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ABSTRACT

EXPLORATION OF PROTEIN ENGINEERING METHODS TOWARDS BIOMATERIALS,
THERAPEUTIC PROTEIN SCAFFOLDS, AND LOCALIZATION DETECTION WITHIN

MAMMALIAN CELLS

Proteins are large biomolecules entangled with complex chemistry that uniquely control
the processes, function and efficiency of everyday life. These macromolecules are the final
product of the central dogma, and as in any synthesis, the proper reactants must combine in order
to produce the correct products. As technologies develop to understand their production and
resulting structure, sequence and activities, they have increasingly become a bulk chemical
platform in which nearly any desired application can be engineered- ranging from materials to
therapeutics. The first half of this dissertation will discuss the potential to break down the central
dogma in order to create new biological materials through incorporation of novel building
blocks, known as amino acids. The second half will focus solely on the design and analysis of
engineered proteins to create scaffolds for biological therapeutics that have the capability to bind
almost any disease relevant target.

The second chapter of this dissertation describes the synthesis of novel non-canonical
amino acids that add new chemistries to any protein of interest. Using amber codon suppression,
and careful engineering of tRNA synthetase and cognant tRNA’s, these new amino acids can be
site selectively incorporated. To start, derivatives of phenylalanine are selected since this

machinery has been successfully implemented for many new amino acids. The synthesis of
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bithiophene explores the utilization of phase transfer catalysis and transition metal cross-
coupling to deliver a racemic mixture of the non-canonical amino acid with a bithiophene
moiety.

The third chapter of this dissertation will discuss the engineering potential of nanobodies,
a monomeric protein responsible for all binding interactions, isolated from the variable heavy
chain of camelid antibodies. We had previously reported a cationic resurfacing strategy that
endowed mammalian cell penetration in three nanobody scaffolds. We have since explored and
refined this strategy, along with endowing the capability to bind new targets. In the end we found
that, when fused to sfGFP, a polyarginine version (PolyR-NB) increased internalization over the
original cationic GFP nanobody (CatNB), but the original CatNB scaffold was more adaptable to
extensive mutagenesis. Therefore, the PolyR nanobody scaffold can be utilized to aid the
internalization of therapeutic cargo proteins that would otherwise not be able to cross the lipid
bilayer, and the CatNB scaffold can become a therapeutic itself, modified to bind any
intracellular target of disease relevant proteins. To further prove the later point, the
complimentary determining regions (CDRs) of a separate nanobody, the BC2 nanobody, were
grafted upon the CatNB framework, keeping all resurfacing and structure intact. Remarkably, the
CatNB-BC2 CDR nanobody was able to maintain binding to its wild type partner.

The final chapter will showcase the efforts towards development of a facile luminescent
assay that detects protein delivery to the cytosol of cells. Adapted from the NanoBit assay
developed by Promega to identify protein-protein interactions, our assay utilizes the split
nanoluciferase technology to produce a luminescent signal once an exogenous protein has
recombined with its other half in the cytosol. This system, in theory, could be applied to identify

endosomal release of virtually any therapeutically relevant protein.
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CHAPTER ONE

PROTEIN ENGINEERING METHODS THAT EXPAND UPON AND MODIFY THE

NATURAL BIOLOGY OF PROTEINS AND THEIR APPLICATIONS

1.1 Introduction

Proteins are responsible for all processes in life that determine cellular function and fate.
Proteins that have undergone mutations that alter their original form or activity can result in a
variety of diseases, cancer, autoimmune and inflammatory responses, and even genetic
disorders."” Understanding the lineage between DNA, RNA and proteins can help scientists
build a map to probe their activity and gain control over exact characteristics through protein
engineering.”® By mimicking evolution, protein engineering methods have produced proteins
with improved binding affinities to block or disrupt disease relevant proteins, proteins that can
replace and improve synthetically made materials, and proteins that even contain synthetically

9-14 With directed evolution and rational

made amino acids to expand upon their native chemistry.
design, the capabilities of these macromolecules almost become limitless. This research will
exemplify the use of proteins with new chemical capabilities beyond their natural biology, the

ability of proteins to become new therapeutics, and the development of assays that help detect

proteins within mammalian cells.

Directed evolution is a process by which natural selection is accelerated and steered in a
defined direction. Typically, the gene of a protein is mutated to create a library of variant genes
that will essentially result in a library of variant proteins (Figure 1.1). These variants will then

range in the proportion of functional or dysfunctional variants. This function is a phenotype that



can be used to apply selection pressure against the library and separate out variants that reveal
beneficial mutations.'>'® Proteins are created with 20 small molecule building blocks called
amino acids. These amino acids hold all the chemical capabilities of every protein, but their
range is rather limited. To expand upon this chemistry, the Schultz lab utilized directed evolution
to create tRNA synthetases capable of binding and incorporating a non-natural amino acid in a
desired protein. Chapter two of this dissertation will discuss the methods by which new chemical
abilities can be added to proteins, and the synthesis of a novel amino acid to be incorporated

using such methods.
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Figure 1.1: Rational design and directed evolution methodology towards engineered
proteins



Rational design differs from directed evolution in the sense that creation of a library of
proteins is unnecessary. The process relies on in-depth knowledge of a proteins structure (such as
a crystal structure) and function in order to design thoughtful alterations (Figure 1.1).""'® Small
molecules have dominated the therapeutic field due to their ability to cross the lipid bilayer of
mammalian cells to reach intracellular targets. Proteins, despite their large binding surface and
increased ability to disrupt disease relevant protein-protein interactions, contain surface
chemistry that typically does not allow passage into cells. Chapter three covers the rational
design of proteins to restructure their surface chemistry to open the intracellular binding

capabilities for protein therapeutics.

Finally, when a new function is created for a protein, there is a need for systems that can
detect the successful activity and separate it from those that fail. Green fluorescent protein
(GFP), and luminescent protein nanoluciferase, have pioneered the field of reporter assays that
detect protein-protein interactions.'” Chapter four will discuss the manipulation of split

nanoluciferase to detect the successful delivery of therapeutically relevant proteins into cells.
1.2 Recombinant Protein Synthesis

DNA is a double helix structure held together through the hydrogen bonding of nucleotide
bases that have optimal Watson-Crick base pairing partners (Adenine with Thymine, Guanine
with Cytosine.)® Genomic DNA contains all protein genes necessary for cellular health and
function and is maintained with the nucleus of a cell.?’** The level of which a protein is
expressed and downstream regulation is largely dependent upon the amount of RNA
transcripts.” RNA transcripts are the single stranded complimentary partners (with the exception
of Uracil in place of thymine) of genes that are exported out of the nucleus to the cytosol and

translated into proteins. This is done when the nucleotides are read by the RNA ribosome in a



triplicate fashion, called a codon.”* These codons tell the ribosome which amino acid is to be
added next to the polypeptide chain, the primary structure of a protein. Generally, a transfer
RNA (tRNA) molecule carries the correct amino acid to the ribosome and is matched to the RNA
transcript through its anticodon. An enzyme known as the aminoacyl-tRNA synthetase contains a
binding pocket that is unique to an amino acid and catalyzes a reaction that acylates the amino
acid on to its cognate tRNA partner.”” This translational machinery greatly differs between
species. Eukaryotes contain translational machinery that is able to perform RNA splicing of
transcripts that can produce proteins with different functions from the same gene. Eukaryotic
cells also perform post-translational modifications to many proteins that are necessary for their
biological activity. Genetic engineering has been able to remove components from eukaryotic
DNA and recombine these genes into DNA vectors that can be delivered to new hosts, such as
bacteria, yeast and mammalian cells.”*?” These vectors, known as plasmids, can be transfected
into a bacterium and adopt the host transcription/translation machinery without integrating into
the host genome as seen in Figure 1.2. The resulting recombinant proteins have thus
spearheaded the endless possibilities of protein engineering. So much so that researchers have
begun to push the boundaries and expand upon the natural chemistry the native 20 amino acids

provide.”®
1.2.1 The Genetic Code

Incorporation of non-canonical amino acids (ncAAs) consists of three key players; an
mRNA transcript of the protein of interest, a tRNA bearing the correct anticodon, and the
aminoacyl-tRNA synthetase capable of acylating the amino acid to the cognant tRNA.*

Starting with the mRNA component, permutations of the four possible DNA nucleotides in each

of the three positions of a codon create a genetic code consisting of 64 codons as seen in Step 2



of Figure 1.2. Of these, 61 are called sense codons, which base pair with the anticodon of a
tRNA molecule which contain an amino acid to ligate into the growing polypeptide chain.’' The
remaining three are nonsense codons that encode the termination of protein synthesis, and are
recognized by protein release factors instead of amino acid bearing tRNAs. With 20 natural
amino acids and 61 codons, this means there are multiple RNA codons that code for the same

amino acid. These codons vary in frequency between different host organisms, and the number
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1.2.2 Non-Canonical Incorporation Systems

The two components, the tRNA molecule and aa-tRNA synthetase, require the most
genetic engineering for in vivo ncAA incorporation (Figure 1.3). One of the frontier
technologies in the incorporation of new amino acids is global amino acid replacement (GAAR),

developed by Cohen and Cowie in the 1950’s.***

It was proven that some aminoacyl-tRNAs are
promiscuous with the binding of amino acids with side chains that are structurally similar to their
wild type binding partner. This promiscuity could simply be controlled by concentration of the
desired amino acid and the decrease in concentration, or total elimination of its wild type binder.
Methionine is an amino acid that binds methionyl-tRNA synthetase, and has been efficiently
replaced (up to 98%) by its non-canonical analogs.”>~® For the best incorporation efficiency,
GAAR requires the host cells line to be auxotrophic for the amino acid that is to be replaced to
eliminate any competitive binding of the natural amino acid and the ncAA to the endogenous
synthetase. For this reason, methionine is commonly the amino acid of choice to completely
reassign since, in E.Coli., it only has one mRNA codon that codes for one tRNA. Amino acids
that are encoded by multiple codons and tRNAs would drastically increase the complexity of
GAAR, but has been done by Merkle and co-workers.”” They were able to create a

polyauxotrophic cell line to simultaneously incorporate proline, phenylalanine and tryptophan

with fluorinated ncAA’s into a protein of interest to study it’s structure by fluorine NMR.

Rather than total elimination of a natural amino acid, researchers have been able to hijack
codons with multiplicity for a single amino acid in order to incorporate their desired ncAA,
creating a 21 amino acid genetic code.”® Also, codon usage heavily varies in the frequency of use
depending on the organism of interest. Due to this degeneracy in the genetic code, sense codon

and nonsense codon reassignment have been developed in order to incorporate a number of



ncAAs, however; only nonsense codon suppression will be discussed here. Quickly, the
nonsense codon suppression system is the efficient incorporation of a ncAA into a protein in
response to a nonsense codon in the mRNA transcript using suppressor tRNAs. Amber (UAG),
Opal (UGA) and Ochre (UAA) are the three nonsense codons that encode for protein synthesis
termination, with amber occurring at the lowest frequency (0.02%) in E. Coli.*® Pioneered by the
Schultz lab, the Amber codon was globally replaced by one of the other two stop codons, leaving
the UAG codon unique to the genome (Figure 1.2: steps 2-5).>~>*° With the amber codon now
unique to the host DNA, it can be placed anywhere within a gene to provide site-specific
incorporation of a non-canonical amino acid. Next, the wild type suppressor tRNA bearing the
Amber anticodon (CUA) would need to be amino acylated with the ncAA by the cognate tRNA
synthetase. The codon-anticodon binding relationship is independent from the amino acylation
mechanism between the tRNA synthetase and the suppressor tRNA. Therefor, incorporation of
each new ncAA must be met with the engineering of the tRNA/tRNA synthetase pair.
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Figure 1.3: Peptide synthesis with amber codon suppression highlighted. A. Aspartyl-tRNA
synthetase complexed with tRNAasp (PDB: 1EFW). B. The tRNA charged with the desired
amino acid will enter the ribosome bearing the mRNA transcript and bind through the
anti-codon/codon relationship to transfer the amino acid to the growing polypeptide chains.



1.2.3 tRNA/aaRS Orthogonality

Usually, ncAA’s are incorporated by exogenously adding a high concentration of the
ncAA directly to the growth media. The small molecule permeates the cell wall and hopefully
find its way to the synthetase that could normally bind its natural structural analog. This
aminoacyl-tRNA synthestase would then load the suppressor tRNA with the ncAA. In early
developments of incorporation systems, the wild-type synthetase could still bind its cognate
amino acid, along with the ncAA, and the resultant proteins would show incorporation of both
small molecules. To optimize incorporation efficiency of the ncAA, creating orthogonal systems
became a critical development. Orthogonality is the ability of tRNA/tRNA synthetase pairs from
one organism to be functional in a different host organism, without cross reactivity of the
translational machinery (Figure 1.4).** This means that a suppressor tRNA from yeast would
not be aminoacylated by any tRNA synthetases from a host bacterium, but would still be
accepted into the ribosome for translation.** Likewise, the cognate yeast tRNA synthetase would
not perform acylation of any bacteria tRNA molecules. If the bacteria’s tRNA synthetase were to
recognize the exogenous yeast tRNA molecule (or vice-versa), this would subject the tRNA to
proof-reading mechanisms that could result in the deacylation of the ncAA. The Schultz lab
demonstrated the first successful orthogonal pair tRNA,“"/GInRS for the amino acid glutamine
derived from the yeast Saccharomyces cerevisiae to be functional with E. coli translational
machinery in vitro. * Although 138 ncAA’s with structural similarity to glutamine and glutamic
acid were incorporated with this orthogonal pair in vitro, it was not as effective in vivo.
Unfortunately, the yeast derived GInRS was found to be incapable of charging ncAA’s onto the
tRNA" in E. Coli., due to the low expression of a eukaryotic GInRS protein in the prokaryotic

host.*® Archaeal aminoacyl-tRNA synthetases also resemble eukaryotic machinery, however, the



synthetases were shown to have elevated levels of expression within E. Coli. A tyrosyl
orthogonal pair was derived from archaeal bacteria Methanococcus jannachii. The amber
suppressor Mj tRNA tyr and Mj TyrRS naturally incorporates the tyrosine amino acid and were a
revolutionary discovery for their functionality in E. Coli.*”** This orthogonal pair became widely
popular due to the synthetases wide promiscuity for aromatic side chains in ncAAs, however,
complete orthogonality was not achieved. Initial applications of this pair discovered that
endogenous E.Coli. synthetases were capable of aminoacylating the Mj tRNA tyr. Again,
researchers looked to protein engineering methods to improve the cross reactivity of the Mj

TyrRS and identify evolved variants with selected characteristics for ncAAs of interest.
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Figure 1.4: Diagram of a successful orthogonal tRNA and tRNA synthetase when applied
in an E.Coli system. If the Mj tRNA and Mj tRNA synthetase charge amino acids using E.
Coli machinery then the pair is not orthogonal and will reduce ncAA incorporation
efficiency in E. Coli

1.2.4 Screen and Selection Assays for Incorporation of ncAAs

Thus far, the development of incorporation systems relied on the natural promiscuity of
wild type synthetases for ncAA’s that closely resemble analogs of the natural 20 amino acids.

Directed evolution accelerated the discovery of new synthetases with improved binding



efficiencies for ncAAs. Using sense and nonsense codon suppression systems, engineers could
site selectively place an open codon in any protein of interest that would drive a desired cellular
outcome. This freedom advanced the creation of high throughput selection and screen assays in
order to verify incorporation success and efficiency. It is known that with every new amino acid
to be incorporated, a new orthogonal tRNA/aaRS pair must be engineered to bind the
ncAA.**** Thus, libraries of mutational variants of wild-type synthetases are created to screen
and select for enzymes with the best fit for the ncAA. In brief, screen assays will place the
available codon in a critical position of a reporter gene (generally fluorescent or luminescent
protein) that will result in a visible signal in living cells only if incorporation is successful.
Selection assays operate similarly, except the reporter gene is one that will cause death of cells
that do not contain the incorporated ncAA, thus “selecting” for positive hits. Here, a selection
assay that utilizes amber codon suppression to verify incorporation, and a recently developed

screen assay using sense codon reassignment will be discussed.

A . B.
Selection
Nextround of postive select Fluorescent Screen
——— =\ NH, L
P = = UAA xding aaRs varian ol
e \” \ . ding ariants u ,;@v 0.
cor| pRep2/YC pBK- n 1\
; <17 / Qshb v ™ ca e 3 N Sense Codon
o ] o S
- - / © WA fluorescent GFR
() (e o~ JOM ., WO PN
TRANSLATIONS
B i oy, Qi MERAGE - %~ Endogenous
) (mRNA) NH, Translation:
~— PO NE, non-fluorescent
2 \ ) RenonTyr ©-&/  GFPvariant
(o I amino acid
u) () | 8 e e BRP oot amino o
nj\r*“”;'“ wnt ) 1 l
Cell dies Cell lives

Figure 1.5: Common selection and screen methods developed by the Schultz and Fisk lab
respectively.”®* A. Positive and negative selection with a toxic selection marker such that
cell viability is dependent upon desired protein function. B. Simple screen for a facile
approach to visualize incorporation of ncAA’s
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The Schultz lab established a combination of positive and negative selection assays to
evolve for an optimal mutant aaRS and mutant orthogonal tRNAs capable of charging ncAAs in
E.Coli (Figure 1.5.) To establish this protocol, they started with libraries of the Mj tRNA™" /
tyrRS pair to discover the most efficient variants of each.”® These selection assays can be used to
sort through libraries of either tRNAs or tRNA synthetase to observe both orthogonality and
ability to incorporate ncAAs. Initially, an amber codon is placed in a non-essential position in the
gene of an essential protein for cell growth. The barnase protein is extremely cytotoxic to the cell
and expression results in complete cell death.”™' If the evolution of tRNAs is desired, the
negative selection system will strike out tRNAs from the library that are aminoacylated from
E.Coli machinery, indicating unwanted cross reactivity. Only the cells containing orthogonal
tRNAs that did not incorporate any amino acid in response to the amber codon will survive
because the barnase gene will not be expressed. All tRNAs extracted from surviving clones are
then subjected to a round of positive selection. Positive selection will provide clones that only
contain tRNAs that are successfully aminoacylated by its orthogonal synthetase and incorporate
amino acids in response to the amber codon. In this case, the amber codon is placed within an
antibiotic resistance gene such that, when the cells are grown in the presence of that antibiotic,
the cells survive. Adaptations of this positive and negative selection system using the orthogonal
M. jannaschii tyrosyl tRNA/aaRS pair and amber codon suppression have successfully
incorporated nearly 100 ncAAs.”

In all incorporation methods discussed thus far, each require either the total removal of a
natural amino acid in GAAR, or the total removal of a codon from the genome in amber codon
suppression. These genome wide modifications can have cytotoxic effects on the cell and result

in poor protein expression. Concomitantly, researchers have begun to strive for multisite
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incorporation of ncAAs. To satisfy both needs, the degeneracy of the genetic code must be
broken a step further. Sense codon reassignment takes advantage of rare sense codons and/or
codons that bind their cognant tRNA through wobble base pairing. Rare sense codons are those
occurring at the lowest frequency within E. Coli., while wobble base pairing codons are
instances where at least one of the three nucleotides do not bind the tRNA anticodon through

. . . 2.52
Watson-Crick interactions.>>”

Watson-Crick base pairing is known to exhibit more favorable
interactions with higher binding free energy than wobble base pairs. Therefor, in practice, tRNA
anticodons with Watson-Crick pairing should be able to outcompete a tRNA with an anticodon
that binds through wobble base pairing. For example, the first sense codon reassignment came
with the exploitation of two codons that code for phenyalanine (Phe), UUU and UUC. Both
codons are decoded by a single tRNA species with the anticodon GAA. The UUC codon would
bind the GAA anticodon through Watson crick pairing, while the UUU codon exhibits a wobble
base pair in the first position. Therefor, a tRNA bearing the anticodon AAA was engineered to
incorporate a 21% amino acid, while leaving the UUC codon available for phenyalanine.’*?
Recently, the Fisk lab developed a facile fluorescent screen utilizing the essential tyrosine
residue in the fluorescent chromophore to identify successful sense codon reassignment and
evaluated four other wobble codon-anticodon pairs.*’ To date, nonsense and sense codon
suppression has been widely implemented in vivo to study hot spots in protein interactions,

protein structure and folding mechanisms, and even mimic post-translational modifications to

elucidate their biological role.
1.3 Engineering Proteins Towards Therapeutics in Mammalian Cells

Beyond engineering of proteins within bacterial hosts, of greater interest is to engineer

proteins for therapeutic relevance in mammalian cells. Previously, the development of biological
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drug candidates had been restricted due to large differences between translational machinery in
eukaryotes versus the simpler prokaryotic organisms. Thus, small molecules have consistently
dominated the field, covering over 71% of total FDA approved drugs in the past two years.™
However, most cellular functions are through proteins interacting with other proteins, and
intercepting these interactions with small molecules presents many challenges. Luckily, genetic
and protein engineering techniques have aided in surpassing some of biologics biggest

challenges; purification, half-life activity, and intracellular delivery.”>>*

The first major advancement in biological therapeutics came when genetic engineering
made it possible to place eukaryotic human genes of interest into prokaryotic host organisms.
Recombinant human insulin was the first human protein therapeutic approved by the FDA that
could be produced in E. coli.”® Thanks to recombinant technology, protein fusions to super folder
GFP, human serum and even conjugations to synthetic peptides and polymers aid in purification

efficiency and potentially the biological half-life.’”**%

The entirety of this review cannot begin
to contain all the advancements that have been made to improve purification and half-life of

biologics. Therefor, this review will solely discuss methods in which protein engineering has

aided in the delivery of biologics into mammalian cells.
1.3.1 Methods of Internalization via Endocytosis

Endocytosis is the process by which extracellular material is engulfed by the cell
membrane, creating a vacuole, which is then internalized in mammalian cells. The major
pathways of endocytosis include receptor-mediated endocytosis (also known as clathrin-
mediated endocytosis), pinocytosis, macropinocytosis, phagocytosis, and caveolin dependent
(Figure 1.6).” Pinocytosis is the formation of the smallest vesicles in order to deliver

extracellular fluid to the cell while macropinocytosis involves a large engulfment of extracellular
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fluid, particles and sometimes macromolecules. Although some pathogens enter the cell through
caveolar endocytosis, clathrin dependent endocytosis is by far the most common pathway for
intracellular delivery of proteins. Clathrin coated pits are able to engulf a large variety of cell
surface receptors that bind an array of extracellular proteins and molecules. Early endosomes are
formed once the vesicle has pinched off from the external lipid membrane, creating a new
internal lipid pocket (Figure 1.6).°* Endosomal release is essential for the successful delivery of
content to the cytosol of the cell where most cellular protein activity lies. Content that remains
trapped within these internal vacuoles will eventually turn into lysosomes, which then signal for
degradation by the cell. It has become critical for protein therapeutics to not only be able to cross

the external lipid bilayer, but also show successful escape from endosomal entrapment.
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Figure 1.6: Simplified pathways of endocytosis. The majority of pathways shown become
early endosomes. Successful protein delivery depends upon endosomal release before the
vesicle is degraded as a lysosome.
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1.3.2 Endosomolytic technologies for exogenous protein delivery

Anthrax, Diphtheria and Botulinum are common plant and bacterial toxins that mainly
utilize clathrin-mediated endocytosis for the delivery of their cargo into the cytosol of
mammalian cells. These toxins consist of two protein units, the A unit being the internalized
toxic protein while the B unit is responsible for cell membrane fusion. Recently, the anthrax
toxin protein translocation machinery has been redesigned to remove cytotoxicity of the subunit
A, known as the lethal factor protein (LF). At the same time, subunit B was engineered for
increased recognition of cell surface receptors known as a protective antigen (PA) that assemble
within the cell surface and create a PA pore.”” Therapeutically relevant protein cargo can be
fused to the LF, which then recognizes the PA pore and is internalized into early endosomes.®
Minimalized versions the LF (LFy) have been engineered to recognize HER2 receptors
expressed on the surface of breast cancer cells and deliver treatment to induce apoptosis.®”*® The
PA/LFy delivery system has been used to deliver over 30 macromolecules and polypeptides.
Although the PA/LF pathway allows for high levels of cytosolic delivery, the requirement of
multiple protein domain fusions increases the difficulty of protein expression and thereby
practical use. Also, it has been proven that not every desirable protein cargo is able to translocate
into cells by the PA/LFy system. However, these delivery systems have enhanced our knowledge
about the surface composition of cells and spearheaded relative research in to other variants of

protein transduction domains.
1.3.3 Cationic resurfacing: TAT HIV - CPPs

Carrier proteins, termed protein transduction domains (PTDs), are protein or peptide units

that have been identified to aid in protein internalization. Possibly the most significant discovery
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was of the TAT protein of human immunodeficiency virus 1 (HIV-1.)* The native TAT protein
is 86 amino acids long, however recombinant genome engineering and subsequent
transactivation assays discovered that TAT amino acids 38-58 were sufficient for uptake of
exogeneous delivery. Interestingly, this region of the TAT protein is highly basic (consisting of
lysines and arginines), and does not seem to bind any sort of cell surface receptor.”””' The
peptide was also found to penetrate a variety of mammalian cells, leading to the assumption that
it is interacting with the negatively charged surface chemistry of the cells themselves. Since the
discovery of the TAT peptide, it has been proven that highly dense cationic regions in peptides
ranging from 4-24 amino acids in length are sufficient for protein transduction, now known as
cell-penetrating peptides.”

A shocking number of CPPs have been derived from other naturally occurring protein
domains such as the Xentry peptide from Hepatitis B virus, penetratin from the third helix of the
homeodomain in Antennapedia, and a variety derived from snake, scorpion and spider toxins.”*
™ Although discovering new CPPs from nature can teach us mechanistic details about these
viruses and toxins, a more efficient strategy to discover the most effective CPP may be to apply
rational design with our pre-existing knowledge. Arginine’s and lysine’s are basic amino acids
that are able to interact with the negatively charged, cell surface glycoaminoglycans.”””” Poly-
arginine peptides of six amino acids or longer have been proven to penetrate cells at a larger rate
then comparable peptides of poly-lysine.”® As of today, over 1700 new CPP’s have been
identified, with many of them being used towards medical imaging, anti-cancer agents and
delivery systems of other protein therapeutics up to 120KDa.” Although CPPs remain the most
commonly used method of protein transduction, these small a-helical structures are susceptible

to degradation from proteases present in the extracellular matrix. One method to combat
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proteolytic degradation is to fuse an anionic peptide that blocks the degradation of the cationic
CPP through electrostatic interactions connected by a cleavable linker.** This hairpin-like
structure is completely protected from degradation until the presence of extracellular proteases
cleaves the linker, exposing the CPP and thus initializing cellular uptake.®” Other shielding
domains can be used to protect the CPPs from degradation once in the cytosol and increase the
drugs half-life.” Another method to protect from proteolytic degradation is the addition of a
synthetic hydrocarbon “staple” within the a-helical structure, called a helical mimetic. Recently,
an amphipathic histidine containing stapled peptide LKH-stEK complexed with siRNA cargo
was discovered to have high cellular potency and efficient endosomal release when delivered at
500nM to mammalian cells.*’ However, even the most popular CPPs built to deliver protein
therapeutic cargo suffer from high dosage concentrations (typically up to SuM) and frequent
administrations to combat this stability challenge. Protein engineering has therefor looked for
ways to apply a cationic charge to a more robust structure, without the need for a-helical
stability. The ideal candidate would minimally change the overall size of the cargo to be

delivered and could not affect the native protein function.
1.3.4 Cationic resurfacing: GFP, miniature proteins, and nanobodies

A major successful strategy was the supercharging of GFP to endow cell penetration. The
Lui lab took super folder GFP (sfGFP) and used site-directed mutagenesis to completely alter the
surface chemistry to a net negative or net positive charge.** Although supercharged sfGFP is a
rather large protein, fusion to this fluorescent macromolecule provides a duel functionality,
cellular penetration and visualization of protein trafficking in mammalian cells (Figure 1.7).%
The -34 or +36 sfGFP was also shown to be resistant to aggregation, a characteristic that is

important for therapeutic cargo to avoid.* Fusing +36GFP to cre recombinase, an enzyme
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known to catalyze the recombination of reporter genes, showed a 10-fold higher cellular
penetration over TAT and penetratin CPPs at 500nM.* While some CPPs can avoid entering the
cell through endocytotic pathways, these larger macromolecules are shown to be delivered
through clathrin coated pits and macropinocytosis, resulting in endosomal entrapment. Addition
of the small molecule chloroquine enhances endosomal release and proved the high levels of
endosomal sequestration of +36GFP. More importantly, cationic landscaping of surface-exposed
residues is not a transferrable method to most proteins without altering their fold and native

function. This in turn would require the fusion of any biologic to this rather large (30KDa)

protein.
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Figure 1.7: Supercharged GFP is able to enter cells, but the punctate foci observed in the
fluorescence microscopy suggests that the protein remains trapped in the endosomes.” By
applying the same cationic charging to nanobodies, the protein enters the cells and spreads
throughout, suggesting the protein exists in the cytosol.™
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Recently, the Schepartz lab has engineered cell-permeant miniature proteins (CPMP)
consisting of dense penta-arginine grafted regions on a hairpin like a-helical protein scaffold.”®
The hairpin like fold was an important feature in maintaining the stability off the miniature
protein and protecting it from degradation, much like the method developed by the Tsein lab.
These proteins, derived from avian polypeptide (aPP) and zinc finger domains, aPP5.3 and ZF5.3
where shown to deliver their approximately 250nM of cargo to cytosol exceeding efficiencies by
6-fold of other common CPPs.*” Miniature proteins are likely the most efficient fusion agents for
delivery of therapeutic proteins, however, cationic resurfaced nanobodies combine delivery and
potential elimination of cargo proteins for therapeutic relevance. Nanobodies are small (15KDa)
proteins derived from the variable heavy chain region of antibodies and are responsible for the
binding of antigens. Antibodies can be created to bind virtually any disease relevant target and
thus are the leading biologic on the drug market to date. However, their large (150K Da) size and
need for post-translational modifications for biological activity have limited their ability to treat
intracellular targets. Luckily, an array of recombinant nanobodies has been developed, including
those that bind GFP, HER2 and b-lactamase. The McNaughton lab reconstructed the framework
region of three different nanobodies net charge to +15, referred to as cationic resurfacing.®
Unlike the +36GFP resurfacing, resurfaced nanobodies were shown to endow cellular
penetration, maintain near wild-type binding affinity for its target, and demonstrated potential to

access the cytosol (Figure 1.7).
1.4 Assays to detect internalization and protein-protein interactions

As has been portrayed, proteins play a vital role in the regulation of cellular processes such
as growth, proliferation and apoptosis. Biologics that are successfully delivered to the cytosol

must have ways of reporting back that this destination has been reached. Often, biological
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therapeutics work by binding to a large surface of a disease-relevant protein and disrupting
native activity and/or interactions with other biopolymers.'® Therefor, assays must be functional
in the complex environment of a living cell, since they ensure that native PPIs identified are
physiologically relevant, and new PPIs (involving a biological drug lead) operate in a cellular
context. One of the biggest challenges are well-established assays capable of distinguishing the

delivery of biologics trapped in the endosomes from the successful transfer to the cytosol.
1.4.1 Cre recombinase

Possibly the most commonly used mechanism implemented to detect the successful
delivery of cytosolic proteins is the Cre recombinase-/oxP reporter assay. Cre recombinase is an
enzyme capable of catalyzing genetic modification, of genes between two Lox sites. The first use
of the Cre/loxP reporter system demonstrated the transient activation of a luciferase gene in
mammalian cells to create an inducible reporter assay for signal transduction pathways.®
Exogenously administered Cre recombinase must enter the cell, escape the endosomes, and find
its way in the nuclear envelope in order to catalyze the recombination and translation of a desired
reporter gene. Therefore, Cre has been a commonly used cargo protein to analyze the efficiency
of newly developed CPPs, miniature proteins, and other protein delivery methods. However, this
means the system can require multiple fusions to a therapeutic cargo since Cre recombinase
cannot enter mammalian cells on its own. One example of this was applied to discover new
endosomalytic peptides using a +34GFP-cre-recombinase fusion. As mentioned previously,
+34GFP penetrates cells at a much high potency than common CPPs, however, the vast majority
of this protein and its fusions get trapped within the endosomes. Therefor, +34GFP was utilized
to discover a new class of peptides specific for the endosomal release of exogenously delivered

proteins.” By fusing +34GFP to cre recombinase, the successful delivery to the cytosol would
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result in the translation of a tdTomato gene, a red fluorescent protein that can be imaged and

quantified by flow cytometry.

1.4.2 GIGI/GIGT Assay

The GIGI/GIGT assay that was developed as an adaptation to a luciferase assay involving
a steroid activator of the protein transduction across the nuclear envelope to turn on transcription
and translation.”® In short, the small molecule would passively diffuse across the cell membrane
and access the cytosol. Here, the steroid would bind to a ligand binding domain (glucocorticoid
receptor) of a protein that has been fused to DNA binding protein Gal4 and release chaperones
that were preventing the fusion from crossing the nuclear envelope. The release of the chaperone
proteins induced protein transduction into the nucleus where the Gal4 protein would bind the

Gal4 recognition domain on the DNA and activate transcription and translation of the reporter

protein luciferase.
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Figure 1.8: Reporter assays for cytosolic delivery of protein cargo. A. Overview of the
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The Schepartz lab widened the application of this assay by engineering the glucocorticoid
receptor ligand binding domain to bind dex (the steroid) at a higher affinity such that dex tagged
peptides and proteins would be recognized.”’ The interaction between the dex-tagged peptides or
proteins and the Gal4 protein fusion must occur within the cytosol of the cell in order to activate
the production of the reporter gene (eGFP in this assay), thus fulfilling the first component of
their assay. The GIGI component, glucocorticoid-induced eGFP induction, is an amplifiable
assay that can inform of cytosolic residence of dex-tagged peptides and proteins without the need
for imaging equipment for quantification. An amplified signal from the subsequent transcription
and translation of a given gene is beneficial to detect proteins that have a low cytosolic delivery.
The second component, GIGT, Glucocorticoid-induced eGFP Translocation, involves the
transport of cytosolic eGFP glucocorticoid receptor fusion protein to the nucleus through
interaction with Dex tagged molecules. In GIGI, the amplified translation of the eGFP would
result in green fluorescence being observed in the cytosol of the cell (Figure 1.8a). However, in
GIGT, fluorescence would be measured in the nucleus alone if translocation of the GFP fusion
protein made it all the way to the nucleus. A ratio of nuclear fluorescence to cytosolic
fluorescence would be measured by high content imaging for quantitation of delivery.
GIGI/GIGT was used to analyze the difference of pent-arginine grafting upon a-helixes peptides,
proteins or peptide mimetics with relation to cytosolic access. Although highly quantitative,
these assays require two complimenting components, multiple plasmid transfections, synthetic
conjugation of the protein or peptide of interest to Dex, and advanced fluorescence imaging

technology is necessary to implement these methods.
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1.4.3 Complimentary Split Reporter Assays for Cytosolic Detection

Split protein complementation assays have become a facile approach to observing protein-
protein interactions in vitro and in vivo. A reporter protein such as GFP, luciferase, or in this case
b-lactamase is split in to two stable halves and each half is fused to a protein of interest. The
spontaneous recombination of the reporter protein is dependent upon their relative proximity,
therefor, a signal is only detected when the two proteins of interest are interacting with one
another. These split reporter assays have since been applied to internalization assays. Typically,
one half of the reporter protein is transfected into the mammalian cells, while the smaller half is
fused to the protein of interest and exogenously delivered. The meeting of the two halves within
the cytosol catalyzes the complementation of the halves and produces the signal. The Dowdy lab
used the split GFP reporter assay to discover a new class of endosomal escape domains, using
the TAT peptide as the protein transduction domain."

B-lactamase is not a luminescent or fluorescent protein but rather a protein that provides
antibiotic resistance to the cell in the presence of b-lactam antibiotics such as penicillin. In short,
this two part assay first relies on the CPP-dependent internalization of the full b-lactamase
protein and secondly the recombination of a split p-lactamase (Figure 1.8b).”> CCF2-AM is a
compound that exhibits a native fluorescence through fluorescence resonance energy transfer
(FRET) and is rapidly taken up by cells, de-esterified by cytoplasmic esterases and converted to
CCF2. CCF2 then becomes trapped within the cytosol where b-lactamase is able to cause a
cleavage reaction that is capable of shifting the FRET signal from a green to blue fluorescence.
Thus, exogenously delivered B-lactamase can measure efficient CPP mediated delivery by the
green to blue shift in CFF2 fluorescent signal. The second assay utilizes this technology, yet

relies on the necessary internalization of one half of the P-lactamase before it is able to
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recombine with the stably expressed second half in the cytosol to begin the cleavage reaction.
This technology claims that the cleavage of the CCF2 molecule performs at a faster rate then that
of split GFP reporter assay that require refolding of the protein before the fluorescence is
detected. However, B-lactamase is a rather large protein by which adding more fusions to it
increase the difficulty of expression. In addition, these bulky components only verify the
successful delivery and does not inherently contain any additional protein of interest, therefor, it
is unknown whether the bulk would interfere with the necessary interactions a biological

therapeutic would need to perform.
1.5 Conclusion

Protein engineering methods continue to advance the ability to explore biology and all of its
interactions. Through directed evolution, a native protein with a desired function can be
subjected to over 10° mutational variants to either discover the most optimal activity or to
completely alter its wildtype binder. Surprisingly, only the gene of interest and a function is
necessary to drive this evolutionary pressure. If an experiment is fortunate enough to obtain a
crystal structure, rational design of residues within a binding pocket, active site, on the surface
and terminal ends of any protein of interest can be altered to induce new chemical abilities and
function. Thanks to recombinant protein synthesis, these mutational libraries can be rapidly and

easily produced in £ . Coli for use in studies in vitro, or in vivo in yeast or mammalian cells,

Although mass mutational libraries of any protein can be made and analyzed, the natural 20
amino acids are limited in their chemical capabilities. Non-canonical amino acid incorporation
mechanisms like amber suppression gave synthetic organic chemistry a biological purpose. Now,
the biological activity of virtually any peptide, amino acid, protein mimetic, or ligations of any

small molecule is possible in a site-specific manner. Non-canonical amino acids have been used
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to analyze proteins in their native environment, observe protein folding, analyze new protein

structures, and discover specific residues involved in PPIs.

One of the greatest efforts in recombinant design is the progression towards biological
therapeutics. Small molecules have dominated the field due to their ability to cross the lipid
bilayer of mammalian cells. Although the vast majority of disease and cancer are a result of
protein-protein interactions that have gone awry, their size and generally hydrophobic
character prevent them from accessing intracellular targets. However, the discovery of the TAT
protein transduction domain spearheaded the development of other cell-penetrating peptides,
protein mimetics and resurfaced proteins that efficiently deliver cargo to the cytosol of

mammalian cells.

The advancement of protein therapeutics has brought another area of research in to question.
The need for assays that function in a complex biological environment and sufficiently
distinguish the delivery of exogenous protein to the cytosol over the endosomes.
Macromolecules are almost always trafficked into the cell through micropinocytosis or receptor-
mediated cytosis, both resulting in yet another membrane for the biologic to escape. The
GIGI/GIGT and split reporter assays discussed are both able to detect the successful delivery of a
biologic to the cytosol upon the translation or activation of a fluorescent signal. These signals
would otherwise not exist if the cargo had been trapped in the endosomes or degraded within
lysosomes. Yet there still remains a need for assays that do not require multiple fusion proteins

or require high resolution fluorescent imaging equipment for quantitative analysis.

The combined aspects of protein engineering will be discussed in this work. First, the
synthesis of a novel non-canonical amino acid and the library design of an aaRS will

demonstrate the ability to alter a proteins function towards new biomaterials. Secondly, the
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rational design of resurfaced nanobodies to endow cellular penetration of proteins that are
capable of delivering therapeutic cargo, or embodying the therapeutic itself. And lastly, the

design of a facile luminescent assay to detect successful cytosolic delivery of varying proteins.
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CHAPTER TWO

SYNTHESIS OF NON-CANONICAL AMINO ACID BITHIOPHENE TOWARDS

PROTEINS WITH POLYMER LIKE QUALITIES

2.1 Overview

Historically, there has been a dual interest in the synthesis and application of non-
canonical amino acids. Organic chemists used these quaternary structures as targets to develop
asymmetric methodologies and synthetic routes that analyze and enhance stereoselective reaction
mechanisms. This interest has since merged with protein engineering efforts to evolve and
accelerate protein performance and chemical advancement in biological systems. The amber
codon suppression system was the first to incorporate synthetically made amino acids in vivo into
proteins in a site-selective manner."” Since then, the Schultz lab discovered a tyrosyl tRNA and
tRNA synthetase pair from the organism Methanococous Jannaschii that can efficiently
incorporate ncAAs with a variety of novel side chains into proteins using an E. coli host.> Of
particular interest to us was their published crystal structure of the tyrosine aaRS engineered to
bind a bipyridylalanine amino acid.*® We sought to apply rational design to this enzyme in
hopes of binding our novel bithiophene amino acid, a ncAA which bears a biaryl side chain with
similar structural composer and chemistry to bipyridylalanine. Thiophene is a heterocycle known
polymerize through the 2-position and has been widely used for its fluorescent, luminescent and
organic semi-conductive properties towards biomaterials and other biological sensing
applications.”"" Here, we will show the successful synthesis of a protected racemic bithiophene

ncAA in a 15% total yield.
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2.2 Introduction

Biology has evolved from the collaboration of interactive chemical compounds and
macromolecules known as deoxyribonucleic acids (DNA), ribonucleic acids (RNA), and amino
acids that create complex proteins.'*"* The central dogma describes how these three components
work together to produce every cellular function and fate of life. The genome of an organism
provides the DNA template for any particular gene encoding a protein. This gene is then
transcribed into messenger RNA, which is translated into a polypeptide of amino acids that fold
into a protein.'* The genetic code is a map created from the observed relationship between the
triplicate combinations (known as codons) of the four DNA nucleotides, and the corresponding
amino acids for the templated construction of every protein. The 20-22 natural amino acids
possess the same quaternary structural motif, an a-carbon with a tertiary amine, a carboxylic
acid, an a-hydrogen and the amino acid side chain (R group) as seen in Figure 2.1.'>'® The
primary amine and carboxylic acid are necessary for ligation into a polypeptide chain, creating
the backbone of every protein. The amino acid side chains are the single component that varies
between the natural 20 building blocks of life. Folding of each protein, macromolecular
interactions with other proteins, DNA or RNA molecules, and even the binding pockets of
enzymes and tRNA synthetase are driven by the chemical interactions between these side
chains.'” Protein engineering methodologies have utilized the natural toolbox of amino acid
side chains to evolve proteins with designer capabilities and functions that stray far from their
wild type callings. However, this chemical variety is limited to acid-base chemistry between
charged side chains, covalent bonds through disulfide bridges, polar amino acids to provide

hydrogen-bonding, and hydrophobic side chains that provide van der walls interactions. Perhaps
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a more exciting realm of designer proteins would be the introduction of side chains with nearly
unlimited chemical functionality beyond the natural 20.

Although the effort to synthesize non-proteinogenic amino acids is not a new one, dating
back to the 1960’s,”' the Schultz lab pioneered the in vivo incorporation of non-canonical amino
acids into proteins and has since incorporated over 150 ncAA’s.”? Of these, ncAAs have allowed
for control of post-translational modifications, intracellular imaging and trafficking of proteins,
and side chains that probe protein structure and functionality (Figure 2.1).>**7° Their wildly
successful orthogonal MjTyr aaRS and tRNA system for in vivo incorporation has been proven to
accept multiple aromatic residues and structural analogs. Recently, the synthesis and
incorporation of bipyridylalanine caught our attention due to the co-crystalization of the non-
canonical amino acid with the engineered bipyridylalanine aaRS.*’ Due to this generous amount
of information; we sought to add to growing protein functionality by designing amino acids with
side chains that possess polymerization characteristics. To do this, we attempted well known
amino acid synthetic routes to create a bithiophene amino acid and subsequently evolve the

orthogonal MjTyr aaRS and tRNA for incorporation into proteins of interest.
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Figure 2.1: Various non-canonical amino acid side chains with complex functionalities that
have been incorporated for the desired purpose stated above.

Synthetic routes that provide stereoselectivity and enantiomeric purity of amino acids are
of utmost importance. (L)-amino acids are the natural configuration, whereas the (D)-
configuration is rarely accepted into the binding pocket of wild type enzymes (such as tRNA
synthetases.)*® Cyclic and acyclic asymmetric systems have been developed to direct the optical
purity of amino acid syntheses and have become suitable for production of ncAAs with
challenging functionality of side chain structures.”” > Here, we report the synthetic efforts
towards the construction of bithiophene side chains utilizing two major acyclic synthetic routes;

transition metal cross coupling of an established B-carbon, and use of a phase transfer catalyst.
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2.3 Synthetic Plan

To build our non-canonical bithiophene amino acid we will break our synthesis into two
pathways; transition metal cross coupling in order to utilize the pre-existing stereocenter of the
serine amino acid, or by nucleophilic addition of the bithiophene unit to afford a racemic amino
acid through phase transfer catalysis. Using natural amino acids as starting materials, cross-
coupling reactions can attach the new side chain to the existing P-carbon of alanine or its
derivatives. All transition-metal cross-coupling reactions proceed through the same general
mechanism, regardless of which transition metal catalyst or organometallic is used.’**> In our
synthesis, we will utilize the Kumada-Corriu reaction to create our bithiophene unit (R1) that
will be used in all succeeding synthetic routes.*® Following the creation of our bithiophene unit,
we will couple our zinc iodide protected serine to the side chain using Negishi coupling

methodology (Figure 2.2).

S BocN \E)‘\OBZ Pd Catalyst
Scheme 1: | PamN | + 5\‘

R1 R2

Oxidative addition
R 1 X 1

PEPPSI & X4

I\ R2—Zn—X2
NYN Transmetalation
LnPd° i X4—Zn—X,
N
|

CI*F’:dfcl

QL
X Cl

Reductive elimination

R1_R2

Figure 2.2: Transition metal cross coupling mechanism. PEPPSI will be utilized as the Pd
catalyst in the coupling between the protected serine substrate and the bithiophene side
chain motif
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Simultaneously, we will explore phase-transfer catalysis pathways to utilize the
inexpensive, readily available starting materials to create an acyclic Schiff base protected
glycine. Phase-transfer catalysts are quaternary ammonium cations that transfer the reacting
components across a biphasic barrier as depicted in Figure 2.3.%” Therefor, these reactions do not
need to proceed under an oxygen free environment, drastically increasing the ease of production;
however, stereoselectivity is compromised and resulting racemic amino acids will need further
enantiomeric purification. In 1978 O’Donnell began expanding this system for the synthesis of
natural and non-canonical amino acids. His group condensed benzophenone and glycine
derivatives to make the Schiff bases 2 and 6 that can be deprotonated by an aqueous base,
alkylated by the desried side chain and under go acid hydrolysis to expose the deprotected amino
acid.’””* Here, we will synthesis our bithiophene ncAA using benzyltriethylammonium chloride

(BTEAC) as our phase transfer catalyst as shown in Figure 2.3.
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Figure 2.3: Phase Transfer Catalysis mechanism using our desired substrates and BTEAC
as the catalyst to produce a racemic amino acid.
2.4 Results and Discussion
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2.4.1 Transition Metal Cross Coupling

Nickel and palladium have been the most widely used for the construction of the catalyst
with varying ligands to increase the rate of oxidative addition and transmetallation.”>** Kumada
and Corriu initially broadened the scope of aromatic couplings using nickel catalysts but shortly
shifted to palladium catalysts due to their increased tolerance for a variety of organometallic
coupling substrates, a more rapid transmetallation step, higher yields and better stereoselectivity

compared to nickel.
| s Mg, dry Et,0 s s
Scheme 3: &Br | |
/ 3mol % PdCl, (dppf) 7\
s
| Br 7
V4

Figure 2.4: Kumada-Corriu coupling reaction to create the essential bithiophene unit with
a halide handle for further functionalization. *'

Br

The Kumada-Corriu methodology was applied for the preparation of 4-Bromo-2,2-
bithiophene 7 as shown in Figure 2.4. A freshly prepared 2-bromothiophene Grignard reagent
was produced in dry ether using dibromoethane to activate the magnesium and initiate a
Grignard reaction. From here, the Grignard was slowly added to 2,4- dibromothiophene and
underwent a palladium catalyzed cross-coupling reaction to provide the regioselective 4-bromo-
2,2’-bithiophene 7 in moderate to good yield of 82%. The product 4-bromo-2,2’-bithiophene 7 is
an intermediate in all subsequent synthetic routes to bithiophene containing ncAAs discussed in
this paper. To couple intermediate 7 to a pre-existing stereocenter, we chose to construct a
derivative of NBoc-serine-benzyl ester for our substrate as many ncAAs with aromatic side

. . . . . P . . . 42-44
chains have been synthesized using this substrate via Negishi organozinc coupling reactions.
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Figure 2.5: Reaction scheme for the synthesis of bithiophene ncAA using the transition
metal cross coupling pathway. The Kumada Corriu reaction to create 7 is used in all
synthetic pathways. ****
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For our purposes, we wished to synthesize homoserine, as the additional carbon within
the side chain allows for increased flexibility and functionality when the ncAA is incorporated
into our proteins. To do this, Figure 2.5 shows commercially available NBoc-(L) aspartic acid-
benzyl ester 8 was initially converted to the acyl chloride, followed by NaBH4 reduction to
afford our desired homoserine 9. Triphenylphosphine and iodide were then added to NBoc-(L)
homoserine-benzyl ester to undergo iodination of the primary alkyl alcohol 10. The final step in
the synthesis is the Negishi palladium catalyzed cross coupling of substrate 7 with 10. We
selected PEPPSI iPr (pyridine- enhanced precatalyst preparation, stabilization and initiation) as
our catalyst due to its outstanding air stability and previous application to a wide variety of cross

coupling reactions using aromatic substrates (Figure 2.2.)"** Our organozinc compound 11 was
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created using the Knochel method for Zn activation, and the proceeding coupling reaction was
performed.’**”*® Unfortunately, no product formation was observed. Therefor, we wanted to
solidify a method of zinc activation for proper insertion into the C-I bond. Model reactions using
less reactive substrates such as 2-bromothiophene and 2-bromopyridine were tested in reactions
1 and 2. Zinc dust activation was attempted using the Huo method utilizing catalytic iodide
versus the more popular Knochel preparation using trimethylsilane chloride (TMSCI) and
dibromoethane (DBE, Table 2.1).* 2-bromopyridine was successfully coupled with ethyl
bromobutyrate in favor of the Huo activation, giving an 87% yield of 14. 2-Bromothiophene and
4-bromo-2,2’-bithiophene test couplings were then carried forth with the Huo activation and both
were successful, with 4-Bromo-2,2’-bithiophene producing a 42% yield and 2-bromothiophene

producing a much lower 13% yield.

Table 2.1: Reaction series of Ethyl 4-bromobutyrate and aromatic halides

Zn*

Q 5m0l:fw DBEC PEPPSI i-Pr o]
Knochel: )1\A/B 1mol% TMSCI 50C
oche 0 r— - |[R—zmBrliCl | ———————— o Aryl

Licl THF Ar—X:

Zn, |l 5mol%

o LiBr2.0 eq 0
M DMF, 80C, 3H PEPPSI i-Pr
B R——2ZnBr *LiBr _— MAF (
Huo: S0 ' Ar—X: o v
Rxn # Ar—X Knochel Huo Cat Product #
x
1 | NR 87% PEPPSI @ 1mol% 14
-
N Br
S
2 UBr NR 13%  PEPPSI @ 2mol% 15
3 S S
\ 7\ \ NR 42% PEPPSI @ 2mol% 16
Br
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Moving forward, we applied the Huo method to our coupling reaction between substrates
11 and 7, yet continued to struggle to obtain any product yield. We hypothesized the addition of
the B-carbon in iodo-homoserine may be decreasing the internal coordination of the inserted zinc
by creating a 6-membered ring over the more favorable 5-membered ring. The higher energy of
coordination for a 6-membered ring decreases the overall stability of the compound and
subsequently increases a likelihood of B-elimination within the starting material.

Due to the inherent struggles with efficient reduction of transition metals for successful
cross coupling reactions, we focused our efforts on the phase transfer catalyst pathway. We sadly
would lose the installation of a stereocenter during synthesis, but our hopes were to produce

large enough quantities of racemic amino acid that we could then make enantiomerically pure.

2.4.2 Phase Transfer Catalysis

The Strecker synthesis in 1850 was the first to develop an adapted method for creating an
a-carbon center through an aldehyde condensation with ammonia to form an imine intermediate.
Nucleophilic addition of a cyanide ion affords an ai-amino nitrile that can be hydrolyzed into the
racemic amino acid.>>*° Modern reactions have utilized an imine intermediate, or Schiff base, for
its two beneficial functionalities; protection of a free amine, and the increased acidity it provides
the a-hydrogen. A Schiff base glycine derivative is the most commonly used amino acid
precursor for alkylation reactions. Here, we will be utilizing Schiff bases with two different
carboxylic acid protecting groups, a benzylic ester and a nitrile group as shown in 2 and 6
respectively. We will also construct the bithiophene unit with our desired two carbon chain,

containing a leaving group for subsequent alkylation.
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To do this, we start with our coupled thiophene moiety 7 and use ethylene oxide to install
an ethyl halide handle shown in scheme 4 of Table 2.2. In reaction 4, n-BuLi was added to
perform a lithium-halogen exchange, which, upon addition of ethylene oxide, affords an ethyl
oxide anion that is then trapped with p-toluenesulfonyl chloride to generate 17.°' Many reactions
of this character where performed with the highest yielding 41% of the tosylated product. It has
been shown that there are competing deprotonation reactions that occur at the 5-position of this
bithiophene unit. This competing deprotonation results in a mixture of substituted bithiophenes,
some still containing the 4-bromo with additional substitution at the 5 position, therefor cutting
down on the overall yield of our desired product. The lithium-halogen exchange results in an
equilibrium between the two reacting species, with the lithium ion residing on it’s more stable

2-54
substrate.”*™

In the case of n-Buli, the lithium ion will reside on our thiophene moiety,
potentially allowing for a more stable rearrangement to the 5 position, and allowing for the
resulting bromobutane to react and give unwanted side products. We shifted our attention to t-
butyl lithium in reaction 5 to help eliminate these issues and increase the yield of our desired
variant. To our satisfaction, addition of t-butyl lithium followed by nucleophilic attack of the
oxirane and anionic stabilization with p-toluenesulfonyl chloride afforded a 52% yield of 18. The

installation of the tosyl group was then be substituted for an iodide leaving group using reaction

7 conditions resulting in a 68% yield.
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Table 2: Synthetic routes and conditions to alkyl halide bithiophenes

Conditions S S

5. S b ) s 5
Scheme 4: . | V4 N\ ‘ 4 | V4 \ |
3 3 X

Br
7 17-22

Rxn # Conditions Yield Product #

1) n-BuLi, THF, -78C
4 2) Ethylene Oxide
-78C —>RT
3) TsCl

4% 17

1) t-BuLi, THF, -78C

2) Ethylene Oxide 52% 18
-78C —>RT

3) TsCl

1) Mg, dibromoethane ,Et,O 19
6 2) Ethylene Oxide 50%
-78C —>RT
3) NH,Cl

Nal 68 % 20*

%
7 Acetone

PPh;, 1,
g Imidazole 100% 21*
DCM

PBr, 44% -
9% Et,0

Although we were thankful to see an increase in using ¢-Buli yield, we investigated other
options in hopes of reducing the strict reaction conditions and safety concerns associated with t-
butyl lithium. In reaction 6, we avoided the inherent complications with lithiation reactions and
turned towards Grignard reagents.*’ Dibromoethane was added to activate the magnesium

turnings preparing our bithiophene Grignard to perform nucleophilic attack upon addition of
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ethylene oxide. Rather than trapping the oxide with a tosyl leaving group, we added ammonium
chloride to quench the reaction and produce a primary alcohol for consequent iodination. With a
50% yield of the alcohol 19, we proceeded with reaction 8 and achieved 100% conversion to an
1odide leaving group through the addition of triphenylphosphine and iodine to afford product 21.
Finally, we knew there could be potential for B-elimination with a 4-iodoethyl-2,2’-bithiophene
that would result in a fully conjugated system with the inability to react with our Schiff bases,
therefor, in reaction 9 we converted our primary alcohol 19 to possess a bromide leaving group
in 22.

Our next task was to explore the optimal conditions necessary for successful addition of
an alkyl side chain into the Schiff bases 2 and 6 as seen in Table 2.3. Following the conditions
presented by O’Donnell’s group for our selected Schiff bases, bromoethyl benzene was added to
a solution of toluene with 50% NaOH and BTEAC (Benzyl triethyl ammonium chloride) as the
phase-transfer catalyst and stirred vigorously at room temperature. In reactions 10 and 11, we see
alkylation of the benzene with the a-cyano Schiff base at 22% yield, and t-butyl ester protected
glycine at a crude yield of 53%. Control reactions were run in absence of the aryl halides to
measure any possible decomposition of the a-cyano Schiff; however, little to no decomposition
was observed. Varying concentrations of the organic layer were considered and it was observed
that reaction 11 with the t-butyl ester Schiff base only proceeded in a more concentrated organic
layer, while the cyano Schiff base was successful at lower concentrations in reaction 10. Using
bromoethyl benzene and the t-butyl ester Schiff base, we then tested a slightly bulkier phase
transfer catalyst BTBAC (Benzyltributylammonium chloride), as well as a cinchona alkaloid

derived catalyst that O’Donnells’ group developed to help drive the synthesis of optically active
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amino acids.”° Unfortunately, we were not able to observe any clean product from either of

these reactions (data not shown).

Table 2.3: Synthesis of racemic bithiophene amino acid with various Schiff bases

N
Q BTEAC 20 mol% O \§AR1
+ Aryl- R2

Scheme 5: N Toluene 0.2M
- 50% NaOH
\_Rg ‘
1 7 /
S
S\ A
Rxn # R1 Aryl-R, Yield Product #

10 CN ©/V Br 22%* 23

Br
11 tButyl Ester ©N 52%%* 24
12 S S
CN WanN NR 25
Br

S S
13 tButyl Ester | /7 \ | | NR 26
S S

14 N L | 28% 27
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Although 23 and 24 did not result in high yields, we decided to proceed with our alkyl
halide bithiophene’s. In reaction 13, the a-cyano Schiff base and 4-bromoethyl-2,2’-bithiophene
were combined using BTEAC, a low concentration of toluene and 50% NaOH as the base. The
reaction was stirred at room temperature for 24 hours, yet again, no clean product was obtained.
We decided to continue our reactions solely with the 4-iodoethly-2,2’-bithiophene for alkylation
provided that the production of 21 is much higher yielding than for 22, even if B-elimination is
seen with 21. From here, we were pleased to see the best performance from alkylations with 21
and the a-cyano Schiff base, yielding 38% of our protected racemic amino acid 27.

Finally, we attempted acid hydrolysis of the racemic amino acid 27 in order to uncover
the free amine and carboxylic acid of common amino acids. Multiple batches of products 26 and
27 were subject to a 1N hydrogen chloride stir at room temperature for 24 hours prior to a 6N
acid reflux for 4 hours. However, only acid hydrolysis of 27 could really be observed due to the
low resulting yields of 26. In every case, acid hydrolysis seemed to result in a dark green solid
product that became insoluble in most solvents besides basic water. We believe this was our
ncAA, however; the solubility issue made the subsequent NMR and other forms of analysis a
challenge, with our best result shown in Appendix A, Figure A.17. To observe any adverse
effects of an acid reflux on the bithiophene side chain, we refluxed our starting material 4-
bromo-2,2’-bithiophene under the same conditions; however, we did not observe any noticeable
changes to the bithiophene structure. Therefore, further optimization of the work up and NMR
analysis will need to take place in order to completely verify the existence of the free bithiophene

amino acid.
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2.5 Future Directions

Upon the completion of our first ncAA target, we begun designing a directed evolution
library in the Mj tyrosyl aaRS. The Schultz lab compared the mutations made from wild type
MjTyrRS to the second generation BpyAlaRS to see which residues were most important in
providing the new fit. Mutations that eliminated residues which provided hydrogen bonding
contacts to tyrosine, as well as mutations incorporating more glycine residues provided room
within the binding pocket for new biaryl side chains. In the crystal structure of bipyridylalanine
aaRS, the bound ncAA has a dihedral angle of 21° between the two rings to complete a face-to-
face pi interaction with Tyr65 while the other pyridyl ring interacts with the carboxylate of

Glul55 as seen in Figure 2.6.*

Position | Mutation #| WT Tyrosine | Bipyridyalanine

-
»
a|o|mE A=<= TR« <R I=|m|<|<|= > [ |=]ma|—|<

Figure 2.6: crystal structure of the mutant synthetase binding pocket for the
bipyridylalanine ncAA. Pink depicts residues within 5A° of the binding amino acid. Purple
residues are outside 5A°, but were library members when creating the bipyridylalanine
synthetase mutant from wild type tyrosyl tRNA synthetase.
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The backbone sequence remained relatively conserved between the wild-type and
bypyridylalanine aaRS. These observations were considered when designing an aaRS library for
bithiophene. The positions of library members and their change from wild type tyrosyl aaRS to
Bipyridyl aaRS and can be observed in the table in Figure 2.6. This library will be screened
using the positive and negative selection systems developed by the Schultz lab.'”” If difficulties
arise from the specific incorporation of the bithiophene containing ncAA, a wide selection of
structural variants can also be tested that would still serve the goal of creating conductive

polymers.

2.6 Conclusion

Ultimately, we synthesized a racemic non-canonical amino acid with a side chain capable
of polymerization using common techniques for ncAA synthesis. Transition metal cross coupling
was used to create the 4-bromoethyl-2,2’-bithiophene unit in 82% yield; however, efforts to
install a Negishi coupling towards the final ncAA product was unsuccessful. Concomitantly,
phase transfer catalysis with an a-cyano Schiff base was successful in producing our racemic
amino acid in a 15.5% overall yield. Efforts for a successful acid hydrolysis and enantiomeric
resolution is necessary before utilization for in vivo incorporation. Building off of the
bipyridylalanine aaRS, amber codon suppression can site selectively incorporate the bithiophene
amino acid into essential genes to create a selection assay for tRNA synthetases with evolved
binding capabilities towards the novel ncAA. Once tRNA synthetases are identified, the
incorporation of this bithiophene moiety can be placed in any protein of interest for

polymerization towards biologically based materials.
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2.7 Materials and Methods

4-bromoethyl-2,2 -bithiophene, 7, 82% yield, (Appendix A, Figure A.1 and A.2)

Magnesium turnings were dried at 140C for 2 hours prior. 2.5equivalents of magnesium turnings
were stirred with 50mL (0.33M with respect to 2-bromothiophene) of dry ether. 20mmol of
purchased 2-bromothiophene from Sigma was added to the mixture. Dibromoethane was added
drop wise until reaction initiated, then added rapidly. The solution was refluxed for 1 hour. A
second flask was prepared with 1mol% PdCI2(dppf) and 2,4-dibromothiophene in 50mL dry
ether. After the reflux was complete- the Grignard was added drop wise to the second flask at
0C for 1H. The reaction stirred at OC for 2H and room temperature for 2H before NH4Cl was
added to quench. Ether was used for extraction, the crude was concentrated and hexanes were
added to crash out the excess magnesium salts and catalyst. The solution was vacuum filtered
and filtrate was concentrated. The crude was columned with hexanes, giving an Rf of 0.73 in
hexanes, being the first spot off the column to give a 82% yield. Product will be clear to a very
slight yellow when initially columned. After sitting on a bench top for a day it will turn light blue
and gradually get a darker teal. This does not change anything in the NMR. H'NMR (CDCls):
7.03 (1H. dd, J=5.1, 3.6 Hz), 7.07 (1H, d, J= 1.2 Hz), 7.09 (1H. d. J=1.5 Hz), 7.17 (1H, dd, J=
1.2, 3.6 Hz), 7.25 (1H, dd, J= 1.8, 5.1 Hz). C°NMR: 110.25, 121.32, 124,36, 125.28, 126.01,

127.88, 135.92, 138.53.
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N-boc-Homoserine-Benzl ester, 9, 77% yield, (Appendix A, Figure A.3)

NBoc-aspartic acid-benzyl ester was purchased from Alfa Aesar and 0.5mmol was dissolved in
diethyl ether at 0.2M. 1.2 equivalents of Isobutyl Chloroformate (Sigma Aldrich) and 1.1
equivalents of N-methymorpholine was added slowly at -15C to OC over a 1 hour period with
continuous stirring. The precipitated N-methymorpholine hydrochloride was removed by
filtration and washed with THF. Sodium borohydride and water were added dropwise at 0C and
stirred for another 30 min. The reaction was quenched with ammonium chloride and the product
was extracted with ethyl acetate to afford a 77% yield. H'NMR (CDCls): 1.43 (9H, s), 2.16 (2H,

m), 3.61-3.67 (2H, m), 4.52 (1H, m), 5.17 (2H, s), 5.35-5.37 (1H, br s), 7.34 (5H, s)

N-boc-lodohomoserine-benzyl Ester, 10, 90% yield (Appendix A, Figure A.4)

Triphenylphosphine and imidazole were both purchased from Sigma and dissolved in DCM at
1.5 equivalents each and a final concentration of 0.4M. The solution was ooled to 0C and I, was
added at 1.5 equivalents. The solution was warmed to room temperature and then cooled back to
Oc before the slow addition of N-Boc Homoserine-Benzyl Ester 9 in 1M DCM. The reaction
stirred for 8H before becoming diluted in Et,O and purified via a silica column in 1:1
Hexane:Ethyl Acetate with an Rf of 0.82 : H'NMR (CDCls): 1.42 (9H, s), 2.16-2.19 (1H, M),
2.39 (1H, m), 3.1-3.15 (2H, t, J= 8.4, 7.2 Hz), 4.35 (1H, br s), 5.05 (1H, br s), 5.16 (2H, d, J=3

Hz), 7.34 (5H, s)

Huo method prep for 14, 15, 16: Zinc dust was added to a dry flask under argon in dry DMF at
1.5 equivalents to the aryl bromide. Catalytic I, was added to the flask at 5 mol% equivalents and
heated to 80C. Ethyl-4-bromobutyrate was added at 1.6 equivalents and stirred for 3H at 80C

until zinc insertion is completed. A separate flask was prepped containing flame dried LiBr at 2
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equivalents and 1-2mol% of Pd catalyst PEPPSI i-Pr in 4mL of a 2:1 THF:NMP solution. The
organozinc was then added to the second flask at room temperature and stirred to completion.
The product was extracted with ethyl acetate and purified on a silica column with 2:1 hexane:

ethyl acetate solution.

Ethyl-4-pyridin-2-yl) butanoate, 14, 87% yield (Appendix A, Figure A.5)

H'NMR (CDCl): 1.26 (3H, t, J= 6.9, 7.2 Hz), 2.11 (m, 2H ), 2.37 (t, 2H, J= 7.2, 7.8 Hz), 2.84
(2H, t,J= 7.5, 7.8 Hz), 4.1 (2H, q, J= 6.9, 7.2 Hz), 7.1 (2H, dt, J= 7.5, 10.5, 3, 2.7, 4.8 Hz), 7.6
(1H, td, J= 1.8, 15.6 Hz), 8.5 (1H, d, J=4.2 Hz).

Ethyl-4-(thiophen-2-yl) butanoate, 15, 13% yield (Appendix A, Figure A.6)

H'NMR (CDCLy): 1.27 (3H, t, J= 7.5, 6.9 Hz), 2.04 (2H, m), 2.37 (2H, t, J=7.2, 7.5 Hz), 2.89
(2H, t, J= 7.5 Hz), 4.16 (2H, q, J=6.9, 7.2 Hz), 6.79 (1H, d, 3.3 Hz), 6.92 (1H, dd, 3.3, 4.8 Hz),
7.11 (1H, d, 4.5 Hz)

Ethyl-4-([2,2 -bithiophen]-4-yl) butanoate, 16, 42% yield (Appendix A, Figure A.7)

H'NMR (CDCls): 1.27 (3H, t, 7.2, 6.9 Hz) , 2.00 (m, 2H), 2.36 ( 2H, t, 7.5 Hz), 2.65 (2H, t, J=
7.5, 7.8 Hz), 4.16 (2H, q, 7.2 Hz), 6.81 (1H, s), 6.97 (1H, s), 7.00 (1H, dd, J= 1.2, 3.6 Hz), 7.14

(1H, dd, 1.2, 3.6 Hz), 7.19 (1H, dd, 1.2, 5.1 Hz)

2-([2,2 -bithiophen]-4-yl)ethyl-4-methylbenzenesulfonate, 17, 18, 41-52% yield

(Appendix A, Figure A.8) 2 equivalents of n-Buli solution was added at room temperature to a
dark dry flask under argon at -78C in 1.6M THF. 1mmol of 4-bromo-2,2’-bithiophene 7 was
added to the n-BuLi dropwise over 15 min. Solution stirred for an additional 15 min before 2.5

equivalents of ethylene oxide in THF at 1.2M was added to the solution. The reaction slowly
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warmed up to room temperature before the addition of 1 mmol of 4-toluene sulfonylchloride to
quench the reaction. N-BuLi solution obtains a light to dark green color until addition of 4-
toluene sulfonylchloride additions changes it to a bright orange. Purified product in 41% yield is
a light green oil 0.36 Rf in 2:1 hexane: ethyl acetate. Reactions with t-Buli preceded similarly,
with 2 equivalents of t-BuLi added to 7 in the dark and gave a 52% yield. H'NMR (CDCls): 2.36
(3H, s), 3.13 (2H, t, J= 6.6, 6.3 Hz), 4.23 (2H, t, J= 6.6 Hz) 6.69 (1H, s), 6.80 (1H, s), 6.93 (1H,
d), 6.98 (1H, t), 7.05 (1H, s), 7.18 (1H, d, J=5.1 Hz), 7.28 (2H, d, J=8.7 Hz), 7.72 (2H, d, J=7.8)
2-([2,2 -bithiophen]-4-yl)ethan-1-ol, 19, 50% yield (Appendix A, Figure A.9)

5 equivalents of magnesium turnings were dried for 2 hours at 140C before being added to the
flask. 20mL of dry ether was added along with 4mmol of the 4-bromo-2,2-bithiophene. 1.4mL of
dibromoethane was added drop wise over 20min. The Grignard was refluxed for 1 hour before
being cooled to 0C. 1.2 equivalents of ethylene oxide prepared in THF was added to the cooled
reaction. The reaction is stirred for 5 min added warmed up to reflux for another hour. The
reaction is then quenched with NH4Cl and extracted with ethyl acetate. The crude is run through
a silica column using 6:1 hexane to ethyl acetate solution being the last spot off the column for a
50% yield. HNMR (CDCls): 2.85 (1H, br s), 3.06 (2H, t, J= 6, 3.9 Hz), 3.87 (2H, t, J= 6.3, 2.7
Hz), 6.76 (1H, s), 7.00 (2H, t, J= 1.8, 3.3 Hz), 7.1 (1H, s), 7.16 (1H, s), 7.25 (1H, t, J= 2.1, 3 Hz)
CNMR: 33.8, 62.7, 120.7, 123.6, 124.36, 124.96, 127.73, 137.36, 137.79, 139.58
4-(2-iodoethyl)-2,2 -bithiophene, 20, 21,68-100% yield (Appendix A, Figure A.10, A.11)

To begin with the synthesis of 20, substrate 17 or 18 were dissolve in a 15% sodium iodide
solution in acetone and reflux at 50C over night. The solution was then worked up in ethyl
acetate to exact the product in 68% yield. To synthesis 21, triphenyphosphene, I, and imidazole

were added to DCM at 0.6M and 1.5 equivalents each and stirred at OC until all contents had
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dissolved. The substrate 19 was dissolved in DCM and added drop wise to the chilled flask. The
reaction was quenched with aqueous sodium sulfite and worked up with DCM. Only one spot
resulted on the TLC, therefor the crude product was carried on in following alkylation reactions.
H'NMR (CDCls): 3.35 (4H, s), 6.77 (1H, d, J=3.3), 7.01 (2H, t, J= 3.6, 5.4 Hz), 7.12 (1H, dd, J=
1.2,3.3 Hz), 7.20 (1H, dd, J=1.2, 5.1 Hz)

4-(2-bromoethyl)-2,2 -bithiophene, 22, 44% yield (Appendix A, Figure A.12)

3mmol of substrate 19 was dissolved in diethyl ether at 0.5M at -15C. 1 equivalent of
phosphorous tribromide was added and the reaction was stirred with gradual warming to room
temperature over one and a half hours. Reaction was worked up in ethyl acetate to afford a 44%
yield of 22. H'NMR (CDCls): 3.18 (2H, t, J= 5.7, 11.4 Hz) 3.59 (2H, t, 5.7, 11.4 Hz), 6.94 (1H,
s), 7.01 (1H, q, J=2.7, 1.2 Hz), 7.04 (1H, d, J=1.2), 7.16 (1H, dd, J= 0.6, 2.7 Hz), 7.21 (1H, dd,

J=0.9, 3.9 Hz)

Phase transfer catalysis reactions for products 23,24, and 27: 0.75mmol (1.2eq) of the respective
Schiff base (CN or t-butyl) were added with 40mol% of the phase transfer catalyst, which in
majority of successful reactions was BTEAC (Benzyltriethyl ammonium chloride.) 3.1ml of
toluene and 20 equivalents (1.3mL) of 50% sodium hydroxide were added to the flask.
0.62mmol of substrate 20 and 21 were dissolved in 2 mL of toluene and added drop wise to the
stirring reaction. The reaction was stirred at max speed and left overnight which resulted in a
redish-orange color of solution. After stirring overnight, if product was not observed the reaction
was heated to 35C. The final product was purified on a silica column in 6:1 hexane to ethyl

acetate with an Rf of 0.41 for 27.
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2-([diphenylmethylene]amino)-4-phenylbutanenitrile, 23, 22% yield

(Appendix A, Figure A.13) HNMR (CDCls): 2.11-2.35 (2H, m), 2.82 ( 2H, q, J= 7.2, 7.5, 6.9
Hz), 4.23 (1H, t, J= 6.9 Hz), 7.10 (4H, m), 7.1-7.25 (3H, m), 7.32-7.37 (2H, td, J= 7.2 Hz), 7.44
(4H, m), 7.65 (2H, dd, J=7.2 Hz)

Tert-butyl-2-([diphenylmethylene]amino)-4-phenylbutanoate, 24, 52% yield

(Appendix A, Figure A.14) HNMR (CDCl;): 1.46 (9H, s), 3.18 (2H, t, J= 6 Hz), 3.59 (2H, t, J=
6 Hz), 7.21 (4H, m), 7.34 (4H, m), 7.50 (6H, m), 7.57-7.67 (4H, m), 7.81 (4H, d, J= 5.4) — extra
aromatic hydrogens

4-([2,2"-bithiophen]-4-yl)-2-((diphenylmethylene)amino)butanenitrile, 27, 38% yield

(Appendix A, Figure A.15, A.16) H'NMR (CDCls): 2.17-2.33 (2H, m), 3.00 (2H, m), 4.31 (1H,
t, J =6.9 Hz), 6.59 (1H, d, J= 3.6 Hz), 6.89 (1H, d, J= 3.6 Hz), 7.00 (1H, m), 7.06 (1H, dd, J =3.6
Hz), 7.14 (2H, m), 7.21 (3H, m), 7.32-7.36 (3H, m), 7.4-7.49 (7H, m), 7.55-7.69 (4H, m). 7.80
(2H, J= 9.3 Hz) C*"NMR: 26.00, 30.92, 51.88, 123.26, 123.39, 124.04, 125.61, 127.23, 127.70,
127.80, 128.23-128.36, 128.84, 128.95-128.99, 129.32, 129.68, 129.86, 130.03, 130.12, 130.80,

131.25, 137.57
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CHAPTER THREE

UPTAKE AND CELLULAR LOCALIZATION OF DIFFERENTIALLY RESURFACED

CELL-PENETRATING NANOBODIES

3.1 Overview

By virtue of their size and complexity, proteins can bind and modulate therapeutically
relevant receptors that challenge drug-like small molecules. However, in contrast to most small
molecule drugs, proteins typically do not penetrate the lipid bilayer surface of mammalian cells.
As a result, most proteins are limited to targeting cell surface receptors. We recently reported
cationic-resurfaced nanobodies that penetrate mammalian cells. Expanding on initial findings,
here, we present four new differentially resurfaced cell-penetrating nanobodies. These proteins
differ in lysine/arginine composition, and in the surface area of their cationic feature. Using flow
cytometry, we characterized their cell-penetrating potencies. Cytosolic fractionation through
western blot analysis and confocal microscopy was used to characterize cellular residence
(endosomes or cytosol) of each cell-penetrating nanobody. Collectively, we report optimized and
minimized resurfacing strategies for cell-penetrating nanobodies. In addition, we report the
ability of these scaffolds to undergo further mutagenesis through CDR swapping of existing
relevant nanobodies and verify binding of their native targets. In doing so, we hope to provide
valuable insight into the design of intracellularly targeted nanobodies, which will likely find use

as research tools and drug leads that bind and modulate disease-relevant intracellular receptors.
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3.2 Introduction

Proteins capable of modulating cell function and fate are a significant and expanding
sector of the pharmaceutical industry, and also serve as valuable reagents in basic research.
However, in contrast to their small molecule counterparts, the overwhelming majority of proteins
do not appreciably penetrate mammalian cells. As a result, current protein therapeutics and basic
research tools typically target disease-relevant cell surface receptors or secreted polypeptides.
Fusion to a polycationic sequences like polyarginine’~, Tat*”, and penetratin® peptides have been
shown to facilitate intracellular delivery of proteins in mammalian cells. More recently,
researchers have used protein engineering to graft or resurface a protein with a focused or
extended polycationic surface. For example, Raines and co-workers have reported ‘arginine

grafting”’ and Liu and co-workers have reported ‘protein supercharging’’® *

(extensive
mutagenesis of solvent exposed residues to lysine (K) or arginine (R)), as approaches to generate

proteins that access the interior of mammalian cells.

a. b. C.
nanobody O framework
§ ;: j( % O CDRs
O heavy chain %]f '
O light chain Oheavy chain nanobody

Figure 3.1. (a) Cartoon depiction of an IgG antibody consisting of heavy chain (blue) and
light chain (brown) domains. (b) Cartoon depiction of a heavy chain IgG (hclgG); a
monomer of the variable region (circled) is referred to as a nanobody. (¢) Structure of a
GFP-binding nanobody (PDB: 30GO), with framework (blue) and Complementary
Determining Regions (CDRs, light orange) highlighted.
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While cationic resurfacing, in its various forms, can endow a protein with cell-penetrating
properties, there are no universal ‘rules’ for this extensive mutagenesis. In our experience, most
proteins are not amenable to the extensive mutagenesis associated with cationic resurfacing. An
alternative approach is to identify a single protein scaffold that can be evolved to bind disease-
relevant targets, but is also amenable to extensive cationic resurfacing and thus cell-penetrating.
Antibodies are macromolecules that harbor the ability to be evolved to bind virtually any target
of interest. However, antibodies are too large to cross the lipid bilayer of mammalian cells and
cannot be recombinantely expressed in E. coli. In contrast to humans, and many other species,
which have heavy and light chain domains in antibodies (IgG, Figure 3.1a), IgG antibodies in
camelids (e.g. llamas and camels) and cartilaginous fishes (e.g. sharks) only contain heavy
chains (Figure 3.1b). The monomeric variable domain (antigen-binding region) of these
antibodies is referred to as a nanobody (Figure 3.1¢).”” ’* A nanobody consists of a framework
region and three loops referred to as the Complimentary Determining Regions (CDRs, Figure
3.1C), which are responsible for target binding. A nanobody is a tenth of the full antibody size

and some variants have been successfully expressed in E Coli. with full binding capability.

Qarginine  @lysine
resurfacing mutations CDR sequences

Ser8Lys  GIn83Arg CDR1: GFPVNRYYS
Alalllys  Asn85Arg CDR2: MSSAGDRSS
Leu12Arg Ser86lLys CDR3: NVNVGFE
Ser22Lys  GIn111Arg

Thr70Lys Ser116Lys

Ser72Lys

Figure 3.2. Ribbon structure of GFP-binding nanobody (PDB:30GO) with residues
mutated to achieve cationic resurfacing numbered and lighted with colored spheres.
Complementary Determining Regions (CDRs) 1-3 are annotated and highlighted in orange.
Resurfacing mutations and CDR sequences are provided.
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We recently reported three cationic resurfaced cell-penetrating nanobodies, derived from
previously reported GFP-, HER2-, p-lactamase-binding nanobodies.’* A high-resolution (2.8 A)
crystal structure of the GFP-binding nanobody has been reported (Figure 3.1¢ and Figure 3.2).”
Using the structure of the GFP-binding nanobody as a guide, we developed intracellularly
targeting variants of all three nanobodies. Our resurfacing strategy was relatively simple. Based

on previous findings’” /%

, we set out to generate resurfaced protein with a theoretical net charge
of approximately +15. Mutation was focused within the framework region, since intracellularly
targeting nanobodies derived from this scaffold would have altered CDRs that bind a
therapeutically relevant target. We attempted to space out mutations over the entire framework
surface in order to avoid cation/cation repulsion. Once identified, candidate residues were
mutated to either lysine or arginine.

As shown in Figure 3.2 (blue spheres), a total of eleven mutations were made throughout
the framework region of the GFP-binding nanobody. The CDRs 1-3 are necessary for target
binding, and were thus left untouched. Cationic resurfacing of the protein generated a nanobody
(CatNB), with a theoretical net charge of +14 that retained affinity for GFP.'* CatNB is well
suited to serve as a scaffold for further analysis and development, since a high-resolution
structure of the parent protein is available, and mutational effects on protein folding or function
can easily be assessed. We thus set out to design next-generation resurfaced nanobodies with two
goals in mind: 1) optimizing the cell penetrating ability of cargo-conjugated scaffolds, 2)

verifying the generality of the approach by demonstrating that resurfaced nanobodies can be

directed to new targets by plug-and-play swapping of CDR domains.
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3.3 Results and Discussion
3.3.1 Optimization CatNB Resurfaced Nanobody Scaffold For Delivery of Cargo proteins:

We have previously demonstrated that resurfaced nanobodies fused to GFP are capable of
delivering their fluorescent cargo across cell membranes. Here we sought to optimize that
performance by exploring the type and distribution of cationic mutation. We chose superfolder
GFP (sfGFP) as our standard cargo. This 30 KDa protein cannot cross the cell membrane on its
own, and successful internalization is conveniently probed by flow cytometry.
Before evaluating resurfacing patterns, we first sought to improve the performance of our
tracking assay. Since the CDR domains of CatNB retain affinity for GFP, they provide a
mechanism for intracellular self-association of the nanobody-cargo fusion, which in turn blends
together the signal from multiple chromophores and confounds precise estimates of cellular
location. To prevent aggregation of the CatNB-GFP fusion, we mutated three residues in CDR3
previously shown to turn off GFP recognition.”” Specifically, Asn100, Gly102 and Phe103 were
all mutated to alanine. The triple mutant (CatNBogr) lacks appreciable affinity for sfGFP affinity
in a simple co-purification assay (Appendix B, Figure B.1).

Disabling the potential of the CatNBopr to aggregate into larger complexes with other
GFP molecules allowed for increased accuracy in imaging cellular localization, as seen in Figure
3.3. Live Hela cells were treated with 500nM of CatNBorp-GFP or CatNB-GFP, washed three
times with 20 U/mL heparin sulfate, which has been demonstrated to remove cell surface bound
proteins’®?’ | and stained with Hoechst 33342 and LysoTracker Red DND-99 for nucleus and
lysomsome staining, respectively. The cells were then imaged live and showed very little overlap
of the GFP fluorescence with labeled lysosomes, indicating cytosolic localization. In addition,

the GFP signal is uniformly sharper for the OFF mutant.
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Figure 3.3: Confocal images of Hela cells following exposure to 500nM CatNBon-GFP, or
CatNBorr-GFP. Cells were incubated with protein for 1 hour, followed by staining with
Hoescht 33342 and Lysotracker Red DND-99.

From here, we sought to optimize the original resurfacing strategy by dramatically
increasing the number of arginine mutations, since this has been shown to be more effective in
cell penetration than lysine residues. In our initial paper’®, framework residues Ser22, Thr70,
Ser72, Ser86, and Ser116 in the GFP-binding nanobody were all mutated to lysine, but some
were converted to arginine in the resurfaced HER2- and/or -lactamase-binding nanobodies. This
suggests that those residues are amenable to arginine mutation in the context of the CatNB

framework. We decided to not mutate lysine 8 to arginine since this residue was kept lysine in all
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three previous nanobodies studied. Collectively, this extensive mutagenesis resulted in an
arginine rich nanobody, referred to as PolyR-NB (Figure 3.4a). A PolyRops-NB-GFP fusion
(with the same CDR3 mutations as CatNBorr) expresses as a soluble protein in E. coli and is
readily purified by Ni-NTA chromatography (Appendix B, Figure B.3a). PolyR-NB alone co-
purifies with GFP when expressed in E. coli, suggesting that despite extensive mutagenesis, the
protein is folded and retains its binding function (Appendix B, Figure B.3b,c). This
polyarginine resurfaced nanobody fused to GFP penetrates Hela cells more potently than

CatNBorp-GFP over varying concentrations (250nM, 500nM, or 1uM Figure 3.4f).
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Figure 3.4. (a) Ribbon structure of GFP-binding nanobody (PDB: 30GO) with residues
mutated to achieve arginine rich cationic resurfacing (PolyR—NB). (b) Flow cytometry
data of Hela cells following exposure to S00nM CatNBorp-GFP. or PolyRorr -GFP. (¢)-(d)
Ribbon structure of GFP-binding nanobody (PDB:30GOQO) with residues mutated to
achieve arginine grafted variant 1 (Agvl-NB) and variant 2 (Agv2-NB). (e) Flow cytometry
of Agvlorr-GFP and Agv2orr-GFP variants compared to PolyRorpr-GFP at 500nM (f) Flow
cytometry data of Hela cells following exposure to 1uM, 500nM or 250nM respectively
(dark to light colors) of all variants.
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Having demonstrated that PolyRorr-NB-GFP penetrates mammalian cells with improved
potency compared to a first generation cationic nanobody CatNBopp-GFP, we next attempted to
minimize resurfacing while retaining appreciable cell-penetration — analogous to previous
arginine grafting studies’. Arginine resurfacing was essentially bisected into northern and
southern hemispheres. To prepare an arginine grafted variant 1 (Agvl-NB, Figure 3.4c), five
reversion mutations were performed, wherein arginines in the northern hemisphere were mutated
to their composition in the wild-type GFP nanobody (R70T, R72S, R83Q, R85N, R86S).

To prepare arginine grafted variant 2 (Agv2-NB, Figure 3.4d), five reversion mutations
were performed, wherein arginines in the southern hemisphere were mutated to their
composition in the wild-type GFP nanobody (R11A, R12L, R22S, R111Q, R116S). Versions
with the wtCDR3 that retains affinity for GFP co-purifies with GFP when expressed in E. coli,
suggesting that both proteins are folded and retain function (Appendix B, Figure B.3a-c). Hela
cells were treated with 500nM of Agv1-NBorp-GFP or Agv2-NBorp-GFP, washed three times
with PBS containing 20 U/mL heparin sulfate, trypsinized (which has also been shown to
remove cell surface bound proteins®) and pelleted. Cells were then analyzed for fluorescence by
flow cytometry. As shown in Figure 3.4e, both Agv1orr-GFP and Agv2orr-GFP nanobodies are
less capable of cellular penetration than PolyR-NBorr-GFP. Interestingly, PolyR-NBqopp-GFP
consistently shows a broader histogram than the CatNBorr-GFP (Appendix B, Figure B.3d),
resulting in a mean fluorescence higher than that of CatNBopr-GFP even though the median peak
fluorescence does not significantly improve. This may suggest PolyRopr-NB-GFP penetrates a
larger population of mammalian cells at a range of concentrations compared to CatNBorr-GFP,
therefore further tests were conducted to determine which scaffold would provide optimal

performance.
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3.3.2 Physical Characteristics of Newly Resurfaced NanoBody Scaffolds

In order to identify the best scaffold, we performed a series of tests that could help
determine if the resurfacing variants differ in fold, function, and potential affect on the fused
cargo protein. To start, it is important to verify that the applied charge to the outside of the
proteins can resist protein aggregation. Non-native protein aggregation can lower protein yield,
functionality and can cause unforeseen immunogenicity when the protein is administered.”* To
do so, the wtCDR3 variants with no GFP fusion were imaged immediately following a two-
minute denaturation at 97°C. It can be seen that wild type GFPnb and Agv1-NB show the most
aggregation with CatNB and PolyR-NB showing little to no aggregation (Figure 3.5a),
increasing their likely-hood of becoming therapeutic scaffolds.

In our previous findings'* we tested whether the resurfacing had affected the nanobodies
overall thermal stability and structural robustness and found that CatNB was able to maintain
binding after full denaturation. The same test was applied to our new resurfaced variants. All five
variants of the wtCDR3 nanobody scaffold, without any GFP fusion, were heated to 97°C for
two minutes to ensure full denaturation. The proteins were allowed to cool to room temperature
over a period of two hours, and incubated with sfGFP lysate lacking a His6 tag. The lysate and
proteins incubated for 15 min before Ni-NTA beads were added to incubate for 1 hour. The Ni
beads for each protein were then washed with phosphate buffer containing increasing amounts of
imidazole until eluted and imaged under UV light. All protein variants were able to maintain
binding potential to GFP after denaturation (Figure 3.5b).

Finally, we wanted to ensure that resurfacing did not have an adverse effect on the fused
protein. These scaffolds can be used to deliver therapeutic proteins to mammalian cells that

would otherwise not be internalized. With GFP as the stand-in “cargo protein,” we are able to
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analyze the excitation/emission spectra of each fusion variant to determine any changes in
fluorescence. Overall, the maximum emission wavelength remains the same for all variants, and
the CatNBorp- GFP fluorescence intensity is comparable to PolyR-NBorp-GFP. The noticeable
changes in fluorescence intensity between the original CatNB-GFP and CatNBope-GFP, provides
further evidence that it is the binding interaction between the GFPnb-GFP fusion molecules that

affects fluorescence intensity and not the resurfacing.
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Figure 3.5: Physical characteristics of nanobody variants a) aggregation was seen in
GFPnb and AGV1-NB after 1 minute at 98°C denaturation whereas no aggregation was
seen for CatNB or PolyR-NB and only mild aggregation existed for AGV2-NB b) Samples
were allowed to cool at room temperature and refold after denaturation. All refolded
nanobodies were able to maintain binding to sfGFP (containing no his6) and co-purified in

a Ni Pull down assay c) Excitation emission spectrum of a variant nanobodies fused to
sfGFP.
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3.3.3 Cytosolic Fractionation of PolyR-NBorpr-GFP and CatNBopp-GFP

Having demonstrated that arginine resurfacing can improve NB-promoted cell
penetration without compromising the stability or function of scaffold or cargo, we sought to
further delineate the cellular residency of our best platforms when fused to GFP (CatNBorp-GFP
and PolyR-NBopp-GFP). We used a combination of western blot and fluorescence
measurements, with compartmental lysing buffers as previously described." Since flow
cytometry provides only a measurement of total cellular fluorescence, independent of where the
fluorescently-tagged molecule resides (e.g., cytosol or endosomes), we used selective lysing
agents to obtain information on intracellular location. The two NBorp-GFP fusions were
incubated with NIH3T3 cells for 16 hours, then washed three times with PBS containing heparin
sulfate, trypsinized and pelleted. This pellet was then resuspended in a buffer containing
digitonin and re-pelleted. The supernatant was removed (digitonin fraction) and the remaining
pellet was resuspended in a solution containing RIPA for total cell lysis. The cells were re-
pelleted to obtain the final supernatant (RIPA fraction). Since digitonin selectively lyses cell
membranes but not endosomal ones, while RIPA disrupts endosomes as well, the digitonin
fractions should be enriched in cytosolic proteins. As controls, the same procedures were
repeated with added sfGFP or NBopr (the original GFP nanobody, but with the resurfacing

mutations), as well as without added protein.

Western blot analysis was utilized to confirm the efficient separation of cytosolic and
endosomal fractions by identifying separation of the endosomal marker protein Rab5. Rab5 is
recruited to the early endosome membrane, and is not existent in late endosomes or lysosomes.
By loading each sample lysate onto an SDS-PAGE gel and separating the proteins by size,

subsequent western blot visualization of Rab5 in the RIPA fraction and not in the digitonin
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fraction using Anti-Rab5 antibody would confirm a successful separation of cytosol and
endosomal compartments. As observed in Figure 3.6a, none of the digitonin fractions contain

the endosomal marker Rab5, which is observed in the RIPA fractions.
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Figure 3.6: Cytosolic fractionation of NIH3T3 cells incubated with OFF GFP fusion
proteins a) Western blot of the digitonin and RIPA lysate samples showing efficient
separation of the cytosolic (digitonin) and endosomal (RIPA) fractions through the
detection of Rab5. B-Tubulin is used as a “house-keeping” protein to verify the existence of
cell lysate present in each lane b) Relative fluorescence of digitonin cell lysates show
existence of PolyR-NBorr and CatNBoyr in the cytosol.

Moving forward with our successfully separated fractions, the relative cytosolic
concentration of each added protein was then determined by comparing fluorescence of the
digitonin fraction to a standard curve established with the appropriate purified protein (Figure
3.6b, Appendix B, Figure B.4). It was satisfying to observe little to no exogenous sfGFP or
GFPNBorr-GFP protein within the cytosol and total cell lysate, while both the CatNB and PolyR
scaffolds deliver significant quantities of GFP cargo to the cytosol. CatNBorr-GFP and PolyR-
NBorr-GFP were present in concentrations of 163nM and 67.7nM, respectively, corresponding
to 16.3% and 6.77% of overall administered protein. Both scaffolds potently and specifically

deliver exogenously administered cargo fusions to the cytosol of mammalian cells.
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3.3.4 Cytosolic Fractionation with Endosomal Release Agent

Although we were pleased to observe our proteins existed within the cytosol of
mammalian cells, a much larger fraction of what had been delivered existed within the total cell
lysate. We wanted to take in to consideration that western blot analysis involves the lysis of cells,
essentially halting the endosomal trafficking and release of our proteins at one point in time. We
also wanted to partially verify the mechanism of internalization of our proteins, since some
resurfaced proteins and CPPs have been proven to enter mammalian cells via multiple pathways.
In effort to verify the mechanism of internalization, and to gain a better understanding of whether
an extended time of administration may enhance of cytosolic delivery, we sought to utilize a
small molecule known as chloroquine. In short, chloroquine inhibits lysomsomal degradation,
thereby extending the lifetime of endosomes and allowing time for protein cargo to escape. We
applied the same compartmental lysis assay as above to verify the successful separation of

cytosolic and endosomal fractions (Figure 3.7a).
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Figure 3.7: Comparison of normal internalization vs cells incubated with 100uM
chloroquine to enhance endosomal release. A. Western blot verification of cell lysate using
Anti-b-tubulin and successful separation verified by Anti-Rab5 antibody. B Relative
fluorescence of digitonin fractions
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Proteins were incubated at 1uM with NIH3T3 cells for 1 hour with and without the
presence of 100uM chloroquine. Cells were pelleted after each lysis buffer and supernatents were
collected as before. Fractions with chloroquine were found to have a 3.5 fold higher fluorescence
within the digitonin fraction of PolyRorp-GFP and 7 fold higher fluorescence in CatNBopp-GFP
as seen in Figure 3.7b. We then compared the digitonin fraction of each sample to a standard
curve built from each corresponding protein with added NIH3T3 cell lysate to closer resemble
the digitonin lysates background. To our great satisfaction, PolyRorr-GFP was measured with
333nM of cytosolic protein in cells treated with chloroquine, a 6.9 fold increase from the normal
cells. Even more impressing, CatNBorp-GFP existed at a staggering 404nM within the cytosol of
cells treated with chloroquine, a 4-fold increase over normal cells (Appendix B, Figure B.5).
These concentrations are among some of the highest recorded in the cytosol of resurfaced
proteins or CPPs known to date. The increased concentration of cytosolic protein in cells treated
with chloroquine verifies that cells would benefit from a longer incubation time and methods that
could measure concentration within live cells. These results also verify the internalization of
these proteins via endocytosis mechanisms and could become extremely successful drug and
drug delivery candidates with the addition of endosomal escape methodologies. However, the
existence of the catNBorr-GFP protein above 100nM in the cytosol can challenge many common

CPPs, including the TAT peptide, for cytosolic delivery

3.3.5 Inhibition of Endocytosis Pathways

In compliment to the experiment above, the use of small molecule endocytosis inhibitors
of specific pathways of internalization will help understand the exact mechanism by which our
proteins are brought into mammalian cells. Exogenous proteins can be delivered to mammalian

cells through macropinocytosis, passive diffusion (if small enough) and through receptor-
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mediated endocytosis dependent upon clathrin coated pits. It is well known that arginine grafted
peptides and other cationic miniature proteins do not just enter the cell through a single pathway
but multiple thermodynamic processes. To verify that our proteins follow the same mechanisms

of endocytosis, we utilized two well known small molecule inhibitors, dynasore and amiloride.
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Figure 3.8: Inhibition of macropinocytosis and clathrin-dependant endocytosis of CatNB-
GFP, CatNB-OFF-GFP, and PolyR-OFF-GFP

Dynasore is a small molecule inhibitor of clarithin-mediated endocytosis and Amiloride
1s a known small molecule inhibitor of macropinocytosis. Hela cells were plated in 24-well
plates in triplicate for each set of tests. No inhibitor cells were incubated with respective protein
at 500nM for 1 hour at 37C and %5CO,. Another set of Hela cells were incubated with 500nM
of protein at 4C for 1 hour. Inhibitors were incubated with cells for 1 hour (dynasore at 50uM
and amiloride at SmM) prior to incubation with 500nM protein and remained in the presence of
the protein during incubation for another hour at 37C and 5% CO,. All cells were washed with
PBS containing heparin sulfate, trypsinized and analyzed by flow cytometry. This data suggests
that the inhibition of a single pathway may push the internalization through the unmonitored
pathway, resulting in equal fluorescence to uninhibited cells (Figure 3.8). Overall, the 4C treated

proteins show complete inhibition of internalization, proving that these resurfaced nanobodies do
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enter the cells through thermodynamic processes. It was encouraging to continue to visualize
equal amounts of internalization between CatNBopr-GFP and PolyRopr-GFP, and it was
expected that the CatNB protein would exhibit a 4-fold high fluorescence than our OFF binding

versions.

3.3.6 CDR Grafting of BC2 Nanobody on to Resurfaced Scaffolds:

The use of nanobodies has become extremely prevalent in biology since they essentially
can be made to bind any target of interest with tight binding affinities. Immunization of camelids
and phage display libraries are two of the extremely laborious processes that are mainly
responsible for the evolution of new nanobodies.” Luckily, the framework regions of all
nanobodies are relatively conserved while the CDRs are variable (Figure 3.9a), therefore
grafting CDRs from recombinant nanobodies onto stable nanobody scaffolds has become a more
common practice. In order for our nanobody scaffolds to become therapeutically relevant, it
would be beneficial if grafting could be applied to the PolyR and CatNB scaffolds. The BC2
nanobody was the first nanobody evolved to bind a 15 amino acid peptide rather than a globular
protein.”® This unique binding event lead to applications that allow for super resolution imaging
within mammalian cells without disrupting native biological targets.”’ The CDR3 of the BC2
nanobody is much longer than that of the GFP nanobody and mostly responsible for the
“headlock™ binding of the peptide; therefor, would serve as a good model to determine if this
general scaffold could be grafted upon and still retain function (Figure 3.9a).

We started with our cargo protein scaffold PolyR. All three CDRs of the BC2 nanobody
were grafted onto the scaffold and was expressed in E. Coli. We then transferred our original
lysine and arginine mixed resurfacing strategy to the wild type BC2 nanobody and compared

internalization of our grafted scaffold to a CatBC2nb by flow cytometry (Figure 3.9b, Appendix
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B, Figure B.7). We were happy to discover that our PolyR scaffold not only maintained its
internalization ability, but that the PolyR resurfacing with grafted CDRs was internalized more
then the CatBC2nb.

We then wanted to graft upon the nanobodies without any fusion cargo to see if these
scaffolds could become a therapeutic on their own. We compared the PolyR-NB as a FITC
conjugate to the CatNB-FITC to determine the scaffold that would be stable enough to endure
CDR grafting. These conjugated nanobodies were analyzed by flow cytometry and to our
surprise; the PolyR-NB-FITC scaffold was internalized less than the original CatNB-FITC
(Figure 3.9¢, Figure B.6a,b). This could be suggesting that the stability of the nanobody was
decreased when all lysines were replaced with arginines, and only the conjugation to a “cargo”
protein aided in the folding process. However, it is exciting to note that these studies produced
two separate useful scaffolds, PolyR-NB for passage of “cargo” proteins, and CatNB-FITC for
the internalization of a nanobody possessing CDRs capable of binding new targets.

Finally, we wanted to make sure that this grafted nanobody could still maintain binding
to the BC2 tag. Using a Ni-coated 96-well plate for ELISA, the BC2 CDR grafted CatNB was
incubated initially to bind to the well through its His6 purification tag. sSftGFP-BC2T was cloned
without a his6 tag, expressed in E. coli, lysed and added to each well. Since the sfGFP-BC2T
lysate does not a have a his6 tag, the only way to identify GFP would be through the binding of
the grafted nanobody and the BC2 tag on the GFP. Anti-GFP antibody was used to identify the
successful binding of the two proteins as shown in Figure 3.9d. The successful CDR grafting
proves that other therapeutically relevant CDRs could potentially be built upon this CatNB
scaffold and internalized in mammalian cells to target disease relevant proteins and not just cell

surface receptors.
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Figure 3.9. a) Ribbon structure of the CatNB in light gray overlaid with CatBC2-NB in
dark gray. CDR3 is highlighted in orange for CatNB and dark green for CatBC2-NB
(GFPnb: PDB 30GO BC2nb: PDB 5I1VO) b) Flow cytometry of CatBC2-NB-GFP, CatNB-
GFP and PolyR-NB with BC2 CDRs fused to GFP. c¢) flow cytometry of CatNB-FITC and
PolyRNB-FITC d) Ni coated plate ELISA showing retained binding of the CatNB-BC2
CDR (His6) with BC2 tagged sfGFP (no His6)

3.4 Conclusion

In summary, proteins are generally incapable of penetrating the lipid bilayer of
mammalian cells, limiting their utility as basic research tools and therapeutic leads to targeting
cell surface receptors. Researchers have used polycationic sequences—first fusions, then surface

. 10, 20, 21
engineered features® '*

—to dramatically enhance protein uptake in mammalian cells.
However, many proteins are not receptive to the extensive mutagenesis required for surface

engineering required by ‘arginine grafting’ and ‘supercharging’. An alternative approach is to
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identify a single scaffold that can be resurfaced with a cationic feature-endowing cell-
penetration—and can be evolved to target virtually any disease-relevant receptor.

We recently reported cationic resurfaced nanobodies (CatNB).” These proteins potently
penetrate mammalian cells, express well in E. coli, retain function (target recognition — at least in
the case of GFP), and can, in principal, be evolved to recognize a multitude of targets. Using a
cation resurfaced GFP-binding nanobody that has been mutated to turn off GFP affinity
(CatNBorr), we evaluated various resurfacing strategies, improved uptake by extensive
mutagenesis, and report minimalist resurfaced variants that penetrate mammalian cells. We
demonstrated that CatNBogr i1s amenable to extensive mutagenesis of resurfaced lysine residues
to arginine. When fused to a cargo protein such as sfGFP, the arginine rich nanobody (PolyR-
NBorr-GFP) penetrates mammalian cells more potently than CatNBorp-GFP as seen by flow
cytometry. Polycationic resurfacing was then minimized in the form of two arginine-grafted
variants (agvl-NB and agv2-NB), which retain cell-penetrating properties. Using versions that
retain affinity for GFP, we demonstrated that each resurfaced protein retains fold and function
(GFP recognition) after denaturation, as well as resisting aggregation that WT GFP nanobody
displays. We ensured that the new optimal variant PolyRops-GFP and CatNBorr-GFP were able
to access the cytosol of mammalian cells and provided quantification of their total cellular
internalization from 67.7nM to 163nM respectively. Upon addition of chloroquine, a small
molecule known to enhance endosomal release, we observed a cytosolic concentration up to
404nM of our CatNBopr-GFP protein. We showed that the CatNB scaffold is amenable to CDR
grafting from additional recombinant nanobodies and maintains binding to a target peptide,
proving that this technique can be used to develop novel grafted nanobodies with the capability

of targeting intracellular disease relevant proteins. Overall, we demonstrated multiple
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functionalities for these nanobodies, from the ability to drag in “cargo” proteins of therapeutic
relevance using the PolyR scaffold, to the ability of the nanobody to become the therapeutic
itself through CDR grafting upon the CatNB scaffold. We anticipate that these nanobodies may
serve as scaffolds for the development of new research tools and drug leads that target and

modulate disease-relevant intracellular receptors.

3.5 Materials and Methods

3.5.1 Materials

Hoechst 33342, LysoTracker Red DND-99 were purchased from Thermo Fischer Scientific.
Heparin Sodium Sulfate from porcine intestinal mucosa, Grade I-A was purchased from Sigma
Aldrich. 35mm Dish, No 1.5 coverslip 14mm glass diameter cell culture dishes were purchased
from MatTek. GBlocks of nanobodies were purchased from IDT. Mouse monoclonal Anti-B-
Tubulin was purchased from Abcam, Mouse monoclonal Anti-Rab5 was purchased from Cell
Signaling Technology (E6NS8S). Secondary antibody AlexaFluor 790 Donkey Anti-Mouse
Antibody was purchased from Abcam. ELISA’s were performed using 96-well Ni-coated plates
purchased from Pierce, HRP antibodies from Abcam and TMB one solution from Promega. Vent
DNA Polymerase, various endonucleases, and Quick Ligase were purchase from New England
Biolabs

3.5.2 Cloning

All plasmids were constructed on a pETDuet-1 back- bone. All proteins were assembled from a
set of over- lapping oligonucleotides for the construction of sftGFP fusions, C-terminal cysteines,
and the OFF mutations in CDR3. Entire nanobody sequences for resurfaced nanobodies were

purchased as GBlocks from IDT. Proteins were amplified using vent and the constructs were
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ligated into either Ncol and Notl/KPN1 or BamH1 and KPNI1 restriction enzyme cleavage sites
in the pETDuet-1 plasmid. All plasmids were transformed using 5-alpha cells and carbenicillin

selection markers.

3.5.3 Protein Purification

Plasmids were transformed into BL21s (DE3). Cells were grown in either 1000 or 500 mL LB or
2XYT cultures containing carbenicillin at 30C to ODggo of 0.7 and induced with 1 mM IPTG at
20 or 25C overnight. Cells were then collected by centrifugation and resuspended in either
phosphate buffer with 150mM NaCl for NBs (20mM Sodium Phosphate, pH 7.4) or resuspended
in phosphate buffer with 2M NaCl for CatNBs (20mM Sodium Phosphate, pH 7.4) and stored at
-20C. Frozen pellets were thawed and incubated with complete ULTRA protease inhibitors
tablets then sonicated for 4 min. The lysate was cleared by centrifugation (8000 rpm, 10 min)
and the supernatant was mixed with 1 mL Ni-NTA resin for 1 hour. The resin was collected by
centrifugation (4750 rpm, 10 min). The resin was washed with 20mL buffer and 20mM
imidazole then 30mL buffer and 50mM imidazole and finally 20mL 75mM imidazole. The
protein was then eluted with 4 mL buffer containing 400 mM imidazole. The proteins were
dialyzed against 1M NaCl phosphate buffer containing 20mM HEPES and analyzed for purity by

SDS- PAGE. Purified proteins were quantified using absorbance at 280 nm on a Nanodrop.

3.5.4 Mammalian Cell Culture
NIH3T3 and Hela cells were incubated at 37C and 5%CO, using Dulbecco’s High Glucose
Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) for

growth
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3.5.5 Live Cell Confocal Microscopy

Cells were plated in 35mm glass coverslip dishes tissue coated plate and grown to 80%
confluency overnight. Cells were then incubated with purified protein for 1 hour in DMEM with
no FBS and washed three times with 20 U/l Heparin sulfate in warm PBS. Cells were then
stained with 5SmM LysoTracker Red DND-99 and allowed to incubate for 1 hour at 37C and %5
CO:s. The cells were washed and stained with Hoechst 33342 for 10 min hidden from light. Cells

were then immediately imaged on a Zeiss 800 Laser Scanning Confocal Microscope.

3.5.6 Flow Cytometry

Mammalian cells were grown to 80% confluency in a 12-well plate. Cells were then washed
once with PBS and 1 mL of 250nM, 500nM or 1uM protein fused with GFP or conjugated to
maleimide FITC was added. The cells were incubated with the protein solution for 1h in DMEM
with no FBS at 37C, 5% CO, environment. After the incubation period, cells were washed three
times with PBS- HS (heparin sulfate 20 U/mL) for approximately 5 min at 37C, 5% CO,. The
cells were then removed from dish with 0.25% trypsin-EDTA and collected by centrifugation.

The cells were then suspended in PBS and taken for flow cytometry analysis

3.5.7 Cytosolic Protein Extraction and Whole Cell Lysate Preparation for Fluorescent
Microplate Analysis

3T3 cells were plated in 6-well plate and grown to 80% confluency. The cells were treated with
1uM protein for 16h in DMEM with no FBS at 37C, 5% CO,. After treatment, cells were washed
once with PBS and twice with PBS-HS (heparin sulfate 20 U/mL) for Smin then lifted with

0.25% trypsin-EDTA and pelleted. For cytosolic protein extraction, cell pellets were resuspended
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in 90uL of 50 ug mL?' digitonin in 75 mM NaCl, 1 mM NaH,PO,4, 8 mM Na,HPO,, 250 mM
sucrose supplemented with Roche protease inhibitor cocktail for 10 min on ice. Cells were then
centrifuged for 5 min at 3,000 xG. Supernatant was then used as cytosolic protein extraction.
Left over pellets were then re-suspended in 90 uL RIPA buffer supplemented with Roche
protease inhibitor cocktail and incubated on ice for 5 min then further lysed through 10 second
vortex. 100uL supernatant was then used as whole cell lysate extraction. Both supernatants were
collected and analyzed separately for their fluorescence emission and compared to a standard
curve for each respective protein to determine intracellular concentration. Aliquots from the
same samples were loaded onto an SDS-Page gel and analyzed through western blot analysis to
identify Rab5, an early endosome marker protein to show successful compartmental separation.
For detection of b-tubulin, a 1/333 dilution of anti-b-tubulin antibody was made in 3% BSA,
0.1% Tween20, 1X TBS buffer and incubated over night at 4°C. For Rab5 detection, the same
antibody dilution was made with Anti-Rab5 (E6NBS Cell Signaling Technology in 5% milk,
0.1% Tween20, 1X TBS buffer and incubated over night at 4°C. The membranes were washed
three times with 0.1% Tween20 in 1X TBS buffer and incubated with a 1/5000 dilution of
Donkey Anti-Mouse AlexaFluor790 Antibody for one hour at room temperature. Membranes

were washed three times and imaged on an OdesseyCLx Infrared Imager.

3.5.8 CDR grafted ELISA

100ull of BC2 grafted CatNB-His6 was incubated at concentrations varying from 3.36uM to
420nM in a Ni-coated plate for 1 hr with all respective controls. Wells were washed three times
with 200uL of a wash buffer consisting of .1% Tween 20, 1% BSA in 1X TBS. Wells were then

incubated with 100ul. sfGFP-BC2T lysate containing no his6 tag for 1hr. Wells were washed
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four times with 200uLL wash buffer. Wells were incubated with 100uL of Anti-GFP-HRP diluted
1/5000 in Odessey blocking buffer for 1hr. Wells were washed three times with 200uL. of wash
buffer. Wells were finally incubated with 100uL of room temperature TMB one solution for

20min before being analyzed for HRP absorbance on a BioTek microplate reader.
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CHAPTER FOUR

SPLIT NANOLUCIFERASE AS A TOOL FOR IDENTIFYING PROTEIN

LOCALIZATION IN MAMMALIAN CELLS

4.1 Overview

Proteins are increasingly used as basic research tools and therapeutics. However, the inability
of most proteins to cross the lipid bilayer of mammalian cells dramatically limits their broader
use. Unsurprisingly, methods for intracellular delivery of exogenous proteins have received
significant attention over the last decade cell-penetrating peptides, penta-arginine tags, miniature
proteins and resurfacing have been utilized to improve cytosolic delivery but the detection of
such success has been limited by the availability of an assay that can distinguish between
endosomal entrapment or escape and cytoplasmic delivery. Therefore, simple and high-
throughput methods are needed, which measure cytosolic residence of exogenously delivered
proteins. Ideally, such methods would rely on easy to access and relatively inexpensive reagents
and/or equipment. Here, we utilize the split nanoluciferase live cell mammalian assay to serve as
a general tool for characterizing and investigating intracellular delivery of exogenous proteins.
By transfecting mammalian cells with the larger half of nanoluciferase and adding the
complimentary 13-residue tag to exogenous proteins, a quantifiable luminescent signal can only
be produced if proteins successfully reached the cytosol. This assay can be performed in high-
throughput using commercially available reagents and plate readers. We anticipate this method
will prove useful to researchers interested in developing protein delivery methods, and

measuring cytosolic residence of proteins in mammalian cells.
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4.2 Introduction

Historically, small-molecule (<800 Da) modulators of biological processes have been
used as basic research tools and/or therapeutics.'? While small-molecules will continue to play a
significant—if not prominent—role in basic research and pharmaceutical settings, the use of
protein modulators of cell function and fate have become increasingly popular.’™ The large size
and molecular complexity of proteins often generates surfaces that potently and selectively bind
to disease-relevant surfaces that challenge—or evade—their small-molecule counterparts.
Additionally, laboratory or in vivo evolution of proteins capable of binding a receptor is often
higher-throughput and simpler than the analogous small-molecule centered discovery process.’
However, in contrast to many small-molecule reagents and drugs, the majority of proteins do not
appreciably penetrate the lipid-bilayer of mammalian cells. As a result, exogenously
administered proteins are typically limited to targeting cell surface or circulating receptors,
limiting their broader use. Unsurprisingly, researchers have dedicated enormous effort to
identifying methods for intracellular delivery of exogenous proteins.

Multiple approaches for intracellular delivery of exogenous proteins now exist, but the
struggle to improve cytosolic delivery efficiencies continues. As a result, functional analysis of
intracellular protein delivery technologies must be paired with assays that report on cytosolic
residence. Common assays such as cre-recombinase, split B-lactamse and GIGI/ GIGT give
quantitative cytosolic measurements but rely on fluorescent signal which is hard to do without
high resolution imaging software.'®"® Also, Cre-recombinase and other split reporters assays
require many large bulky fusions to the protein or peptide of interest, potentially disrupting the
native interaction you wish to study. In addition, bulky fusions to the protein of interest most

likely force internalization through macropinocytosis and increase the likelihood of endosomal
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sequestration. Endosomal entrapment could lead to eventual degradation of the delivered
proteins without ever reaching the cytosol (or nucleus) in order to engage their target. Here, we
utilize Promega’s 19.3KDa split nanoluciferase (NanoBit) seen in Figure 4.1, in order to identify

. 14
success cytosol residence.

1 x 10"~ —@- NanoLuc™ Luciferase
] Firefly Luciferase
~®- Renilla Luciferase

Luminescence (RLU)

Figure 4.1) A. Crystal structure of NanoLuc with the depiction of LgBit and SmBit
components. Dark Blue represents the 13 amino acid 86-peptide and dark gray represents
the 18KDa LgBit portion (PDB: SIBO) B. Logarithmic graph of the difference between
commonly used luciferase reporter proteins.15

NanoBit is a small (~19.6KDa) protein the was successfully split into a LgBit (18KDa)
and a SmBit (1.3KDa), that when reassemble produce a luminescence 100 fold brighter then
commonly use North American Firefly and Renilla renifomris Luciferase.'®"® The creation of
the NanoBit was originally to study native protein-protein interactions (PPIs), and the small
fusions would be less of an interference from the native interactions. However, for PPIs to be
studied, the two fragments of the reporter protein must have a significantly lower binding affinity
for each other than the two interacting proteins. The team truncated the nanoluciferase in
multiple positions and tested each binding affinity of the SmBit for the LgBit, and settled on the

114 with a binding affinity of 190uM for the LgBit."* For the purposes of PPIs, this invention is

extraordinary, yet we envisioned using this tool in a slightly different manner.
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The purpose of this work was to redesign the use of this system towards the successful
detection of protein internalization and cytosolic residence. By selecting the 86-peptide
(VSGWRLFKKIS), with a binding affinity of 700pM, we sought out to determine cytosolic
delivery by the spontaneous recombination of NanoBit within the cytosol. We choose to analyze
four main proteins, a nanobody with B-lactamase as the wild type binder (BlacNB), a resurfaced
version of this B-lactamase nanobody (Cat-BlacNB), super-folder GFP (sfGFP), and super
positive GFP (34GFP).**** We choose these four proteins to help us distinguish between those
proteins that do not exhibit internalization (BlacNB and sfGFP), those proven to end their
journey in the endosomes (34GFP), and a protein that we have previously shown to access the
cytosol (Cat-BlacNB).** In summary, we hope to mold the split nanoluciferase system to create
an assay that is highly amenable to high-throughput experiments, can distinguish exogenous
protein delivery from cytosolic delivery to endosomal entrapment, relies on relatively
inexpensive and commercially available reagents, and commercially available luminescence

plate readers.
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Figure 4.2) NanoBit intracellular assay scheme. This assay is designed to be used with any
protein of interest that is to be delivered to the cytosol. By simply fusing the 86-peptide to
the POI, and transfecting cells with the LgBit component, a luminescent signal will only be
observed if the exogenous protein reaches the cytosol upon addition of Furimazine.
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4.3 Assay Design and Methodology

Endocytosis of exogenously delivered proteins is the largest bottleneck in the
advancement of biologics.”'**2® Therefore, a facile method to identify endosomal escape is
necessary. In this assay, a stronger interacting SmBit peptide was chosen such to induce rapid
recombination as soon as it reaches the cytosol and interacts with the LgBit component. This is
opposed to the original purpose of split nanolucerase, were a weaker binding affinity is
preferable to observe PPIs without interfering with the PPIs native interaction (Appendix C,
Figure C.1). To start, the LgBit component is fused to mCherry and transfected into Hek293T
mammalian cells. The fusion to mCherry, and thus translation of the mCherry-LgBit component
in the cytosol can be observed through mCherry fluorescence, confirming successful
transfection. The 13-residue amino acid peptide (SmBit-86) is then fused to any protein of
interest. If the protein successfully reaches the cytosol, NanoBit should recombine, and through
the addition of a small molecule known as furimazine, a detectable luminescent signal can be

read using a common plate reader (Figure 4.2)."*

4.3.1 In Vitro Assay to Identify Successful Recombination

As with any protein-protein interaction studies, specific orientation of the interacting
components is necessary to achieve the best-fit and binding affinity. Since the spontaneous
recombination of the SmBit and LgBit components are crucial to the identification of successful
cytosolic delivery, the fusion of the SmBit to a POI, and the fusion of LgBit to mCherry, must be
analyzed for a working orientation. To start, we designed our fusions to match the orientation of
those that were successful when analyzing the PPI of FRB-FKBP in the original development of

Nanoluciferase.'* The mCherry fusion was placed on the N-terminal end of the LgBit protein,
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while the SmBit was place C-terminus of our POI’s. The fusions were ligated into a pETDuet
plasmid and expressed within E. Coli. We discovered that our proteins were successfully
expression and purified via a Ni- column (Appendix C, Figure C.2). We then analyzed the
ability of the mCherry-LgBit and POI-86 to recombine and produce a substantial luminescence.
We began by analyzing our four 86-tagged proteins, BlacNB-86, Cat-BlacNB-86, sfGFP-86 and
34GFP-86 as purified proteins in a PBS buffer with purified mCherry-LgBit to measure
luminescence. To our satisfaction, luminescence was observed in a concentration dependent
manner across all purified proteins, verifying a working orientation of the fusions (Figure 4.3a-
b). It was interesting to us that a higher concentration of protein within the well almost abolishes
any luminescent signal, and that lower concentrations were thus most successful. Due to this, we
sought to lower the analyzed concentrations, and also add Hek293T cell lysate to model the
cellular environment the proteins will be exposed to (Figure 4.3c). Again, we observed a
concentration dependent luminescence, verify that our fusions were able to reassemble. Finally,
we wanted to compare the luminescence of the proteins in PBS vs the assay with added cell
lysate (Figure 4.3d) at 50nM. We observed a higher luminescence in the cell lysate assay over
the proteins diluted in PBS. This not only suggests that our proteins have a functional
orientation, but that, in the context of lysate proteins, our 86-tagged POIs are functional in a

complex environment.
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Figure 4.3) in vitro analysis of protein fusion orientations A) representative crystal
structures of the 86-tagged proteins, comparing wild type and resurfaced structures. There
is no crystal structure for BlacNB and Cat-BlacNB, therefore; crystal structure for GFP
binding nanobody is used. PDB: 30GO
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4.3.2 Transfection conditions

Next, we wanted to find the proper transfection conditions needed for a functional assay.
To start, we cloned the mCherry-Lgbit gene into the mammalian expression plasmid pIRES and
transfected into 5a cells. The plasmid was extracted, ethanol precipitated and lyophilized before
transfections. Hek293T cells were plated in a 24-well plate and transfected with four different
combinations of plasmid DNA and Lipofectamine 2000, based off of previously successful
transfections (data not shown). The cells were transfected with the mCherry-LgBit pIRES and
allowed to incubate for 24 hours before flow cytometry analysis of mCherry fluorescence.
Although the increase in fluorescence was not incredibly significant, it was determined that
150ng DNA and 1uL of Lipofectamine 2000 was observed to provide the most mCherry
fluorescence (Figure 4.4a).

Next, we wanted to observe transfection and protein incubation timelines. Using our
previously determined DNA transfection amounts, 150ngDNA and 1uL Lipofectamine, we
transfected three new batches of Hek293T cells, and let them incubate for four hours prior to
protein incubation. After four hours, fluorescence images were obtained on an Evos
Fluorescence microscope, and minor translation of mCherry-LgBit was observed (data now
shown). We then added our four 86-tagged proteins, Blacnb-86, Cat-BlacNB-86, stGFP-86 and
34GFP-86 at three different concentrations (250nM, 500nM, and 1uM) and observed the
fluorescence via Evos imaging and relative luminescence via our BioTek microplate reader. As
expected, an increase in the amount of mCherry fluorescence is observed at each increasing time
point. At 6 hours of protein incubation (10 hours total transfection), the cells were washed three
times with PBS containing 20 U heparin sulfate and then placed in 100ul. OptiMem media,

according to the Promega protocol for NanoGlow Luciferase Live Cell Assay.'* The cells were
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imaged and then double the amount of NanoGlow reagent was added to each well, and
luminescence was immediately measured. Luminescence was measured for all four proteins,
however, because BlacNB-86 is our negative control and Cat-BlacNB-86 is our positive control,
only these proteins are represented in Figure 4.4¢ at all three time points. It was interesting to us
that the BlacNB-86 showed just as high, if not higher luminescence than Cat-BlacNB-86. In fact,
the only time point in which Cat-BlacNB-86 was higher in luminescence was at 24 hours of
protein incubation. It can be seen in the in vitro data that BlacNB-86 does give a higher
luminescence than Cat-BlacNB-86, suggesting that the orientation might be slightly more
favorable. However, from previously published data involving BlacNB and Cat BlacNB, it has
been proven that exogenous BlacNB protein is sufficiently washed away and does not internalize
within mammalian cells. From here, we sought to optimize our conditions in hopes of
eliminating the BlacNB-86 signal.

Originally, we had started with a 24-well plate to maintain as many cells as possible for
flow cytometry analysis and washes after protein incubation, however, the NanoGlow protocol is
optimized based off a 96-well plate. Due to this, we hypothesized that we were possibly not
adding the correct amount of NanoGlow reagent for our modified application. We plated
Hek293T cells into a 96-well plate and tested different amounts of reagent added to observe any
change between our positive and negative control proteins. We tested a 5X, 10X and 20X
dilution of NanoGlow, with 20X being following the Promega protocol (Appendix C, Figure
C.3). We transfected the wells following the Sigma-Aldrich recommended amounts for a 96-well
plate (75ng DNA and 0.25ul Lipofectamine) and incubated the cells four hours prior to a 24-
hour incubation with our proteins at 250nM, 500nM and 1uM. Sadly, following the Promega

protocol did not seem to eliminate signal for the BlacNB-86 and sftGFP-86 (Figure 4.4d).
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Figure 4.4) a. Flow cytometry of transfection conditions visualizing mCherry-LgBit in
Hek293T cells. b. Evos Fluorescence images of transfections at three different time points.
¢. Using previously determined transfection conditions, we analyzed three time points of
protein incubation and relative fluorescence using a 24-well plate. d Following Promega
protocol for measuring relative fluorescence in a 96-well plate of our four proteins.
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4.3.3 High copy plasmid conditions

Since there seemed to be no change between a 96-well plate and 24-well plate as far as
BlacNB-86 and sfGFP-86 giving high luminescence readings, we decided to move back to the
24-well plate in order to maintain a healthy amount of cells in the wells for the final reading.
After washing the 96-well plates, we noticed the amount of cells that remained adherent may
have been causing some issues, and a 24-well plate may be more accurate for our application.
Previously, we hade been using a low copy plasmid known as pIRES, and this could possibly be
giving us a lower translation of mCherry-LgBit then could be needed. We decided to switch to a
new plasmid, H2B, a high copy plasmid that would hopefully increase the levels of mCherry-
LgBit inside the cell. We decided to re-examine the transfection conditions using our new
plasmid, comparing our previous conditions against conditions that are recommended by Sigma
Aldrich for a 24-well plate (Figure 4.5a). We discovered that, with the H2B plasmid, 500ng
DNA appeared to produce more mCherry fluorescence when visualized with an Evos
Fluorescence Imager. There seemed to be minimal change between 1uL and 2uL. Lipofectamine,
therefore we decided to continue with 500ng of the H2B plasmid with 1uL Lipofectamine per
well.

Another hypothesis to double check was that of the change in transfection timelines. We
had been transfecting our cells for four hours prior to any protein incubation. This could
potentially not be allowing enough mCherry-LgBit to be produced before the protein is added.
We imaged the cells at four hours with the H2B plasmid and saw a very low rate of translation.
We decided to continue incubating the transfection mixture with the Hek293T cells for a total of
12 hours prior to the addition of protein. Proteins were incubated for 24 hours at 500nM and

luM, cells were washed with PBS containing heparin sulfate and imaged on the EVOS
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fluorescence imager. As previously reported, sSfGFP does not enter mammalian cells and 34GFP
enters cells, but resides mostly in the endosomes. Our fluorescence images would fight to
confirm this observation (Figure 4.5b).

There is also a chance that each well may be containing various levels of mCherry-LgBit
protein production and thus altering some results. We tested our transfected 24-well plate for
mCherry fluorescence using a micro-plate reader prior to the addition of NanoGlow and
subsequent luminescence reading. It was positive to see that each well contained almost the same
level of mCherry fluorescence (Figure 4.5¢). Therefore, we proceeded with adding the
NanoGlow reagent to our cells, and it remained surprising to us the sfGFP-86 fluorescence was
higher than 34GFP-86, as well as BlacNB-86 remained higher than Cat-BlacNb-86 (Figure

4.5d).
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Figure 4.5) High copy plasmid H2B was tested in a 24-well plate to help increase levels of
mCherry-LgBit within the cell A. Transfection amounts of H2B DNA and Lipofectamine
2000 on an Evos Fluorescence Imager B. Evos images of wells after incubation of sfGFP-86

and 34GFP-86 with PBS-HS washing.

C. Micro-plate reader analysis of mCherry

fluorescence in each well. D. Relative luminescence of each well at 500nM and 1uM D.
Relative Luminescence of cells with protein incubation at two different concentrations.
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4.3.4 Secretion tests

Originating back to the in vitro data where we discovered that BlacNB-86 gave a higher
luminescence reading than Cat-BlacNB-86, we wanted to test if a new linker length may work
better in our in vivo setting for the two proteins. The previously tested proteins contained a 10
amino acid linker (GGGGS),, which were adopted from the original NanoBit paper when
measuring their protein-protein interactions. We cloned two more proteins (BlacNB-86 and Cat-
BlacNB-86) containing a shorter linker of 5 amino acids and ligated these into the H2B high
copy plasmid.

From here, our next few assays hoped to answer two different hypothesis, one was the
possibility that mCherry-LgBit was secreting from the cell, therefore reaching the minimal
amount of sfGFP-86 and BlacNB-86 protein that may be left on the outside of the cell. The
second was that the 86-tagged could be cleavage by proteases and therefore internalized,
reaching the mCherry-LgBit when it shouldn’t be. We transfected our H2B plasmid into
Hek293T cells and incubated for 12 hours. We then collected the media, added exogenous
purified sfGFP-86 protein to each sample, and added the NanGlow reagent to the media and
measured for luminescence. Remaining plasmid was not a concern to us, since only translation of
the mCherry-LgBit protein would result in luminescence. We observed a small level of
luminescence in the transfected cells well, indicating that some mCherry-LgBit must be secreting
from the cells (Figure 4.6a).

We had a simultaneous plate incubating such that we could continue on with a 24-hour
assay. We switched out the media after 12 hours of transfection and incubated our proteins at
500nM for 24 hours. This time, protease inhibitor was added to our proteins to hopefully cut

down on the possibility of cleavage during their 24-hour incubation with the cells. We also tested
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our four proteins, as well as BlacNB-86 and Cat-BlacNB-86 with our shorter linker. After
another 24 hours, media was collected after the incubation and placed in a separate plate for
secretion analysis (Figure 4.6b). Cells were washed with PBS contain heparin sulfate, imaged on
the evos (data not shown) and ran the NanoBit assay on both cells and media. As expected,
secretion of mCherry-LgBit did increase after 24 hours; however, when compared to the
luminescence produced from the cells, it was encouraging to see that the luminescence produced
by the cells were consistently high. These results suggest that washes of the cells after the
transfection and shorter protein incubation times may help decrease the background of secretion

luminescence.
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Figure 4.6: Relative luminescence of cells and media after exogenous protein incubation.
Using the H2B plasmid for transfection, secretion appeared to be relatively high, but
intracellular luminescence from the cells remained a stronger signal.
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4.3.5 Luminescence of Cells in Suspension

Another hypothesis extends from our constant question of whether the number of cells in
each well is sufficient to produce the necessary signal. In the 24-well plates, we had been
noticing pockets of lost adherent cells in each well and thus the variation between cells could be
causing these unexpected results. To answer this question, we wanted to see if measuring
luminescence of live cells in suspension would produce a more accurate reading when measured
in a 96-well plate. As before, Hek293T cells were plated in a 24-well plate and transfected with
the H2B high copy plasmid for 12 hours. After 12 hours the media was removed and proteins
were added at 500nM to incubate for another 12 hours. This shorter incubation would hopefully
cut back on the level of mCherry-LgBit that is secreted from the cells. After 12 hours, the media
was removed and trypsin was added to each well in order to resuspend the cells and remove
exogenous proteins. Cells were pelleted and resuspended in PBS containing 20U Heparin sulfate
twice, pelleted a third time and resuspended in PBS. Triplicate samples of 100ul. each were
placed in a 96-well and RFP and GFP were measured on a microplate reader. Surprisingly,
mCherry fluorescence was not measured in any of the wells; however, green fluorescence was
efficiently measured, and only 34GFP-86 wells resulted in a GFP signal, as expected (Appendix
C, Figure C.4). It was unclear why there seemed to be a discrepancy between plated cells and
resuspended cells for mCherry fluorescence measurements, but we proceeded forth with the
luminescence assay. NanoGlow live cell reagent was added to each of the resuspended wells and
measured on the microplate reader. It was unfortunate to observe that in a live cell suspension,

absolutely no luminescence was measured (Appendix C, Figure C.4).
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4.3.6 Comparison of Mammalian Expression Plasmids

Next, we explored the possibility that the H2B high copy plasmid was contributing an
excess amount of mCherry-LgBit translation, and thus increasing the level of secretion. We
decided to compare our two plasmids, the previous low copy pIRES, and the high copy H2B,
over a variety of timelines. Subsequently, we wanted to consider the possibility that the
luminescence we were getting could potentially be a baseline reading, and a complete positive
result would produce a significantly higher luminescence. Therefore, we cloned a full version of
the NanoBit protein (with no cleavage of the 86 peptide) fused to mCherry in the pIRES plasmid
in order to visualize the maximum possible luminescence of our assay. We transfected our
Hek293T cells in 24-well plates for 12 hours with all three plasmids. Our BlacNB-86 and Cat-
BlacNB-86 proteins with short linkers were incubated at 500nM for 6, 18 and 24 hours (Figure
4.7a,b). Media was collected at each time point to measure the secretion levels, and cells were
washed with PBS containing Heparin Sulfate to remove exogenous protein. It appeared that 18
hours of protein incubation produced the highest luminescence; however, amplitude of signal
was not significantly different between the H2B and pIRES plasmids. Particularly in regards to
BlacNB-86, the cells luminescence is similar between plasmids, and the media luminescence is
within error of one another. Cat-BlacNB-86 cells and media appear to give a higher signal using
the pIRES plasmid, but these results are within error of the H2B plasmid. Unfortunately, these
changes continued to result in the BlacNB-86 protein producing a more positive signal than our
Cat-BlacNb-86.

It was encouraging to see that the pIRES control, the transfected mCherry-NanoBit
protein, only produced luminescence within the cells, and absolutely no secretion was measured

in the media. This suggested to us that the NanoBit protein is not being secreted after LgBit and
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SmBit recombine within the cell, but that minute amounts of the BlacNB-86 protein could be
residing outside of the cell after all washes, and thus producing a positive signal. In our previous
studies, this extremely small existence of wild-type nanobodies “within” the cells could be seen
in flow cytometry by less than 2-fold over untreated cells. However, the binding affinity of the
86-peptide with LgBit is so low that picomolar amounts of exogeneous protein left behind could
result in a significant luminescent signal, such as the one we are seeing. It was now our
hypothesis that a lower luminescence seen in 34GFP-86 and Cat-BlacNB-86 proteins could be
the result of internalization of the protein, leaving less remaining on the outside of the cell, but

most likely ending their journey trapped within the endosomes.
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Figure 4.7: Relative luminescence of cells incubated with exogenous protein at various
timelines A. Proteins were incubated for 6 hours and 18 hours and then luminescence of
cells vs the media were measured. B. proteins were incubated for 24 hours prior to washes
with PBS containg heparin sulfate and subsequent measurement of luminescence. For both
graphs, luminescence in the media would only occur if there was secretion of the mCherry-
LgBit to meet the 86-tagged proteins on the exterior of the cell.
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4.3.7 Protein Interactions within Co-Transfected Cells

Moving forward, we wanted to make sure that if our resurfaced Cat BlacNB-86 and
34GFP-86 were successfully reaching the cytosol, that the NanoBit protein was able to
recombine within the complex environment of the cell. It was encouraging that only cellular
luminescence was measured by the mCherry-NanoBit protein, and verified to us that the
NanoGlow reagent was able to access the full protein within the cell and produce a signal. To
prove our assay could work in theory, we created four new plasmids using the pIRES vector due
to its two multiple cloning sites. We cloned in BlacNB-86 and Cat-BlacNB-86 with the
previously used short linkers, and BlacNB-86 and Cat-BlacNB-86 with longer linkers into one
cloning site (individually), while the other contained the mCherry-LgBit. This way, both halves
of our split NanoBit would be co-translated within the cytosol of the cell, letting us observe if
their recombination is functional within the cell. We plated Hek293T cells in 24-well plates and
transfected them with 500ng DNA of each individual plasmid and 1uL Lipofectamine per well
and incubated for 24 hours. A longer transfection period was chosen over the previous 12 hours
since there was no subsequent addition of exogenous protein for an extended period of time.
After 24 hours, media was collected to measure for secretion of full protein, cells were washed,
and the NanoGlow reagent was added to each well. To our satisfaction, little to no luminescence
was measured in the media, verifying that the recombined NanoBit protein is not secreted. We
were also happy to see luminescence from all plasmids, concluding that the overall vision for the
assay could work with successful cytosolic binding (Figure 4.8). However, we still observed a
higher signal for the BlacNB-86 protein, whether long or short linker, over our Cat-BlacNB-86
protein. We now believe that there is something inherent about the cationic resurfacing that is

disturbing the recombination of the split NanoBit protein.
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Figure 4.8: Transfection of biscistronic plasmid pIRES containing mCherry-LgBit in
multiple cloning site 1 and POI-86 proteins in multiple cloning site 2. Full length NanoBit
was also used as a control for maximum luminescence measurements. As cells were
transfected with each plasmid for 24 hours prior to luminescence readings. Only successful
translation of the SmBit and LgBit components and intracellular recombination would
produce a luminescent signal

4.3.8 Luminescence of Total Cell Lysate

We have now verified successful detection of intracellular binding of our Split NanoBit
fusion proteins within in cytosol of mammalian cells. We now want ed to understand why there
is consistently a higher luminescence for our proteins that should not be entering the cell, versus
ones that have been previously reported to enter cells. Our hypothesis was that residual BlacNB-

86 and sfGFP-86 protein could remain on the outside of our cells, and our internalized proteins
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are existing within the endosomes. We sought to perform a total cell lysate in order to break open
endosomal contents and see if this would discover our “hidden” luminescence signal for our
cationic proteins.

Now that we were sure that the assay could work in practice, we wanted to return the
high-throughput set up a 96-well plate would offer. Throughout our experiments, we have not
observed a significant difference between the 96-well plates and 24-well plates, therefore we
were comfortable moving forward with optimizing a 96-well format. Hek293T cells were
transfected with 200ng DNA each of our control pIRES plasmids including the short linker
BlacNB-86 and Cat-BlacNB-86, as well as the full length mCherry-Nanobit protein and wells
with just the mCherry-LgBit protein. Remaining cells were transfected with mCherry-LgBit and
incubated for 24 hours. All four of our 86-tagged proteins were incubated at 1uM and 2uM for 1
hour (Figure 4.9b). The media was removed and trypsin was added to each well to remove and
pellet the cells. Cells were resuspended in PBS containing heparin sulfate and pelleted two
consecutive times to remove exogenous protein. The cell pellets were then resuspended in 300ul.
RIPA buffer, a strong lysis buffer, vortexed and incubated on ice for 30 minutes. Cells were then
pelleted at 14,000 RPM and the supernatant was collected to analyze luminescence of the soluble
protein content. Each sample was separated into triplicates in a white 96-well plate and the
NanoGlow reagent was added (Figure 4.9). Interestingly enough, the overall relative
luminescence was orders of magnitude lower than any previously run assay. We suspected these
samples would act similarly to our in vitro assays and were surprised to see such low signals.
However, it was encouraging that this was the first time we had gotten a higher luminescence for

our cationic proteins than their wild type counterparts.
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Figure 4.9: Relative luminescence of whole cell lysates to discover endosomally trapped
proteins. A. Luminescence of all proteins and control plasmids. For the first time, the
cationic resurfaced proteins give a higher luminescence than wild-type counterparts. B.
Luminescence of lysates after cells were incubated with two different protein
concentrations.
4.3.9 Endosomal Release of Cationic Resurfaced Proteins

Finally, we set out to clone on endosomal escape peptides discovered by the Schepartz
and Lui lab to enhance the signal of our internalized proteins.”’ We cloned on the peptide A8
(GLFDIIKRIAESF) to the N-terminal of all our proteins of interest. Unfortunately, the addition
of this second tag, to create A8-POI-86, drastically decreased the successful expression and
thereby purification of the majority of our proteins. What purified proteins we did have we tested
in our in vitro assay with Hek293T cell lysate to confirm recombination of Nanobit and
subsequent luminescence (Appendix C, Figure C.5). The results from the in vitro test were not
successful enough for us to wish to continue down this path to accomplish endosomal escape of
our proteins.

Next, we thought to utilize the chloroquine, a small molecule known to enhance escape of

. Cq . 21 .
proteins and macromolecules trapped within endosomes.” We hoped to see an increase of
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luminescence in our cationic proteins if they are in fact getting trapped in these intracellular
vesicles. To do this, Hek293T cells were plated in a 96-well plate and transfected with our four
control plasmids at 200ng DNA and 1uL Lipofectamine per well. The cells incubated with the
transfection mixture for 24 hours before the media was removed and two simultaneous tests were
run. Our first plate of cells was incubated with 1uM of our four 86-tagged proteins, while our
second plate of cells incubated with 1uM of proteins along with 100uM of chloroquine. The
proteins incubated for 1 hour, the media was removed and the cells were washed three times with
PBS containing heparin sulfate. From here, each plate was examined for luminescence using the
NanoGlow Live cell reagent (Figure 4.10). Chloroquine has potential to increase the levels of
translation of a transfected plasmid, but we were happy to see that the level of luminescence
remained relatively equal in our control plasmids. This gave us confidence that the differences
between the exogenously delivered proteins in the normal cells vs chloroquine cells were due to
endosomal release of protein into the cytosol. We see a significant increase in luminescence in
the Cat-BlacNB-86 chloroquine wells than the normal run assay, but we did not see much of a
change in the supercharged GFP-86 wells. Regular sfGFP-86 remained higher than supercharged
GFP, and BlacNB-86 in the normal assay remained higher in luminescence than Cat-BlacNB-86
in the normal cells. To obtain a more solid conclusion on the existence of Cat-blacNB-86 within
the endosomes, more tests would need to be run. However, this did get us a step closer to

understanding the exact mechanism of action in developing our internalization assay.
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Figure 4.10: Addition of chloroquine, a small molecule known to enhance endosomal
escape of trapped proteins. Again, it was observed that a higher luminescence is produce
for the Cat-BIcNB-86 when chloroquine is added to the cells, suggesting entrapment of the
protein. However, sfGFP-86 remains higher in luminescence over 34GFP-6, and there is
little to no change between normal cells and those with addition of chloroquine
4.4 Conclusion and Future Directions

We initially set out to develop a facile assay that produces a high-throughput, stable
luminescent signal for identification of exogenous proteins that have been delivered to the
cytosol of cells. Previous assays developed for these purposes, such as cre-recombinase and split

GFP or B-lactamase, require multiple large bulky fusions and require multiple domains for

protein transduction, endosomal escape, and subsequent DNA translation to produce a
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fluorescent signal of successful delivery. The binding orientation of proteins of interest to their
target may be drastically altered by the addition of some many delivery and reporter proteins.
Thus, it would be much simpler if a 13-amino acid tag (the 86-peptide) could be fused to any
POI, or in our case a resurfaced nanobody, and delivered to the cytosol to recombine with LgBit
and produce a stable luminescent signal. This assay can be easy adapted to a 96-well plate
format, and is adaptable to any desired protein for study with little interference of native binding
interactions.

We had analyzed multiple transfection conditions for our mCherry-Lgbit reporter, and
found that 200ng of pIRES DNA with 1uL Lipofectamine per well supplied a significant level of
mCherry fluorescence. We also established a 12 or 24-hour transfection time period, depending
of the extent of protein incubation that is desired. A 24-hour transfection is sufficient to use
when proteins are incubated for 1 hour, whereas a 12-hour transfection is useful for proteins with
incubation of 6 hours or more. Addition of the NanoGlow live cell reagent is functional in both a
24-well or 96-well assay format and produces a substantial luminescent signal over untreated
cells.

Most importantly, we have proven that the assay is functional when the genes of the
SmBit and LgBit fusions are co-translated within Hek293T cells. This verified that the NanoBit
components were able to reassemble and produce a strong luminescent signal from within live
mammalian cells. We investigated the possibility that our exogenously delivered proteins were
becoming trapped within endosomes, thus producing less of a signal then their wild-type counter
parts, by analyzing total cell lysates and inducing endosomal escape. In both cases, we did
observe a higher luminescent signal of our Cat-BlacNB-86 over the BlacNB-86, however, both

were relatively small differences. In fact, we saw successful tests of both positive proteins when
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the cells were completely lysed open, but the luminescent signal was orders of magnitude lower
than the live cell assays.

If these tests were to continue, there are a few hypotheses that would be tested. First, a
new peptide with a lower binding affinity would be selected to re-clone all examined proteins. A
lower binding affinity could produce less of a background signal of the residual protein that is
not completely washed away by heparin sulfate. The potential down side is that the SmBit and
LgBit would have a harder time interacting and binding with one another in the cytosol, and
therefore produce a lower positive signal overall. Second, linker engineering and new
orientations should be made for the positively charged since there seems to be something
inherently restricing or limiting with the versions used in this paper. Cationic resurfacing has
been known to reduce aggregation, while sftGFP has been proven to aggregate. An aggregated
fluorescent protein can intensify the overall signal, and therefore aggregation could have a
potential amplifying affect on luminescence. Perhaps other protein transduction domains could
be utilized to test this theory. This also leads into a third area of experimentation, the addition of
proteins and protein transduction domains proven to access the cytosol to provide more accurate
positive controls. For a short period, TAT-GFP-86 was cloned to help examine this theory.
Unfortunately, there were too many difficulties in the expression and purification of the protein
that these tests were never conclusive enough to comment on (data not shown). Overall, we
believe every aspect of minor troubleshooting experiments were performed, and really only large
reconstruction of all interacting components would be able to create a fully functional assay.
However, the proof of concept and working theory has been shown to be a positive start to the

future development of a facile intracellular detection assay.
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4.5 Materials and Methods

Plasmids were either obtained from the Stasevich lab (H2B) or through Addgene for
pIRES and pETDuet. All primers for overlap PCR of the 86-peptide and Gblocks for 34GFP and
Cat-BlacNB were purchased from IDT. Restrictions enzymes Ncol and KPNI1, Vent DNA
polymerase and ligation enzymes and buffers were purchased from New England Biolabs. LB
and 2XYT broth were obtained from Sigma. 96-well and 24-well tissue cultured plates were
purchased from Corning. Lipofectamine 200 was purchase from Life Technologies. Heparin
Sodium Sulfate from porcine intestinal mucosa, Grade I-A was purchased from Sigma Aldrich.
NanoGlow Live Cell Reagent was purchase from Promega and luminescence was measure using

a Biotek microplate reader. Images were collected using an Evos EpiFluorescence Microscope.

4.5.1 Cloning and Protein Sequences

Proteins were cloned using Ncol and KPN1 restriction cut sites into pETDuet for
protein expression, NHel and Bglll for H2B, and . The 86-peptide was cloned with two
linkers (GGGGS) and (GGGGS)2 through overlap PCRs. For the Aurein 8 endosomal escape
tag (A8) a (GGS)3 linker was cloned on the N-terminus of the proteins. Protein sequences
are as follows:
Mcherry-LgBit:
MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWD
ILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLR
GTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQ
LPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKSGLRSGGSGGSGGSGGVFTLEDF

VGDWEQTAAYNLDQVLEQGGVSSLLQNLAVSVTPIQRIVRSGENALKIDIHVIIPYEGLSADQMAQI
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EEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGRPYEGIAVFDGKKITVTGTLWNGNKIID

ERLITPDGSMLFRVTINS

mCherry-NanoBit:
MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWD
ILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLR
GTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQ
LPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYKSGLRSGGSGGSGGSGGVFTLEDF
VGDWEQTAAYNLDQVLEQGGVSSLLQNLAVSVTPIQRIVRSGENALKIDIHVIIPYEGLSADQMAQI
EEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGRPYEGIAVFDGKKITVTGTLWNGNKIID

ERLITPDGSMLFRVTINSVSGWRLFKKIS

BlacNB-86 short linker:
MAQVQLVESGGGSVQAGGSLRLSCTASGGSEYSYSTFSLGWFRQAPGQEREAVAAIASMGGLTYYA
DSVKGRFTISRDNAKNTVTLQMNNLKPEDTAIYYCAAVRGYFMRLPSSHNFRYWGQGTQVTVSS
HHHHHHGGGGSVSGWRLFKKIS

** Longer linker adds another GGGGS after the his6

Cat-BlacNB-86 short linker:
MAQVQLVEKGGGKVRAGGKLRLRCTASGGSEYSYSTFSLGWFRQAPGREREAVAAIASMGGLTYY
ADSVKGRFKIKRDNAKNTVTLRMNNLKPEDTAIYYCAAVRGYFMRLPSSHNFRYWGQGTRVTVS
RHHHHHHGGGGSVSGWRLFKKIS

** Longer linker adds another GGGGS after the his6
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sfGFP-86:

SKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYG
VQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKE
DGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPD
NHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYKHHHHHHGGGGSGGGGSVSGWRL

FKKIS

34GFP-86:

MGGASKGERLFRGKVPILVELKGDVNGHKFSVRGEGKGDATRGKLTLKFICTTGKLPVPWPTLVT
TLTYGVQCFSRYPKHMKRHDFFKSAMPKGYVQERTISFKKDGKYKTRAEVKFEGRTLVNRIKLKG
RDFKEKGNILGHKLRYNFNSHKVYITADKRKNGIKAKFKIRHNVKDGSVQLADHYQQNTPIGRGP
VLLPRNHYLSTRSKLSKDPKEKRDHMVLLEFVTAAGIKHGRDERYKHHHHHHGGGGSGGGGSVS

GWRLFKKIS

4.5.2 Protein Expression and Purification

Plasmids were transformed into BL21s (DE3). Cells were grown in either 1000 or 500
mL LB or 2XYT cultures containing carbenicillin at 30C to OD600 of 0.7 and induced with 1
mM IPTG at 20C overnight. Cells were then collected by centrifugation and resuspended in
either phosphate buffer with 150mM NaCl for wild type protein BlacNB and sfGFP (20mM
Sodium Phosphate, pH 7.4) or resuspended in phosphate buffer with 2M NaCl for Cationic
proteins (20mM Sodium Phosphate, pH 7.4) and stored at -20C. Frozen pellets were thawed and
incubated with complete ULTRA protease inhibitors tablets then sonicated for 4 min. The lysate
was cleared by centrifugation (8000 rpm, 10 min) and the supernatant was mixed with 1 mL Ni-

NTA resin for 1 hour. The resin was collected by centrifugation (4750 rpm, 10 min). The resin
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was washed with 20mL buffer and 20mM imidazole then 30mL buffer and 50mM imidazole and
finally 20mL 75mM imidazole. The protein was then eluted with 4 mL buffer containing 400
mM imidazole. The proteins were dialyzed against IM NaCl phosphate buffer for cationic
proteins and 150mM phosphate buffer for wild type proteins and analyzed for purity by SDS-

PAGE. Purified proteins were quantified using absorbance at 280 nm on a NanoDrop.

4.5.3 In Vitro Assays

For the PBS assay, proteins were diluted at four different concentrations in PBS in
100uL. The NanoGlow Reagent Buffer was made at 1:50 dilution ratio of reagent to buffer
following Promegas protocol. 22.1ul of each protein concentration was added to wells in
triplicate in a 96-well plate. 2.8ulL of purified mCherry-LgBit was added to each well to make a
final sample volume of 25ull Then, 25ul of the NanoGlow reagent mix was added to each well
and luminescence was measured

For the cell lysate assay, 25ulL of purified protein at 2X the desired concentration was
added to each well in triplicate in a 96-well plate. 25ulL of Hek293T cell lysate was added to
each well for a total volume of 50uL. The NanoGlow Live Cell Reagent was used in this assay
and the reagent mix is created at a 1:19 ratio reagent to buffer. Promega’s protocol calls for the
addition of 25uL of this mix to each well of 100uL, since each well contained 50ul, 12.5ul was

added in this scenario and luminescence was measured.

4.5.4 Mammalian Cell Culture

Hek293T cells were grown in High Glucose DMEM containing 10% Fetal Bovine Serum

(FBS) and incubated at 37C with 5% CO,. When cells were plated in 24 or 96-well plates, cells
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were allowed 24 hours to adhere before transfection. Transfections were carried out by mixing
ethanol precipitated DNA and Lipofectamine 2000 in Optimem and adding the appropriate
amount of mixture according to Invitrogen protocol for the respective plate size. Proteins were
incubated with cells in High Glucose DMEM with no FBS at desired concentrations and
incubated at 37C and %5 CO,. Cells were washed with PBS containing 20U heparin sulfate and

placed in Optimem for the incubation of the NanoGlow Reagent.

4.5.5 NanoBit Luminescence Assays

Depending on the assay type determined which NanoGlow reagent was used. In vitro
assays, cell lysates, and media collection for secretion assays used the NanoGlow Luciferase
Assay Reagent. This reagent was diluted 1:50 reagent to buffer to create the reagent mixture and
added to wells in :1 volumes. For live cell assays and cells in resuspension, NanoGlow Live Cell
Assay Reagent was made in a :19 dilution ratio of reagent to buffer. 25uLL of reagent mix was
added to 100uL samples, and adjusted according for varying samples volumes. Luminescence for

all were read immediately after addition of reagent in a BioTek microplate reader.
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APPENDIX A: SUPPLEMENTAL DATA FOR CHAPTER TWO

NMR’s for Transition Metal Cross Coupling
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Supplemental Figure A.1: H'NMR of 4-bromo-2,2’-bithiophene (7)
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Supplemental Figure A.2: C'>NMR for 4-bromo-2,2’-bithiophene (7)
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Supplemental Figure A.3: H'NMR of N-Boc-Homoserine-Benzyl Ester (9)

127



n e i
b nAds

” e h
~ wm 1

—3

T —

— 2304

e
y

2163

128



T W i AT

I
Jl A
o

-
1.19 2.8

=]
~
st
5
e

Supplemental Figure A 5: H'INMR of Ethyl-4- pyndm 2-yl) butanoate (14)
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Supplemental Figure A.6: H'NMR of Ethyl-4-(thiophen-2-yl) butanoate (15)
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Supplemental Figure A.7: H'NMR of Ethyl-4-([2,2’-bithiophen]»-4-y1) butanoate (16)
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NMR’s for Phase Transfer Catalysis
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Supplemental Figure A.8: H'NMR for 2-([2,2’-bithiophen]-4-yl)ethyl-4-methylbenzenesulfonate (17,18)
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Supplemental Figure A.9: H'NMR of 2-([2,2’-bithiophen]-4-yl)ethan-1-ol (19)
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Supplemental Figure A.10: C'>NMR of 2-([2,2’-bithiophen]-4-yl)ethan-1-ol (19)
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Supplemental Figure A.11: H'NMR of 4-(2-iodoethyl)-2,2’-bithiophene (20,21)
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Supplemental Figure A.14: H'NMR of Tert-butyl-2-([diphenylmethylene]amino)-4-phenylbutanoate (24)
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Supplemental Flgure A.15: HINMR of 4- ([2 2' b1th10phen] 4 -yD)-2- ((d1phenylmethylene)ammo)butanemtrlle (27)
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Supplemental Figure A.16: C'>’NMR of 4-([2,2'-bithiophen]-4-yl)-2-((diphenylmethylene)amino)butanenitrile (27)
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APPENDIX B: SUPPLEMENTAL DATA FOR CHAPTER THREE

Protein Sequences:

GFPnb OFF:
MGQVQLVESGGALVQPGGSLRLSCAASGFPVNRYSMRWYRQAPGKEREWVAG
MSSAGDRSSYEDSVKGRFTISRDDARNTVYLQMNSLKPEDTAVYYCNVAVGAA
YWGQGTQVTVSSKHHHHHH

CatNB OFF:
MGMQVQLVEKGGKRVQPGGSLRLKCAASGFPVNRYSMRWYRQAPGKEREWV
AGMSSAGDRSSYEDSVKGRFKIKRDDARNTVYLRMRKLKPEDTAVYYCNVAV
GAAYWGQGTRVTVSKKHHHHHH

AGV1 OFF:
MQDPQVQLVEKGGRRVQPGGSLRLRCAASGFPVNRYSMRWYRQAPGKEREWV
AGMSSAGDRSSYEDSVKGRFTISRDDARNTVYLQMNSLKPEDTAVYYCNVAVG
AAYWGQGTRVTVSRKHHHHHH

AGV2 OFF:
MQVQLVEKGGALVQPGGSLRLSCAASGFPVNRYSMRWYRQAPGKEREWVAG
MSSAGDRSSYEDSVKGRFRIRRDDARNTVYLRMRRLKPEDTAVYYCNVAVGAA
YWGQGTQVTVSSKHHHHHH

PolyR OFF:
MGQVQLVEKGGRRVQPGGSLRLRCAASGFPVNRYSMRWYRQAPGKEREWVA
GMSSAGDRSSYEDSVKGRFRIRRDDARNTVYLRMRRLKPEDTAVYYCNVAVGA

AYWGQGTRVTVSRKHHHHHH
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Supplemental Figure B.1: Co-purification of GFP binding nanobody and resurfaced
GFP binding nanobody compared to OFF mutants. CDR3 mutations AVGAA were made
in order to turn off GFP binding. 0.3mg of protein were incubated with 100uL of sfGFP
lysate (no His6 tag) and incubated for 15 minutes at 4C. 100uL. of Ni-NTA beads were
added to each tube and incubated for 1 hour at 4C. Ni for each protein was then washed
with 20mL 2mM imidazole phosphate buffer, 25mL 50mM imidazole phosphate buffer
and 20mL 75mM imidazole phosphate buffer before being eluted with S00ul. of 400mM
Imidazole and imaged under UV light. Tubes left to right: GFPnb ON, CatNB ON,
GFPnb OFF, CatNB OFF
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Supplemental Figure B.2: Crystal structures showing native binding of GFP nanobody
and GFP. PDB: 30GO A. Suggested formation multimeric complex of GFP nanobody
fused to GFP without OFF mutations. Dark colors represent GFP and corresponding
binding nanobody partners in lighter colors. B. A single GFP molecule binding a single
GFP nanobody as a suggested representation of the OFF mutants with the CDR3
mutations important for binding highlighted in red.
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Supplemental Figure B.3) E coli expression of OFF mutants and Ni-Pull down in E coli
of ON variants. A) E coli expression and purification of nanobody-OFF-GFP fusions. B)
Co-purification using Ni-pull down assay of nanobody mutants with a his6 tag and stGFP
without a his6 tag. C) ELISA using Ni-coated plate of nanobody ON resurfaced mutants
and sfGFP lysate with no His6. D) Representative histograms of nanobody total cell

internalization
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50nM 6769 PolyR-OFF-GFP 2765 1886 11543 10378 12264 67.7nM 15 S0nM 7713
25nM 3013 25nM 3824
5nM 1031 5nM 1004

Supplemental Figure B.4: Fluorescent standard curves of cytosolic and total cell
fractions for both CatNB-OFF and PolyR-OFF proteins. Proteins were incubated with
NIH 3T3 cells for 1 hour, washed with PBS containing heparin sulfate, trypsinized and
pelleted. The Pellet was resuspended in 80ul. Digitonin buffer and incubated on ice for
10 min and pelleted. The supernatant was collected for the digitonin fractions and 100ulL
of each sample was loaded into a black 96-well plate to be read for fluorescence. The
remaining pellet was then resuspended in 90ul RIPA buffer and incubated for 30min on
ice and pelleted. 100uL of this supernatant was loaded on to the same black 96-well plate.
The fractions were analyzed for their relative fluorescence, normalized to cell lysate that
was not incubated with any protein, and compared to a standard curve built from their
respective purified protein to estimate an intracellular concentration of delivered protein.
These fractions were then used in a western blot analysis to show efficient separation of
fractions (shown in paper.)
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Supplemental Figure B.S: Fluorescent standard curves of cytosolic and total cell
fractions for both CatNB-OFF and PolyR-OFF proteins. Proteins were incubated with
NIH 3T3 cells for 1 hour at 1luM with and without 100uM Chloroquine. Each set of cells
were washed with PBS containing heparin sulfate, trypsinized and pelleted. The pellet
was resuspended in 80uL. Digitonin buffer and incubated on ice for 10 min and pelleted.
The supernatant was collected for the digitonin fractions and 100uL of each sample was
loaded into a black 96-well plate to be read for fluorescence. The remaining pellet was
then resuspended in 90ul RIPA buffer and incubated for 30min on ice and pelleted.
100uL of this supernatant was loaded on to the same black 96-well plate. The fractions
were analyzed for their relative fluorescence, normalized to cell lysate that was not
incubated with any protein, and compared to a standard curve built from their respective
purified protein to estimate an intracellular concentration of delivered protein. It is
obvious that both nanobodies exist in the cytosol at relatively high concentrations in the
cytosol as seen in the normal cells, however; a lot may still be trapped in the endosomes
since the concentrations of both proteins in the cytosol dramatically increased upon
addition of Chloroquine.
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Supplemental Figure B.6: a) Coomassie and fluorescence gel of FITC labeled
nanobodies. Left to right: GFPnb-FITC, CatNB-FITC, PolyNB-FITC. b) Comparison of
FITC nanobodies in Hela and 3T3 cells. Cells were treated with 1uM of each protein and
incubated for 1H at 37C and 5% CO2. Cells were washed three times with PBS
containing 20 U Heparin sulfate and analyzed using flow cytometry. ¢) Comparison of
OFF proteins in Hela and 3T3 cells. Cells were treated with 1uM of each protein and
incubated for 1H at 37C and 5% CO2. Cells were washed three times with PBS
containing 20 U Heparin sulfate and analyzed using flow cytometry.
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Residue 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
CatNBEGFP) M a Vv a L v E¥c <8BS ‘v o P G G 3 Lt R LIS c A a
CatNBEBC2) M Q@ VvV a L VvV EN8c e v o P G G S L R LIS c T A

CatNB(GFP)BC2EDRsthiss M a VvV a L Vv E @ ¢ c NEEEW ' Qo P G G s L R LN c A A
CatNB(GFP)-BC2EDRsEIGFP M Q V Q L Vv E M ¢ c EEE Vv o P G G s L R LW c A A

Residue 26 27 39 40 41 42 43 44 45 46 47 48 49 50
CatNBEGFP) S - R W Y R Q@ A P G K E R E
CatNBEBC2) S - - W F R Q A P G K E R E

CatNB(GFP)-BC2EDRsthis6 S - R W Y R Q@ A P G K E R E
CatNB(GFP)-BC2EDRBEGFP S - R W Y R Q@ A P G K E R E

Residue 51 52 53 66 67 63 69 70 71 72 73 74 75
CatNBHGFP) WV A D S v Kk ¢ R F S ' P
CatNBEBC2) G v s D S Vv K G R F |NE | B

CatNB(GFP)-BC2EDRsthise W  V A D S v K 6 R F NG | B
CatNB(GFP)-BC2@EDRsEGFP WV A D S Y K 6 RrR F M ' B

Residue 76 77 78 91 92 93 94 95 96 97 98 99 100
CatNBEGFP) R D D K P E D T A V Y Y C
CatNBEBC2) R N N K P E D T A I Y Y ¢

CatNB(GFP)-BC2EDRsthis6 R D D K P E D T A V Y Y C
CatNB(GFP)-BC2EDRsEGFP R D D K P E D T A V Y Y C

Residue 108 109 110 116 117 118 119 120 121 122 123 124 125
CatNBEGFP) - - - - y w 6 a 6 1 S v
CatNBEBC2) G R - - F W G Q G T W v

CatNB(GFP)-BC2EDRsHhis6 G R - - Y W G aQ G T W v
CatNB(GFP)-BC2EDRsEGFP G R - - Y W G aQ G T W v

Residue 126 127 128 129 130 131 132 133 134 135 136 137 138 139
CatNBEGFP) v T vV S K H H H H H H
CatNBHBC2) v T V. S S K K K H H H H H H

CatNB(GFP)-BC2@DRsthis6 VT v s BBl H H H H H H
CatNB(GFP)-BC2LDRsBBFP VT v s IS K H H H H H H

Supplmental Figure B.7: Sequences of wild type GFP binding nanobody, CatNBgrp , wild type BC2 nanobody, CatNBgc2, and
CatNBgrp with BC2 CDRS without any GFP fusions. For CatNB with BC2 CDRs fused to sfGFP, an all arginine version was used.
Purple represents CDRs and blue represents the resurfaced residues.
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Supplemental Figure B.8: MTT assay of OFF proteins. Proteins were incubated with
Hela cells for 1 hour prior to following the protocol for CytoTox 96 ® NonRadioactive
Cytoxicity Assay from Promega.
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APPENDIX C: SUPPLEMENTAL DATA FOR CHAPTER FOUR

—e—114 (190 uM)

107 - ——101 (2.5 uM)

——104 (1.3 pM)

10% 4 —s— NP (300 nM)

E —=—128 (280 nM)

—=— 99 (180 nM)

10°- —s— 79 (8.5 nM)

—+— T8 (3.4 nM)

104 T i / r ' —=— §6 (700 pM)

12 -9 6 -3
A log [Peptide] (M)
Position Kp (M)
Peptide 157 158 159 160 161 162 163 164 165 166 167 168 169

86 \ S G W R L F K K | S 0.7 x°?
78 N \ S G W R L F K K | S N 34 x°*°
79 N \ T G Y R L F K K | S N 85 x°*
99 \ T G Y R L F E K | S 1.8 x”
128 \ T G Y R L F E K | L 28 x7
NP G \ W G W R L C E R | L A 09 x°
104 \) Y G Y R L F E K | S 1.3 x°®
101 \ Y G Y R L F E K E S 25 x°
B 114 \ Y G Y R L F E E | L 19 x*

Supplemental Figure C.1: Sequences and binding affinities of the engineered by
Promega for SmBit peptides of NanoBit!. The 86 peptide was used for our studies while
the 114 peptide is used by Promega for observing protein-protein interactions.

(D) Dixon, A. S.; Schwinn, M. K.; Hall, M. P.; Zimmerman, K.; Otto, P.; Lubben, T. H.; Butler, B. L.;
Binkowski, B. F.; MacHIeidt, T.; Kirkland, T. A.; et al. NanoLuc Complementation Reporter
Optimized for Accurate Measurement of Protein Interactions in Cells. ACS Chem. Biol. 2016, 11
(2), 400—408. https://doi.org/10.1021/acschembio.5b00753.
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1. mCherry-LgBit
2. sfGFP-86
3.34GFP-86

4. BlacNB-86

5. Cat BlacNB-86

Supplemental Figure C.2: PAGE-SDS gel of Ni-purified SmBit and LgBit fusion
proteins
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Supplemental Figure C.3: Varying protein concentration incubation in a 96-well plate
with 5X, 10X or 20X added Live Cell NanoGlow Reagent from Promega.
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Supplemental Figure C.4: Live Hek293T Cells in
Live Cell Reagent and a BioTek microplate
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suspension analyzed with NanoGlow
reader. Mcherry fluorescence and

Luminescence were not measured in any sample. GFP Fluorescence was measured only
in the wells were cells were incubated with 34GFP-86, which was expected.
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In vitro Endosomal Escape Peptide Proteins (A8-POI-8

410° -
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_ W 050
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Relative Luminescence

Proteins

Supplemental Figure C.5: In vitro concentration dependent assay using N-terminal
endosomal escape peptide fused to our Smbit proteins. Lanes from left to right: PBS, cell
lysate, A8-BlacNB-86 only, mCherry-LgBit Only, Cell lysate + A8-BlacNB-86, Cell
lysate + A8-Cat BlacNB-86, Cell Lysate + A8-stGFP-86, Cell Lysate + A8-34GFP-86.
Non-resurfaced proteins still display a higher luminescence than resurfaced proteins
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