closely approximate that of Fmoc-FF.
Moreover, as the C-terminal ends of the peptides in Fmoc-FF are solvent exposed on the

surface of nanofibers, the PEG linker and nucleoside phosphoramidate moiety would
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provide added thickness to the surface of the nanofibers by more than doubling the
molecular length of monomers within the fibers. A possible structural model would consist
of the NAP-FF portion of the molecule assembling into a peptide nanofiber core analogous
to Fmoc-FF, with increased observed nanofiber width due to the PEG-nucleoside
phosphoramidate shell on the nanofiber surface. This presents an exciting opportunity for

future structural modeling experiments to corroborate this hypothesis.

Despite our characterizations of nanofiber formation, gelation, and morphology,
none of the techniques described above provide specific information as to the
thermodynamic parameters guiding assembly and disassembly apart from CAC
determination which can be used to calculate the free energy of association.®*? The
disassembly of NAP-FF-AMP 2 due to the injection of concentrated nanofiber solution
into buffer generated an endothermic response similar to ITC analysis performed with other
self-assembling peptides in the literature.®®” In response to increasing concentration, the
observed enthalpy followed a negative sigmoidal relationship which enabled fitting of the
data to extrapolate at the equilibrium point the CAC value of 420 pM. As CAC
determination of 2 using techniques at room temperature yielded values around 300 uM, a
slight increase in the observed CAC at higher temperature is expected. In addition,
extrapolation of enthalpies of association at the CAC revealed enthalpically favorable
monomer association indicating specific molecular recognition events between monomers
contributing to assembly. Interestingly, comparison of the magnitudes of the enthalpic and
entropic contributions to assembly indicated enthalpically driven association although the

entropic contribution was also favorable. A caveat of this technique is that the high CAC
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values of the phosphoramidates in solution mean at equilibrium, the injected solution is a
mixture of nanofibers and monomers, meaning that exothermic dilution of the monomer in
buffer is likely to cause an underestimation of the endothermic enthalpy of dissociation.
Minimization of this effect can be achieved through generation of non-equilibrium
samples, where concentrated stocks of phosphoramidate are diluted to the working ITC
concentration without thermal denaturation and annealing. However, the higher CAC
values of pyrimidine phosphoramidates resulted in noisy baseline data and the gel forming
propensity of NAP-FF-GMP precluded its analysis with this technique. Alternative
techniques such as differential scanning calorimetry (DSC) could potentially be used to
observe the thermal transitions associated with disassembly as analysis of micellization is

also customarily carried out with this method.338-3%9

In conclusion, we have undertaken fundamental characterization of the self-
assembling properties of phosphoramidate modified peptides and determined the factors
that lead to nanofiber cross-linking and gel formation. The anionic nature of the nucleoside
phosphoramidate moiety, combined with favorable solvation provided by the PEG linker
and ribose hydroxyl groups contribute substantial colloidal stability to the nanofiber
assemblies of all four phosphoramidate conjugates. Nevertheless, ionic screening is
necessary to prevent long-range nanofiber ordering in solution due to charge repulsion
between the highly anionic phosphoramidate nanofibers. Additionally, the high solvation
of the nanofibers likely contributes to a lack of cross-linking and entanglement between
nanofibers formed from NAP-FF-AMP 2, NAP-FF-UMP 3, and NAP-FF-CMP 5 which

precludes gel formation even at high concentrations and in solutions of physiologic ionic
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strength. However, nanofibers formed from NAP-FF-GMP 4 readily cross-link, likely due
to the high propensity of guanosine to self-associate through Hoogsteen hydrogen bonding
in aqueous solution. The conformational flexibility afforded by the PEG linker could
enable a variety of intra- and inter-fiber G-tetrad cross-links to form, and when combined
with the high degree of solvation of the nanofiber surface, enables the colloidal instability
commonly associated with G-tetrad assembled low molecular weight gelators to be
overcome.?12318-321 The nucleobase moiety of the phosphoramidate conjugates also plays
a role in driving monomer assembly, as the larger ring systems of the purine bases promote
assembly at lower concentrations than their pyrimidine counterparts. Additionally, the
gelation induced by the guanosine base of 4 appears to be separated from the propensity of
the phosphoramidate-conjugate to self-assemble into nanofibers and is instead a product of
post-assembly interactions. We hope these fundamental studies spur further interest in the
development of nucleoside phosphoramidate functionalized materials, especially self-
assembling small molecules and peptides where exciting opportunities lie in the

development of single component nanomedicines.

3.4 MATERIALS AND METHODS

Synthesis of NAP-FF-AMP 2, NAP-FF-UMP 3, NAP-FF-GMP 4, and NAP-FF-
CMP 5 was performed at previously described.?** All bulk solvents were purchased from
Fisher Scientific and were of high pressure liquid chromatography (HPLC) grade.
Analytical HPLC was performed with an Ultimate 3000 System (Agilent) and Higgins
Analytical Targa C18 5 pm column with 50 mM triethylammonium bicarbonate (TEAB)

buffer and acetonitrile (30%-100% Acetonitrile). Nuclear magnetic resonance imaging
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(NMR) of all compounds was performed at 25°C utilizing an Ascend 500 MHz Bruker
spectrometer (de-DMSO and DO, Cambridge Isotope Laboratories).

Nile red fluorescence assay and sedimentation experiments

Phosphoramidate-peptide conjugates were dissolved in DPBS to generate stock solutions
of 5 mM. Concentrated stock solutions were thermally denatured on heating block for 10
minutes at 70°C to ensure dissolution and allowed to cool to room temperature. Sample
solutions ranging from 0-600 uM for purine conjugates and 0-700 uM for pyrimidine
conjugates were made by diluting stocks in DPBS. Nile red was prepared by dissolving 2.5
mg in 2 mL of methanol and sonicating. A 200 uM solution was made by diluting the
methanol stock in DPBS, with this solution added to phosphoramidate-conjugate to
generate a final concentration of nile red in each sample of 50 pM. The samples were
thermally denatured at 70°C for 10 minutes and reannealed at room temperature overnight.
After 24 hours, the samples were analyzed on a Cary Eclipse Fluorimeter with excitation
wavelength of 550 and emission scan of 615-670 with emission and detector slits at 5 nM.
The instrument was zeroed with nile red added to DPBS without phosphoramidate.
Maximal absorbance was recorded for each sample and plotted against the concentration
to generate two linear curves, one below the anticipated CAC and one above. The
intersection of the two lines was taken as the CAC value. Each concentration was measured
in triplicate for each phosphoramidate with CAC values representing the mean and
standard deviation of the three experiments. Sedimentation experiments were performed
by generating standard curves via HPLC detection at 280 nm, and subsequent

determination of monomer concentrations present in supernatants. Sedimentation was
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performed with 1 mM phosphoramidate conjugates at a volume of 8 mL in 10 mL
polycarbonate ultracentrifugation tubes with a spin protocol of 100,000 x g for 30 minutes
at 22°C on a Beckman Optima XPNZ100 ultracentrifuge. Samples were heat denatured at

70°C for 10 minutes and equilibrated at room temperature overnight prior to centrifugation.

Small amplitude oscillatory rheometry (SAOR)

Rheological experiments were performed on a TA Instruments AR-G2 Rheometer. The 25
mm geometry was utilized for all experiments with peltier temperature control maintaining
a constant temperature of 23°C. A humidity chamber was lined with moistened laboratory
tissue paper and placed over the sample to mitigate evaporation of water. All samples were
analyzed with a gap distance of 1 mm. Time sweep experiments were performed with strain
% and frequency values within the linear viscoelastic region (0.5% strain and 1 rad/s).
Strain sweep experiments were performed with a constant oscillatory frequency of 1 rad/s
and frequency sweep experiments were performed with constant strain of 0.5%. Cyclic
strain experiments were performed with 2 min application of 100% strain, followed by a 2
min re-conditioning step before re-analysis for 2 min at 0.5% strain. Samples of all four
phosphoramidate conjugates were prepared in Dulbecco’s Phosphate Buffered Saline
solution at concentrations of 2.5 % wt/vol. Salt concentration analysis samples were
prepared in 10 mM Sodium phosphate buffer with either 75 mM, 55 mM, or 35 mM NacCl
at pH 7.4. All reported values are the average of at least three separate experiments. Time

sweeps of NAP-FF-CMP and PEI co-gels were performed at 1% strain and 1 rad/s angular
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frequency, with cyclic strain experiments performed with 1% strain and 90% strain at a 1

rad/s frequency.
Monomer erosion and release kinetics from NAP-FF-GMP 4 hydrogels

Experiments were performed in an adapted protocol described in the literature.®?® Hydrogel
samples of NAP-FF-GMP 4 were prepared in DPBS within microcentrifuge tubes at a total
volume of 100 puL and concentration of 2.5 % wt/vol. The gel samples cured overnight at
room temperature, and the next day, 500 pL of additional DPBS was layered onto the gel
to act as a supernatant or sink for released monomers. At timepoints over ten days, 100 uL
aliquots were removed from the supernatant, promptly replaced with equal volume of
identical buffer, and analyzed via HPLC to determine concentration via previously made

standard curves. All reported values are the average of at least three separate experiments.
Small angle x-ray scattering (SAXS)

Samples were prepared in either Millipore purified water or DPBS at the concentrations
specified. Analysis was performed on a SAXSLAB Ganesha instrument with the sample
contained within a sandwich cell holder sealed with Kapton film, equipped with a Pilatus
detector enabling measurements in the WAXS, MAXS, and SAXS configurations with
detector distances of 100, 450, and 1050 mm respectively. Experiments were performed
with 50kV and 0.3 mA energy source. Corrections for transmission and incident x-ray
beam were made and background scattering was subtracted from sample data by measuring
buffer or water only sealed within sandwich cells. Fitting was performed in SASVIEW

software with built in cylindrical form factor model.
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Isothermal titration calorimetry (ITC)

ITC experiments were performed on a MicroCal Auto-ITC200 system (Malvern
Panalytical). Samples of concentration 1-5 mM prepared in DPBS were titrated into DPBS
in 2 pL aliquots with spacing of 250 s. Titrations were performed at a temperature of 30°C.
Integrated raw data was converted to kJ/mol and plotted against concentration of
phosphoramidate. Sigmoidal curve fitting was performed in GraphPad Prism software with
the built in variable slope three parameter function to obtain the CAC. Enthalpies of
disassembly were determined by generating linear functions of the top portions of the
sigmoidal curve representing high degrees of disassembly at low concentrations of peptide,
and correspondingly calculating the enthalpy at the concentration corresponding to the
CAC. Determination of the enthalpy of disassembly and the CAC afforded determination
of the free energy of assembly as well as the associated entropy as described in the results

section.
!H NMR characterization of NAP-FF-AMP 2 and NAP-FF-GMP 4 self-assembly

Samples were prepared in either DO or D>O with 10 mM Sodium Phosphate and 50 mM
NaCl. The phosphate buffered saline solution was prepared using both monobasic and
dibasic phosphate salts to generate a solution with corresponding pD of 7.2.
Phosphoramidates were dissolved at a concentration of 0.25 % wt/vol and serial dilutions
were made to generate samples of 0.125, 0.0625, 0.0313, and 0.0156 % wit/vol,
corresponding to concentrations both above and below the anticipated CAC. MeCN was

used as an internal standard to obtain relative integration values of the aromatic region of
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the phosphoramidate conjugates, the portion of the molecule which drives assembly. T2
experiments were performed with the T2 CPMG experiment in Bruker TopSpin. Samples

were degassed using freeze-pump method to remove dissolved oxygen.
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CHAPTER 4: PRONUCLEOTIDE DELIVERY THROUGH

SUPRAMOLECULAR DESIGN
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4.1 INTRODUCTION

Since the commercialization and approval of 6-Mercatopurine in 1953, there have
been over 30 nucleobase, nucleoside, and nucleotide analogs clinically approved as anti-
cancer or anti-viral agents by the U.S. Food and Drug Administration (FDA).34%%1 |n
general, the molecules within this class exert their therapeutic effect as antimetabolites, or
mimics of endogenous molecules that inhibit the biochemical processes of disease, such as

nucleic acid synthesis.34%-%42

Nucleoside antimetabolites have proven to be clinically useful for the treatment and
prevention of viral infections.®*® The success of these agents is highlighted by the
widespread use of nucleoside reverse-transcriptase inhibitors in treatment regimes for HIV
infection and the blockbuster success of Sovaldi as a curative agent for Hepatitis-C
infection.?’®34% The clinical efficacy of these anti-viral nucleoside antimetabolites (VNAS)
is due in large part to their potent selectivity for viral processing enzymes over mammalian
homologs. VNASs act through inhibition of either viral RNA or DNA synthesis without
impairing the host’s nucleic acid metabolism. These features impart a significant
therapeutic index which results in dose regimens designed to limit viral persistence through

mutation with limited toxicity concerns.3*

Comparatively fewer nucleoside antimetabolites have been developed for the
treatment of cancer.®*%%! Rather than gaining favorable therapeutic indices through
specificity for viral enzymes, anti-cancer nucleoside antimetabolites (CNAS) rely on the

proliferative nature of tumor cells over healthy tissues to maintain a therapeutic safety
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profile.3*®> CNAs exert their therapeutic effect by taking advantage of the cancer cell’s
reliance on high rates of proliferation that require production of nucleic acids. Inhibition of
DNA and RNA synthesis, as well as disruption of the salvage pathway in which nucleic
acid degradation metabolites are reused for RNA and DNA synthesis have been key targets

for CNAs.341

Despite their clinical success and widespread clinical use, CNAs are subject to the
serious limitations of therapeutic resistance by tumor cells and off-target toxicities.3*34
While generally well tolerated, their lack of specificity to cancer cells leads to dose limiting
side-effects, and in severe cases, causes serious life-threatening conditions.>*® Resistance
to CNAs is largely a result of the modification of the biochemical steps required for

intracellular metabolism to an active form (Figure 4.1).34

The polar nature of CNAs necessitates their facilitated transport across the plasma
membrane by equilibrative and concentrative nucleoside transporters.®*° Inside the cancer
cell, nucleobase analogs must be ribosylated and nucleoside analogs must undergo an
initial  phosphorylation step.®°*!  Two subsequent phosphorylation steps by
monophosphate and diphosphate kinases yield the active triphosphate forms of CNAs that
are incorporated into growing strains of DNA to initiate chain termination.3>23% Cellular
sensing of CNA induced DNA damage initiates a cascade of responses which can result in
cell death.3®*35 Clinical mechanisms of resistance to CNAs include both the
downregulation of drug activating enzymes and upregulation of deactivating enzymes.

Downregulation of nucleoside transporters and activating kinases, as well as upregulation
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of deactivating enzymes, limit the accumulation of intracellular CNAs available to progress
along the kinase activation pathway. Modifications to the activity of molecular targets such
as DNA polymerases and proteins involved in the apoptotic response may also act as

resistance mechanisms to CNAs.3%

Of the CNAs developed as antineoplastic agents, only Gemcitabine (dFdC) and 5-
Fluorouracil and its related derivatives are currently clinically approved and effective in
the treatment of solid tumors.®*® As a representative CNA, dFdC has demonstrated
significant clinical efficacy in treating a variety of metastatic or advanced cancers including
those of the breast, lung, and ovaries.>*® Additionally, it is one of the few agents
demonstrating utility in treating advanced or metastatic pancreatic cancer.®®” Nevertheless,
dFdC suffers from the serious drawbacks of chemotherapeutic resistance, dose-limiting
toxicities, and metabolic inactivation which contribute to limited clinical use for specific
indications.346:348:357.358 Characterized resistance mechanisms to dFdC, resulting in loss of
clinical efficacy include downregulation of intracellular transport (human equilibrative
nucleoside transporter 1, hENT1), downregulation of intracellular monophosphorylation
(deoxycytidine kinase, dCK), downregulation of secondary targets (ribonucleotide
reductase, RRM1), upregulation of inactivating deamination (cytidine deaminase, CDA),
and upregulation of phosphatases (cytosolic-5’-nucleotidase 11, cN-11).3%¢ While dFdC is
generally well tolerated, serious off-target complications from treatment include
pulmonary, neurological, and vascular toxicities.3*3%8 Additionally, dFdC is rapidly
converted to its inactive dFdU form by both plasma and hepatic cytidine deaminases after

intravenous administration.®® Indeed, at least 75% of dFdC undergoes deamination and is
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excreted in urine after 24 h which significantly limits free drug available and tumor up
take.*® Consequently, enhancing the clinical efficacy of CNAs has been an area of intense
research and is generally pursued through a combination of enhanced drug accumulation
at the site of disease, avoidance of metabolic drug inactivation, bypass of clinical resistance

mechanisms, and avoidance of dose mitigating off-target toxicities,313-360-364

The selective targeting of anticancer agents to tumor cells with antibodies has seen
clinical success with the approval of several agents and could provide an avenue for
enhancing therapeutic efficacy and minimizing off-target toxicities*®®. Non-antibody based
targeting ligands such as aptamers and peptides selective for tumor cell surface markers
have been conjugated to CNAs to investigate therapeutic efficacy in vivo resulting in
significant advances in the potential enhancement of therapeutic index of CNAs,363:366.367
Pharmacological combination of dFdC with potential enhancers of CNA activity, including
inducers of nucleoside kinase activity to increase dFdC entry into the intracellular
activation pathway, have also been investigated.*®® Pronucleotide or ProTide strategies,
similar to the ones successfully used for VNAs, have been developed that can overcome

transport and kinase based resistance have also been explored.278340.369.370

Pronucleotide strategies present a fascinating method for enhancing therapeutic
efficacy of CNAs as they simultaneously overcome the need for active transport across
cellular membranes, bypass the initial phosphorylation step, and avoid clinical traditional
resistance mechanisms of CNAs.283%0 |n the pronucleotide strategy, monophosphate

derivatives of the nucleoside drug are synthesized with chemical functional groups

202



appended to the phosphate to mask the negative charges inherent to the free acid (Figure
4.2). Masking these charges increases the hydrophobicity of the drugs enabling passive
diffusion of the molecules across the cellular membrane. Once inside the cell, a variety of
chemical and enzymatic release mechanisms may be incorporated into the pronucleotides
to enable intracellular removal of the phosphate masking groups to reveal the

monophosphate form,278:340

Nucleoside phosphoramidates are one such pronucleotide and achieve phosphate
masking through appendage of amine containing side chains to the phosphorus atom, where
the nitrogen atom of the side chain replaces an oxygen atom of the phosphate moiety. The
phosphoramidate strategy reduces the net negative charge on the molecule and facilitates
membrane permeability through enhanced hydrophobic character presented by the amine
containing side chain and phosphate masking.2’8340:371-374 Intracellular removal of the
amine containing side chain is performed by a family of nucleoside phosphoramidases
referred to as Histidine Triad Nucleotide Binding Proteins (Hints).?¢"3"5-377 Humans
express three Hint isoforms designated numerically as hHint1, hHint2, and hHint3, with
hHintl of particular interest due to its role in the metabolic activation of the clinically
approved anti-HCV phosphoramidate prodrug sofosbuvir to achieve intracellular delivery

of the 5’-monophosphorylated form of 2’-deoxy-2’-a-fluoro-p-C-methyluridine.3'

In addition to antivirals, phosphoramdiate pronucleotides are under investigation
for the intracellular delivery of CNAs. The phosphoramidate pronucleotide NUC-1031

(Acelarin) which is a ProTide derivative of dFdC monophosphate is under clinical
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investigation for the treatment of biliary tract cancer, ovarian cancer, pancreatic cancer,
and other advanced solid tumors (Figure 4.3).3° NUC-1031 was found to result in higher
concentrations of the active triphosphorylated form of dFdC and circumvented
conventional resistance mechanisms associated with transport of the nucleoside by hENT1

and phosphorylation by dCK 36437

Despite the clinical success of phosphoramidate pronucleotides for antiviral
treatment and their promise for anticancer treatment, there are no clinically approved
agents in this class for the treatment of cancer. Sofosbuvir is dosed orally enabling rapid
metabolic activation of the ProTide in the liver, which fortuitously is also the site of HCV
infection.®® Alternatively, anticancer ProTides such as NUC-1031 are dosed intravenously
to limit hepatic clearance and metabolic inactivation.%43"® To overcome the challenges
associated with dosing, administration, and off-target toxicities, novel delivery methods
for dFAC are under investigation including drug loaded liposomes, polymer-based
nanoparticles, and inorganic nanoparticles.61381-38 These delivery systems largely rely on
non-covalent immobilization methods such as encapsulation and surface adsorption to
facilitate transport of the active agent as delivery vehicles in systemic delivery.
Alternatively, covalent modification of dFdC has resulted in promising formats for
enhancing the stability of dFdC transport relative to non-covalent particle immobilization,
since adsorption and encapsulation techniques may result in poor drug retention. 38°
Pegylation has been shown to increase tumor retention, circulating half-life, and prevent
deamination if conjugation of dFdC is performed through its N4 exocyclic nitrogen.36?

Additionally, lipophilic groups such as squalene, isoprenoids, and fatty acids may be
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appended to dFAC to enhance its lipophilicity and limit metabolic deactivation.38-388
Interestingly, these chemical modifications have also been utilized as drivers of molecular
self-assembly to generate dual function drug/drug-carrier nanoassemblies (Figure

4_4)_314,360

Supramolecular hydrogels consisting of low molecular weight organic molecules
are characterized by the assembly of monomeric units into a hydrated network of nano- to
microscale structures that physically entrap aqueous solution to form solid-like hydrated
materials.?® Direct self-assembly of drug-like molecules into supramolecular hydrogels
constitutes an innovative method for the controlled delivery with several clinically
approved single component nanomedicine hydrogels already in existence.?3%3" Self-
assembling therapeutics achieve favorable drug carrier properties such as shear thinning
gel formation, while maintaining highly controlled drug loading as each self-assembling
unit is itself a drug molecule.#“® Additionally, localized therapeutic delivery is
advantageous as it presents high concentrations of therapeutic directly to the diseased
tissues, without systemic presentation to non-diseased tissues, thus limiting off-target

toxicities and metabolic clearance.38°

Chemical modification of dFdC has been used to trigger assembly of the modified
derivatives into supramolecular hydrogels for delivery.1%2313387:3% Chemical modification
of the 5°-OH and N-4 positions of dFdC with acyl chains through ester, amide, carbamate,
and urea linkages yielded a panel of dFdC derivatives that formed hydrogels in mixed

organic/aqueous solution and retained cytotoxic activity against in vitro cancer cell lines.*
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Triggered gelation of dFdC derivatives has been explored to achieve functional control
over the assembly properties of drug laden gels.3*® Schiff base formation between the N4
amino group of dFdC and an aldehyde functionalized peptide triggered self-assembly of
the chemically generated monomer into supramolecular hydrogels.3® Additionally,
conjugation of dFdC to Fmoc-Gly yielded a monomer which could be co-assembled with
N-terminally capped aromatic self-associating peptides to generate drug immobilized

nanofibers.1%2

Inspired by examples of nucleoside based supramolecular assemblies, we proposed
to extend the utility of self-assembling dFdC derivatives through the development of self-
assembling therapeutic phosphoramidate pronucleotides. Previously, we examined the
utility of the nucleoside phosphoramidate moiety as a regulatory motif in small molecule
self-assembly.?** Aromatic peptides functionalized with nucleoside phosphoramidates
were found to self-assemble into highly regular supramolecular nanofibers which were
substrates for hHintl. The hydrolysis of the nanofiber nucleoside phosphoramidate
moieties by hHintl triggered a structural transition at the nanoscale through nanofiber
association and bundling.?** Utilizing the same self-assembling molecular scaffold, we
have substituted the natural nucleoside moiety within the nucleoside phopshoramidate
motif with dFdC to generate potential ProTide therapeutic bearing supramolecular
nanofibers. The dFdC ProTide nanofibers were found to be highly monodisperse,
possessing widths of 7-8 nm, and lengths on the order of microns. The in vitro cytotoxic
properties were investigated in cancer cell lines originating from malignancies commonly

treated with dFdC clinically. Our studies indicate that the self-assembling dFdC
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pronucleotides are potentially able to circumvent clinical mechanisms of dFdC resistance
due to avoidance of the need for active transport and bypass of the rate limiting initial
phosphorylation step. This work presents the first demonstration of a self-assembling
phosphoramidate ProTide derivative as a potential injectable therapeutic delivery at the site

of disease.
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Figure 4.1. Metabolic activation of CNAs.
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Figure 4.2 Phosphoramidate ProTide cell entry and metabolic activation
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Figure 4.3 Structure of phosphoramidate ProTide Nuc-1031 (Acelarin)
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Figure 4.4 Chemically modified Gemcitabine (dFdC) derivatives
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4.2 RESULTS

Synthesis of NAP-FF-GEM

We chose to approach the synthesis of the dFdC phosphoramidate through
Atherton-Todd (AT) chemistry, where the reactive 5’-nucleoside phosphorochloridate
intermediate is generated in situ through the oxidation of a diester H-phosphonate species
(Figure 4.5).3913% A global silyl protecting group strategy was employed through
protection of the N-4 exocyclic amine with 2-(trimethylsilyl)ethyl carbamate (TEOC)
functionality, protection of the 3’-OH with a tert-butyldimethylsilyl ether (TBDMS), and
protection of the free acid of the phosphoramidate monoester with 2-(trimethylsilyl)ethyl
ester.3® Sequential protection of the exocyclic amine and 3’-OH of dFdC with TEOC and
TBDMS groups enabled selective phosphonylation of the 5’-OH. Esterification of the free
phosphonate acid with 2-(trimethylsilyl)ethanol, followed by in situ oxidation to the
propargyl phosphoramidate under AT conditions, yielded the fully protected dFdC
phopshoramidate diester. Deprotection of the fluoride sensitive groups under mild
conditions with tetrabutylammonium fluoride (TBAF) vyielded the propargyl
phosphoramidate monoester which was coupled to azido-functionalized self-assembling
peptide under copper catalyzed click chemistry conditions as previously described to yield

the final self-assembling phosphoramidate NAP-FF-GEM 8 (Figure 4.5).2%
Characterization of NAP-FF-GEM Self Assembly

Previous investigations of the self-assembling properties of self-assembling

phosphoramidates revealed a dependence of critical aggregation concentration (CAC) on
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the conjugated nucleoside (Chapter 3). More specifically, purine nucleobases were
observed to induce assembly at lower concentrations of monomer in comparison with
pyrimidines, possibly due to the greater hydrophobic imparted by the larger purine rings.
We sought to characterize the self-assembly of NAP-FF-GEM 8 using the same assay
conditions previously used to establish CACs utilizing Nile red as an assembly probe.3*
Briefly, the assay operates on the principle that the fluorescence of Nile red increases when
immobilized within supramolecular nanostructures in comparison to the molecules
quenched fluorescence in aqueous solution.*”*% Surprisingly, the CAC of NAP-FF-GEM
8 was significantly decreased in comparison to the pyrimidine bearing phosphoramidates,
with the unnatural nucleoside resulting in a CAC of 340.7 + 0.6 uM, compared to CAC
values for NAP-FF-UMP 3 and NAP-FF-CMP 5 of 419 uM and 411 puM respectively.

Interestingly, this value more closely approximates the CACs observed with the purine

bearing phosphoramidates NAP-FF-AMP 2 and NAP-FF-GMP 3 (Figure 4.6).

The solvated nanostructure of NAP-FF-GEM was investigated with cryo-TEM
imaging as well as SAXS. Previous investigations revealed self-assembling
phosphoramidates formed highly monodisperse self-assembled nanofibers 7 nm in
diameter and possessing lengths on the order of microns. Cryo-TEM imaging of NAP-FF-
GEM 8 prepared in DPBS at a concentration of 0.5 % wt/vol revealed morphology identical
to that observed with phosphoramidate conjugates modified with natural nucleosides
(Figure 4.7). Additionally, the fibers were found to be largely unassociated with each other
except through long range ordering along the lacey carbon grid, likely due to negative

charge repulsion combined with the limiting thickness of the ice and excessive lengths of
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the nanofibers. SAXS measurements were performed on samples of NAP-FF-GEM 5 %
wt/vol in both H,O and DPBS. Interestingly, significant long-range ordering of the
nanofibers was evident in samples prepared in deionized H,O indicating significant charge
repulsion between nanofibers due to the high density of anionic charges on the nanofiber
surface and high degree of solvation contributed by the PEG linker and polar ribose moiety
(Figure 4.8a). The characteristic scattering peak was evident at g-values corresponding to
approximately 20 nm which is indicative of the distance between the centers of tightly
packed nanofibers. NAP-FF-GEM prepared in DPBS also possessed this feature but with
significantly reduced intensity indicating a lower degree of nanofiber alignment due to
electrostatic repulsion (Figure 4.8b). Despite observed nanofiber repulsion, comparison to
a cylindrical form factor model with a radius of 3.5 nm and length of 1000 nm was
performed to correlate the nanofiber morphology to the observed cryo-TEM
nanostructures. A close approximation to the theoretic model was achieved, albeit with
deviations from the model at low g-values corresponding. The discrepancy is likely due to
long-range ordering of the nanofibers which would necessitate both structure and form

factor incorporation in future model fitting to obtain accurate model fits, 32833

Concentration dependence studies on the observed *H NMR signal in the aromatic
region of the NAP-FF-GEM 8 was used to further characterize supramolecular assembly,
since the aromatic peptide segment NAP-FF is hypothesized to be predominately
responsible for driving monomer association.3®® Samples were prepared in either DO or
D>0 with 10 mM sodium phosphate and 50 mM NacCl to investigate the dependence of salt

concentration on assembly. In samples prepared without added salt, a clear dependence of
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observed signal on concentration was observed indicating that large NMR invisible
aggregates were not predominate in the sample (Figure 4.9). In contrast, samples prepared
in DO with phosphate buffered saline indicated a loss of linearity at concentrations above
the expected CAC with added monomer no longer contributing to visible NMR signal
(Figure 4.9). These results are consistent with the formation of higher ordered oligomeric
species forming resulting in NMR silent aggregates, or in this case, nanofiber networks.
Significant peak broadening is indicative of higher ordered assembly in the presence of
additional salt contributing to significant reductions in the T2 relaxation time.>* Although
higher ordered association is likely occurring in the D>O sample, oligomeric species could
be smaller in comparison to the D>O with PBS sample due to increased charge repulsion.

In addition, an increased CAC in D20 compared to buffer also cannot be ruled out.

Interestingly, experiments assessing the rheological properties of 2.5 % wt/vol
NAP-FF-GEM 8 in DPBS revealed that like previously investigated pyrimidine
phosphoramidates, no gel forming character was evident with low elastic moduli recorded
on the order of 10 Pa. Lack of gel forming character in the self-assembled
phosphoramidates is consistent with high nanofiber surface solvation and lack of cohesive

non-covalent interactions leading to nanofiber cross-links.
Biological activity of NAP-FF-GEM

To determine if the conjugated dFdC pronucleotide contained within the NAP-FF-
GEM phosphoramidate imparted biological activity, in vitro growth inhibition was

assessed against human cancer cell lines. Dose dependent antiproliferative effects of NAP-
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FF-GEM 8 against MDA-MB-231 triple negative breast cancer cells, H460 non-small cell
lung cancer, and U87 glioblastoma were observed, with higher concentrations of NAP-FF-
GEM 8 exhibiting greater antiproliferative effect (Figure 4.10). Although the highest
concentration of NAP-FF-GEM examined was 1 mM which is well above the CAC value,
toxicity was still observed at this concentration indicating that assembly of monomers into
higher ordered structures does not preclude activity. Concentration dependent growth
inhibition of NAP-FF-GEM 8 was compared to NAP-FF-CMP 5 which bears the natural
nucleoside cytidine to compare the extent of growth inhibition derived from the peptide-
phosphoramidate conjugate alone. Interestingly, NAP-FF-CMP 5 also exhibited toxicity at
higher concentrations, albeit to a lesser degree than NAP-FF-GEM 8, indicating that the
peptide portion of the phosphoramidate may possess modest growth inhibitory activity.
Growth inhibition against MDA-MB-231 cells revealed an ICso value for NAP-FF-GEM 8
of 2.6 £ 2.0 uM. In comparison, fitting of growth inhibition data for NAP-FF-CMP was
not possible due to the modest growth inhibition even at 1 mM. Indeed, NAP-FF-CMP 5
only approached 50% growth inhibition at the highest concentrations dosed. Similar trends
were observed against U87 and H460 cell lines, with NAP-FF-GEM 8 exhibiting greater
growth inhibition at higher concentrations than NAP-FF-CMP (Figure 4.10b,c). The
biological activity of NAP-FF-GEM 8 was also observed to be comparable to a 5-fold
lower concentration of dFAC indicating a modest decrease in toxicity of the
phosphoramidate conjugate relative to the free drug. Overall, NAP-FF-GEM 8 possesses
greater antiproliferative properties than NAP-FF-CMP 5, indicating that the cytotoxic
nucleoside enhances the biological activity of phosphoramidate-peptide conjugate.
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Figure 4.5 Synthetic procedures for NAP-FF-GEM 8.

(@) i. HMDS and cat. (NH4)SO4 ii. TEOC-ONp and NMl iii. TEA in MeOH (b) DMTCI,
pyridine (c) 5% DCA in MeOH/DCM (d) Phosphorous acid, Pivaloyl chloride (e) 2-
(trimethylsilyl)ethyl alcohol, Pivaloyl chloride (f) CCls, propargyl amine, TEA (g) TBAF

(h) CuSOs, Sodium ascorbate, Compound 1 (NAP-FF-PEG3-N3)
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Figure 4.6 Nile red critical aggregation fluorescence assay NAP-FF-GEM 8.

Vertical axis corresponds to fluorescence readout and horizontal axis corresponds to
concentration of self-assembling phosphoramidate NAP-FF-GEM 8. Curves were
constructed using data points representing the two linear regions of pre-assembly and post-
assembly response with the intersection of the two curves used to determine the CAC. Data
shown is averaged with visible error bars representing + standard deviation. CAC value
represents average and + standard deviation of n = 3 experiments. Graphic depicts the

immobilization of nile red into oligomeric nanostructures resulting in fluorescence.
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Figure 4.7 Morphological characteristics of nanostructures formed from NAP-FF-

GEM 8

(a) Cryo-TEM images at 0.5 % wt/vol concentration in DPBS. Scale bars represent 150
nm or 0.15 microns (b) SAXS profile of phosphoramidate at 5 % wt/vol concentration in
DPBS. Blue points represent experimental data with green curve representing theoretical
model fit using built in cylindrical form factor model within SASVIEW software with
cylinders bearing radii of 3.5 nm and lengths of 1000 nm. Deviation from theoretical model
is attributed to concentration dependent ordering of the nanofibers rather than random
orientation (c) SAXS profile of phosphoramidate at 5 % wt/vol concentration in H2O.
Distinct scattering peak corresponds to the inter-fiber distance resulting long range

nanofiber packing due to high concentration and anionic repulsion.
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Figure 4.8 SAXS of NAP-FF-GEM 8

(@) SAXS profile of phosphoramidate at 5 % wt/vol concentration in H2O. Distinct
scattering peak corresponds to the inter-fiber distance resulting long range nanofiber
packing due to high concentration and anionic repulsion. (b) SAXS profile of
phosphoramidate at 5 % wt/vol concentration in DPBS. Blue points represent experimental
data with green curve representing theoretical model fit using built in cylindrical form
factor model within SASVIEW software with cylinders bearing radii of 3.5 nm and lengths
of 1000 nm. Deviation from theoretical model is attributed to concentration dependent

ordering of the nanofibers rather than random orientation
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Figure 4.9 Concentration dependence of observable NMR signal resulting from the

aromatic region of NAP-FF-GEM 8.

Boxed regions correspond to the aromatic region of phosphoramidate in D20 alone (left,
blue) and D20 with 10 mM Sodium phosphate and 50 mM NaCl, pD 7.2. The sample in
D>0 shows concentration dependent increase in observed signal. Sample in buffer shows
concentration dependent increase until concentration 0.063%, which is above the CAC.
Broadening of peaks indicates decrease in T2 relaxation time indicating assembly into

higher ordered oligomeric species.
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Figure 4.10 Anti-proliferative activity of NAP-FF-GEM assessed with MTS assay

(a) NAP-FF-GEM (blue) compared to NAP-FF-CMP (black) in MDA-MB-231 cells at 48
h with 5,000 cells per well. Data shown represents average of n =4 (NAP-FF-GEM) and n
=3 (NAP-FF-CMP) independent experiments with error bars representing + standard
deviation. NAP-FF-GEM IC50 against MDA-MB-231 was determined to be 2.6 + 2.0 uM
(mean =* standard deviation, n = 4) using the three parameter sigmoidal dose response
inhibition model in GraphPad Prism. 1C50 determination for NAP-FF-CMP was not
possible due lack of 50% cell killing at high concentrations. Vertical axis corresponds to
viability relative to cell only control. Stars represent one-tailed t-test significance (p < 0.05)
(b) Concentration dependent antiproliferative activity of NAP-FF-GEM (blue) and NAP-
FF-CMP (black) against U87 cells at 48 h with 5,000 cells per well. Data shown represents
mean and standard deviation of triplicate data points from a single experiment (c)
Concentration dependent antiproliferative activity of NAP-FF-GEM (blue), NAP-FF-CMP
(black), and Gemcitabine (light brown) against H460 cells at 48 with 5,000 cells per well.
Concentrations of phosphoramidate are 500, 50, 5, and 0.5 puM with concentrations of
Gemcitabine 5-fold lower at 100, 10, 1, and 0.1 puM. Data shown represents mean and

standard deviation of triplicate data points from a single experiment.
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4.3 DISCUSSION

Previous characterizations of phosphoramidate conjugated self-assembling
peptides revealed no perturbation of the nanofiber structure as a result of changing the
nucleoside appended through the phosphoramidate moiety.?** These results were
corroborated through cryo-TEM and SAXS analysis of the nanostructures formed by NAP-
FF-GEM 8. Highly monodisperse and high aspect ratio nanofibers with diameters of 7 nm
and lengths on the order of microns were observed in cryo-TEM images of samples
prepared in aqueous buffer. Additionally, SAXS analysis revealed solution ionic strength

dependent long-range ordering of the long cylindrical nanofibers, similar to analyses
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performed on phosphoramidate nanofibers of NAP-FF-AMP 2 and NAP-FF-GMP 4
(Chapter 3). Overall, the identity of the nucleoside appears to have little effect on
nanostructure morphology with the NAP-FF peptide driving assembly into cylindrical
nanofibers and the PEG-linker and anionic phosphoramidate moiety imparting colloidal
stability and nanofiber solvation. The nucleoside moiety does appear to have an effect in
the early stages of monomer association apparent in the lower CAC value of NAP-FF-
GEM 8 in comparison to the natural pyrimidine nucleoside phosphoramidate conjugates
NAP-FF-CMP 5 and NAP-FF-UMP 3. NAP-FF-GEM’s 8 CAC more closely
approximated that observed for the purine conjugated phosphoramidates indicating that the
geminal 2’-difluoro- modification of the dFdC nucleoside is likely imparting greater
hydrophobic driving force or fluorous interactions in promoting monomer assembly.
Importantly, these results indicate that a variety of CNAs and VNASs could potentially be
used to generate therapeutic phosphoramidate conjugates without significantly altering
their ability to self-assemble. Additionally, relative trends of CAC based on the chemical
modification possessed by the therapeutic nucleoside moiety could enable rational design

of drug releasing nanofibers with predictable monomer release properties and assembly.

Interestingly, the self-assembling phosphoramidate NAP-FF-CMP 5 demonstrated
antiproliferative effects at high concentrations against in vitro human cancer cells. As the
cytidine nucleobase is a non-toxic endogenous molecule present at high concentrations
within the cell, the biological activity of the conjugate is likely derived from the peptide
portion of the molecule.®* Cytotoxic effects of enzyme activated gelation have been well

demonstrated with phosphate and ester modified self-assembling peptides.®* In these
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systems solvating chemical modifications are removed by endogenous enzymes which
enable monomer self-assembly into fibrous nanostructures.?6228 The formation of such
structures within and around cancer cells in vitro was shown to disrupt cell physiology and
homeostasis contributing to cell death.>*® A similar mechanism could be occurring with
NAP-FF-CMP 5 as previous studies demonstrated the ability of hHint1 to induce gelation
of soluble NAP-FF-CMP nanofibers through phoshoramidate hydrolysis. As hHintl is an
intracellular enzyme, accumulated intracellular monomer could be converted from the
phosphoramidate conjugate to free gelating peptide. Activation of internalized monomers
could lead to the assembly of gelating peptides into oligomeric species that could inhibit
cellular processes, since the peptides likely possess lower CAC values than the nucleoside

phoshoramidate conjugates.

When comparing the activity of NAP-FF-GEM 8 and NAP-FF-CMP 5, NAP-FF-
GEM 8 was found to have enhanced antiproliferative activity compared to NAP-FF-CMP
5 due predominantly to the replacement of cytidine with the cytotoxic CNA dFdC.1%2! This
observation is consistent with the uptake of monomers of NAP-FF-GEM 8 and intracellular
conversion by hHintl releasing the peptide and 5’-dFdC-monophosphate, thus operating
as a gemcitabine ProTide for dFdC monophosphate. These results may indicate that NAP-
FF-GEM 8 could indicate the potential of the associated nanofibers to circumvent clinical
resistance mechanisms to dFdC, enabling greater inhibition of DNA polymerase and
ribonucleotide reductase.*®3%° The antiproliferative effects of phosphoramidate monoester

modified CNAs were previously demonstrated to result from intracellular release of the
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monophosphate after internalization and hHintl phosphoramidase activity, with NAP-FF-

GEM presumably operating under the same mechanism,372-374:376.377

This study represents the first demonstration of a self-assembling therapeutic
phosphoramidate pronucleotide. Previous investigations of self-assembling dFdC
derivatives explored their use for localized chemotherapeutic delivery, although the
lipophilic modifications required co-assembly with other self-assembling molecules or
organic solvent for colloidal stabilization.3***8" In our system, self-assembly of NAP-FF-
GEM is readily achieved without co-assembly and in physiologically relevant aqueous
solutions. Although localized hydrogel delivery formulations of dFdC have been
investigated, small molecule drug delivery is complicated by non-optimal release kinetics
with simple encapsulation leading to drug burst release, and covalent polymeric
conjugation requiring matrix degradation or macromolecule internalization to achieve

therapeutic release.*’

Achieving self-assembly of the therapeutic moiety conveys significant control over
the release of therapeutic monomer as an upper bound on free-monomer exists in the CAC
and the kinetics of release are directly dependent on the extent of non-covalent interactions
between monomers and cross-links between nanofibers.3?® We envision using NAP-FF-
GEM in localized chemotherapeutic formulations in combination with immunotherapies to
enhance therapeutic response. The utility of localized dFdC delivery in promoting immune
checkpoint inhibitor efficacy was demonstrated, recently, in syngeneic mouse models of

cancer by promoting a pro-immunogenic phenotype in the tumor microenvironment.>*° We
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hope to further examine the utility of our system for localized modulation of the tumor
microenvironment to promote systemic anticancer effect, as well as explore this approach

for the delivery of other anticancer and antiviral nucleotides.

4.4 MATERIALS AND METHODS

Materials and General Methods

Commercially available chemicals were utilized without purification and were of
the highest quality available. Gemcitabine HCI (dFdC) was purchased from Carbosynth.
Other chemical reagents were sourced from Sigma-Aldrich, Acros Organics, Oakwood
Chemical, or Chem-Impex. N-methylimidazole, triethylamine, and pyridine were
purchased from Sigma-Aldrich in sure-seal bottles as dry solvents. Bulk solvents were
purchased from Fisher and were of HPLC quality. Flash chromatography as well as reverse
phase separation were performed using a Teledyne Isco CombiFlash system. Analytical
HPLC was performed using an Ultimate 3000 System (Agilent) and Higgins Analytical
Targa C18 5 um column. Mobile phase for analytical HPLC was 50 mM triethylammonium
bicarbonate (TEAB) buffer and acetonitrile (30%-100% Acetonitrile). Low resolution
Electrospray lonization Mass Spectrometry (ESI-MS) was performed on an Agilent MSD
SL system. Nuclear magnetic resonance imaging (NMR) of all compounds was performed
at 25°C utilizing an Ascend 500 MHz Bruker spectrometer (ds-DMSO or D20, Cambridge

Isotope Laboratories). 3P spectra were recorded with proton decoupling.

Cryo-TEM
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A 0.5% wt/vol of NAP-FF-GEM was prepared in Dulbecco’s Phosphate Buffered Saline
(DPBS). 3 uL of the NAP-FF-GEM solution was applied to a lacey Formvar/carbon grid
(Ted Pella, Inc.; Cat: 01883) in the humidified chamber of a Vitrobot Mark IV (FEI). The
samples were blotted and vitrification was achieved through rapid plunging into liquid
ethane. Grids were imaged on a Tecnai Spirit G2 BioTWIN (FEI) equipped with an Eagle
2k CCD camera (FEI) under a high tension of 120 kV. Images were processed and analyzed

in ImageJ using the TIA reader plugin.

Small Angle X-ray Scattering (SAXS)

Samples were prepared in either Millipore purified water or DPBS at the concentrations
specified. Analysis was performed on a SAXSLAB Ganesha instrument with the sample
contained within a sandwich cell holder sealed with Kapton film, equipped with a Pilatus
detector enabling measurements in the WAXS, MAXS, and SAXS configurations with
detector distances of 100, 450, and 1050 mm respectively. Experiments were performed
with 50kV and 0.3 mA energy source. Corrections for transmission and incident x-ray
beam were made and background scattering was subtracted from sample data by measuring
buffer or water only sealed within sandwich cells. Fitting was performed in SASVIEW

software with built in cylindrical form factor model.

Nile Red Assay

Solutions containing varying concentrations of NAP-FF-GEM and 50 uM Nile Red were
made in Dulbecco’s Phosphate Buffered Saline Solution, heated to dissolution, and cooled

to room temperature. The samples were left in the dark for 24 h before measurement.
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Solutions were analyzed on a Cary Eclipse Fluorimeter with excitation wavelength of 550
nm and emission scan from 600 to 670 nm. Nile red is a solvatochromic dye and its
fluorescence is quenched in aqueous environments. Critical aggregation concentration was
determined from solving for the cross-point for the two linear regions of the plot below and

above the critical aggregation concentration.

NAP-FF-GEM NMR Concentration Experiments

Experiments were performed using a Bruker Avance 500 MHz NMR with data workup
and analysis performed in Bruker TopSpin software. Samples were prepared in either DO
or D,O with 10 mM Sodium Phosphate and 50 mM NaCl. The phosphate buffered saline
solution was prepared using both monobasic and dibasic phosphate salts to generate a
solution with corresponding pD of 7.2. Phosphoramidates were dissolved at a concentration
above the critical aggregation concentration and serially diluted to concentrations both
above and below the anticipated CAC. MeCN was used as an internal standard to obtain
relative integration values of the aromatic region of the phosphoramidate conjugates, the

portion of the molecule which drives assembly.

MTS Proliferation Assay

Relative proliferation at 48 h of U87 human glioblastoma cells; MD-MB-231 human triple
negative breast cancer cells; and H460 human non-small cell lung cancer cells were
determined after treatment with NAP-FF-GEM (8), NAP-FF-CMP (5), and Gemcitabine
(dFdC). Cancer cells were grown in 96 well plates overnight at a cell density of 5,000 cells

per well after trypsinization from culture flask. The next day, media was removed and
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replaced with the desired concentration of compound in Dulbecco’s Modified Eagle
Medium (Gibco) supplemented with 5% FBS and Pen/Strep (Gibco) antibiotic solution.
Gemcitabine was added to media as a DMSO solution and the final concentration of DMSO
in dosed and control wells was 0.4%. After 48 h, AQueous One MTS Kkit(Promega) was
used to assess relative viability of control and dosed cells. Raw data was fitted in GraphPad
Prism to a variable slope three parameter sigmoidal dose response inhibition model to

obtain IC50s.
Synthesis of NAP-FF-GEM (8)

Compound 9: Gemcitabine HCI (1 gram, 3.3 mmol) was added to an oven dried round
bottomed flask and suspended in a 50:50 mixture of hexamethyldisilazane and dioxane (20
mL). Catalytic ammonium sulfate (50 mg) was added, and the white suspension was
subjected to reflux conditions for 4 hours. Over this time period, the white suspension
transitioned to a clear solution. The reaction solution was cooled to room temperature and
concentrated via rotary evaporation to a white residue with repeated co-evaporation with
toluene. The resulting white solid was dissolved in anhydrous DCM and N-
methylimidazole (836 pL, 1 mmol) and 4-nitrophenyl-(2-trimethylsilyl)ethyl carbonate
(2.3 g, 8.3 mmol) were added to the solution which was stirred overnight at room
temperature under N2 atmosphere. The reaction solution was concentrated via rotary
evaporation and resuspended in 20% TEA in MeOH (20 mL) and stirred for 1 hour. The
solution was adsorbed onto silica and purified via flash chromatography to obtain

compound 9, 80%. C15H23F2N306Si. LRMS (ESI+) 408.1. *H NMR spectrum (DMSO-de):
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0.04 (s, 9H), 1.00 (m, 2H), 3.67 (m, 1H), 3.80 (dt, 1H), 3.88 (m, 1H), 4.21 (m, 3H), 5.29

(t, 1H), 6.16 (t, 1H), 6.30 (d, 1H), 7.10 (d, 1H), 8.20 (d, 1H), 10.82 (s, 1H).

Compound 10: Compound 9 (1.085 grams, 2.66 mmol) was dissolved in anhydrous
pyridine (15 mL). To the clear solution was added dimethoxytrityl chloride (2.35 g, 7
mmol) and triethylamine (445 pL, 3.2 mmol). The solution was stirred at room temperature
overnight under N2 atmosphere. The next day, methanol was added to the reaction and
allowed to stir for 1h. The clear yellow solution was concentrated to a yellow residue and
purified by normal phase chromatography. (yield 1.85 grams, impurity gives over 100%).
The obtained impure residue was dissolved (1.85 grams, assumed 2.66 mmol with
impurity) in 50 mL of anhydrous DMF. To the clear solution was added 2.5 eq. of tert-
butyldimethylsilyl chloride and 5 eq. of imidazole. Overnight stirring gave complete
turnover of starting material. The solution was concentrated utilizing rotary evaporation
and the residue was diluted in EtOAc and washed with sat. bicarb, brine, and water. The
organic layer was dried over magnesium sulfate and adsorbed onto silica for normal phase
chromatography. Product containing fractions were pooled dried to remove solvent, and
then treated with 10% MeOH/DCM containing 5% dichloroacetic acid in 10 mL. The
reaction was stirred for 6 hours and the solution was adsorbed onto silica and purified by
flash chromatography to obtain compound 10, 73% over three steps. C21Hz7F2N3OsSi>.
LRMS (ESI+) 522.2. 'H NMR spectrum (DMSO-ds): 0.02 (s, 9H), 0.06 (s, 3H), 0.07
(s,3H), (d, 0.83 (s, 9H), 0.91 (g, 2H), 3.57 (m, 1H), 3.77 (d, 1H), 3.86 (M, 1H), 4.17 (t, 2H),

4.34 (g, 1H), 5.28 (d, 1H), 6.14 (t, 1H), 7.08 (d, 1H), 8.13 (d, 1H), 10.79 (s, 1H)
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Compound 11: Compound 10 (1 gram, 1.9 mmol) was dissolved in pyridine (10 mL) and
added to an ice-water cooled round bottomed flask containing phosphorous acid (474 mg,
5.8 mmol). Trimethylacetyl chloride (356 pL, 2.9 mmol) was added dropwise to the
solution and warmed to room temperature. The solution was stirred overnight and
concentrated to a yellow oil via rotary evaporation. The crude product was purified with
reverse phase chromatography, 100%-0% 50 mM triethylamine bicarbonate (TEAB)
buffer in MeCN to afford Compound 11, 80%. C21H3sF2N3OgPSi>. LRMS (ESI-) 584.4. 'H
NMR spectrum as TEA salt (DMSO-ds): 0.04 (s, 9H), 0.10 (s, 3H), 0.13 (s, 3H), 0.88 (s,
9H), 1.00 (p, 2H), 1.16 (bs, 9H), 3.07 (bs, 6H), 3.80 (m, 1H), 3.99 (m, 2H), 4.22 (t, 2H),
4.40 (g, 1H), 6.06-7.20 (d, 1H), 6.18 (t, 1H), 7.09 (d, 1H), 8.38 (d, 1H), 9.35 (bs, 1H), 10.80

(s, 1H)

Compound 12: Compound 11 (1.033 grams, 1.5 mmol) was dissolved in 10 mL of pyridine
and added to an oven dried round bottomed flask. The flask was fitted with septum and
repeatedly evacuated and purged with nitrogen gas. To the clear solution was added 150
uL of (2-trimethylsilyl)ethanol (150, 1 mmol) followed by 250 uL of Trimethylacetyl
chloride (2 eq., 2 mmol). The reaction stirred for 4 hours while monitoring consumption
of alcohol by TLC. After consumption of alcohol, propargyl amine (240 pL, 5.6 mmol),
carbon tetrachloride (150 pL, 2.25 mmol), and triethylamine (418 pL, 4.5 mmol) were
added to the reaction solution. The yellow turbid solution stirred for one hour and was
concentrated to a yellow residue. The residue was co-evaporated with toluene to remove
residual pyridine and the resulting residue was purified by flash chromatography to obtain

fully protected phosphoramidate, 38%. The fully protected phosphoramidate (422 mg,
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0.57 mmol) was dissolved in anhydrous THF and added to a round bottomed flask, cooled
with a water bath under N2 atmosphere. To this solution was added TBAF (1 M in THF,
4.0 eq., 2.2 mL). The reaction mixture was stirred overnight and concentrated to a white
residue. The residue was diluted with 1 M triethylammonium bicarbonate buffer and
purified with reverse phase chromatography 100%-0% 50 mM triethylamine bicarbonate.
The resulting salt was subjected to cation exchange with Dowex 50wx8 (Na* form) to yield
Compound 13, 93%. C12H15F2N4OgP. LRMS (ESI-) 379.4. *H NMR (D20): 2.57 (d, 1H),
3.64 (dd, 2H), 4.13 (m, 1H), 4.21 (d, 1H), 4.28 (d, 1H), 4.51 (m, 1H) 6.14 (d, 1H), 6.27 (t,

1H), 7.91 (d, 1H). 3P NMR: (D0, proton decoupled) 7.87.

NAP-FF-GEM, Compound 8: A solution of Compound 12 (357 mg, 0.53 mmol) in
dimethylsulfoxide (3 mL) and Compound 1 (139 mg, 0.35 mmol) in H20 (1.5 mL) were
stirred in reaction vessel to create a homogenous suspension. The reaction vessel was
purged with Argon and CuSO4-5 H20 (9 mg, 0.035 mmol) and sodium ascorbate (14 mg,
0.07 mmol) were added to the suspension. The reaction vessel was covered to protect from
light and stirred for 48 hours at room temperature. Upon reaction completion, the reaction
solution was concentrated to a DMSO solution and purified via reverse phase
chromatography (0-100% Acetonitrile in 50 mM triethylammonium bicarbonate buffer).
Product containing fractions were pooled, lyophilized to powder, and purified via cation
exchange with Dowex 50wx8 (Na* form). The synthesis of compound 1 was performed as
previously reported.?** The sodium salt was again purified through reverse phase

chromatography to remove any extraneous salt (0-100% Acetonitrile in H20), 31%. LRMS
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(ESI-) 1059.7. CsoHssF2N10012PNa. 3P NMR (DMSO-dg) 6.59. *H NMR and HPLC

chromatogram are located in Appendices.
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APPENDICES

!H-NMR and HPLC Chromatograms for Phosphoramidate Pro-gelators 2-8
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NAP-FF-EtAd (7)
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NAP-FF-GEM (8)
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