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ABSTRACT

Prior characterizati®of the nucleoside phosphoramidate moiety have centered upon the
ability of amine contaimg sidechains to mask the negative charge inherent to
monophosphorylated nucleosides for the purpose of enhancing their passive movement
across biological membrane¥/hen used for the intracellular delivery of therapeutic
nucleoside monophosphate analaggse molecules are referred to as phosphoramidate
AProTi desodo and represent an i mportant cl a:
primary aim of this thesis ® build upon these works and present the nucleoside
phosphoramidate moiety as a multifuooal regulator of molecular sedfssembly.
Appendage of nucleoside phosphoramidates to molecules suchasseeltbling peptides

was shown to modulate the sasenbling properties of the molecules through altiem

of the noncovalent interactions bsten individual monomers and nanostructure
assemblies. Additionally, the nucleoside phosphoramidate moiety was found to impart
enzyme responsive qualities. Histidinad nucleotide binding proteirfslints), an enzyme

class that possesses phosphoramidaseity, were found to regulate the assembly of
nucleoside phosphoramidate bearing nanostructures by inducing ionic interaction mediated
crosslinking after enzymatichydrolysis Chemical modification of selissembling
peptides with nucleoside phosphordates bearing nenatural and therapeutic
nucleosides was also achieved to effect the first ever demonstratembssatibling
phosphoramidate ProTides as @wnponehnanomedicines. The developed formulations

are currently under investigation for locabizelelivery of cancer chemotherapeutic

prodrugs.
il
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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
tradi ti onally regarded fAcentr al S c io&krfor € O , cl
fundamentally understanding how atoms and molecules interact and change one another in
natural processes, as well adtlie development of new moleculé®oth 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 cretsired changesimolecular structuré® The
resulting orientation and arrangement of atoms within a molecular structure directly

determines the physical, chemical, and biological properties of aysartiolecule®

The propensity of individual molecules to spontaneously associate together in
ordered arrangements is one property governed by molecular stii¢thike the forces
holding atoms tgether within a molecule are largely covalent, the forces enabling
intermoleclar association are nerovalent’ Therefore, in the design and synthesis of self
assembling mlecules, consideration must badgaot only to the covalent bonds between
atoms, but also to the arrangement of atoms within a molecule to facilitatovalent
interactionsthrough space. Just as the arrangement of atoms within a molecule dictate
structure, the threglimensional arrangement of nonvalent forces between molecules in

turn directly influences the structure of higher ordered molecular assefhblies.

Molecular selfassembly is ubiquitous across nature, synthetic chemistry, and

materials developme#fitindeed, biomolecular sefssembly contributes to the vast array

2



of biological matter consisting the extracellular matrix, cellular and subcellular
membranes, and the cytoskeletdnin synthetic chemistry and materiaksience,
molecular seHassembly is readily utilized for the fabrication of nanomaterials and

colloids, twedimensional surface arrays, and mesoscopic to microscopic struttdtes.

Of ggnificant interest to researchers and clinicians is the development ofsedivel
assembling materials for the treatment of disease. As with alass#imbling materials,
the molecular subunits consisting supramolecular biomaterials vay in size and
chemical content (i norganic or orngeaari c) ,

replaceo diseased or dama¥ded tissues and b

Historically, biomaterials have included a range of materials such as bulk metals,
ceramics, glassand both natural and synthetic macromolectiiéSarly biomaterials
contributed tesignificantclinical advances in eange of medical fields such as orthopedic
and dental implants, heart valve replacement, andcsiitgols such as synthetic sututes.

The maturation of biomaterials science has led to the integration of thelidescipf

clinical science, engineering, chemistry, and biology to effect the development of third
generation biomaterial8.The goal of this next geration of materials is to move beyond
enhancements in biocompatibility adémonstrate the poteal to influence and guide
biological interactiond® While traditional biomaterials maintain utility in a wide variety

of biomedical applicationss desire to achieve the aims of third generation development
has led researchers to investigate and develop materials with dynamic and tunable

properties whi¢ also possessing biologically active moietfes.



Figure 1.1 Characteristics of supramolecular biomaterials. Adapted fromWebber et

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

etall2
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The fundamental properties of supramolecular biomaterials position them to b
ideal in fulfilling the needs with which third generation biomedical materials have been
tasked. Selassembly relies upon combinations of famvalent inductive and dispersive
forces to achieve intermolecular cohesiveri€dadividually, these forces are small in
magnitude andonsiderablyveaker than covalent interactions. Nevertheless, these forces
function in concert to confer mechanicatoperties to supramolecular materials
approaching that of conventionally used crlisked polymers and macromolecular
systemg213 Individually weak nteractions between monomer units convey inherent
sensitivity to stimuli as individual interactions may be modulated by biological, chemical,
and physical cues to @it bulk propertied! This feature is currently being appli¢al
achievedynamic spatiotempat control of biomaterials within living systemhs?! In
addition, the chemical motifs driving molecular recognition andasdembly are highly
specific in their molecular recognition properties enablirgional design of
supramolecular assembligscorporating these motif$? 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-dauttain
functional monomers into a gjle material further approaches the dynamic modularity
displayed in biological systems and furthers the aim towards the development of
biologically interactive and integrable therapeutic materiglgufe 1.1, adapted from

Webber et al.j???

Two general assembly formats have been described forassdimbling

biomaterials depending on the size of the molecules utilized and theomalent
6



interactions between thenfFigure 1.2, adapted from Webber et al?).Large linear
polymeric molecules, otherwise unassociated except through chain entanglement, may be
physically crosdinked through incorporated molecular recognition mdfifs. Both
synthetic and natural polymers traditionally lacking crosslinking tiesiemay be
chemically modified with such crosslinking motifs along the length of the molecule to
enable multiple association events to generate a supramolecular polymeric network.
Utilizatiguresafo fimeetr acti ons t hrosesusgchasi ncor j
cyclodextrin and cucurbit[njurils and a variety of hydrophobic guest ligands,
complimentary hydrogen bonding moieties, and metal and chelating ligand combinations
have been incorporated into supramolecular desitfiig® An alternative method to direct
chemical incorporation of molecular recognition motifs is crosslinking poklymer
nanoparticle interactions. In these systenosslinking is achieved through complimentary
chemistries on both the polymer and nanoparticleasarind can even be extended to the

3-D assembly of polymeric microgel partické<’

Low molecular weight organic molecules and peptides have been widely
investigated for their selssembling propees and for application as novel
biomaterial$®?°In contrast to the crodmking of linear polymers, these lower moleaul
weight molecules assemble into higbpect ratio structures such as tubes, ribbons, and
fibers Figure 1.2, adapted from Webber et a’)Non-covalent interactions leadjnto
these assembly modes commonly include aromatic interactions and hydrogen bonding
patterns between t he p-sheet alpihdeelica coilegcoilnamcht s | e

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



monomers into highly specific and ordered structures, eventually forming entangled
matrices constituting supramoleculardnygels3! In addition to conventional peptide
monomers, chemical modification of peptides with alkyl chains has generated the seminal
class of synthetic sedssembhg molecules termed peptide amphiphit€sThe
hydrophobic nature of the appended alkyl chains contritiatbgdrophobic 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 miesl 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 fFeptides.
Engineeed polypeptides are a similar class of ss$embling monomer that extends the
functionality of small molecule peptide monomers to include high molecular weight
macromolecules obtained through recombinant expredsidre resulting monomers may
assemble into an array of structures dictated by the orientation of interacting interfaces and
nortcovalent interactions, but may also assemble into the oligomeric amyloid type

assemblies exhibited by s@lfsembling peptide®

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 therapynthetic biology, and bioelectronics to name a
few 313842 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 methodsesmsioéid phase
8



synthesis?®2%43The low molecular weight of these agents also facilitates biocompatibility
including resistance to immunogenicity as small molecdizsot generally induce an
immune respose without a carrieadjuvant Moreover,the lack of exotic features in
molecules such as salfsembling peptides consigt of short amineacid sequence
repeatdurther contributes to their lack of immune recogniti®*+4°Small molecules
arealsoreadily metabolized and cleared from tissues and systemic circulation and can be
designed for égradation into bialgically safe components by specific enzyrtfé8The

ease of synthesis of these molecuiasher facilitates the incorporation dfological
recognition motifs, ignaling moleculestherapeutic moieties, and even components for

material regulationRigure 1.3).32:33:4749

In this review, we aim to discuss recent advances in the biomedical application of
selfassembling peptides and related derivatiwéth specific emphasis on rationally
desgned biological instictiveness, integrability, responsiveness, @ndivo regulation.
Although the subject of intense investigation, sal§embling peptides and related
molecules represent comparatively few clinically approved platfé#ii$%1t is our goal
to highlightemergingareas of potential clinical success and to shed light on potential novel
applications of these materials to address umnnegticalneeds. We begin the review with
brief introductionsof the general classed selfassernling peptides and derivatives to

facilitate later discussions regarditigir specificapplication

1.1.1CLINICALLY USED SELF -ASSEMBLING PEPTIDES



Figure 1.3 Characteristics of low molecular weight supramolecular biomaterials
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Figure 1.4 Commercialized selfassembling peptides
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The discovery of the sedssembling 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 EAKG-11, was aseminal observation
in the field of selfassembling peptid¢$>?The observation of setfomplementary amino
acid repeats within the sequence was originally investigated to determine the effects of
ionic interactions withn the highly charged oligopeptide as influencers of secondary
structural characteristics. Serendipitously, the peptide was observed to undergo
spontaneous seissembly into nanofibrous structures in aqueous buffer of sufficient ionic
strength.At the macoscopic scale, the nanofibrous structures formed membranes which
were found to be thermally, chemically, and biologically stable. Curiously, the
exper i ment a-s$heeyseanruaryestructereforimed in the peptide assemblies was
distinctly differentt om t he ¢ o mp ut a-helixd®Tlelimplcatigns «f this c t e d
secondary structural motif driven by sebmplementary ionic bridges and paired
hydrophobic interactions provided the basisdrpansion into synthetic derivatives based
upon the same principlésathave driven the field of seissembling peptides for nearly

three decades

These patterns of setbmplementaritywere readily utilized to design an entire
class ofde novoself-assembling peptides through careful balancing of the sequence and
order of ionic and ydrophobic residues. Redesign of the EAKLGeptide yielded
changes in the length of oppositely charpletks, as well as miandmatching of various
ionic and hydrophobic amino acids to yield a plethora of derivativése group of

derivatives formedby through replacement of Glutamate with Aspartate, and Lysine with
12



Arginine, within the seHassemblingpeptide core generated the RADAL6 series of self
assembling peptides. Important not only for their -aedembling properties and
contribution tothe basic understanding of supramolecular assembly, the RADA16 series
of peptides realized successful commarand clinical translation as hydrogels for tissue
culture, as well as their clinical application as stabaids, gels for regenerative medicine,
and therapeutic delivery vehicl€®® RADA16-l (RADARADARADARADA),
commercially recognized as Purastat {8Rtrix, Ltd.), is currently under linical
investigation as a hemostatic agent for endonasal, gastrointestinal, and hepatic surgeries
(Figure 1.4).55%8 The hemostat properties of RADA14 is proposed to result in part from

the ionic strength trigered gelation mechanism of these peptides. Because of the ionic
content of bodily fluidsthe applicationof nanofiber solutions at sites of bleeding and
hemorrhage rapidly generates gels to effect the hemostatic ¥ffé&urasta(RADA16-

) is clinically approved for its function as a hemostat in several cosrarid currently

undergoingclinical trials in the USA%49

A transmembrane receptor domain of the Isk potassium channel was the inspiration
of a series of selAssembled peptides that eventually became clinically used biomaterials
for dental application. The 27 amino acid transmembrane domain was originally
investigated in order o d et e rsheetnsecondarysstrudture character within lipid
membraneghrough a series of biophysical studié$.Subsequent investigation of the
peptide and a shortened 24 amino acid derivateeealed their ability to form
organogels$®® Like the previously mentioned families of peptides, hydrophobisis

found to play a key role in theility of these peptideto becomeamphiphilic detergents
13



and thus not underggelation even in the presence of polar protic solveAithough
increasing polarity was found to trigger the requisite structural transition for gelation, the

studied peptides were found to be insoluble in witer.

To guide thede novodesign ofseltfassembling peptide Aggeli and colleauges
developed aeries of criterionvhich were used to instruct the development of gel forming
peptide assembliefor biomedical applicationThe design of selissembling peptides
should incorporat€l) complementary ionic, hydrophobic, and hydrogen botedactions
amag the sidechains, (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 intenas®® Consideratiorof
the above guielines led the group to synthesizéeanovaligopeptidereferred to a®NL1.
Characterization of the peptide revealed its sequenc&(AEIn-Arg-PheGIn-Trp-Gln-
PheGlu-GIn-GIn-NH2) i mp ssheét éoamind character as well as linesgeanbly in
aqueous environmeft. The oppositely charged Arg and Glu residues contribated
antiparall el esheket eassénlywhile @& cormbination hok hydbophobic
interactions provided by the methylene units of the amino acid side chains and aromatic
interactionsbetween Trp and Phe residues aided isteand recognitiof® The guiding
principles of ratbonal design leading to the DN1 were contrasted with a@btyll-mer
peptide which si mi | ar | ssheet strdcturesv with tadecquates e mb |
interstrand recognition, but formeétsoluble aggregates in aqueous solution ddieetdack
of sufficiert solvating polar residue&® In subsequent investigations, insertion and

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



on pH responsi venes ywasowdto Ise signdidantly tiedtmpHc ap a b
with gel phase fortionat pH values lower than 5 and flocculated aggregates giié\&e

due to charge neutralizati6hSubsequent replacement of Glu with a GIn residue yielded

a singly ionizable peptide termed:R2 which formed a stable gat pH values as high as

10 due to the ionization state of the Arg residue. A derivative of DN1senence Ac
Gnl-GIn-Arg-PheGlu-Trp-Glu-PheGlu-GIn-GIn-NH2 termed R1-4, was determined toe

highly sensitiveto pH and ionic strength in terms &$ iassemblylue to incorporation of

one cationic residue (Arg) and three anionic residues (Glu). SirnilletR:-2 peptide,

P11-4 formed seHassembled hydrogels at pH values between 5 and 7, but disassembled

into isotropic solutions at pH values in excess of(Figure 1.4).5

The ability to leverage the ionization stafePa:-4 in regulation of its assembling
properties led to investigation of the peptide for skadl tissue regeneration and
engineering applicatiorf8'®® Similar to the selassembling properties of RADA in
response to ionic strength contributing to its function as a hemibstapplication of -

4 as a viscous solution at basic pH was envisioned as a delivery method to fill skeletal
voids and undergo gelation as a resulirokitu pH and ionic strengtiiFigure 1.4)%!
Interestingly, the peptide was explored as atinent technique for dental caries which are
lesions characterized by reduced tooth enamel mineralization which affectsthe
stability and mechanical properties of the tdttApplication of the peptideddution and
resulting seHassembly into nanotape structures was thought to potentially mimic the
original extracellular matrix on which hydroxyapatite is depositedenerate the dental

enamel. In the developing tooth, extracellular matrix is degradise sissue develops and
15



mineralizes, resulting in a lack of fibrous structures to allow remineralization in cases of
later tooth disease or dam&jdhe supramolecular peptide scaffold ef-B was found to
contribute to deposition of hydrgapatite crystals with its highly polar solvent exposed
surfaces, high aspect ratio assembly, and high degree ofd@empared to controls,
application of P-4 peptide solution to teeth was found to reduce demineralization under
acid condiions and contribute to remineralization at physiologic ptt4Ryels were also
able to fom de novohydroxyapatite in the absence of teeth, with areas of mineralization
found throughout the gel structure which were absent in a comparative gel&fikvi.
thesepositive clinical results the R1-4 peptide has been commercializgiCurodont by

the Swiss company Credentis and successfully translated intinihe®?®¢ The agent has
been approved in Europe for treating caries lesions and has also been fappiie

treatment of senve teeth and enamel erosion protecfion.

112 CLASSES OF SELFASSEMBLING PEPTIDES AND DESIGN

CONSIDERATIONS

The previouslymentioned examples comprise only a small portion of investigated
sefassembling peptide platforms f or-shdet o medi
forming peptides have ba investigated for their sedfssembling properties which
constitute one of themore well studied and diverse families of smfsembling
molecule$® 0 Other classe of selfassembling peptides have also been developed
i nc | u-kelixfogming peptides, aromatic peptides, and peptide amphiphiles. These are

largely distinguished from one another by the -gomalent forces driving assembly and
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their effect on resultigstructural 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 RADAlasses of selissembling
peptides, understanding the thermodynamic and kinetic parameters and how they are
affected by the nowoovalent interactions leading to sasembt became a primary goal
of researchers in the fielfifure 1.5).%° A fundamental invesgiation conductetbllowing
the discovery of EAK18l sought to determine the effect of sequence modifications on
resulting assembly propertiesA 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 tehzations
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 féatunesitu gelling
derivatives. The peptides contained one of either Phe (BKIE(IKIE), or Val (VKVE)
as the hydrophobic amino acids within the rep&&itaportantly, 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 intodevason for lagr

prototype design for specific applications. Increasing-sttin hydrophobicity was found

17



to reduce the ionic strength dependence of gel formation, and the number of repeat amino
acid segments affecting ionic strength dependence iptalpdength coalinated manner
(Figure 1.5). Additionally, increasing the hydrophobic character of uncharged amino acids

was found to result ian increase iselfassembly kinetic}
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Figure 1.5 .
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Kinetic enhancement of assemblyas later explained by considering the balance
of hydrophobic and charged residues within the pepfieThe energetic penalty fo
solvating the hydrophobic face of the peptides was determined to be counterbalanced by
the charge repulsion experienced by the highly ionic hydrophilic fades. ifiterplay
results in significant charge repulsion between peptides as the energeticdraweating
the hydrophobic faces from associating at low salt concentrations, as previously
demonstrated with application of DLVO theory to the assembly pracessiting higher
ion valence leading to lower peptide critical assembly concentrdfidnsteasing ionic
strengthof the solution lowers the Debye length due to ionic screening, alleviating
repulsion and enabling the hydrophobic faces to assoéfktathermore, 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 concentratiotisethan
respective lle and faontaining amino acid¥:’2In addition to the entropic penalty for
solvation of the bulky Phe sid#ans, association driven nthalpic aromatiaromatic
interactions could also play a role in facilitating assembly, a thermodynamic factor

important in multiple selassembling peptide classég?

Interestingly, theabove experiments were famed at low pH where the lysine
side chain resiges, expected to be protonated, generate a highly cationic form of the
peptide leading to the charge repulsion phenoméh@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 substituticth@hegative Glu residugsth

uncharged GIn which produced two interesting effects. The first was increased requirement
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for salt in solution at low pH, possibly due to reduced hydrogen bonding capability of GIn
compared to Glu even in the uncharged state second was the abjlito remain a
viscous liquid at neutral pH and undergo asseratitycreasng ionic strength. This is key
for biomedical applications as addition of low pH solution is undesirable due to the

potential for tissue damagé’?

Substitution of the diphenylalanine residues in the amyfloid-26peptide (Ae
KLVFFAE-NH) with hydrophobic residues ofarying steric bulk and aromaticity was
performed to systematically characterize the effect of thesechmlas on selbssembly
(Figure 1.5).”° Similar to hydrophobic interactions contributing to sasembly in the
FKFE peptides, the diphelajanine core inamyloid i s cdakey drigimgifoece in
the fibrilization of the full length peptide and has been widely investigated in its own right
as a selassembling motif to be discussed in a later seé¢fiéhBoth phenylalanine
residues were sequentially modified to either Ala, Tyr, cycloh&ky) or pentaflurePhe,
with the unnatural aminracids providing key insigbktinto the differing roles of
hydrophobicity and aromaticity in iding selfassembly. Interestingly, both Ala and Tyr
modification at the amyloib19 position prevented seHdssembly of their respective
peptides indicating that decreasing hydrophobicity naistolerated at this position. In
contrast, sedimentation sied determined that the cyclohexdla and Pentafluoréhe
modifications significantly increased the assembly kinetics of their respective péptides.
The wild-type peptide exhibited a very slow sasembly rate and took several weeks to
reach an assembly equilibriuf?. Conversely, the more hydrophobic synthetic

modifications rapidly increased the assembly kinetics, reaching assembly equilibria in less
21



than an hour, with respective critical assembly concentrations for the cyclgklexghd
pentafluorePh e modi fi cati ons of #Compakdwthdwild &M r
type peptide which possesses a <c¢critical
replacement at positiet® with the bulky cyclohexyl side chain is insoiént to
recapitulate the aromataromatic interactions presenttiveen Phe résd u e sstrandn b
oriented peptides and may even induce steric clash due to increased riR¢nsipatrast,

the cyclohexyAla substitution at positic20 where Phe residues are predicted to
participate in hydrophobic interactis with the \al residue resulted in a modest decrease

of the <critical aggr eg’amnibotm case mowever,ttheat i o n
pentafluorePhe modification made significant contributions to decreasing the critical
aggregation concentraft due to itsretained aromatic character at positith and

enhanced hydrophobicity contributed at both positfSnisiterestingly, the enhanced
assembly driving character of the pentafluBtwe could also be due to the high fluorous

content & the side chin, which could contribute to nesovalent associatiof?. Evident

from this investigation is the wealth of assembly information that can be garnered from
structure activity relationships investigating the role of individual arag residues in

promoting seHassembly. 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 addtion to the identity of the amino acids, the number of amino acids within the
peptide also plays a considerable role in regulatingessémbly. A previously mentioned

investigation also looked beyond modifications to amino acid identity to observédbe ef
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of changing the number of KFE repeats within the-astfembling scaffolef Interestingly,

the studyrevealed 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 chargengroviger
speciesand agreater driving force for association. Conversely, very long peptides carry an
entropic penalty for selissembly due to the lofrgnge ordering of the nhecules which

counteracts the hydrophobic driving force without sufficientgbacreening?

These redits have been further reflected in more theoretical investigations of
peptideself-assembly. One study investigating the balance of enthalpic and entropic forces
governing seHassembly of peptides with varying length correlated experimentally
observed dat with computational method®.Interestingly, only peptides witfive or
greater residues were found to undergo-astiembly due to lack of enthedally favored
interactions between peptides to afford higher ordered association. Combining molecular
dynamics simulations with experimental data revealed increasing pepfitle fesults in
sequential entropic penalties of approximately (lherek is the Boltzmann constant) per
residue. This entropic penalty is associated with not only immobilization of the backbone
but also the amino acid sidains. Experimentally, incraag the peptide length from
five to nine residues resulted in sequential deses in the critical aggregation
concentration (defined as the concentration of peptide required to triggassethbly)

f rom 170 respectivilySimgdaito the results of Caplan et al.,elavenresidue

peptide possessed a critical aggregatiamn c e nt r at iwbiah wasdignifcdhtty € M
23



greaterthanthe al ue of 14 ¢ Mredidoeuprptidef®Clearlytah @timali n e
sequence length is likely to exist in @gBng selfassembling peptides which is determined
by the balance of associative interactions #wedequirement for high degrees of peptide

ordering.

Interestingly, the progression of monomer aggregation to elongated nanostructure
can proceed throughseries of transiently stable intermediate struct(fr&aluation of
the selfassembly 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 rato force microscopy (AFM). Initial aggregation of the
peptide after dissolution resulted in ¥tinded 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 formvhich continued to predominate at longer time points, eventually
selfaggregating and forming interconnected fibrillar matrices. Molecular dynamics
simul ations were used to pr edstrandintgrabtiensar r an
to explain the kietic 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 nan&fibers.

Indeed, the mokular structure of the RADAX6peptide was investigated through
13C isotope labeling and subsequent sstiate NMR measurements. Unexpectedly,
n e i g h b-strandswere found to be parallel in orientation enabling intermolecular ionic

interactions betwan oppositely positioned Arg and Asp residues. Dipdi#g-°C
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couplings between selectively labeled residues within the peptides provided the evidence
for this assembly orientatiofi.’*C isotope labeling within seissembling peptides also

has use in FourieFransform Infrared Spectroscopy (FTIR). In the study by Senguen et al.,
Isotope Edited FTIR (IEETIR) was utilized to study the orientation and pairiegistry
between neighboring amyleldl d e r i v e’@® Amiagatid rdselises Phe20, Ala21,

and Leul7 were selectivelyC labeled within he amyloidb ( P& peptide to probe for
coupling between the isotopically labeled carbonyl carbbisis known to possess a
lower vibrational frequency compared& which results in a 20 chshift in the amide
frequency when th&€C labeled residuesialone in the peptide. However, greater shifts are
expected when two isotopically labeled residues are in proxithitgenabling, in the case
ofselfassembl i ng pept-stndarientatioh te berdetegmined. Ehe studyf b
revealed that thpeptide was assembled into an out of register antiparallel arrangement,
offset byoneaminoacid residue, evident from the enhancement in amide resonance shift
observed between Leul7 and Phe2leled peptides regardless of the hydrophobic

modification atposition 197°

Consideration of these studies for designing and modifyingassémbling
peptides revealan interesting pointTh e p a ¢ k i n gsheat fodning pehtided is
likely to be dependent on the sequence and resulting intermolecular interactions between
peptides and not necessarily generalizable characteffsth examination of 30 self
assembling peptides derived from amyloid fargproteins such as insulin, the yeast prion
Sup35, and Amyloicb f ound a -shaeh assemhbyforieftatidns usingay

crystallography techniques which indicated strong sequence dependence on $tructure.
25



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 pHZ 84
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Figure 1.6 Considerations of 4Skegtipaptider and

assemblies
() Positive Side Chain
(Q Negative Side Chain

I__"o__":""o"":_"_fi"o"'

W " W W " " I

B bk e R EE

b oo Lateral View __________|
Co T e T e ]
| Direction Register I
| — ——0—0—0—0 -— !
| — 0—0—0—0—0—0 ——0—0—0—0Q — !
| — 00000 +—
| —0—0—0—0—0—0 Oy —— |
| :
: Register and Direction :
I —O0—0—0—0—0 I
: —0—0—0—0—0 — !
. 0—0—0—0—0—0 +— .
l *—0—0—0—0——0 ™ !
! |
L - ——————_____TopView of Poptide Assemblies _ __ ___ __ _________ ;

27



1.1.2.2AROMATIC PEPTIDES

Thediphenylalanineself-assembling motif, derived from residues 19 and 20 from
the amyloidb pr ot ei n, has be e rassemblg ef b widewarietydof t o dr
peptide derivatives. Nanotubes formed from aqueous solutions of diphenylalanine were
first observed and utzed as tools for the fabrication of metallic nanowfteZhe rigid
dipeptide nantubes were distinctly different from the flexible amyloid fibers formed from
|l onger pept i-sHeetscharacelr was obgegvad inbthe assemblies from FTIR

characterizationHigure 1.7).8°

A combination of experimental and computational approachesuwneietaken to
investigate the molecular organization of thpeptides within th nanotube formations.
Interestingly, the peptides were ordered into hexagonal arrangements in a head to talil
fashion with hydrated centerf&igure 1.7).8% These results were later reaffirmed in
computational analysis which predicted ring shaped organizations of tHehehmeptide
in which both sidechains are posoned on the exteor of the ring structures leadingte T
shaped aromatic interactioffs.T-shaped aromatic interactiorlsave been observed
between both aromatic amino acids and bases in nucleic acids and are thought to provide
stabilizing interactions for molecular recognitigfigure 1.7).888°Conseutive layering of
the hexagonal r ishee arrmrigementstisuhowglst to formtthe babis for the

PhePhe dipeptide nanotube formati&t$®

Most illustrative of the ssembly driving fore 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 tre® Gterministill was found

to enableself-assembly into nanobes®®° This doservatiorwas suppded by molecular
dynamics simulationthat predicted sidechain interactionsirekey to the early stages of

the selfassembly process and electrostatic interactions between the termini contributing to

ordering and stabilization of thpeptide backbone®$:%!

Neutralization of the Merminal charge on the peptide has been shown to enable
assembly of Ph&he, although nanofibrous structures sypically formed m contrast to
nanotubes formed from the dually protegpedentapeptide(Figure 1.8).°! Incorporation
of hydrophobic and aromatic chemical modifications at the FteeNterminus not only
promotes selhssenbly, but also gelation in aqueous solution. A range of hydrophobic and
aromatic modiftations at the Nermini of amino acids and short peptides were explored
in early reports for their ability to induce and contribute to gelation in aqueous sdéfition.
9% Among the most robust modifications was the polyaronfatarenylmethoxycarbonyl
(Fmoc) groughat was shown to generatgid hydrogels ad exhibited fiber morphology
closely approximating those observed in traditional ardylprotein assembli€s.
Typically utilized as a labile amineqtecting group is solid phase peptide chemistry, the
Fmoc group provides additional hyghhobic character to the peptides and is thought to

potentially providei at lermegsario divesassembff?d®ce f or

Evident through CD spectroscopic and-FIR s t u d i-ghset chasactdr bfe D
FmocPhePhe peptide assembligs Fluorescence spectroscopy showed that the N

terminal fluorenyl rings participate in aromatocomatic stacking interactis evident
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through red shifting of the emission pealhiiited by FmoePhePhe in comparison to
FmocPhe and the possible formation ehgdgregates evident from a significantly red
shifted secondary fluorescence emission peak by APhe®he’’ These observations
were used as parameters iftstructing molecular modeling interactions to inigetie the
packing mode of FmePheP h e . |-sheettatisemblfs, two peptide backbones were
hydrogen bonded and stacked atop one other, with fluorenyl groups zippered together with
adjacent sheet assbhes. To maximize aromatic interactions between therényl rings,

the sheet assemblies are twisted with respect to one another and form fiber structures with
four peptides consisting the circumference ofubelike fibril. The computationally
predictel 3 A diameter fibrils were observed to form even higivdered structure using

TEM imaging, forming ribbons of discrete widths consistent with the fibrils arranged

lengthwise(Figure 1.8).%7

A key feature of Fmo®hePhe is its ability to form rigid hydrogels in agqueous
environments despite its high degree of hydrophobic character, incstaiast to the
careful balance of hydrophilic and hydrophobic residues necessary fassethbly and
gelation of other rationally designed peptide clagsegire 1.8). The fabricabn of Fmoe
PhePhe hydrogels is relatively facile and can be accommgdighrough initial solvation in
organic solvent and subsequent dilution with water, or through modulation 8pFhe
characteristic of Fmoc to drive assembly into hydrogels is not uaiversll dipeptides.
Comparing the gelation ability of Fmaubstitutel dipeptides demonstrated that Fmoc
PhePhe formed hydrogels under physiologic pH whereas other peptides required pH

values below 4 to undergo gelation. Additionally, the location af Rdsidues within
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peptides can influence gelation as FARieGly forms gels in a pH dependent manner
while FmoeGly-Phe crystallizes in solutiott. Despite being able to form gelmder a
variety of conditions, the mechanical properties of FRbePhe hydrogels vary
significantly from study to study and by fabrication technique. The final pptegared
FmocPhePhe gelswvas found to be a key parameter influencing mechanical pgregper
with gel weakening. Diluting FmeBhePhe from an initial organic solution with water
was found to form rigid hydrogels due to the low pH of the resulting samples-Fnhsoc
Phe ged formed through pH titration demonstrate weaker mechanical propatties
physiologic pH indicative of this pH influence. Buffers and presence of residual solvent
also play a role in dictating the final rheological properties of FRitePhe hydrogel&®
Despite empirical characterization of these discreparefesdamental understanding of

the properties gverning thesenolecular interactions is stitlot fully understood

The charge state of FmdéthePhe was demonstrated to play a key role in regulating
observed assembly morphology. The pKa values of tteri@inal carboxylic acids of an
N-terminally caped and uncharged peptides was shown to be approximatéRidhbve
this pH, the negative charges of the peptides in solghanld be expected to exhibit a
repulsive effect, preventing the molecules from assembling into higher ordered structures.
This effect was evident in the abeneentioned gelation studief FmocPhePhewhere
most of the studied peptides failed to form togkls at solution pH above this value.
Nevertheless, FmeehePhe assembles into hydrogels at piluesclose to neutral

conditions as shown in the study and by otf&rs.
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The putative hypothesis behind this occurrence was suppression ofFffraBbie
ionization, causing an increase in the cagdic acid pKa enabling persistence of
nanostructures at physiologibalrelevant pH. Although FmePhePhe is a singly
ionizable molecule, titration curves of FmBbePhe surprisingly revealed two pH
plateaus from 10-8.5 and 6.5.21%° These plateaus were taken as evidence of two
possible pKa values saciated 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 09.510.2, the peptide formed clear solutions consistent with disperse
monamers in solution. Decreasing the pH below 9 yielded a weak hydrogsiktaah of
paired nanofibers, associated along their length and consistent with previous
characterization of FmeRhePhe nanofiber&®"1° The nanofiber assemblies only
formed weak gels at this stage, possibly due to partial assembly wigtriaution of
monomers and higher assemblies presetitemesult ofnanofiber charge repulsion. After
the initial assembly transition, approximatélyo-thirds of the peptides were expected to
remain ionizedesulting in the partition oftharged monomeirfrom theassemblieslt is
also possible that tHeulk of monomers assemble into higher structures, imducharge
repulsion of the formed nanofibgoseventing necessary fibéber entanglementseeded
for the generation afobust gels. Contuing pHdecrease to the second pKa transition at
6.8 would induceswitch fromaweak gel taa viscous solution, explained by reduction of
overall nanofiber sudce charge allowing the paired nanofibers to continue to associate
along their long axis to form the bbnlike assemblies previously described for Fmoc

PhePhe to forn?,/:1%0
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A similar investigation on assembly pH dependence was undertaken for another
aromatic dipeptide Mbrotected with a naphthyl moiety in lieu of the Fmoc protecting
groupi®® N-terminal naphthalene modifications of dipeptides were originally investigated
for their ability to drive seHassembly similar to Fmoc and were shown to enable self
assembly of dipeptides into a range of nanofibrous structures with varyiphaotages
dependent on the dipeptide sequelfé®rior to the study, glucort-lactone (GdL) was
realized as a t to control the gelation kinetics of Fm&thePh e due t o GdLOo:
hydrolysis which reduces solution pH and the ionization of the pelfidi&is technique
was further adapted to a NAMa-Val peptide which was responsive to the pH modulation
technique and formed gels below pH%Interestingly, bromination of theaphthalene
cap was found to enhance the gelation properties of the peptide through a putative increase
of hydrophobic charactéf! Similar to FmoePhePhe, the NAPAla-Val peptide
possessed a carboxylic aeiith apKa of 5.9, a value significaptlabove the anticipated
pKa. Spectroscopi c dat a s ug ehkests vathlsuficerste mb 1 y
decrease in pH afforded liye addition ofGdL. Chiral and linear dichroism spectroscopy
results indicated chirality of the assembled naphtteatdromophores due to their ordered
arrangement in the nanostructures. A biphasic assembly process was described beginning
with initial deprotonation of the Napla-Val peptide at pH close to the pKwhich
resulted intriggering assembly of the dipeptgle i rsheet adsembliesn the second
phasefurther deprotonation of the structured te possible nanofiber entanglements and
higherorde lateral association of the fibers. The final rigidity and morphology of formed
hydrogels was found to be indeykentof the amount of GdL added and resulting final pH.
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Instead, rheological analysis pointed to a dependence on resistance to statmgthat
a combined effect of pH and assembly kinetics were regulating the crosslinking density of

the nanofiberand not the underlying assembly interactidts.

From these studies of pH and its resulting effect on theaseémbly of shodelf-
assembling, a similar set of parameters governing supramolecular association to that of
| ar ger -sBheati@mirg geptidés is apparent. Firstly, a primary driving force of
assembly is the hydrophobic association of the peptides through a cbambin&
desol vati on, met hyl ene interacti omgefBnomie
afforded by the phenylings of Phe residues. This is exemplified by the propensity of
FmocPhePhe to seHassemt# at pH values much higher than similar Fmootected
hydrophobic peptide¥.In addition to entropic desolvation of the hydrophobic sidain,
the enthalf contributions of aromatiaromatic interactions to the overall thermodynamic
driving force of assembly seems ums@&. Using noraromatic side chains in the NAP
Ala-Val peptide required additional hydrophobic character to be addiedriaphthyl ring
through bromination to facilitate sedssembly®! A second key feature is the charge state
of the peptideThis is evident in pH titration studies showing a clear dependence of the
ability of FmocPhePhe and related peptides to sadbkociate @ the Cterminal

carboxylate becomes protonaf@g©*

It is unclear why the carboxylate pKa of safsembling peptides is increased
compared to structurally retd nonmassembling peptides. A report investigating the

assembly kinetics of Xerminally and Gterminally capped tetrapeptides bearing tNe
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and two Asp residues observed that the kinetic hurdle for fiber formation is the initial
dimerization event ofwo peptides® As GdL mediated decrease in pH neutralized the
negative charge of the Asp side chains, the repulsive electrostatic effect between two
peptides was removeft Removal of this blocking effect ebl@d the bdt hydrophobic

and aromatic residues of the peptide to drive assembly through the favorable desolvation
of the bulky side groups and enthalpically favored aroratienatic interaction®* The

rate limiting step in the aembly of tle 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 fluorescemt® 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. Astithesso
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 resultirmienviromentally specific
increase in the pKa facilitating further protonation of the remaining residues. Following
dimerization, association of the poedered peptides into nanofiber assemblies was
relatively rapid due to the low entropic barrierassemblinghe already conformationally

constrained peptide$?

35



Figure 1.7 Radial assembly of Phéhe into hollow nanotubes
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Figure 1.8 Representation of Fmod®he-Phe nanofiber assembly
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Figure 1.9 Modifications of Phe-Phe dipepide to yield aromatic selfassembling

gelators
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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 secondasyructual characteristics and also assembled nanostructures
that retain colloidal stability to prevent aggregation and precipitéfimure 1.9). These
features were considered in developing a simple model to explain the preferable formation
of high aspet ratio structures in the gel state versus organization into 3D crystal
arrangement¥® It was found that the gel state consisting of nanofibrous structures could
represent a thermodynamic minimum, stabilizy he 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 organizatioemiriscent of experimental observations
where single amino acid changes could drastically alter thesstimbling and gelating

properties of these molecul¥s.

A separate investigation attempted toretatecrystal structure packing to gelating
capability of low molecular weight aromatic peptides to address the seemingly
idiosyncratic nature of amiracid substitutions either promoting or ablating gelating
capability°® Peptides that formed crystals and not gels exhibited an increased propensity
for aromatic interactions between-tBrminal naphtyl groups which were found to
abrogate the hydrogen bonding pattern present in gelating samples. Interestingly, crystals
grown from gel sampl-esstackiedg t hepiaaalmay i
aromatic peptides indicating that the interactioresymotbe 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%®

While computational simulations and analyses of crystal data have yielded valuable
insight into the selbissembling pneertiesof short aromatic peptides, correlation to actual
gel structure and priori molecule design from first principles remains largely out of reach.
Structureactivity relationship studies and empirical observation remain a key technique in
the desigrof 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

o

gelation®®’Si mi | ar to desi gn par sheetbsseambliesagbremlt e
conclusions could be reacheslichas increasingmonomeraromatic characteran, 1)
accelerateassembly kinetics?) create more thermally stable structures, anhdenerate

greater elastic charactas determined bsheological analysi&’

In a systematic investigation of a varied peptide sequences and polycyclic aromatic
N-terminal modifications, several tife derivatives failed to exhibit gel formation although
most of the assembled structures did act as molecular geftdise peptide with the
lowest sidechain hydrophobicity was unable to form gelghwthe smallest aromatic-N
terminal substitution whicbonsisted of a naphthyl group, but was able to gelate with Fmoc
or pyrenyl modificatiort®® A peptide bearing a Pro residue close to themhinuswas
not able to form gels with any-términal 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. Similarlyhempeéptide bearing
Pro at the @erminus failed to gel despite variedtdrminal modificatios, indicatingthat

the residue might universally prevent efficient packing and backbone reordedegsary
for the formation oftable interstrand interactio®$.Additionally, a lack of solubilizing
polar groups can lower the solubility oftsrminally protected peptides with an excess of
hydrophobic surface are&or examplepyrenyl modified VYGGG precipiting from

solution while Fmoc and naphthyl modification formed stable §8ls.
1.1.23 PEPTIDE AMPHIPHILES

The power of covalent modifications was made evident in theridinally capped
aromatic peptide as key drivers of sedssembly. Alternative to aromatic moieties are
aliphatic chains which have been appended to peptide termini to generate linear
amphiphiic molecules termed peptide amphiphiles. Lipidated peptides had previously
been investigated fdheir ability to hydrophobically insert into biological membranes, and
in the case of naturally derived lipoproteigeyerntheir underlying biological funain.1%®
Synthesis of fluorescent phospholipid conjugated peptides was achieved for the purpose of
investigating the interactions of eukaryotic cells with immune ¢8ls. the course of the
study, it was observed that oligomerization of the lipidated peptide assembliegddour
the membrane andas suspected taesult from associations between the membrane
immobilized peptided!® Later investigations focused on the ability of synthetically

lipidated peptides to form stable sasemblesanatructures!?
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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 assnbly 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 efisstfimbling hydrogelatot& In the
study, linearly or@nized 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 substrat
(Figure 1.10.113The peptide amphiphiles were able to be synthesized sisindard solid
phase technigsewith the Nterminal amine capped with fatty acid acyl chdiftSeveral
components were incorporated into the molecular design of the peptide amphiphiles. The
first was a block of Cys residues that were expectgatduide mechanical stdly by
forming disulfide bonds with adjacent monomét$Additionally, the dyamic nature of
disulfide bonds was expected to enable reduction sensititiés that could be cyclically
reduced then oxidized to generate tunable structifés.second featw necessary for
hydroxyapatite deposition was the inclusion of phosphoryla®ihcacids into the
peptide segment, thus mimicking highly phosphorylated proteins such as phosphophoryn
which are highly anionic and contribute to mineralization of hard tissueh as dentitt?
Thirdly, an ArgGly-Asp (RGD) sequence was incorporated at theer@inus ofthe
peptide to facilitate cell adhesion to the surface of the mineralizedtnaciires formed
by the peptide amphiphilé$> An alkyl chain of 16 carbonwas used to modify the-C
terminus to contributa conical or triangular profile to the moleculghich is necessary
for the packing of the peptide amphiphiles into high aspetd @ylindrical micelles!?
Cryo-TEM results confirmed assembly into-87 nanoneter 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 hydrophobjciratioating the
molecules within the cylindrical micelles were indeed origémtéh the alkyl chains inward
toward the center of the fibers and the peptide outWarterestingly, FTIR analyses
suggested the peptides sals s 0 ¢ i a-sheed structes i pogsible combination with
helical structures to effect the linear assembly of the molettfiBsie to the strong anionic
character of the peptide segment, assdgmof the structures was found to be pH dependent

with assembly only observed at low pH valti¥s.

Following this initial report, a significant body of work was put forth investigating
the mechanistic details of the molecules-sséembly and their regtilan by external
stimuli. Similar to investigations demonstrating the pathway dependence of assembly on
the resulting material properties of-tBrminally capped aromatic peptides, different
assembly protocols were found to induce varying morphologies én résulting
nanostructurest® Dissolution of palmitoylValsAlasAsps in hexafluoroisopropanol (HFIP)
resulted in soluble and unassociated omars due to effective solvation of the lipophilic
tail and effective polar interactions with the hydrophilic peptide segriréqure 1.11). In
the fully dissolved state, the peptide segments exhibited a random coil structure observed
with CD spectroscop¥®| n ¢ o nsheetfaration fwas observed in predominantly
agueous HFIP esolvent mixtures as a concentration of HFIP greater than@8%&nted
assembly® Intermediate cesolvent mixtures exhibited the random coil CD character of
the peptide segment, but also demonstrééedures of selassembly For examplea

hypsochromic shift in the fluorescence of the solvatochromic g¥dkeedbound to the
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peptide domain was consistent witie possible presence of short oligoméfKinetic
investigation of nanofiber assembly was undertaken to determine the role short oligomers
may play in the assembly process. By injectimgamphiphile which had beedissolved
inHFIRi nt o water, a critical concent-sheet i on
formation with the slowest rate of assembly also measured at this concentration. Higher
concentrations of HFIP were found to only support random coil structures. timgesa
pathway dependent phenomenon was revealed in which the addition of peptide amphiphile
and HFIP solvent resulted in different observed secondary strudi¢ines. the enphiphile
wasadded directly to water and diluted to a 20% solutdah HFIP, little effect on the
kinetics ofamphiphileassembly anthef i n-shket dnaractevas observable, consistent

with the formation of highly metastable structures. Conversitlg,addition of the
amphiphile into an already high HFIP content solvent mixteselted in only random coil
structures although the fin&lFIP concentration was identical as befbfeFrom these
experiments a clear ding force for assembly is the hydrophobic alkyl chain which
requires the entropy of desolvation to facilitate oligomer formafibiHowever, to
generate stable high aspect ratio structures, aqueadsgions are required to stabilize the
highly polar Gterminus of the peptide segment and reduce charge repusiorell as
facilitate proper folding of the hydrogen bonding residuesilar to the previously

d e s ¢ r-shbeefdrmifig peptides such a&BA. 116

Understanding of the thermodynamic landscape of the palmitalgAlasLyss
assembly was sought as it related dependence on iomgtstrand pathway dependent

structural transitionsFigure 1.11).117 Similar to the energy wells and barriers relating to
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protein folding andconformation, this study sought to determine whether energetically
trapped assemblies of the peptide amphiphiles could be generated and whether the
structures could dynamically interconverith the generally regarded thermodynamically
stable long cylinddal micelle structuré!’1*8A value of ionic strength determined to be 6

mM was found t o c o-sheetdsructureshamong the pdpdségments of b
due to necessary Debgereening effects between the cationic lysine resitiies.
Interestingly, this value could be achieved through added aqueous salt, or could derive
from the charged peptide amphiphiles themselves. Dissolution ofd@eqinphiphile

below the critical ionic strength resulted in short nanofiber formation with thgdpe
segment having adopted a random coil structure due to the charged Lys residues.
Conversely, the peptide amphiphile readily formed extremely long meamsfin solutions
above the critical i oni c str e rslgeetdAdditiont h t he
of salt to the low ionic strength peptide amphiphile solutions triggered significant
morphology changein the observed nanostructures with a tiéina to longer nanofibers

p 0 s s e ssheetrpgptidd secondary structtifeThis transformation took place on a
rapid time scale indicating a low energy barrier to the transition. Conversely, the high ionic
strength sample was diluted bel the critical ionic strength without morphoiogl
changetl’ 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 morphologiesesulting fromcharge screening of the Lys residii!’ The
simulations predictedhata reduction incharge screeningould favor randomly ordered
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peptide segments with 4tlefined micellarcrosssections, whilethe enabling ottharge
screening reswdd i n -shéet formation and circular micellar cressctions:t’
Interestingly,cell compatibility was found to be dependent on nanofiber nobogly with

I o n-gheebnanofibers promoting cell attachment and survival while the shorter random
coil nanofibers induced cell deatH.These results implthata correlation exists between

the thermodynamic factors relating to nanofiber assembly and morpherhaigotential

in biomedical applications.

In addition to transitionbetween structural morphologies, characterization of the
molecular dynamics within a single nanofiber were ingaséidin an effort tobridge from
computation molecular dynamics simulations to experimental réstiBeltassembling
peptides have traditionally been designed and developed to generate specific morphologies
and molecular orientationsNewertheless, the results daxperimental results have
demonstratethat nanostructuresaninterconvert between different forms under varying
conditions thusconformational dynamids likely to exist within nanostructured domains
and within individual segents of molecule$t® Modification of the different segments
within model peptide amphiphiles with a sypabel nitroxide probevas achieved for the
purpose of examining the dynamics with electron paramagnetic resonance (EPR)
spectroscopy*® The nolecular mobility of specific sites within the amphiphile
characterized as rotational diffusion rates were plotted asaida of radial distance
within the nanofiber crossection!'® Owing to the lipid nature of the tierior of the
micellar core, a liquidike state was observed for this portion of the molecule indicating

significant conformational flexibity.'*® In contrast, the peptide segment of the
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amphiphiles exhibited solitike character due to thie-sheet structures making up the
exterior domain of the amphiphilé¥ Interestingly  t-$heet sbructuresould be tuned
through incorporating Nnethyl amide residuethatwe a k en t he p-sheeggsagat i ¢

througloutthe structuré?®

Inter-nanofiber dynamics were later investigated using stgsolution
microscopy which enablé the characterization of nanostructures using fluorescently
labeled monomer€® With stochastic optical reconstruction microscopy (STORM®
authors characteriegd the dynamics between two orthogonally labeled nanofil3érs.
STORM enables visualization of structures below the diffraction limit of light using simple
fluorophores commonly utilized in fluorescenoécroscopy:?* Nanofibers conjugated to
Cy3 and Cy5 were mixed and monitored for exchange of fluorophores between
nanofiberst?® A combination of monomer and oligomer exchange was observed between
the nanofibers generating heterogenous disiohat of he fluorophores along the
nanofiber lengths. The heterogenous nature of fluorophore along the nanofiber lengths was
attributed t-gheel assemblies whicls weeelkiheticallp stable on the time
course of the mixing experimet The results of the study indicate that though there is
hi gh ¢ oo p e r-sheet assermbjies diatating theshigh aspetad stucture of the
nanofibers It was founddifferentially 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 paramseincluing their rheology, stability, and

biological interaction$?®
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The roles of noftovalent intermolecular intactions nh guiding peptide
amphiphile assembly were investigated in a struetctevity relationship approach
through synthesis of 26 derivatives bearing a number of assembly altering modifitZ&tions.

A core cell adhesion motif was constructed at ther@inus of all investigated peptide
amphiphiles which bore the sequence-&hg-Gly-Asp-Ser, with the last fou residies
comprising the integrin protein binding sequence #dredaddition of the anionic Glu
residue to impart pH and ion responsiverié$3.he 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 coritagra 7-amino acid repeat of Glesicdues!??To
investigate the Hbond forming potential of different residues in the peptide segrént,
resdues were systematically replaced with sarcosines bearimgtNyl moieties. The
modification of the Gly peptide backbone withrhethyl functionality was utilized to
perturb the expected-bonding pattern in the parent sequence, thus uncovetieg si
specif ¢ contribution of specif i-gsheetrassembly.ures t o
addition to NMethyl scanning along the backbone of the peptide, the totaletkyl
content was varied through incorporating multiple sarcosine residues ththagh
sequacel?? Subsequent biophysical and rheological characterization of thetNyl
peptide amphiphilesainonstrated a strong positional effect ebéhding perturbation on
assembly and stabilit}#?> The residues closest to thetétminal alkyl chain were found to

be the most important for guiding assembly as at least 4 uninterrupted Gly residues were
required at te N-terminal portion of the segment to induce gel formation. Regardless of
location, one Nmethyl substitution among the 7 residue sequence still enabled nanofiber

50



formation, although modification of the first four residues disrupted thendling pattern
necessaryof or m me c h ani c-sheetdyDue to thdlow intermdtion@f achiral
Gly with circularly polarized light, Ala secaing was conducted through ther&sidue
sequence to determinte contributions of each resideto the observed secondary
structuret?2Unsurprisingly, the first four residues adjacent to the alkyl tail exhibited strong
b-sheet character. However, the next three residues and the constang@&ly-Asp-Ser

sequencenesent in all the peptides exhibited polyproline type Il helical straété

Important design conderations are gleaned from integrating the above results into
a structue-function scheméide supra)First, complementing the results of the previously
described EPR studies, the residues closest to-tieenNnal alkyl chain are essential for
propagath g -shizet formation through the cylindrical micelle nanofiBét$?? The
resulting struatral and conformational stability imparted by the secondary structural motif
allows robust hydrogel formation under the required pH and ionic strength conditions.
Secondly, the @erminal portion of the peptide segmentis notrequireadl possess t h
she¢ structural motif and can even form helical structdt&s??The flexibility afforded
the Gterminal peptide secondary structuie important consideringhat biological

recognition sequences magnploystructureothert h a-sheefs?3124

Computatonal 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 chargerksidues within the peptide segment, the primary driving forces of
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peptide amphiphile association are hydrogen bonding and hydrophobic interédttkons.

the purpose of conducting simulationsmnadel amphiphile was constructeking into
account molecular structure and the interrolar interactions leading to assemb.
Hydrophobic interactions in the absenaf Hbonds drove association of monomers into
monodisperse spherical micelles through a closed asisnciaechanism?® Conversely,
hydrogen bonding in the absence of hydrophobie mtact i ons r e-shaetst e d
assembled through steyise aggregation in an open association yielding disperse
assembly size¥> A critical micelle temperature (CMT) was observed that regulated the
e f f eskeet fobmation had on the overall assembly morphditdelow the CMT, H
bonding amplifies the effect of hydrophobic forces due to local increases in hydrophobicity
that facilitates the formation ofamorphous aggregate structutés.However, linear

a s s e mb I-sheets formddlarfy the outer surface of mites above the CMT indc
cylindrical micellizationin orderto avoid geometric curvature in the spherical assembly.
Analogous to experimentally determinkdafft temperaturesghe hydrophobic parameter
was found to play a direct role in determining the CMT value, and thus, the point below
which formation ofcrystalline assemblied surfactantss favored and the crititanicelle

concentrationis nonexistent?®

Thermal transitions have bee shown experimentally to regulate peptide
amphiphile assembly morpholod3/.The peptide ampphile palmitoytLys-Thr-Thr-Lys-
Ser possessed a Krafft temperature of 30°C, below which the amphiphile formed insoluble
aggregate®’’ The phase transition was found to represent exchange between insoluble

nanofibrous tapes and soluble spherical micéfleAggregation of the nanotapes was
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determined to result from hydrophobic interactions whiehrwe st abi |-sheee d t
hydrogen bonding interactiod$. Heating was required to disruphe intermolecular
interactions and to overcome the entropic penalty for solvatioarderto generate

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

In designing selassembling molecules, especially those that exhibit properties of
traditional surfactants such as the peptide amphiphiles, consideration must ke thade
phase relationship of the molecules in relationship to temperature and concehtfation.
Although, intermolecular interactions may ineorporatednto the Hbonding patterns of
the peptide segment, colloidal stability of the high aspect ratio structures in solution may
only occur under specific environmental conditiahsispresenting complications relating
to material stabilityfor potential biomedical applitian.3®'’ Additionally, incorporating
biologically active motifs within the fibrous structures may require specific topologies for
optimal presentation to achieve functional cellular interactiérss 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 examispeddic

purposes without interference from unintended material failure.

1.1.3 CHARACTERISTICS OF SELF-ASSEMBLING PEPTIDES AS

BIOMATERIALS

Selfassembling peptides possess several characteristics that render them ideally
suited to a range dfiomedical aplications. Firstly, the amide bonds contained within

monomer peptide backbones are hydrolytically staipliéicating that they are robust
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enough for bulk material application where temporal stability is necessary and will not
chemically degrde to releas problematic side products unlike hydrolytically labile
polymerst?® However, amide bonds are sensitive to endogenous and exogeneasgsot

which effect material degradation to release individual amino acid constituents which may
be further metabolized or excret&d.Specific protase degradain 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 enzatically lable moieties*® 34 The
biodegradability of selassembling peptides is an essential featureehablesn vivo

deposition of material without later invasive remo\al.

Secondly, selassembling peptides are generally regarded to have low
immunogenic ptential which can be modulated depending on the incorporated sequences,
their presentation to immune cells, and the morphology of formed nanostri#tures.
Generdly, small nolecules are regarded to be Aommunogenic, 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 crosslinking capability between ell antigen receptorand undergo antigen
presentatio®® While selfassembling peptides themsehags small rolecules consisig
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 animal  tshest forfming EAKII peptide

was shown to not elicit an inflammatory response at the injection sitepnaduce
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observableissue abnormalitie§®*Si mi | ar results haveheteen ol
forming peptides which lack acute toxicity and facilitated formation of normal ti€5ue.
Chemically modified selassembling peptides bearing adhesion ligands, chemical
functionality, or lipophilic modifications have been shown to exhibit low immunogenic

potential33:138.139

Despite the lack of observed immune response, only a few studies have investigated
the immunogenic potential of sedbsembling peptides for antibody production. The
generation of IgG antibodies fosaltfassembling polyglutaine peptide alone or modified
with the integrin binding RGDS sequence was investigated to fundamentally characterize
t he p damnunodeaid mtentidf® 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 thenmodified peptide and mixture of both peptides failed to
generate any detectable antibody té@Thus,therestts of thisstudyare consistent with

the conclusion that the peptides and their analogs eXxtwbimmunogenicity

The context of the sequences presented in theasskémbling peptide appears to
play a role in potential immunesponse. Although the gttures of the unmodified and
RGDS modified peptide nanostructures are approximately the same, an obvious difference
in the immunogenic potential of the amino acid sequences éXigislditionally, the
degree of immune response can be different between modified peptatsdthe RGD
sequence has been previously obséito enhance the adjutaactivity of peptide vaccines

delivered through nasal delivef§t. Overall, while immunogenicity may be designed and
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incorporated into selissembling peptide sequences for specific applications such as
vaccine delivery, a general assumption derived from the current body of literature is that
selfassembling peptidewe largely nonammunogenicNeverthelessthe immunogenicity
of selfassembling systems must be assessed on an individualdiasgthe likelihood of

a potential immune response is difficult to accurately predict for thessnss/sP

The amenability of seldssembling peptide systems to a range of chemical
modificaions is another featuredeal for application as biomaterials. Sefidase
chemistry enables rapid and divergent synthesis of chemically distineisselinbling
peptides bearing a range of modifications including fatty acids, reactive chemical moieties,
unnatural amineacids, liginds, and macromolecular modificatiGA$*?14¢ The mild
reaction conditions affoetl by solidphase synthetic methods are tolerant to a wide range
of chemical functionalities and well developed protecting group strategies greatly aid the
chemist in developing synthetic plais*’Depending on the reagents and resin chemistry
used, chemical modifications to stabdlipeptides at termini fdsiomedical use may also

be applied>14®

Additionally, as previously mentionediological signaling sequences such as cel
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 {pagymerization yielding varying levels

of functionalization throughout the maiter'*® 15 Modularity of selfassembling systems
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is afeature 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 selassembling peptes may be cassembled into nanostructueds
desired ratio$**1°? Co-assembly has been acveel with a selassembling peptides
bearirg cell adhesion motifs, bioactive drug molecules and imaging agents, nanostructure
stabilizing motifs, modifications to chemically catalytic assemblies, as well as fluorescent
moieties33140.152155 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 aomt of functionally modified peptide wilbe the concentration

added to the cassembly.’48

The ease of fabrication of peptide-assemblies is also a desirable feature.
Chemical modification ofovalent polymers can have a significdifiéet 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 noitovalent interactions contributing to seaésembly, oftentimes the simple
presence of the unmodified sesembling peptide can lead tatslization of the
modified peptide withirthe assembled nanostructure. An extreme example was achieved
by demonstrahg co-assembly of fullength proteins into peptide nanofibérs.
Fluorescenh proteins could be recombinantly expressed bearingfilprib forming
sequencest dgielranee,d viithi ch enabl ed favorabl e e
Escherichiacolwi t hout aggr egat i-sheetfornling peptides, mpltiple s e n c €

proteins were able to be incorporated into nanostructures with high levels of déntrol.
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A fourth key characteristic of sedfssembling peptide biomateriasstheir ability
to respond to stimuli in a dynamic manner. The -nowalent interactions governing
assembly closely mimic the interactions leading to biomolecular assembliyalecular
recognition present in living systert¥. Although cooperativity in the necovalent
interactions leading to assembly convey significant structural stability to the assembled
structuresthe individually weak interactions enable sensitivity to a wide variety to Istimu
that not only regulate assembly and disassembly, but also morphological trarfSitions.
Responsiveness to both endogenous and exogenou$ bambeen 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 selfs s e mb | y a n eshegt éofming selassemioh§ b
peptides such as RADA and EAK after application to bodily fléfd&dditionally, the
enhancement of rheological perties in the presence of endogenous divalent cations have

also been demonstratedaamechanism of responsivenéss.

Though these early examples have demonstratieicall translatability, next
generation mechanisms of responsiveness aim to excesuhtictemporal control offered
by sensitivity to pH and ionic strength as little control over these environmental cues is
possible within organisms. Enzymes have emergeda powerful tool to regulate
supramolecular assembly as they possess substratécggeare catalytic in effecting
chemical transformations, and offer biocompatibility that is not present in other catalytic
methods:>® Thermal responsiveness is another stimulus that has been utilingzbpitdes

to control their assemblyDe novod e s i g-hagrgin péptides have long been
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demonstrated to undergo assembly and gelatideraperatures above a lower critical
solution temperaturé . CST). Such hydrogels have been utilized for injectablevdeji
systems which undergo spontaneousas#fiembly due to the increased temperature within
an organisn{®134160A thermally responsive moigtvasconstructed into selissembling
peptides through modification wh the thermally responsive polymer poly(N
isopropylacrylamide) (PNIPAAMY! Si mi | ar -hairpin peptides, BNIPAAM
possesses an LCST darwas shown to rigidify hydrogels formed from FEFEFKFK
peptidet®! Selfassembling peptides sensitive to other physical stimuli such as magnetic
fields, ultmsound, and electromagnetic radiation hold promise Xplogng biomedical

applicationt®? 164

In addition to environmental cues, safsembling peptides may alse $ensitive
to the presence of ligands or complementzeptides. Selassembly of PAla bearing
peptides was triggered through addition of vancomycin, an antibiotic inhibitor of bacterial
cell wall biosynthesis®® Similarly, completely cationic or anionic piédes have been
shown to only assemble in the presemfethe complementary ionic peptidas a
mechanism to control gel formation through modulation of ionic interact®ns.
Biorthogonal chemistry has also been utilized to chogs self-assembled pepted
nanofibers, as well as conjugate neighboring mongniersrderto generate covalent

polymerst45:167

1.2SELECT BIOMED ICAL APPLICATIONS OF SELF -ASSEMBLING

PEPTIDES
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1.2.1ANTIMICROBIALS AND BIOSURFACTANTS

Taking advantage of their amphilic nature, lipopeptides have increasingly been
investigated for their surfactant properties in a variety of industries ranging from
agliculture and biotechnology to medicitf&:1%°Similar to syntheticajl derived peptide
amphiphiles, lipopeptides possess lipid moieties conjugated to a peptide sequence.
Contrary, to the high aspect ratio ongiaation of monomers into nanofibers by peptide
amphiphiles, these molecules often form surfactant like sphericelles!’®!"*Relevant
to biomedical application, clinically used lipopeptides such as daptomycin and polymyxin
b have dmonstrated antimicrobial properties through disruption of bacterial membrane

integrity (Figure 1.12).172

With growing interest in this mechanism of action, combined ti#continued
rise of resistant microbial strains and the dearth of new antibioticgssglinbling peptides
with antimicrobial characteristics have emerged as a promising therapeutigystmate
address this clinical neéé Antimicrobial peptides are ubiquitous acroiés With many
organisms producing their own agents to defend against infééfi&iInterestingly, the
phenomenon of selissembly is now being recognized to play a moléde bioactivity of
antimicrobial peptide$®*For examp|l e, t-defensinbisettassemplasimto e i n
nanofiber networks upon binding to bacterial cell stefain the intestine, thus limiting
pathogenic capability’.’ An additional human example is presented byathiémicrobial
peptide dermicidin, which is secreted in humaerspiration Investigations into the

mechanism of action have shown tHat* stabilizes the assembly of peptides into higher

60

U



ordered oligomers, neutralizing their respective charge and d#éicigjtentry into pathogen
membranes$’® Recently, the cysteirgbundant antimicrobial peptide protegdnwas
shownt o f -sheanfibfilswhichretained antimicrobial activity witha demonstrating
toxicity towards human cell$/® In the development of antimicrobial peptides, self
assembly presentseveraladvantages for therapeutic applicatiosincehigher ordered
structures can impart greater selectivity for hogen membranesexhibit stimuli
responsiveness to control activity, ateimonstratéavorable pharmacokinetic propegie

in comparison to free monomérs.

Reminiscent of the lipopeptide antibiotics, peptidephiphiles have been
investigated as synthetic alternatives to naturally derived molecules. The peptide WMR,
derived from the marine anticrobial peptide myxinidin, was modified with alkyl chains
to enable caassembly with nottherapeutic peptide amphipds 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-asdembled forAi°. As cationic
residues drive initial ionic interactions between antimicrobial peptides and the negatively
chargel bacterial membranes, a peptide amphiphile bearing the (AKKARA)din
Weintraub motif was syntlsezed and investigated for its efficacy against drug resistant
bacterial strains®! In addition to the terminal cationic motif, the peptide amphiphile
possessed -sheet forming @omaineatjacdnt to the fatty acid tailabikze the
growth of linear nanofibers. Interestingly, addition of only a single AKKARA sequdnce a

the Gterminus of the peptide corresponding to the solvent exposed region was tolerated
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for selfassembly. Systematic investigation of the Cardotif ped i de amphi phi
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 inhibitiothexgrowth of rnrethicillin

resistant &aphylococcus aure8RSA) and multidrug resistanE. colicompared to non

assembling counterparts and r@ardin motif bearing amphiphilé&!

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'®> A supramolecular structwactivity relationship study was undertaken to
determine how morpholdogal differences in formed nanostructures between similar
peptide amphiphile sequencé8.A panel of fatty acid modified poliys peptide
amphiphiles were synthesized that incorporateius 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 as$€mbly.
Surprisingly, spherical assemblies were found to have the greatest antimicrobial effect,
exhibiting broad spectrum potenicyvitro and inGalleria mellonellainfection 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 structu¥&Decreased stability in the spherical structures
was likely to result in an increase of monomer release compared to nanofibers, essentially

indicating that antimicrobial activity like derives from relead monomers and is only
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secondarily related to morpholodfi#. The use of such nanostructures as therapeutic
delivery vehicles points to their behavior as therapedipots rather thanulky

nanoparticles delivering many active moieties to a singlé®ell.
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Figure 1.12. Mechanisms of antimicrobial peptide biological activity
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Furtherevidence of this phenomenon wa®vided in a study demonstrating that
the thermodynamics of selissembly directly relate to the antibacterial potency of self
assembling antimicrobial peptid&s. Guanine nucleobase modified derivatives of
magainin Il and cecroin Anelittin, both biologically derived antimicrobial peptides, were
investigated for their antimicrobial activity as a fupatiof increasing guanine content
Due to the high selfssociation potential provided by guanine hydrogen bonding
interactions, derivatives bearing high numbers of these residues possess high energetic
barriers for dissociation and subsequent insertiom mmcrobial membranes. This litai
the free monomers available to exert a therapeutic effect and correlated experimentally to

decreased potend§?

Longer syntheticselfassembling 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
antibacerial activity after changinggtar residues to cationic Lys residud&&The peptide
termed GL13K and its #nantiomer were investigated for the purpose of delineating
biological activty between monomer andgotential selfassembled structusé®®
Interestingly, the Bpeptide derivative exhibited greater potency than theeptide
derivative which was only partially attrited to differences in metabolic degradatiéh.
Although both peptides eventually formed nanofibers as a thermodynamic produet, the D
peptide underwent pathway dement morphological transitions and possessed rapid
assembly kinetics in comparison to thepéptide. Additionally, a scrambled-peptide

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

and morphology®®

De novodesigned peptides that se§semble into nanofibers werev@stigated
with solid state NMR spectroscopy to address the monomer versus nanostructure
antibacterial activity gestion!®® In a block sequermc design, the peptide -1/362
consisted of ELys residues at the termini to provide cationic character and the central
block contained repeatigin-L e u r esi dues t o-sheets. Deermaaiecne mb | y
of minimum inhibitory concentration (MIC) valueagainst gram negative bacteria
provided evidence that peptide assemblies were responsible for activity as removal of
monomers and oligomersrtdugh filtration and centrifugation did not alter activitj.
Fluorescence microscopy and TEM were further utilized to characterize the inhibitory
effect of the BW362 as nanofibers were found to be associated with bacterial membranes
and were predominantly associated with dead hact8olid 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 lytic activifyf.

In addition to their membrane disruption function, endogenous antibpil
peptides may also exert activity through immunomodulation, a feature that has inspired
incorporation into potential therapeutics. The antimicrobial peptid&81lis one such

immunomodulatory peptide whose dysregulation has even become associdted w
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autoimmune disorders such as atopic dermatitis and psdfiadit.-37 has been
recognized to play a multifunctional role during inflammatoegponses to infectiohf®
While it possesss selective pathogen membrane lytic ability due to its highly cationic
character, LE37 can also lyse eukaryotic membranes at high concentrations, and even
more surprisingly, forms supramolecular complexes with DNA to actitreeinnate
immune system®®19The mechanisnby which LL-37 interacts wittDNA is thoudt to
derive from the high cationic character of the peptidech has been observed to facilitate
membrane transport of double stranded nucleic acids for presentation thik&oll
Receptors (TLRs), as well as activation of the Type | interferon respbnsegh
cytoplasmic sensing of DNA through the Stimulator of Interferon Genes (STING)
pathway'8191 | -37 was recently investigated for its roles in activating both-BlLad
TLR-3 and found to generapotofibrils that complexvith double stranded DNAorming
acrystalline packing arrangemefi¥ The ordered arrangement was shown to induce high
avidity binding to TLR9 resulting ininducel cytokine releasé? Importantly, theesults

of these studies provide a rationale for the desigmtimicrobial peptide scaffoladspable

of nucleic acid complexation and TLR activation through manipulation of spatial charge
distribution along the assembled aXi$With the relevance of immunomodulation to
diseases such as cancer and autoimmune disorders, this mechanism of inoowlagan

may lead to alternative classes of therapeutic agents.

1.2.2HORMONAL SIGNALING MODULATION
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Small molecule therapeutics arediteonally considered to induce monomeric
interactions with their molecular target such as a single active agentimhédpathogenic
protein or endogenous signaling enzylfieWhile significant bodies of work have
investigated the role ofivmlent and multivalent ligands in medicinal chemistry, the
supramolecular presentation of bioactive therapeutic resigticomparatively more recent
due to growing interest nanomedicines since the discovery ofassdimbling
peptides’®1%* Considered in this section are sa#fsembling peptides and related
derivatives with direct biological action, either as monomer depots or ijpransolecular
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 activityeatracellular signaling domains of cell
surface receptor$® As signaling components of the endocringtey, peptide hormones
are responsible for controlling a wide range of physiological function including food
consumption. In particular, sedlssembling peptide YY is 8 amino acidpeptide
hormone that is released after meal consumption and regulatesiedrfood 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 thepeptdes may be rapidly secreted and subject to metabolic deactiv¥t®elf-
assembling derivatives of peptide YY functionalized with lipid chains have been
investigated fotheir potential to decrease endogenous protease hydribiy@igih micelle

formation aunl binding to circulating albumigFigure 1.13).1%® Palmitoylation was used to
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lipidate peptide YY through different conjugation sites within the peptide to induce
aggregationnto micellar assemblies and form g&&The location of the conjugation site
was found to influence the selfsembling pnoerties through modulation of the critical
aggregation concentration, as well as nanostructure morphtfthiye high sensitiny 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®® Seltassembly 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 andharacterization, shortened derivatives of peptide YY were synthesized that
consisting of the first 6 or 8 amiraxid residues from the-derminus of the parent peptide,
which were shown to sedssemble into micelle structures under solution conditfns.
While the selfassembling properties of these molecules were characterized, correlation to

biological activity was not reported.

Extending the selassembly of signaling molecules to biological function, direct
interaction of selassembled nanostructures with the protein galeXtiwas recently
investigatedin vitro as a potential therapeutic strate@ygure 1.13). Galectin3 is a
carbohydrate binding protein that is expressed in a variety of cell and tissue types, may be
localizedin various locations inside or outside of the cell, and has become associated with
diseases such as fibrosis and cad®Galectin3 naturally binds to saccharide moieties
such as galactose and lactose Wwhace noteffective at inhibiting protein function due to
very low affinity in the monomeric staté' Supramolecular presentation of monomeric

binding ligands was investigated usingacetylgalactosamink 1 -n-dcetylglicosamine
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( Lac Di n Ac)-sheeofatmirfy sedassentling peptide€®? Nanofiber presentation

of the ligand generated micromolar affinity for gale@ithrough increased avidity effects
observed through binding indghemicaktudies although the results did not carry over to
in vitro studies due to competition with serum componéfitslowever, under low serum
concentration conditions, the nanofibers were shown to inhibit gatgctimediated
spontaeous apoptosis of -Tells2%? Clearly, the multivalent presentation of bioactive
ligands through decoration on samolecular nanofibers presents a unique method of
increasing the therapeutic potential of relatively weak interastpreviously considered

undruggabile.

In addition to supramolecular presentation, conjugation of signaling hormones to
selfassembling patides has been shown to stabilize active conformations of shortened
bioactive sequences. Synthetic short peptitieking the rest of the protein structure to
stabilize active conformations, often form disordered coils in solution and lose binding
efficacy 2% Selective stabilization of a peptide derived from inslike growth factor 1 in
a -sheet conformation was achesl/through conjugation to a short aromatic peptiéde.
Stabilization of this conformation was shown to more closely mimic the natural ligand
preset at i on f or -hélicaiddrivativgwhideshermrestaliilized peptide formed

random coilsand exhibitedittle activity.?°3

A similar phenomenon was reported in peptide amphiphile displayed ligands
mimicking brainrderived neurotrophic factor whichinds tyrosine kinase B receptr

found in the CNS% 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 aphiphile gels?®® Signaling molecules need not be covalently

linked to assembling ma@mers to confer stability. Supramolecular association of signaling

growth factors such as transforming growth faftct and bone mor phogen
was achieved through narovalent interactions with anionic se@ésembling peptides

enabling the fabeation of controlled release materiafs.

Figure 1.13 Supramolecular presentation biological signaling moieties
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1.23 IMMUNOTHERAPY AND VACCINES

Supramolecular materials have proven to be invaluable for the advancement of
vaccine development and immunotherdy*® As an dternative to existingvaccine
strategies, selissembling peptides have garnered interest as vaccine adjuvant materials to
present disease associated antigens for recognition by the immune sksjene (

1.14).298.209ghort aromatic peptides constructed from atino acids were used to test
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the generation of an imme response in mice against chicken egg albétfimmune
response&nd resulting antibody titers were found to be dependetite@peptidecharge
state sincecationic cerivatives exhibited greater immune stimulation than either a neutral
or anionic peptidé!® Interestingly, the formation of an immune response was not
dependent on covaleattachment of the albumin to a s@lésembling peptide, contrary to
other adjuvant materials where direct attachment to the antigen is retiifestorable
humoral responses to adjuvants utilizing -ssi$embling peptides composed calDino
acids rather thareir L-configuration have been reported by others as3ein antigen
from chicken egg ovalbumin was conjugated to eitheor D-configured Phd.ys-Phe
Glu-PheLys-PheGlu selfassembling peptide and used to vaccinate mdittaough the
generation of CD4+ effector -Gells was comparable between the stereochemically
different peptides, higher antibody titers, and greateligierse of the vaccine material at
the injection site were exhibited by thep@ptide?'? Interestingly, greater stability #te
injection site represents a plausible explanation for the favorable responses garnered
through usng unnaturalD-peptides as adjuvant materialsince their degradation by

extracellular proteases will be kinetically slower than theiobfiguration canterpart$*?

Direct attachment of antigens may also be achieved witrassfmbling peptides
due to the facile chemistrinvolved thus facilitatingopportunities for optimizing the
presentation of antigens with differimgorphologiesandsef s semb |l i ng -moi et i
helix forming selfassembling peptide was used to present a clinically relevant antigen
derived from epidrmal growth factor receptor class Ill variant (EGFRWIY.0 enhance

humoral immune response, peptides bearisggll selective epitopes were-essembled
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into the antigen nanofibers which induced falbeancreases in antibody production and
produced increased-dell response€Addi t i onal | y, thdliealpepides ope b
were shown to be internalized by antigen presenting cells although tteammm of

uptake and importance of monomer versus nanoassembly uptake was not further

characterized®
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Figure 1.14 Selfassembling peptides for immunotherapy and vaccines
Antigen recognition
by effector T-Cells

@ on Tumor Cells

Epitope Modified f
Peptide Assembly

Injectable delivery
and uptake by
Antigen Presenting
Cell (APC)

CcD8+ T-Cell

@9

d@r . Tumor-

CD4+ T-Cell @ =

Mature APC
presents antigen to
prime T-Cell
response

T-Cell mediated Z Tumor -
tumor cell killing oo

74



Immunization against tumor necrosis factor (TNF) was demonstrated in a similar
system that also bore universal CD4-C&ll epitopes to promote humoral respaffsin
contrast to the pr evi ou-sheetfarmimgpepde whicthwas sy s
able to generatsignificant T-cell responses to TNF indicating that the presentation
morphology is not critical to the imumization proces¥ In vivo studies confirmed #t

immunization against TNF prevented lipopolysaccharide induced inflamnfation.

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 Tidke 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 aeémbranes and stability emfteement of
the peptide at the injection s&€ Results of the study indicate that although some modified
peptide derivatives and lipidated molecules can promote innate imnaspenses,

adaptive respons@say also be promoted by sa@l§sembling adjuvant materials.
1.24 DRUG DELIVERY

Among the most investigated applications for-sei$embling peptide materials is
their use for the delivery of therapeutic agents. Traditionad) dielivery materials for
phamaceutic applications generally involve roovalent 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 corling release rate as exampfés
Typically, these are polymeric materials that form gel like materials for localized delivery
or micelles for systemic deliveRf Seltassembling peptiddsave been utilized in the
same manner to form hydrogels for localized delivery either through stiesgonsive
drug encapsulation or through direct conjugation of therapeutic agents-&ssatfibling

moieties?’217

Selfassembled nanomedicines present an especially exciting class of delivery
agentst’*8Direct conjugation of aelfassembling peptide tokaoactive agent essentially
creates a one component drug delivery vehicle where the drug molecule is simultaneously
both the therapeutic and delivery agefig(re 1.15).*” Oftentimes, the chemistry
conjugating the drug molecule to tkelfassembling 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 diseasetkll >3 Generally, the chemical modification to induce self
assembly of trapeutic molecules is hydrophobic in nature, and such modifications have
been perforrad with a wide range of fatty acid, isoprenoid, and lipid functionalities for the

purpose of triggering assembly into nanostructures and gels at the macroscopft®scale.

Additionally, seltassembled peptide nhanomedicines for drug delivery have most
commonly used hydrophobic aromatic peptides which posselplmdunctions in the
delivery platform: facilitating seldssembly, providing hydphobic moieties that can
facilitate cell entry, and providing metabolic stabilization and tissue retention of the active

agent?'®Conjugation of hydrophobic drugs is generally perfednwith agents that possess
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poor pharmacokinetic properties or significant -taffget toxicities, where direct
application through an injectable formulation would be advantageous compared to
systemic delivery. Two such agents are doxorubicin (DOX) andtgesl (PTX) which
possess poor water solubility and significant -tafiget toxicities requiring novel
formulations??%22'Both agents have been heavily investigatedhfsituhydrogel delivery
through selassembling peftes due to their poor physiochemical properties as single
agents, but high potency agst cancer cells. DOX and PTX were both assembled into
nanofiber hydrogels through direct chemical conjugation to aeridinally capped
aromatic peptidé?2 The peptide, also possessing phe3koresidues, seldissembled in

the presence of altine phosphatagesulting inremoval of assembly blocking phosphate
moieties and fadlitating peptidepeptide interaction??® Interestingly, this method
facilitates the assembly of hydrophobic dpeptide conjugates as the phosphate groups
solubilize the parent molecule and enable organization in the presence of catalyzing

enzyme without precipitation from solutiéi:???

Maintaining the stability of an injected supramolecular peptide drug delivery
hydrogel is key to achieving a lottgrm release formulation without burst release kinetics
thatcan lead to injectio site toxicity and rapid metabolic de&ation and clearance tfe
chemotherapeutid® N-terminally capped aroatic peptides with either Dor L-
stereochemistry and possessing both phodpimoand PTX modifications were self
assembled into drug carrying hydrogels in the presence of alkaline phospethseD-
peptide modification was shown to be more hydrolytically stable to protease degradation

compared to the ipeptide Neverthelesghe D-peptidewas still able taundergocatalytic
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dephosphoryli@on to form hydrogels resulting in greater |letegm potentiaintitumor

efficacy.
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Figure 1.15 Selfassembling peptides as single component nanomedicirfes drug

delivery
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A similar enhancement of activity was observed for aassembling Epeptide
for the delivery of cyclooxygenasg inhibitors to treat localized inflammatiéf® The
NSAID naproxen was shown to possess increased potency for cyclooxygewasa
conjugated to the sefssemblig peptide and with incread selectivity for its target over
other isoform&?23 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 ggtiassembly properties

aswell as critical aggregation concentratfn.

Naproxen bearing hydrogelators were also combined with those bearitgi\énti
nucleoside based reverse transcriptase inhibitors to reduce inflammation at the site of
injection and generatepgophylacticant-HIV hydrogel??4 Similar to the differing release
rates observed for naproxen, the release ofHiMiagents was shown to be dependent on
the nucleoside therapeutic present as well dsriinal modification aga highlighting
how modifications to molecular structure affect the thermodynamic properties guiding

assembly?*

Additionally, prodrug selassembly and delivery is not completely dependent upon
in situinjection of a hgrogel solution for localized delivery. An interesting methodology
to yield selfassembled nanomedicine within the tumor after systemic delivery was
explored through phosphatase catalyzed hydrolysis of pho3pghoresidueg® A
platinum(lV) produg of cisplatin was conjugated to a short aromatic peptide and

administered systemically to mice, with safsembly dependent upon overexpressed
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phosphatases in the tumor microenvironm@aunjugationof the platinum agent to the
selfassembling peptideesulted in increased tumor accumulation in biodistribution
studies, decreased dHrget toxicities compared to the free platinum agent, and maintained

therapeutic antitumor efficady vivo22®

Peptide amphiphile conjuganh has also been widelgvestigated as a method for
generating drug delivery hydrogels. Hydrazone linkages are commonly used in therapeutic
delivery vehicles due to #ér acid lability, leading tareleaseof carbonyl contaiimg
therapeutics under the dcienvironment of the lysosome or in certain cellular
microenvironment$?® Acylhydrazine functionality was introduced into the peptide
segment ofa peptide amphiphile and et to generate a hydrazone linkage through
condensation with the ketone of nabumetone, an NSAID pain refiéVRelease of the
therapeutic agent was observed to oae@an initial burst folloved by slower zerordered

kinetics indicating hydrolysis of the linkage even under physiologiépH.

Delivery of dexamethasone, a steroidal-amlammatory agent, as also achieved
througha hydrazone linkage to a peptide amphipfffeDexamethasone was chosen for
delivery to develop an aninflammatory 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 inflammateh

where localized inflmmation was suppressed without systemic effééts.

Therapeutic release from hatone linkages to peptideamphiphiles was

systematically investigated through incorporation of a model fluorophore to different
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locations within the peptide amphiphile structé®lnterestingly, the release kines of

the agent was found to be dependent on the conjugation site in relationship to its effect on
amphiphile packing i nto mi-sheetintemstionaletweeal | a
monomerg?® These fators were predicted to influence the access of solverhdo
hydrazone linkage with more solvent exposure leadin@rnancrease in the rate of
hydrolysis kinetic&®. In addition to behaving as localized drug aste depots, peptide
amphiphile nanofibers have been investigated as active drug targeting fornsulation
systemic delivery2 Incorporation of an apolipoprotein Al derivatisequence into the
peptide segment of a peptide amphiphile and subsequassembly with a netargeting
amphiphile generated soluble nanofibers capable of targeting atherosclerotic piaques.
The nanofibers were loaded noavalently with a hydrophobic liver X receptor agonist to
facilitate lesion reduction and antiatherosclerotic actiwitgen targeted to sites of

diseasgq°

A direct comparison of encapsulation versus covalent attachment to self
assembling peptidewas investigated with opioid analgesic peptides derived from
demorphin and endomuiin-22*! To develop a londasting opioid delivery formulation
to treat chronic pain, a panel of analgesic peptides were conjugated-assszhbling
peptides possessing natural amino acid eeces or metabolically stabilized peptid®s.

While the opioid agonist peptidesgos s sed hi gh | e v-edioglreceptorpot e n ¢
(MOR), decreased potency was evident after-assembling peptide conjugatiéit
Significantly reduced potency and in some cases alter@anatological propertidsy the

self-assembling peptide conjugation indicatbdt direct chemical incorporation into the
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selfassembling structure afforded a level of safety from overstimul&tt@urprisingly,
little difference was observed in the anticiceptive properties betwedhe peptide
hydrogel basedhethods indicating thateamomer erosion from the fibrous hydrogels is the
primary mechanism for therapeutic release instead of active proteolytic degradation.
However, proteolytic release of the active peptide agavest still required for prodrug
activation since proteolytically stabilized conjugatiomesulted indecreasedn vivo

potency?3!

The directselfassembly of therapeutic agents has also led to injectable gel
formulations, generally with peptide based drugs thatessmt true single component
nanomedicinesTwo such moleculebave beerapproved as therapeutics. Lanreotide is a
macrocycle somastatin analog used in the treatment of acromegaly and certain
neuroendocrine cancer®:?*3n aqueousolution, lanreotide spontaneously assembles and
forms hydrogels enabling its administration to patients in an injectabfergel The self
assembly properties of lanreotide have beeh investigatedrevealing that the molecule
forms highly defined naotubes in aqueous environments, approximately 24 nm in
diameter witha shell thickness 1.8 nAi* The injectable gel performs as a slow release
depot, with released monomenstagonizingsomatostatin receptots decrease growth

hormone productigfffigure 1.16.2%

A second clinically used peptide therapeutic gel is degarelix, which is a
gonadotropin releasing hormone (GnRH) receptor antagibiaitsis used for thehemical

castrationof patients suffering from prostate cané&rDegarelix self-assembles into
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amyloid like fibers and exhibits #avorable safety profile and sustadhhormonal
castration for up to 50 dafEgure 1.16.2%” Additionally, lf-assembly into amyloid like

fibers has been investigated as a general property of GnRH receptor antagonists, with
studies into enhancement of safsembling properties under continued

investigation?38-239

Other endogenous seds®mbling peptides have been discovered and investigated
as potential therapeutic hydrogels. A recent investigation characterized the gelating
properties of hemopressin, a known sefembling peptide with pharmacological action
at cannabinoid receptors wasndertaken to investigate formation of slow release
depot?*®?41The selfassembly of the peptide hydrogel waselved to be dependent on
pH, was able to release both encapsulated maasbsmall molecules, and wsisownto
be biocompatiblé*®?4? |nterestingly, hemopressin and related analogs have shown
potency in reducing neuropathic pain in rodemesenting a possible clinical

application?*?

Universal among these peptides and their regulselfassembled gels is a
dependence of pharmacological activity upon slow and sustained release of monomer
peptides. By extension, the thermodynamic parameters governing tressaifibly of
peptidesinto higher ordered structures has a direct effecherpotential clinical utility of
these agent$3 Monomers must possess enbuagsociative attraction to form temporally
stable nandsuctures to prevent burst release, and favorablecowalent attraction

between assembled nanostructures is required to provide -stability to the gel
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formulation to prevent rapid material disstion.*"*8However, as monomers are generally

the therapeutically active agents, the critical aggregation concentrations of the peptides
must be sufficiently higln orderto release pharmacologity relevant concentrations of

the peptidet®?231 Additionally, gel proprties such as crosslinking density could also play

an effect in controlling the release kinetics of monomers from therapeutic depétgels.
Clearly, further investigation is necessary to optimizebiddanceof physiochemical and
material properes necessaifpr generating clinically translatable selésembling 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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2.1INTRODUCTION
Portions & 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 Watjidie

manuscriptwas principally written by the author of this the$i§ Weg.

Enzymatic regulation of seissembly has emerged as a highly effective method of
enabling spatiotemporal control over sa#fsembling material$? Ubiquitous across
nature, sedkassembly in response to enzymatic activity is responsible for regulating many
processes necessary for life and has been the subject of investigation for &8c4tles.
Among the most commonly recognized enzyme responsive assemblies is the assembly of
tubulin into mcrotubules. Indeed, tubulin itself possesses guanosine triphosphate
phosphorylase activity for its own seHgulation of dynamic supramolecular
polymerizatiod*”?*¢ Additionally, recent studies have shown that a class of enzymes
termed katanins can sever microtubules with implications for control over cell
division.24%2%0|n addition, the origins of the cellular cytoskeleton as a whole are thought
to derive from primordial selisembling enzyme&!' The glycolytic enzyme
phosphofructokinase 1 has also been shown to-asesémble into filamentous
nanostructures from both purified extracts and within living ¢&f1&3Similar to tubulin,
its activity is inherently tied to its own enzymatic activity with only catalytically active
enzyme able to form higher ordered assemBffes.

Enzymatic postranslational modification of proteins can also influence- self
assembly. One example is the regulation of protein cytoplgsotyadenylation element

binding protein (CPBE3) which has been associated with long term memory and synaptic
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plasticity?®#2%°Key to its molecular function, CPEB3 is a transcriptional regulator with its
activity state and selissembly regulated by SUMOylatié. The covalent modification

is removed in response to neural activity, enabling CPEB3 tassffimble and undergo a
functional switch to induce transcriptional activatféhAdditionally, SUMOylation is
responsibldor solvating a number of other selfs s e mb |l i ng p rsgnuckin n's s U «
with SUMO groups preventing aggregation of the protein and decreasing associated
cytotoxicity of molecular aggregaté¥. Enzymatic processing can also induce self
assembly through peptide backbone modification. Proteolytic cleavage of fibrinogen by
the enzyme thrombin yields the sasembling product protein fibrfa® Activation of

fibrin self-assembly is a messary step in clot formation after tissue injury and blood vessel
damage to initiate the wound healing procéss.

Central to lhe regulation of supramolecular assembly by enzymes is their ability to
modulate  noftovalent interactions between ~monomers through chemical
transformatiort>’*>° As can be seen from the above mentionédie(supra, certain types
of functionalities are able to prevent or promote-asfembly. As the setfssembly of
biomolecules is highly specific and dependent on very defined assodiatviaces,
perturbdion 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 sasociatiorf®®2>’Additionally, as in the case of fibrin, entire
peptide blocks may be removed or joined together to either generate or degrade peptide

sequences with sefssembling properti€g®25°Such patterns of functional control with
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enzyme responsive motifs have been extended to synthetic systems and widely iedestigat
to generate funinal and dynamic biomateriatg’26°

Diverse chemicaransformations have been used to regulate a wide variety-of self
assembling materials, though transformations are most commonly achieved through
hydrolysis, condensation, and redox chemisfi&$%3 Enzynes achieve regulatioof the
selfassembly of peptides in the same manner that alterations to the amino acid sequences
of selfassembling peptides can modulate assembly; through control-cbrafent forces
between adjacent peptides as well as the ictierss between thexposed 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 providduBilizing handles hat favor solvent
interactions over monomer associattét?®® In contrast, condensation reactions are
typically used to complete sadfssembling peptide sequences to achieve a complete self
assembling moiety.

Among the most widely investigated enzyme controlled assembly approaches is the
phosphatase/kinasavitch. 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 bondingatter
between monomergFigure 2.1).262264To reverse the assembly blocking effect of the
phosphate moiety, alkak phosphatase aditly hydrolyzes phosphamino acids to yield
inorganic phosphate and the unhindered-as$embling peptidé®®* As phosphate
moieties may be appended to amino acids through kinase activity, cyclically dynamic self
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assembling systems have been demonstrated wherasselbling peptide gels can be
repeatedly assembled and disassembled throsghuential enzyme ddition 22
Additionally, a variety of chemical formats have demonstrated compatibility with the

system including short aromatic peptides as well as peptide amphishiles.
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Figure 2.1 Kinase/Phosphatase Switch Regulation of Supramolecular A&embly
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Figure 2.2 hHint1l phosphoramidase activity and catalytic mechanism
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Key to the dynamic nature ofelr regulatory properties is the ability of enzymes
to perform these transformations in real time and in aqueous solddutitionally,
enzymes possess desirable qualities for the regulation eassalfnbling biomaterials
including their high degrees dfubstrate specificity, catalytic versus stoichiometric
activity, inherent biodegradability, and in the case of endogenoaymes also
biocompatibility*®®?6° Due to the utilityof enzymatic activity in the regulation of self
assembling peptides, systems incorporating enzyme responsive motifs have been
invesigated for a wide variety of biomedical applications including drug delivery and
imaging and diagnostic§>-266

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 confeteotide binding capability and
enzymatic activity?®’ Hint proteins are widely distributed across the kingdoms of life and
are present in most sequenced genomes, with humaressixyg three isoforms designated
numerically as hHint1, hHint2, and hHimM%:2°® Among the three enzymes, hHintl has
undergone the most thorough characterizatioierms of its enzymatic activitand
biological functions, with putative roles in transcriptional regulation and central nervous
system functiorf®9274

Of clinical and therapeutic interest, hHintl possesses unique phosphoramidase
activity resulting in the phosphorustrogen 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 @chanisms and the kinetic rdimiting step of metabolic activain2’® This
prodrug methodology has contributed to clinically approved agents such as sofosbuvir,
which is an antHCV agent shown to undergo intracellular activation by intracellular
hHint1.27°

hHi nt 16s phosphor aeifrdna a eatalgic Hisli2irdsigue,i s
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).?’” Subsequent hydrolysis of the intermediate releases the
nucleoside monophosphate completing the catalytic &Jcf& A number of synthetic
substrates have been developed and assessed for hHintl cptabtieters 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-askembly
and combined with in depth knowledge of hHintl enzymatic activity and substrate
specificity, we sought to develop a hHintl modulatelfassembly system. In our system,
we specifically investigated how the assembly and gelation properties-aksethbling
peptides could be modulated through covalent modification with nucleoside
phoshoramidates, and how these properties changgpomise to hHintl catalytic activity.
To achieve this goal we developed a panel ofastembling nucleoside phosphoramidate
modified short aromatic peptides that were shown to undergo hydrogelation in the presence
of hHint1. We also show that this mechsmiof gelation results from an enzyme catalyzed
morphological transition exhibited by supramolecular nanofibers. This work constitutes
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the first report of selbssembling peptides modified with pronucleotide moieties, or
phosphoramidate prgelators (PPGshand the first report of hHintl enzyme utilized for

the regulation of material properties.

2.2RESULTS

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

In developing the hHintl respomsi 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 seHassemblingroperties, and tolerance for a broad range of chemical
modification, the short seissembling peptide NaphePhe (NARFF) was chosen as the
base selassembling moiety of the PP&$ Additionally, derivatives of the molecule have
found significant utility in the development of the phosphatase/kinase enzymatic switch
for controlling peptide selissembly providing further incentive for its incorporation into
this systerff2264265 Qur initial PPG design oriented the saffsembling peptide and
nucleoside phosphoramidate moiety in a linear format, connecting the two moieties
through a 1,3liaminopropane linker. In ouredign, he nucleoside phosphoramidate was
intended as an assembly blocking and solubilizing moiety, similar to phosphorylated amino
acids in phosphate sensitive systéthsn response to hHintl enzyme activity, it was
expected that removal of the polar and anionic nucleoside pbi@spidéae moiety would
facilitate assembly of the released amine modified peptide. Two PPGs were synthesized in

this design, NAFFF-C3-AMP and NARFFC3-CMP (Figures 2.3, 2.4). Interestingly,
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NAP-FFC3-AMP was observed to form weak hydrogels in aqueotdfehwascould be
observed by visual inspection after attempted dissoluliuge 2.3). In contrast, the less
hydrophobic NAPFFC3-CMP molecule was observed to form clear solutions in aqueous
buffer, indicating that the nucleoside phosphoramidate moiatyplay a role in monomer
selfassociation. Additionally, the PPG NARC3-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 aromagidue inpromoting monomer self
associationKigure 2.3).

In contrast, the addition of hHintl to NAH~C3-CMP solutions resulted in clear
and stable hydrogel formatioRigure 2.4). Gelation properties in the presence of hHintl
were further evaluated umj 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 suchsahydro@ls 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 relatiorship betveen the applied stress and resulting deformation of the material yields
values for the experimental parameters GO
G6 and G666 values correspond respechei vely
solid and viscous liquid character of the material tested. As hydrogels are hydrated
matrices, they possess both solid and 1[I ig
possessing a greater magni tude thaselfthe vi
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supporting nature of rigid hydrogef§? The NARFFC3-CMP sampl e cont ai
hHint1 failed to undergo gelation over the time course of the experiment indicated by the

lack of ingease inb ot h G 6 Figure 853 Arickiedsing the concentration of hHintl

ni

to 4 €M initiated gelation at approxi matel

and G060, whil e further increase to B8 &M
whereG6 and GO606 i ncr eas ekRguraab5b,d.pgditiomally, arserdine | y
sweep was performed where increasing the % strain or deformation of the material yielded
a consistent linear region up to nearly 10Eig({re 2.5d). As the linearegion ndicates
nondependence of both G6 and G66 on the %
an indicator of the strength of the material in response to applied%fress.

Morphological investigation of hHintl initiated gelation of NAFP~C3-CMP
using transmission electron microscopy (TEM) revealed that a dense network of highly
ordered nanofibers had formed in response to hHintl acthigye 2.6a). The widths of
thenanofibers werapproximately 78 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 indating 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 pplaeitween the
nonpolar selassembling peptide and the highly polar and zwitterionic nucleoside

phosphoramidate amineBigure 2.3). The diaminopropyl linker class was not further
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pursued for these reasons and a more tractable and efficient synthesrdesmisken to

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

Photograph on the left depicts an 11.2 mM solution of NAB3-AMP in buffer (right)

and 11.2 mM solution of NAF-C3-AMP (left) with 10 uL of 3.86uM 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 NARFF-C3-CMP.

Photograph shows 11.1 mM (1% by weight) solutiothef phosphoramidateggelator

in buffer with gelation observed upon
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Figure 2.5. Oscillatory rheometry of NAP-FF-C3-CMP
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Figure 2.6. Transmission electron microscopy of NAHFF-C3-CMP
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Design, synthesis, and preparation of hydrogels from second generation PPGs

Similar to the first generation PPGs a naphthyteNninal cap was incorporated
into the peptide component for themical stability and propensitgrfdriving assembly
through aromatic interactiod®! In contrast to the first generation PPGs, the
diaminopropane linker was replaced with a short PEG linkefacilitate solubility of
monomeic 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 phogpinoidates to generate second
generéion PPGs. NAH-F peptide obtained through standard Fsolid phase synthesis,
was coupled to an amif®EGs-azide linker yielding the azidiabeled seHassembling
peptide 1.22% Nucleoside propargyl phosphoramidates were synthesized through the
condensation of propargyl amine and the desmecleoside monophosphates mediated by
EDCI27 Azido-labeled peptide and correspondipgopargyl phosphoramidates were
coupled efficiently utilizing the copper catalgkzéluisgen cycloaddition reaction in the
presence of Na Ascorbate and Copper (Il) sulfate in 2:1 tBugiH#és the solvent system
to yield PPG (NAP-FF-AMP), 3 (NAP-FRUMP), 4 (NAP-FF-GMP), ands (NAP-FF
CMP) (Figure 2.7).284 Cation exchange chromatography with Dowex 50wx8 resin was
performed to obtain the sodium salts of the respective PPGs.

The intial panel of secondeneration PPGs was assessed for assembly properties
and hHntl enzymatic responsiveness. Each substrate was subsequently probed for its
ability to selfassemble and form hydrogels in the presence of hHintl using visual
inspection. Saltions containing 0.9% wt/vol NAPFAMP, NAP-FFUMP, NAP-FF
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GMP, and NAPFFCMP (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 aityi buffer was added to generate solutions
with final hHintl concentratonof 6 M and 0. 9% wt/ vol substrat:
vortexed to ensure proper mixing and allowed to cure at room temperature. Samples were
checked after 15 min., at which timels were inverted. All four PPG alone samples were
observed to remain viscouslgtions in the absence of hHintigure 2.8 inset9. During
the same period, all four substrate solutions containing hHintl underwent hydrogel
formation figure 2.8 inset9. Additionally, the four hydrogels remained stable for 24
hours after repeatingetinversion test. Hydrogels originating from NAF-AMP 2, NAP-
FF-GMP 4, and NARFF-UMP 3 were all opaque in nature, with NAH~CMP 5 forming
translucent hydrogels.
Assesment of morphology with Transmission Electron Microscopy

Transmission electron nrascopy (TEM) was utilized to investigate the
nanostructures of both substrate and hydrogel samples after uranyl acetate negative staining
and subsequent vacuum desiccatibmierestingly, structures ranging from amorphous
aggregates to fibrous networksneebserved in the absence of HINFigure 2.8a-d).
Extensive fiber formation was observed in the NARCMP 5 substrate sample with
fibrous structures also evident in thAP-FFUMP 3 and NARFFGMP 4 substrate
samples. Within both the amorphous and ilfdar 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 presdntlear and defined nanofiber formation for
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all four substrates in the presencdblintl(Figure 2.8e-h). In comparison to the substrate
only samples, the fibrous networks formed from hHintl activity were clearly defined with
individual nanofibers possesg diameters between& nm. Not only were all hydrogel
samples observed to exHilbianofiber formation upon hHintl activation, but much of the
nanofiber content was contained within tightly packed nanofiber bundles suggesting a
morphological transition &y be responsible for the observed gelation. NARPAMP 2

and NARFFGMP 4 exhibited extensive nanofiber association with NAP-UMP 3 and
NAP-FFCMP 5 samples exhibiting fewer associated nanofibers and a prevalence of single
nanofibers. Whether associatedexisting as individual nanostructures, nanofibers in the
hHintl activated PPGels retained similar diameters to mrenzymatically activated
samples at® nm.

Characterization of PPG nanostructure and hHintl triggered hydrogel morphology

and with cryogenic transmission electron microscopy (Cryd EM)

Despite the observance of natrastures in the enzyme free PPG samples through
conventional TEM, it was difficult to discern how the observed structures correlated to the
agueous solutions of PPGs. Th@¥yo-TEM was used for investigating the hydrated
structures of the nanoarchitectarformed from the PPGs and their respective hHintl
formed hydrogels. This technique contrasts with conventional TEM which can affect
nanostructure observation and charaz&gion due to the necessity for extensive drying of
the sample and sample stainmwgh heavy metal salts which can introduce interfering
artifacts and background stainifij.Consequently, allour phosphoramidate prgelator

substrates were analyzed by ciy&M, which revebed selfassembled 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 regmland continuous nanofibers approximately 7

nm in width EFigure 2.9). The nanotiers formed by all four prgelators are largely
unassociated and likely only align with the lacey carbon of the TEM sample grid due

to sample ice thickness variatiorhese results indicate the phosphoramidategetators

form organized supramoleeulstructures in solution prior to hHintl enzyme activation.

PPG hydrogels corresponding to each substrate formed from hHintl were also
examined with cryelEM. Hydrogel seples were prepared in hHintl activity buffer at a
concentration of 0.9% by wt/volith 6 eM 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 selfassociation of the nanofite leading to hydrogel fmation. Measurements of
individual nanofibers present in both the substrate and hydrogel samples -GiRNARAP
2, NAP-FF-UMP 3, NAP-FF-GMP 4, and NARFFCMP 5 were approximately identical
and between -8 nm in diameter. Additionbl, the nanofibers presein 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 théstrate nanofibers watso assessed for
its gelation ability and nanostructure. NA-NH: (Figure 2.118) 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 alsesulted in hydrogel foration. NARFFNH>
exhibited extensive ribbelike structures exceeding 200 nm in width aldfigre 2.11b).
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Gels in the presence of AMP were observed to form a range of structures including
individual nanofibers, twisted nanofibeébbons approximately 355 nm in width, and
larger ribbons Kigure 2.11b). Both gel structures contrast with the highly ordered
monomeric substrate nanofibers and resulting structures formed from HINT1 activity.
hHintl triggered PPG hydrogelation determned 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 arassetfiblies®?

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 hHintl is their syneretic behavior, carafitig the usef 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 anelagion kinetis was complicated

by the syneretic behavior of the hydrogels leading to loss of sample adhesion to rheometer
geometries due to liquidel phase separatioRigure 2.12). These effects were especially
pronounced in characterization of the ipar substratesvhich 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 aldesion after dation occurred, determination of gelation time was enabled by
this modification. The kinetics of NAPFAMP 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
investigded NARFFC3-CMP molecule Figure 2.13) . I n the presence o
rapid increases in both storage and loss moduli were observed at approximately 100 s. In
contrast, NAPFFAMP lunder went gel ation by 3 &M HINT
bot h GO 6 aa thgedime cA288+r30 &(gure 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
investigateNAP-FFUMP 3 gelation kineticsFigure 214) . At a concentrat |
hHintl was able to induce hydrogel formation from 0.9% wt/vol of NAFUMP 3 at an
average time of 157 N 67 s. Reducing the
significantly delayed gelation to an average time of 458 + 130 s (p = 0.0044aited
st u d etest). e tats ability to exhibit stable moduli over extewdiéme courses,
different concentrations of NAPFUMP 3 were also investigated for their ability to for
hydrogels in response to hHintl activity. Although decreasing the concentration of PPG
resulted in concomitant decreases in plateau moduli as expkated fewer monomers
participating in assembly, gelation was observed at concentrations 6FRARMP 3 as
low as 0.23 wt/vol%Kigure 2.15a).
Role of hHintl catalysis in triggering gelation of PPGs

To elucidate the r ol ationofhydnobelation, &ddigonah c t i Vv ¢
time course experiments were performed in the presence of a comepkHiintl small
molecule competitive inhibitor, HNT3a (K4 = 230 nM, structure irFigure 2.15b).*
Samples of 0.9% NAFFAMP 2 and NAP-FF-UMP 3 were prepared in HINT1 activity
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buffer containing 2% DMSO alone or with 6 mM HN3&. hHntl was added to the
solutions at a concentration of 6 &M and
observe the occurrence of hydrogel formatidiNTI-3a was found to completely ablate
hydrogelation of NAPFFUMP 3 for over 26 min. In contrast, clehydrogel formation
was observed in the absence of inhibitor and in the presence of DMS@ignie(2.15b).
Consistent with theeversibility of inhibition of hHintl by HNT3a, over the course of 24
h, hydrogelation was eventually observed. In conti@tipugh activation of NAFFF~
AMP 2 by hHintl was inhibited by HNF8a, the kinetics of hydrogel formation were less
severely afécted. In comparison to the DMSO only control which exhibited instantaneous
gelation at this hHintl concentration, HNJ4 resilted 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 pymidine phosphroamidaté$>

Additional time sweep experiments were conducted in tesgoce 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 necdesanycleophilic catalysf8? In
t he pr esenc 2Nnutant, NAPFFEAMP BHot NAP-FFUMP 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 Bstrate 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
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Figure 2.8. Transmission Electron Microscopy of Hydrogés and Substrates

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

FF-UMP, and (h) NAPFF-CMP

NAP-FF-AMP NAP-FF-GMP NAP-FF-UMP NAP-FF-CMP

- HINT1

+ HINT1
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Figure 29 Cryo-TEM Substrates

PPG Nanofibers in Buffes) NAP-FF-AMP, (b) NAP-FR-UMP, () NAP-FF-GMP, ()

NAP-FFCMP. (All scalebars e pr esent 0. 15 & M)
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Figure 2.10. Cryo-TEM of Hydrogels

Hydrogels formed in the presence of hHintl (a) NARAMP, (b) NAR-FFUMP, (c)

NAP-FF-GMP, (d) NARFF-CMP( Al | scale bars represent 0.
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Figure 2.11 CryoTEM of Free Peptide and Nucleoside Monojposphate

(&) NAP-FFNH2 structure in the presence of PBS only,gnd in the presence of AMP.

(Al'l scale bars represent 0.15 gM)

114



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 Rlintl.

Red curves represent both G&6 (filled shape:
hHintl1. Blue curves represent both Go6 (fil!]l
of 3 €M hHint1l. Dat a s hown each candntration ofe e r ey
enzyme. Gelation points are indicated by black arrows.
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Figure 2.14 NAP-FF-UMP gelation in the presence of hHintl

(a) Red curves represent both G6 (filled s
eM hHint 1. represate bcoutrhveGo (fill ed shapes) an
presence of 3 €M hHintl. Each pair of GO a
measurement. 5 replicate experiments are shown for each concentration. Display of
replicate data is showto demostrate the clear effect hHintl has on gelation kinetics

despite the variability in the data. (b) Scatter representation of gelation time points.
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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-RARB MP  wi t h
hHintl (b) NARFFRUMP and NARFF-AMP in the presence of H112N mutant (c) NAP

FF-UMP with hHint1 inhibitor @ DMSO control (d) NAPFFAMP with hHint1 inhibitor

or DMSO control
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To further determine whether hHint1 catalytic activity was occurring in the gelation
process>'P NMR experiments were performed demonstrating that rapid hydrolysis of
NAP-FF-AMP 2 to AMP and NARFF-UMP 3 to UMP occurred within minutes of hHint1
addition fFigure 2.16). Examination of hHint1l formed gels with HPLC was performed to
further investigate the relative proportion of PPG substrate remaining in the gels. It was
determined thathe percentage of NAFFAMP 2 remaining within hHintl formed
hydrogels after 24 hours was less than Eigure 2.17).

Model substrate to probe hHintl induced gelation withtH NMR

To further understand the required substrate parameters of PPGs fot hHint
adivation, an inverse linker substrate (NA-Inv-UMP, 6) was synthesized where
uridine monophosphate was functionalized with the arfiBGs-azide and the NAIFF
peptide was functionalized with propargyl amine at its free carboxyl terminus. Resulting
coppe catalyzed click chemistry effectively yielded a molecule with switched orientation
of the linker compared to the PP&$. To observe if the molecule in fact performed as a
functional PPG in response to hHintl activity SAOR was utilized to determigeldtton
capability. Analogous to PP@s5, the inverse linker PPG readily formed hydrogels in
the presenceof hHintlwit an average gel ation time of
hHintl, similar to NARPFFUMP 3 (Figure 2.18a). Additionally, cryeTEM was utilized
to investigate the morphology resulting from PPG assembly and resulting hHintl enzyme
activation. Also simlar to the other PPGs, the inverse linker P&&so assembled into

highly regular nanofibers approximateh874m in diameter. In thpresence of hHint1, the
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nanofibers were observed to undergo lateral association into nanofiber bumgies (
2.18b).

To further investigate hHintl catalytic activity on inverse linker BRPSMR was
utilized to monitor the reaction trajectory in theneersion of phosphoramidate to
monophosphate and to estimate the concentration of visible nucleoside monophosphate.
NAP-FFInv-UMP 6 was dissolvedinBD at a concentration of 1
and 6 &M hHintl was us edintheoNMR tulbet BothHaad t he (¢
3P nuclei were monitored over time with MeCN utilized as an internal standatH for
experiments to estimate the concentration of generated URjure 2.19a,b). In 32P
experiments, a clear conversion from the substratgplooamidate to UMP was observed
in response to hHintl addition as expected. HoweWerNMR experiments provided no
information about the state of the PPGs, released peptide, or UMP in regards to their higher
ordered assembly and whether aggregates owbksolmonomers were observed.
Interestingly,'H NMR spectra of inverse linker PP&exhibited broadened and upfield
shiftedpeaks in response to increasing concentration indicative of a decrease in relaxation
times resulting from aggregate assemidfiggre 2.19c). *H NMR analysis of hHintl
induced gelation revealed complete disappearance of peptide associatedveetke
with gradual increases in peaks associated with released UMP, indicating the formation of
NMR invisible aggregate peptide structures asuluble nucleoside monophosphate.
Estimation of the concentration of released UMP over time using MeCN aeanal
standard revealed |l ess than 10% mol ar equi
released in the gel forming reactidfiqure 2.19b).
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Figure 2.16 3P NMR of 4.5 mM NAP-FF-AMP i n t he presence of

activity buffer.

Qualitative experimat 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-RNARMP at
time points 10 min, 30 min, 2.5 h, 520 h and 24 h. The percent remaining NAR

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 NARFF-Inv-UMP 6

(a) SAOR time sweep in the presence of hHintl (b) Aiig of NAP-FFInv-UMP (c)

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

(a) *P NMR of hHint1 hydrolysis 06 in blue and formed phosphate in red {H)NMR
of nucleobase proton at rimgsition 6 in PP@ 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 hHintl formed

gels

(a) comparison of compave release of UMP from hHintl formed gels of PRG
determined from'H NMR due to supernatant presence efDDalone 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 (pbeustphase

indicated by black arrow). (b) Schematic of hHintl activity and generated fluorescence

from hHint1 phosphoramidase Bty
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Figure 2.22 Time dependent release of ethenoadenosine monophosphate from hHintl

gels formed from PPG 7

100
90

80 — ¢

70

60

50

40

30

20

10

Percent Release

0 50 100 150
Time (hours)

127



Previous determinations have shown that nearly all phosphoramidate is turned over
in response to hHintl catalytic activity arfdrther experiments were carried out
investigating the possibility UMP was becoming immobilized within nanofibers resulting
in fractional release. NAIFFInv-UMP hydrogels were formed in2D using hHintl and
allowed to equilibrate overnight. The next dayer additional RO or D;O containirg 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 greatease of UMP over equivalent time
periods Figure 2.18a). Compared to addition of D alone, DO containing additional
phosphate ion resulted in greater release of UMP indicating possible ionic substitution in
the formed gel structure due to competitfoncationic nanofiber binding witimorganic
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 inorganimgphate, leading to crebeking of the
nanofibers through ionic interactiorfEidure 2.20b).

Model fluorogenic substrate to determine hHintl catalytic parameters of PPG
activation

Although hHintl catalytic hydrolysis of PPGs could menitored through the
abovementioned studies, the tauques 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 moeiiom a continuous assay
format, the fluorogenic PPGAP-FFEtAd (7) was developed which bears the unnatural
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fluorescent nucleoside 1$Mthenoadenosine in lieu of traditional nucleosfdes.
Interestingly, conjugation of & unnatural nucleoside phosphoramidate to the self
assembling NAHFF peptide resulted in significant quenching of fluorescence. Upon
hHint1l hydrolysis, a rapid increase in the nucleoside fluorescerse®bgrved. Steady
state kinetic analysis at concetimas well below the expected critical aggregation
concentration (CAC) revealednkand katv al ues of 4.8 N .2 &M
respectively Figure 2.21). These kinetic parameters compéagorably to previously
characterized nucleoside phosphoramislatach as THAMP which possesses amK
0.13 N &2 .02 2RInt@restingy, a pseudo burgihase was observed in hHint1
kinetics experiments with higher concentrations of NAPEtAd 7. A possible
explanation for the occurrence is that hHintl acts upon oligomesenablies at a faster
rate due to the localized high concentrasi of phosphoramidate, with equilibrium steady
state reached upon turnover of these assemblies. Further investigations into enzyme
activity upon seHassembled structures is clearly warranted

NAP-FFEtAd 7 was also utilized as a model probe to investighe release of
ethenoadenosine monophosphate from hHintl formed gels in phosphate buffer. Over 24
hours, over 80% of the generated monophosphate was released from hHintl formed gels.
Interestingly, an equilibrium was reached after that time where aomlitdd 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
monoghosphate is retained in hHintl gels under physiologically ratepdl and salt
concentrations at equilibriunfrigure 2.22)
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2.3 DISCUSSION

The firstgeneration of PPGs provided key evidence that hHintl responsive
elements could be incorporated irgel-assembling peptides to gain spatiotemporal
control over their geling properties. Additionally, the firgljeneration series of
compounds also established that the NAF  p e pt i d e-Gssemblinglchasadter s e | f
would provide a useful model sels€mbling peptide for further chemical modification to
impart hHintl respnsiveness. 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 repis of hydrogels formed from singly Fmpcotected amino
acids?®7-2885ych discrepancy calibe derived from the observed pathway dependence of
hydrogelation on mgeparation procedure for short aromatic amino acids and peptide
derivatives, as well as reduced aromatic surface area provided by the naptehminl
cap compared to the-dérminalFmoc group to stabilize linear assenily

The PEG linker was found to readily enable dissolution of the second generation
PPGs, regardless of conjugated nucleoside morsmbiabe, to obtain viscous solutions in
agueous buffer, presumably through enhanced solvation due to favorabletivgkene
glycol interactions:** As anticipated, addition of hHint1 to aqueous PPG solutions yielded
hydrogels which were stable on the bench top for dagsvérsely, PPG solutions without
enzyme remained viscous solutions over the same period of time. The presumed
mechanism ofenzyme induced gelation centered on the potential assembly blocking
characteristics of the polar nucleoside phosphoramidate moiéth wias anticipated to
promote monomer solubilization along with the extended PEG linker, until removal by
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hHintl. Analogais mechanisms of gelation have been widely promoted in the literature
with similarly functionalized shoraromatic seHassembling pejaes. Short aromatic self
assembling peptides were previously shown to be functionalized in linear orientations with
C-terminally conjugated linkers connecting the sadembling peptide to hydrophilic
solubilizing moieties such as taurine or nucleotfd@$® Interestingly, these reports
indicated a lack of monomer assembly alone in solution, with both supranaolecul
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 nanofibersdforme
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 gelationrallate
associated nanofibers were previously described in hydrogels formed from the self
assembly of Fme@hePhe in response to decreasing pH, indicating this may be a general
feature of hydrogels formed from short aromatic-ssembling peptide€® However,
less clear from our studies was the natureasgembly 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 obse 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, -3y proved crucial for
gaining further insight into the mechanism of hHintl icetll hydrogelation. Cryd EM
enables visualization of soft materials and nanostructures in the solvated state without
interference from artifacts derived from staining and dryfiGurprisirgly, 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 unconjubaelfassembling
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 comaraiad cryeTEM
results, it was presumed that hHintl 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 prakem assembled substrate
nanofibers, all owing t h-asseindlepr otectedo nan

Inorganic phosphate and other polyanionic molecules have been previously
observed to initiate association of primary amine containing supramolecular structures
through charge coordination of selfsembled nanofibef€:?°2 Hydrogelationof 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 monophospbdtet pis
responsible for crosinking the polycationic sefassembled nanofibers and may
contribute additional neoovalent interactions through nucleobase hydrogen bonding and
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aromatic interactionsHgure 2.20). lonic crosdinking is ubiquitous in summolecular
polymer and low molecular weight hydrogelation, which is evidenced by examples such
as the C# dependent crodinking of alginate, organic phosphate crdisg&ing of
chitosan, and the inorganic phosphate ctiogsng of catonic peptide narfibers?29t2%
Nucleobases have long been investigated asassémbling motifs and have been
incorporated into a wide variety of synthetic and biologically sourced polymers to impart
their hydrogen bonding propensity into higher ordered structeité¥. Interestingly
experiments investigating whether nucleoside monophosphates could be conhpetitive
released fronmHintl 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 monophosphateharge
coordirated hHintl gel while maintaining multivalent interactions and effectively cross
linking the primary amine containing nanofibeRgure 2.20). Further investigation of

this crosdinking mechanism could confirm the unique mechanism cdtged 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 observedporee to incread hHintl
concentration. Additionally, differences in the kinetics of gelation were observed with the
purine substrate NAIFFAMP 2 demonstrating more rapid gelation with equivalent
enzyme concentration than NAF-UMP 3, reflecting hHint1specificity preérence?’®
Interestingly, even in the assembled state with concerisabf monomer tasaturating
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levels orders of magnitude above typical nucleoside phosphoramidateakl ue s, hHi nt
preference for purine substrates is still evidént.

Additionally, hHint1 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-FFAMP 2 and NARFFUMP 3 with hHintl preventing gelation of the pyidine
substrate for at least 30 min, while the purine substrate was still able to form hydrogels
despte delayed gelation kinetics in comparison to samples without inhibitor. The
difference in response is likely explained by the higher affinity of timatural purine base
in the inhibitor substrate mimic, which more effectively blocks pyrimidine accetsgto
active site than the more comparable NRRAMP substraté®® Importantly, due to the
known binding of the HNFBa ligand in the active site of hHintl and demonsiratf
reduced gelation kinetics for both PPZend3 albeit to different degrees, hHint1 triggered
gelation appears to be occurring through interaciko of PPGs and t he enz:
Dependence on catalytic activity as the sole driver of hydrogelaas further confirmed
through incubations with the catalytically dead hHintl H112N mutant which was found to
be unable to initiate gelation fortleer NARFFAMP 2 or NAP-FFUMP 3.

hHintl enzymatic activity was found to be very efficient in the gatadf 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 nanofiberd,tha high turnover of PPGs to the
amine containing peptide and nucleoside monophosphate, hHintl ligdigrms its
phosphoramidase activity on PPGs contained within nanofibers. To monitor this reaction
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in real time, inverse linker PP&was monitored itthe presence of hHintl using bJtP
and'NMR. As expected, a clear conversion of phosphoramidate t@phosphate was
observed using'P NMR as observed in the hydrolysis of NAP-AMP 2. Additionally,
monitoring of'H NMR over the same time frame demwaged production of UMP and
gradual disappearance of peptide associated resonances due to the asmestilag from
soluble nanofibers to NMR silent gel structures. Surprisingly, although the concentration
of substrate PPG in the sample tube was dugh, only a small amount of UMP was
observed over 24 hours, much less than the expected stoichiorgatvialent.

A possible explanation for the low observed concentration of released UMP upon
treatment of NAFF~Inv-UMP 6 with hHintlis the sequestratioof the nucleoside
monophosphate as a crdsking ion pair agent between cationic nanofibefgg@re
2.20). Competition experiments were performed to observe if solutions containing
inorganic phosphate could competitively release UMP fromhiHatl formed gels.
Indeed, the addition of D containing phosphate resulted in an increased release of UMP
compaed to addition of RO alone indicating that the released nucleoside monophosphate
potentially mediates nanofiber cregsking. Due to the déctively high concentration of
released nucleoside monophosphate in the vicinity of nanofibers resulting frorti hHin
activity, the nucleoside monophosphate is likely preferentially immobilized between
nanofibers compared to other ions. However, slow gubeh could occur as an
equilibrium is reached with the surrounding solution similar to other ionically-tirde=d

hydrogels®1:292
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To further probe the importance of the hHintl releasediewside monophosphate
on hydrogelation, nucleoside monophosphate retention studies were carried out with the
fluorogenic PPG NAHRFFEtAd. After incubation in phosphate buffered saline for 24
hours, approximately 80% of ethenoadenosine monophosphate mglavalents 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 changethe remaining monophosphate appears to be lockedhiatgel 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 rapidlyHowever, approximately 20% of monophosphate appedre touried
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 phosphoramaatiséy of
hHintl on PPGs compared to previously characterized nucleoside phosphoramidates, to
determine how the bulkier sedssembling peptide conjugation would affect catalytic
parameters. Inteséingly, the fluorogenic substrate exhibited only a@l@ fncrease in ki
compared to known purine substrates but possessed a highalue by 10 fold indicating
that the PPG substrates remain efficient substrates of hHintl despite the bulky lthker an
peptide.

Due to the distance separation of the nugi® phosphoramidate and self
assembling peptide, it is likely that the conjugation strategy could be applied to other
peptides, as well as synthetic and naturaldmlymers to impart hHint1 respomsiness for
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regulation of supramolecular assembly andossmicture morphology. lonic cre$ieking

is ubiquitous in mediating supramolecular interactions betweemmsstimbling peptides,
peptide amphiphiles, and polymé?s2%42°7 Cationic lysine containing seissembling
peptides were shown to be sensitive to the presence of inorganic phosphate which induced
crosslinking of nanofibers and hydrogelati®h The gelation mechanism was
demonstrated with other polyanionic species such as suramin, trypan, heparin, and
clodronaté®2. Chitosan, a biopolymer derived from chitin, was shown to undergo gelation
in the presence of-phosphogluconic acid mediated by ionic crbisking between
primary amires on the polymer and the negatively charged groupsptfo8phogluconic
acid?®*?%"Nevertheless, such methods of crtisking rely on stoichiometric quantities of
crosslinker to effect the gelation reaction. The gelation of such molecules is also inherently
sensitive to subtle changes in solution pH and ionic strength complicatingritaiiction

and application. In comparison, small quantities of hHintl enzyme catalyze similar
transitions with nucleoside phosphoramidate functionalizedassémbling peptides or
polymers in solution media with physiologic relevant salt concentratondspH in a
selective manner at stgboichiometric concentrations of the counter ion. In addition, €ross
linking is generated by a human enzyme and the dirdgag agent itself is an endogenous
biomolecule indicating potential biocompatibility in comgan to systems where <o
solvents and synthetic creiskers can have associated toxicitt@sWe hope to further
develop such systems for applicationirasitu formed biomaterials for drug delivery or
regenerative purposes.

24 MATERIALS AND METHODS
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Materials and General Methods

Commercially available reemicals were utilized without additional purification.
FmocPheOH, nucleosidé -nonophosphates, propargyl aminendphthylacetic acid,
CuSQ-5xH20, Na Ascorbate were purchased from Sightdrich. The amide coupling
reagents Zthyl-3-(3-dimethylaminopopyl)carbodiimide (EDC), @
[Bis(dimethylamino)methylenelH-1,2,3triazolo[4,5b]pyridinium 3oxid
hexafluorophosphate (HATU), and-(2H-benzotriazoll-yl)-1,1,3,3tetramethyluronium
hexafluorophosphate (HBTU) were purchased f®@akwood Chemical. Fmelehe pre
loaded Wang resin was purchased from Bachem. ARBGs-Azide was purchased from
Quanta Biodesign. Diisopropylethylamine, tbdtanol, and piperidine were purchased
from SigmaAldrich. All bulk solvents were sourced from kex Scientific and weref
high pressure liquid chromatography (HPLC) grade. hHintl wild type (WT) and H112N
mutant were expressed and purified as previously des&ibdrmal andreverse phase
chromatogaphic separations were performed on a Teledyne Isco CombiFlash system.
Analytical HPLC was performed on an Ultimate 3000 System (Agilent) and Higgins
Anal ytical Targa C18 5 e€m column with 50
buffer and acetonitrile (@%-100% Acetonitrile). hHintl enzymatic activity studies were
monitored by HPLC at wavelength 280 nm. Quantitative experiments were performed by
diluting hydrogel samples (0.9% phosphoramidatego| at or Substr at e,
i n Dul bec c ooifferedpdicesPPBA))X 10x by volume in dimethylsulfoxide
(DMSO) after 24 h. Aliquots 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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(ESFMS) was performed on an Agiht MSD SL system and high resolution MS was
performed on an LTQ Orbitrap Velos (Thermo Scientific). Dowex 50wx8 cation exchange
resin was sourced from Sigpdddrich. Nuclear magnetic resonance imaging (NMR) of all
compounds was permed at 25°C utilizingin Ascend 500 MHz Bruker spectrometer (d
DMSO, Cambridge Isotope Laboratorie$PNMR to observe hHintl catalysis was
performed using 5 mM phosphoramidate substrate in hHintl activity buffer (20 mM
HEPES, 1 mM MgGCl pH 7.3)with 6 uM hHintl and 5% BED.

General procedure for synthesis of (1)

Standard Fmobased solid phase chemistry was utilized to obtain the-NAP
peptide. Example Synthesis: FmBhenylalanine prbaded Wang Resin (1.0 mmol) was
swelled in dichloromethanfer 15 minutes and washed ¢ times with DMF. The resin
was suspended in 20% Piperidine in DMF with agitation providedukbling for three
minutes. The resin was washed with 20% Piperidine in DMF and again agitated for 18
additional minutes to ensur@rmplete removal of Fmoc pmatting group. After three
washings with DMF, the resin was suspended in DMF and to the reaction vessel was
charged Fmo®henylalanine (3 eq., 1.16 g), HATU (3 eq., 1.9 g), and DIEA (5 eq., 870
uL). The coupling solution was agted with N bubbling for 45minutes. Following the
coupling reaction, the resin was again washed three times with DMF and deprotected with
the same procedure as the-fwaded resin. Following Fmoc deprotection, naphthyl acetic
acid (3 eq., 558 mg), HAT(B eq., 1.14 g), and DIEA (&q., 870 uL) were charged to the
reaction vessel and agitated with fdr 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 vacuoovernigh. Following resin drying,He resin was treated with 95:5 TFA®I 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 residwas purified via flash chromatography to provide NAIP

in good yield (Yields: 6279%).H NMR spectrum (DMS@lk): 2.73 (q, 1H), 2.93 (m,

1H), 3.00 (dd, 1H), 3.07 (dd, 1H), 3.53 (g, 2H), 4.46 (g, 1H), 4.58 (m, 1H) 7.85 (8.28

(d,1H), 8.34 (d, 1H), 12.77 (4H).

Purified NARFFOH peptide was charged to a round bottomed flask containing a
solution of 3,6,9rioxa-1-azidoundecamine (1.2 eq.) in anhydrous DCM. HBTU (2 eq.)
and DIEA (1.5 eq.) were added to the solution and allowestit 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 pbhsematography
(DCM/MeOH 0-15%) (7698%).H NMR spectrum (DMS@l): 2.69 (q, 1H), 2.81 (q,
1H), 2.97 (dd, 2H), 3.16 (m, 1H), 3.22 (m, 1H), 3.34 (d, 1H), 3.37 (t, 2H); B4B(m,
14H), 4.474.55 (m, 2H), 7.15.25 (m, 10 H), 7.47 (m, 2H), 7.61 (s, 1H)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 Pr&elators (25)

5 -ducleosidemonophosphate (2.5 mmaljas charged to a rourzbttomed flask

and suspended in minimal-deoni zed water (a DOwas adtley . To

propargyl amine (5 eq.) and the pH was ad
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wasadded to the red solution which was magneticaliyesti Reaction progress was
monitored with®!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 resultirofeotide propargyl
phosphoramidate (2.0 eq) ire®l (2 mL) was added to a suspensionldd.3250.366

mmol) in 4 mL of tBuOH. To this mixture was added 0.1 eq. of Cu8BH,0O and 0.2

eg. of Sodium ascorbate. The reaction vessel was purged with Arg@il@wved 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 phosphoramidatelaiars.
Sodium salts were obtained of final compounds through catidraege chromatography

with Dowex 50wx8 resin (Naform). *H-NMR spectra and HPLC chromatograms are
located inAppendices

NAP-FFAMP (2): Yield 33.2%,3P NMR (DMSOds): 6.296 ppm, HRMS (ES)
Calculated 1063.4191, Found 1063.41({2R,3S,4R,5Rb-(6-amno-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuras2-yl)methyl ((23-((4S,7Sy4, 7-dibenzytl-(naphthalerR-yl)-
2,5,8trioxo-12,15,18trioxa-3,6,9triazaicosar0-yl)-1H-1,2,3triazok4-

yl)methyl)phosphoramidate

NAP-EF-UMP; (3): Yield 25.8% 3P NMR (DMSOds): 6.226 ppm, HRMS (ES):
Calculated  1040.3919, Found 1040.3905. ((2R,3S,4AR55HR)4-dioxo-3,4
dihydropyrimidin1(2H)-yl)-3,4-dihydroxytetrahydrofurai2-yl)methyl ((1-((4S,7S)4,7-
dibenzytl-(naphthaler2-yl)-2,5,8trioxo-12,15,18trioxa-3,6,3triazaicosar0-yl)-1H-

1,2,3triazot4-yl)methyl)phosphoramidate
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NAP-FF-GMP (4): Yield 62.7%,3'P NMR (DMSOds): 6.314 ppm, HRMS (ES)
Calculated 1079.4140, Found 1079.4125.((2R,3S,4R55R)amino6-oxo-1,6-dihydro-
9H-purin-9-yl)-3,4-dihydroxytetrahydrofurar2-yl)methyl  ((2:((4S,7S)4,7-dibenzy}1-
(naphthalerR-yl)-2,5,8trioxo-12,15,18trioxa-3,6,9triazaicosar20-yl)-1H-1,2, 3triazok

4-yl)methyl)phosphoramidate

NAP-FF-CMP (5): Yield 28.0%,3'P NMR (DMSOde): 6.289 ppm, HRMS (ES)
Calculated1039.4079, Found 103®071. ((2R,3S,4R,5R5-(4-amino2-oxopyrimidin
1(2H)-yl)-3,4-dihydroxytetrahydrofuras2-yl)methyl ((:-((4S,7S)4,7-dibenzytl-
(naphthalerR-yl)-2,5,8trioxo-12,15,18trioxa-3,6,9triazaicosar?0-yl)-1H-1,2, 3triazok

4-yl)ymethyl)phosjporamidate
Synthesis & Inverse Linker NAP-FF-Inv-UMP Phosphoramidate ProGelator (6)

NAP-FFPropargyl: Solid components NAH~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 N atmospherepr opar gyl amine (140 ¢L, 2.19
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 nl). The organic layewas dried over magnesium sulfate and concentrated to a clear
gum which was purified with normal phase chromatography (DCM/Me@QH%) Yield

81%,H NMR spectrum (DMS@lg): 2.74 (t, 1H), 2.82 (m, 1H), 2.96 (m, 1H), 2.99 (m,

1H), 3.15 6, 1H), 3.483.593(q,2H), 3.86 (s, 2H), 4.48.56 (m, 2H), 7.15.23 (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-PEG-UMP: Uridine monophosphate (1.1 g, 3.4 mmol) was ddde scintillation

vial and suspended in 2 mL ob®. 3,6,9trioxa-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 whichddtnrrd hours. At thigsime

the crude solution was diluted in 50 mM TEAB and was patrtially purified through reverse
phase chromatography. LRMS (E323.2, calculated 523.#P NMR (DMSGds): 6.258

ppm. Residual EDCI urea salt was present in the part@lrified phosphoramdate

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

NAP-FF-Inv-UMP; (6): Preparation was performed as for PP&s Xield 3P NMR
(DMSO-dg): 6.679 ppm, HRMS (ES) Calculated 1040.3919, Found 103@04.
((2R,3S,4R,5Rp-(2,4-diox0o-3,4-dihydropyrimidin1(2H)-yl)-3,4-

dihydroxytetrahydrofuras2-yl)methyl (2(2-(2-(2-(4-(((S)2-((S)2-(2-(naphthalerr-
yl)acetamidoy3-phenylpropanamide3-phenylpropanamido)methyl)H-1,2,3triazol 1-

yl)ethoxy)ethoxy)ethwy)ethyl)phosphoramide
Synthesis of Fluorogenic NAPFF-EtAd Phosphoramidate ProGelator (7)

Preparation was achieved through generating the propargyl phosphoramidate derivative of
the fluorescent monophosphate followed by click chemistry to the aziddeep
Ethenoadenosenmonophosphate was prepared as previously described in the litétature.

The promrgyl 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 PPGS5.

NAP-FFEtAd; (7): Preparation was performas for PPGs-3. Yield 3P NMR (DMSG
ds): 6.299 ppm, LRMS (ES): Calculated 1087.4, Found 1087.6 ((2R,3S,4R5R)
dihydroxy-5-(3H-imidazo[2, ti]purin-3-yl)tetrahydrofurar2-yl)methyt ((1-((4S,7S)4,7-
dibenzytl-(naphthaler2-yl)-2,5,8trioxo-12,15,18trioxa-3,6,3triazaicosar0-yl)-1H-

1,2,3triazol4-yl)methyl)phosphoramidate

General preparation of phosphoramidate pregelator solutions and hHintl formed

hydrogels

Precursor and gebmples were prepared as follows: Lyophilized foams of each
phosphoramidate prgelator 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 diskition of the material. Final working solutions of 0.9%/wet
concentration were obtained b ygelatorsolutbong 450
with 50 additional eL of hHi ntl activity I
similar mannerbyaddng 50 €L of hHintl in aolpovity b
gel ator solution to generate samples cont a

wt/vol.

Conventional and Cryo-Transmission Electron Microscopy
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Imaging was performed using an FEI Technai Spirit-Bign instrument.
Conventional TEM hydrogelain samples contained 0.9% by wt/vol phopshoramidate
progel at or and 19 &M HI NT 1-FRAMP which containgdp6 b uf f e
uM HINT1. Gelation samples cured on grid for 10 minutes before blotting and staining.
Substrate only samples containefi%® by wt/vol phosphoramidate pgelator in activity
buffer. Conventional TEM samples were stained with 2% uranyl acetate for negative
imaging.

Hydrogel samples of-5 analyzed with CryeTEM contained 0.9% by wt/vol
phosphoramidateprg e | at or [AAldn a&ivitg bMffetdThe gel forming reaction
was allowed to proceed for at least 10 minutes before vitrification. Substrate only samples
contained 0.9% by wt/vol phosphoramidate-gedator in activity buffer. Inverse linker
substratéd was analyzedismi | ar |y with 3 €L of 1 % wt/ vol
to the sample grid followed by 0.5 L of h
of 50 €M in the gel sampl e. PPG al one sam
Cyro-TEM of 1% wt/voINAP-FFNH2in DPBS was performed with or without 1% wt/vol
adenosine monophosphate.

Small Angle Oscillatory Rheometry

Rheological experiments were performed on a TA InstrumentSARheometer.

The 25 mm geometry was utilized with upper and lower geaeseatrodified with 600 grit
sandpaper to aid in sample adhesion. Al |
prepared bye mbi ni ng 450 €L of 1% wt/ vol substrat
10 €L of Enzyme (Final ConcuwftHINTY actvity i n Seé

145



buffer to maintain constant volumes between samples. The Peltier temperature was set to
a constantemperature of Z&. Time course experiments were performed at 0.1% strain
and 1 rad/s for all experiments with both values within theakr viscoelastic range.
Experiment time lengths were kept to a minimum to observe sample curing while avoiding
evapordéon, the effects of which were mitigated by use of humidity chamber lined with
moistened paper towels. In samples demonstrating a stéay e | transition
becoming greater than G666, gel ation ti mes
For samples where G6 was greater than GO606 f
estimated by constructing linear curves beforearfdt er t he GO6 i ncrease
the time point at which both linear functions possessed equal values to estimate t
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/vollgions of NARFFInv-UMP 6 in D2O.
Experiments monitoring the catalytic activity of hHintl were performed.@ @ithout
H.O co-solventto enhanceéH signal from the PPG and released monophosphate, and to
delay hHintl enzyme kinetics to enable monitormger extended time periods. The
concentration of NAFFF-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 generateddessrmined using the equation

where A is analyte concentration, S is the concentration of MeCN, and the Area
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is the integrated signal for a characteristic peak. The peak monitored from UMP was the
position 6 proton of the nuaase. UMP release exqiments from hHintl formed gels
were performed by making hydrogels from 3. ¢
vol ume of 610 eL. Gels were cured at room
eL of ©iortDiDevith 1MMM Sodium phosphat(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 FluorescenceAssays

hHintl enzyme kinetic assays were performed as previously degéribed
Devidion 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 Michaelldenten model in GraphPad Prism was used to
deteamine @talytic parameters. Ethenoadenosine monophosphate release was performed
by first gener at i ng-FBEBAdsith 0.8% wit/voboagpredntsation r o m N
of the PPG in DPBS. The hydrogels cured overnight and at different time points, 450 uL
of additiond 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

concentréon 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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3.1INTRODUCTION

Since their serendipitous discovery, various chemicatifications of seH
assembling peptides have been made to modulate themsselnbling and functional
properties beyondaking changes in their peptide sequefidé>*°Among the earliest
performed and most basic of chemical modifications has been the addition ofligpoph
moieties such as fatty acids to generate peptide amphiphiles or lipopépficfésin
addition to promoting membrane association and anchoring, aliphatic modifications
promote seHassembly of peptides themselvesinto micellar structues through
hydrophobic collaps&.’ The broad utility of peptide amphiphiles is reflected in the
robustness of their sedfssembly in a wideariety of formats, driven by the unique balance
of noncovalent interactions that lead to assembly at low concentrations vetid
remarkable stability>'1’ Additionally, peptide modification is not limited to a single fatty
acid chainas diglycerides have also been used to generate supramolecular vaccine

adjuvantg*®

N-terminal aromatic modification of short peptides has proved invaluable as
synthetic peptide modifications to drive assemblgnd gelatbn. The addition of a
FluorenylmethoxycarbonylFmoc) group to the Nlerminus of diphenylalanine peptides
sparked the deelopment of a wide variety of low molecular weight gelating molecules
investigated for use in applications ranging from cell cultukessates 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).1011%8n addition, functbnal molecules such fluorescent dyes and
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therapeutics bearing aromatic character have been used-taaniNal aromatic
modifications>°1-3%2 Despite the varied modifications that have been demonstrated, the
commonality among tise moietiess the promotion of selissembly through hydrophobic
collapse and stabilization of peptide @sation through aromatiand complementary

steric interaction$>100.107.108

Additional modifications have sought modulation of assembly properds as
gelation, rheological enhancement, or colloidal stabilizatt6b#!2°3Conjugation of a
short PEG unit to Fmepentafluorophenylalanine was found to enhance response to shear
when ceassembled with the unmodified amimocid into a supramolecular ¢géf
Favorable solvation of the nanostructure surface was thought to play a role in promoting
stability of the nanofibers in a liquiike state undeshearforcesuntil re-establishment of
the entangled gel network could océtffThermoresponsive polymer segments have been
conjugated to th Gtermini of selfassembling peptides to influence their gelation
propertiesin response to an increase in temperattfr€€o-assembly of the polymer
peptide conjugates with unmodified peptide yielded supramolecular hydrogels with
enhanced rigidity due to enthalpicallyv@aable intrafiber interactions between the
conjugated poly(Nsopropylacrylanide) polymer and peptide nanofiber although gelating
properties were unaffected by increasing temperafliéative chemical ligation has also
been used to enhance the mechanical propertiesfedssambled peptide hydrogéfs.

The conjugation technique was utilized to form covalent ammled® between self

a s s e misheet tbrming peptides to effect assembly ctiogsng.3°3
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Figure 3.1 Structures of PPGs 25 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 seHassembling nucleopeptide design
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Figure 3.4 G-tetrad hydrogen bonding pattern
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Figure 3.5 Nucleopeptides formed throwgh click chemistry conjugation of peptide and

nucleoside
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Functional modification of sefissembling peptides has been achieved through
conjugation to a wide variety of synthetic and biological molecules to irdlparacteristics
useful in a wide rangef applications’>4°3043%0ne method of functionalization is through
chemical conjugation of selissemblingoeptides in the synthetic stage prior to material
selfassembly, either alone or in-essembly with unfunctionalized peptide to maintain
predictable assembly morphology and mechanical propétties Among the first
exploredmodifications was the conjugation of biotin to a RADA class-assiembling
peptide for thepurpose of growth factor delivery to damaged myocardial tissue. In the
design, biotinylated insuliike growth factor 1was immobilized onto the also biotinylated
peptide nanofibers through the multivalent interactions provided by streptéivigure
3.2). 3 Fully folded proteins were eassembled into sedssembling peptides through
modi ficati on of t he p r esheeti forming enqtifi thmowgle  t
recombinant expression. In the system, ephanofibers were modified with green
fluorescent potein without aggregation and loss of fluorescendbe assembled stat®
The above examples are obviously not comprehensive of the vast arrayiti€atiods

reported, but clearly illustrate the breadfimodifications possible

Postassembly covalent modification has also been utilized as a method to influence
the gelation and functional properties of smdBembling peptides and peptide
amphiphies3°® A major hindrance to the addition of functional moieties toastfembling
peptices is the tendency for modification to perturb the delicate balance of intermolecular
and monomesolvent interactions that contribute to association, either disrupting assembly

or preventing it entirely. Postssembly modification using click chemistry sva
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investigated as a way to append small molecules and proteins tassefibled
nanofibers®® Similar formats have sought to crdsk self-assembled peptide
nanostructures after assembly to enhance their gel rigidiptide amphiphile nanofiber
bearing multiple Lys residues in the peptide segment werelné&ssl with glutaraldehyde
throudh Schiff base formation, significantly increasing their elastic moduli and resistance
to shear. An interesting approach to pastsembly modification was demonstrated where
peptide amphiphiles bearing dienes in the aliphatic tail were-tndesl with ultraviolet

light. Introduction of covalent crodmked induced ordering of peptides repuldey

el ectrostati cs -fheebaonfiguatiomspstabilizingithe assemblids and

inducing nanofiber strand growtf.

Incorporating elements of both application focused functionality and enhancement
of assemly properties, nuclepeptides have proven to be among the most valuable of
covalent modificatins in selfassembling peptides. The most simplistic nugeptides
have incorporated nucleobases as biologically derived aromatic moietiestéomidal
modification of short setassembling peptides, with reported hydrogen bonding capability
to nucleicacids although the molecular orientation and mechanism of this interaction is
unclear(Figure 3.3).34307308 Conjugation at the @erminal end of sbrt aromatic peptides
has also been demonstrated with possible enhancement of solvent exposilmaticgyio
the ability of modified gel forming peptides to achieve functional interactions with a range
of nucleic acid$? Similar modifications have also been achieved through incorpomaition
peptide nucleic acids into surface exposed dosafnpeptide amphiphiles, enabling

sequence selective duplex formation with oligonucleotides exhilstaglities rivaling
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that of corresponding DNA duplex@Sigure 3.3).1%430peptidenucleic acid modification

of a selfassembling peptide was also shown to enable the-linkgsy of supramolecular
peptide nanofibers through biomolecular recognition achieved through a complementary
oligonucleotide sequnee. Inclusion of the crodsking moiety was shown to enhance the
rheological properties of gels formed from peptide nucleic acid modified in terms of elastic

modulus and frequency resporise.

Derivatives of nucleosides and nucleotides have long been investigated- as self
assembling moieties capable of forming gels in eitrgianic or aqueous solvettt
Generally, nucleosides and nucleotides are modified with aliphatic moieties such as alkyl
chains to promote their assemtapd impart gelating properties to overcome the high
degree of solvation imparted by the sugar and phospHaté. Although monomeric
WatsonCrick hydrogen bonding interactions may readily promote assembly in organic
media, addition of coordinatingioieties may also be necessary to trigger hydrogelation
through further nortovalent interactions which has been achieved with metal salts and
cationic surfactant8->31® The most robust class of nucleoside and nucleotide based
hydrogéators are based on guanosine, taking advantage of its unique ability to form tetrads
in the presence of alkali cations in aqueous soluffagure 3.4).317 Simple triacetylation
of guanosine hydroxyl groups and addition ahathoxy group at the 8 position of the
guanosine ring yielded simple hydrogelator capable of supporting the growth cftells.
Additionally, diol modification of the guanosine ribose ring with borate generated robust
gelators capable of assembling in the presence potassium salt and stighmedauli due

to crosslinks provided by the borate modificatidt. However,a common limitation of
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guanosine derived hydrogels is their eventugtagation and crystallization from solution

as formed gels result from metastable assemblies not represented by thermodynamic
minima3!? Additionally, dwe to the relatively small area of intermolecular interaction
between nucleoside units, the rheological properties of formed gels are generally poor
which limits potential applicatio?° Enhancing the rheological properties anbsgability

of these gels generally includes addition of polymers or small molecule stabilizers of G

tetrad§18,320,321

Compared to nucleobase incorporation, relatively few investigations haviet soug
to incorporate nucleosides or nucleotide derivatives into-assémbling peptides.
Recently, click chemistry was used to click nucleosides toassdmbling peptides
(Figure 35).322 Interestingly, the modification triggered assembly into spherical
nanostructures, capable of encapsulating dyes enabling monitoring 4étomgeleasé??
Additionally, adenosine monophosphate was conjugateshbrt aromatic peptides to
impart alkaline phosphatase sensitivity to generate a responsive gelatem.sThe
monophosphate was conjugated through the exocyclic amine of the nucleobase, facilitating

presentation of the morghosphoester for phosphatasydrolysis®?

We previously demonstrated the syrdise and selassembly of nucleoside
phosphoramidate functionalized peptides into monodigparanofibers in aqueous
solution?** Qur previous investigations soughto establish the nucleoside

phosphoramidate motifs arenzyme responsive moiety for cariting the spatiotemporal

gelation properties of se#ssembling peptidgd? However, it has not escaped our
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attention tlat the nucleoside phosphoramidate moiegn gotentially playa role in
influencing the sefassociation of functionalized peptides, as well asHiiber crosslinks
leading to phosphoramidate driven gelat The nucleoside phosphoramidate moiety
represents a fascinating peptide modificationtagmultaneously imparts elements of
hydrophobicity, aromaticity, polar solvating groups, ionic charge, and nucleobase driven
hydrogen bonding interactions. Printwr we have found guanosine phosphoramidate
functionalization as a driver of nanostructiassociation and gelation in solutions of
suitable ionic strength. In reporting our preliminary findings here, we hope to provide
insight into the potential applidgahs of nucleoside phosphoramidates as modulators of
supramolecular assembly which can hmpleed to seHassembling systems based on

peptides and macromolecules.

3.2RESULTS

Critical aggregation concentrations of phosphoramidates-B

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

the nanostructerassembly.
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Figure 3.6 Critical aggregation concentration (CAC) determination of self
assenbling phosphoramidates 25 determined with nile red fluorescence and

sedimentation by ultracentrifugation

(a) representative nile red assay readout for critical aggregation determination-6iFNAP
AMP 2 (b) calculated CAC for compounds5 determined fron nile red assay and
sedimentation fo2 and3. Values represent mean and + standard deviation for atHesest

separate experiments.
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To further understand the assembly properties of the nucleoside phosphoramidate
functionalized peptide-5, investgation of the critical aggregation concentration (CAC)
for each molecule was performed usinblite red fluorescence assdiigure 3.6). Nile
red is a solvatochromic dye with well characterized fluorescence in hydrophobic
environments leading to its wida®gad use as a phospholipid membrane imaging dye as
aqueous quenching of fluorescence is relievetipid environments?* In addition to
functioning as a imaging probe for membraméite red has widely been used as a staining
agent for detcting amyloids and characterizing saffsembled nanostructuré$3>The
assay was performed widach phosphoramida®e5 by incubating varying concentrations
of monomer wit h Nilered adress allisamples. Up@n mixikg, each
sample waseat denatured and reannealed at room temperature overnight in the dark to
ensure proper measuremeot the assembly equilibrium. The critical aggregation
concentration represents an equilibrium threshold below which mongrezteminate
and above whichedf-assembled nanostructures are present. Therefore, iNiltheed
assay, at concentrations beldve tCAC, only baseline fluorescence will be observed due
to quenching of fluorophore in agueous solvent. However, as the concentration of
phosphoramidate ereds the critical aggregation concentratiNile red can become
immobilized within the nanostructes thus relieving quenching by solvent and enabling
fluorescence readout. Interestingly, the two purine bearing conjugate$RARP 2 and
NAP-FFFGMP4exhi bi t ed CACs of 319 ¢ Migueer3®). 828 ¢ M

contrast, lhe pyrimidine modified phgphoramidates NAFFFUMP 3 and NARFFCMP
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5 exhibited greateiICAC valuesc ompared to the purines of

respectively Figure 3.6).

Because dtical aggregation concentration determination ushidge red is a
secondary measurement of sadisenbly, we sought to corroborate these values using
sedimentation experiments. Sedimentation through ultracentrifugation is a useful
technique for investigatg the monomer and assembly equilibria of amphiphiles and self
assembling molecules High-speed centrifugation of phosphoramidate solutions enabled
separation of selissembled nanostructures and oligomeric species which collapsed onto
the bdtom of centrifuge vessels generating a clear pellet, with free monomer remaining in
solution measred with HPLC. CAC values using the technique were found to closely
approximate those determined from the nile red assay with respective values f6iFNAP
AMP and NAPFFUMP of 267 €M and 451 €M indicating

and pyrimidine modied peptidesKigure 3.6b).
Spontaneous gelation of phosphoramidate conjugates®investigated with SAOR

Previously, we found that phosphoramid&ésformed viscous solutions at 0.9 %
wt/vol in 20 mM HEPES and 1 mM Mgg&through visual inspection aedl by the inversion
test. In this test, liquid like material behavior is exhibited through flowthethck of a
selfsupporting structure, and gel charadseindicated by the converse in both aspects. A
limitation of the technique is the difficulty idistinguishing 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 NAFFF-GMP 4

(a) strainresponseefl asti c (G6) and |l oss (G6O6) modul i
to approximately 10% where hydrogel mechanical properties are independent of applied
stressnd resulting strain (b) angular frequeri
andlos ( G6d6) modul i across a wide range of f
region (c) Cyclic strain experiments indicating shear thinning properties. &hegiens

represent the application of high strain to induce gel reversion to liquid likerstiecated

by higher | oss (G606) modul i than el astic

experiments representative of data collected in at least threatsepegperiments.
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Figure 3.8 SAOR characterization of NARFF-GMP 4 gelation in the presence of

varying ionic strength

(a) strain sweeps and (b) frequency sweeps of 2.5 % witimudl0 mM Sodium phosphate

with 75 mM NacCcCl (bl@ég& cecpewc) eand GH5fimMmMI HdC
Go filled and G066 o pvizvaldin J0 oM Sadiunmphospghatevetip o f

35 mM NacCl. The very low moduli measured for these samples indicate no gel character.

All figures represent single experimenéepresentative of data collected in al least three

separate experiments.
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Solutionsof phosphoramidates5 prepared in DPBS were investigated usngll
amplitude oscillatory rheometrySAOR) to determine possible weak forming gel
properties due to gher concentration and increased ionic strength. Despite these changes,
NAP-FFAMP 2, NAP-FFUMP 3, and NARFFCMP 5 demonstrated only weak gel
character, at 2.5 % wt/vol with measured elastic moduli on the order ofviii¢taborders
on the detection lith of the instrument The weak mechanical properties of
phosphoramidate nanofibers fagthfrom2, 3, and5 was evident upon sample application
to the rheometer geometries as deposited material rapidly collapsed into spreading

solutions.

In contrast, NAFFFGMP 4 formed robust hydrogels at a concentration of 2.5 %
wt/vol in DPBS signified by significantly highr el asti ¢ modul i ( G6)
in the linear viscoelastic regipmvhere changes in magnitude and frequency of applied
stress do not &fct material rigidity Figure 3.7a,b). The hydrogels possessed elastic
moduli on the order of 10 kPa (4.6 kPa) with a ge$ol transition at 30% stra{frigure
3.7a). More interestingly, cyclic strain experiments revealed the shear thinning prepertie
of the gels. Significant decreases in moduli and liquid like character were observed at
strains greaterhfan the yield strain, which rapidly reversed upon return of strains within
the viscoelastic regioffFigure 3.7¢). Cycling between high and low stragould be
repeated several times without loss of peak moduli over time further indicating the stability

of the hydrogels and recovery propertiegyure 3.7¢).
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Salt concentration dependent gelation of NAHFF-GMP 4 determined with SAOR

and effect of phospheamidate 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 ioe&ngng, a factor
possibly contributing to only weak gel formation in previously characterized samples. lon
screening above a critical salt concentration is generally required to achiezssssifbly
and gelation of charged peptides and peptide ampéglaind it was expected that similar
character would be exhibited in this systét’ Three different solutions buffered with
10 mM sodium phosphate and possegsiodium chloride concentrations of 75 mM, 55
mM, or 35 mM were used to prepare sample$atfconcentrations 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 appmately 15 kPa (14.9 £ 2.0 kPa) over the linear
viscoelastic regioffFigure 3.8a,b). In conparison, hydrogels af prepared in buffer with
55 mM NaCl exhibited significantly reduced moduli, with plateau moduli over the linear
viscoelastic region approxeely 6.5 kPa (6.5 = 1.9 kP&jigure 3.8a,b). However, both
gels possessed wide linear range response to both increasing strain and frequency. In
comparisond prepared in buffer containing 35 mM NaCl possessed exceedingly weak gel
like character witmoduli never exceeding 10 Pa indicating a clear dependence on ionic

strength for gel formingharacter Figure 3.8¢).

Stability of NAP-FF-GMP 4 hydrogels and monomer release kinetics
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The dservation of NAPFF-GMP 4 gel formation spurred further invegdition into
characterizing the stability of the gels over time. Monomer erosion was askesz&d%
wt/vol gels formed in DPBS where an additional supernatant layer was adtiedap of
cured gels after 24 h. Aliquots of supernatant were removeddaonples at time points
over several days. The gels exhibited remarkable stability ovetirttésperiod with less

than 10% ototal monomers lost from the gel ovEd dayqFigure 3.4).

Determination of supernatant monomer content over time also en#ixded
determination of kinetic rate constants for the release of monomers from foyaredels
and corresponding hdlife release profiles. A study investigating the pharmacological
release profile of somatostatid monomers from selissembled nanostruces produced
an empirical hybrid first order and zero order release equation tordésb e t he sy st
erosion phenomenc®® Minimization through least squares néinear regression
revealed that the zerotirder rate constant was not necessary in the fitifrtherelease
experimental dat for NARFFGMP 4 and that a modified version of the first order rate

eqguation,

0 000 p Q
where G is the percentage release of monomer fromtttal sample, CAC is the
equilibrium percentage of released monomer expected based orititted @ggregation
concentration, kis the first order rate constant, and t is time closely fit experimental data.
Additionally, model fitting of the data produte predicted first order rate constant of 2.65
+ 0.10 x 10" min? corresponding to equilibrium halife of 2.62 + 10 x 1®min or 43 h
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(Figure 3.9). Monomer release experiments were not performed with-getimg
phosphoramidate®, 3, or 5 due to difficulty of maintaining nanofiber sepaat from
added supernatant solutions without high speed centrifugation, which was exjected

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 asseartd intetfiber crosslinks
in the NARFFGMP 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 assgrINMR experiments were performed
to further characterize monomer association to generate supramolecular assemblies. Using
MeCN as an internal standard, the concentrations of NMR visible NFAGMP 4 and
NAP-FFAMP 2 was determined with molecules dissolved in eithgd Br DO with 10
mM sodium phosphate and 50 mM Ng€Eigure 3.10a,b). As expectedsamples in BO
with no saltgenerated linear responses of observed signal to increasing concentrations
indicating that MR silent aggregates were not forming and only soluble aggregates and
monomer were likely observelh contrastNAP-FF-GMP 4 prepared in RO with 10 mM
sodium phoghate and 50 mM NaCl demonstrated a strikagk of monomer signalAt
0.0625 % wt/vol, thebserved signal of the aromatic regiondasignificantly deviated
from linearity resulting in ncsignificantincrease inthe observed signal compared to

0.03125 %wt/vol. Furthermore, ngignificantincrease irthe observed signal was found
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by further ircreasing the sample concentratitom 0.125 % wt/volto 0.25 % wt/vol.Since
0.0625 % wt/vol corresponds to apprtai mat el
CAC, we observed that quickly transitions from monomer to NMR invisible aggregate
structures. Indeed, gdike character was observed in the two highest concentrations at

0.125 % wt/vol and 0.25 % wt/vol. Similar trends were observed with samphARf

FFAMP in D20 or DO with phosphate buffered saliffeigure 3.10b). Linearincreases

with concentration were observed in theCDonly sample with flattening of the
concentration response above 0.0625 % wt/vol. The results show a clear dependence of
asembly for both purine phosphoramidates on the ionic strength of solutiofal to

point to a mechanism indicative of NAHF-GMP &6 s gel ating propertie
NAP-FFAMP. Although both phosphoramidates lost significant concentration response

to relative integration above the expected CAC, the natutteeddbrmed assemblgecould

be of a different nature, differing in size afatermolecular associations between

assemblies
Small angle xray scattering

Previous cryeTEM studies confirmed the beassembly of phosphoramida2$
into highly monodisperse nanofibers, appneately 78 nm in width and with lengths on
the order of micron&**However, TEM spetroscopic studies limit sample visualization to
localized regions suitable for image generation. Small anglg scattering experiments
were performed to gain information about sample wide nanostructure morpftlagy.

contrast to xay crystal analysis where crystallized samples produce distinct diffraction

170



patterns which give preciggformation abouatomic structure, xay scattering analysis of
solution phase samples produces radially smeared scattering patterns, which are
azimuthally averaged to produce 1D scattering profi@siNe soughtto initially
investigde the phosphoramidatesat concentratedlevels in H.O (Figure 3.11).
Surprisingly, strong diffraction peaks were observedalges 2.7 x 18to 3.7 x 107 A

Lin 5 % wivol samples of MP-FF-GMP 4 and NARFFAMP 2. Conversion of theq

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 &fample wide uniformity in meostructures mimicking
crystalline features. As the measured diameter of nanofibers is approximatelyn as
observed frontryo-TEM studies and the length of nanofibers is on the order of microns,
the characteristic scattegrpeak was attributed to Igrrange ordering of the nanofibers.
Such longrange ordering has been observed in otherassémbling peptide systems
where charge repulsion due to ionized residues limits the packing of nanofibers at high
concentrations, leday to a characteristic intenanofiber distances represented by sharp
scattering peaks resulting from hexagonal packifterestingly, 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 packiossibly due to
nanofiber crosdinks and assaations3%-331Additionally, the scattering peak was deemed

to be concentration dependent as samples examined at lower concentrations failed to
reproduce the sharp pedbut retiined features in the log region indicative of inter
particle repulsion.
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Figure 3.9. Monomer erosion from NARFF-GMP 4 gels

Vertical axis corresponds to the percent release of monomer over time from the total
original amount. The blue curve correspotala first order release eation fit to the data
through nodinear 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 NARFF-AMP 2 or NAP-FF-GMP 4

(a)H NMR spectrum of NAFFF-GMP 4 at the indicated % wt/vol concentrations igD

(left) and DO with 10 mM sodium phosphate and ®® NaCl (right).Blue (left) and

black (right) boxes represent the aromatic region consisting the phenylhsighs and
naphthyl ring. Spectrum are not on the same vertical scale due to increased scaling on the
right as only weak signals were producedhia gel formingsamples. (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 profilesof NAP-FF-AMP and NAP-FF-GMP

NAP-FF-AMP 2 (blue) and NAFFF-GMP 4 (black) in HO at concentrations of 5 %
wt/vol. Sharp peaks are evident at correspondispatings between 122 nm. Sharp
peaks are indicativef 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 NAPFF-GMP in DPBS

Experimental datéblue) in DPBS buffer and theoreticalorel fitting of the data (red).
Experimental curve represents background, intensity beam, and transmission corrected
data. he model curve corresponds to the bantcylindrical form factor in the fitting
software SASVIEW. Best fits were achieved withiegitical radii approximately 3.5 nm.

Inset shows the slope of the lowregion corresponding tel, indicative of cylindrich

structure.
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Due to the high degree of nanofiber alignment, fittinghafdata to form factor
models was deemed infeasible waimples in BO. As solution ionic strength can limit
charge repulsion in sefssembly, scattering experiments were performed with-RAP
GMP 4 as a 2.5 % wit/vol solution in DPBS. The 1D scattering profile mvadeled to
theoretic form factorsn SASVIEW software usinghe builtin cylinder form factor model,
which closely approximated the experimental data watlinders bearing radii
approximately 3.5 nnmHigure 3.12). Additionally, the slope of the data in the low g region
is close to-1 indicative of glindrical stucture®?7329331 The model also predicted
exceedingly long nanofibers, longer indeed than the résoltdnge of the SAXS detector
(4 100 nm), further conf i r {winjnggtesintoeerydong e mb |

cylindrical nanofibers.
Isothermal titration calorimetry

To gain further insight into the thermodynamic parameters defining assembly of
phosphoramidate® 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 comndyitaut
intermolecular association, and has been widely applied in the investigation of amphiphile
assembly®? In preliminary studies, NAFFF-AMP was investigated by tittiag
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 rg®nse model enabled determination of the CAC420 + 8 ¢ M
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represented by the midpoint of the sigmoidal curve. It amtscipated thaan increase in
the CACwould be observable during thigration experiments at 30°C. Enthalpies of
dissociation were deteined from linear curves representing the tpprtion of the
sigmoidaland calculating the respectigathalpyat the concentration corresponding to the
CAC. The enthalpy of dissociation was determined to b@ 220.4 kJ/mol with the

corresponding enthay of associatioeingthe negative of the same value. As tBAC

represents a thermodynamic equilibrium between monomers and assemblies, the

thermodynamic relationshifizquation 1)

Equation 1: YO Y'Y 1 16 &

inwhicht he Gi bbés free energy of association

the mol e fr alwuffeisadution8*D@A @G mimati on of the
of association enaldethe corresponding callation of the entropy of associatjathus
providinga T 8.4 +00f4 kJ/mol. Clearly both the favorable enthalpic and entropic
forces of NARFFAMP 2 contribute to its high propensity for sel§sociation, although

theenthalpic contribution to asseighbs dominatgFigure 3.13).

Investigation of cagel 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
FFGMP 4 andNAP-FF-CMP 5 co-gels Eigure 3.9). Surprisingly, mixing of NAFFF
CMP with NARFFGMP had a detrimental effect on gel rigidity indicating a decrease of

inter-fiber crosslinking interactions contributing to stable gel formation evidenced by the
177
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decreaseday| ues of Figute 3.Ma).Ganplésihat contained 2.25 % wt/4aind

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/Moand 0.83 %

wt/vol NAP-FF-CMP exhibited significantly reduced modulithdma | one wi t h G©&
than 1 kPaKigure 3.14a). Above the ration of the NAPFCMP 5: NAP-FFGMP 4 ratio

was rot pursued as a loss of gefrimation 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 pdlyketne imine (PEI) solution (8%
in H.O, My, 600,0061, 000, 000) was diluted in DPBS to
which was added at different ratios to the 1gah forming NARFFCMP 5 to generate
samples with final concentrations of 2 % wt/éadnd 1 % wt/vol PEI or 1.67 % witv5
and 1.6®6 wt/vol PEI Figure 3.14¢). Although the phosphoramidate alone failed to form
a gel, addition of PEI was found to trigger gel formation in both samples. Interestingly, the
2:15to PEI concentration sample formed the more robust hydrodebwiglastic mdulus
(G6) greater than 1 kPa, BtbREIexhibtted markedlyl ¢ o n «
reduced rigidity with an elastic modulus approximately 250 Pa. Additionally, the gels
exhibited shear thinning propensity and were able to exctheir platau moduli after

application of high strainF{gure 3.14d).
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Figure 3.13.NAP-FF-AMP ITC Results.

Data represents enthalpy of dissociation as a function of concentration feFNARIP

2 background subtracted to account for thermal events associatedstitmental setup.

Data was fit to buitin sigmoidal three parameter dose response model in Baaghrism

to obtain the midpoint of the curve corresftg
Enthalpies were determined by generating linear curvesogating 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-GMP and NAPFFCMP at ratios of 9:1
and 2:1 for total % wt/vol concentrations of 2.5 % for both matei(eld) Strain sweep
and cyclic strain of NAHFF-CMP and PEI cayels at 2:1and 1:1 ratios at total % wt/vol

concentrations of 2.5 % for both materials
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3.3DISCUSSION

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
madification for the regulation of peptide sel§sembly. Our surprising observations that
nucleoside phosphoramidate modified peptigdsspontaneously assemble into highly
monodisperse nanofibers immediately spurred curiosity as to whether macroscale
assenbly could be achieved with the nanofibers under untested conditiibespite their
assembly into micron sized nanofibers, phosphoramidate conjijé@eand5 failed to
form selfsupporting gels indicating that despite their significant size, little entanglement
or crosslinking of the nanofibersvas achieved. As the phosphoramidate moiety is
negatively charged, we hypothesized that increasing the ionic strehgfie solution
would reduce charge repulsion between nanofibers and promote nanofiber entanglements
and possible gel formation. Howevegspite dissolution into high ionic strength buffers

such as DPBS, these molecules failed to formsgiporting hydsgels.

In contrast, the phosphoramidate conjugate modified with guanosine
monophosphoramidate, readily formed selpporting hydrogslwith robust moduli under
the same conditions. Additionally, hydrogelsdoéxhibited shear thinning properties and
complete moduli recovery after application of high strain indicating the intermolecular and
interrassembly interactions contributing to dgefrmation could be readily broken and
reformed in response to the application of stress. The gels also exhibitedinaesge
viscoelastic regions to both changes in the magnitude and frequency of applied stress

indicating the stability of gel inducing necovalent interactions. The ability dfto form
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hydrogels was found to be context dependent, as a decrease irutlfm sohic strength

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

Based on these results, we hypothesized that tivoapy factors regulate the
supramolecular selissembly of the nucleoside phoshporamidates. The anionic character
imparted by the phosphoramidate moiety, which results in high negative surface charge
density along the nanofibers, prevents clogdgng ard entanglement resulting in a lack
of gel formation in phosphoramidate conjugae8, and5. Although NARFF-GMP 4 is
also negatively charged, its ability to utilize the privileged-asHociating properties of the
guanine nucleobase are likely respofesifor its gel formation capabilit3}?318321 Self-
assembling molecules based upon guanine, guanosine, and guanosine monophosphate
represent one of ¢hmost widely studied classes of sa$sembling molecul€d? The
primary driver of seHassociation in this class is the propensity for guanine bases t
undergo Hoogsteen hydrogen bonding to foraetads or quadruplexés318320Sych
interactions are typically used to order small molecnucleoside and nucleotide
derivatives into fibrillar high aspect ratio structu?&s39321 However, in the context of
the selfassembling phosphoramidate system, the aromatic peptide AR the primary
driver of monomer assembly into high aspect ratio nanoffSérés all four
phosphoramidate modified conjugates evqareviously observed to form fibers of
equivalent morphology, we posit that the guanosine phosphoramidate moiety drives inter
fiber interactions through-@uadruplex formation instead of driving monomer association.
Consequently, the presence of guaniasebin the phosphoramidate moiety is able to

overcome the negative charge repulsion and nanofiber surface solvation and drive
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association and nanofiber crdssing in solutions of sufficient ionic screenid¢f:>3*
Evidence for this hypothesis was provided by experiments combining thgeliog G

base modified5 with 4 and investigating gel formation with SAOR. Adiingh
complementary Watse@rick interactions were expected to enhance the rheological
properties oto-gel mixtures, a concentration dependent decrease in the modulgefsco
compared to NAFFF-GMP alone was observed. It is possible that complementagy ba
pairing between C and G bases is not favored in the system over solvation of the nanofiber
surfa@ and formation of @etrads. Although C and G base pairs possess three hydrogen
bonds in the interaction, a Hoogsteen baaieed Gtetrad would possess ghit
interactions, and provide a planar aromatic surface to promote further tetrad formation, as

well as providing a coordinating environment for alkali metal catiéfis®

To improve the rheological properties of Agelling phosphoramidate conjugates
various methodsvere investigated including addition of divalent cations and cationic
polymers to aid in ionic crodsking of the anionic nanofibers. Poly-Lys (PLL) was
added to nanofiber solutions but resulted in-tttermoreversible aggregates rather than
gel formdion. However, addition of high molecular weight and branched PEI to nanofiber
solutions resulted in thermoreversible gel formation when mixed with-RAEMP at
2:1 and 1.1 % wt/vol ratios. Interestingly, the 2:1 phosphoramidate to PEI gel exhibited
higha moduli than the 1:1 sample indicating an optimal stoichiometry might exist between
the cationic polymer and phosphoramidate nanofibers. Additionally5%heaqueous
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 thestinks were readily
broken and reformed in response to applied shear. Although the mechanisms of thi
interaction is unknown, it is expected that the high molecular weight and branched nature
of the polymer prevents high degrees of nanofiber orderinggadgbromoting specific
nucleation sites where nanofibers become elioked at specific locationskFurther
investigation into mixing of nowel forming phosphoramidate conjugates with polymer
and rheological additives could generate hybrid materials imt#resting functional

properties for various biomedical applications.

The effect of the nucleosidphosphoramidate moiety on the propensity of
functionalized NAPFF monomers to associate was investigated by CAC determination
and NMR experiments. CAC weretermined by Nile red fluorescence assay, which
measures oligomer formation through the increafbeorescence of the immobilized
solvatochromic dye within growing nanostructut¢sThe two purine functionalized
molecules NAPFFAMP 2 andNAP-FFGMP4possess CACs nearly 10C
the pyrimidine functionalized molecules NAF~-UMP 3 and NARFFCMP 5, although
when compared, little difference was observed among the purines and pyrimidine
functionalized molecule. As hydrophobic cqliée is a liky a primary driver of self
association in molecule®-5, the larger nucleobase ring system present in the purine
conjugates could potentially increase the hydrophobic character of mol@cale$4
leading to their association at lower contations. Seninentation experiments were
performed to exclude differential affinity by the aggregates for the Nile red dye as an

explanation for the discrepancy observed between purines -fNAWMP 2) and
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pyrimidines (NARFFUMP 4). Indeed, the phosphoradiaites exhib&d similar respective

CAC values as those obtained using the Nile red fluorescence assay farRNRRP 2

and NARFFUMP 3. Furthermore, the similarity in CACs between purine conjugates
and4 indicate that the gel forming propensityis not reflectedn the initial association

of monomers, but rather is an event independent of initial association and likely resulting
from postassembly association of the nanofibers. Similai#y,NMR investigation of
NAP-FFAMP 2 and NARFFGMP 4 revealed little diffeences in the association of the
respective monomers in response to increasing concentration or ionic strength. Samples of
2 and4 preparedn DO exhibited strong linear responses in the signal intensity of the
aroma i ¢ regi on of t hreon tmomdreasing torcendratigneiritatinge p o
neither phosphoramidate conjugate ssi$embled into appreciable NMR silent aggregate

in these conditions although assembly into soluble oligomers could not be discdunted
contrast, samples @fand4 prepaed in DO buffered with 10 mM sodium phosphate with

50 mM NacCl (pD & 7. 2) demonstrated <cl ear
0.03125 % wt/vol, with little gain in signal intensity upon further increase mfamer
concentration. As 0.03125% wtivand 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 increas@dh sig
intensity due to monomer sequestat 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

phosphoramid& concentration. A caveat of this teajue 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
investigaton into relaxation times could revealiffdrences between the two
phosphoramidates in terms of the nature of oligomeric assemblies formed just above the
CAC. As assemblies of NAPFGMP 4 readily form gels, association of formed
assemblies would result isignificant shortening of the ;Trelaxadion time due to the
negative linear relationship of the parameter with molecular size. ASFARMP 2 does

not undergo gelation, oligomeric assemblies formed above the critical aggregation
concentration are not exgted to further associate with one dratpotentially exhibiting

T, relaxation times longer thah?3®

We also sought to chaaterize the release of phosphoramidatmomers from
formed assemblies through erosion experiments. Initial experiments witigetory
phoshoramidate conjugat@s3, and5 demonstrated dispersal of nanofibers into added
supernatant complicating the detion of monomers. However, NAH~-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 kexceedingly slow, with less than 10 %tbe
monomer released after nearly 10 days. Fitting of the erosion data with a modified first
order rate equation that considers the CA@ ehabled determination of a release thiédf
of approximately 43 h. Thel release of monomer from hydrogelsiafan be attributed
to the combination of nenovalent guanosine specific interactions resulting in gel

formation. In addition to being immobilized within nanofibers due to anticipated aromatic
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interactions and hydgen bonding, Hoogsteen hydrogen bondiegween monomers of
crosslinked 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 thgalue represents an upper bound omtlagimal 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 factorbetween nanofibers leading to gel matformation. This system
exemplifies the highly controlled release profile achievable with sicgbteponent
nanomedicine gels, and potentially guides the future development of drug delivery

formulations?’

Analysis of nanofiber morpholggwas investigated with SAXS experiments to
correlate observations made previously in €M experiments. Previous
characterizations of the nanofibers revealed highly monodisperse nanostructure
populatbns, consisting of fibers approximateh87m in dameter 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
narostructure morphology, while TEM enables visualzatof small localized regions of
material. Our initial scattering investigations utilized phosphoramidate conjugates
dissolved at high concentrations inr(Hto maximize the potential for scattering above
background level. Surprisingly, samples analyzetii® at 5 % wt/vol concentrations
revealed intense scattering peaks aspdcings of approximately 20 nm. As this

characteristic feature is more than double the diameter of nanofibers, and orders of
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magniude smaller than the length, we hypothesized tretkaracteristic peak is likely

the distance between nanofibers. Similar observations have been made in the literature
where highly charged peptigenphiphile nanofibers underwent solution ionic streagith
amphiphile concentration dependent long rangdemng due to the high degree of
nanofiber ionic repulsiof?® Due to theexpected surface exposure of the anionic
nucleoside phosphoramidate moiety in phosphoramictaigigate assemblies, the
nanofiber surface is expected to be highly charged which would contribute significan
charge repulsion between nanofibers and inducg tange 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 sighificgadie to
nanofiber entanglement and associatasliquid crystalline ordering is more favorable in
solutions of low ionic strength. These results also corroborate previousTEMO
observation of nanofiber alignment in phosphoramidatgugate sampse where
variations in ice thickness induced nanefilaccumulation along the lacey carbon matrix

of the formvar grid, although the nanofibers themselves maintained a characteristic

distance between thetft'

Additiondly, differences in the peak intensity were observed between-NAP
AMP 2 and NARFFGMP 4 nanofibers. Although both phosphoramidate samples
possessed peaks at equivalenatues, the peak generated hg sample o2 was much
more pronounced indicatingdt a higher degree of sample wide order was present than in
4. Investigation of nanofiber morphology within the samplesa@ Was precluded by this

high range ordering as accurate model fitting woutplir@ the incorporation of structure
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factor paramets to account for the observed liquid crystalline character of the
nanofibers’?’ Scattering experimentsase performed with NAFFF-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 frgnexperiment

was fit using a buitin cylindrical fom 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 experimentdlbereed
dimensions at approximateB6 A or 36 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 thdow g-region was approximatelyl 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 safsembling peptidé$® Fmoc
FF was previously shown to se@l§semble into nanofibers approximately 3 nm in diameter,
with lateral assemblies of the nanofibers contributing to gel formation in solutions of
sufficiently low pH° Due to the structural similarities between Fafide and the self
assembling eptidein our system NAHFF, the dimensions of fibers and orientations of
phosphoramidate conjugate monomers should closely approximate that ofFFmoc
Moreover, as the @rminal ends of the peptides in FrAeE are solvent exposed on the

surface of nandbers, 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 NARFF potion of the molecule assembling into a peptide nanofiber core analogous
to FmocFF, with increased observed nanofiber width due to the -RERoside
phosphoramidate shell on the nanofiber surface. This presents an exciting opportunity for

future structuremodeing 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 assemblyd dsassembly apart from CAC
determination which can be used to calculate the free energy of assotraiidwe
disassembly of NAHFFFAMP 2 due to the injection of ewentréaed nanofiber solution
into buffer generated an endothermic response similar to ITC analysis performed with other
selfassembling peptides in the literatdféln response to increasing concentration, the
observed enthalpy followed a negative sigghal relationship which enabled fitting of the
data to extrapolate at the equilibrium p
determinationo2usi ng technigues at room temperatur
slight increase in the observed CAC at higher tenafure is expected. In addition,
extrapolation of enthalpies of association at the CAC revealed enthalpically favorabl
monomer associ@an indicating specific molecular recognition events between monomers
contributing to assembly. Interestingly, compani®f the magnitudes of the enthalpic and
entropic contributions to assembly indicated enthalpically driven association although the

entopic contribution was also favorable. A caveat of this technique is that the high CAC
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values of the phosphoramidatessisiution mean at equilibrium, the injected solution is a
mixture of nanofibers and monomers, meaning that exothermic dilution of tremmeoim

buffer is likely to cause an underestimation of the endothermic enthalpy of dissociation.
Minimization of this effect can be achieved through generation of-exquilibrium
samples, where concentrated stocks of phosphoramidate are diluted to khrey Woe€
concentration without thermal denaturation and annealing. However, the higher CAC
values of pyrimidine phosphamidates resulted in noisy baseline data and the gel forming
propensity of NAPFFGMP precluded its analysis with this technique. Alativre
techniques such as differential scanning calorimetry (DSC) could potentially be used to
observe the thermal tratiens associated with disassembly as analysis of micellization is

also customarily carried out with this methg>3°

In conclusion, we hae undertaken fundamental characterization of the- self
assembling properties of phosphoramidate modified peptidesesadined the factors
that lead to nanofiber cro$isking and gel formation. The anionic nature of the nucleoside
phosphoramidate moietgombined with favorable solvation provided by the PEG linker
and ribose hydroxyl groups contribute substantial addibistability to the nanofiber
assemblies of all four phosphoramidate conjugates. Nevertheless, ionic screening is
necessary to prevendrigrange nanofiber ordering in solution due to charge repulsion
between the highly anionic phosphoramidate nanofil#etditionally, the high solvation
of the nanofibers likely contributes to a lack of crbsking and entanglement between
nanofibers fomed from NARFF-AMP 2, NAP-FF-UMP 3, and NARFFCMP 5 which

precludes gel formation even at high concentrations asdlutions of physiologic ionic
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strength. However, nanofibers formed from NBPR-GMP 4 readily crosdink, likely due

to the high propensi of guanosine to sedssociate through Hoogsteen hydrogen bonding
in aqueous solution. The conformational flexilyilfforded by the PEG linker could
enable a variety of intraand inteffiber G-tetrad crosdinks to form, and when combined
with the hgh degree of solvation of the nanofiber surface, enables the colloidal instability
commonly associated with -@trad asembled low molecular weight gelators to be
overcome’*?318321 The nucleobase moiety of the phosphoramidate conjugates also plays
arole in driving nenomer assembly, as the larger ring systems of the purine bases promote
assembly at lower concentrations than their pyrimidine countsrp&dditionally, the
gelation induced by the guanosine basé &ppears to be separated from the propensity of
the plosphoramidateonjugate to selassemble into nanofibers and is instead a product of
postassembly interactions. We hope these fundarhstudies spur further interest in the
development of nucleoside phosphoramidate functionalized materials, espeegifally s
assembling small molecules and peptides where exciting opportunities lie in the

development of single component nanomedicines.

3.4MATERIALS AND METHODS

Synthesis of NAFFF-AMP 2, NAP-FF-UMP 3, NAP-FF-GMP 4, and NARFF
CMP 5 was performed at previoystlescribed** All bulk solvents were purchased from
Fisher Scientific and were of high pressure liquid chromatography (HPLC) grade.
Analytical HPLC was performed tn an Ultimdae 3000 System (Agilent) and Higgins
Anal yti cal Targa C18 5 e€m column with 50

buffer and acetonitrile (309500% Acetonitrile). Nuclear magnetic resonance imaging
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(NMR) of all compounds was performed at €5atilizing an Ascend 500 MHz Bruker
spectrometer (IDMSO and RO, Cambridge Isotope Laboratories).

Nile red fluorescence assay and sedimentation experiments

Phosphoramidatpeptide conjugates were dissolved in DPBS to generate stock solutions

of 5 mM. Concentratedtock 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 from86 00 e M f or puri71®0caemM™M dpat epsyran
conjugatesvere made bliluting stocks in DPBS. Nile red was prepared by dissolving 2.5

mg in 2 mL of methanol and sonicating. A
methanol stock in DPBS, with this solution added to phosphoraridajagate to
generate a fial concentrat on o f nile red in each sampl e
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
wavelengh of 550 andemission scan of 61670 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 genera two linearcurves, 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 devian of the tliee experiments. Sedimentation experiments were performed

by generating standard curves via HPLC detectain280 nm and subsequent

determination of monomer concentrations present in supernatants. Sedimentation was
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performed with 1 mM phosphamidate conjgates 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 XPN100 ultracentrifuge. Samples were heat denatured at

70°C for 10 minutes and equililleal at roomeémperature overnight prior to centrifugation.

Small amplitude oscillatory rheometry (SAOR)

Rheological experiments were performed on a TA InstrumentS2Rheometer. The 25

mm geometry was utilized for all experiments with peltier temperatnmgol mairtaining

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 expetsmere pedrmed 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 performidd eonstantstrain of 0.5%. Cyclic

strain experiments were performed with 2 min application of 100% strain, followed by a 2
min re-conditioning step before +@nalysis for 2 min at 0.5% strain. Samples of all four
phosphoramidate conjugates were prepared D u | Pleosplate Bsffered 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 NaCl
at pH 7.4. All reported values are the averagatdéast thee separate experimenisme

sweeps of NAHFRCMP and PEI cagels 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 kinetts from NAP-FF-GMP 4 hydrogels

Experiments were performed in an adapted protocol described in the litéfékiydrogel

samples of NAHFFF-GMP 4 were prepared in DPBS within microcentrifuge tubes at a total

vol ume of 100 eL and concentration of 2.5
room temperature, and the next day, 500 €L
to act as a supertant or sink for released monomers. At timepoints over ten da9s) ¢ L
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 cune All reported values are the average of at least three spapsEriments.
Small angle xray scattering (SAXS)

Samples were prepared in either Millipore purified water or DPBS at the concentrations
specified. Analysis was performed on a SAXSLAB Ganesbktmument with the sample
contained within a sandwich cell lielr 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 respectiveberiixents were performed

with 50kV and 0.3 mA energy source. @mtions for transmission and incidentay

beam were made and background scattering was subtracted from sample data by measuring
buffer or water only sealed within sandwich cells. Fittingswarformed in SASVIEW

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

ITC experiments were performed on a MicroCal ALE€200 system (Malvern
Panalytical). Samples of concentratioh inM prepared in DPBS wetiérated into DPBS

in 2 €L aliquot s ations Wwerepeprfarmedmatq tempgeratdré & 308C. T t
Integrated raw data was converted to kJ/mol and plotted against concentration of
phosphoramidate. Sigmoidal curve fitting was performed in Gragtirrism 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 disassemlbhy abncentrations 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 agsdc@ntropy as described in the results

section.

'H NMR characterization of NAP-FF-AMP 2 and NAP-FF-GMP 4 selfassembly

Samples were prepared in eithex®or DO with 10 mM Sodium Phosphate and 50 mM
NaCl. The phosphate buffered saline solution was peepasing 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, .ah860% wt/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

196



the phosphoramidate conjugates, the portion of the moleculdwhies assembly. T2
experiments were performed with the T2 CPMG experiment in Bruker TopSpin. Samples

were degassed using fregmeémp method to remove dissolved oxygen.
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CHAPTER 4: PRONUCLEOTIDE DELIVERY THROUGH

SUPRAMOLECULAR DESIGN

198



4.1INTROD UCTION

Since the commercialization and approval éflércatopurine in 1953here have
been over 30 nucleobase, nucleoside, and nucleotide analogs clinically apgsanéd
cancer or antviral agentsby the U.S. Food and Drug Administration (FD#J34! In
general, the molecules within this class exagir therapeutic effect as antimetabolites, or
mimics of endogenous moleculéstinhibit the biochemical processes of diseaseh as

nucleic acid synthesf§% 342

Nucleoside antimetabolitésve provero be clinically usefufor the treatment and
prevention of viral infection¥® The success of these agents is highlighted by the
widespread use of nucleoside reversascripase inhibitors in treatment regimes for HIV
infection and the blockbuster sigss of Sovaldi as a curative agent for Hepdiltis
infection27°343The clinical efficacy of these antiral nucleoside antimetabolites (VNAS)
is due in large part to their potent selectidyviral processing enzymes over mammalian
homologs. VNAs act through inhibition of either viral RNA or DNA synthesis without
impai ring t he host 6s nucl ei c acid met abol i
therapeutic index which results in dose regisxdesigned to limit viral persistence through

mutation with limited toxicity concern?

Comparatively fewer nucleoside antimetatedi have been developed for the
treatment of cancéf?34! Rather than gaining favorable therapeutic indices through
specificity for viralenzymes, anitancer nucleoside antimetabolites (CNAS) rely on the

proliferative nature of tumor cells over healthy tissuesngintain a therapeutic safety
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profile 34> CNAs exert their therapeutic effect by taking advantagetloé cancer ceb s
reliance on high rates of proliferatitimt require ppduction of nucleic acids. Inhibition of
DNA and RNA synthesis, as well as disruption of the salvage pathway in which nucleic
aciddegradation metabolites are reused for RNA and DNA synthagesbeen key targets

for CNAs34!

Despite their clinical success and widespread clinical use, CNAs are subject to the
serious limitations of therapéatresistance byumor cells anaff-target toxicitiess*d 347
While generally well toleratedheir lack of specificity to cancer cells leads to dose Ingiti
sideeffects andin severe casesause serious lifethreatening condition¥® Resistance
to CNAs is largely a result of theodification of the biochemical stepequired for

intracellularmetabolisito an active fornfFigure 4.1).348

The polar nature of CNAs necessitates their facilitated transport across the plasma
membrane by equilibrative amdncentrative nucleoside transportéfdnside the cancer
cell, nucleobase analogs mu flibosylated and nucleosidenaogs must undergo an
initial phosphorylation stepp®**! 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 terminatio?r>Cellular
sensing oCNA inducedDNA damage initiates a cascade of responses which can result in
cell death®™*3 Clinical mechanisms of resistance to CNAs include both the
downregulation of drug activating enzymes and upregulation of deactivating enzymes.

Downregulation of nucleoside transers 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 polymeraseand proteins involved in the apoptotic response may also act as

resistance mechanisms to CN&S.

Of the CNAs developed as antineoplastic agents, only Gemcitabine (dFdG) and 5
Fluorouracil andts related derivatives are currently clinically approved and effective in
the treatment of solid tumof$ 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 ovaf@sAdditionally, it is one of the few agents
demonstrating utility in treating advanced or metastatic pancreatic Gahenertheless,
dFdC suffers from the serious disacks of chemotherapeutic resistance, dwsiing
toxicities, and metabolic inactivation which contribute to limited clinical use for specific
indications46:348:357.3%Characterized resistance medisams to dFdCresulting in loss of
clinical efficacyinclude downregulation of intracellular transport (human equilibrative
nucleoside transporter 1, hENT1), downregulation of intracellular monophosphorylation
(deoxycytidine kinase, dCK), downregulation eecondary targets (ribonucleotide
reductase, RRM1), upregulation of inactivating deamination (cytidine deaminase, CDA),
and upregulation of phosphatases (cytosbli@ucleotidase 1l, cNI).3% While dFdC is
generally well tolerated, serious <#rget complications from treatment include
pulmonary, neurological, and vascular toxicifi¢&>>® Additionally, dFdC is rapidly
converted to its inactive dFdU form by both plasma and hepatic cytidine deanaftases

intravenous administratioft? Indeed, at least 75% dfdC undergoes deamination and is
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excreted in urine after 24 h which significantly limits free davgilableand tumor up
take3%® Consequently,rehancing thelinical efficacy of CNAs has been an area of intense
researchand is generally pursued through a @amation of enhanced drug accumulation

at the site of disease, avoidance of metabolic drug inactivation, bypass of clinical resistance

mechanisms, and awkince of dose mitigating eférget toxicities’'3300364

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 therapeutifficacy and minimizing oftarget toxicitieg®. Non-antibody based
targeting ligands such as aptamers and peptides selective for tumor cell surface markers
have been conjugated to CNAs to invgate therapeutic efficacyn vivo resulting in
significant advances in the potential enhancemettapeutic indexf CNAs 363366367
Pharmacological combinatiari dFdC with potential enhancers of CNA activity, including
inducers of nucleoside kinase activity to increase dFdC entry into the intracellular
activation pathway, havalso beerinvestigated®® Pronucleotideor ProTidestrategies
similar to the ones successfully used for VNAs, have been developed that can overcome

transport and kinase based resistance have also been eXflt&e37°

Pronucleotide strategies present a fascinating method for enhancing therapeutic
efficacy of CNAs as they simultaneously overcome the needdiwe transport across
cellular membranes, bypass the initial phosphorylation step, and avoid diiadgiibnal
resistance mechanismef CNAs?2’83%0 |n the pronucleotide stiegy, monophosphate

derivatives of the nucleoside drug are synthesized with chemical functional groups
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appended to the phosphate to mask the negative charges inhereritde #wed Figure

4.2). Masking these charges increases the hydrophobicity of the énabling passive
diffusion of the molecules across the cellular membrane. Once inside the cell, a variety of
chemical and enzymatic release mechanisms maycbeporatednto the pronucledades

to enable intracellular removal of the phosphate maskinmupgrto reveal the

monophosphate ford{8340

Nucleoside phosphoramidatase one suclpronucleotideand achieve plsphate
masking through appendage of amine containing side chains to the phosphorus atom, where
the nitrogen atom of the side chain replaamesxygen atom of the phosphate moiéfthe
phosphoramidate strateggduces the net negative charge on the molendefacilitates
membrane permeability through enhanced hydrophobic character presented by the amine
containing side chaimnd phosphate maskiRg34%3"1374 |ntracellular removal of the
amine containing side chain is performed by a family of nucleoside phosphoramidases
referred to as Histidine Triad Nucleotide Binding Proteinsni@)?®”-3"*3"" Humans
express three Hint isoforms designated numerically as hHintl, hHint2, and hHint3, with
hHintl of particular interest due to its role in the metabolic activation of the clinically
approved anmtHCV phosphoramidate prodrug sofosbuvir to achieve intracellular delivery

of t-hen&mhos phor yidety? d-lubrob-Gmethyluridné®’

In addition toantivirals, phophoramdiate pronucleotides are under investigation
for the intracellulardelivery of CNAs. The phosphoramidate pronucleotide N1031

(Acelarin) which is aProTide derivative of dFdCmonophosphatés under clinical

203



investigationfor the treatment of biliay tract cancer, ovarian cancer, pancreatic cancer,
and other advanced solid tum@Esgure 4.3).2’°NUC-1031 was found teesult 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 dC#437°

Despite the clinical success of phosphoramidate pronucleotides for antiviral
treatment andheir promise foranticancer treatment, there are no clinically approved
agents in this class for the treatment of cancer. Sofosbuvir is dosed orally enabling rapid
metabolic activation of thBroTidein the liver, which fortuitously is also the site 6fCV
infection3& Alternatively, anticanceProTidessuch as NUEL031 are dosed intravenously
to limit hepatic clearance and metabdhactivation®®#3° To overcome the challenges
associated with dosing, administration, andtaffjet toxicites, novel delivery methods
for dFAC are under investigation including drug loaded liposomes, pclyased
nanoparticles, and inorganic nanoparti¢és®1384 These delivery systems laly rely on
nortcovalent immobilizdion methods such as encapsulation and surface adsorption to
facilitate transport of the active agent as delivery vehigtessystemic delivery
Alternatively, covalent modification of dFdC has resulted in promising frnhar
enharing the stability of BdC transport relative to nesovalent particle immobilization,
since adsorption and encapsulation techniques may result in poor drug ret&ftion.
Pegylation has been shown to increase tumor retention, circulatiniifdyadind preven
deamination if conjugation of dEdis performed through its N4 exocyclic nitrogéf.

Additionally, lipophilic groups such as squalene, isoprenoids, and fatty acids may be
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appended to dFdC to enhance its lipophilicity and limit metabolic deactiv&#idis.
Interestingly, these chemical modifications have also been utilized as drivers of molecular
selfassembly to gemate dual function drug/drugarriec nanoassembliegFigure

4.4).314’360

Supramolecular hydgels consisting of low molecular weight organic molecules
are characterized by the assembly of monomeric units into a hydrated network-dbnano
microscale structures that physically entrap aqueous solution to forrrikelidydrated
materials?® Direct selfassembly of drudike molecules into supramolecular hydrige
constitutes annnovative method foithe controlled delivery with several clinically
approved single component nanomedicine hydrogels already in existéfiteSelf
assembling therapeutics achidesorabledrug carrier propertiesuch as shear thinning
gel formation while maintaining highly controlled drug loading as each-assembling
unit is itself a drug molecul€:*® Additionally, localized theragutic delivery is
advantageous as it presents high concentrations of therapeutic directly to the diseased
tissues, without systemic presentation to -d@eased tissues, thus limiting -tdfrget

toxicities and metabolic clearant®.

Chemical modification olFdC has been used trigger assembly of the modified
derivatives into supramolecular hydrogels for delivéfy33873%Chemical modification
of t-GHeandNa positions of dFdC with acyl chains through ester, am@id®atnate,
and uredinkages yielded a panel of dFdC derivatives that formed hydrogetsxed

organic/aqueousolution and retained cytotoxic activity agaimstitro cancer cell lines$*
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Triggered gelation of dFdC derivatives has been explored to achieve fahatanirol
over the assembly properties of drug laden &ISchiff base formon between the N4
amino groupof dFdCand an aldehyde functionalized peptide triggeselfassembly of
the chemically generated monoménto supramolecular hydrogel® Additionally,
conjugation of dFdC to Fme@Gly yieldeda monomer which could be eassembled with
N-terminally capped aromatiselfassociating peptides to generabeig immobilized

nanofibers®2

Inspred by examples of nucleoside based supramolecular assemblies, we proposed
to extend the utility of selbssembling dFdC derivatives through the development of self
asembling therapeutic phosphoramidate pronucleotides. Previously, we examined the
utility of the nucleoside phosphoramidate moiety as a regulatory motif in small molecule
selfassembly** Aromatic peptides functionalized with nucleoside phosphoramidates
were found to selassemble into highly regular supramolecular nanofibers which were
substrates foHintl. The hydrolysis of the nanofiber nucleosigbosphoramidate
moieties by hHintltriggered a structural transition at the nanoscale through nanofiber
association and bundling? Utilizing the same selissemblig molecular scaffold, we
have substituted the natural nucleoside moiety within the nucleoside phopstateami
motif with dFdC to generatgotential ProTide therapeutic bearing supramolecular
nanofibers. The dFd@roTide nanofibers were found to be highlyonmodisperse,
possessing widths of nm, and lengths on the order of microns. Fheitro cytotoxic
properties were investigated in cancer cell lines originating from malignancies commonly

treated with dFdC clinically. Our studies indicate that the-astembling 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 demoiwsiraf a sefassembling
phosphoramidatBroTidederivativeas gootential injectable therapeutic deliyeat the site

of disease.

207



Figure 4.1. Metabolic activation of CNAs

Example shown is representative case of Gemcitabine (dFdC). NMPK (Nucleoside

Monophosphate Kinase) and NDPK (Nucleoside Diphosphate Kinase)
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Figure 4.2 Phosphoramidate ProTide celentry and metabolic activation
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Figure 4.3 Structure of phosphoramidate ProTide Nuel031 (Acelarin)

Nuc-1031 (Acelarin)
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Figure 4.4 Chemically modified Gemcitabine (dFdC) derivatives
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4.2RESULTS

Synthesis of NARFF-GEM

We chose to approach the synthesis of the dptGsphoramidate through
AthertonTodd ( AT) c hemi st r ynucleosides phesphordctdoridate a c t |
intermediate is generatéu situ through the oxidation of a esterH-phosphonate species
(Figure 45).2913% A global slyl protecting group strategy was employed through
protection of the Mt exocyclic amine with 2trimethylsilyl)ethyl arbamate (TEOC)
functional i ty,-OHwitloa tetbutylidimeathylsiyi ether{TE8DNS, and
protection of the free acid dfi¢ phosphoramidate monoester witftrimethylsilyl)ethyl
este®*Sequential protect i on-Olddf dFdGvath BEEQOang c | i ¢
TBDMS groupse nabl ed sel ect i ve -QH Bsternfitation of theaftee on o f
phosphonate acid with-@rimethylsilyl)ethanol, followed byin situ oxidation to the
propargyl phosphoramidate under AT conditions, yielded the fully protected dFdC
phopshoramidat diester. Deprotection of the fluoride sensitive groups under mild
conditions with tetrabutylammonium fluoride (TBAF) vyielded the prgghr
phosphoramidate monoester which was coupled to daittiionalized selassembling
peptide under copper catalyzelctk chemistry conditions as previously described to yield

the final selfassembling phosphoramidate NAP-GEM 8 (Figure 4.5).244
Characterization of NAP-FF-GEM Self Assembly

Previous investigations of the se@é$sembling properties of selfsembling

phogphoramidates revealed a dependence of critical aggregation concentration (CAC) on
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the conjugated nucleosid€hapter 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 satsembly of NAHFFGEM 8 using the same assay
conditions previously used to establish CACs utilizMile red as an assembly protsé.

Briefly, the assay operates on the princtpia thefluorescence dfile redincreasesvhen
immobilized within supramolecular nanostructures in comparison to the molecules
quenched fluorescence in aqueous solutté??>Surprisingly, te CAC of NARFF-GEM

8 was signifi@antly decreased in comparison to the pyrimidine bearing phosphoramidates,
with the unnatur al nucl eosi deompaedwoICAC Nng i n
values for NAPFFUMP 3 and NARFFCMP50f 419 &M and 411 &M
Interestingly, this vime more closely approximates the CACs observed with the purine

bearing phosphoramidates NAF-AMP 2 and NARFFGMP 3 (Figure 4.6).

The solvated nanostructure of NA-GEM was investigated with crydEM
imaging as well as SAXS. Previous investigatiomevealed selfassembling
phosphoramidates formed highly monodisperse-asdémbled nanofibers 7 nm in
diameter anghossessintengths on the order of microns. C¥y&M imaging of NARFF~
GEM 8 prepared in DPBS at a concentration of 0.5 % wt/vol revealedhotogy identical
to that observed with phosphoramidate conjugates modified with natural nucleosides
(Figure 4.7). Additionally, the fibers were found to be largely unassociated with eaeh oth
except through long range orderiafpng the lacey carbon drilikely 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 eFiNGEM 5 %
wt/vol in both HO and DPBS. Interestingly, significant longnge ordering of the
nanofibers was evident in samples prepared in deioniz@drdlicating significant charge
repulsion between nanofibers due to the high density of anionic charges omdfibara
surface and high degree of solvation contributed byP#@ linker and polar ribose moiety
(Figure 4.8a). Thecharacteristic scattering peak was evidentalges corresponding to
approximately 20 nm which is indicative of the distance betweerméhters otightly
packed nanofibers. NAPFGEM prepared in BBS also possessed this feature but with
significantly reduced intensity indicatirgglower degree of nanofibalignment due to
electrostatic repulsiori-{gure 4.8b). Despiteobserved nanofir repulsioncomparisorio

a cylindrical form factor model witla radius of 3.5 nm and length of 1000 nvas
performed to correlate the nanofiber morphology to the observed-Téiyb
nanostructures. A close approximation to the theoretic model was achadved with
deviations from the model at lowlues correspaling The discrepancy is likely due to
long-range ordering of the nanofibenghich would necessitate bostructureand form

factor incorporatiorin future model fittingo obtain accurate noe| fits 328331

Concentration dependenstudiesonthe observedH NMR signal in the aromatic
region of the NAPFFGEM 8 was used to further characterize supramolecular assembly
since the aromatic peptide segment NAP is hypothesized to eb predominately
responsible for driving monomer associati&hSamples were prepared in eithexCDor
D20 with 10 mM sdium phosphate and 50 mM NacCl to investigate the dependence of salt

concentration on assembly. In samples prepared without addesicta¢trtdependence of
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observed signal on concentration was observed indicating that large NMR invisible
aggregates wemot predominatin the sampléFigure 4.9). In contrast, samples prepared

in D20 with phosphate buffered saline indicated a lodmeérity at concentrations above

the expected CAC with added monomer no longer contributing to visible NMR signal
(Figure 4.9). These results amonsistent with the formatioof higher ordered oligomeric
species forming resulting in NMR silent aggregatasin this case, nanofiber networks.
Significant peak broadening is indicative of higher ordered assembly in the pregence
additional salt contributing to significant reductions in the€laxation time 3¢ Although
higher ordered associationlilely occurring in the O sample, oligomeric species could

be smaller in comparison to the@with PBS sample due to increasédige repulsion.

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

Interestingly, experintets assessing the rheological properties of 2.5 % wt/vol
NAP-FFGEM 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 gebriming character in the sedssembled
phosphoramidates @nsistentvith high nanofiber surface solvation and lack of cohesive

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

To determine if the conjugateliFdC pronucleotide contained within the NAP-
GEM phosphoramidate iparted biological activity,in vitro growth inhibition was

assessed against human cancer cell lines. Dose depantiprdliferative effectef NAP-
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FF-GEM 8 against MDAMB-231 triple negtive breast cancer cells, H460 remall cell
lung cancer, and U87igblastoma vereobserved, with higher concentrations of NARF-
GEM 8 exhibiting greaterantiproliferative effect Kigure 4.10). Although the highest
concentration of NAHFF-GEM examinedvas 1 mM which is well above the CAC value,
toxicity was still obsergd at this concentration indicating that assembly of monomers into
higher ordered structures does not preclude acti@dbncentration dependent growth
inhibition of NAP-FFGEM 8 wascompared to NAPFFCMP 5 which bears the natural
nucleoside cytidine toampare the extent of growth inhibition derived from the peptide
phosphoramidate conjugate alone. Interesting®-FFCMP 5 also exhibited toxicity at
higher concentrations, albéd alesser degree than NAH~GEM 8, indicating that the
peptide portion of the phosphoramidatay possessnodest growthinhibitory activity.
Growth inhibition against MDAVIB-231 cells revealed an sgvalue forNAP-FF-GEM 8

of 2.6 £ 2.0¢ M In comparison, fting of growth inhibition datdor NAP-FFCMP was
not possible due to the modest growth inhibition even at 1 mM. Indeed;ARAFMP 5
only approached 50% growth inhibition at the highest concentrations dosed. Similar trends
were observed against U87 and@d cell lines, with NAFFFGEM 8 exhibiting greater
growth inhibition at higher concentrations than NBPR-CMP (Figure 4.10b,9. The
biological activity of NARFFGEM 8 was also observed to be comparable ®fold
lower concentration ofdFdC indicating a modest decrease in toxicityf dhe
phosphoramidate conjugate relative to the free.dbwgrall, NARFFGEM 8 possesses
greater antiproliferative properties than NAP-CMP 5, indicating that the cytotoxic
nucleoside enhances the biological activity ledgphoramidatpeptide conjugat
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Figure 4.5 Synthetic procedures for NARPFF-GEM 8.

(@) i. HMDS and cat. (NFSQsii. TEOC-ONp and NMl iii. TEA in MeOH (b) DMTrCI,
pyridine (c) 5% DCA in MeOH/DCM (d) Phosphorous acid, Pivaloyl chloride (e) 2
(trimethylsiyl)ethyl alcohol, Pivaloyl chloride (f) CG| propargyl amine, TEA (g) TBAF

(h) CuSQ, Sodium ascorbate, Compoubh@AP-FFPEG-N3)
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Figure 4.6 Nile red critical aggregation fluorescence assafAP-FF-GEM 8.

Vertical axis corresponds to fluoresceneadout and horizontal axis corresponds to
concentration of selissembling phosphoramidate NAP-GEM 8. Curves were
constructed using data points representing the two linear regionsasggembly and post
assembly response with the intersection ofwedurves used to determine the CAC. Data
shown is averaged with visible error bars representing + sthgaiation. CAC value
represents average and * standard deviation of n = 3 experiments. Graphic depicts the

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

GEM 8

(a) CryeTEM images at 0.5 % wt/vol concentration in DPBS. Scale bars represent 150
nm or 0.15 microns (b) SAXS profile phosphoramidate at 5 % wt/vol concentration in
DPBS. Blue points represent experimental data with greere representing theoretical
model fit using built in cylindrical form factor model within SASVIEW software with
cylinders bearing radii of 3.5 nmaiengths of 1000 nm. Deviation from theoretical model

is attributed to concentration dependent ordeohdghe nanofibers rather than random
orientation (c) SAXS profile of phosphoramidate at 5 % wt/vol concentratiore@ H
Distinct scattering peak cosponds to the inteiber distance resulting long range

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

(&) SAXS profile of phosphoramidate at 5 % wt/vol concentration 40.HDistinct
scattering pealcorresponds to the intéiber distance resulting long range nanofiber
packing due to highconcentration and anionic repulsion. (b) SAXS profile of
phosphoramidate at 5 % wt/vol concentration in DPBS. Blue points represent experimental
data with green cue representing theoretical model fit using built in cylindrical form
factor model within SSVIEW software with cylinders bearing radii of 3.5 nm and lengths

of 1000 nm. Deviation from theoretical model is attributed to concentration dependent

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

aromatic region of NAP-FF-GEM 8.

Boxed regions correspond to the aromatic region of phosphoramidai®ial@ne (left,

blue) and DO with 10 mM Sodium phosphate and 50 mM NaCl, pD 7.2. The sample in
D20 shows concenttian dependent increase in observed signal. Sample in buffer shows
concentration dependent increase until concentration 0.063%, which is above the CAC.
Broadening 6 peaks indicates decrease in T2 relaxation time indicating assembly into

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

(&) NAR-FF-GEM (blue) compared to NAPFCMP (black) in MDAMB-231 cells at 48

h with 5,000 cells per well. Data shown represents average of n =4FRAEM) and n

=3 (NAP-FF-CMP) independent experiments with error bars representing = standard
deviation.NAP-FF-GEM IC50 against MDAMB-231 was determined to be 2.6 £2. ¢ M

(mean * standard deviation, n = 4) using the three parameter sigmoidal dose response
inhibition model in GraphPad Prism. IC50 determination for NAAPCMP was not

possible due lack of 50%ell killing at high concentrations. Vertical axis correspotads

viability relative to cell only control. Stars represent-taiéed ttest significance (p < 0.05)

(b) Concentration dependent antiproliferative activity of NARGEM (blue) and NAP

FF-CMP (black) against U87 cells at 48 h with 5,000 cells per wellaBhown represents

mean and standard deviation of triplicate data points from a single experiment (c)
Concentration dependent antiproliferative activity of NAIRGEM (blue), NARFF-CMP

(bladk), and Gemcitabine (light brown) against H460 cells at 48 W00 cells per well.
Concentrations of phosphorami date are 500,
Gemcitabine § ol d | ower at 100, 10, 1, and 0.1 ¢

standard deviation of triplicate data points from a single experime
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4.3DISCUSSION

Previous characterizations of phosphoramidate conjugatedassaimbling
peptides revealed no perturbation of the nanofiber structure as a result of changing the
nucleosde appended through the phosphoramidate méiétyihese results were
corroborated through crydbEM and SAXS analysis of the nanostructures formed by-NAP
FF-GEM 8. Highly monodispersand high aspect ratimanofibers with diamets of 7 nm
and lengths on the order of microns were observed in-TBM images of samples
prepared in agueous buffer. Additionally, SAXS analysis revealed solution ionic strength

dependent log-range ordering of the long cylindrical nanofibers, similaratalyses
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performed on phosphoramidate nanofibers of NAPAMP 2 and NARFFGMP 4
(Chapter 3). Overall, the identity of the nucleoside appears to have little effect on
nanostructure morphology with the NAHF peptide driving assembly into cylindrical
nandibers and the PE®nker and anionic phosphoramidate moiety imparting colloidal
stability andnanofiber solvation. The nucleoside moiety does appear to have an effect in
the early stages of monomer association apparent in the lower CAC value efFRNAP
GEM 8 in comparison to the natural pyrimidine nucleoside phosphoramidate conjugates
NAP-FFCMP 5 and NARFFUMP 3. NAP-FFGE M6 & CAC more closely
approximated that observed for the purine conjugated phosphoramidates indicating that the
g e mi n-@difluoro2 mModification of the dFdC nucleoside is likely imparting greater
hydrophobic driving forceor fluorousinteractions in promoting monomer assembly.
Importantly, these results indicate that a variety of CNAs and VNAs could potentially be
used to generate th@eutic phosphoramidate conjugates without significantly altering
their ability to seHassemt#. Additionally, relative trends of CAC based on the chemical
modification possessed by the therapeutic nucleoside moiety could enable rational design

of drug rekasing nanofibers with predictable monomer release propantieassembly

Interestingly, he selfassembling phosphoramidate NAP-CMP 5 demonstrated
antiproliferative effects at high concentrations agamsitro human cancer cells. As the
cytidine nucleobase is a neoxic endogenous molecufgesent at high concentrations
within the cel] the biological activity of the conjugate is likely derived from the peptide
portion of the moleculé®® Cytotoxic effects of enzyme activated gelation haserbwell

demonstrated with phosphate and ester modifiedassémbling peptidé$’ In these
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systems solvating chemical modifications armeged by endogenous enzymes which
enable monomer setfssembly into fibrousanostructure€?2®°The formation of such
strudures within and around cancer céfisvitro was shown to disrupt cell physiology and
homeostasis contributing to cell dedthA similar mechanism could be occurring with
NAP-FFCMP 5 asprevious studies demonstrated the ability of hHintl to induce gelation
of soluble NARFFCMP ranofibers 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 tahe asserbly of gelating peptides into oligomeric spectbatcould inhibit
cellular processesjncethe peptides likely possess lower CAC values than the nucleoside

phoshoramidate conjugates.

When comparing thectivity of NAP-FFGEM 8 and NARFFCMP 5, NAP-FF~
GEM 8 was found tchaveenhancedntiproliferative activitycompared to NAHFFCMP
5 duepredominantlyto the replacement of cytidine with the cytotoxic CNA dE8€ This
observation is consistent with the uptake of monomdx\é*-FFGEM 8 and intracelllar
conversion by hHintl releasing the peptide &n@dFdGmonophosphatehus operating
as a gemcitabine ProTide for dFdC monophosphate. These results may indicate that NAP
FF-GEM 8 could indicate the potential of the associatadofibers to circumverdinical
resistance mechanisnmie dFdC, enabling greater inhibition of DNA polymerase and
ribonucleotide reductasé®3>°The antiprdiferative 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, witiFRAP

GEM presunably operating under these mechanisrif? 374:376.377

This study repasents the first demonstration of a sa$lsembling therapeutic
phosphoramidate pronucleotide. Previous investigations of-assfimbling dFdC
derivatives explored their use for localized chemotherapeutic delivery, although the
lipophilic modifications regired ccassembly with other sedfissembling molecules or
organic solvent for colloidal stabilizatid*®*8’In our system, selissembly of NAFFF
GEM is readily achieved without emssemby and in physiologically relevant aqueous
solutiors. Although localized hydrogel delivery formulations of dFdC have been
investigatedsmall molecule drug delivery is complicated by famtimal release kinetics
with simple encapsulation leading tdrug burst releasge and covalent polymeric
conjugation requiring matrix degradatia@m macromolecule internalizatiol achieve

therapeutic releas®.

Achieving selfassembly of the therapeutic moiety conveys significant control over
the releasef therapeutic monomer as an upper bound onrfreeomer exists in the CAC
and the kinetics of release alieectlydependent on the extent of noovalent inteactions
between monomersnd crosdinks betweemanofibers’?® We envision using NAFEF-
GEM in localized chemotherapeutic formulations in combination with immunotiesrap
enhance therapeutic respongkeutility of localized dFdC delivery in promoting immune
checkpoint inhibitor efficacy was dem&trated recently,in syngeneic mouse models of

cancer by promoting a piommunogenighenotypén the tumor microenvironmedt®? We
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hope to further examine the utility of our system for localized modulation of the tumor
microenvironment to promote systemic anticareféect as well as explore this approach

for the delivery of other anticancer and antivimatleotides.

4. 4AMATERIALS 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 reagénwere sourced from Sigrfddrich, Acros Organics, Oakwood
Chemical, or Cherimpex. Nmethylimidazole, triethylamine, and pyridine were
purchased from §maAldrich in sureseal bottles as dry solvents. Bulk solvents were
purchased from Fisher and wereH#LC quality. Flash chromatography as well as reverse
phase separation were performed using a Teledyne Isco CombiFlash system. Analytical
HPLC was perfaned using an Ultimate 3000 System (Agilent) and Higgins Analytical
Targa C18 5 & m cforlanalgtical HPMDwas 50 mM tpethglaanenonium
bicarbonate (TEAB) buffer and acetonitrile (30%0% Acetonitrile). Low resolution
Electrospray lonizatioMass Spectrometry (ESNIS) 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 spectrometeDISO or DO, Cambridge

Isotope Laboratories§:P spetra were recorded with proton decoupling.

Cryo-TEM
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A 0.5% wt/vol of NARFFGEM was prepared in Dulbeccoobs
(DPBS) . 3 e-ERGaM solutiorewasNappbied to a lacey Formvar/carbon grid

(Ted Pella, Inc.; Cat: 01883) in therhidified chamber of a Vitrobot Mark IV (FEI). The
sanples were blotted and vitrification was achieved through rapid plunging into liquid
ethane. Grids were imaged on a Tecnhai Spirit G2 BioTWIN (FEI) equipped with an Eagle

2k CCD camera (FEI) under a higinsion of 120 kV. Images wepeocessed anahalyzed

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 AXSLAB Ganesha instrument with the sample
contained whin 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 mspeetively. Experiments were performed

with 50kV and0.3 mA energy source. Corrections for transmission and incidesy x

beam were made and background scattering was subtracted from sample data by measuring
buffer or water only sealed within sandwichlseFitting was performed in SASVIEW

software with bt in cylindrical form factor model.

Nile Red Assay

Solutions containing varying concentrations of NFRGEM and 50 €M Nil e
made in Dulbeccods Phosphat e soRitiof dne coeled Sal i

to room temperature. The samplesre 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 solvaimic dye and its
fluorescence is quenched in aqueenvironments. Critical aggregation concentration was
determined from solving for the crepsint for the two linear regions of the plot below and

above the critical aggregation concentration.

NAP-FF-GEM NMR Concentration Experiments

Experiments were pasfmed using a Bruker Avance 500 MHz NMR with data workup
and analysis performed in Bruker TopSpin softw&aamples were prepared in eithexXD

or D>O with 10 mM Sodium Phosphate and 50 mM NacCl. phesphate buffered saline
solution was prepared using hotmonobasic 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 $erniuted to concentrations both
above and below the acipated 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 &f87 human glioblastoma cells; MMB-231 human triple
negative breast cancer cells; and H460 humansnaadl cell lung cancer cells were
determined after treatment with NAH-GEM (8), NAP-FF-CMP (), and Gemcitabine
(dFdC). Cancer cells were grown in 96lirplates 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®ullt 0 6s Modi fi ed
Medium (Gibco) supplemented with 5PBS 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 Ktf¥omega) was

used to assess relative viability of tmhand dosed cells. Raw data was fitted in GraphPad

Prism to a variable slope three parameigmoidal dose response inhibition model

obtain IC50s.
Synthesis of NARFF-GEM (8)

Compound 9: Gemtabine HCI (1 gram, 3.3 mmol) was added to an oven doadd
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 contibns for 4 hours. Over this time period, the white sosms
transitioned to a clear solution. The reaction solution was cooled to room temperature and
concentratedia rotary evaporation to a white residue with repeatedvaporation with
toluene. Theresulting white solid was dissolved in anhydrous DCM aNd

met hyl i mi dazol e ( 8Btepheny(2-trimethyisilgi)ethy) carbonate 4
(2.3 g, 8.3 mmol) were added to the solution which was stirred overnight at room
temperature under Natmosphere The reaction solution was concentratgd rotary
evapoation 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%. f8H23F2N306Si. LRMS ESI+) 408.1H NMR spectrum (DMS@ls):
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0.04 (s, 9H), 1.0 (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, 2.66othrwas dissolved in anhydrous
pyridine (15 mL). To the lear solution was added dimethoxytrityl chloride (2.35 g, 7
mmol ) and triethylamine (445 ¢L, 3.2 mmol ).
overnight under Blatmosphere. The next day, metbhwas 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 dissolvéB% grams, assumed 2.66 mmol with
impurity) in 50 mL ofanhydrous DMF. To the clear solution was added 2.5 eq. ef tert
butyldimethylsilyl chloride and 5 eq. of imidazole. Overnight stirring gave complete
turnover of starting material. The solution was acantrated utilizing rotary evaporation

and the residue wgadiluted 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 fianos were pooled dried to remove solvent, and
then treatd 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 compout@ 73% over three steps21837N30eSi.

LRMS (ESI+) 52.2.'H NMR spectrum (DMS@l): 0.02 (s, 9H), 0.06 (s, 3H), 0.07
(s,3H), (d, 0.83 (s, 9H), 0.91 (q, 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.X4 1H), 7.08 (d, 1H), 8.13 (d, 1H), 10.79 (s, 1H)
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Compound 11Compound 10 (1 gram, 1.9 mmol) was dissolved in pyridine (10 mL) and

added to an icgvater cooled round bottomed flask containing phosphorous acid (474 mg,

5.8 mmol). Trimethylacetyl chlorid¢ 356 ¢ L, 2.9 mmol) was adoc
solution and warmd 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, 160% 50 nM triethylamine bicarbonate (TEAB)

buffer in MeCN to afford Compound 11, 80%183sF2N30sPSk. LRMS (ES}) 584.4.'H

NMR spectrum as TEA salt (DMS@): 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, 6HB®B(M, 1H), 3.99 (m, 2H), 4.22 (t, 2H),

4.40 (g, 1H), 6.067.20 (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 mwas dissolved in 10 mL of pyridine

and added to an oven driealind bottomed flask. The flask was fitted with septum and
repeatedly evacuated and purged with nitrogen gas. To the clear solution was added 150

e L otfimethydsilyl)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 a
carbon tetrachloride (150 €L, 2.25 mmol ),
added to the reactiosolution. The yellow turbid solution stirred for one hour and was
concentrated to a yellow residue. The residue wasvaporated 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 underJMtmosphere. To this solution was added TBAF (1 M in THF,
4.0 eq., 2.2nL). 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 180%50 mM triethylamine bicarbonate.

The resulting salt was subjected to cation exchange with Dowex 50wx8f¢Na) to yield
Compound 13, 93%. H1572N4O6P. LRMS (ESH) 379.4.2H 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: (DO, proton decoupled) 7.87.

NAP-FFGEM, Compound 8: A solution of Compound 12 (357 mg, 0.53 mmol) in
dimethylsulfoxide (3 mL) and Compound 1 (139 mg, 0.35 mmol)J® KL.5 mL) were
stirred in reaction vessel to create a homogersugpension. The reaction vessel was
purged with Argon and CuS& H>O (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 temperatipon reaction completion, the reaction
solution was concentrated to a DMSO solution and purified via reverse phase
chromatography (000% Acetonitrile in 50 mM triethylammonium bicarbonate buffer).
Product containing fractions were pooled, lyophilizegppowder, and purified via cation
exchange with Dowex 50wx8 (Néorm). The synthesis of compound 1 was performed as
previously reported* The sodium salt was agmipurified through reverse phase

chromatography to remove any extraneous salO@%o Acetonitrile in HO), 31%. LRMS
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(ESF) 1059.7. GoHsgFN10012PNa. 3P NMR (DMSGds) 6.59 *H NMR and HPLC

chromatogram are located Appendices.
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APPENDICES

H-NMR and HPLC Chromatograms for Phosphoramidate-getators2-8
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