More Than Just Skin Deep:
Peptoid Applications in
Dermatology

by,

Danielle Marie Nalband

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Chemistry
New York University

January, 2018

Kent Kirshenbaum

www.manaraa.com



ProQuest Number: 10683807

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10683807

Published by ProQuest LLC (2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 — 1346

www.manharaa.com




© Danielle Marie Nalband

All rights reserved, 2018

www.manharaa.com




Danielle Marie Nalband. The Truth About Magic Il. 2017. Digital.

“Why do we have to listen to our hearts?" the boy asked.
"Because, wherever your heart is, that is where you will find your
treasure.”

-Paolo Coehlo, The Alchemist
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“Astrology”

It's so clear tonight, and calm,
that if | stepped outside,

and raised my head, | imagine
| could see the silver

chest hairs of Orion,

the hummingbird tattoo upon

the outside of his thigh.

And further back, the unfathomable

dark, which makes it possible for him
to draw his bow,

and gives him room to choose

a target for the night.

So | remember the luxury of what
I've had the poor taste in the past
to call, sometimes, our loneliness,
which is the absence of others

who have left us stranded here,
with only oxygen to breathe
and nothing more than time

to breathe it in.

And | honor, for a moment, the million
things forgotten, the things

which have so graciously

forgotten me--the bulging

saddlebags of history, the myriad, self-cancelling
blunders and eurekas

of fathers and mothers

of fathers and mothers and fathers--

who have handed down something
of tremendous importance

by handing down nothing

but plenty of quiet and dark.

And in the fields of sky above our houses,
these well-lit
hieroglyphics, open to
our own interpretation.
-Tony Hoagland, Sweet Ruin

(Reprinted with permission from University of Wisconsin Press)

www.manaraa.com



Dedication

This work is dedicated in sincere appreciation and deep gratitude
to the Soul of the World, to every unseen force in the universe

that conspired to help me realize this dream. Thank you, from the

bottom of my heart.

www.manharaa.com




Acknowledgments

| would like to take the opportunity to formally acknowledge all of those who have made
it possible for me to follow my wildest and weirdest interests and aspirations. First, and
most importantly, | would like to thank my Ph.D. advisor, Prof. Kent Kirshenbaum for
welcoming me into the program and into his lab, for seeing something special in me and
going above and beyond to make sure that | left NYU as Dr. Nalband. He always
encouraged and supported me to follow my own unique path to this degree and has
been the best mentor | could have ever dreamed of having the privilege to work with. To
my other committee members: Prof. Daniela Buccella, Prof. Lara Mahal, Prof. Bart Kahr,
and Dr. Ryan Branski; thank you seeing this journey through to the end with me and for
all of your guidance and expertise to mold me into a scientist worthy of a Ph.D. Dr.
Branski, thank you personally for participating in our very rewarding collaboration, and |
look forward to future scientific endeavors with you and your lab.

Instrumental to my chemistry and teaching training as well as and my Ph.D.
trajectory was my undergraduate advisor at Hampshire College, Prof. Rayane Moreira;
thank you for showing me just what | am capable of and never accepting anything less
than my best. | would also like to acknowledge Murray Goodman and Melinda Burbank,
my mentors from beyond the veil, thank you for paving the way for my education,
research, and contributions to the field. For all of their countless help, patience, and
expertise, | owe many, many thanks Dr. Chin Lin and Ronald McLurkin; you helped turn
my experiments into meaningful scientific works.

| would like to pay an outstanding debt of gratitude and thanks to Mallika Tatikola,

my assistant on the lipitoid and collagen projects. During our time together, she grew to
vi

www.manaraa.com



be one of my best friends; her energy and enthusiasm infectious, always with a smile on
her face, willing to do anything to help out and support. She kept me focused, motivated,
and sustained my faith in myself and in my dreams. You really are a treasure of a
human being in every facet of the phrase.

To the rest of the Kirshenbaum lab, my classmates, and my friends from my
‘other life’, especially: Dr. Paul Levine, Dr. Timothy Craven, James Eastwood, Daniel
Heindel, Dr. Christopher Vaiana, Sara Kupermic, Rita Brandt-Meyer, Lauren Galloway,
Sofia Markusfeld, Luke Chiaruttini, Jon Gernhart, and Shea Stadium as a collective
entity; thank you for all of the friendship, support, guidance, help, and laughter on and
off the clock with science and beyond. Your creativity, honesty, and courageous self
expression inspire me to be the best, most authentic version of myself. You saw me for
who | truly am and loved and accepted that person. | feel as though | have found my
place and a home in NYC with you all, and this wouldn’t have been possible without you.

| would like to recognize Sonia Rivera, my dear friend who became a mentor to
me in ways that | could never have known | wanted or needed in the past two years. |
will always cherish our time spent together and all of our adventures. Your presence in
my life has significantly shaped me into who | am, but | think you already know that.

Finally, | would like to thank my family and my dog Coco, my best little buddy, for
catching me the many times I've fallen, setting me straight, and for sticking right by my
side through thick and thin. | know it wasn’t easy, and | cannot even begin to express
the gratitude | have for everything you’ve done and sacrificed to put me where | am

today. | love you, and | hope | have made you proud.

vii

www.manaraa.com



Abstract

Wound healing is a complex biological process that prevents infection, minimizes
scarring, and restores strength and function of injured tissue. With an aging population,
and a rise in age-related pathologies, innovative solutions to wound healing are sought
that include new materials for wound dressings and for delivery of drugs that promote
the wound healing process. Biopolymers are employed extensively for wound healing
applications, yet native biomolecules can fall short in some critical requirements for the
design and implementation of novel materials to address the repair and regeneration of
tissue. Peptoids, N-substituted glycine oligomers, are a class of sequence-specific
peptidomimetic foldamers constituted from repeating tertiary amide linkages that exhibit
enhanced proteolytic stability, cell permeability, and biocompatibility. Peptoids are
synthesized according to a robust and simple solid phase synthesis protocol, and due to
their modular nature, can be tailored to suit a variety of biomedical research objectives,
including new materials applications. The contents of this thesis describe peptoids
utilized in three different contexts to address distinct aspects of wound healing. Herein |
explore the implementation of a peptoid macrocycle to template reversible triple helix
formation of collagen-like peptides; a peptoid-based transfection reagent to attenuate
scar tissue formation via oligonucleotide therapeutics, and a rapid X-ray fluorescence
analytical technique to screen libraries of peptoids for metal binding interactions,
enabling discovery of peptide mimics that can be exploited to deliver therapeutic metal

ions for dermatological applications.
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Chapter 1

Introduction:

Biomimetic Polymers for Wound Healing
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The use of biopolymers to promote wound closure and healing has been in
practice for millennia, dating back to traditional African medicine, which applies crude
plants and herbs, animal fats and muscles, and honey to injured areas for their
antibacterial and anti-inflammatory properties." The earliest written account of this dates
back to a papyrus text from 1580 B.C., describing how ancient Egyptians dressed
wounds with linen and fresh meat. However, it was not until the birth of modern surgery
that biodegradable sutures, termed ‘catgut’, were developed from collagen fibers of
sheep intestine; this experimentation marked the use of biopolymers as materials in
modern wound healing tools. 2

Biological-based wound dressings remain an attractive option because
biopolymers exhibit an extraordinary diversity of structural and functional attributes,
endowing these macromolecules with attractive qualities for biomedical applications,
including dressings and materials used to modulate the wound healing process.>*
Therefore, they can assist in one or more of the stages in wound healing® and meet
many, and in some cases, all of the criteria for an ideal wound dressing.6 In addition,
they can be formulated into a diverse set of constructs, such as hydrogels, films, wafers,
sheets, foams, and sponges, specialized to the needs of each wound.®’ By virtue of
their self-assembly, materials properties, and biocompatibility, peptide based
biopolymers in particular are a promising resource for discovery of treatment modalities
in wound care and maintenance.?

Now, equipped with the insight from decades of peptidomimetic research,
scientists have begun to experiment with novel peptide-like scaffolds which may be

2
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capable of accessing structures to invoke additional functions not immediately available
to natural biopolymeric systems.® This research is advancing on the heels of recent
reports comparing the effectiveness of different dressings for treating wounds. Certain
types of wounds exhibit improved responses for treatment by specific dressings.® Thus,
our quest for novel and innovative materials for wound healing solutions continues,
especially for those that can deliver bioactive substances which directly influence the
chemical and cellular environment at the wound site and trigger the body’s natural
wound healing responses.’® Such designs could potentially improve wound treatment in
complicated and slow-healing injuries, reduce scar tissue formation, and interact
synergistically with the body’s mechanisms for effective wound treatment.

The contents of this thesis explore research that supports three different
modalities of wound treatment using a family of peptidomimetic oligomers called
peptoids. Chapter 2 describes templating short sequences of synthetic collagen into a
triple helix formation from a peptoid macrocycle. Further development into this area of
study seeks to construct large, abiotic assemblies of synthetic collagen materials to be
used for wound dressings and other wound healing applications. Chapter 3 discusses
scar tissue inhibition and strategies to attenuate fibrotic outcomes at wound lesion sites
through siRNA silencing therapy, using a peptoid-based transfection reagent. Finally,
Chapter 4 reviews the application of micro X-ray fluorescence to screen libraries of
resin-bound peptoids for metal binding interactions. These “metallopeptoids” will
contribute to the discovery of new delivery vehicles for therapeutic metal species which

can be formulated into cosmetic preparations. The introduction provides an overview of
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the biological intricacies of wound healing and the current challenges with wound care

in order to give the reader the proper framework and motivation for this thesis.

The Biology of Wound Healing and the Social and Economic Burden of Wound Care
Wound healing is the process of tissue repair manifest by a concerted and
complex series of biological and molecular events in the body subsequent to injuries
that compromise the structure and/or function of an organ.!” Once a tissue suffers
damage, the process of healing can be broken down into four stages which serve to
mend the damage and restore the strength and capabilities of the tissue, though most of
the events do not occur at discrete timepoints. (Figure 1) The four stages of wound
healing include haemostasis, inflammation, proliferation, and remodeling, and typically
proceed over the course of days to weeks. The final stage can take years, however,
depending on the condition of the patient, severity and complexity of wound, and other
environmental considerations."® Briefly, haemostasis is the process by which blood
vessels constrict and coagulation of platelets and fibrin ensues to form a clot. Attracted
by growth factors and other chemokines, neutrophils and macrophages infiltrate the
wound site, initiating inflammation in which debris is removed, compromised tissue is
broken down, and more growth factors are released to recruit fibroblasts.' During
proliferation, fibroblasts aggregate in the wound bed and deposit a dense mat of
collagen that, in contrast to healthy collagen in the body, is highly disorganized and can
give the healed skin a raised and textured appearance, commonly known as a scar.'?

The final stage of wound healing, remodeling, works to regain the structure and intricate
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morphology of other collagen fibers seen in the body, breaking down the scar tissue and

restoring most, but not all, of the strength and function to the newly healed tissue.™

Injury - Day 1 Day1-4 Day4-21 Day 21 - Months

B»

Hemostasis Inflammation Proliferation Remodeling

+ Reduced blood flow + Neutrophil infiltration + Reepithelialization + Collagen remodeling

* Platelet aggregation + Monocyte recruitment « Granulation tissue formation + Apoptosis of fibroblasts

. o . ) + Reduction of
Inflammation initiation  Macrophage differentiation + Angiogenesis eduction of scar

+ Lymphocyte infiltration

Figure 1. Stages of Normal Wound Healing. (Subhamoy, D. S. and Baker, A.B., 2016)"

However, not all wound healing proceeds without complications, as these
processes can be altered by infection, poor circulation, the size and depth of the wound,
and other pre-existing medical conditions such as diabetes, obesity, heart disease, or
simply old age. Wounds that fail to continue through the stages of normal wound
healing in an orderly and timely manner, usually within 30 days (with the exception of
the remodeling phase), are considered to be chronic wounds.'? In the US alone, chronic

wounds affect 6.5 million patients annually, and about $25 billion dollars are spent on
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the maintenance and treatment of chronic wounds. This expenditure is expected to
increase due to an aging population and, therefore, more age-related pathologies that
interfere with the healing normal trajectory.’* The majority of all amputations originate
from ulcers which cannot heal, and about 70% of all lower limb amputations are
associated with diabetic ulcers.” However, the reported mortality rate associated with
sustaining a diabetic ulcer, between 40% and 70% within five years, presents a bleak
outcome for these patients, who then experience added mental health trials after
suffering the loss of a limb including social and physical isolation, depression, and
family hardship.'®

While an obvious solution to healing chronic injuries is to deposit enough
collagen and build up granulation tissue to enable wound closure, the healing process
must be regarded and treated as a delicate equilibrium. Conversely, an overactive
healing course leads to severe scarring and fibrotic outcomes.'? These types of scars
are typically either classified as hypertrophic, such as observed in cases of extreme
burns, or keloidic scarring, which can ensue from non-traumatic injury.""'¢

Scarring can result from excessive deposition of collagen and a failure to
remodel the extracellular matrix properly, causing a loss of tissue strength and/or
function. Scarring can be aesthetically unappealing and contribute to mental health and
diminished self esteem. The repair process typically regains only 80% of the injured
area’s former strength, compromising its function.”' This is of particular interest and
relevance when studying scarring diseases, such as pulmonary or liver fibrosis.
Considering the scar tissue formed from myocardial infarction contributes to congestive
heart failure and causes close to 100,000 mortalities annually in the United States,

6
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aberrant scarring and healing developments carry grave consequences in determining
the survival outcomes of aging populations."’
Traditional Wound Healing Solutions

Promoting wound closure while also preventing the formation of excessive scar
tissue is critical, and one approach to this challenge is through the use of precisely
designed dressings.’ In order to be classified as an effective dressing, the following
criteria must be met: establish a moist environment over the wound area while
absorbing exudates, prevent bacterial infection, be immuno-compatible, allow gas
exchange, protect the wound bed, and adhere to the wound site but enable removal
easily and painlessly."*'®' |deally, the wound dressing would also be biodegradable in
a time frame consistent with the healing rate and be transparent so that the healing
progress can be monitored and the regimen tailored without changing the dressing, thus
encouraging patient compliance without disturbing the wound healing process.?

Traditional dressings typically are fashioned from cotton, gauze, wool, and
various other synthetic materials. Dry and absorbent in nature, they primarily serve to
absorb exudates and protect the wound, but have their shortcomings as they may
require frequent changes, may fail to provide a moist healing environment, tend to
adhere to the wound bed as healing progresses, and are permeable to bacteria.”'® Due
to their propensity to harbor bacterial colonies, these dressings are applied
simultaneously with prophylactic antibiotics.” While these preparations remain heavily
utilized, during the last few decades progress has been made toward improving the

traditional dressing by using preparations containing biological and synthetic polymers
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that maintain the hydration of the wound site while still absorbing exudates and offering
additional benefits that vary depending on the formulation. >822
Collagen and the Application of Biopolymers in Wound Healing Materials

Common biopolymers used for wound healing today include alginates,
chitin/chitosan, self assembling peptides, hyaluronic acid, silk, and cellulose,>°232° put
perhaps the most widely utilized biological polymer to induce wound closure and healing
is collagen. Collagen is considered to be highly optimal for a wound dressing obtained
from a native biopolymer construct. Collagen-derived materials are biocompatible, are
non-toxic to cells (accompanied by non-toxicity of the degradation products), and are
thoroughly characterized regarding their physical, structural, chemical, and biological
attributes.?® Numerous commercial wound-healing applications for collagen exist and
are summarized in Table 1. Its broad utility is primarily due to its outstanding gel
forming characteristics, which supply a moist healing environment at the site of injury
and present a large surface area of uniform composition with tunable viscosities that are
dependent on the level of crosslinking.?” While collagen-based hydrogels are most
noted for their applications in cosmetic surgery by virtue of their swelling capabilities,
they also represent ideal materials for injection into injured sites and for drug delivery
purposes. 1822844 |n addition to hydrogels, collagens have been formed into several
other types of commercial matrices, such as sheets, specialized for differing types of
wounds and healing environments. 214 394146

Collagen-derived sheets are impermeable to bacteria, modulate the levels of fluid
around the wound bed, facilitate the migration of fibroblasts and microvascular

endothelial cells by providing a matrix for aggregation, and aid in minimizing scar tissue

8
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formation. Considering their physical properties, the sheets are supple, elastic, and
demonstrate a high resistance to tearing, all of which are proven to be valuable

characteristics for dressing materials.*'

Collagen form | Name Manufacturer Description
Collagen Promogran® Systagenix Collagen-oxidized regenerated
composite cellulose
dressing Fibracol® Systagenix Collagen-alginate wound
dressing
Biobrane® Smith & Nephew Artificial skin substitute

composed of nylon mesh,
silicone, and porcine skin

collagen
Collagen fiber Helitene® Integra Microfibrillar, absorbable
LifeSciences hemostatic agent
Instat® Ethicon Microfibrillar collagen
hemostat
Avitene® Davol Microfibrillar hemostat
Collagen Medifil® BioCore (Kollagen) | Spherically particles of native
powder bovine collagen
Collagen Helistat® Integra Absorbable hemostatic sponge
sponge LifeSciences
ActiFoam® MedChem Hemostatic sponge
SkinTemp® BioCore (Kollagen) | Native collagen in the nonhy-
drolyzed form

Table 1. Summary of commercial collagen-based dressings. (Aramwit, P. 2016)°

The physicochemical attributes and qualities of collagen fibers themselves will be
reviewed and discussed in detail within the thesis (See Chapter 2). Briefly, collagen
fibrils are polypeptide-based supramolecular structures consisting of a right-handed
triple helix comprising three polyproline type Il (PPII) helices, termed alpha chains,
which are wrapped around each other via hydrogen bonding to form an extended
structure through covalent crosslinking and non-covalent interactions. Each individual

collagen strand is stabilized in a left-handed PPII helical formation mainly by hydrogen
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bonding and stereoelectronic effects.?*"*° These fibrils, termed ‘tropocollagen’, are
crosslinked and then interdigitate and aggregate with neighboring fibrils; the resulting
structure is comparable to a coiled microfiber assembling to form a braided nanometer-
scale rope.* (Figure 2) Consequently, the collagen triple helical fiber is endowed with
outstanding mechanical, thermal, and tensile strength, and flexibility; it's apparent why it

is the most abundant structural protein in the human body.*'#®

Collagen Fibrils Collagen PPII Helices

Collagen Individual PPII Helix

Collagen Fibers

Collagen Primary Sequence
GLY GLY GLY
HYP HYP
PRO PRO

Figure 2. Structural hierarchy of collagen fibers (image taken from :

http://bayareapelleve.com/pelleve/collagen/)>°

The self-assembly properties of collagen have garnered significant interest for
the development of new biomimetic materials with superior properties.®'*> Due to the
challenges associated with long and complex native collagen, ongoing studies are
developing both covalent and non-covalent interactions to preorganize collagen-like

peptides (CLPs) to investigate their biological functions. °>%2 CLPs are shorter

10
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sequences that simulate native collagenous materials. Their synthesis is generally rapid
and cost-effective.’>°® The structure, stability, and self-assembly of these constructs
have been explored since the late 1960s, using both covalent and non-covalent
strategies to impart greater physical stability and encourage fibril formation.®’

The simplest approach utilizes the endogenous properties originating from the
individual amino acids of the alpha chains. In addition, incorporation of non-natural
amino acids can further tune the biopolymer properties - inclusion of functionalized

prolines can influence stereoelectronic effects,***’

while azaglycines exploit additional
hydrogen bonding interactions.®?®* lonizable side chain pairs, such as lysine and
aspartate or glutamate, form interchain salt bridges between dissimilar collagen strands
with high thermal stabilities, as designed de novo by the Hartgerink laboratory.®>%® They
were also among the first to experiment with the application of electrostatic interactions
to self assemble CLP hydrogels exhibiting viscoelastic properties, storage and loss

moduli, comparable to native collagens despite the CLPs being approximately 30 times

shorter in length.®® (Figure 3).

11
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G O 5

(Pro-Hyp-Gly),, (Pro-Lys-Gly),, (Asp-Hyp-Gly),,

Figure 3 Left: Models of Hartgerink’s first self assembling collagen related peptide
constructs, stabilized by electrostatic interactions between charged pairs Arg-Glu in (a)
and Lys-Asp (b). Amino acid triplet repeats incorporated into the collagen-like self
assembling peptides (c).Right: SEM images showing hydrogel formation. (Hartgerink,

J.D. et. al, 2011).%°

Covalent stabilization can also be an effective means to assemble and secure
the triple helix. A common covalent strategy is tethering CLPs from a molecular scaffold
at either the N or the C terminus in order to promote triple helix formation. °": °® 67-8¢
Tethering not only liberates triple helix formation from a concentration dependent
organization, but also engenders greater conformational stability for the resulting
constructs at shorter chain lengths, further simplifying the synthesis and subsequent

58,70,71

analysis of synthetic collagen triple helices. (Figure 4) Early work from the

Heidemann and Fields labs employed simple lysine dimers and tricarboxylic acid

12
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72-76

templates to encourage triple helix formation, while the Goodman lab assessed

other modest trifunctional scaffolds including tris(2-aminoethyl)amine (TREN) and

tris(hydroxymethyl)aminomethane (TRIS) assisted by the coordination of Fe3*.78:7983.84

Recent reports describe disulfide and oxime bridges as additional functional covalent

80-82

tethers.

13
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Ahx Gly-Cys-Gly-Gly
Ahx—Lys-Lys-Try-Gly Gly-Cys-Cys-Gly-Gly

e Gly-Leu-Cys-Gly-Gly

N

okt ) )
OJ\ L :o.d
0”0 P
0 o K O-NH2 ij/& o-
0&’7

— O\g/\s/\/go

0,
H,N-O O OCHy

Figure 4 Common covalent scaffolds for templating triple helix formation of CLP.
Dilysine branch functionalized with 6-aminohexanoic acid (Ahx) handle for CLP
attachment (a); cysteine knot (b), cis,cis-1,3,5-trimethylcyclohexane-1,3,5-tricarboxylic
acid (KTA) (c), tris(2-aminoethyl)amine (TREN) (d), cyclotriveratrylene (CTV) (e),
macrocyclic hydropyran oligotide (f), methyl 2,3,4,6-tetra-O-Aoa-a-D-Galp (g).

(Bhowmick, M and Fields. G.B., 2014).°"

Templating CLPs from a cyclic scaffold was pioneered by the Goodman lab in

the 1990’s. For example, tethering CLPs to one face of a rigid cyclohexane ring (Kemp’s

14
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Triacid) by virtue of three axially oriented reactive groups afforded not only the shortest
CLP triple helix at room temperature, but also a thermal stability similar to that of native
tropocollagen.®® More recently, the Raines lab has elaborated this approach, using a
hydropyran oligotide macrocycle with three foci for CLP attachment oriented on one
face of the macrocycle, forming an equilateral triangle and improving stability.*®

Metal-mediated triple helix formation has also been achieved by metal-chelating
groups, as in bipyridine and other systems with high electron density, coupled to the
peptide oligomer which take advantage of electron-poor metal centers and initiate
complex and stable arrangements of collagen like peptide into triple helices.?>®’
Functional wound healing materials, such as bio-based hydrogels have also benefitted
from the addition of metal ions to control assembly, and have enriched these materials
with additional wound healing benefits. Metal binding centers incorporated into CLPs
encapsulating growth factor payloads induced gelation upon Ni?* coordination and have
been exploited to enhance cell proliferation and affect cell morphology in a time-
controlled manner.®®

Despite the extensive practice and research of incorporating native oligopeptide
systems for wound healing and drug delivery, a few inherent challenges are posed with
this choice of biopolymer. Collagen is a large and structurally intricate protein, and its
synthesis in the lab or expression by bacteria is arduous, time consuming, and subject
to contamination.®®? Contamination is also a concern when sourcing from biological
origins,>®"% While proteolytic degradation may be advantageous in some cases, the
rate and extent of degradation of the dressing must be carefully controlled.?® In addition,
the study of collagen is often difficult not only due to its large size and repeating

15
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structure, but also because of its insolubility.***° Solubilizing this rigid and stable
structural protein often results in a loss of the complex hierarchical assembly that
researchers wish to investigate. Further derivatization of shorter collagen-like
sequences or replacement of large native collagen scaffolds with bio-inspired
polymers could impart these peptide-based scaffolds with enhanced physical, chemical,

mechanical, and medically applicable features.

The Role of Therapeutic Metal lons in Cosmecuetical Agents

Metal ions play an underappreciated role in the wound healing processes. Zn*" is
long established as a known antimicrobial metal species, but the transition metal is also
an essential cofactor in cellular and wound repair and shown to improve wound healing
outcomes when applied topically.*®'°° Nanoparticulate silver ions have a heavily

documented history as non-toxic antibacterial agents, "

and have recently found their
use contained in bioploymer dressings.'%

Since the 1970’s metal-peptide complexes, most notably the copper chelated tri-
peptide sequence, Cu-GHK, have garnered a niche following and gained stature in the
cosmetics community in anti-aging and skin conditioning treatments.'® Its outstanding
performance in clinical trials when included as a performance ingredient in various
cosmetic products to treat photo damage, pigmentation, and diminished skin elasticity
and thickness, mirror its natural biological function. '®*'% During the onset of injury, this

sequence is proteolytically cleaved at the site of damage, which then directs cellular

regulatory molecules towards healing damaged tissues.'®

16
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Practical challenges associated with the discovery of these metal-binding peptide
complexes impede the creation and implementation of such materials into commercial
practice. The prediction of these sequences to bind metals can be difficult, and the
design, creation, and evaluation of every possible sequence is arduous, time consuming,
and expensive.'”” Over the past several decades, research has been conducted into
creating combinatorial libraries of resin-bound peptides and polymers to evaluate their
metal binding capabilities in a high-throughput manner.’” % These strategies are often
colorimetric in nature, only provide a qualitative binding event, and are only optimized to
screen one metal at a time."®®"'% With this technical challenge and obvious need to
generate better methods for rapidly detecting metal binding events, we are also offered
an outstanding opportunity to discover new oligomers capable of binding a plethora of
different metal species, as automated high throughput screening has the capacity to

evaluate large compound libraries in excess of 100,000 members per day.'"”

Attenuating Gene Expression and Scar Tissue Formation through siRNA Silencing
Therapy

In addition to collagen-based dressings and metal-meditated strategies,
exploration of other modalities for wound treatments has been pursued through genetic
therapies. For example, implementation of siRNA-mediated gene silencing currently
represents an active area of research that holds promise for use in commercial
biomedical applications.''?""® The rationale behind such approaches takes aim at
attenuating scar tissue formation, preventing excessive collagen deposition at the site of
injury by altering gene expression. The focus of much of this research is, in particular,

17

www.manaraa.com



the silencing of the gene SMAD3, which has recently been implicated as a major
regulator of fibrotic outcomes.""'?2 |ts activation by TGF-f leads to translocation of the
complex to the nucleus where it upregulates genes that transcribe many collagen and
extracellular matrix proteins.'® During in vivo testing, SMAD3 null mice were resistant
to radiation-induced cutaneous injury and experienced accelerated healing durations in
delayed wound healing models, indicating successful suppression of a key mediator in

phenotypic pathologies and returning the tissue to a more healthy condition.?*1%7

Several research groups, 122126127

including the Branski laboratory, have
devoted efforts to silencing SMAD3 and discovering functional/physiological outcomes.
However, intracellular delivery of SMAD3-silencing oligonucleotides is not trivial. sSiRNA
therapy is most appropriate for treatment areas that are accessible for localized delivery,
as systemic administration of siRNA has demonstrated unintended off-target
effects.’'?8 |n order to be most effectively transfected into the cell, siRNAs require a
delivery vehicle which will protect the nucleic acid cargo from hydrolytic cleavage and
facilitate passage through the cell membrane into the desired area of interest since the
oligonucleotide’s high molecular weight and anionic charge impedes cellular uptake.'*
31 Many options of varying compositions are used, from virus capsids, to polycationic
lipids, and carbohydrate based systems."®'"'®® Intriguingly, only a subset of clinical trials
incorporate a delivery method, creating not only a medically, but also a financially
inefficient therapeutic modality.'™ Currently, the most popular and commercially
available transfection reagent is Lipofectamine®, a polycationic lipid complex.

Unfortunately, Lipofectamine is not suitable or approved for in vivo use, an obvious

hurdle towards the discovery of meaningful biomedical solutions.'™ In addition to

18
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cytotoxicity, other hurdles that plague such delivery systems include cell,
oligonucleotide, and tissue specificity."® There exists a need for a delivery reagent that
is potent enough to effectively transfect a variety of oligonucleotide therapeutics to
different cell and tissue types with limited cytotoxicity.
Addressing the Pitfalls of Biomaterials with Bio-inspired Materials

This dissertation describes how a family of peptidomimetic oligomers termed
“‘peptoids” may address the challenges posed by natural biopolymers as wound
dressing preparations and biomedically and cosmetically relevant materials. N-
substituted glycine peptoid oligomers are an important class of sequence-specific
biomimetic foldamers that exhibit a range of structural and functional attributes, some
reminiscent and others distinct from natural peptides.'*® Peptoids can be readily
assembled via a robust solid phase synthesis protocol to incorporate a wide variety of
side chain functional groups.’ Relative to peptides, peptoids contain tertiary amide
linkages, establishing proteolytic stability, broader solvent compatibility, and enhanced

cell permeability.'*'14°

(Figure 5, Left) Although peptoids lack inherent chirality and
hydrogen bonding capacity in the amide backbone, structure-inducing side-chains and
covalent constraints can be incorporated to provide stable, well defined peptoid

oligomers. '** (Figure 5, Right)
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Figure 5. Side by side comparison of a natural polypeptide versus a peptoid. Note the
lack of inherent backbone chirality and hydrogen bond donor groups on the peptoid

chains (top). Experimentally determined structures of several stable peptoid

architectures mimicking natural protein secondary structures (bottom). (Yoo, B.,

2008)."°
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The incorporation of chemical diversity within peptoid oligomers has been
investigated to focus on biomedical and materials objectives.'**'** For example,
multivalent peptoid conjugates displaying steroid hormone ligands targeting the
androgen receptor, indicated for prostate cancer, have shown significant activity in vitro
and are currently being tested in vivo.'*® In addition, cyclic antimicrobial peptoids have
demonstrated the ability to compromise the cell membranes of antibiotic-resistant
pathogenic bacteria.™’ Pertinent to wound healing, peptoid compound combinatorial
libraries have been evaluated using high throughput micro-array based screening
techniques to identify antagonists of fibroblast growth receptors, which are implicated in
angiogenesis, embryonic development, cell proliferation, and cell differentiation.®*
(Figure 6) Four linear peptoid sequences were identified as hit compounds from the
high throughput screen, and one hit was determined to be a particularly potent activator

of two FGFR signaling pathways in a dose and time dependent manner.

RO~ FITC Microarray scanning
" R .
< W & T g T

S = o0 DN

Peptoid microarray,

NH,

C

A I l ? R O

CFy

Peptoid agonist of FGFR

Figure 6. Micro-array based high throughput screening of a library of peptoid nonamers

for antagonist activity of FGFR. (Qi, X., 2016)."%*
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Additional functional attributes may be attained through the coordination of
metallic species to the oligomer framework, as in the case with peptides.'**"®* Previous
reports have determined that peptoid secondary structure can be modulated upon metal
binding."*®'°%"%% |n 2009, Maayan and colleagues reported an increase in helical

character of two peptoid polyproline | helices once bound to divalent Cu or Co."®

(Figure 7)
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Figure 7. CD analysis of solution phase peptoid-metal binding to Cu and Co. Peptoid
hexamer H26 bearing quinoline-type binding ligands and nature of their binding structure

upon exposure to Cu or Co (Left). CD spectrum demonstrating enhanced PPI helicity

upon metal binding (Right).(Maayan, G., 2009)®"

Zuckermann also explored the formation of peptoid helix bundles through
coordination of Zn?* to imidazole and thiol sidechains.'® Additionally, peptoids
displaying sulfhydryl functional groups can be used to selectively deplete chromium (VI)
from solution, showing promise for peptoids as anti-oxidant and waste water

remediation agents.'®
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1.2 Summary and Outlook

Through continued experimentation and discovery of novel bio-based molecules,
progress can be made toward improved wound closure, re-epithelialization, scar tissue
inhibition, and perhaps even tissue regeneration in acute and chronic wound states. In
our quest to conceive novel bio-inspired materials, we are currently only limited by our
own creativity, as nature has provided us with ample resources to combine, mimic, and
template into such creations that modulate and improve wound-healing outcomes. With
an aging population and increase in age-related pathologies, the pursuit of knowledge
and invention of molecular solutions to our current challenges in wound healing
becomes all the more urgent. The late Susan Lindquist, member of the Whitehead
Institute and Professor of Biology at MIT, captured this sentiment concerning the future
of molecular pioneering best: “About 10,000 years ago, [humans] began to domesticate
plants and animals. Now it's time to domesticate molecules.”'®* With our sights set on
molecular mastery, we have two key objectives: the domestication of wild molecules,

and the cultivation of their tempered, synthetic mimics.
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Chapter 2

Peptoid-Based Tethers as Effective Triple
Helix Templates for Collagen Mimetic

Peptides
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2.1 ABSTRACT

Collagen is a biocompatible and resilient material characterized by an intricate triple
helical architecture that endows this biopolymer with favorable attributes for wound
dressing materials. Unfortunately, native collagen cannot recover its structural integrity
following thermal denaturation. N-substituted glycine oligomers, or peptoids, are
versatile architectures assembled by modular synthesis that can be engineered to
enhance folding and stability. Here, we take advantage of peptoid oligomers as
scaffolds for conjugation and preorganization of three collagen-like peptide chains into a
canonical triple helix architecture with improved thermal stability. The triple helical
structure was validated by circular dichroism and thermal denaturation studies,
establishing both linear and macrocyclic peptoid scaffolds as effective templates for the
self-assembly of collagen-like peptides into a robust triple helix assembly. This strategy
will facilitate creation of novel biomaterials for wound healing and provides a platform for
the generation of novel biomimetic materials with a variety of desirable physiochemical

properties.

2.2 Introduction

Collagen, the most abundant structural protein in the human body, is a large and
architecturally complex biopolymer responsible mechanical stability of bones and tissue.
'*® The prototypical collagen polypeptides consist of repetitive Xaa-Yaa-Gly units, with
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Xaa and Yaa commonly proline and hydoxyproline, respectively, forming a polyproline
type Il helix (PPII), termed an alpha chain. The glycine units are tightly packed in the
interior of a triple helix formed by three PPII strands, which intertwine with a one amino
acid stagger. The assembly is stabilized via intrastrand backbone hydrogen bonding
that engenders self-assembly into its right-handed triple helical form, termed
tropocollagen.’ (Figure 8) Tropocollagen protein chain lengths can reach about 260 nm,
over 1,000 residues in sequence. ® Currently, there are 29 different types of collagen
that have been identified and at least 25 unique PPII chain sequences which are known

to form the collagen triple helix, most commonly in a heterotrimeric fashion.’

§ ¢
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Figure 8. Cartoon, surface, and space filling models of a collagen model peptide (Pro-
Hyp-Gly)o.(Left).” (Hartgerink, 2010). Depiction of non-covalent means of triple helix
stabilization: Blue dashes signify hydrogen bonding interactions, while red dashes

denote main chain n-x* interaction. (Right)? (Chattopadhyay and Raines 2014)

Collagen fibrils, a collagen-based supramolecular assembly, consist of an
39
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extended tropocollagen structure fashioned through covalent crosslinking and non-
covalent interactions.>® Tropocollagens are crosslinked through post-translationally
modified lysine residues which then interdigitate and aggregate with neighboring fibrils;
the resulting structure is comparable to a coiled microfiber assembling to form a braided
nano-scale rope.*’ (Figure 9) Outstanding mechanical, thermal, and tensile strength,

as well as flexibility result from this hyper stable triple helical fiber.?

Collagen PPII Helices

Collagen Fibrils

Collagen Individual PPI Helix

i 1/ a’ '\
Collagen Fibers & ”‘/ = ‘\(“ “
s ' (]
Collagen Primary Sequence
6Ly 6LY GLY
?/ HYP HYP
PRO PRO

Figure 9. Structural hierarchy of collagen fibers (image taken from :

http://bayareapelleve.com/pelleve/collagen/)®

Due to collagen’s exceptional physical properties
and self assembling capability, researchers have been eager to develop new biomimetic
materials incorporating these superior traits. However, ongoing studies aim to
circumvent some of the challenges associated with long and complex native collagens

by utilizing strategies which rely on preorganizing collagen-like peptides (CLPs) to
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investigate their structural roles and biological functions via covalent and non-covalent
techniques. "'%"" Simulating native collagenous materials, CLPs are shorter and simpler
sequences that boast synthetic ease and diminished synthetic costs.'”'® Preliminary
work on CLPs began in the late 1960s, exploring the structure, stability and self
assembly of these constructs while working towards imparting greater physical stability
and encouraging fibril formation.®

Simple non-covalent strategies rely on the inherent propensities of the individual
amino acids of the alpha chains to construct linkages or, alternatively, the derivatization
of such amino acid side chain groups, enhancing their natural electronic, steric, and
hydrogen bonding effects. Substitution of hydroxyproline by other 4’ functionalized

prolines can exert an enhanced stereoelectronic effect,?*?’

and azaglycines offer
additional hydrogen bonding contacts between the chains.?>?* Inclusion of lysine and
aspartate or glutamate engage in the formation of interchain salt bridges between
different collagen strands, resulting in triple helices with high thermal stabilities upon
ionization, as designed de novo by the Hartgerink laboratory.?

The Raines and Zondlo laboratories have extensively explored the forces that
stabilize the triple helix at the level of each individual PPII chain, citing a

stereoelectronic effect.?’?® The rationale behind this lies in the conformational

preferences of the pyrrolidine ring of both the Xaa and Yaa proline, adopting one of two

stable conformational puckers at room temperature, C'-exo or C'-endo (Figure 10).%°

The functionalization of the ring, such as in the addition of hydroxyl groups, can

enhance stability of the triple helix.?"?®
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Figure 10. Slow cis-trans isomerization of the proline amide bond (a) the ¢’ exo and

the C' endo ring puckers of the pyrrolidine ring (b) Main chain torsion angles of proline
which are influenced by the ring pucker.?

Independent from its behavior in collagen, depending on the stereochemistry of
the ring functionalization, the pyrrolidine exhibits a preference to favor one

conformer.28%°

Furthermore, substitution of poor-hydrogen bonding, electron
withdrawing substituents, like fluorine, induce preferential ring puckering as well,
invoking the gauche effect. 2°°3? (Figure 11). The Wennemers group has contributed
to this approach through the use of azide-alkyne cycloaddition (click chemistry)
reactions to conjugate other bulky groups, such as entire carbohydrate monomers, to

t.33

the Yaa proline in the triplet repeat.”™ Their results further establish the stereoelectronic

effect as an effective approach for triple helix stabilization.
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Figure 11. Diagram depicting how stereoelectronic effects on substituted prolines can
stabilize the triple helix. Gauche effects and n-x* interactions bias the backbone

dihedral angles to PPII conformations, and thereby enhance triple helix formation. (a)

Stabilization of the C'-exo ring pucker via a gauche effect induced by electron

withdrawing groups on the 4R position of the pyrrolidine ring. (b)"

Glycine analogues, as in Chennoweth’s azaglycines, incorporated throughout
CLPs, induce a hyperstability of triple helices via glycine editing of these biopolymeric
chains.?*** (Figure 12) These mutations minimally disrupt the structure while increasing
the interfacial hydrogen bonding contacts. Notably, their contributions to the triple helix
increase the T,,to over 50°C with a (Pro-Hyp-azGly), repeat with n=3, signifying a 8.6°C

increase per azaglycine unit.?®
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Glycine

One hydrogen bond Two or three hydrogen bonds

Figure 12. Comparison of native glycine and azaglycine in structure (top) and

hydrogen bonding contacts (bottom)?®

The Hartgerink laboratory has completed some of the most impressive work to
date in assembling stable CLP triple helices.>®** Reporting in Nature, the group
employed a sequence-based scoring method to design, de-novo, an ABC type
heterotrimeric triple helix which melted at an astounding 58°C.?° (Figure 13) They were
also among the first to experiment with the application of electrostatic interactions to self
assembling CLP hydrogels which possessed viscoelastic properties, storage and loss
moduli, comparable to native collagens>* This work comes on the heels of the
exhaustive efforts conducted by the Brodsky lab who recognized, among many other
facets of collagen research, the importance of charged pairwise interactions within host-

guest studies involving CLPs.>*>*’
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Figure 13. Hartgerink’'s de novo designed ABC heterotrimeric triple helix. Potential
sequence combinations (left). Placement and representation of the axial lysine-aspartic

acid salt bridges between the ABC chains (right)®®

The contributions of metal chelation to the structure and stability of the triple
helices have also proved to be important. Coupling metal-chelating groups, such as
bipyridine and other systems with high electron density to the peptide oligomer,
researchers developed the ability to use electron-poor metal centers to initiate complex
and stable arrangements of collagen like peptides into triple helices via metal binding.®*
42 Chiemelewski et al. obtained completely reversible macromolecular assemblies of
CLPs with a variety of divalent transition metals coordinated to a His; cluster at the C-
terminus while the N-terminus was occupied by another metal ion through a nitriloacetic
acid moiety in aqueous, ambient conditions.®*® The Nanda group used structural
modeling techniques to design CLPs with Hiss binding sites in the chain termini to

improve self assembly and stability upon metal chelation. Their assessment of Zn** and
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Cu?* to drive triple helix formation led to the discovery of both homo- and hetero-trimeric
collagen-like materials supplemented with increases in metal-induced thermal stability.*?
The addition of metal ions has also assisted the creation of functional wound healing
materials, by controlling assembly thereby enriching these materials with additional
wound healing benefits. Bio-based hydrogels incorporating metal binding centers into
CLPs strands have encapsulated growth factor payloads and exhibit induced gelation
upon Ni** coordination. These loaded gelatinous preparations have been exploited to
enhance cell proliferation and affect cell morphology in a time-controlled manner.*?

In terms of covalent methods to stabilize and encourage triple helix assembly, a
common strategy is tethering CLPs from a scaffold at either the N or the C terminus to

promote triple helix formation,'94044-62

(Figure 14) Tethering not only liberates triple
helix formation from a concentration dependent organization, but also engenders
greater conformational stability for the resulting constructs at shorter chain lengths,
simplifying the synthesis and subsequent analysis of synthetic collagen ftriple
helices.”®*® Early work from the Heidemann and Fields labs employed simple lysine

dimers*9-%3

while Tong et. al. exploited tricarboxylic acid templates to encourage triple
helix formation. Using a (Ala-Pro-Gly), n=5-15 trimeric repeat templated on a lysine
dimer display, triple helix formation was initiated at n=8 and continued to garner
stabilization as the chain grew, but unremarkable thermal stability.>* This work was later

improved upon by Fields and co-workers, flanking their native collagen sequences with

a wider variety of amino acids and (Pro-Hyp-Gly)s repeats.®?
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Ahx Gly-Cys-Gly-Gly
Ahx—Lys-Lys-Try-Gly Gly-Cys-Cys-Gly-Gly
das Gly-Leu-Cys-Gly-Gly

/_\(0&1 Ojg/\s/\/go
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Figure 14. Common covalent scaffolds for templating triple helix formation of CLP.
Dilysine branch (a); cysteine knot (b), cis,cis-1,3,5-trimethylcyclohexane-1,3,5
tricarboxylic acid (KTA) (c), tris(2-aminoethyl)amine (TREN) (d), cyclotriveratrylene
(CTV) (e), macrocyclic hydropyran oligotide (f), methyl 2,3,4,6-tetra-O-Aoa- o -D-Galp

(9). (Bhowmick, M and Fields. G.B., 2014)."
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Other simple linear tethers have been evaluated by prominent researchers in the
peptide science community, lending support to their effectiveness as molecular
scaffolds. The Goodman lab assessed basic and flexible tripodal scaffolds including
tris(2-aminoethyl)amine (TREN) and tris(hydroxymethyl)aminomethane (TRIS). The
increase in enthalpy led to a modest enhancement in thermal stability of the TREN-
templated triple helices,®® and TRIS-templated helical arrays displayed in a dendrimer-
like fashion from a peptide chain exhibited similar melting behavior in water, with greater
enhancements upon solvent variation.’® Within the last 10 years, the use of these two
scaffolds continues to be a popular choice, with the Yu lab leading the charge into
creating simple but hyperstable ABB heterotrimers.'®

Covalent cysteine-based and oxime strategies draw inspiration from native
collagen’s use of disulfide linkages to assemble individual helices into collagen fibrils.>"
* Employing a cysteine knot tethering strategy, the Morodor laboratory elegantly
displays helical arrays from both the N and C termini with both homo and heterotrimeric
ABB CLPs with nearly double the thermal stability of their free CLP counterparts.®” The
Raines and Wennemers laboratories harness the power of these covalent constraints
by locking the helices throughout the structure.®®*°

Macrocyclic templating was pioneered by the Goodman group in the late 1990’s,
tethering CLPs to one face of a rigid cycloxhexane ring by virtue of three axially oriented

reactive groups (Kemp’s triacid).*>*° (

Figure 14 c) Templation from a rigid scaffold
minimizes the amount of unfavorable entropy experienced by the CLP chains during
triple helix nucleation. Goodman’s KTA scaffold strategy afforded not only the shortest

CLP ftriple helix at room temperature, but also a thermal stability similar to that of native
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tropocollagen.*® More recently, the Raines lab has followed this work with a hydropyran
oligotide macrocycle utilizing three foci for CLP attachment oriented on one face of the
macrocycle, forming an equilateral triangle with improved stability.”® (Figure 14 f)
Another noteworthy scaffold, the cone-shaped cyclotriveratrylene (CTV), offers chiral
attributes and tunable flexibility in addition to its templating abilities, and its use marks
the first incidence of a scaffold successfully stabilizing a native collagen sequence.®’

With so much already been accomplished using shorter collagen mimics,
scientists should now begin to direct their efforts towards the creation of higher order
assemblies which will mimic natural collagen. The Raines, Hartgerink, Chiemelewski,
Brodsky, and Yu laboratories are notable pioneers in achieving initial success with longer
and more intricate multistrand collagen constructs on the order of nanometer- to micron-
sized materials.>*®*"" Many opportunities and room for creative invention within the field
of synthetic collagen fibril and fiber formation are now at hand, especially in the way of
scaffold derivativization, but many of the scaffolds presented above lack the chemical
handles for further development.

Pertinent to wound healing, the union of higher order collagen assemblies and
further functionalization of the collagen-like constructs to be more suited for therapeutic
applications could be realized in the design of ‘smart’ dressing materials. The design and
implementation of smart dressings has become an active area of research.’*” The utility
of such materials can be exploited as vehicles for drug delivery, stimuli responsive
materials for labeling, imaging, and oxidative protection of wound sites; and enzyme
responsive materials which are sensitive to the intrinsic wound healing chemicals of the
wound site and can be engineered to degrade in a precise manner, delivering growth
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factors and other cytokines.”*®® A unique, synthetically versatile molecular scaffold that
allows the exploration of a vast array of chemical through sequential modification could
unify synthetic collagen fibers to biologically active dressings, assisting in the creation of
the next generation of wound healing materials.

N-substituted glycine oligomers, termed peptoids, are a class of sequence-
specific oligomers that exhibit a range of biomimetic structural and functional
attributes.®’® Peptoid scaffolds can be readily assembled via a robust solid phase
synthesis protocol to incorporate a wide variety of side chain functional groups, and hold
potential for therapeutics and in materials science.”®'" We perceived that we can
template triple helix formation using a peptoid scaffold similar to previous efforts. Unlike
Kemp’s triacid and TREN scaffolds, peptoids provide precise control of multiple reactive
chemical functionalities that can be tailored through an efficient, modular synthesis.

(Figure 15)
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Figure 15. Comparison of previous work with templating collagen like peptides into a

triple helix with Kemp’s triacid, to the current work, which utilizes a peptoid scaffold. Due

to the modular nature of peptoid synthesis, R groups can virtually be any functionality

displayed from a primary amine substrate, making peptoids an attractive option for

future development and application of templated collagen-like peptides.

Here we demonstrate the implementation of peptoid-based tethers to template triple

helix formation of CLPs. Two versatile oligomers, a linear hexamer and its macrocylic

analogue, presenting three primary amine groups for coupling to the C-termini of CLPs,

were studied. (Figure 16)
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Figure 16. Peptoid scaffolds used in this study to template CLPs into a triple helix. The

linear peptoid scaffold, Lin (left) and corresponding cyclic analogue, Mac (right).

Our initial hypothesis was that the macrocyclic scaffold was an optimal template
for triple helix formation and that the linear scaffold would show a diminished capacity to
preorganize the three chains for self-association and therefore exhibit a lower thermal
stability. Previous X-ray crystallographic analysis of a hexameric macrocycle has
demonstrated the rigid and predictable display of three side chain functionalities on one
face of the macrocycle,®®® (Figure 17) rendering this scaffold a particularly attractive

platform for CLP tethering and triple helix templation.
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Figure 17. Crystal structure of a hexameric peptoid macrocycle. A trans-cis-cis-trans-
cis-cis series of amide backbone geometries create a pattern of side chain positioning
on alternating faces of the macrocycle; three benzyl groups point up while three

methoxyethyl side chains are oriented down. %% (Shin, 2007)

Through CD spectroscopy, thermal denaturation and refolding studies, and molecular
dynamics simulations, we report discrete and reversibly forming structures formed from
both of the tethered CLPs, which behave differently when exposed to chemical
denaturants. The macrocyclic templated CLPs are characterized as well-defined
textbook case collagen triple helices and boast similar increases in thermal stability
relative to native tropocollagen. Moreover the macrocylic templated triple helix is in
excellent agreement with models developed for the construct in silico. While the linear
construct seems to have an excellent thermal stability and CD profile matching a

collagen-like triple helix, its behavior in chemical denaturants remains perplexing, as
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described below. We are intrigued by the differences in behavior simply by changing the
peptoid scaffold and are excited by the prospects for future exploration and investigation

of this discrepancy.

2.3 Results and Discussion

We utilized a CLP composed of seven repeating units (n=7) of the canonical Xaa-
Yaa-Gly motif, where proline was included at both the Xaa and Yaa positions to
conjugate to a hexameric peptoid macrocycle bearing three reactive primary amine side
chains. The CLP was synthesized on 2-chlorotrityl resin, yielding a C-terminal carboxylic
acid, according to a modified solid phase synthesis approach.”” The predicted Ty, of
27°C for (PPG); locked in triple helix structure motivated our choice for the length of the
peptide.™ At n=7 the length of the alpha chains is much shorter than that of native
tropocollagen, and any possible triple helix that could should also be fairly unstable at
room temperature. Therefore, these chains are unlikely to self-associate into the
canonical collagen triple helix. This experimental design allows for direct comparison of
the thermal stability arising from the CLPs’ structure as a result of scaffold-induced
templating relative to native tropocollagen.

The two peptoid scaffolds, linear (Lin) and macrocyclic (Mac) were synthesized on
either Rink amide or 2-chlorotrityl resin, respectively, following standard submonomer
peptoid synthesis protocols® and purified to >95% purity. Boc-protected amine
synthons were incorporated for subsequent conjugation to CPLs following acidic
cleavage. The patterning of the side chains, alternating benzyl and propyl amine
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functionalities, will afford a distinct presentation of each of these groups on opposing
faces after cyclization. Following purification of the scaffolds, PyBOP-mediated coupling
under anhydrous conditions in dichloromethane for 72 hours afforded PPG3-Mac in 15%

yield and PPG3;-Lin in a 7% yield. (Figure 18)
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Figure 18. Synthetic scheme of peptoid scaffolds and scaffold-CLP constructs.

It is important to note that the addition of triethylamine (TEA) to the peptoid solution is

necessary prior to its introduction into the reaction flask, as primary amines exist as a
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TFA salts with reduced nucleophilicity following RP-HPLC purification. Paramount to the
success of the reaction was the solvent choice as well. Numerous attempts at synthesis
were made using different solvents and solvent combinations, both aqueous and non-
aqueous, with and without TEA. Using dimethylformamide (DMF), a general peptide
coupling solvent, the peptide experienced aggregation and low solubility, and resulted in
diminished yields of tri-substituted scaffold. DCM/DMF combinations were unsuccessful
as were attempts in anhydrous DCM when the ambient conditions in the lab were too
humid to avoid the introduction of water into the reaction when weighing out the scaffold
and peptide. The scaffolds were observed to be very hygroscopic and readily gelled
upon exposure to atmosphere, complicating addition to the reaction flask and precise
measurements of reagents. Anhydrous DCM with TEA provided the best solubility,
highest conversion of peptoid scaffold into tri substituted conjugate, and least amount of
visual aggregation when the reactions were conducted during the dry months of the

year.

Circular Dichroism Experiments:

In order to evaluate the ability of CLPs to undergo triple helix formation upon
templation from a peptoid scaffold, circular dichroism spectroscopy analysis was
conducted. Briefly, CLP3; (1.05mg/mL or 0.35 mg/mL) CLPs-Lin, and CLPs;-Mac (1.2
mg/mL or 0.4 mg/mL) were resuspended in 50 mM acetic acid and far-UV scans were
conducted at 4°C from 260-200 nm."® When compared to CLP3, both CLPs-Lin and
CLPs-Mac displayed the characteristic triple helical signature of native tropocollagen as
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evidenced by the positive lobe of ellipticity at 226 nm that arises due to the n-IT*
transitions of the a-amino and imino residues of the CLP."" (Figure 19) The absence of
the 226 nm signal from CLPj3 is indicative that templated assembly is favored, and
therefore, we attribute the formation of triple helix only when tethered to the scaffolds to
the placement of the chains in close proximity, thereby pre-organizing them to favor
self-assembly into the triple helix instead of aggregation through non-specific hydrogen
bonding interactions. The precise display of the three CLPs from one face of the
macrocycle and the flexibility of the linear scaffold, which enables the ability to fold into
a backbone geometry consistent with the triple helix requirements, are responsible for
the favorable display of each of the CLP chains. However, the greater signal strength at
226 nm exhibited by the macrocyclic construct is an indication that the CLPs;-Mac is

superior scaffold for collagen triple helix templation.
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Figure 19. CD analysis of free and templated CLPs. CLP3 (1.05 mg/mL or 0.35 mg/mL)
CLPs;-Lin, and CLP3;-Mac (1.2 mg/mL or 0.4 mg/mL) were resuspended in 50 mM acetic
acid and far-UV scans were conducted at 4°C from 260-200 nm. Both CLP3-Mac and
CLPs-Lin display the triple helical signature of 226 nm, which is absent from the free

collagen-like peptides, CLP3.

Chemical Denaturation Experiments:

If CLP3-Lin and CLP3;-Mac constitute authentic triple helices as native tropocollagen,
then their structure and stability will largely be dependent on hydrogen bonding
interactions. Other non-covalent interactions contributing to triple helix stabilization,
mainly hydrophobic interactions, can also become compromised in the presence of

chaotropic agents. In contrast, a polyproline Il helix, which relies on the multiple proline
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residues to bias the main chain phi and psi dihedral angles toward trans-amide
isomerization to induce PPIlI formation, does not have any significant backbone
hydrogen bonding. The addition of chaotropic agents should, therefore, only disrupt
triple helix self-assembly, and decrease in the CD signature at 226 nm.""® To test this, 4
M urea was added to CLP3-Lin and CLP3;-Mac (0.4 mg/mL) and far-UV scans were
conducted once again. As expected, urea disrupted hydrogen bonding and destabilized
the triple helix of CLP3-Mac as witnessed by the loss of the signal at 226 nm (Figure
20). This indicated that the templated configuration of the CLP chains is significantly
influenced by the presence of hydrogen bonds, presumably between the CLPs chains.
On the other hand, CLP3-Lin, displays a diminished, but not complete, loss of CD signal
at 226 nm, suggesting that perhaps the structure formed by CLPs-Lin may not be
entirely triple helical in character and structure of CLP3-Lin is stabilized by some forces
other than hydrogen bonding. Other experiments would be necessary to elucidate the
cause for such behavior. While we do not yet fully comprehend the resistance to
chemical denaturation, we are intrigued by the different sensitivities of the CLP

constructs to urea when displayed from different peptoid scaffolds.
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Figure 20. CD analysis of CLP3-Lin and CLP3-Mac in the presence of 4M urea. CLP3-
Lin and CLP3-Mac (0.4 mg/mL) were resuspended in 50 mM acetic acid containing 4M
urea and far-UV scans were conducted at 4°C from 260-200 nm. While CLPs;-Mac
experiences a complete loss of triple helical character, CLP3-Lin displays some residual

positive ellipticity at 226 nm.

Thermal Denaturation and Refolding Experiments:

Motivated by the recent surge of interest regarding the thermal reversibility of

419 the response of all three oligomers to

collagen structures in wound dressings,
increasing temperatures was monitored by the CD signal at 226 nm. (Figure 21) CLP;-
Lin (Figure 21, top) and CLP3;-Mac (Figure 21, middle) display a sigmoidal melting

curve, indicative of a smooth and discrete transition from a folded to an unfolded state

with a T, = 43.6 And 42.2 °C, respectively, which surpassed that of native tropocollagen
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when heated to 90 °C. In contrast, CLP3; demonstrates only a linear decrease in
ellipticity at 226 nm, with T, < 0 °C. (Figure 21, bottom) These data indicate that
templation is necessary for CLP3;to assemble into a triple helix, as witnessed with both

CLPs;-Lin and CLP3-Mac, while CLP3; was not able to form a stable triple helix.
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Figure 21. Melting and refolding experiments. CLP3-Lin (top), CLP3;-Mac (middie) (1.2
mg/mL), and CLP3; (bottom) (1.02 mg/mL) were resuspended in 50 mM acetic acid, and
the solutions were heated from 4°C to 90°C while monitoring at 226 nm. Following
thermal denaturation, the solutions were subsequently cooled back to 4°C at a rate
identical to their heating. Both constructs experience a smooth transition from a folded

to an unfolded state with approximate melting temperatures of 43°C (CLP3-Lin) or 42°C

(CLP3-Mac) and are able to regain their structure upon cooling.

To explore the extent of reversibility in self-assembly, CLP3-Lin and CLP3;-Mac were
cooled at a rate identical to their heating immediately following thermal denaturation and
monitored at 226 nm for a return of positive ellipticity. The cooling curve for both
constructs exhibits a full return of the signal at 226 nm, indicative that triple helix
formation is reversible if tethered to the peptoid oligomers, and literature precedent
supports this behavior exhibited by our templated CLPs.*® The slight hysteresis
observed between the heating and cooling curves implies that templating CLPs in close
proximity can overcome some of the negative entropy associated with triple helix

formation and reduces the number of misaligned structures.*’*® In native tropocollagen,
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which lacks a covalent constraint to preorganize the chains for favorable self-assembly,
considerable hysteresis is present, which can induce registry ‘slippage’ and not allow

helical structure to be recovered.'?°

Molecular Modeling:

To support the structural hypothesis, we turned to molecular mechanics theory, which
treats macromolecules as systems of springs and masses. With an appropriate
selection of parameters to translate chemical interactions into these newtonian
equations, algorithmic minimization of the energy of the system by perturbing the
cartesian coordinates of the atoms results in a theoretical equilibrium structure. A model
of the macrocyclic templated collagen triple helix was minimized by molecular
mechanics. (Figure 22-25) (See Methods and Materials for Details) Alignment of the

72b

crystal structures of the original peptoid macrocycle’= and a representative collagen

121

triple helix'*' showed a close alignment (RMSD = 1.28 A) between terminal C atoms of

the peptide chains and B -C atoms of the polar side chains of the peptoid. The

minimized structure displayed some minor deviations in the orientation of the aromatic
side chains, but virtually no perturbation of the cyclic backbone. Although one of the
linking side chains adopts an alternate "rotational isomer” that puts it in alignment with
the terminus of the linked peptide, overall the theoretical model requires little disruption
from the crystal structures, supporting the design hypothesis that the cyclic scaffold is

preorganized into a favorable conformation for templating the collagen triple helix.
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Figure 22. Energy-minimized structure of CLP3-Mac. CLP chains are witnessed

in a triple helical presentation.
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Figure 23. Energy-minimized structure of CLP3;-Mac showing the view down the

center of the helical axis.

Figure 24. Stereoview of the overlay of the peptoid macrocycle crystal structure
(pink) and the minimized structure of Mac (purple).

65

www.manaraa.com



Figure 25. Overlay of the peptoid macrocycle crystal structure (pink) and the
energy-minimized structure of Mac (purple) with CLPs attached, highlighting the

close structural alignment of the two macrocycles even when CLP-functionalized.

2.4 Summary and Outlook

We demonstrate the capability of peptoid macrocycle scaffold to preorganize three
collagen-like peptide chains to self-assemble into structures reminiscent of the
canonical collagen triple helix with enhanced thermal stability profiles compared to
native tropocollagen. The triple helical structure of CLP3-Mac was validated by circular
dichroism and thermal and chemical denaturation studies, establishing that both linear

cyclic peptoids are effective tethers for collagen-like peptides to template triple helix
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assembly. Encouragingly, the transition from a folded to an unfolded state was
determined to be reversible, indicating that the effect of templating the three CLP chains
sustains their preorganization for triple helix formation and supports interest in

reversible collagen-based materials.

In the interest of analyzing the ability of different peptoid scaffolds to template triple helix
formation, we also synthesized and tested the linear analogue of our cyclic construct,
CLPs-Lin. While CLPs-Lin performs comparably to CLP3;-Mac in the CD and thermal
denaturation studies, there is a deviation from their similarities once exposed to
chemical denaturants; CLP3-Lin does not exhibit behavior expected from a triple helical
structure. One could hypothesize that if the CLP chains from CLPs-Lin are arranged in
a triple helix, that the structure could be held together by additional forces other than
hydrogen bonding. Alternatively, perhaps whatever assembly results from CLP3-Lin is
not a triple helix at all, and simply misaligned hydrogen bonding contacts between the
alpha chains with some residual polyproline Il character. We are, however encouraged
by the data supporting that the arrangement and presentation of the CLP chains from
the tethers illicit different behaviors and sensitivities of the resulting CLP constructs to

various physical stresses.

The further application of this tethering strategy will facilitate creation of novel
biomaterials for wound healing with unique materials properties. For example, the three
available sites on our scaffolds can be functionalized to incorporate handles which
deliver biochemically sensitive molecules, including growth factors and other cytokines

to assist in wound healing. In addition, peptoid sequences can be crafted to incorporate
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different functionalities with the potential to form additional molecular contacts displayed
within the peptoid scaffolds, enabling interdigitation of the individual triple helices and
synthetic fibril formation. The successes by prominent collagen chemistry laboratories,
like Raines, Brodsky, and Hartgerink, have all recently published strategies to achieve
longer, multi helix assemblies of synthetic collagen that should serve as the initial

blueprint and inspiration for directing our efforts utilizing our peptoid scaffolds.
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2.5 Experimental Procedures

Materials:

Synthesis of the peptoid and peptide oligomers was initiated on either Rink Amide resin
(Nova Biochem, 100-200 mesh, loading: 0.74 mmol/gram) or 2-Chlorotrityl resin (Nova
Biochem, 100-200 mesh, loading: 1.14 mmol/gram). Bromoacetic acid (97%) was
supplied by Sigma-Aldrich. Chloroacetic acid (99%), Trifluoroacetic Acid, TFA, (99%),
N,N-Dimethylformamide, DMF, (anhydrous and amine free, 99.9%) and N,N’
diisopropylcarbodiimide, DIC, (99%) were supplied by Alpha Aesar. benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate, PyBOP, (99%), was supplied by
Chem-Impex International, Incorporated. @~ Fmoc-Pro-OH and Fmoc-Gly-OH were
obtained from Nova Biochem. Other reagents and solvents were obtained from

commercial sources and used without additional purification.

Peptoid Synthesis Submonomers: The introduction of specific peptoid side chain
types was achieved through the use of the following primary amines as “submonomer”
synthons (see below): Benzylamine (Alfa-Aesar, 99%); N-(tertbutoxycarbonyl)-1,3-

diaminopropane (Oakwood Chemical, 99%).

Instrumentation:
Collagen like peptides and Peptoid oligomers were analyzed by reverse-phase HPLC
(XBRIDGE BEH300 analytical C1g column, Waters, 3.5 um, 4.6x50 mm) on an Agilent
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1260 Infinity LC system. A linear gradient of 5-95% acetonitrile in water (0.1% TFA)
over 10 min was used at a flow rate of 700 uL /min. Collagen like peptide samples were
pre-heated to 60 °C and the column heated to 60 °C for analytical runs. Semi-
preparative HPLC was performed on a Waters 2489 instrument using a Phenomenx
Jupiter Cqg column (Phenomenex, 20mm, 100 Angstroms, 21x2500mm). Peaks were
eluted with a linear gradient of ACN/water (0.1% TFA) which depended on the
sequence composition with a flow rate of 5-10 mL/min. Collagen like peptide samples
were pre-heated to 60 °C and the column heated to 60 °C for purification Mass
spectrometry was performed on an Agilent 1100 series LCMSD VL MS spectrometer or
a Bruker Maldi-TOF TOF UltrafleXtreme MS Spectrophotomer using a saturated

solution of « -Cyano-4-hydroxycinnamic acid prepared in 70% ACN(aq) with 0.1% TFA.

Circular dichroism was conducted on a Jasco J-1500 CD Spectropolarimeter at 4 °C in

a 1 mm path length quartz cuvette.

Preparation of Collagen-like Peptides 2-Chlorotrityl resin: CLPs were synthesized
according to a modified solid phase peptide synthesis approach.’’ The resin (300 mg)
was swelled for 5 minutes in anhydrous DCM before initiating the synthesis. The resin
was incubated with a solution of 20 mg of Fmoc-Gly-OH and DIEA (10eq., 116 uL) in 6
mL anhydrous DCM for 1 hour at room temperature and an agitation rate of 220 rpm.
The resin was washed with 3x1 mL anhydrous DCM and 3x 1 mL DMF before resin
capping and Fmoc removal with a solution of 20% morpholine in DMF (v/v) (6 mL) for 1

hour at room temperature and an agitation rate of 220 rpm. The resin was washed
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again with 6x DMF. lterative peptide synthesis continued with a solution of Fmoc-Pro-
OH (5 eq. relative to Glycine loading), PyBOP (5 eq. relative to Glycine loading), and
DIEA (10 eq. relative to Glycine loading) in 1 mL of DMF for 1 hour at room temperature
and an agitation rate of 220 rpm. The resin was washed again with 6x DMF. Going
forward, Fmoc deprotection was achieved with a 20% piperadine solution in DMF with
1% DBU (v/v) (2 mL) for 30 minutes at room temperature with an agitation rate of 220
rom x2. This two-step iterative process of amino acid addition and Fmoc deprotection
was repeated until the desired chain length and peptide composition was achieved. N-
terminal acetylation was achieved with exposure to a 3:2:1 (v:viv) solution of
DMF:DIEA:Acetic Anhydride (6 mL) for 1 hour at room temperature The peptides were
cleaved from the resin using a cocktail containing 95% TFA, 2.5% TIPS, and 2.5%
water (6 mL) at room temperature for 1 hour. Crude peptides were precipitated in cold t-
butyl methyl ether and pelleted using cold ultracentrifugation at 4,000 rpm and 4 °C.
Pellets were suspended in ACN/ H,0, frozen, and lyophilized. Once dried, crude linear

peptoids were stored at 4 °C until purification.

Purification of Collagen-like Peptides (CLP): CLPs were purified to >95% using a
preparatory Cqg column. CLPs were detected at 220 nm during a linear gradient of 15-
45% aqueous ACN with 0.1% TFA over 60 minutes at a flow rate of 5 mL/min. Both
samples and column were heated to 60 °C for at least 15 minutes prior to injection.
Fractions were consolidated, frozen, and lyophilized. Once dried, purified CLPs were

stored at 4 °C until use.
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Preparation of Peptoid Macrocycle on 2-Chlorotrityl Resin: Peptoid oligomers were
synthesized according to a general submonomer approach.’™ The resin (100 mg,
0.0039 mmol reactive groups) was swelled for 5 minutes in anhydrous DCM before
initiating the synthesis. Bromoacetylation was carried out by incubating the resin with a
bromoacetic acid solution in anhydrous DCM (0.65 M, 1 mL) and DIEA (107 ulL) for 45
minutes and an agitation rate of 220 rpm. The resin was washed with 3x 1 mL DCM and
3x 1 mL DMF before displacement with the desired primary amine (1M in DMF, 1 mL)
for 1 hour and an agitation rate of 220 rpm. The resin was washed with 5x 1mL DMF.
This two-step iterative process was repeated until the desired chain length and oligomer
composition was achieved. The oligomer was cleaved from the resin with a cocktail of
8:1:1 (DCM:Acetic Acid:TFE) (2 mL) for two hours. Volatile solvents were removed
under reduced pressure, and the resulting oil was re-suspended in ACN/H,0, frozen,

and lyophilized. Once dried, crude linear peptoids were stored at 4°C until cyclization.

Cyclization of Linear Peptoid Scaffold (LinMac): Linear peptoid oliogmers were
cyclized according to a modified approach to for head to tail peptoid cyclization.®?
Peptoid scaffolds were dissolved in anhydrous DCM to a concentration of 0.3 M with
PyBOP (2.1 eq.) and DIEA (6 eq.). The reaction was put under nitrogen and allowed to
stir for 24 hrs. at room temperature. Solvents were evaporated under reduced pressure,
the remaining oil resuspended in ACN/H,0, frozen, and lyophilized. Once dried, crude

linear peptoids were stored at 4 °C until protecting group removal.
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Purification of Protected Cyclic Peptoid Scaffolds (MacPro): Protected cyclic
peptoid scaffolds were purified to >95% using a preparatory Cig column. Products
detected at 220 nm during a linear gradient of 65-95% aqueous ACN with 0.1% TFA
over 60 minutes at a flow rate of 10 mL/min. Fractions were consolidated, frozen, and
lyophilized. Once dried, purified protected macrocycles were stored at 4°C until

deprotection.

Protecting Group Removal of Cyclic Peptoids: Protecting groups were removed with
a cocktail of 95% TFA, 2.5% TIPS, and 2.5% water. Protected peptoids were
suspended at concentration of 17 mM for 2 hrs. while stirring under inert atmosphere.
Volatile solvents were removed under reduced pressure, and the resulting oil was re-

suspended in ACN/H,0, frozen, and lyophilized, and stored at 4 °C until purification.

Purification of Deprotected Cyclic Peptoid Scaffolds (Mac): Cyclic peptoid scaffolds
were purified to >95% using a preparatory C4g column. Products detected at 220 nm
during a linear gradient of 30-65% aqueous ACN with 0.1% TFA over 60 minutes at a
flow rate of 10 mL/min. Fractions were consolidated, frozen, and lyophilized. Once dried,

purified macrocycles were stored at 4 °C until use.

Preparation of Linear Peptoid Scaffold on Rink Amide Resin: Peptoid oligomers
were synthesized according to a general submonomer approach.’’ Rink Amide Resin,
100 mg (0.074 mmol), was swelled in DMF for 30 minutes before initiating the synthesis.
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Bromoacetylation was carried out by incubating the resin with a bromoacetic acid
solution in DMF (1.2M, 850 uL) and DIC (200 uL) for 20 minutes at room temperature
and an agitation rate of 220 rpm. The resin was washed with 4x 1 mL DMF before
displacement with the desired primary amine (1M in DMF, 1 mL) for 30 minutes at room
temperature and an agitation rate of 220 rpm. This two-step iterative process was
repeated until the desired oligomer chain length and monomer sequence composition
was achieved. N-terminal acetylation was achieved with exposure to a 3:2:1 (viviv)
solution of DMF:DIEA:Acetic Anhydride (2 mL) for 1 hour at room temperature. The
oligomers were cleaved from the resin using a cocktail containing 95% TFA, 2.5% TIPS,
and 2.5% water (4 mL) at room temperature for 2 hours. The solution was removed
under reduced pressure, and the crude peptoid was re-suspended in acetonitrile/water,
frozen, and lyophilized. Once thoroughly dried, crude peptoids were stored at 4°C until

characterization and purification.

Purification of Deprotected Linear Peptoid Scaffold (Lin): Linear peptoid scaffolds
were purified to >95% using a preparatory C4g column. Products detected at 220 nm
during a linear gradient of 20-95% aqueous ACN with 0.1% TFA over 60 minutes at a
flow rate of 10 mL/minFractions were consolidated, frozen, and lyophilized. Once dried,

purified CLPs were stored at 4 °C until use.

Conjugation of Collagen-Like Peptides to Peptoid Macrocycle (CLPs;-Mac): To an
oven-dried roundbottom flask, 70 mg (0.038 mmol) of CLP with 99.8 mg of PyBOP (5

eq., 0.192 mmol) was added. 100 mL Anhydrous DCM was added to the flask with
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66.65 uL DIEA (10 eq., 0.383 mmol) and the solution was stirred for 10 minutes under
inert atmosphere. 10 mg (0.0127 mmol) of Mac was added with 16 uL of TEA (9 eq.
relative to Mac, 0.115 mmol) with stirring. The reaction was allowed to proceed for 72
hours at room temperature under inert atmosphere. The solvent was evaporated under
reduced pressure and the resulting oil suspended in ACN/H,0, frozen, and lyophilized.
Once thoroughly dried, crude CLP3;-Mac was stored at 4°C until characterization and

purification.

Purification of CLP;-Mac: CLP3;-Mac was purified to >95% using a preparatory Cis
column. Products detected at 220 nm during a linear gradient of 20-90% aqueous ACN
with 0.1% TFA over 60 minutes at a flow rate of 5 mL/min. Fractions were consolidated,

frozen, and lyophilized. Once dried, purified CLPs were stored at 4 °C until use.

Circular Dichroism Measurements of CLP3-Mac, CLPs3-Lin, and CLP;:

Approximately 500 u L solutions of CLP3;-Mac and CLPs3-Lin (0.4 mg/mL in 50 mM

acetic acid) or CLP3 (1.2 mg/mL in 50 mM acetic acid) were prepared from lyophilized
powders immediately before CD measurements. CD scans were performed at 4°C.
Spectra were obtained by scanning the 260 to 190 nm region at a step of 0.5 nm (scan
rate=50 nm/min) and a D.L.T. of 4 seconds in a spectrosil quartz cell (Helma, Inc.)
(pathlength=1 mm). Raw data were processed for publication using Microsoft Excel and

Prism.

75

www.manaraa.com



Thermal Denaturation and Refolding Measurements of CLP3;-Mac, CLP;-Lin, and

CLP3: Approximately 500 u L solutions of CLP3-Mac (1.2 mg/mL in 50 mM acetic acid)

or CLP; (3.6 mg/mL in 50 mM acetic acid) were prepared from lyophilized powders
immediately before thermal denaturation. CD scans were performed monitoring the
signal at 226 nm from 4°C to 90°C and a D.I.T. of 4 seconds in a spectrosil quartz cell
(Helma, Inc.) (pathlength=1 mm). Scans were performed at a step of 0.2°C (scan rate=5
min/1°C). Refolding experiments were conducted immediately after thermal
denaturation with cooling and measurement parameters identical to those used for

heating. Raw data were processed for publication using Microsoft Excel and Prism.

Molecular Modeling of CLP3;-Mac:

A model of Mac (amide-capped) was derived from the crystal structure of the original
peptoid macrocycle.’® by replacing methoxyl groups with formamide. Minimized
structures of Npm and Nae monomers, with capping groups on the termini, were used
for calculation of partial charges by the semi-empirical AM1-BCC method. These
charges were used to apply molecular mechanical parameters to the template molecule
by residue using the GAFF force field, which has been shown to reproduce peptoid
structures accurately.'®® Collagen peptides were parameterized using the AMBER
forcefield ff14SB, and GAFF parameters were used for the amide bond between CLP
and Mac. The geometry was minimized in AMBER using the generalized Born implicit

solvation model.
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Chapter 3

siRNA Transfection with Lipitoids for Scar

Tissue Inhibition

85

www.manharaa.com



3.1 Abstract

Lipitoids are cationic peptidomimetic oligomers conjugated to phosopholipid moieties.
Lipitoids are known to form nanoparticulate complexes with nucleic acids possessing
defined morphology, low cytotoxicity, and broad compatibility across a wide variety of
cell types and have proven useful as transfection reagents. The Branski laboratory and
others have suggested that Smad3 is a principle mediator of the fibrotic phenotype via
its role in transforming growth factor (TGF)-B1 signaling, implicated in vocal fold fibrosis.
Alteration of Smad3 expression through short interfering (si) RNA holds therapeutic
promise, yet delivery of siRNA remains challenging. We hypothesize that lipitoids can
associate with siRNA to enhance stability and cellular uptake and will increase the
efficiency of RNA-based therapeutics. Prior to in vivo use, Lipitoid cytotoxicity was
quantified in vitro compared to commercially available delivery media; Lipitoid did not
confer additional toxicity. The conditions for binding siRNA to Lipitoid for intracellular
delivery were then optimized; 20 minute incubation in 1xPBS resulted in maximal
Smad3 knockdown in vitro. A rabbit model of vocal fold injury was then employed to
evaluate Smad3 knockdown using locally injected Lipitoid-complexed siRNA. Smad3
expression was significantly reduced in injured vocal folds at 4 and 24 hours following
injection. These results are the first to demonstrate targeted, therapeutic gene
knockdown in the vocal folds and the utility of Lipitoid for localized delivery of genetic
material in vivo. The two reagents suppressed Smad3 mRNA for up to 96 hours;
Lipitoid performed favorably and comparably. Both compounds yielded 60-80% mRNA
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knockdown in rat, rabbit, and human vocal fold fibroblasts. Dose and number of
administrations played a significant role in gene suppression. Suppression was more
dose-sensitive with Lipitoid; with constant siRNA concentration, 50% decrease in gene
expression was observed in response to a 5-fold increase in Lipitoid concentration. An
increased number of administrations also enhanced gene suppression; ~45% decrease
between one and four administrations. Neither serum nor media type altered efficiency.
Lipitoid effectively knocked down Smad3 expression across multiple transfection
conditions. The Lipitoid /RNA nanoparticle appears to allow enhanced flexibility with
regard to transfection conditions and warrants further investigation with the ultimate goal

of establishing clinical utility.

3.2 Introduction

siRNA oligonucleotides are a family of small double-stranded RNA molecules
between 20-25 base pairs in length that associate with complementary nucleotides
within target mRNA species, and temporarily attenuate expression of target genes by
triggering sequence-specific degradation of mMRNA and diminished translation.'
(Figure 26) The gene silencing effects of siRNA can modulate a variety of biochemical
pathways and, although transient, the process holds significant therapeutic promise
across disease states. Beginning with the discovery of RNA interference in mammals,*®
interest has evolved regarding the utility of RNA-based therapeutics.®® siRNA has
several ideal characteristics for localized delivery and gene silencing particularly
relevant to laryngeal pathologies; it is temporary, genes are targeted directly, and off-
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target effects are minimized while high concentrations of siRNA can be maintained at
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Figure 26. Representation of short
interfering RNA therapy. Double
stranded RNA is introduced into the
cellular environment where it is
cleaved by Dicer RNase lll, yielding
short nucleotide duplexes of RNA
about 21 base pairs in length. RISC
binding to the siRNA initiates complex
formation and unwinds the siRNA
duplexes. The sense strand is then
degraded while the siRNA-RISC

complex then binds to the target

complementary mRNA strand where it is either immediately broken down or inhibits

translation, also leading to degradation.® (Image on left taken from: Jagtap,et. al 2011)

Although administration of siRNA via peripheral circulation has shown promise

for systemic diseases, such administration may also induce significant gene silencing in

major non-target organs such as the lung, liver, and spleen, resulting in serious

morbidity."'° Furthermore, in vivo, systemic administration of Smad3 siRNA is likely

associated with profound morbidity. Animals deficient in Smad3 develop osteoarthritis
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and humans with Smad3 mutations are at risk for aortic aneurysms and dissections, as
well as skeletal abnormalities.”” Additionally, systemic administration could be limited by
rapid degradation of siRNAs by nucleases prior to uptake at the target organ.?
Confounds of systemic therapy also include the loss of siRNA via urinary output and
insufficient penetration into cells in the absence of liposome transfection or
electroporation. "> '* These factors result in significantly increased costs of systemic
siRNA therapy, as exceedingly high concentrations of siRNA are required.®
Consequently, optimal modalities for direct siRNA treatment and focused delivery are
high priorities for treatment of localized disease. Disease states involving defined
tissues such as the eye, skin, and certain types of tumors are amenable to localized
siRNA treatment. Encouragingly, several current siRNA-based late-stage clinical trials
employ localized delivery strategies.™

The issue of delivery is particularly germane as a recent review reported that
nearly 50% of current, commercially-funded clinical trials employ RNA-based
therapeutics administered without any delivery media, and as such, are referred to as
“naked” delivery of siRNA® which is problematic considering siRNA is vulnerable to
rapid hydrolytic cleavage. In addition, siRNA oligonucleotides are resistant to uptake by
most cells due to the size of the molecules and their anionic charge.*'® However, a
carrier molecule can facilitate movement of siRNA through the cell membrane, thereby
increasing transfection efficiency and reducing the effective concentration of siRNA
required for therapeutic benefit." %> Therefore, the development of novel transfection
reagents to enhance the efficacy of siRNA-based therapeutics has the potential to
directly impact patient care paradigms.
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A working collaboration between our lab and the Branski lab aims to attenutate
scar tissue formation in the vocal folds using siRNA therapeutics. Vocal fold (VF)
fibrosis is among the most challenging laryngeal abnormalities resulting in significant
handicap. In healthy vocal folds, oscillatory symmetry of the pliable epithelium and
superficial lamina propria allows for complementary cycle-to-cycle contact and favorable
voice quality.?® Injury and the subsequent fibroblastic response disrupt this delicate
architecture via activation and proliferation of profibrotic cells, resulting in disruption of
mucosal wave and altered glottic closure.?®?° Due to the difficulties modulating
biochemical processes underlying fibrosis, current therapies for VF scarring primarily
target glottic closure.*®* Smad3 is a contributor to Transforming Growth Factor (TGF)-B
signaling which is fundamental to aberrant wound healing in the vocal folds and other
tissues. The Branski Laboratory and others have implicated transforming growth factor
(TGF)-B1 as a master regulator of fibroplasia via its interactions with fibroblasts to
induce proliferation, migration, adhesion, apoptosis, and extracellular matrix (ECM)
metabolism.?>?%** These fibroplastic activities are largely mediated via Smad3, a
receptor-activated protein. Ligand binding to the receptor phosphorylates Smad3
leading to heterodimerization and nuclear translocation to regulate multiple
transcriptional events. (Figure 27) The Branski laboratory demonstrated Smad3-
dependent regulation of TGF-B1 mediated cellular activities in vocal fold fibroblasts in
vitro.?22%% Globally, we hypothesize that Smad3 is an ideal therapeutic target in vivo,
as modulating this pathway can likely redirect wound healing toward a more
regenerative, less fibrotic phenotype. Given their anatomic location and accessibility,
the VFs are an ideal model for local administration of siRNA to ensure precise targeting
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of Smad3 with minimal off-target toxicity. This approach has not previously been
described in the vocal folds. Recently, our collaboration employed RNA interference

(RNAI) via short interfering RNA (siRNA) to alter Smad3 expression in vitro. 222930

Figure 27. Schematic depicting the
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Figure 28. I'\’c;"pn::;g:tation of lipofection with cationic lipids. First a
nanoparticulate complex is formed between the nucleic acid (pink) and the cationic lipid
(green) by virtue of an electrostatic attraction of the opposing ionic charges of the
transfection reagent and negatively charged phosphate backbone of the nucleotide. The
lipid segments then facilitate passage through the membrane by formation of an

endosome. Once inside the cellular environment, the endosome becomes disrupted,

and the genetic material is released into the cytoplasm.

Cationic lipids are attractive delivery molecules for nucleic acids as they undergo
electrostatic association with polyanionic siRNA oligonucleotides and facilitate
compatibility with the membrane lipid bilayer, enhancing cellular uptake, due to their
amphiphilic character.?>?° This process is similar to lipofection by virtue of a facilitated
nucleic acid transport across the hydrophobic cell membrane as part of a
nanoparticulate complex. (Figure 28) Lipofectamine®, a popular in vitro transfection

reagent composed of cationic lipid subunits, similarly delivers siRNA via liposome
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formation resulting in lipid compatibility of the sequestered nucleic acids for delivery
across the cell membrane.®*%¢ Yet, these carrier molecules are limited to a few
commercial reagents, which may have limited clinical utility due to cytotoxicity and an
undetermined capacity to effectively deliver siRNA in vivo.°

To address these issues, our group exploited a class of peptidomimetic
oligomers called peptoids. Sequence-specific peptoids displaying cationic side chain
groups and conjugated to a phospholipid tail with hydrophobic compatibility are referred
to as lipitoids.®’ Lipitoids were initially developed for intracellular plasmid DNA delivery
as an alternative to both potentially infectious, yet effective, methods of DNA delivery

15,37

through viral encapsulation along with non-viral DNA delivery vehicles that are

typically associated with high cellular toxicity and/or low transfection efficiency.*®: 3442

Early reports identified a peptoid sequence (subsequently referred to as Lipitoid;

Figure 29) with particularly favorable properties including transfection efficiency,

resistance to proteolytic degradation, and limited cytotoxicity. *#44°
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Figure 29. Structure of the Lipitoid oliogmer.
Lipitoid features trimeric repeats of cationic and aromatic side chain groups
connected to a phosphotidyl moiety presenting mirystic acyl C14 chains, all of which

enhance interactions with nucleic acids, facilitate intercellular uptake, and reduce non-
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specific cell adhesion. In contrast to Lipofectamine®, Lipitoid appears to avoid formation
of a liposome to encapsulate oligonucleotide cargo to provide more effective siRNA
delivery.*' Recently, critical parameters impacting the size and morphology of the siRNA
nanometer-scale complexes have been determined for optimal transfection mediated by
Lipitoid. *' Lipitoid has been successfully used as a transfection reagent for both
plasmid DNA and siRNA, across many types of mammalian cell lines including those
that have proven to be refractory to traditional transfection methods.*

Ultimately, we seek to effectuate siRNA-based therapies, targeting Smad3 in vivo
to alter wound healing in the upper aerodigestive tract. In these studies, we sought to
provide pre-clinical data regarding the effectiveness of Lipitoid both in vitro and in vivo.
Efforts from the Branski laboratory recently described Smad3 as a key biochemical
switch underlying the fibrotic phenotype and an ideal target for siRNA-based
therapeutics.?*°

Cytotoxicity of Lipitoid, as well as the optimal conditions for siRNA-lipitoid
binding, were established in vitro. The in vivo effects of lipitoid-bound siRNA on Smad3
mMRNA expression were then quantified in a rabbit model of vocal fold injury. This is the
first reported case of utilizing lipitoids as a transfection reagent for in vivo studies. In
addition, a library of 8 other lipitoid variations was generated and tested, in vitro.

Ultimately, we seek to identify optimized lipitoid sequences that will lead to

physiologically-targeted therapeutics for the millions of patients with voice disorders.
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Nanoparticle Delivery of RNA-based Therapeutics to Alter Local Vocal Fold
Tissue Response to Injury

The treatment of vocal fold fibrosis remains a substantial problem in clinical
laryngology. A promising step towards meeting this challenge is the in vivo modulation
of biological pathways underlying the fibrotic phenotype during wound healing.
Suppression of Smad3 has been previously shown to reduce fibrotic activities in vitro, °
and, in vivo, Smad3 deficient mice are resistant to bleomycin-induced pulmonary
fibrosis, carbon tetrachloride-induced hepatic fibrosis, and glomerular fibrosis.***
Downregulation of Smad3 expression is thought to blunt the TGF-B1-mediated
fibroplastic response in fibroblasts and interrupt TGF-f1 signaling in inflammatory cells
within the wound milieu.*® Smad3 was recently silenced in murine skin using a topical
gel, resulting in resistance to radiation-induced cutaneous fibrosis.*® Cumulatively,
therapeutic manipulation of Smada3 likely holds great potential for redirecting wound
healing towards a regenerative outcome. In spite of the prevalence of voice disorders
and relatively direct access to the vocal folds, the current study is the first to describe
manipulation of local gene expression in the vocal folds.

Over 50 ongoing clinical trials utilizing RNA-based therapeutics were identified in
a 2012 review,® many of which employed “naked” delivery of siRNA. These trials are
limited by both the inefficiency of gene silencing and the necessity to administer
elevated quantities of the therapeutic agents.>*' Motivated by the goal of in vivo siRNA
utility to effectuate biologically targeted therapies, our laboratory previously performed a
preliminary in vitro investigation regarding a relatively novel lipitoid/siRNA

nanoparticle.?” Data from the current investigation demonstrated limited cytotoxicity of
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this nanoparticle in vitro, optimized lipitoid-siRNA binding conditions, and successful

knockdown of Smad3 in vivo via lipitoid-complexed siRNA.

3.3 Results and Discussion

In Vitro

Lipitoid Synthesis and Purification. Lipitoid was synthesized on solid support using
a modified submonomer synthesis approach. (Figure 30) This synthesis protocol entails
an iteration of sequential haloacetylation and nucleophilic displacement by various
primary amines on solid support. Once the desired peptoid sequence was obtained,
bromoacetylated peptoids were exposed to a 0.2 M lipophosphoethanolamine solution
prepared in 15% methanol/chlorobenzene. Insoluble in DMF, these highly hydrophobic
species necessitated this specialized solvent mixture as previously described in the
Iiterature,37 and were barely soluble at even 0.2 M, five times lower than the normal
concentration for primary amine solutions in peptoid synthesis. This displacement was
allow to progress for roughly 16 hours at 37°C, yet these authors also cite a lower yield

of lipid containing peptoid due to this solvent incompatibility.>"
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Figure 30. Solid phase synthesis of Lipitoid. First sequential haloacylation then
displacement of the primary halide with a primary amine synthon creates the poly amide
oliogomer, and a final displacement with a lipophosphoethanolamine species will afford

the lipidated peptoid product.

We were able to make improvements to the purity of the crude compounds by
modifying the phosopholipid addition conditions further. Anecdotal accounts cite the
plastic syringe reaction vessel decomposing once exposed to the solvent and
temperature conditions during the addition of the lipophosphoethanolamine.
Considering this information, we decided to transfer the resin from the syringe to a glass
scintillation vial prior to introduction of the lipophosphoethanolamine, and were

rewarded with an outstanding level of purity from the crude sample compared to those
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prepared in the plastic syringes. (Figure 31).

mAU A

A f\ \
400 " L /\/\N /\w "‘ \
/ \ \
200 . / / / \ | \
o] /J'V\__ R ‘/\’_ / k»ﬁ Y, \_\»
10 2 30

min|

mAU 7 B

6?]3 E ﬂ
5003 } \
400

300 ~ ’{ \
200 J \

100
0.% e e — N - -——‘) \'\4’\. —

_ ]

]
10 15 20 25 30

— T T T

—
35

o
40 min

Figure 31. Comparison of crude Lipitoid purity when changing the reaction

vessel during the lipid addition from plastic syringe (A) to glass scintillation vial

(B). It should be noted that the analytical RP-HPLC analysis could not be

performed using the same column in both experiments, therefore retention time

of Lipitoid changes from 35 minutes (A) to 26 minutes (B).

Cell Proliferation and Viability. In vitro, lipitoid had no deleterious effect on metabolic

activity, in either primary rabbit vocal fold fibroblasts (RVFF) or in immortalized human

vocal fold fibroblasts (HVOX) relative to Lipofectamine (Invitrogen), as confirmed via

MTS and Dead Live assay. Although both transfection reagents were associated with

some toxicity, no statistically significant differences were noted between compounds for

either cell type.
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Figure 32. Cell viability as a function of Lipofectamine and lipitoid concentration in
human vocal fold fibroblast(A) and rabbit vocal fold fibroblast (B). Results of Dead-Live
assay displaying the percentage of live human vocal fold fibroblasts when treated with
Lipofectamine and Lipitoid relative to control (C); EPI stain of the cells used in the
Dead-Live assay. Cells stained/imaged/depicted in green are alive (D); cells

stained/imaged/depicted in red are dead (E). All data shown as percent control; *p<0.05.

In human immortalized fibroblasts (Figure 32 A) 5mg/uL and 10mg/uL of
Lipofectamine (Invitrogen) resulted in cell viability of 80% and 69% relative to the control
group, respectively. This dose effect was not present in response to lipitoid; cell
viabilities of 69% and 67% were observed at 5mg/uL and 10mg/uL, respectively. In
addition, this dose response was not observed in primary RVFFs treated with

Lipofectamine (Invitrogen); 78% and 76% at 5mg/uL and 10mg/uL, respectively (Figure
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32 B).

RVFFs treated with lipitoid also resulted in minimal difference between doses;
66% and 64% at 5mg/uL and 10mg/uL, respectively. To further quantify cytotoxicity in
human vocal fold fibroblasts, Dead/Live data were standardized as a percentage of
control cell survival (Figure 32 C-E). A significant dose response (p=0.0398) as noted
with Lipofectamine (Invitrogen); percent alive was 86% and 69% at 5mg/uL and
10mg/uL, respectively. Lipitoid treatment resulted in survival rates of 82% and 74% for
5mg/uL and 10mg/ulL, respectively, lacking a significant dose response (p = 0.4430). No
significant differences in cell survival were noted between lipitoid and Lipofectamine
(Invitrogen) across concentrations.
Transfection Conditions. Relevant to the clinical application of lipitoid, optimal
incubation times were sought to ensure desirable nanoparticle formation and
morphology, and, by extension, effective gene silencing in vivo. Determination of these
variables is critical for the eventual progression to clinical application. Smad3
knockdown as a function of media was quantified using RT-PCR. Relatively brief

incubation (e.g., 20 minutes) in PBS yielded significant Smad3 knockdown in vitro.
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Figure 33. Percentage of Smad3 expression after siRNA transfection with Lipitoid as a

function of media choice (A) and incubation time (B).*p<0.05 relative to non-transfected control,

#p<0.05 relative to H20.

Twenty minute incubation in H,O, deionized H,O (dH,0), Opti-MEM, 10x PBS,
and 1x PBS yielded RQ values of 0.40, 0.24, 0.16, 0.16, and 0.14, respectively (Figure
33 A). Transfection with 1xPBS resulted in the greatest Smad3 knockdown; this
difference (as for all of the experimental solutions tested) was significant relative to H,O
(p<0.0001 for each). However, differences between 1xPBS and dH,0, Opti-MEM, and
10x PBS did not reach statistical significance. The influence of siRNA + lipitoid
incubation time was then explored. Incubation times of 20 minutes, 2 hours, and 24
hours resulted in RQ values of 0.36, 0.45, and 0.52, respectively, compared to the
control sample (p<0.0001 for all incubation times compared to control; Figure 33 B).
However, no significant differences between incubation times were noted (p=0.1253 for
20 minutes compared to 24 hours). Thus, these conditions, 20 minute incubation in PBS

buffer, were employed in the in vivo component of the current study.
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In Vivo Lipitoid-complexed siRNA suppressed Smad3 gene expression after vocal
fold injury. An established rabbit model of vocal fold injury was employed to investigate
the Smad3 knockdown efficacy of injection of Lipitoid-complexed siRNA. We estimated
the size of the rabbit vocal folds to be between 1 and 10 g, and therefore, we
administered a dose 0.1 mg/kg based on previous in vivo experimentation with siRNA
delivery in murine models.*? 0.05 nmol of Smad3 siRNA was prepared in PBS buffer to
a total of 10 uL, and combined with 10 uL of a 42 molar excess of lipitoid solution to a
total volume of 20 uL. The large molar excess of lipitoid to siRNA is to ensure a (+/-)
charge ratio of 3:1 as directed by previous studies for optimal nanparticle size and
morphology during complex formation.*'siRNA and Lipitoid were incubated for 20

minutes and then administered immediately to the animal models.
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Figure 34. Expression of Smad3 mRNA at 4 and 24 hours after injection of Lipitoid-
siRNA complex (Smad3) (n=5; p=0.035 at 4 hours and p=0.034 at 24 hours) in the left
vocal fold (uninjured, Lt) and the right vocal fold (injured, Rt) compared to the control,
and an injection without Smad3 siRNA. Smad3 expression was standardized to GAPDH

and presented as fold change relative to control (mean +/-SEM).

Seven days following injury to the vocal folds, animals underwent cricothyroid
approach to injection of Smad3 siRNA complexed with lipitoid under endoscopic
guidance. This time point was selected because as previous work from the Branski
laboratory showed peak Smad3 mRNA expression seven days following vocal fold
injury in a similar model.*>** As shown in Figure 34, Lipitoid-mediated delivery of

Smad3 siRNA in a leporine model of vocal fold injury was effective, and expression of
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Smad3 mRNA increased significantly in response to injury. Smad3 expression was
significantly reduced in injured vocal folds following injection of lipitoid+Smad3 siRNA at
both 4 and 24 hours post injection (p=0.035 and 0.034, respectively) relative to the
control and injection without Smad3 siRNA. Qualitative suppression of Smad3
expression was also observed in the uninjured vocal folds at both time points following
lipitoid+Smad3 siRNA injection; this difference was not significant. Although functional
outcomes following such genetic manipulation remain to be examined, we hypothesize
that suppression of Smad3 using siRNA-lipitoid complex, even for a brief interval, likely
holds immense therapeutic potential with minimal toxicity. These preliminary
experiments support the therapeutic potential of lipitoid-complexed Smad3 siRNAas a
powerful modifier of the wound healing response in the vocal folds.

3.3 Summary and Outlook

The current study is the first successful manipulation of local gene expression in the
vocal folds and the first reported incidence of a peptoid-based transfection reagent used
for in vivo experimentation, both of which provide foundational data for the further in
vivo investigation. Admittedly, the current study is not without limitations. Most notably,
the physiologic and functional sequelae of Smad3 suppression following injury were not
examined. Optimal dosing, timing, and frequency of siRNA administration were also not
explored; these issues are critical to the eventual clinical utility of this treatment modality.
Although the current data show that lipitoid has comparable or a modest enhancement
of transfection efficacy compared to Lipofectamine, improvements to oligomer can be
readily implemented to tailor the nanoparticle complex for compatibility with tissue type,
delivery method, and siRNA sequence.***® Efficient modular synthesis of lipitoids as
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oligomeric species allows the physicochemical properties of the transfection reagents to
be tailored to meet these objectives through the selection of varying side chain chemical
groups from the hundreds of commercially available primary amine synthons compatible
with peptoid synthesis. Finally, these experiments examined a model of early wound
healing, despite established fibrosis of the vocal folds leading to the most morbidity
among patients. Nevertheless, the data presented here represent substantial progress
towards the development of effective therapeutics to direct wound healing following

vocal fold injury toward a less fibrotic, more regenerative outcome.
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3.4 Experimental Procedures

Lipitoid Synthesis and Characterization

Materials:

Synthesis of the peptoid and peptide oligomers was initiated on Rink Amide resin (Nova
Biochem, 100-200 mesh, loading: 0.74 mmol/gram). Bromoacetic acid (97%) was
supplied by Sigma-Aldrich. Trifluoroacetic Acid, TFA, (99%), N,N-Dimethylformamide,
DMF, (anhydrous and amine free, 99.9%) and N,N’ diisopropylcarbodiimide, DIC, (99%)
were supplied by Alpha Aesar. 2-(4-methoxyphenyl)ethylamine and mono-t-BOC
ethylenediamine were purchased from Sigma Aldrich. Lipids were purchased from
either Avanti Polar Lipids (Avanti Polar Lipids, Inc.) or Sigma Aldrich. Other reagents
and solvents were obtained from commercial sources and used without additional
purification.

Lipitoid Synthesis. Synthesis of the Lipitoid was conducted on solid phase according to
previously described procedures according to a modified submonomer synthesis
approach® and purified via high-performance liquid chromatography. Rink Amide Resin,
100 mg (0.074 mmol), was swelled in DMF for 30 minutes before initiating the synthesis.
Bromoacetylation was carried out by incubating the resin with a bromoacetic acid
solution in DMF (1.2M, 850 uL) and DIC (200 uL) for 20 minutes at room temperature
and an agitation rate of 220 rpm. The resin was washed with 4x 1 mL DMF before
displacement with the desired primary amine (1M in DMF) for 30 minutes at room
temperature and an agitation rate of 220 rom. The resin was washed with 5x 1 mL DMF.
This two-step iterative process was repeated until the desired oligomer chain length and

monomer sequence composition was achieved before the addition of the
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lipophosphotidylethylamine. Prior to lipid addition, the peptoid sequence was
bromoacetylated once more, and the resin washed and transferred to a glass
scintillation vial. A 0.2M solution of dimyristoyl phosphatidyl-ethanolamine was prepared
in 15% methanol/chlorobenzene and to it was added 0.95 eq. of 11M KOH. The solution
was centrifuged, and the supernatant removed and to the scintillation vial containing the
resin. Resins were exposed to the lipid solution for roughly 16 hours while shaking at
37°C. The resins were then washed copiously with 15% methanol/chorobenzene and
after with 5 x 1mL DMF and 5 x 1mL DCM. The Lipitoid was cleaved from the resin
using a cocktail containing 95% TFA, 2.5% TIPS, and 2.5% water (4 mL) at room
temperature for 10 minutes. The solution was removed under reduced pressure, and
the crude peptoid was re-suspended in acetonitrile/water, frozen, and lyophilized. Once
thoroughly dried, crude Lipitoid was stored at 4°C until characterization and purification.
Characterization and Purification of Lipitoid. Lyophilized powders were suspended in a
solution of aqueous acetonitrile then analyzed by MALDI-TOF/TOF and analytical RP-
HPLC. Lipitoid was purified to >95% using a preparatory C4 column. HPLC was on a
Waters 2489 instrument using a Phenomenx Jupiter C4 column (Phenomenex, 15 um,
300 Angstroms, 10x250 mm). Lipitoid was detected at 220 nm during a linear gradient
of 15-45% aqueous ACN with 0.1% TFA over 60 minutes at a flow rate of 5 mL/min.
Fractions were consolidated, frozen, and lyophilized. Once dried, purified Lipitoid was
stored at 4°C until analysis and in vitro and in vivo testing.

Purity was assessed by reverse-phase HPLC (DeltaPak analytical C4 column, Waters, 5
um, 300 Angstroms, 3.9x150 mm) on an Agilent 1260 Infinity LC system. A linear

gradient of 20-80% acetonitrile in water (0.1% TFA) over 40 min. was used at a flow
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rate of 500 uL /min. Mass spectrometry was performed on an Agilent 1100 series
LCMSD VL MS spectrometer or a Bruker Maldi-TOF TOF UltrafleXtreme MS
Spectrophotomer using a saturated solution of a-Cyano-4-hydroxycinnamic acid
prepared in 70% ACN(aq) with 0.1% TFA
In Vitro
Cell Lines. An immortalized human vocal fold fibroblast cell line (HVOX) developed in
our laboratory was employed.® In addition, primary rabbit vocal fold fibroblasts (RVFF)
were provided from the Rousseau Laboratory at the Vanderbilt University School of
Medicine.
Cell Proliferation and Viability. HYOX and RVFF were grown in 96-well plates using
Dulbecco’s Modified Eagle Serum (DMEM,; Life Technologies, Carlsbad, CA) with 10%
Fetal Bovine Serum (FBS) (Life Technologies) and 1% antibiotic/antimycotic (Life
Technologies). Both cell lines were then treated with the experimental concentration of
lipitoid or Lipofectamine. (Invitrogen Thermo Fisher Scientific, Waltham. MA) for 24
hours in antibiotic free media. The media was aspirated and the cells were treated with
100uL of complete media and 20ul of CellTiter 96. Aqueous One (Promega, Fitchburg,
WI) solution for 2 hours. Absorption was quantified at 490nm.
Dead-Live Assay. HVOX grown to confluence in a six well plate were treated with
lipitoid or Lipofectamine. (Invitrogen) in DMEM with 10% FBS for 24 hours. Cells were
then harvested and labeled employing the LIVE/DEAD. Cell-Mediated Cytotoxicity Kit
(Molecular Probes., Thermo Fisher Scientific, Waltham, MA) following standard
protocols. Cell images were analyzed and counted using a Nikon TIRF/Epi-Fluorescent
Microscope (Nikon, Tokyo, Japan).
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Transfection/Incubation times. HVOX were grown to 80% confluency and 5 uM of
siRNA was combined with 1.07mg/mL of lipitoid in 500uL of Opti-MEM (Life
Technologies, Carlsbad CA). This solution was incubated at room temperature for 20
minutes, 2 hours, and 24 hours, respectively, for each sample. The solution was then
added to cells with 1.5mL DMEM and 10% FBS. After 24 hours, mRNA was extracted
and subjected to quantitative polymerase chain reaction.

Transfection/Incubation solutions. HYOX were grown in a 6-well plate until 80%
confluency and 5nM of siRNA was combined with 1.07mg/mL of lipitoid in 500mL H,O,
deionized H,0, 1x Phosphate Buffer Saline (PBS), 10x PBS, or Opti-MEM. This solution
was incubated for 20 minutes and added to the cells with 1.5mL DMEM and 10% FBS.
After 24 hours, mRNA was extracted and subjected to quantitative polymerase chain
reaction.

Quantitative Polymerase Chain Reaction. mMRNA was harvested employing the Qiagen
RNeasy Kit (Qiagen, Valencia, CA) according to manufacturer’s protocols and
quantified with the NanoDrop 2000 UV-Vis Spectrometer (Thermo Scientific, Wilmington,
DE). The Tagman High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Grand Island, NY) was used to perform quantitative reverse transcriptase-polymerase
chain reaction (RT-PCR). Gene sequences for Smad3 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were obtained in the form of Tagman gene expression
assays (Applied Biosystems). Quantitative RTPCR was performed on the Applied
Biosystems StepOne Plus Real-Time PCR System following manufacturer’s protocols.
The AACt method was used with normalization via GAPDH.

Statistical analysis. All in vitro experiments were performed in triplicate at minimum.
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One-way analysis of variance (ANOVA) was employed. If the main effect was significant
at p<0.05, post hoc comparisons were performed via the Scheff. method using StatView
5.0 (SAS Institute, Berkeley, CA). Data are expressed as mean = standard error.

In Vivo

Vocal Fold Injury. All procedures were approved the by Institutional Animal Care and
Use Committee at the New York University School of Medicine. Thirty adult, 2-3kg New
Zealand white rabbits were randomly assigned to 1) no injection (control), 2) lipitoid +
nonsense siRNA, and 3) lipitoid + Smad3 siRNA (n=10 in each group). Each group was
further categorized according to time of sacrifice: 4 hours and 24 hours after injection
(each n=5). All animals received intravenous injection of ketamine (70mg/body) and
xylazine (2mg/body) for induction of anesthesia. Inspired isoflurane was added for
paralytic maintenance. The animals were placed supine on an operating table and the
larynx was visualized via a slotted laryngoscope (Size 1; Karl Storz, Flanders, NJ).
Under the guidance of 2.7mm, 0° or 30° telescope (Karl Storz), the vocal folds were
injured unilaterally by separating the lamina propria from the thyroarythenoid muscle via
insertion of a 22-gauge needle at the lateral portion of right vocal fold, followed by
removal of the lamina propria with microscissors and microforceps.

Transfection Solutions. 10uL of 5 uM Smad3 siRNA was complexed with 10 pl

of 210 uM Lipitoid diluted in deionized water/1x PBS buffer by adding the siRNA to

the lipitoid solution and allowed to stand for 20 minutes at room temperature to form
nanoparticles of optimal dimension.*® siRNA Lipitoid complexes were formed at an
approximate Lipitoid to siRNA molar ratio of approximately 42:1, establishing a

positive/negative charge ratio of 3:1. Nonsense siRNA solution was prepared similarly,
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according to the manufacturer’s protocol.

Vocal Fold Injection. Seven days after injury, animals underwent anesthesia and
laryngeal visualization as described above. The cricothyroid approach was then
employed to inject 20 ul of 0.1mg/kg administered dose of nonsense siRNA or Smad3
siRNA complexed with lipitoid into the subepithelial layer of the scarred right lamina
propria using a microinjection system (Hamilton Company, Reno, NV) with a 27-gauge
needle. The location of the injection site was confirmed visually via marked distention of
the vocal fold mucosa. At 4 or 24 hours following injection, animals were sacrificed and
the larynges were harvested and immersed in RNAlater RNA Stabilization Regent
(Qiagen Inc., Valencia, CA) and stored at -80°C until analysis.

Quantitative Real-Time Polymerase Chain Reaction. The bilateral vocal folds were
dissected under magnification. mMRNA extraction, quantification of mMRNA, and RT-PCR
were performed as previously described. Expression was presented as fold change
compared to the left (uninjured) vocal fold in the control cohort. The uninjured, left vocal
fold served as an internal control.

Statistical Analyses. Two-way ANOVA followed by the Scheff. post hoc test was
employed to investigate differences in gene expression at each time point. When
interactions were present between treatment and time point, a one-way factorial
ANOVA followed by the Scheff. post hoc test were performed. Statistical significance

was defined as p<0.05. All data are expressed as means =+ standard error.
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Chapter 4

Rapid Identification of Metal-Binding
Peptoid Oligomers by X-ray Fluorescence

Screening
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4.1 Abstract

N-substituted glycine peptoid oligomers have recently attracted attention for their metal
binding capabilities. Due to their efficient synthesis on solid phase, peptoids are well
suited for generation of compound libraries, followed by screening for molecular
recognition and other diverse functional attributes. Ideally, peptoids could be
simultaneously screened for binding to a number of metal species. Here, we
demonstrate the use of bench-top X-ray fluorescence instrumentation to screen rapidly,
on solid support, a library of peptoid oligomers incorporating metal-binding moieties. A
subset of the peptoid sequences exhibited significant metal binding capabilities,
including a peptoid pentamer and a nonamer that were shown to selectively bind nickel.
The binding capabilities were validated by colorimetric assay and by depletion of Ni**
ion concentration from solution, establishing bench-top X-ray fluorescence as a rapid,
practicable high-throughput screening technique for peptoid oligomers. This protocol will

facilitate discovery of metallopeptoids with unique materials properties.

4.2 Introduction

Metallopeptides: Abundance, Importance, Function, and Application

Natural proteins spontaneously undergo extraordinarily complex and precise folding
processes to carry out sophisticated biological functions. This folding is dictated partly
by hydrogen bonding interactions formed by secondary amide groups in the protein
polymer backbone. Chemical and biological activities are typically established by a
range of functional groups comprised within the twenty canonical amino acid side
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chains (Figure 35). Nevertheless, this set of functional groups is limited, requiring many

proteins to incorporate post-translational modifications or prosthetic groups to carry out

their functions. It has been estimated that over half of all proteins are metalloproteins,

and one-third of all proteins that have been characterized by X-ray crystallography

contain a metal species.’?
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Figure 35. Backbone structure of a natural peptide. Comprised of repeating amide

linkages and 20 unique side chain groups at the alpha carbon (“R”), the protein

backbone includes both a hydrogen bond donor nitrogen, blue, and a hydrogen bond

acceptor carbonyl oxygen, red. (Left). Structures of the 20 proteinogenic amino acid

side chain groups. (Right).

Thus, metal species have been proven to be critical to catalytic, regulatory,

transportation and storage functions of proteins. Once sequestered or complexed by

proteins, metal ions have been associated with the functions of a variety of

metalloproteins and enzymes.>* The influence of the metal ion can readily be
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appreciated in non-enzymatic metalloproteins. For example, the transcription factor
TFIIIA is comprised of a zinc finger motif that stabilizes the protein’s secondary structure
to enable binding interactions with DNA, activating transcription growth factors and
influencing cell generation and maturation. Additionally, when complexed to zinc, the
protein is resistant to trypsin digestion (Figure 36).>°

More elaborate architectures and functions can be observed in metallo-enzymes.
Metallo-enzyme active sites are often comprised of both endogenous (His, Asp, Ser,
etc.) and exogenous (water, nitric oxide, hydroxide, porphyrins etc.) ligands to access
solutions to difficult biological transformations.! Catalase, a tetramer housing four
porphyrin heme groups, catalyzes the degradation of hydrogen peroxide to water and
oxygen. It boasts one of the highest known turnover numbers, converting 40 million
molecules of hydrogen peroxide per second.” Another exemplary metalloenzyme is
carboxypeptidase A, utilizing a Zn critical cofactor in its active site. This metalloenzyme
catalyzes protein hydrolysis at the C terminus. In the absence of enzyme, the
background reaction rate has a half-life of more than seven years under ambient
conditions. Once catalyzed in the presence of carboxypeptidase A, the hydrolysis

transpires with rate increased by a factor in excess of 10'".2
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Figure 36. Cartoon depiction of a zinc finger protein showing Cys;His; ligand field
(Left). Representation of the folding pattern created by repeating zinc finger units. Gray

dots signify amino acids that bind DNA (Right).”

Metal complexes have also been shown to critically assist in wound healing and
collagen synthesis mechanisms. Divalent zinc participates in the cellular and wound
repair processes by acting as an essential cofactor for cellular mitosis, migration, and
maturation. Zinc binding proteins, such as metallothionins, which act as sequestration
units for zinc, modulate the efficiency of many biomolecular and chemical events during
the wound healing process, and upregulation of such metalloproteins to deliver these
ions to the wound site often accelerates healing times.® Another relevant class of
wound-healing biomolecules are matrix metalloproteinases (MMPs), which require a
tightly bound zinc in its catalytic domain for function. MMPs are capable of degrading
various Extra-Cellular Matrix constituents. During wound healing, MMPs are active in
debriding and chemotaxis and also the remodeling stage, breaking down misaligned
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and fibrous masses of collagenous scar tissue.>'! In addition to collagen degradation,
collagen biosynthesis also relies on the chelation of a metal ion. The collagen-
crosslinking activity of lysyl oxidase, a copper metalloenzyme, is responsible for the
oxidation of lysine from the primary amine to the aldehyde functionality, enabling the
creation of a covalent bridge between the fibrils and supporting fiber formation. '

An array of chemical tools are now being pursued to craft elaborate synthetic
macromolecules incorporating metal ions and to study their functions.’®'* Relevant to
wound healing, metal-assisted collagen-like peptide assemblies can be crafted into
hydrogels and other unique architectures for novel dressing materials.'>'® Bio-based
hydrogels have also benefitted from the addition of metal ions to control assembly, and
have enriched these materials with additional wound healing benefits."”'® Ni®*
coordination to metal binding centers incorporated into collagen-like sequences induced
gelation of the peptides. Such Collagen-Like Peptides were charged with growth factor
payloads and have been exploited to enhance cell proliferation and influence cell
morphology in a time-controlled manner.™

Additionally, singular metal ions have been demonstrated to improve wound
healing outcomes. Endogenous zinc, for example, is a essential cofactor for enzymes
critical to the body’s natural healing process, and there is an extensive history in the
pharmacopeia for zinc as a antimicrobial species.'®?'?* Formulations containing Zn**
improve wound healing outcomes when applied topically.?>*® Nanoparticulate silver ions
have a heavily documented use as non-toxic antibacterial agents,? and recent
preparations of bioploymer wound dressings exploit this quality. While the silver ions do
not engender dressings with additional structural stability, their presence reduces
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microbial infection. Additionally they have been shown to increase antioxidant activity,
and elastase, matrix metalloprotease (MMP), and pro-inflammatory cytokine binding
affinity relative to dressing preparations containing only native sodium and calcium
ions.?® A 2009 study using cellulose-based dressings incorporating Ag* was effective
against Candida albicans, Micrococcus luteu, Pseudomonas putida, and Escherichia
coli. Inhibition of all microbial growth above 0.0035 Ag w/v % was reported, a
concentration which exhibited no cytotoxicity in human fibroblasts.?’

Simple peptide complexes, such as the copper chelated tri-peptide sequence Cu-
GHK, have been extensively used in the cosmetics community for anti-aging
formulations since its discovery and characterization in the 1970’s. There are currently
more than a dozen companies worldwide with at least 40 products featuring copper-
tripeptide complexes as their main performance ingredient.?® Cu-GHK is cleaved from
the damaged tissue by proteolysis at the time of injury, stimulating cellular regulatory
compounds, thus healing skin and injured issues.? Its proficiency in clinical trials as an
active peptide complex in cosmetic preparations of foundations, concealers, and
creams, reflect its biological function. Common among all trials using Cu-GHK as a skin
conditioning agent to treat photo damage, pigmentation, and general aging
appearances, improvements in skin elasticity and clarity within 1-2 weeks of treatment
were visible.*® Consistent treatment over several months resulted in increased skin
density and thickness, reduction of fine lines and deeper wrinkles, and evened balanced
tone. **3'In clinical trials, 70% of subjects exhibited increased procollagen synthesis
after one month of topical application.*® While the justification for research into metal
chelating materials exists and lies in the obvious potential to affect both wound healing
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outcomes and more cosmetic concerns, the analysis and discovery of these valuable

complexes remains challenging and expensive.***

High Throughput Screening of Peptides and Peptoids

Researchers are now beginning to create synthetic molecules that can mimic protein
structure and function, and have developed an array of chemical tools to craft elaborate
macromolecules and study their functions. Foldamers, including both synthetic and
semi-synthetic oligomers, were initially evaluated as part of a broad effort to understand
the fundamental requirements for biopolymer folding and function.** However, by
extension, the exploration of new folding properties and well-defined structures is
leading to novel molecular constructs for applications in materials and biomedical
sciences.***’

The precise display of chemical functional groups along the oligomer backbone can
influence the crystallization outcome of inorganic species and can also be used to
establish selective catalysis.*” Cyclic peptoids with associated sodium ions were used
as a phase transfer catalyst for Sy2 reactions between NaSCN or KSCN with p-
nitrobenzyl bromide in a methylene chloride/water mixture.*®

The coordination of metal species to an oligomer framework, as demonstrated with

3947 1t has been

peptides, may confer alternative structures with additional functions.
established that the secondary structure of peptoids can be induced and modulated
upon metal binding.>**! Increases in the polyproline | helical character of two peptoid
oliogmers once bound to divalent Cu or Co was reported in 2009 by Maayan and

colleagues. (Figure 37).*° Maayan’s contributions to the study of metallopeptoids
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continue to advance the field, discovering new peptide mimics and examining the
relationship between such biomimetic oligomers and metal ions and metal

nanoparticles.*’**%®
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Figure 37. Circular dichroism monitors peptoid-metal binding to Cu and Co in solution.
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Peptoid hexamer H26 bearing quinoline-type binding ligands induce conformational
ordering upon complexation with Cu or Co (Left). CD spectra demonstrate enhanced

PPI helicity upon metal binding (Right).*

Zuckermann also explored the formation of peptoid helix bundles through
coordination of Zn?" to imidazole and thiol sidechains.*’ Moreover, work from the Izzo
group has been devoted entirely to the construction of cyclic peptoids and metal binding.

Notably, they reported an X-ray crystal structure of a supramolecular assembly of
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proline-substituted cyclic hexamers assembled through Na* coordination. (Figure 38).%

O/

Figure 38. X-ray crystallography of peptoid-metal association. X-ray crystal structure of
a proline-substituted cyclic hexamer forming a large supramolecular assembly upon
exposure to Na*. Pink spheres represent Na*, red represents oxygen, and yellow and

blue signify the counter ion PFg™". *°

More recently, a conformationally ordered peptoid macrocycle was shown to
coordinate Gd**, establishing favorable magnetic resonance relaxometric properties.*?
Additionally, sulfhydryl-rich peptoids can be applied to address pollution and wastewater
concerns through selective depletion of chromium (VI) from environmental aqueous
solution. (Figure 39).*° Application of similar screening approaches from the Francis lab
have discovered peptoid sequences which can remove toxic uranyl, mecury, and

cadmium ions as well.*°
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Figure 39. ICP-MS analysis of chromium sequestration by peptoid oligomers. Data from
the Francis group demonstrating the ability of resin-bound Sequence 10 (Left) to
deplete aqueous solutions of Cr from a variety of environmental sources (Right). SS
indicates the starting solution, NR indicates a solution that was not exposed to any
resins or chemical agents, D indicates solution exposure to Dowex ionic exchange
resin, S10 indicates solution exposure to Sequence 10 resin beads, and 1PEG

indicates solution exposure to a PEG-functionalized resin. *°

Given their simple, modular synthesis, range of chemical diversity that can be
appended to the backbone, and stability towards most chemical transformations,
peptoids are optimal candidates for high throughput screening. Created initially in the
late 1980’s to address challenges in small molecule library synthesis for drug discovery,
peptoids have excelled in the area of large combinatorial library generation and high

throughput screening.**? In 1994, the Zuckermann group reported peptoid trimers that
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antagonize protein receptors, which were among the first reports to screen large
combinatorial libraries on-resin to identify oligomers targeting proteins of biomedical
importance.*’® Ongoing challenges associated with discovering functional peptoids tend
to involve developing reliable screens for desired activity, as the synthesis of peptoid
oligomer libraries is generally efficient and reliable.

Following those early efforts from the Zuckermann group, peptoid screening
protocols have been elaborated in size and complexity to more advanced biomedical
and materials applications.”>® Currently, screening can be conducted on very large
peptoid oligomer library populations (with some exceeding 250,000 compounds), and
the therapeutic potential of peptoid sequences identified from screening efforts has
been verified through both in vitro and in vivo studies. °>°%°**° Notably, the Kodadek
group identified peptoids capable of antagonizing the vascular endothelial growth factor
receptor 2 (VEGFR2). Using a large combinatorial peptoid library, they utilized a high
throughput screening technique based on the binding of fluorescent quantum dot
stained cells over-expressing VEGFR2 to a hit peptoid sequence.** Additionally, the
development of split and pool synthesis techniques for generating diverse one bead one
compound (OBOC) libraries, followed by sequence deconvolution of hit compounds by
mass spectrometry conducted in the Zuckermann and Kodadek groups has enabled
high throughput peptoid screening to become an effective discovery technique.>®°

Ideally, we should have the ability to screen for metal-binding interactions with
peptoids in the same high throughput manner that we screen peptoids for other
functions. Current screening methods for peptoid-metal complexation are designed from
the same assays as screening for peptide-metal interactions. Typically, a colorimetric
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based assay is run after exposure of the metal to the solid-supported oligomer, and the

binding event is witnessed by a color change of the resin.
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Figure 40. Colorimetric screening for Cr-peptoid binding by Francis group. The resin-

supported peptoid library (white circles) was exposed to a solution containing chromium

ions. The resin was washed and then exposed to a diphenylcarbazide dye that

competitively complexes with chromium causing a change in the resin color. The

darkest, most colored beads are then selected as ‘hits’.

» 45

This approach was popular in the Jacobsen group when identifying Ni- as well as Pt-,

Sn-, Pb-, and Cu-binding peptides, and was continued in the Francis group through the

screening for heavy metal sequestration by peptoid tetramers.***°*%° (Figure 40)

However, these assays are not applicable to all metal species and are usually limited to
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the analysis of one metal per screen, impeding the rapid discovery of selective

complexation of metal species in the presence of competitors.

Micro X-ray Fluorescence and Screening for Metal Complexation

Recent advances make X-ray fluorescence (XRF) an attractive technology for
assaying the ability of peptoids to bind specific metal ions. X-ray fluorescence (XRF) is
a versatile technique, commonly used in materials science for quantifying the elemental
composition of samples. For XRF, samples are illuminated with an x-ray source with
photons sufficiently energetic to eject an electron from a 1s or 2s orbital.®’ Subsequent
electron transitions that fill the resulting vacancy emit photons with energies in the x-ray
region of the spectrum (Figure 41). The XRF emission lines of each chemical element
are distinct and can be quantified simultaneously, allowing unambiguous analysis of

complexation or removal of a chemical species from a host within seconds.?"®2
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Excitation

Figure 41. lllustration of the principles of X-ray fluorescence analysis. First, an atomic
sample is irradiated by a source with sufficient energy to remove an electron from either
the 1s or 2s orbital (Panel 1). Atoms then undergo electronic transitions to replace the
ejected electron, and subsequently release photons characteristic for the element and
parent orbital. These distinct emissions allow unambiguous characterization of the

sample at an atomic level.®®

Because XRF electron transitions involve inner electron orbitals, XRF is independent
of the chemical form of the elements measured. When quantifying binding events, XRF
is simply dependent on the presence and quantity of the atom of interest, and is
independent of chemical form (e.g., oxidation state, ligands) or type of binding (e.g.,
covalent, noncovalent). In addition, XRF eliminates many matrix effects, as complex
solutions and background are largely transparent for photons in this energy range. (See

Figure 42 for schematic representation of XRF). This technique has previously been
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successfully implemented for identifying capture of metal ions from a solution of mixed

metal species using resin-bound peptides.®*

X-ray Source

Detector

X-rays

Sample Spectrometer

Figure 41. Schematic representation of XRF analysis. First, the sample is irradiated by
an x-ray source and that sample emits photon energy. The photon energy is collected in
the detector and transformed from an analogue electrical signal to digital information in

the spectrophotometer. The raw data is then sent to the computer for processing .°°

The primary goal of this research is to explore binding interactions between different
peptoid oligomer sequences and metal species and to discover efficient methods of
detecting these binding events. The advantage of conducting the detection as an on-
resin high throughput screen over thousands of potential peptoid binders lies in the
significantly reduced time, materials, and effort required to synthesize, purify, and
thoroughly analyze sequences for the desired activity. As previously discussed, metal
complexation to the peptoid scaffold could permit discovery of previously inaccessible

structures and/or functions, especially due to the large measure of chemical diversity
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that is available through the side chain functional groups appended during solid phase
synthesis.®® Moreover, because of the tertiary amide linkages, peptoids are highly
resistant to proteolysis.®’, and therefore may be more suitable candidates compared to
peptides for some biomedical applications.?®®® Thus, peptoid metal complexes have
great potential in the fields of medical and cosmecuetical materials, green chemistry,
metal remediation, and catalysis.

Here, we demonstrate the use of a new bench-top XRF high-throughput
screening process (XRpro MXRF) for quantifying the metal binding characteristics of
peptoid libraries (Figure 43). MXRF analysis can be carried out with nanogram-sized
samples, and has detection limits between 20 and 100 pmol, enabling analysis of “one-
bead one-compound” libraries of oligomers immobilized on solid support for selective
metal binding.®' The analysis is non-destructive and is conducted in seconds per
sample, allowing for the screening of large libraries in short overall periods. We employ
MXRF to screen a small library of peptoid oligomers on resin for metal binding
interactions and identify peptoid sequences that preferentially bind Ni?* from a solution

of competing divalent transition metal species.
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Figure 43. Schematic representation of screening OBOC peptoid libraries for metal
binding using X-ray Fluorescence. Following incubation in a solution of mixed divalent
metal species, library members are subjected to 3 seconds of X-ray irradiation, and
spectra are acquired. The iodine signal confirms the presence of peptoid on resin, and
binders are identified by the distinct atomic emission lines presented by each metal
species. Here, the large nickel signal above the background indicates a nickel-binding

interaction.

4.3 Results and Discussion

Design and Synthesis of the Peptoid Library:

We designed a family of peptoid sequences bearing side chain functional groups
that would enable metal complexation. The peptoid sequences included N-substituted
glycine monomers that emulate proteinogenic side chains such as histidine, glutamic
acid, tryptophan, serine, and tyrosine. We also took advantage of the extensive
chemical diversity offered by peptoid solid phase synthesis to include non-proteinogenic

side chain groups, such as pyridylalanine (Figure 44A). In addition, we evaluated a
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negative control peptoid sequence, “ConC”, composed solely of alkyl side chains, and
thus not anticipated to exhibit significant inherent metal-binding capabilities. Unmodified
Tentagel resin beads, referred to as “ConTG”, were also subjected to analysis of metal
binding.

To control for variations in the bead size and the amount of peptoid on single-
bead samples, we incorporated a “reporter” monomer displaying an iodobenzyl group in
the oligomer sequence designs at either the N- or C-terminus (Figure 44A). lodine
produces XRF emission lines similar in energy to those of metals of interest (Cu, Co, Ni,
and Zn), but sufficiently distinct in the spectrum so as not to interfere with their emission
lines (See Appendix 2.1). The presence and intensity of an iodine XRF signal could
therefore be used to confirm the presence of the peptoid oligomers on resin and to
enable ratiometric analysis of the metal to iodine signal. This ratio enables comparative

evaluation of metal binding by different peptoid sequences.
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Figure 44. (A) Peptoid oligomer library member. The products include the Tentagel
resin incorporating a PEG linker (red), the peptoid oligomer with diverse submonomers
(blue), and a heavy atom tag, 4-iodobenzylamine, which was positioned at either the N
or C terminus (green). The diversity of peptoid side chain groups incorporated into the
library is shown below. (B) Synthesis of peptoid library on Tentagel resin. Iterated steps
include either bromoacetylation or chloroacetylation using DIC as a coupling agent,
followed by displacement with a primary amine. Grey spheres represent the Tentagel

resin bead.

Following the design, a library of 35 peptoid sequences (See Appendix 2.2) was
synthesized on NovaSyn TG amino resin HL according to a modified “submonomer”
synthesis approach®"® at >80% purity (as determined by relative peak integration using

RP-HPLC) (Figure 44B, See Appendix 2.3). This synthesis protocol entails an iteration
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of sequential haloacetylation and nucleophilic displacement by various primary amines.
Suitably protected amine synthons were used to introduce potentially cross-reactive
side chain functionalities. Oligomer synthesis on NovaSyn TG amino resin HL allowed
for deprotection to liberate the side chain functional groups without cleavage of the
oligomers from solid support.

XRF Analysis:

MXRF® analysis was conducted on library resin beads positioned within a 96 well
plate. Resin-bound library members and controls were first affixed to XRpro® analytical
array plate seals (XRpro Corp, Cambridge MA), using 96 well plate seals positioning
four single-bead samples per well. Two replicate wells were tested for each peptoid
sequence. Plate seals were adhered to standard 96 well plates containing a solution of
four biologically relevant divalent metal species (Cu?*, Co?*, Ni**, Zn®*) in aqueous
buffer (pH 7) at a concentration of 500 uM/metal. The sealed 96 well plate was inverted
so that the solution contacted the resin-bound library, and each peptoid oligomer was
incubated separately in the metal mixture prior to MXRF analysis. Following incubation,
10 spectra were acquired for each resin bead using an XRpro® bench-top XRF
instrument (XRpro Corp., Cambridge MA), providing 80 fluorescence spectra per
sequence. XRF analysis was conducted through the thin plastic of the XRpro® analytical
array plate seal without removing either the plate seal from the 96 well plate or the metal
solution from the wells. Background readings were obtained from a position within each
well that did not contain a peptoid sample bead, to enable background subtraction of the
free metal solution present in each well (10 spectra per well) from the library spectra.

This technique was particularly convenient, as it did not require removal of the beads
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from solution or rinsing protocols. Notably, these 3,600 X-ray fluorescence readings
were obtained and recorded in approximately three hours, an analysis rate of 28,800
readings/day. The experiments were conducted in triplicate against all library members
to yield metal binding profiles for each of the oligomers.

Metal-binding peptoid sequences were identified by analyzing the XRF intensity
from each of the metals against the signal of the iodine center incorporated within each
peptoid oligomer (Metal:lodine, M:l) (See Appendix 2). These ratios do not indicate
precise stoichiometries, and thus, a 1:1 Metal:lodine signal does not necessarily
correspond to one metal atom bound per peptoid oligomer molecule. However,
changes in the ratio for a specific metal can be quantitatively interpreted. For example,
a 2:1 Cr:l ratio indicates a 2-fold higher amount of Cr bound to the peptoid than a 1:1
Cr:l ratio. Therefore, larger M:| ratios indicate better binders, relative to other sequences,
and greater differences in the magnitude of M:I among different metals indicate
enhanced selectivity for the given metal by the individual sequence. We observed some
run-to-run variations in M:l fluorescence signal intensity, but overall binding patterns
based on relative M:l values for different metal species could be interpreted (See

Appendix 2.4).
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Figure 45. Chemical structures of peptoid hit compounds identified as nickel binders by
Micro X-ray Fluorescence: PentA and NonaB. Controls used in the study: ConC and

unmodified Tentagel Beads (ConTG).

A subset of peptoids from the library displayed binding capability for most of the metals
present. Two peptoid sequences, a pentamer, PentA, and a nonamer, NonaB, (Figure
45) containing adjacently paired pyridine and carboxylic acid functionalities were found
to preferentially bind nickel relative to the other three metals. (Figure 46, See X-ray
Fluorescence Screening of Peptoid Oligmers that Bind Copper, Zinc, and Nickel)
In contrast, the two controls (ConC and ConTG) presented negligible binding activity
with all four metals. Notably, one sequence (NonaD), which similarly incorporated
pyridine and carboxylic acid side chain groups within a different and non-adjacent
sequence motif, did not exhibit the same strong selectivity for nickel or the large M:l

values as observed for PentA and NonaB. (See X-ray Fluorescence Screening of
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Peptoid Oligmers that Bind Copper, Zinc, and Nickel) These results indicate that
both monomer composition and sequence are important for establishing suitable metal
binding environments, and also suggest that the proper positioning of multiple metal-

complexing side chain types may be required to enable selective binding.
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Figure 46. Results from the x-ray fluorescence metal-binding screen represented by
Metal to lodine Ratios (M:l) for peptoid sequences PentA and NonaB and for controls
ConC and ConTG in the presence of four metal species of interest. To demonstrate
reproducibility, the designation (1-4) following the sequence and well number denotes
different beads bearing identical peptoid sequences. Each sequence was evaluated in
wells in the multi-well plate. The pentamer PentA and the nonamer NonaB are shown

to be capable of selectively complexing Ni.
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Metal Complexation with Liberated Sequences:

Considering the strong response of resin-bound PentA and NonaB to Ni**, we
anticipated that the liberated oligomers in free solution would participate in nickel
complexation upon cleavage from resin. PentA, NonaB, and ConC were re-
synthesized on Rink Amide resin, cleaved from solid support, and purified to >90% via
RP-HPLC. The identity of the sequences was verified by ESI-MS (See Appendix 2).
However, binding events between Ni** and PentA or NonaB could not be detected in
solution (data not shown). Although the chemical composition of the resin-bound and
liberated peptoid oligomers bearing C-terminal amides are distinct, the origin of variation
in metal binding characteristics by immobilized versus free peptoids is a focus of

continuing investigation.

4.2.3.4 Ni-Dimethylglyoxime Colorimetric Assay:

In order to validate the ability of resin-bound PentA and NonaB to bind Ni(ll), a
colorimetric on-resin assay with dimethylglyoxime, a competitive chelator for Ni(ll), was
performed.***% In this assay, Ni(ll) binding is characterized by a color change to red
within the bead matrix. As controls, ConC and unmodified Tentagel Beads (ConTG)
were also analyzed. All resin beads were affixed to Tacky Dot™ slides and incubated in
standard 96 well plates containing 3 mL of aqueous buffered 500 uM Ni(NO3), for three
hours. Each individual sequence was plated in 12 separate wells. Prior to imaging, the
beads were washed with buffer, then exposed to a 1% dimethylglyoxime solution.

Relative to ConC and ConTG, which displayed no color change, PentA and NonaB
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appeared bright red (Figure 47). These results confirm that PentA and NonaB bind

Ni(Il).

Figure 47. Microscope images of peptoids immobilized on TentaGel resin beads after
incubation in nickel solution and exposure to 1% dimethylglyoxime solution. Clockwise

from Left: PentA, NonaB, ConTG, ConC.
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Nickel Depletion Assay:

Encouraged by the verification of nickel binding by colorimetric analysis, we
sought to quantify the hit oligomers’ ability to sequester Ni** from aqueous solution.
Each of the resin-bound oligomers and controls was incubated in two different
concentrations of buffered nickel solutions at pH 7. The solutions were then filtered and
tested for nickel concentration, relative to the nickel stock solution.

When exposed to 10 mL of a nickel solution at an initial concentration of 24.1 uM
+ 1.8 (0.241 umol), both PentA or NonaB (1.95 umol of each peptoid immobilized on
resin, based on loading levels) achieved a dramatic reduction in the nickel concentration
(Figure 48). Following incubation for 3 hours, the concentration of nickel remaining in
solution was less than 0.97 uM + 0.2, a value that was near the detection limit of the
ICP-MS analysis. This corresponds to an average complexation of 96.0% of the initial
Ni2+, after incubation in the presence of PentA. Likewise, NonaB removed an average
of 95.5% of the nickel, leaving 1.1 uM + 0.3 of free Ni** in solution. In sharp contrast,
neither ConC nor ConTG exhibited comparable capacity to deplete nickel from the
same 24 uM starting solution, and their nickel depletion averaged 16.7% and 13.4%,
respectively. This behavior is expected for control species lacking suitable functional
groups to promote metal complexation. These findings are in agreement with those
obtained from the MXRF experiments, indicating that the sequences’ affinity for nickel
follows the order: PentA, NonaB>>ConC>ConTG. An additional depletion assay
conducted at ten times the initial concentration of nickel (222.5 uM * 22.8) yielded

similar affinity patterns. (Figure 49).
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Figure 48. Chart of the nickel concentration in solution (uM) before and after exposure
to resin beads. From Left: Ni concentration of the starting solution; Ni concentration
after exposure to control, ConTG; control, ConC; pentamer, PentA; nonamer, NonaB.
Error bars represent the standard deviation of the experimental results conducted in

triplicate. * Indicates concentrations at the ICP-MS detection limit.
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Figure 49. Chart of the nickel concentration in solution (uM) before and after exposure
to resin beads (5 mg, 1.95 umol). From Left: Ni** concentration of the starting solution
before exposure to any beads; Ni?* concentration after exposure to control, ConTG;
control, ConC; MXRF® hit, PentA; MXRF® hit NonaB. Error bars represent the standard

deviation of the experimental results conducted in triplicate.

X-ray Fluorescence Screening of Peptoid Oligmers that Bind Copper, Zinc, and Nickel

In addition to the proficient nickel binding peptoids, PentA and NonaB, which
were identified by high throughput x-ray fluorescence analysis, results obtained for the
other 33 sequences provide valuable information regarding unique peptoid sequences
with affinity for different metal species as well as those that do not possess affinity for
any of the metals present in the screen. Furthermore, analysis of sequences similar to
PentA and NonaB offer insight into the presence and placement of the pyridyl and

carboxylic acid side chain pairs that are critical for selective nickel binding.
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The following discussion of the XRF results from the other library members offers
further affirmation that XRF is a valid and useful screening tool and defines some
properties that endow peptoids with a strong nickel-binding capability. While PentA and
NonaB yielded the strongest and most selective response for any of the metals
screened, many of the other peptoids in the library exhibited capability to bind at least
one out of the four metal ions present in the assay. However, several peptoids (other
than the negative control ConC) did not demonstrate any evidence for metal
complexation. Figure 50 depicts two sequences, 83B and 85E, with their respective M:|
charts over three separate assays of the competitive metal binding study. Sequence
83B is a pentamer and contains four side-chains capable of metal binding: three
imidazole and one pyridyl side-chain. Two out of the three experiments indicate this
peptoid is a zinc binder, typical of sequences with multiple imidazole residues,”" " but in
all cases, this sequence displays copper binding capability and is more selective for
copper over nickel and cobalt (Figure 50, top). Additionally, in two out of the three
experiments, the sequence is selective for copper over zinc, lending some support to
the conclusion that this peptoid is a selective copper binder. Further experiments would
be required to validate its affinity for copper over zinc.

In contrast to 83B, 85E yielded very low M:| ratios (less than 1) for all metals over
all three trials of the screen (Figure 50, bottom). This is not surprising as this tetramer
is functionalized with two ether and one phenolic side-chains, neither of which is known
for its ability to tightly and effectively complex transition metal ions on its own, especially

at a pH below the phenolic hydroxide’s pka (pka ~9).”° This sequence, and others
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sequence in the library that yielded this type of binding behavior, were considered to be

non-binding sequences”.
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Figure 50. Representative MXRF® analysis of peptoid library members. Sequences
corresponding to the analysis are depicted to the right of each graph. Each graph plots
the metal to iodine ratio of fluorescence intensity (M:l) over three separate trials against
the two wells that contained the sequence. Within each well, M:l are distinguished by
separating the specific bead (1-4) that the M:l originated from. This figure depicts
MXRF® analysis for a peptoid capable of copper binding, 83B (top), compared to a non-
binding sequence, 85E (bottom).

Another sequence that presented metal binding capabilities was 91A (Figure 51,

bottom). This peptoid remarkably complexed three out of the four metals with high M:l
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ratios, but seems to slightly prefer zinc with a low overall selectivity. Rich in imidazole

and carboxylic acid electron donating ligands, this pentameric peptoid mimics natural

zinc and copper binding peptides in sequence.”" 72
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Figure 51. Representative library data from MXRF® analysis. Sequences corresponding
to the analysis are depicted to the right of each graph. Each graph plots the metal to
iodine ratio of fluorescence intensity (M:l) over three separate trials against the two
wells that contained the sequence. Within each well, M:I are distinguished by separating
the specific bead (1-4) that the M:l originated from. A nickel binding sequence, 87B
(top), is illustrated. Sequence 91A (bottom), corresponds to a peptoid with binding
capacity for all of the metals present, but exhibits moderate selectivity for zinc.
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Given the high nickel affinity and selectivity observed in both PentA and NonaB,
seemingly due to the two pairs of adjacent pyridyl and carboxylic acid side chains, other
library members with similar, but not exact, binding motifs were compared to these two
hit peptoids. Oligomer 87B (Figure 51, top) emulates the sequence presented by
PentA, with one pair adjacent pair of a carboxylic acid and pyridine sidechain, but
leaves a second carboxylic acid without its pyridyl counterpart. As a result, the M:l
intensity is diminished, and in one out of the three trials, the selectivity is curtailed as
well. More experimentation would be required to confirm the decrease in selectivity, but
it is clear from the data that this peptoid does not complex nickel as well as PentA
(based on the magnitude of the M:1).

Figure 52 depicts two longer oligomers with some nickel binding capacity that
can be compared to NonaB in terms of their length and spacing of the pyridine and
carboxylic acid side chains. Sequence NonaD is a nonamer that contains only one of
each of the nickel binding side chains, and separates them between two large,
branched ring structures. While the oligomer maintains a scant preference for nickel, the
overall selectivity is very low, as is the magnitude of the M:I ratios, not only for nickel,
but for all metals present (Figure 52, top). The other sequence 103D, is an octamer
containing one adjacent pair of pyridine and carboxylic acid side chains, and one
additional carboxylic acid residue, separated from the pair by one alpha-branched
cyclohexyl side chain (Figure 52, bottom). Comparing this structure to NonaD, 103D

exhibits an enhanced selectivity for nickel, and a slightly higher Ni:l, similar to 87B.
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Figure 52. Representative MXRF® analysis of peptoid library members. Sequences
corresponding to the analysis are depicted to the right of each graph. Each graph plots
the metal to iodine ratio of fluorescence intensity (M:l) over three separate trials against
the two wells that contained the sequence. Within each well, M:l are distinguished by
separating the specific bead (1-4) that the M:I originated from. Both NonaD (top) and
103D (bottom) exhibit nickel complexation. However, in contrast to both PentA and
NonaB, for which the pyridyl and carboxylic acid functionalities are adjacent and equally

paired, neither of these sequences completely fulfills those requirements. The Ni®*
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selectivity observed in both sequences presented above is diminished in comparison to

either PentA or NonaB.

Analysis of these three oligomers in comparison to PentA and NonaB suggest
that 2 pairs of adjacently positioned carboxylic acid and pyridine side chains are
responsible for the high selectivity and M:I for nickel observed in the high throughput
XRF analysis. Sequence NonaD, which separated the pyridine and carboxylate side
chains, gave both low affinity and selectivity for nickel. Sequences 87D and 103D, both
of which displayed one adjacent binding pair as well as one lone, unpaired carboxylic
acid residue, demonstrated higher affinity and selectivity for nickel, but in both cases
lower than that of PentA and NonaB. Oligomers containing additional pairs of these
critical binding residues may exhibit enhanced selectivity and affinity for nickel

complexation.

Solution Phase Binding Experiments of Hit Sequences

Once liberated from solid support and purified (See Experimental and
Appendix 2.4 Validation of Library Synthesis for experimental details), we
attempted to characterize 89A and 101A’s ability to complex nickel. Uv/vis, '"H NMR,
and MS spectroscopy as well as HPLC analysis were conducted as methods of
verification of a binding event. The individual results of each of the experiments are
detailed in Appendix 2.4. Solution Phase Binding Experiments of Hits. However, the
conclusions reached from the collective analysis of the Uvivis 'H NMR, MS
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spectroscopy, and HPLC analysis did not support the visualization of a binding event
not only with 89A and 101A but also including 91A and 83C. Confounding aspects of
these experiments included insolubility and precipitation of the metal and/or peptoid
oligomers at a near neutral and buffered pH, solvent evaporation, and unreliable
monitoring at wavelengths below 300 nm. Ultimately, '"H NMR analysis did not clearly
indicate response of peptoid oliogmers 89A and 101A to the presence of Ni**. We
hypothesize that the multivalent presentation of the ligands while the peptoids are
immobilized on tentagel resin may be required for the nickel binding events and strong

XRF response, which justifies our inability to witness a binding event in solution.

4.4 Summary and Outlook

We demonstrate the use of high-throughput x-ray fluorescence to screen a library
of peptoid oligomers for metal binding interactions in the presence of several,
biologically relevant, competing metal ions. Two sequences display strong affinity for
Ni(Il) relative to the other metals present in solution out of 35 library members, while a
handful of other sequences demonstrate binding capabilities for other metal species.
Additional metal-binding assays, which include a qualitative colorimetric assay and a
quantitative ICP-MS concentration depletion assay, demonstrate the viability of this
technique. Using this small sample library as a model, it is reasonable to assume that, if
the library were to be expanded to typical high throughput screening sizes, the potential
exists for the discovery of many more peptoids with a set of diverse metal binding
affinities.*®* Given the hundreds of available primary amines that can be incorporated
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into the peptoid oligomer, there are innumerable sequence combinations to be made
and tested for metal complexation. The application of this approach can be expanded to
potentiate the discovery of new “metallopeptoid” sequences capable of performing
additional functions. For example, peptoid sequences that preferentially bind specific
metals could be elaborated into mimics of cosmeceutically active metallopeptides.

The scope of this screening protocol is not limited to the detection of metal-
binding interactions.”*”” The gain or loss of any atom with an atomic number larger than
12 can be monitored. Hence, the versatility, ease, and speed of this technique indicate
that it will be a useful complement to previously established peptoid high-throughput
screening methods and will enable the discovery of new families of functional oligomeric

materials, 327879
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4.5 Experimental Procedures

Materials:

Synthesis of the peptoid oligomers was initiated on either Rink Amide resin (Nova
Biochem, 100-200 mesh, loading: 0.74 mmol/gram) or NovaSyn TG amino resin HL
(Nova Biochem, 110 um, loading: 0.39 mmol/gram). Bromoacetic acid (97%) was
supplied by Sigma-Aldrich. Chloroacetic acid (99%), Trifluoroacetic Acid, TFA, (99%),
N,N-Dimethylformamide, DMF, (anhydrous and amine free, 99.9%) and N,N’
diisopropylcarbodiimide, DIC, (99%) were supplied by Alpha Aesar. Metal salts were
obtained from the following sources: Cu(NO3), *3H20 (Acros Organics, 99%), Co(NO3)
*6H,O (Alpha Aesar, 98-102%), Ni(NO3), *6H20 (98%, Alpha Aesar), Zn(NOs3), *6H,0
(Strem Chemicals, 98%). XRpro® analytical array plate seals were obtained from XRpro
Corp, Cambridge MA . Other reagents and solvents were obtained from commercial

sources and used without additional purification.

Submonomers: The introduction of specific peptoid side chain types was achieved
through the use of the following primary amines as “submonomer” synthons (see
below):

Non-proteinogenic: 2-methoxyethylamine (Sigma-Aldrich, 99%); butylamine
(Sigma-Aldrich, 99.5%); (S)-(+)-1-cyclohexylethylamine (Alpha Aesar, 98%, 97% ee);
(S)-(-)-1-phenylethylamine (TCI America, 98%); benzylamine (Alpha Aesar, 98%); 4-
iodobenzylamine (Alpha Aesar, 97%); 4-(aminomethyl) pyridine (Sigma-Aldrich,

98%).
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Proteinogenic: ethanolamine (Sigma-Aldrich, 99%); histamine (CalbioChem, Free
base, 97%); tyramine (TCI America, 98%); tryptamine (Sigma-Aldrich, 98%); and

H-B-alanine-OtBu*HCI (NovaBiochem).

Instrumentation:

Peptoid oligomers were analyzed by reverse-phase HPLC (analytical C4g column,
Peeke Scientific, 5 mm, 120 Angstroms, 2.0x50 mm) on a Beckman Coulter Systems
Gold 166 instrument. A linear gradient of 5-95% acetonitrile in water (0.1% TFA) over
10 min was used at a flow rate of 700 uL /min. Semi-preparative HPLC was performed
using a Delta-Pak C4g column (Waters, 15mm, 100 Angstroms, 25x100mm). Peaks
were eluted with a linear gradient of ACN/water (0.1% TFA) which depended on the
sequence composition with a flow rate of 2.5 mL/min. Mass spectrometry was
performed on an Agilent 1100 series LCMSD VL MS spectrometer. X-ray fluorescence
measurements were performed using an XRpro® micro x-ray fluorescence system
equipped with a 30 W Rh excitation source, silicon drift energy-resolving detector, and
having a 100 ym nominal X-ray spot size. X-ray tube operating conditions were
maintained at 35 kV and 600 mA. Single resin beads were analyzed using XRpro®
analytical array plate seals (XRpro Corp., Cambridge MA) Each XRpro® plate seal
(127.8 x 85.5 mm) was divided into 48 sections (2 wells/section on a standard 96 well
plate). In each section identical sequences were immobilized, such that each sequence
was positioned into two different, adjacent wells. All sequences in the library were
immobilized in their own section, and sequences were not repeated in the same

experiment. For the nickel dimethylglyoxime assay, the four sequences were
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immobilized on an XRpro® analytical array plate seal (127.8 x 85.5 mm) such that was
each sequence was positioned into 12 different wells. The beads were visualized using
a Zeiss Axioscope 40 Microscope with a halogen lamp, and images were captured
using a Nikon D80 camera with an exposure time of 1/40 sec. Quantitation of Nickel
concentration was performed by inductively coupled plasma mass spectrometry (ICP-

MS) at a contract facility.

Preparation of Peptoid Oligomers on Tentagel amino HL resin: Peptoid oligomers
were synthesized according to a modified submonomer approach.®® ® The resin (10
mg, 0.0039 mmol reactive groups) was swelled for 1 hour in DMF before initiating the
synthesis. Bromoacetylation was carried out by incubating the resin with a bromoacetic
acid solution in DMF (1.2 M, 300 uL) and DIC (60 uL) for 40 minutes at 37°C and an
agitation rate of 220 rpm. The resin was washed with 4x 1 mL DMF before displacement
with the desired primary amine (1M in DMF or 2M in NMP for heterocyclic amines and
4-jodobenzylamine, 300 ulL) for 1 hour at 37°C and an agitation rate of 220 rpm. The
resin was washed with 5x 1mL DMF. For all steps subsequent to the addition of a
heterocyclic amine, the iterative protocol was changed to acylation with chloroacetic
acid solution in DMF (0.4M, 300 uL) with DIC (60 ulL) for 10 minutes at 37°C and an
agitation rate of 220 rpm. The washing and amine displacement steps were not
modified. This two-step iterative process was repeated until the desired chain length
and oligomer composition was achieved. Protecting groups were removed with a

cocktail of 95% TFA, 2.5% TIPS, and 2.5% water (300 uL) at room temperature for 2
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hrs. Resins were washed thoroughly with DCM, lyophilized, and stored under vacuum

and desiccation until use.

Preparation of Peptoid Oligomers on Rink Amide resin: Peptoid oligomers were
synthesized according to a modified submonomer approach.®®’® Rink Amide Resin, 100
mg (0.074 mmol), was swelled in DMF for 30 minutes before initiating the synthesis.
Bromoacetylation was carried out by incubating the resin with a bromoacetic acid
solution in DMF (1.2M, 850 uL) and DIC (200 uL) for 20 minutes at room temperature
and an agitation rate of 220 rpm. The resin was washed with 4x 1 mL DMF before
displacement with the desired primary amine (1M in DMF or 2M in NMP for heterocyclic
amines and 4-iodobenzylamine, 1 mL) for 30 minutes at room temperature and an
agitation rate of 220 rpm. The resin was washed with 5x 1 mL DMF. For all steps
subsequent to the addition of a heterocyclic amine, the iterative protocol was changed
to acylation with chloroacetic acid solution in DMF (0.4M, 850 uL) with DIC (200 ulL) at
37 °C for 10 minutes. Following a 4x 1 mL DMF wash, displacement with the primary
amine (1M or 2M for heterocyclic amines, 1 mL) was conducted at 37°C for 60 minutes.
This two-step iterative process was repeated until the desired oligomer chain length and
monomer sequence composition was achieved. The oligomers were cleaved from the
resin using a cocktail containing 95% TFA, 2.5% TIPS, and 2.5% water (4 mL) at room
temperature for 10 minutes. The solution was removed under reduced pressure, and
the crude peptoid was re-suspended in acetonitrile/water, frozen, and lyophilized. Once
thoroughly dried, crude peptoids were stored at 4°C until characterization and

purification.
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Incubation of Sequences Synthesized on Tentagel resin with Metal Solution:
Peptoid-functionalized Tentagel amino HL resin was immobilized on XRpro® analytical
array plate seal as described above. The slide was affixed to a standard 96 well plate.
Each well contained 3 mL of a 500 uM stock solution of each of the following metals in
water: Cu(NO3); *3H,0, Co(NOs3), *6H20, Ni(NO3), «6H20, Zn(NO3), *6H,0 (pH of metal
stock was adjusted to 7-8 with 1M Tris buffer pH 8 prior to partitioning solution into the
wells). The sealed 96 well plate was inverted so that the solution was able to make
contact with the resin-bound library. The library was incubated for 18-24 hours in the

metal solution prior to MXRF® analysis.

MXRF® Analysis

After incubation, XRF analysis was carried out under the instrument conditions
described above without removing either the plate seal from the 96 well plate or the
metal solution from the wells. Spectra were acquired through the thin plastic plate seal.
Absorbances of emitted X-rays by the seal are consistent between samples and

negligible at these photon energies.

Automated spectra acquisitions were performed for each bead in each well (4 beads per
well) and the metal solution in each well (as a background reading), recording ten
readings/sample (10 reading / bead; 80 readings/sequence; 10 background

readings/well). Spectra were acquired for 3 live seconds and curve-fit using instrument
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software to provide count rate output corresponding to the integrated area for emission

peaks of elements of interest.

Calculation of Metal:l Ratios: First-pass analysis of MXRF® data was carried out to
discard positions on analytical arrays that did not contain samples. A threshold for
iodine signal was established using a method detection limit based on background
measurements at well positions containing metal solutions but not sample beads (Eq.1).
Data for sample positions that did not generate iodine signal in excess of this threshold

were discarded as either vacant sample positions or resin bead samples lacking peptoid.
For Metal:|l ratio calculations, MDL values were calculated for each element of interest.
Signals below MDL values for a target element were considered to be 0. For elements
with signals above MDL, Metal:l ratios were calculated from Eq. 2.

Eq 1. MI:)I-element = BGelement + 30'element

Where MDLcement is the method detection limit for the element of interest, BGejement iS
the average intensity of background readings for the element of interest, and Celement iS
the standard deviation of intensities from background readings for the element of
interest.

Eq. 2. Metal:l = (Signa|e|ement - BGe|ement) / (signal|od|ne - BGlodine)
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Where Metal:l is the metal to iodine ratio, Signalgement is the signal intensity for the
element of interest, BGgiement iS the average background for the element of interest,
Signaliedine is the signal intensity for the element of interest, and BGioaine is the average
background for iodine. Resulting data was processed and graphed for publication using

Graphad Prism™.

Dimethylglyoxime Colorimetric Analysis: Tentagel amino HL resin functionalized
with peptoids (ConC, PentA, NonaB) and unmodified Tentagel amino HL resin beads
were immobilized on an XRpro® analytical array plate seal as described above. The
slide was affixed to a generic 96 well plate. Each well contained 3 mL of a 500 uM
solution of Ni(NO3), *6H,0 in aqueous buffer (pH 7 adjusted with 0.5 M Tris buffer pH 8
prior to exposure to beads). The sealed 96 well plate was inverted so that the nickel
solution was able to make contact with the resin-bound peptoids. Following a 3 hour
incubation period in the nickel solution, the plate seal was removed, and the beads,
which remained on the slide, were washed with 3 x 20 uL 0.5 M Tris buffer. The beads
were quickly dried with a stream of nitrogen before exposure to a 1% dimethylglyoxime
solution in methanol (100 uL). Once the methanol had evaporated, all beads were
viewed under a microscope, and a representative color image of each sequence, on

resin, was obtained.

Nickel Depletion Assay: Each peptoid sequence, immobilized on resin, was weighed

(5 mg, 1.95 umol) and incubated with agitation for 3 hours in either a 24.1 M * 1.8
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Ni(NO3)2 (0.241 umol, 10 mL) or a 222.5 uM + 22.8 Ni(NO3), (0.222.5 wmol, 1 mL)
aqueous Tris-buffered solution (pH 7). The solutions were filtered to remove any resin
beads and submitted for ICP-MS analysis of nickel concentration, along with samples of

the starting nickel solutions.

MXRF Analysis

After washing and drying the slides, they were prepared for MXRF analysis. MXRF
analysis was carried out under the instrument conditions described above. The Bruker
M4 Tornado software was programmed to hit every bead in each well (4 beads per well)
ten times over (10 readings/bead; 80 readings/sequence). The beads were analyzed

with a live time exposure to X-ray radiation of 10 seconds.
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Appendix 1

A Novel Transfection Modality for in vivo

sIRNA Delivery to Vocal Fold Fibroblasts
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The contents of this appendix include a manuscript to which | contributed
authorship, but did not provide experimental effort. These are the preliminary in vitro
results across several cell lines using Lipitoid as a delivery vehicle, establishing optimal

transfection conditions and cell toxicity data prior to our in vivo experiments.

A novel transfection modality for in vivo siRNA delivery to vocal fold fibroblasts
(Originally Published in Laryngoscope. Kraja, |.; Bing, R.; Hiwatashi, N.; Rousseau, B.;
Nalband, D.M.; Kirshenbaum, K.; Branski, R.C. (2017), A novel transfection modality for
in vivo siRNA delivery to vocal fold fibroblasts. Larynogscope, 127:E231-E237. DOI:
10.1002/lary.26432)

An obstacle to clinical use of RNA-based gene suppression is instability and
inefficiency of current delivery modalities. Nanoparticle delivery likely holds great
promise, but the kinetics and transfection conditions must be optimized prior to in vivo
utility. We investigated a RNA nanoparticle complex incorporating a “lipitoid”
transfection agent in comparison to a commercially-available reagent through the study
of variables that influence transfection efficiency, in vitro. These variables included
duration, dose, and number of administrations, as well as serum and media conditions.

The target gene was Smad3, a signaling protein in the Transforming Growth Factor

(TGF)-B cascade implicated in fibroplasia in the vocal folds and other tissues.
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Results

Transfection Efficiency.

Two transfection methods were compared; one in which there was a single
administration of reagents for 6 hours (standard transfection), and another in which
there was extended period over the cells were exposed to prolonged transfection
(continuous transfection). In our human vocal fold fibroblast cell line, standard
transfection methods with Lipofectamine® significantly decreased Smad3 expression at
6, 24, 48 and 72 hours following transfection (Figure 53; p=0.0001, 0.0001,
0.0001,0.0092, respectively). With Lipitoid, Smad3 expression decreased significantly at
6, 24, 48 and 72 hours (p= 0.0001, 0.0001, 0.0001, and 0.0469, respectively). At 24
hours, Lipitoid yielded enhanced Smad3 suppression when compared to

Lipofectamine® (p=0.0003).
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Figure 53. Smad3 expression as a function of standard transfection where cells were
exposed to the transfection media for 6 hours (A) and continuous transfection where
cells were exposed to the transfection media for the entire duration at the times
indicated (B) methods in human vocal fold fibroblasts (N/S-random siRNA segments;

*p<0.05 relative to control. #p<0.05 relative to Lipofectamine®/Lipitoid)
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Under continuous transfection, Smad3 expression significantly decreased with
Lipofectamine® at 6, 24, and 48 hours (p=0.0271, 0.0001, and 0.0001, respectively).
Continuous transfection with Lipitoid decreased Smad3 expression at 24 and 48 hours
(p<0.0001 for all; Figure 53B). Similar to standard transfection conditions, Lipitoid
outperformed Lipofectamine® at 24 and 48 hours (p=0.0003 and 0.0058 respectively)

under continuous transfection.

Dose Response and Multiple Administrations.

siRNA concentration was kept constant, but concentrations of Lipofectamine® and
Lipitoid were varied to determine optimal transfection conditions. Continuous
transfection for 24 hours decreased Smad3 mRNA expression as a function of
increasing concentration (Figure 54A). Lipofectamine® decreased Smad3 expression
relative to control at 0.5, 1.0, 1.5, 2.0, and 2.5ug/mL (p<0.0001 for all). Continuous
transfection with Lipitoid yielded decreased Smad3 expression relative to control at 1.0,

1.5, 2.0, and 2.5ug/mL (p<0.0001 for all).
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Figure 54. Smad3 expression under 24 hours continuous transfection as a function of
lipid concentration (do of siRNA stays constant) (A), number of dose administrations,
(B) presence of FBS (C) and media type (D)

(N/S-random siRNA oligonucleotide; *p<0.05 relative to control. #p<0.05 Opti-MEM
relative to DMEM)

In order to observe the effects of multiple administrations of transfection reagents,
HVOX were treated with 2.5ug/mL of Lipofectamine® or Lipitoid siRNA complex every
24 hours for 96 hours (Figure 54B) under continuous transfection. Multiple
administrations yielded increased gene suppression across both reagents. At 96 hours,
Smad3 expression decreased to 20% and 27% of control for Lipofectamine® and

Lipitoid, respectively. In contrast, with repeated transfections every 24 hours, Smad3
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expression decreased at 96 hours to 12% and 9% of control, respectively (p<0.0001 for
all).

Optimal Transfection Conditions.

The effects of serum content (0% and 10% FBS) and media type (DMEM and Opti-
MEM) were investigated with regard to transfection efficiency (Figure 54C and D).
Under continuous transfection with Lipofectamine® for 24 hours in DMEM and Opti-
MEM, Smad3 mRNA expression decreased to 18% and 27% control, respectively. For
continuous transfection for 24 hours in DMEM with 10% FBS and 0% FBS, Smad3
MRNA expression decreased to 14% and 17% of control, respectively (p<0.0001 for all).
In DMEM and Opti-MEM, Smad3 expression decreased to 18% and 21%, respectively,
and with 10% FBS and 0% FBS, Smad3 expression decreased to 8% and 11%,
respectively (p<0.0001 for all). No significant differences were observed when
comparing Lipofectamine® with Lipitoid under these conditions. Lipofectamine with
Opti-MEM performed significantly better than DMEM (p=0.0081). No differences were

observed when comparing the media types with Lipitoid transfection.

Multiple Species Analysis.

In addition to experiments conducted in a human cell line, transfection efficiency was
quantified in both rat and rabbit primary vocal fold fibroblasts. In rat VFF (Figure 55 A),
Smad3 mRNA decreased to 40% and 43% of control with Lipofectamine® and Lipitoid,
respectively (p=0.0003, 0.0002, 0.0077, 0.0006 for Lipofectamine® at 6-72 hours,
respectively; p=0.0003, 0.0043, 0.0076, 0.0009 for Lipitoid at 6-72 hours, respectively).
Under continuous transfection (Figure 55 B), Smad3 expression decreased to 51% and
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45% of control for Lipofectamine® and Lipitoid, respectively, at all time points (p=0.0001,
0.0267, 0.0014 for Lipofectamine® at 24-72 hours, respectively; p=0.0145, 0.0001,
0.0015, 0.0001 for Lipitoid at 6-72 hours, respectively). No differences were observed

between Lipofectamine® and Lipitoid in rat VFF.
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Figure 55. Smad3 expression following siRNA administration under standard (A) and
continuous (B) transfection methods in rat Vocal Fold Fibroblasts (VFF) and standard
(C) and continuous (D) transfection methods in rabbit VFF. (N/S—random siRNA

segments; *p<0.05 relative to control. #p<0.05 relative to Lipofectamine®]/Lipitoid)

In rabbit VFFs, Smad3 expression decreased with Lipofectamine® transfection to
31% and 24% of control under standard and continuous transfection, (Figures 55 C
and D) respectively, at all time points (p=0.0001, 0.0001, 0.0001, 0.0082 under

standard transfection at 6-72 hours respectively; p<0.0001 for all time points under
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continuous transfection). With Lipitoid, Smad3 decreased to 40% and 24% for standard
and continuous transfection, respectively (p=0.0025, 0.0001, 0.0001 for standard
transfection at 6-48 hours respectively and p<0.0001 at all time points for continuous
transfection). Similarly, Lipofectamine® yielded Smad3 suppression in rabbit VFFs
under both standard (p=0.0047, 0.0025, 0.0001 for 6-48 hours, respectively) and

continuous transfection (p=0.0008, 0.0003, and 0.0468 for 6-48 hours, respectively).

Discussion

Vocal fold injury and the complex reparative response often results in clinically-
significant pathology. Current therapies for this tissue response are limited. Globally, we
hypothesize that siRNA-based therapeutics hold significant promise in this regard.
However, as outlined previously, issues of delivery remain problematic and warrant
further investigation. Specifically, we hypothesize that lipid-compatible transfection
reagents can facilitate highly-efficient siRNA therapeutics. Transfection reagents are
likely to overcome limitations in delivery of uncomplexed siRNA in a therapeutic setting.
However, current transfection reagents are not optimized for in vivo use and further
investigation is needed to both develop novel reagents and optimize their efficiency in
models of disease. To that end, we investigated the transfection efficiency of a
peptidomimetic reagent, a lipitoid, in vocal fold fibroblasts across species to provide a
foundation for future preclinical investigation.

We sought to quantify the efficiency of this lipitoid agent across transfection
conditions, specifically, dose, time, and number of applications in both an immortalized
human vocal fold fibroblast cell line as well as primary cultures from other commonly-
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employed species utilized for in vitro vocal fold investigation. Two transfection protocols
were employed. In the first, referred to as ‘standard transfection’, the transfection media
was changed after six hours and replaced with standard cell culture media. In the
second, termed ‘continuous transfection’, the transfection media was left throughout the
duration of experimentation, in some cases, up to 96 hours. These two protocols were
selected to observe the duration of gene suppression and to provide context for the
potentially-fleeting nature of siRNA therapeutics in vivo. Under both standard and
continuous transfection conditions, Smad3 expression decreased initially in the
presence of either Lipitoid or Lipofectamine®. This effect, however, did not persist with
standard transfection regardless of transfection reagent. Continuous transfection
yielded persistent Smad3 suppression. These differences in gene expression relative to
duration of transfection suggest that both reagents may be continuously active for at
least 72 hours, at least in the contrived cell culture environment.

Variability was noted with regard to the Smad3 suppression across species. The
mechanisms underlying these differences are unclear and were not specifically
investigated, but may be related to varying metabolic environments across cell types. In
rat vocal fold fibroblasts, transfection yielded significant knockdown of Smad3 at 6-24
hours consistent with standard knockdown potential of the two compounds. Interestingly,
Smad3 suppression was enhanced in rabbit vocal fold fibroblasts compared to other
species. Furthermore, in rabbit cells, Lipofectamine® was more effective at Smad3
knockdown; statistically-significant differences were noted between Lipofectamine® and

Lipitoid. This effect was particularly pronounced during continuous transfection. In the
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human and rat vocal fold fibroblasts, both Lipitoid and Lipofectamine® were equally
effective at Smad3 knockdown.

The concentration of Lipofectamine® and Lipitoid in the context of constant
siRNA concentrations, correlated with Smad3 suppression. As the relative concentration
of transfection reagents was increased, Smad3 expression decreased. However,
Lipitoid appeared more responsive to altered dose. These results were consistent with
previous transfection studies in which cell viability and target gene suppression were
observed to be dependent on the charge ratio between the applied cationic transfection
reagent and the anion oligonucleotide; optimal results were obtained when this
positive/negative charge ratio was maintained at about 3:1." Prior work from the
Kirshenbaum laboratory found increased cytotoxicity beyond the 3:1 positive/negative
charge ratio suggesting that Smad3 suppression in this context may be related to
cytotoxicity.?

Lipitoid was also more responsive to multiple administrations as a means to
maintain an extended timecourse of Smad3 suppression. These differences may be
indicative of differing kinetics between the two reagents, in addition to variable
molecular mechanisms of siRNA delivery.? In order to facilitate the practical application
of these compounds in vivo, media type and serum concentration were varied. Neither
FBS nor media type altered Smad3 suppression. These data may suggest that
conditions specific to the chosen cell culture environment are not required for effective
transfection.

These data are encouraging with regard to the utility of Lipitoid as a means to
effectively deliver siRNA, and suggest that under many conditions, Lipitoid can
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outperform Lipofectamine® for in vitro siRNA transfection. However, optimal
suppression of protein expression in vivo may necessitate extended exposure to the
transfection reagent or repeated transfections, as performed in the current study. In
both cases, limited toxicity as well as biocompatibility of the transfection reagent are
critical. Although toxicity was not the focus of the current study, we have previously
demonstrated minimal toxicity in cell culture in response to Lipitoid, in contrast to the
observed toxicity of Lipofectamine®.>® These data suggest that Lipitoid may be better
suited for sustained dosing. Furthermore, the modular solid phase synthesis of
chemically-diverse Lipitoid oligomer sequences facilitate the identification of particular
sequence variants that enable optimized siRNA delivery to particular disease tissue
types, including the vocal fold. Based on these findings, Lipitoid is likely to prove quite
beneficial for siRNA delivery, particularly as the evolution to clinical applications will
likely include more demanding protocols and a greater focus on both efficacy and safety
at the cellular and organism level.

Summary and Outlook

Delivery of effective concentrations of siRNA to adequately treat pathological
processes in vivo remains problematic. Transfection efficiency was quite high with
Lipitoid as a function of transfection conditions and cell species. Cumulatively, these
data are encouraging with regard to the potential utility of this nanoparticle for in vivo
siRNA delivery. The modular oligomer sequence composition of lipitoids may facilitate
variations in physicochemical properties of the transfection reagent to optimize
pharmacological attributes and address critical challenges for introduction of siRNA
mediated gene silencing to the clinical setting.
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Experimental Procedures

Lipitoid Synthesis. Manual solid phase peptoid synthesis of Liptoid was conducted

according to previously described procedures and purified by high performance liquid
chromatography. °

Cell Lines. Several cell types were employed including an immortalized human vocal
fold fibroblast cell line developed in our laboratory and referred to as HVOX.” Primary
rat and rabbit vocal fold fibroblasts were also employed.

Standard Transfection. Cells were grown in 6-well plates to 80% confluency. siRNA and

transfection reagent (Lipitoid or Lipofectamine®) were dissolved in 500uL Opti-MEM®
(Life Technologies, Carlsbad CA); Opti-MEM is recommended for use with cationic lipid
transfection reagents. For standard transfection, siRNA at a concentration of 5uM was
combined with 1.00mg/mL Lipofectamine® or 1.07mg/mL Lipitoid. siRNA/lipid solution
in reduced serum media (Opti-MEM®) was incubated at room temperature for 20
minutes and 500uL was added to each well containing 1.5mL of Dulbecco’s Modified
Eagle Medium (DMEM; Life Technologies, Carlsbad CA) with 10% Fetal Bovine Serum
(FBS; Life Technologies, Carlsbad CA). The media was then changed to 10% FBS, 1%
antibiotic DMEM after six hours. RNA was then harvested at the determined
experimental endpoint.

Continuous Transfection. Cells and transfection reagents were prepared as described

for Standard Transfection. Cells were then treated with transfection media through the
duration of the experiment until the determined experimental endpoint (6, 24, 48, and 72

hours).
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RNA Extraction and Quantification. At the appropriate experimental endpoint, RNA was

extracted employing the Qiagen RNeasy Kit (Qiagen, Valencia CA). RNA was quantified
using the NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific, Wilmington,
DE) according to the manufacturer's protocol.

Quantitative Reverse Transcriptase-Polymerase Chain Reaction. The Tagman RNA-to-

Ct 1-Step kit (Applied Biosystems, Grand Island, NY) was used to perform quantitative
reverse transcriptase-polymerase chain reaction (RT-PCR). Sequences for Smad3 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes were obtained in the form
of Tagman gene expression assays (Applied Biosystems). Quantitative RT-PCR (qRT-
PCR) was run on the Applied Biosystems ViiA7 Real-Time PCR System, as
recommended by the manufacturer. The AACt method was employed with GAPDH as
the housekeeping gene.

Statistical Analyses. All experiments were performed in triplicate, at minimum. Data are

presented descriptively as means +/- standard error of the mean (SEM). The dependent
variable of interest was subjected to a one way analysis of variance. If the main effect
was significant, post hoc comparisons were performed via the Scheffé method.
Statistical significance was defined as p <0.05 using StatView 5.0 (SAS Institute,

Berkeley, CA).
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Appendix 2

Design, Synthesis, and Purification of Next

Generation Lipitoid Variations
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Introduction

Motivated by the in vitro and in vivo transfection success of the Lipitoid, we then
sought to create variations of this design. Lipitoid was, in fact, just one of 22 of different
sequences chosen during its initial development in the late 1990’s." Lipitoid was
chosen as an optimal sequence with which to begin transfection experimentation
because of its exceptional performance during in vitro trials concerning DNA
transfection efficiency in HT1080 cells as well as its ability to protect the nucleic acid
cargo from hydrolytic cleavage.! However, several other designs, which vary from
Lipitoid in terms of the hydrophobic side chains presented and/or the lipid tail displayed

at the N-terminus of the peptoid. (Table 2)
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Molecular weight
Lipid* R n Designator* Calculated found®
11 DMPE 2-Phenethyl 3 DMPE-(NaeNpeNpe), 1960.5 1959 .5
12 DMPE (S)-1-phenylethyl 3 DMPE-(NaeNspeNspe) 1960.5 1959.6
13 DMPE p-MeO-phenethyl 2 DMPE-{NaeNmpeNmpe), 1658.1 1658.0
14 DMPE p-MeO-phenethyl 3 DMPE-{NaeNmpeNmpe), 2140.7 2139.7
15 DMPE p-MeO-phenethyl 4 DMPE-(NaeNmpeNmpe), 2623.2 26220
16 DMPE ©-MeO phencthy! 8 DMPE (NacNmpeNmpc)g 4563.6 4661.3
17 DMPE p-MeO-phenethyl 12 DMPE-(NaeNmpeNmpe), , 6483.8 6480.8
18 DOPE p-MeO-phenethyl 3 DOPE-(NaeNmpeNmpe), 224838 22480
19 DMPE Pentyl 3 DMPE-(NaeNpnNpn}, 1756.4 1755.4
20 DOPE 2-Methylbutyl 3 DOPE-{NaeNmbNmb), 1864.5 1864.4
21 DMPE 3-Methylbutyl 3 DMPE-(NaeMaMia),, 1756.4 17555
22 DOPE 3-Methylbutyl 3 DOPE-(NaeMNaMia),, 1864.5 1864.3

Table 2. Lipitoid variations created by the Zuckermann Laboratory in 1998."
Lipid abbreviations: phosphatidylethanolamine; DOPE, dioleoyl
phosphatidylethanolamine. phosphatidylethanolamine; DOPE, dioleoyl
phosphatidylethanolamine. Note that the values of n also represent the number of
formal positive charges on each lipitoid. Submonomer abbreviations: Nae, N-(2-
aminoethyl)glycine; Nap, N-(3.amino-propyl)glycine; Npe, N-(2-phenylethyl)glycine;
Nspe, N-[(S)-1 -phenylethyliglycine; Nmpe, N-[2-(4’.methoxylphenyl)ethylglycine; Npn,
N-pentylglycine; Nmb, N-(2-methylbutyl)- glycine; Nia, N-(3-methylbutyl)glycine; §
denotes analysis by electrospray mass spectrometry. ND, indicates the mass was not

determined.

Four sequences, designed with the same pattern of cationic-hydrophobic-
hydrophobic peptoid trimeric repeats, exhibit comparable and even superior transfection
capabilities, incorporating pentyl and methylbutyl isomers and some substituting DMPE
for the DOPE lipid moiety. Ultimately, Zuckermann et. al. concluded that aromatic, not
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alkyl side chain peptoid functionalities, formed stronger complexes with the therapeutic
nucleic acids and thereby protecting the cargo from degradation, presumably due to the
large and planar aromatic rings intercalating between the base pairs and stabilizing the
DNA polyplexes.

Note that since this last study progress has been made on the design and testing
of a new generation of lipitoid sequences, and we hypothesize that lipitoids
incorporating both alkyl and aromatic functionalities could potentially yield better
transfection efficiency while forming stronger nanoparticle complexes with genetic cargo.
Transfection has been shown to be sensitive to many experimental factors including,
but not limited to: cell or tissue type, origin of cell type, and siRNA sequence.’
Therefore, it is reasonable to postulate, that while Lipitoid has proven itself a general
transfection workhorse, other sequences could be designed to tailor our transfection
reagent to the specifications of the experiment.

Results and Discussion

With these details in mind, 9 variations of Lipitoid, lipitoids 1-8, based off of the
success of a few of the original Zuckermann library members from 1998 (See Table 3
and Figure 56). Lipitoids 1-6, change the patterning and identity of some of the
hydrophobic groups in the peptoid head portion, while Lipitoids 7 and 8 swap 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) for 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (Pope) or 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE). With these 8 Lipitoid variations in hand, our goal is to
test them for transfection efficiency of the SMAD3 siRNA in various cell types and
origins. Promising sequences will go on to in vivo trials to potentially improve on our
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initial successes with SMAD3 knockdown from localized delivery of SMAD3 siRNA to

injured leporine vocal folds (See Chapter 3.4).

Lipitoid Livid Trimer.1 Trimer.3
Sequence P (N-Term) (C-term)
Lipitoid | DMPE | Cat-Mph-Mph | Cat-Mph-Mph | Cat-Mph-Mph
1 DMPE | Cat-iPt-Mph Cat-iPt-Mph Cat-iPt-Mph
2 DMPE Cat-iPt-iPt Cat-Mph-Mph Cat-iPt-iPt
3 DMPE | cat-Mph-Mph Cat-iPt-iPt Cat-Mph-Mph
4 DMPE | Cat-Pen-Mph | Cat-Pen-Mph | Cat-Pen-Mph
5 DMPE Cat-Pen-Pen | Cat-Mph-Mph | Cat-Pen-Pen
6 DMPE | Cat-Mph-Mph | Cat-Pen-Pen | Cat-Mph-Mph
7 POPE | cat-Mph-Mph | Cat-Mph-Mph | Cat-Mph-Mph
8 DPPE | Cat-Mph-Mph | Cat-Mph-Mph | Cat-Mph-Mph
® ®
NH, NH3
e N
Llpldf\o_}i‘« SN
) H

Trimer 1

’

NH3
®

Trimer 2

3

o”
-
Mph

N
/N\
iPt

Trimer 3

0 rfo Y o o Y o
/\n,N\)LN N\)LN N\)LN N\)LN N\)LNH2
N 1 1 1
o) '\R o) o) R) 0 LR o)

Table 3. Table of first generation Lipitoid and second generation sequence identities.

(top).

Figure 56. Basic stucture of the Lipitoid variants, classified according according to their

trimeric repearts by color. (bottom)

Synthesis and Purification of Lipitoids 1-8

All Lipitoids were synthesized according to the same modified protocol as

presented in Section 3.3. The protocol alteration of changing the reaction vessel from

plastic syringe to glass scintillation vial when performing the lipid displacement (as

described previously) was applied to the synthesis of this library as well. While the

synthetic protocols for the variants were identical, the analytical HPLC methods and
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purifications were unique to some of the sequences, probably due to the change in
hydrophobicity of the peptoid head groups as well as the lipid tails, as witnessed by their
extremely late HPLC retention times. Crude analytical traces, shown below, display
varied levels of purity, and a few demonstrated the same high level of purity obtained
from our crude Lipitoid. (Figure 57) It seems that varying the lipid group as well as
altering the patterning and identity of the peptoid sequence directly affects the progress
of the reaction to produce an HPLC spectrum consistent with a discrete product.
Modifying the lipid groups, as executed in Lipitoids 7-8 whose coupling efficiencies are
sensitive to solvent conditions," could be the source of impurities seen in the analytical
spectra. Yet Lipitoids 5 and 6, bearing the same DMPE group as Lipitoid and Lipitoid
2-4, are visibly less pure. Lipitoids 5 and 6 are designed with the two adjacent pentyl
side chains and one amino propyl side chain in either one or two of the trimeric units
contained in the peptoid portion of the sequence, flanking the termini, in the case of two
repeats or sandwiched between two of the other units. Alkyl amines typically behave
very well in peptoid synthesis,”> so most likely the pentylamine, stored under ambient

conditions, had begun to oxidize to the N-oxide derivatives.®
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Figure 57. Crude RP-HPLC analytical spectra of Lipitoid sequences 1-8.

Lipitoids were analyzed with a linear gradient of acetonitrile in water (0.1% TFA) at a
flow rate of 500 ulL/min. Individual solvent gradients and analysis times varied

depending on the sequence tested. See Methods and Materials for details.

In assays to affirm cell viability and Smad3 gene knockout using crude lipitoids,
crude Lipitoid was tested in human fold fibroblasts against purified Lipitoid using an
MTT assay and Smad3 RT-PCR. (data not shown) Establishing that crude compounds
were practically as effective a transfection reagent as purified compounds, we bypassed
the purification for Lipitoids 1-4,8 which were generally of good purity immediately
following cleavage from the resin. (Figure 57) Purification of the Lipitoids was a time-
intensive effort, and we rationalized that by testing library members which contained
relatively low amounts of impurities, we could perform a quick screen of their ability to
obtain a simple yes/no readout on the transfection capability of these compounds. In the
event that any of the sequences demonstrated a remarkable performance in
comparison to Lipitoid, we would purify the sequence for further analysis and testing.
Because Lipitoids 5-7 exhibited excessively impure analytical traces, Lipitoids 5-7
were purified using RP-HPLC to >95 % and the identity of each lipitoid variant was
verified by MALDI-TOF/TOF spectrometry. (Figures 58) Sufficiently pure Lipitoids 1-8

were given to the Branski Laboratory as lyophilized powders for in vitro testing.
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Figure 58. Purifed analytical HPLC traces of Lipitoids 5-7.

In some crude and purified samples, Lipitoids 3-6 , a small, broad peak elutes
immediately following the product peak. MALDI-MS analysis of these peaks show this to
be the potassium complex of the desired lipitoid. This complex originates from the
desalting procedure of the hydrochloride salt of the phosphotidylethanolamine prior to
use in peptoid synthesis. 11 M KOH is employed to alter the pH of the phospholipid
solution, removing the proton from the primary amine handle, rendering the primary
amine active for nucleophilic attack and creating water as a byproduct. KCI, insoluble in
15% methanol in chlorobenzene, precipitates from solution, and evidently is difficult to

remove the last traces of precipitate when working with volumes as small as 1 mL.
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Experimental Procedures

Lipitoid Synthesis and Characterization

Materials:

Synthesis of the peptoid and peptide oligomers was initiated on Rink Amide resin (Nova
Biochem, 100-200 mesh, loading: 0.74 mmol/gram). Bromoacetic acid (97%) was
supplied by Sigma-Aldrich. Trifluoroacetic Acid, TFA, (99%), N,N-Dimethylformamide,
DMF, (anhydrous and amine free, 99.9%) and N,N’ diisopropylcarbodiimide, DIC, (99%)
were supplied by Alpha Aesar. Pentylamine, 2-(4-methoxyphenyl)ethylamine, isoamyl-
amine, and ethylenediamine were purchased from Sigma Aldrich. Lipids were
purchased from either Avanti Polar Lipids (Avanti Polar Lipids, Inc.) or Sigma Aldrich.
Other reagents and solvents were obtained from commercial sources and used without
additional purification.

Lipitoid Synthesis. Synthesis of the Lipitoid was conducted on solid phase according to
previously described procedures according to a modified submonomer synthesis
approach® and purified via high-performance liquid chromatography. Rink Amide Resin,
100 mg (0.074 mmol), was swelled in DMF for 30 minutes before initiating the synthesis.
Bromoacetylation was carried out by incubating the resin with a bromoacetic acid
solution in DMF (1.2M, 850 uL) and DIC (200 uL) for 20 minutes at room temperature
and an agitation rate of 220 rpm. The resin was washed with 4x 1 mL DMF before
displacement with the desired primary amine (1M in DMF) for 30 minutes at room
temperature and an agitation rate of 220 rom. The resin was washed with 5x 1 mL DMF.

This two-step iterative process was repeated until the desired oligomer chain length and
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monomer sequence composition was achieved before the addition of the
lipophosphotidylethylamine. Prior to lipid addition, the peptoid sequence was
bromoacetylated once more, and the resin washed and transferred to a glass
scintillation vial. A 0.2M solution of lipid was prepared in 15% methanol/chlorobenzne
and to it was added 0.95 eq. of 11M KOH. The solution was centrifuged, and the
supernatant removed and to the scintillation vial containing the resin. Resins were
exposed to the lipid solution for roughly 16 hours while shaking at 37°C. The resins
were then washed copiously with 15% methanol/chorobenzene and after with 5 x 1mL
DMF and 5 x 1mL DCM. The Lipitoid was cleaved from the resin using a cocktail
containing 95% TFA, 2.5% TIPS, and 2.5% water (4 mL) at room temperature for 10
minutes. The solution was removed under reduced pressure, and the crude peptoid was
re-suspended in acetonitrile/water, frozen, and lyophilized. Once thoroughly dried, crude
Lipitoid was stored at 4°C until characterization and purification.

Characterization and Purification of Lipitoids 1-8. Lyophilized powders were
suspeneded in a solution of aqueous acetonitrile then analyzed by MALDI-TOF/TOF
and analytical RP-HPLC. Lipitoids were purified to >95% using a preparatory C4
column. HPLC was on a Waters 2489 instrument using a Phenomenx Jupiter C4 column
(Phenomenex, 15 um, 300 Angstroms, 10x250 mm). Lipitoids was detected at 220 nm
during a linear gradient of 15-45% aqueous ACN with 0.1% TFA over 60 minutes at a
flow rate of 5 mL/min. Fractions were consolidated, frozen, and lyophilized. Once dried,
purified Lipitoids were stored at 4°C until analysis and in vitro and in vivo testing.

Purity was assessed by reverse-phase HPLC (DeltaPak analytical C4 column, Waters, 5
um, 300 Angstroms, 3.9x150 mm) on an Agilent 1260 Infinity LC system. A linear
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gradient of 20-80% acetonitrile in water (0.1% TFA) over 40 min. was used at a flow
rate of 500 uL /min. Mass spectrometry was performed on an Agilent 1100 series
LCMSD VL MS spectrometer or a Bruker Maldi-TOF TOF UltrafleXtreme MS
Spectrophotomer using a saturated solution of a-Cyano-4-hydroxycinnamic acid

prepared in 70% ACN(aq) with 0.1% TFA
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Appendix 3

Additional Data and Experiments from Metal
Binding Studies in Chapter 4: Rapid
Identification of Nickel-binding Peptoid
Oligomers by On-Resin X-ray Fluorescence

Screening
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Figure 59. Snapshot of a standard XRF spectrum from a resin-bound library member
observed during MXRF® analysis. The X-axis denotes photon energy (keV), while the Y-
axis represents Pulses / second / eV. The characteristic x-ray fluorescence energies for
the atoms of interest (Ka and Kj lines for Co-Zn, and L emission line for I) are labeled in

color. The large iodine signal at 3.94 keV, indicates the presence of peptoid on the bead.
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Figure 60. Depiction of the full 35-member peptoid oligomer library which was
synthesized and used in the MXRF® screening. All library members are between 4-9
monomers in length. The 4-iodobenzyl sidechain, is included at either the C- or N-

terminus of each peptoid oligomer for quantification purposes.
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Validation of Library Synthesis

Synthesis of library members was conducted using submonomers that have been
previously validated for reproducible solid phase peptoid synthesis at high yield.
Syntheses including these submonomers are typically obtained with purities ~90%."?
Completion of each iterative synthetic step on Tentagel Resin was monitored via
chloranil test*, and the identity of the library members was validated by matched
synthesis on Rink Amide resin, cleavage, and characterization by ESI-MS and RP-
HPLC. Representative characterization data from crude library member PentA, is

provided below (Figure 61).
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Figure 61. RP-HPLC trace of crude PentA at 214 nm, shown to be >90% purity, with

ESI-MS characterization data (inset).
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Figure 62. Data from two additional MXRF® analyses with sequences PentA and
NonaB and controls ConC and ConTG. Each graph plots the metal to iodine ratio of
fluorescence intensity (M:l) against the two wells that contained the sequence. Within
each well, M:l are distinguished by separating the specific bead (1-4) that the M:l
originated from. Some run-to-run variations in M:l fluorescence signal intensity were
observed, but the overall pattern of relative M:| values for different metal species were
consistent. These results identify PentA and NonaB as strong nickel binders, while
controls ConC and ConTG do not demonstrate ability to complex any of the metal

species tested.

202

www.manaraa.com



o
)

£
N

v¥

Vvy v

w
N

v

N

-

Metal to lodine Ratio of Fluorescence Intensity

NYHYE NAYHE NAYHE NHE

9 > W
N N
&

LS
»

&O
N

»
J

—
_'!;.f.

N
1

X
p |

Metal to lodine Ratio of Fluorescence Intensity

‘e “ © Oty oo

o

NVHE NAVHE NAYHE NYH S

G- [
N N > >

&0

Col
Ni:l

Cu:l
Zn:l

<« > mH O

BE R R e e

NYHYE NUYHE NYMHE

© A L)
& ¢
<0 <0

& &

® <
e Coll
= Ni:l
A Cul
v Zn:l

NYHYE Ny E N m e

© N N
N\ N N
$¢\ &0 &0
L gL
® <
203

www.manharaa.com



Solution Phase Binding Experiments

Once liberated from solid support and purified (See Appendix A: Preparation of
Peptoid Oligomers on Rink Amide resin for experimental details), we attempted to
characterize 89A and 101A’s ability to complex nickel. Uv/vis, H NMR, and MS
spectroscopy as well as HPLC analysis were conducted as methods of verification of a
binding event.

First attempts at solution-phase binding were conducted in 100% HPLC grade
water with sequence 89A (108 uM) in a 1 cm path length quartz cuvette scanning from
190-800 nm. 1 equivalent (relative to the peptoid) of Ni(NO3), (Tris buffered to pH 8)
was added and the solution was stirred to equilibrate. Spectra were taken every three
minutes until no change was observed. This process was repeated for the 2"* and 3™
equivalent of metal. Upon addition of nickel, changes at 229 nm (appearance of a
shoulder) 240 nm (disappearance) and 257 nm (decrease in magnitude) were observed,
corresponding to the pyridyl and carboxylate functionalities. This was conducted for up
to 4 full equivalents of nickel with potential saturation at 229 occurring at 3 equivalents

(Figure 63).
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Figure 63. Uv/vis plot of the titration of Ni** into a 108 uM solution of 89A.

Because sequence 101A is not soluble in Tris buffer, the first binding attempts
with this sequence were conducted in aqueous 30% acetonitrile at a concentration of
108.26 uM. The titration procedure outlined for sequence 89A was repeated and similar
spectral changes were observed. The change at 229 nm appeared to be a reliable
monitoring wavelength, and the concentration for the next experiment was adjusted to
48 uM so that the detection limit would not be reached as quickly. The next experiment
conducted the Nickel titration up to 13 equivalents, and this was compared to 13
equivalents of metal added to a 30% acetonitrile solution without any peptoid (Figure
64). Unfortunately, this experiment revealed a very large increase in the absorbance at
229 nm without any peptoid, so this wavelength was determined to be unfit for

monitoring.
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Figure 64. Uv/vis plot of the titration of Ni** into a 48 uM solution of 101A
showing without nickel (blue), with 13 equivalents of nickel relative to peptoid (green),

and with 13 equivalents of nickel and without peptoid (red).
Instead, job plot analysis at 257 nm turned up something that looked to be either
a 1:1 and/or a 1:~3 peptoid:metal stoichiometry (Figure 65). However, attempts to

reproduce the data were unsuccessful, and we hypothesized that either evaporation of

the solvent was occurring or that more control was needed over the pH.
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Figure 65 Job plot analysis of the Uv/vis titration at 257 nm of Ni?* into a solution

of 101A in 30% aqueous acetonitrile. The data suggest a 1:1 and/or a 3:1 stoichometry.
Next, the solvent system for titration was changed to a 4:1 solution of methanol:
water following previous metal binding work from our lab on a similar sequence.® 101A

was dissolved to a final concentration of 17 uM and the titration conducted up to 2

equivalents of metal, with a consistent increase at 257 nm (Figure 66.
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Figure 66. Uv/vis plot of the titration of Ni** into a solution of 101A in 4:1
methanol:water. Here, the data shows an increase in absorbance at 257 nm, in contrast

to the previous studies in 30% aqueous acetonitrile.

Yet, when the experiment was repeated the results were irreproducible, and an
appreciable amount of solvent appeared to be vanishing as the titration progressed.
Finally, to test the evaporation theory, 15 separate solutions of 101A were prepared in 1
dram vials and each added a different amount of metal from 0-3 equivalents in 0.2
equivalent increments to represent the solution at the differing stages of titration. Each
vial was sealed to prevent evaporation. Analysis of each of the vials was taken after 3
and 22 hours and compared on job plot analysis at 257 nm (Figure 67). The two
spectra show little deviation from each other, and the changes in the absorbance at 257

nm are noisy and slight. | concluded here that the previous increase at 257 nm was the
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result of solvent evaporation, and that 257 was not a reliable wavelength to monitor at

either.
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Figure 67. Job plot of the dram vial nickel binding experiment at 257nm between
101A and Ni**. Each 0.2 equivalent of metal represents an experiment conducted in a
separate, sealed dram vial with that corresponding amount of metal over the course of
22 hrs. The results are fairly reproducible over almost 24 hrs., indicating that the

increase at 257 in the previous experiment was due to evaporation of the solvent.

Thinking that perhaps the pH instability was the culprit of a lack of binding
readout, 101A was then dissolved first in a minimal amount of 30% acetonitrile, then
diluted into 50 mM N-ethyl morpholine buffer (pH 7) to afford a final peptoid
concentration of 1mM. The titration protocol was modeled after Kritzer's work.® The
titration was carried out in 0.1 molar equivalents (relative to peptoid) with a solution of

NiCl,. After each addition, the solution was allowed 3 minutes to equilibrate while
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stirring, and then the spectrum was acquired while scanning wavelengths 190-800nm,
with special attention paid from 300-600 nm to witness the Nickel d-d transitions at ~385
nm. However, after 0.1 equivalents of Ni was added a white, cloudy precipitate formed

in the cuvette. This precipitate was isolated and MALDI and analytical HPLC analysis
was conducted on it with the hope that this could be an insoluble metal:peptoid complex.
However, MALDI analysis only revealed the sodiated peptoid, and HPLC traces
matched those of the pure sequence (Figure 68). The work was repeated by first
dissolving 101A in 50:50 isopropanol: water mixture to try and tune the solubility, but the

precipitation occurred immediately upon metal exposure.
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Figure 68. MALDI and analytical HPLC analysis of the isolated precipitate from
the nickel binding experiments between 101A and Ni** in aqueous buffered solution.

The MALDI mass corresponds to the sodiated peptoid, while the HPLC trace (black)
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aligns with that of the pure peptoid (red). These data prove that the precipitate formed

was the insoluble peptoid.

In a final attempt to witness binding with 101A, the sequence was dissolved in
deuterated methanol to a concentration of 4.45mM and subjected to '"H NMR.
Spectrum was acquired before and after addition of 1 and 2 equivalents of NiCl, was
added to the NMR tube. No change was observed after adding either 1 or 2 equivalents
of Ni** to the peptoid solution (Figure 69). A binding event to Ni** should have been
apparent with a downfield shift of the protons near the binding center as well as a
coalescence of the signals due to Ni*"’s paramagnetism if the coordination geometry
around the Ni** is not square planar. The Kd of the complex must be greater the mM

since we were not able to see any binding on the NMR timescale.’
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Figure 69. 'H NMR traces of 101A before (red) and after (blue) exposure to two

equivalents (relative to peptoid) of NiCl,. No apparent change in the spectrum was
observed, especially in the aromatic region where the peptoid was believed to complex

the pyridyl nitrogen, implying either a high Kd of binding, or no binding to Ni**.

Because sequence 89A is completely water soluble, we surmised that the
solubility issue of 101A would not be a problem. The titration under Krizter's conditions
was repeated until 2 full equivalents of NiCl, were added. No precipitation was observed,
but a global increase over all absorbances was witnessed. A promising absorbance at
385 emerged, possibly indicating a nickel d-d transition, but saturation could not be
reached. To test if this absorbance was due to the metal-peptoid interaction, a titration
without peptoid was conducted into 50mM N-ethyl morphine buffer up to 6 equivalents,

with the absorbance at 385 increasing linearly with each aliquot of metal (Figure 70).
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Two more peptoid sequences identified as hits from the XRF analysis, 91A and 83C
were then tested for binding to nickel and copper via the Kritzer method, with similar

results as 89A. (Data not shown)
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Figure 70. Uv/vis plot of the titration of Ni** into a 1 mM solution of 89A showing
a large, and increasing, absorbance at 385 nm. (Top). Uv/vis plot of the same titration

experiment without peptoid (bottom) The same increasing absorbance at 385 nm is also
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present in the experiment without peptoid, indicating that this absorbance does not

correspond to a metal-peptoid interaction.

Designing Cyclic Metal-Binding Peptoids for Cu?* Complexation

Computationally designing peptoids to display predictable structure and function
is another active area of research in the Kirshenbaum lab, formed from a collaboration
between our lab and the Bonneau lab. Once verified, this tool could be as invaluable as
high throughput screening for the discovery of functional peptoid molecules. Two
designs, based on the natural metalloenzyme active sites, were generated from the
Bonneau lab using computational analysis to predict the side chain geometry of cyclic
hexamer and octamer peptoid macrocycles (Figure 71). We hypothesized that the
covalent constraints introduced by macrocyclization would provide a rigid and pre-
organized binding environment to facilitate tight and selective metal complexation.

The cyclic hexamer, based on a nitrite reductase (1AS6 from Alcaligenes
faecalis) was synthesized using standard solid phase synthesis protocol on 2-chlorotrityl
chloride resin and subject to head-to-tail macrocyclization with PYBOP and DIEA.®
Once purified, the macrocycle was characterized by MS, MALDI, HPLC, and '"H NMR
(Appendix 72). The compound was dried and stored in a light- tight container under

vacuum at -20°C until use.
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Figure 71 Bonneau Laboratory-designed cyclic peptoid macrocycle intended to bind

metal (Right). The corresponding Chemdraw representation of the same macrocycle

(Left).
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Figure 72. MS data and analytical HPLC trace of the cyclic metal-binding hexamer

validating the identity of the sequence and the high purity above 98%.
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Uv/vis titrations were conducted under inert atmosphere at concentrations of 20.5
uM to 161.53 uM peptoid (concentration determined by Trp absorbance at 280 nm) in
either 20mM MOPS buffer or 20mM N-ethyl morpholine buffer, with and without 100mM
NaCl, and with and without sodium citrate as a Cu antioxidant.® Scanning wavelengths
of 190-800, Uv/vis titrations of either increasing amounts of Cu®*, Ni%, Co?*, or Zn** were
conducted into the peptoid solution, but neither a reproducible binding curve nor a
homogenous solution could be maintained. In all cases, a precipitate formed upon
exposure to the metal solution, obscuring the absorbance readout. In the case of Cu?*
titrations, the precipitate was isolated and subjected to Maldi-TOF analysis. Under
conditions of 20mM MOPS, without NaCl or citric acid, and without oxygen, many peaks
corresponding to a copper complex as either a peptoid monomer or dimer can be
witnessed (Figure 73). Additionally, the dimer, trimer, and tetramer assembly can be

observed without metal as well.
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Figure 73. MALDI analysis of a solution of the cyclic hexamer titrated with 1 equivalent
of Cu. Many masses corresponding to the Cu-peptoid complex can be observed as
either as a monomer or a dimer, as well as a hetero or dinuclear metal center about the
macrocycle. M*: 816; M*Na*:838.4; M*+Cu?*:878.4; M'+2xCu®":965.5; M*+2xCu®**+
S0,7':1030.45; M*+CuS0,. 3H,0 + OH: 1147.75; 2xM: 1629.95; 2xM + Na*-1: 1651.94;

2xM+Cu?*-0.5: 1692.89: 2xM + 2xCu?*-1: 1755.85.

We hypothesize that the metal is catalyzing the formation of a disulfide bridge
between two or more macrocycles and causing aggregation of the peptoid, causing
them to crash out of solution. This is supported by literature precedent concluding that
Cu complexes in the presence of Trp and Cys are known Redox cycling molecules, and

have been demonstrated to catalyze oxidation and reduction of cysteine thiol groups.'™
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