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ABSTRACT

Proteins have the capacity to treat a multitude of diseases both as therapeutics
and drug carriers due to their complex functional properties, specificity toward
bindingpartners, biocompatibility, and programmabiliBespite this, native proteins
often requireactive strategies tiarget diseased tissue due to membrane
impermeability Additionally, proteins are often uptaken through endocytosis, so
accessing the cysol or other subcellular compartments requires internalized protein
to escape the endosomdes a result, intracellular drug candidates make up less than
5% of protein therapeutics entering clinical development despite having immense
therapeutic potential togat a multitude of diseases including canEenctionalizing
therapeutic proteins and drug carriers through direct conjugation of delivery moieties
canenhancalelivery capabilities. Traditionally, this has been accomplished using
reactive residues (e.lysines) within the protein sequence, or genetic fusion to the
protein termini While both methods have the capacity to enhance various aspects of
delivery,the irability to chemicallymodify proteirs with sitespecificity oftenleads to
highly heterogenags products with varying activitddditionally, such approaches do
not offer control over variables such as ligand clustering, which can be an important

determinant of targeting efficacy.
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A multitude of promising sitspecific protein conjugation methodave been
developed to allow more tailorable display of delivery moieties and thereby enhance
protein activity, circulation properties, and targeting specificity.this thesisve
focus onwo particularly promising sitspecific bioconjugation technigsto enhance
intracellularprotein deliveryunnatural amino acilJAA) incorporationand
SpyCatcher/SpyTag chemistiyo this end, we have developed a versatile protein
peptide conjugate capable of targeting cancer cells that overexpress epidermal growth
factor receptor (EGFR) for delivery of a multitude of cargos.

Previous work has demonstrated the ability to insierthogonal reactive
residues into proteins through unnatural amino acid (UAA) incorporation, enabling
protein conjugati on wHaehwesasaenlpelastratégytoi ck 6 cF
site-specifically conjugate delivery moieties to therapeutic pnstéirough UAA
incorporation, to explore the effect of EGf&tgeted ligand valency and spacing on
internalization of proteins iEGFRoverexpressinghflammatory breast cancer (IBC)
cells. Results demonstrate the importance of controlling ligand displpyoteins for
robust active targeting. In particuléwigh EGFR ligand valency and clustering was
associated with enhanced IBC internalization compared to healthy breast epithelial
cells.Furthermorethis EGFRtargeting conjugate was adapted for pargiplay
cargo incorporation with SpyCatcher/SpyTag chemistry. This approach was used to
deliver of a cancer suicide enzyme to enable-tB@eted cell death through prodrug

activation.
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The ability of our EGFRargeting conjugate to deliver various cargos wa
explored further by decorating the surface of engineéBgurotein nanopatrticles
capable of doxorubicin loading. SpyTag was fused to the surface of the nanoparticles
to allow for modular, sitespecific decoration with the EGHRrgeting conjugate using
SpyCatcher/SpyTag chemistry. Decorating 10% of the E2 nanocage monomers with
the EGFRtargeedconjugate demonstrated efficient EGRiediated delivery of
doxorubicin to IBC cells leading to enhanced cell death compared tcammerous
cells that expressnty basal levels of EGFR. These results demonstrated the versatility
of the EGFRtargeted conjugate for delivery of a variety of cargos including enzymes,
protein nanoparticles, and small molecule drugs.

Finally, we developed a simple fusion modificatistnategy to incorporate
four endosomolytic peptides, Aurein 1.2, GALA, HA2, and L17E, onto the EGFR
targeted protein conjugate, and evaluated the ability of the peptide modifications to
trigger endosomal escape while maintainf@FRspecificity. While all peptides
exhibit membrane lytic properties, omyrein 1.2 and GALA maintained EGFR
specificity while also providing moderate endosomal escape capabilitiese results
demonstrate the importance of endosomolytic peptide selection when designing
targeed therapies and further expands the range of cargos that can be delivered with
our EGFRtargeted protein conjugate.

Together the findings presented in hem@monstrate the benefits of UAA
incorporation for controlling tgeting peptide presentaticand the utility of

SpyCatcher/SpyTag chemistry for pltagdplay cargo loadingo maximize cargo
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activity. Furthermore, the EGFRrgeted conjugatgeveloped hereihaskey benefits

relevant to a wide range witracellular protein therapies.
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Chapter 1
INTRODUCTION

This chapter is adapted with permission from (1) Lieser, R.M.; Yur, D.;
Sullivan, M.O.; Chen, W; Sitepecific bioconjugation approaches for enhanced
delivery of protein therapeutics and protein drug carigoconjugate Chen2020,
31 (10), 22722282. DOI:10.1021/acs.bioconjchem.0c00456 opyright 2020,
American Chemical Society. And (2) Yur, D.; Lieser, R.M.; Sullivan, M.O.; Chen,
W.; Engineering bionanopatrticles for improved biosensimgj bioimagingCurr.
Opin. Biotechnol2021, 71, 4148. DOI:10.1016/j.copbio.2021.06.06Zopyright

2021, Elsevier.

1.1 Protein Therapeutics for Disease Treatment

Proteins have unprecedented potential to improve human health both as
therapeutics and as drug carriers. As therapeutics, the diversityospecificity in
protein functions impart the ability to treat multiple diseases including cargers
autoimmune diseast¥, and metabolic disorders. Because of this, the global
protein market has grown rapidly in the past decade and includes a variety of new and
forthcoming products such asonoclonal antibodies (mABsntibodydrug
conjugategADC), nanobodies, enzymes, cytokines, hormones, and inhildidesct,

protein therapeuticepresente@4.5% of all rew novel FDAapproved drugs 2020,


https://doi.org/10.1021/acs.bioconjchem.0c00456
https://doi.org/10.1016/j.copbio.2021.06.002

and the market is poised for further evolution and gratv@®f the protein therapies

approved in 2020, 92% were mABs or ADC, which mostly act on extracellular targets,
leavingit r acel |l ul ar protein targetshataendr uggakt
active inside cells ineffectivl®. To maximize the full potential of therapeutic proteins,

superior delivery strategies are necessary to delpratgins into cells.

1.1.1 Intracellular Protein Delivery Challenges

Despite enormous interemtdsignificantinvestmers in developing advanced
protein therapeutics, protein delivery remains a major limitatiiability issueshave
hindered or halted clinical advancemehmanyprotein therapie&® Most
therapeuticallyrelevant enzymes are incompatible with the extracellular environment,
leading to aggregation, adiiy loss, and/or renal clearanta~urthermore, most
proteins are membrane impermeable, and therefore active strategies are némessary
proteins to enter theells. Proteins face additional challenges once internalized.
Proteins are often uptaken through endocytosis, and so accessing the cytosol or other
subcellular compartments requires internalized proteins to escape the endosome to
evade lysosomal degradatior exocytosis’ As a resultjntracellular protein drug
targets make up less than 5% of protein therapeutics entering clinical dévelep
though intracellulaproteins comprise over 60% of the human protédiared have
predicted therapeutic applications ranging from neurological disrtdeysosomal

storage dise@$' to cancet %°



1.1.2 Protein Internalization Strategies

Proteins in thig native form are oftennable tgpassivelydiffusethrough the
cellular membranéue to a variety of factors, including high polarity, large molecular
weight, and negative chargeBecause of this, active strategies are necessary for
proteins to cross the plasma membrand enter the celActive strategies often
utilize micropinocytosisyhich involves uptake of positively charged molesu
capable or nonspecific interaction with the negatively charged cell surface, and
receptormediatedendocytosis, where a receptor binding event facilitates
internalizatior?® For proteinstwo of the most common strategies to facilitate protein

internalization are cell penetrating peptides and receptor ligands.

1.1.2.1 Cell Penetrating Peptides

Cell penetrating peptides (CPPs) are positively charged short peptides that
generally range from-80 amno acids in lengtk Cell penetrating peptides are often
rich in lysine @ arginine contributing to their positive char@PPs have been
successfully used to provide efficiaminspecificuptake for a range of different cell
types and delivery cargo$he exact mechanism of internalization of CPRxten
unclearin the liteature with more than one mechanism likdédgwever, there is some
evidence that CPPs are able to delivery cargo to the cytosol through endosomal escape
or direct penetratiofft While effective for cellular internalizatiQi€PPs do not
provide a mechanism for targeting specific cell tyMéaen cell specificity is desired

it is more appropriate to utilize targeting ligands for internalization.



1.1.2.2 Receptor Binding Ligands

Targeting ligands, which can include small molecules, nucleic acids, peptides,
proteins, and antibodies, are able to recognize and bind to specific antigens or
receptors on cell target8Receptommediated active targeting strategies utilize ligands
that bind to receptoygapable of undergoing endocytosigt are overexpressed on
the surface of target cefBigure 1.1)° Unlike CPPs, this stratggllows for specific
internalization in cellshat overexpress the receptdrinterest while untargeted cells,
expressing less of the receptor, receive minimal treatment. Active targeting has been
studiedextensiveto targetchemotherapeutic agentsdancer cellso minimizethe

unwanted side eftds caused by delivieig drug to norcancerous tissue.

gg; Therapeutic

o ) Receptor
. A Ligand

Target Cells Normal Cells

Figurel.l: Schematic of receptarediated active targeting. A therapeutic
functionalized ligand(s) can be uptaken at higher levels in target cells
overexpressing the ligand binding partner (receptorilevather cells,
with lower levels of receptor expression, internalize less of the
therapeutic. Adapted fromdv Drug Deliv Rew6 (2014) 264126
Copywrite 2014, with permission from Elsevier.



1.1.2.2.1 EGFR-Mediated Active Targeting

One receptor that has been targeted for cancer treatment is epidermal growth
factor receptor (EGFR). EGFRaserexpressed in a variety of different cancer cell
types, including ovarian, breaking, andcolorectalcancer, and is often associated
with poa prognosis.’ EGFRtargeting has been used to successfully deliver a variety
of payloads to EGFRverexpressing cancer cells including small moleédlés
proteins®, and nucleic acid$ *2 In fact, ®veral EGFRargeted mAbs and tyrosine
kinase inhibitors have beenmpved by the FDA or are currently undergoing clinal
trials for cancer treatmept.

A patrticularly promising EGFR binding ligand is the GE11 peptide
(YHWYGYTPQNVI). TheGE11peptide, whickexhibits high affinity toward EGFR
(Ko = 22 nM), was discoveredia phage display by panning against purified EGER.
GEL11 exhibits roughly five times less mitogenic activity when bound to EGFR
compared t&e G F Rnatsralligand, epidermal growth factor (EGRvhich is
particularly important for cancer treatméftlt hasbeen utilized for delivergf an
array of nanoparticles in multiple types of EGB®erexpressing cancer ceflsFor
instance, liposomes loaded with doxorubicin and functionalized with- GEGL
demonstrated a 2ld increase in A549 tumor cell accumulatiorinrnvivomodels as

compared to liposomes functionalized only with PEG.



1.1.2.2.2 Ligand Clustering

Ligand dsplay has generated enormous interest in the development of
nanoparticle fcarri e¥ldgandatency, tspacingteande d dr u g
orientatiort® can significantly alter drug biodistribution, targeting efficiency, and
therapeutic efficacy in nanocarriers. Control of ligand clustering is particularly crucial
for intracellular cargoes, as ligand 8ing can be used to enhance intracellular
delivery into specific cellby increasing the apparent ligand receptor binding
affinity .38 442 The importance of multivalent effects in delivery has been clearly
demonstrated using nanocarriers. For example, folate ligands were incorporated in
micelles within clusters of varying valencies flelivery to folateoverexpressing
cancer cells. The dissociation constant decreased two ordaegyoftude when
micelles hadhn average of three ligands per cluster as compared to micelles with an
average of 1.5 ligands per clustém other examplesvolving nanocarriers
clustering celbinding ligandsvasshown to increase cetinding affinity by up to
1000fold.** 44 Furthermorepptimal ligand cluster sizes am@nsities have been
proposed for maximal receptor specificity and affirftiffhese examples point out the

clearbenefit of clustering receptor binding ligands for enhanced internalization

1.1.3 Endosomal Escapestrategies
Proteins are often uptaken througine of severatndocyic pathways resulting
in endosomal entrapment. Endosomesngéwally fuse with lysosomes where their

contents are degraded by lysosomal enzymes or are recycled through exocytosis



(Figure 1.2)*¢ Because of this, most therapeutics are degraded or recycled before
reaching their intracellular target, which can significangiguce efficacy. This is
especially important for therapeutics that need to access the cytosol or nucleus to
function, such as siRNAand CRISPRCas%® “° respectively. To accesise cytosol
or other subcellular compartmenitsternalized proteinsmustescape the endosome to

evade lysosomal degradation or exocytosis.
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Figurel.2: Schematic of thendocytic pathway. Endocytosed therapeutics are
trafficked to the lysosome for degradation or exoastigseventing
cytosolic delivery. To reach the cytoswlother subcellular
compartmerg such as the nucleuterapeutics need to escape the
endosomeAdapted fromCurr Phar Des22(9) (2016) 1227124446
Copywrite 2016Rights managed by Bentham Science Publishers



1.1.3.1 Endosomolytic Peptides

pH-responsive endosomolytic peptides have been engineered to disrupt the
endosome by fusing with the membrane following atpgjered conformational
change® Thus,these peptidedemonstrate lytic properties in the acidic environment
of the endosome, but not in the pidutral extracellular environmemreventing
plasma membrane lysiShe conformation change at acidic pH is generally the result
of protonation of aspartic acidsdor glutamic acidsallowing secondary structure
formation based on hydrophobic/hydrophilic interactions where the hydrophobic face
inserts into the endosomal membrah&hese peptides have shown significant
promise in nanoparticles systems, with a variety of cargos successfully delivered to the
cytosol®?% While these endosomolytic peptides have shown promise in nanoparticle
systems, only a handful of them have been fused to therapeutic proteins and tested for
intracellular protein deliver$?>8 To understand the full potttal of endosomolytic
peptides for protein delivery, further studies are necessary to generalize the use of

these peptides for delivering proteins that vary in size and composition

1.1.3.2 Endosomolytic Peptide Mechanism
A majority of these peptides disrupt thedesomal membrane through one of
two mechanisms: pot®rming, also known as the bansthve mechanism, and the

carpetlike mechanisnt?®



1.1.3.2.1 Pore-Forming Mechanism
Intheporef or mi ng mechani sm, amgidlikgilow | i c pep
pH that allows the monomers to bind to the membrane and insert into the bilayer so
that the hydrophobic residues align with theecof themembrane (Figure 1.3Y The
pore size incre@&s as more peptide monomer are recruited forming pores that are
typically smaller than 10 nm in diamefé€3 Poreformation occurs after a necessary
amount of peptides have been réed. For example,re of the most commonly used
poreforming peptides, GALA, consisting of glutamic aedhnineleucinealanine
repeatsrequires approximately 10 peptides to form a foN&rus-derived peptides
also commonly utilize this mechanism including hemagglwih{iA2) derived from

the influenza viru®, and HGP derived from the endodomain of HIV d{54L
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Figurel.3: Schematic of the peferming mechanisnused by endosomolytic
peptides for endosomal disruption.f@mp hi phi Il i ¢ pepti des
helical structure and peptide monomers bind to the endosomal
membrane. (bJThe peptides then insert into the bilayer so that
hydrophobic amino acids (black) aliglong the membrane core while
hydrophilic regions of the peptide (red) face into the pore. (c) As
additional peptides are recruited the pore size increases torRin
diameter AAAPS J11(65) (2009%° Copyright 2009, with permission
from Springer Nature.

1.1.3.2.2 Carpet-Like Mechanism

In the carpetike mechanism, peptides electrostatically bind and cover the lipid
membrane with the hydrophobic residues facing the membrane s(Figoee 1.4)f°
Above a critical concentration, the peptides are thought to collapse the lipid membrane
leading to micellization. In the case of the lytic peptide from flock house virus, holes

of 50-500 nm are formed in the endosomal membrane with this mecianigmich
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significantly larger than the pores formed by peptides utilizing the-fuoraing
mechanism. Antimicrobial peptides often utilize this mechanism of disruption to
access the cytos#.One such antimicrobial peptide, Aurein 1.2, has demonstrated

pH-sensitive endosomolytic activity in mammalian céfls.

micelles

PR L2 © -

% s
M 50-500 nm A

Figurel.4: Schematic of thearpetlike mechanism used by endosomolytic peptides
for endosomal disruption. (a) Peptides electrostatically bind to the surface
of the endosomal membrane so that the hydrophobic amino acids (black).
(b) Once a critical concentration is reach, the enda@sonembrane
begins to disintegrate forming micelles. (c) Eventually a hole is formed in
the endosomal membrane that can be approximateb@8tm in
diameter AAAPS J11(65) (2009%° Copyright 2009, with permission
from Springer Nature.

1.2 Protein Nanoparticles for Drug Delivery
Beyond therapeutic proteins, protein nanoparticles@tspan important role in

medicine Proteins are ideal building blocks for the fabrication of nanoparticles and
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other drug carriers because of their intrinsic prograhilitg biodegradability, and
biocompatibility. Protein nanoparticles have been assembled using both naturally
derived strategies(g, protein caged and viruslike particles (VLPSY) as well as
synthetic routesg(g, amphiphilic nanoparticlé$anddesolvatiordriven
nanoparticle¥) and these protein nanoparticles have been extensively explored for the
delivery oftherapeutic proteir§ small molecule drugs RNA’® 77 and DNA®,
Nanoparticles have been studied extensively for their drug delivery abilities
because of thebptimal size for evading renal clearance and promoting passive
accumulation in tumor cells through the enhanced permeability and retention (EPR)
effect’® Conventional nanoparticles, such as polymer nanoparticles or liposomes, are
usually polydisperse in size and can exhibit toxiéityln contrast protein
nanoparticles are intrinsically biocompatible, stable, uniform, and tolerant of genetic
modifications and naturally serve as scaffolds for cargo encapsuiatiéand

molecular transpoff 8, making them ideal platforms fdrug delivery(Figure 1.5)
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[Examples

E2 nanocage H-Ferritin MS2 Virus-  HBV Virus-
nanocage like particle like particle

§

Key Benefits

- Uniform structure

- Tunable Design

- Particle Stability

- Favorable Pharmacokinetics

K \-Biocompatible j j

Figurel.5: Common bionanoparticles used for drug delivery applications. Protein
nanocages are wallefined protein nanostructures that natively serve as
protein scaffolds or delivery vehicles for small molecules, proteins, and
nucleic acidsCurr Opin Biotechnol71 (2021)41-482 Copyright 2021,
with permission from Elsevier.

Two types of protein nanoparticldsathave shown potential as drug delivery
carriers: protein nanocages and vilike particles.Protein cages have recently been
utilized as drug delivery carriers due to their heat resistance, high stability, and surface
modularity.One protein cage that has garnered attention as a biosensing scaffold and

drug carrief® is the E2 nanocage 2Es a 66mer protein nanocag24 nm in size
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derived fromthe pyruvate dehydrogenase enzyme compléacfllus
stearothermophilus® 8’Ren et al. genetically modified the core of the E2 nanocage
to allow for hydrophobic drug loadirfj Other work has demonstrated the ability to
genetically modify the surface of E2 for antibody deteéfidh

Virus-like particles (VLPs) are selissemblediral protein complexes that
mimic the form and size of a virus particle but lack the genetic material necessary for
host cellinfection®® VLPs areoften larger than other protein nanocages making the
number of potential surface modifications higher. For example, cowpea mosaic virus
(CPMV) has 300 reactive lysine residues on its surface making high tévels
functionalization possiblé* 2 Anothercommonly used VLPghe Hepatitis B virus
(HBV) capsid,selt-assemblefrom 240 copiesf coreforming proteing® % HBV
has been functionalized with up to 235 motifs for HBYThe exterior oHBV has
beenfunctionalized with targeting ligandsr efficient delivey of aprodrug

converting enzyme to breast cancer cellsrexpressing EGFR

1.3 Site-SpecificBioconjugation Strategies forProtein Delivery

To enhance delivery, moieties such as hydrophilic polymers, cell penetrating
peptides, anthrgeting molecules have been conjugated to proteins to enhance
circulation properties, internalization, acell specificity. Traditionally, reactive side
groups on naturalipccurring amino acid®.g, lysine and cysteine, have been used to
conjugate dévery moieties to protein®> *®This approach has demonstrated improved

delivery compared to proteins in their native form; however;siwspecific protein
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conjugation leads to heterogeneities in the number and location of modifg;ation
which can affect the physiochemical properties of the protein resulting in
compromised bioactivity for protein therapeutics or particle disassembly for drug
carriers’’ Site-specific protein bioconjugation approaches allow researchers to build
highly tunable protein constructs capablemproving the specificity and efficacy of
targeted drug delivery by stimulating cellular internalization and prolonging

bioavailability while minimizing negative effects on therapeutic activity.

1.3.1 Unnatural Amino Acid Incorporation

Unnatural amino acid (UAAncorporation is a particularly exciting and well
studied bioconjugation method that allows sipecificinsertion of unnatural amino
acids containing bioorthogonal functional groups. UAAs are most commonly
incorporated into the genetic code of cells bing transfer RNA (tRNAthat
recognizes the amber stop cofomchre stop coddh 1%or other nonsense coddts
102 as well as an aminoaeiRNA synthetase (aaRS) that catalyzes the acylafitine
tRNA to the UAA. The charged tRNA then inserts the UAA into the growing
polypeptide during protein translation (Figur€)£°While UAA incorporation has
previouslysuffered from low incorporation efficiency and diminished expression
yields that have limited its U8, recent efforts to address these limitations, through
cell strain®>'% and tRNA/aaR%" 1°¢ %%ngineering, have greatly increased the
number and types of UAAs that can be incorporated while maintaining high yields.

One report demonstrated the insertion of 22 UAAs into a protein sequence while
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maintaining roughly 35% of theild-type yield!!°It also is importanto consider

design parameters for effective UAA installation, since incorporation efficiency and
expression yields can vary greatly based on the site of modification and the type of
UAA. A review of the literature demonstrates a series of general guedelfl) to

prevent protein misfolding and activity loss, folded and active regions within a protein
should be avoided as sites of modification, unétesing protein activity is itself the
desired outconté!; (2) to minimize heterogeneity due to leakypression UAAs

should not be incorporated immediately following the start ctdoand (3) to ensure
reactability, UAAs should be incorpated in surfacexposed regions of the

proteint'®. By employing these design rules along with advanced cell strains and UAA
effectors, researchers have successfully incorporated over 70 different types of UAAs,
with unique bioorthogonal chemical handles, into the genetic code of multiple
organisms, including yeast, mammalian, and bacterial cell it@hese UAA

modified proteins have been evaluated in applications ranging from protein labeling,

to biosensing®, to vaccine developmént.
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Figurel.6: UAA incorporation for targeted drug deliveryAl incorporation can be
used to insert multiple biorthogonal groups-sipecifically into proteins
for controlled conjugation of drug delivery moieti@soconjugate Chem.
31(10)(2020) 227222821 Copyright 2020, with permission from
American Chemical Society.

The ability of UAA incorporation to improve bioactivity has been well
documented through sispecific bioconjugation of stealth molecules capable of
forming ashell around the therapeuticrmanocarrier to avoid phagocytic and renal
clearance to eehdcirculation time!!’ One such stealth moiety, polyethylene glycol
(PEG), has been used extensively in literature to enhance serdiifehaitrease
protein stability, and mitigate immunogenicity of a multitude of diaugs drug
carrierst'® PEG conjugation (PEGylatn) to native amino acids results in
heterogeneous products that require complicated purification steps, and unintended
modification of certain critical residues can significantly reduce bioactivity. For
example, PEGylation at lysine residues of numerbesapeuticse.g, human growth
hormone (hGHY'®, arginine deamina$®, and tumor necrosis factor (TNFY?,
improved circulation properties but reduced the therapeutic activity by over 50%

compared to the unconjugated protein. To-sggecifically conjugate PEG molecules

17



onto proteins, Cho et. al. used UAAcorporation to insert bioorthogonal acetyl
groups into distinct locations on hGH for coupling with oxifaactionalized PEG!?

A single PEG molecule conjugated to six unique locations on the hGH demonstrated a
threefold difference in activity in rodentdepending on the location of PEG. Wu and
coworkers expanded this approach by using UAA incorporation to compare the
efficacy of monePEGylated and dPEGylated hGH?2 The location of the PEG
molecules significantly impacted the pharmacokinetics and activity bf hG
particularly when multiple PEG molecules were attached, with the best performing
analog, a dPEGylated hGH, enhancing circulation time and stability while
maintaining activity similar to the levels of moRiGylated hGH. Furthermore, the
versatility of UAA incorporation has been demonstrated with-sfiecific PEGylation

t o i nt-&br(IFNb)?damd ab antcancer fusion toxit# with both studies
showing significant enhancements in pharmacokinetic properties of the PEGylated
therapeutic without a significant reduction in bioactivity.

Human serum albumin (HSA) has also shownpitopensity to prolong serum
half-life? 126 and recent work has utilized UAA incorporation to-sipecifically
conjugate HSA to therapeutic protefié!?° Bak and coworkers used UAA
incorporation to conjugate HSA to three specific sites on gluchk@pepide 1
(GLP-1), a therapeutic peptide used to treat type 2 diab&tal.three HSA
conjugated GLHL variants exhibited an increase in circulatiaifife of
approximately 16dold as compared to wittype GLR1. Despite this, only two

analogs exhibited improved glucose tolerance in mice compared ttypddsLP1,
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with the best variant demonstrating over-#ldl increase in activity compared tcCa
terminal fusion of HSA to GLA. These results further emphasize the importance of
site-controlled protein modification.

An additional design variable to consider when building protein therapeutics and
carriers is the display of active targeting m@gtcapable of binding to cell surface
receptors to promote cellular internalization. Control of targeting ligand orientation,
valency, and spacing can improve targeted internalization by encouraging multivalent
ligand-receptor interactions through ligaolistering® 4+ 13%nd synergistic receptor
binding through dual ligand functionalizatidf: 132 In our own work, we used UAA
incorporation to cluster varying numbers of the epidermal growth factor receptor
(EGFR) targeting peptide, GE¥1onto azidemodified mCherry. Four GE11 peptides
clustered onto the #&rminus of mCherry resulted in an-ft8d enhancement in
uptake in EGFRoverexpressing cancer cells as compared to mCherry with a single
GEL11 peptié and a 4old enhancement as compared with uptake in healthy breast
epithelial cells with basal EGFR expression lev&l#dditionally, clustering two
GE11 peptides to mCherry with UAA incorporation resulted-fol8 higher uptake in
cancer cells as compared to mCherrystarcts with two unclustered GE11 peptides
conjugated via esteaminechemistry This example highlights the importance of
controlling ligand density and clustering for targeitgernalization anavill be
discussed more in ChapterA&dditionally, UAA has been used to generate bispecific
antibodies to crosslink HER2+ cancer cells and CD3+ cytotoxic T lymphocytes cells

to promote Fcell-mediated cancer cell deditf.UAA incorporation has also been
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used extensively for the synthesis of sipecific antibodydrug conjugates to improve
product homogeneity***° and for functionalizing the surface of protein nanocages to
control the oriatation and density of targeting moiet{&s42

The chemistries available through UAA incorporation can also be used to enable
stimuli-responsive, targeted drug release. The pA#cetylphenylalanine (pAcF) was
incorporated into an EGFR targetddstinlike protein micelle and used to attach
Doxorubicin (DOX) through oxime bond formatiof*> Under acidic conditions.g,
in endolysosomal compartments, the oxime bond underwentatityzed oxime
hydrolysis triggering @X release, ensuring the drug was released inside the cell
rather than in the extracellular environment where it could affect healthy tissues.
Another example by Guo and coworkers used UAA incorporation to functionalize
proteins containing a thrombin cleaessgjte with an azido group for immobilization
onto a PEG hydrogel network through strain promoted sadidae cycloaddition
chemistry*** Incubation with the proteolytic trigger, thrombin, resultegpatially
controlled stimuli-respnsive protein release.

Collectively, these examples demonstrate the versatility of UAA incorporation
for the bioconjugation of moieties for targeted protein delivery. An advantage of UAA
incorporation is the sitepecific modification of individual resiges within a protein
sequence. Additionally, UAA incorporation is a minimally disruptive way to add one
or multiple reactive sites to a protein since each reactive site is housed within a single
amino acid. This approach also allows for incorporatiotiveérse bioorthogonal

chemistries with a wide array of chemical properties. For these reasons, UAA
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incorporation has demonstrated particular utility for applications requiring
modifications within a protein sequence, multiple modifications in close priyximi

modification of delicate proteins, and/or incorporation of unique chemistries.

1.3.2 SpyCatcher/SpyTag Bioconjugation

SpyCatcher and SpyTag ligation comprises a versatile protein modification
tool that is a biologicalhderived analog of synthetic cligheamistries4>147
SpyCatcher and SpyTag are derived by splitting the adhesin domain of the fibronectin
bindingprotein FbaB irS. pyogenesyhere SpyCatcher is a 116 amino acid protein
and SpyTag is a 13 amino acid peptide. Mixing the two moieties facilitates a
spontaneous isopeptide bond formation reaction between SpyCatcher Lys31 and
SpyTag Aspl17, catalyzed bye nearby Glu77 residuEigure 17).24¢ This bio-click
reaction for proteiné®'>3and peptide'$* > offers irreversiblecovalent fusion that
goes to near completion with rapid kinetics (ca. minutes) and requires minimal
purification postreaction. Furthermore, this technology offers wide applicability due
to its ease of incorporation at both terminal and internal poligeepites and the
access to an array of orthogonal Catcher/Tag parts, derived from similar adhesin
domains of other bacteria.g, Streptococcus pneumonta® Streptococcus
dysgalactiaé®®, andderivative mutants frors. pyogenés’). To incorporate
SpyCatcher and SpyTag as fusion partners, @t terminal sites), they should be
fused at the N or @rminus of proteins with flexible glycirgerine rich linkers to

reduce potential folding problems and avoid undesirable prptetein
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interactionst*® Meanwhile, to incorporate either Spy moiety at a-tevminal site

within a protein, the insertion should be placed within an exposed flexible loop of the
acceptor protein and flanked by flexible linkers to reduce potential effects on protein
folding. Depite its wide applicability and simplicity, the scope of this technology is
limited to posttranslational protein and peptide ligation due to necessary genetic
fusion of SpyCatcher and SpyTag, and the reaction process leaves a large 129 amino
aci d Bfferts havedbeen made to address these challenges with the development
of smaller and faster reacting SpyCatcher/SpyTag pairs, SpyCatcher002/Spyag002
and SpyCatcher003/SpyTag083as well as a ternary SpyLigase/SpyTag/KTag

system, where the 11 kDa SpyLigase locks the li@@acid SpyTag and the 10

amino acid KTag via an isopeptide béffdOther ternary sysms have also been
developedf? 82 such as the orthogonal SnoopLigase/SnoopTagJr/DogTag system;
however, @spite their more minimalist nature, these systems have been predominantly

used in proteins and peptides.
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Figurel.7: SpyCatcheiSpyTag ligation for targeted protein delivery. SpyCatcher
SpyTag form a covalent conjugation between two proteins via the
formation of a spontaneous isopeptide bond between a lysine residue on
the SpyCatcher and aspartic acid residue on the SpyHiagonjugate
Chem.31(10)(2020) 227222821 Copyright 2020, with permission from
American Chemical Society.

Because of the simplicity of using SpyCatcher/SpyTagdsttranslational
fusion of different proteins, it has been commonly used to develogapldiglay
delivery modules for targeted protein delivery. Moon et. al. demonstrated this concept
by developing Ntlerminal Spytagged arRHER2 (HER2Afb) and arHEGFR
(EGFRAfD) affibody targeting modules andi€minal SpyCatcheiused mCherry or
yellow fluorescent protein (YFP) cargo protein moditfféReacting theargeting and
cargo protein modules resulted in neamplete ligation within 5 minutes. Subsequent
delivery of HER2Afb and EGFRAfD fluorescent protein conjugates demonstrated
enhanced uptake to HER2 overexpressingBR«3 cells and EGFR overexpressing
MDA-MB-468 cells compared to control cell lines with basal expression of each
receptor. Further modifications of the aRfER2YFP affibody fluorescent protein

conjugate (AFPC) were made to genetically introduce glutathione transferase between
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the SpyTag ande affibody for AIDox (a prodrug of doxorubicin) to facilitate
conjugation and delivery. Conjugation of SpyT@§T-HER2Afb to YFRSpyCatcher
demonstrated enhanced AlIDox delivery and cytotoxicity to HER2-BRK3 cells
compared to HER2ZVICF10A cells and uranjugated protein AFPC vehicle. In a
similar manner, Hoffmann et. al. broadened this simple assembly scheme to develop a
strategy to screen for their bgstrforming cell penetrating peptide (CPP) from a
library of peptide candidatés? Upon doing so, they demonstrated its potency by
delivering various biologics and demonstrating thedbiiwity of the conjugates in a
range of cell types. Additionally, this strategy has also been used in our; GE11
conjugated mCherry protein for ligation of the prodrug converting enzyme, yeast
cytosine deaminase (yCD), for targeted delivery into breasecaells'3

Aside from therapeutic proteins, SpyCatcher/SpyTag technology has also been
utilized in larger nanocarriers, such as VI:Ps'®and lentiviruse¥®, for site and
orientationspecificconjugation of targeting domains. Kim et. al. developed a modular
P22 VLP nanocarrier fror8almonella typhimuriurbacteriophage for targeted
delivery by genetically fusing a-@rminal SpyTag to the P22 coat protein and an N
terminal SpyCatcher to an atHER2 (SCHER2Afb) or aniEGFR affibody (SE€
EGFRAfb) %4 Up to 40% of the P22 coat proteins were modified with a SpyCatcher
affibody (SCATfb) fusion with nearcomplete consumption of the limiting S&b
reagent. AIDox was conjugated to the VLP via an-atédvable maleimidocaproyl
hydrazine linker, facilitating release of the drug in the acidic late endosomal

compartment. SEGFRAfband SCHER2AfD ligated VLP, loaded with AlDox,
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demonstrated enhanced uptake in EGFR overexpressingMBA68 cells and
HER2 overexpressing SBR-3 cells, respectively. Furthermore, datspendent
cytotoxicity comparable to the free doxorubicin controbwlamonstrated when
delivering the AlDoxloaded targeted VLPs to cells overexpressing the cognate
receptor. Neabasal nanocarrier cytotoxicity levels were observed when AlDox
loaded targeted VLPs were delivered to control cell lines. These findings dest®ns
how targeted delivery yielded an important reduction octafeted effects.
SpyCatcher/SpyTag is a facile protein ligation technigue that can be used to
construct sophisticated, multifunctional proteins and nanocarriers for effective drug
delivery. Incorporating the pair of mutually reactive moieties can develop different
delivery modules that are easily dAclickedd¢c
the resultant protein. As a ligation strategy, it is most suitable for covalent binding
protans and peptides, which can more easily tolerate SpyCatcher or SpyTag fusion
and provides a versatile phammdp | ay t echnol ogy for construc

protein therapeutics.

1.4 Dissertation Overview

In this thesissite-specific protein conjugation straies(UAA incorporation
and SpyCatcheBpyTag ligation) are utilizetb designintracellulardrug delivery
systems where functionalization can be tightly tuned and controlled to create
homogenous peptiderotein productsvith optimal bioactivity and delivgy

capabilities The forthcoming chapters will highlightte data collected iaur efforts to
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improvecellular internalization and endosomal entrapment of protein drug carriers for
the delivery of a variety of cargos including protein enzyrbgsgianopartles, and

small molecule chemotherapeut{€sgure 1.8)

Chapter 2: Chapter 3:
Site-specific clustering of EGER ligands to Small molecule chemotherapeutic delivery
enhance targeted uptake of suicide enzymes with EGFR-targeted protein nanocages

e

®,
... |
7y

Chapter 4:
Assess endosomal escape capabilities of
endosomolytic peptides for cytosolic delivery

Doxorubicin
release

Carpet-like - h
EGFR-targeted
conjugate Fusion of ~’w
peptide library

L; [

Pore-forming - : h

Figurel.8: Overview of the topics of each data chapter.

In Chapter 2ye describe a strategy to sgpecifically conjugate delivery
moieties to therapeutic proteins through UAA incorporation, in order to explore the
effect of EGFRtargeted ligand valency and spacing on internalization of proteins in

EGFRoverexpressing inimmatory breast cancer (IBC) cells. Results demonstrate
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the importance of controlling ligand display on proteins for robust active targeting.
Furthermorethis system has been adapted for delivery of a cancer suicide enzyme to
enable IBGtargeted cell dehtthrough prodrug activatiomhese results demonstrate

the benefits of UAA incorporation for controlling targeting peptide presentation and
maximizing cargo protein activity, with key benefiedevant to prodrug therapeutics

and a wide range of other intracellular protein therapies.

In Chapter 3we use the EGFRargeting conjugate developed in Chapter 2 to
deliverasmall molecule chemotherapeuticug, doxorubicinSpecifically, we site
selectively functionalized the exterior of an engineered E2 nanocage, capable of
hydrophobic drug loading, with the EGRRrgeting conjugate using SpyCatcher
SpyTag chemistryThis nanoparticle system facilitated IB&geted delivery of
doxorubicin forcancerspecificcell death, demonstrating the modularity of this
targeted approach for delivery a variety cargo types.

In Chapter 4yve address the challenge of endosomal escape by fasing f
endosomolytic peptidesyith varying endosomal disruption mechanistoghe
EGFRtargeing protein conjugatedeveloped in Chapter and compared their ability
to disrupt the endosomal membrane, escape endosomal localization, and evade
lysosomal degradatiomhile maintaininge GFR specificityandbiocompatibility.
Resultsdemonstratethat some, but not akindosomolytic peptides are able to elicit

endosomal escape while also maintaining EGFR specificity.
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Chapter 5 provides overall conclusions for the work presented herein and
suggests future directions for enhancingwidel/ of therapeutic proteins and protein

nanoparticles based on our key findings.
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Chapter 2

CONTROLLED EGFR LIGAND DISPLAY ON CANCER SUICIDE
ENZYMES VIA UAA ENGINEERING FOR ENHANCED INTRACELLULAR
DELIVERY IN BREAST CANCER CELLS

This chapter is adapted with pession from Lieser, R.M.; Chen, W; Sullivan,
M.O. Controlled EGFR ligand display on cancer suicide enzymes via UAA
engineering for enhanced intracellular delivery in breast cancerBigtonjugate
Chem 2019, 30 (2), 43242. DOI:10.1021/acs.bioconjchem.8b00783Copyright

2019, American Chemical Society.

2.1 Summary

Proteins are ideal candidates for disease treatment because of their high
specificity and potency. Despitiis potential, delivery of proteins remains a
significant challenge due to the intrinsic size, charge, and stability. Attempts to
overcome these challenges have most commonly relied on direct conjugation of
polymers and peptides to proteins via reactinorigs on naturally occurring residues.
While such approaches have shown some success, they allow limited control of the
spacing and number of moieties coupled to proteins, which can hinder bioactivity and
delivery capabilities of the therapeutic. Here,describe a strategy to sispecifically
conjugate delivery moieties to therapeutic proteins through unnatural amino acid

(UAA) incorporation, in order to explore the effect of epidermal growth factor
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receptor (EGFRjargeted ligand valency and spacingimternalization of proteins in
EGFRoverexpressing inflammatory breast cancer (IBC) cells. Our results
demonstrate the ability to enhance targeted protein delivery by tuning a small number
of EGFR ligands per protein and clustering these ligands to promatiealent
ligand-receptor interactions. Furthermore, the tailorability of this simple approach was
demonstrated through IBtargeted cell death via the delivery of yeast cytosine

deaminase (yCD), a prodrug converting enzyme.

2.2 Introduction

Ligand displayhasbeen shown to play an important roleaiteringdrug
biodistribution, targeting efficiency, and therapeutic efficacy in nanocaystems®
In particula, ligand valency, clustering®, and orentatiori® can sigificantly affect
the levels ofprotein internalization in target cellBespite clear benefits, controlled
ligand presentation has rarely been studied for the delivery of protein therapeutics due
to limitations in traditional protein bioconjugation methoRgcent advances in
biological chemistry have demonstrated the ability to modify proteins in a simple and
site-specific manner, allowing new opportunities for controlled display of
biomolecules®” Nonetheless, sitspecific ligand conjugation has rarely been
explored in the context of therapeutic protein delivétyt®® 6%nd it has never been
exploited to demonstrate the effect of ligand clustering for enhanced targeted uptake

of protein therapeutics.
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Therapeutic proteins are one of the fastest growing sectors on the
pharmaceutical markéiecause otheir sophisticatedunctionalpropertiescapacity
for highly specificrecognition of biological binding partners, and relevance to
multiple disease¥° In fact, Hologics represented 3586 all new FDA approvals
between 2010 and 2016, and the market is poised for further evolution and.ffowth
However, despite enormous interastisignificantinvestmensin developing
advanced protein therapeutics, protein delivery remains a major limit&iahbility
issueshavehindered or halted clinical advancemehtnany antibodie&® Most
therapeuticallyrelevant enzymes are incompatible with the extracellular environment,
leading to aggregation, activity loss, and/or renal clear&rfeerthermoremost
proteins are membrane impermeable, and therefore active strategies are necessary to
deliver proteins transcellularly or intracellularly, while also targeting the correct cells
and subcellular compartmentss a resultthe pipeline has a dearth otiacellular
protein drug candidates, evidrough intracellulaproteins comprise over 60% of the
human proteomand have predicted therapeutic applications ranging from
neurological disordefgo lysosomal storage disedsw® cancet 2

Engineering efforts taddress these issues amghrove protein dé@very often
rely on modifying proteins through direct conjugatiorbmfcompatiblepolymersor
targeting ligandthat can increase protein stability, alter protein biodistribution, and/or
improve cellular uptak&’? For example, polyethylene glycol (PEG) has been
conjugated to a number of FR&pproved protein drugs to improve protease resistance

and reduce renal cleara¢® Bioconjugation is typically accomplishesing
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naturally-occurringreactive residuege.g, lysines)within the protein sequencer, by
using genetic fusion to the protearmini®> % While bothmethod have the capacity

to enhance various aspects of delivery as compared to proteins in their nativihéorm
inability to chemicallymodify proteirs with sitespecificity often affects the activity of
the potein and therebgignificantly hindes pharmacological actioli.For example,

one study conjugated single PEG molecule to distinct locations in human growth
factor using a sitspecific modification technique and observed a threefold difference
in activity in vivo, depending on the locatioof the polymet!! Additionally, non-
site-specific modification approaches not offer control over design variables that
can be important determinantsugftake levels antargeting efficacysuch as ligand
valencyandligand clustering.

A potential strategy taccomplish this goas the use of a sitspecific and
multivalent conjugation method for insertion of multiple chemical modification sites
into proteins.Previous work has demonstrated the ability to insert biorthogonal
reactive esidues into proteins through unnatural amino acid (UAA) incorporation with
nonsense codon replacement, enabling direc
chemistries”® To date, over 70 UAAs with an array of structures have been
successfully incorporated into the genetic code of multiple orgaff$tdéA
incorporation has been used in a number of apphieatincluding protein labeling,
biosensing, vaccine development, and antibtiig conjugatiort>13°

Herein, we explored the potential of tlisproacHor improved intracellular

deliveryof protein therapeuticdVe specifically soughb determinevhether UAA
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modification could be used to control the spacing and number of redeptiing
ligands that were inserted into therapeutically relevant enzyu#es incorporation
was used to attaatiusters of the higlaffinity epidermal growth factor rectp
(EGFR) targeting @ptide GE13*into fluorescent proteins for delivery to
inflammatory breast cancer (IBC) cells. IBC is an aggressive subtype of breast cancer
with a less than 50% survivaltesbeyond 5 yearS?and IBC associated with EGFR
overexpression is particularly aggressive. Current drug delivery approaches in IBC are
limited due to severe adverse side effects, and hence mechanisms to improve targeted
drug uptake would have significant benefits.

We firstquantified protein uptake using the fluorescent model protein
mCherry. By varying thepacing and number of GE11 peptides linked to mCherry via
UAA conjugation, we demonstrated a8-fold increase in protein uptake when four
GEL11 peptides were clusteredliie protein as compared to proteins with a single
GEL11 peptideln addition, uptake in healthy breast epithelial cells was found te be 4
fold lower than uptake in IBC cells, demonstrating the ability to not only deliver large
amounts of protein, but alselectively target IBC cells:urthermorewe modularized
the GE1imCherry for attachment to therapeutic enzyme cargoes using SpyEatcher
SpyTag bioconjugatiotf® SpyCatcheiSpyTag was used to link GEMCherry to
yeast cytosine deaminase (yCD}yuacide enzymeéhat converts the netoxic prodrug
5-fluorocytosine (5FC) into the widely used chemotherapeutitusrouracil (5FU).
The linkage strategy fully preserved yCD enzyme activity, and moreoveglivery

of yCD and 5FC resulted in a threefold difference in cell death between the normal
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and cancerous breast epithelial cells. These results demonstrate the benefits of UAA
incorporation for controlling targeting peptide presentation and maximizigg car
protein activity, with key benefitselevant to prodrug therapeutics and a wide range of

other intracellular protein therapies.

2.3 Materials and Methods

2.3.1 Materials

All DNA primers used to perform polymerase chain reaction (PCR) were
purchased from IDTCoralville, IA). Restriction enzymes, T4 DNA ligase, and Q5
DNA polymerase for DNA cloning were purchased from NEB (Ipswich, MA).
Bacterial culture medium ingredients were purchased from Fisher Scientific
(Pittsburgh, PA). Zyppy p&mid kit was purchaselom Zymo Research (Irvine, CA)
for DNA purification following digestion or gel electrophoresis. Antibiotics and
isopropytb-D-1-thiogalactopyranoside (IPTG) were purchased from Sigidach
(St. Louis, MO). pAzido-I-phenylalanine (4zidol-phenylalanie, > 98 % (HPLC))
was purchased from Chelmpex International Inc. (Wood Dale, IL). Reagents for
SDSPAGE were purchased from BIRAD (Hercules, CA). Amino acids and resin
for peptide synthesis were purchased from MilliporeSigma (Burlington, MA) and
CEM Cavporation (Matthews, NC). All solvents for peptide synthesis were purchased

from Fisher Chemical (Fair Lawn, NJ) .
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(DPBS, 1X12,Hamdas Dl beccods Modifie€eation

12 50/50 Mix were purchaddrom Thermo Fisher Scientific (Grand Island, NY).

2.3.2 Construct of Expression Plasmids

Constructs were prepared using standard molecular cloning techniques. A gene
fragment encoding mCherry was amplified with PCR using primers am@éerryF
and ambemChery-R (Table2.1), in which an amber codon and Nhel cut site were
genetically fused to the-érminusof the mCherry gene fragment. The PCR product
was inserted into pET223-CFP-his6'"° using Sacll and Xhol sites to yield
pET22bambermCherryhis6.Gene fragments encoding amti&S;-amber and
(amberGsSi-amber) wereannealedising primers 2ambdf, 2ambeiR, 4ambeif,
4dambefR (Table2.1) followed by T4 Polynucleotide Kinase treatmehheDNA
fragmens were inserted into pET22bmbermCherryhis6 using Sacll and Nhel sites
to yield pET22b2ambermCherryhis6, and pET22dambker-mCherryhis6,

respectively.

(

All plasmids were transformed infescherichiacoNEB5 U ( NEB, | pswi

MA) [fhuA2q érgF-lacZ2)U169phoA23 ginV44a 80 gplac2)M15 gyrA96 recAl

relAl endAl thil hsdR1J. Bacteria were grown on 25 g/L Lusertani Broth (LB

10 g/L tryptone, 5 g/L yeast extract, 5 g/L sodium chloride) and 15 g/L agar plates
supplemented with 100 pg/mL ampicillin. Positive clones wergaasformed with
PULTRA-CNF (a gift from Prof. Peter G. Schififginto E. colistrain BL21(DE3)

(EMD Millipore, Madison, WI) F- ompT hsdSB(rBmB-) gal dcm (DE3)
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o( sr | r ernlA |T&R) lasmid sequences used in this chapter can be found in

Appendix A.1.

Table2.1: DNA oligos used for molecular cloning in Chapter 2

Primer/Oligo Sequence:

Name:

Amber-mCherry-F  TATACCGCGGTAGGCTAGCGTGAGCAAGGGCGAGG
Amber-mCherry-R  TATAGGATCCCTTGTACAGCTCGTCCAT

2amber-F GGGACTAGGGAGGCGGGGGTAGCTAGGAGCTCAAGG

2amber-R CTAGCCTTGAGCTCCTAGCTACCCCCGCCTCCCTAGTCCCGC

4amber-F GGGACTAGGGAGGCGGGGGTAGCTAGGGTGGGGGAGGCAGTTAGGG
CGGTGGA GGGAGCTAGGAGCTCAAGG

4amber-R CTAGCCTTGAGCTCCTAGCTCCCTCCACCGCCCTAACTGCCTCCCCCAC
CCTAGCT ACCCCCGCCTCCCTAGTCCCGC

SpyCatcher-F TATACTCGAGGATAGTGCTACCCATATTAAATTC

SpyCatcher-R TATAGCTCAGCTCAGTGGTGGTGGTGGTGGTGGCCATTTACAGTAACCT
GAC

SpyTag-yCD-F TATACATATGCTCGAGGTGACCGGCGGAATG

SpyTag-yCD-R TATAGGATCCGCTCATTCTCCAATATCCTCAAACCAGTC

2.3.3 Protein Expression and Purification

Proteins were expressed in Terrific Broth (TB) media (12 g/L tryptone, 24 g/L
yeast extract, 0.4% (v/v) glycerol, 9.4 gfitongotassium phosphate, 2.2 g/L
dipotassium phosphate) supplemented with 100 ug/mL ampicillii@agdg/mL
spectinomycin. Cultures were inoculated with an overnight culture from a single
colony to an OD600 of 05 and allowed to grow at 32 in a shake flask tan OD600
of 0.67 0.8. Expression was then induced with 1 mM IPTG and supplemented,with 1

2, or 4mM pAzF corresponding to the number of amber cod@hdtures were grown
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overnight at either 2€ (1Az-mCherryhis6 and TamCherryhis6) or 37C (2Az
mCherryhis6 and 4AzmCherryhis6).
Cells were pelleted with centrifugation at 4000g for 10 minute8Gt3pent
media was removed and cells were resuspended in 1 x phosphate buffered saline
(PBS, pH 74) with 10 mM imidazole to an OD600 of 20. Cells were lysed via
sonication and centrifuged at 10,0009 for 15 min°@t# collect soluble protein.
Proteins were purified using HRind Ni-NTA resin gravity column from Thermo
Fisher (Pittsburgh, PA)accarch g t o t he manuf acturer ds pr of

proteins were dialyzed overnight in 1x PBS.

2.3.4 Site-specific Conjugation of Alexa Fluor 488

Alexa Fluor 488 Alkyne was purchased from Molecular Probes (Eugene,
Oregon). 100 uM Alexa Fluor 488 Alkyne wesacted to 25 uM azidmCherry in
PBS (pH 6.5) with 250 uM CuSQ1.25 mM THPTA ligand, and 5 mM sodium
ascorbate for 1 hour at room temperafifeDye conjugation &s confirmed via
SDSPAGE. Alexa Fluor 488 was detected with a Typhoon laser scanner
(Marlborough, Massachusetts) and the gel was subsequently stained with Coomassie

Brilliant Blue.

2.3.5 Synthesis of GE11 Peptide
GE11 with an Nterminal linker HAIYPRHYHWYGYTPQNVI) was

synthesized using solid phase peptide syntiés#s propargyl glycine was
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conjugated to the fterminus for CUAACThe peptidewaspurified by reversghase
high-performance liquid chromatography (not shown) and the final product was
confirmed withMALDI -TOF mass spectrometrizrom MALDI the molecular weight

of the final product, after subtracting the hydrogen adduct, of 2509.47 g/mol matched

the expected moletar weight of 2509.77 g/mol

2.3.6 Site-specific Conjugation of GE11 Peptide to pAzFmCherry Proteins

GE11 was conjugated to mCherry constructs WitiAAC. Briefly, 150 uM
alkyneGE11 was reacted &b uM azidomCherry in1xPBS (pH 6.5) with 250 uM
CuS04, 1.25 il THPTA ligand, and 5 mM sodium ascorbate for 1 hour at room
temperaturé’® The proteirpeptide conjugate was then purified with 48isd Ni-
NTA resin and dialyzed oveight in 1x PBS. The products were analyzed with SDS
PAGE and MALDI mass spectrometry. Samples were filtered with a 0.22 uM syringe

filter before being used in cell studies.

2.3.7 Cell Culture

IBC SUM149 cells (a gift from Kennethvan Gotéh wer e grown in H
F12 medium supplemented with 5% FBS, 1% (v/v) penicillin/streptomycin, 1% (v/v)
mycoplasma antibiotic supplement, 1% (v/v) glutamine, 5 pg/mL insulin, 2.5 pg/mL
transferrin, 200 ng/mL selenium, and 1 pg/mL hydrosorie according to previously
established method$® 8 MCF10A cells, purchased from ATCC (Manassa,

Virginia), were grown irb0/50 DMEM/Ham's F12 medium supplementethvii%

38



FBS, 1% (v/v) penicillin/streptomycin, 50
insulin, 0.5 Og/mL hydrocortisone, 100 ngl/

growth factor.

2.3.8 Cellular Internalization of GE11-mCherry Proteins

First, 5 x 18 IBC SUM149 and MCF10A cells were seeded iwéll plates
with a collagen film (1.5 mg/mL Collagen | Bovine Protein in 0.02 M aceticiadl
watel) and incubated for 24 houas 37C. Cells were incubated with uM of protein
for 3 hours. Media was removeddacells were washed three times in 1x DPBS (pH
7.4). Cells were fixed with0% formalinfor 15 minutes, treated with DAPI (300 nM)
for 10 minutes, and rinsed three times with 1x DPBS. Internalization was observed at
40x magnification on a Leica DM600Qfirescence microscope (Wetzlar, Germany)
with 350/50 nm excitation and 460/50 nm emissifor DAPI and545/25nm
excitation and 605/70 nm emissifar mCherry.

Flow cytometry was used as a quattite analysis of GEXinCherry
associationn IBC SUM149 anl MCF10A cellsCells were seeded in sixell plates
at a density of 3 x Paells per well and incubated overnight at@G7Medium was
replaced and cells were incubated with 1 uM of protein for 3 hours. Cells were washed
three times in 1x DPBS and trypsied. Following tyrpsinization, cells were
neutralized with the appropriate cell media and centrifug&@2gfor 4 minutes.
Cells were resuspended in cold 1x DPBS and analyzed by flow cytometry (NovoCyte,

ACEA Biosciences, Inc., San Diego, CA, USA). Flescence intensity of 1 x 40
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cells was measured with 488 nm laser and 660 nm emission for mCherry. The median

fluorescence intensity of three replicates was reported.

2.3.9 EGFR Immunostaining

Cells were seeded in8ell plates with a collagen film andcubated for 24
hours before fixation and DAPI staining as previously described. Following fixation,
cells were blocked with 3% BSA in 1x DPBS for 20 minutes at room temperature then
incubated with 2.51g/mL Alexa Fluor 488 aiE GFR Antibody, from Thermé&isher,
or Alexa Fluor 488 Rabbit IgG Isotype control from Cell Signaling Technology
(Danvers, MA) inlx DPBS for one hour. Unreacted antibody was removed by
washing three times withx DPBS and labelled cells were imaged at 40x
magnification on the fluorescence microscope WBB/40 nm excitation and 525/50
nm emission.

Flow cytometry was used as a quantitative analysiSGHR levelin IBC
SUM149 and MCF10A cellells were seeded six-well plates at a density of 3 x
10° cells per well and incubated overnight at@G7Cells were trypsinized and spun
down at123gfor 4 minutes. Media was removed and cells were incubated with 10%
formalin for 10 minutes before being spun down and waleg one wash step. 2.5
pg/mL of Alexa Fluor 488 conjugated ailGFR or IgG control in DPBS were
incubated with the cells at room temperature for 1 hour followed by a wash step and
resuspension in cold 1x DPBS. Fluorescence of 1*kdl3 was measuresiith 488

nm laser and 532 nm emission for Alexa Fluor 488. The median fluorescence intensity
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of three replicates was reported along with a histogram of one replicate for each

sample.

2.3.10 EGFR Inhibition Studies

IBC SUM149 cells were seeded at 5 ¥ £6lls perwell in an8-well collagen
coated platef-ollowing overnight incub&in at 377C, media was replaced and cells
were incubated with 100 uM of EGF for one hour. Cells were washed three times with
DPBS and incubated with 1 uM of GEDiCherry protein for threbours.Media was
removed and cells were washed three times in 1x DiB&e fixation and DAPI
staining. Fluorescendmaging and flow cytometry analyses were conducted as

described above.

2.3.11 SpyCatcher/SpyTag Conjugation of yCD to GE1dmCherry

A gene fragrent encodingspyCatchewas amplified with PCR using primers
SpyCatchefr andSpyCatcheiR (Table2.1). The PCR product was inserted into
pET22bw3-ambermCherryhis6 constructaising Xholand Blplsites to yield
pET22bambermCherrySpyCatchehis6. Idenical methods of plasmid preparation,
protein expression, and purification were used as described ab@ETR2bamber
mCherry his6. CUAAC was again used to conjugate GE11 te#Zherry
SpyCatcher using the same reactant concentrations as above. Following CuAAC, the
protein was purified and concentrated with-taig chromatography and dialyzed in 1x

PBS. To couple the SpyTag:D, 15 M GE11l-mCherrySpyCatcher was reacted
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with 15 uM of SpyTagyCD in 1 x PBS (pH 7.4) for two hours followed again by

purification with histag chromatography.

2.3.12 Prodrug Treatment and Cell Viability

In a 96 well plate, cells were seeded at 10,000 cells/welirentbated
overnight.1 uM of mCherryyCD protein was added to cells and incubated for three
hours. Cells were washdiaree timesvith 1x DPBSto remove protein that was not
internalizedtreated with 500 pg/mL of-&C and incubated for 48 houat37C.
Following incubationMTT Cell Proliferation assays from Thermo Fisher were

performed according to the manufacturerds

2.3.13 Statistical Analyses

Results were reported as mean + standard deviation except where noted. All
experiments were replicated abkt three times with unique protein batches, except
for Tat constructs which were repeated three times with two unique batches of protein.
Statistical significance was determined with an unequal variattestTSignificance

was accepted at p < 0.05.
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2.4 Reallts and Discussion

2.4.1 Unnatural amino acid (UAA) incorporation allows site-specific addition of

pAzF

Previous studies have demonstrated successful incorporatpefzdo-|-
phenylalaningpAzF) inE. colithough amber stop codon suppression with the
PULTRA-CNF suppressor plasmid systéhtere, one, two, or foysAzF UAAs
wereincorporated onto the-Merminus of the fluorescent protemCherry and the
resulting proteins were termed 1:A2Az-, and 4AzmCherry(Figure2.1A). Flexible
linkers made up of glycine and serine residues (G4S1) separated the Th®As.
fluorescence inteitges of the cell lysates indicated that mCherry was preferentially
expressed for all three constructs only wkereoli cells were grown with pAzF
present in the culture medium (FigwdB). Compared to 1AmCherry, 1.8old and
2.9-fold decrease in expssion vasobserved for 2AzanCherry and 4AznCherry,
respectively. Decreased expression levels with an increased number of UAAs is a
common outcome of UAAInked protein expressiof! The addition of multiple
amber stop codons in the encoding gene increases the possibility of early termination
of translation'®? Importantly, expression of mCherry with up to four UAAs still
resulted in significant yields. Growing cells in the absence of pAzF in the culture
medium resulted in low levels of mCherry expression in any samples, indicating that a
majority of the fultlength protein in the pAzigrown samples likely contained the

UAA (Figure2.10Q). Thethree proteinsverepurified usingHis-tagNi-NTA
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chromatographyAn example of each Hisg purification step for 1 pAzmCherry is
given inFigure2.1D. The protein of irgrest is visible in the Hitag elution at 39 kDa

from SDSPAGE analysis.
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Figure2.1: Expression and purification @iAzF containingnCherry.(A) Schematic
of mCherry with 1, 2 or 4 pAzF residues clustered onto teriinus
via UAA incorporation. (BExpression of fuHength mCherry with 1,2,
or 4 pAzF residues on the-fdrminus in the presence (white) or absence
(grey) of pAzF. Fluoresceneg normalized to lysate concentration
determined by Bradford protein assagesults are shown as mean *
standard deviation of three independent experim@dysCoomassie
stained SDSPAGE analysis of JAzF-mCherry lysate expressed in the
presence (+pAzFRnd absencegAzF) of the UAA. D) His tag
purification of LpAzF-mCherry. Lane 1: 1AmCherry lysate. Lane 2:
Protein that did not bind to His column. Lane 3: Wash containing
unbound protein. Lane 4: His tggrified target protein (39 kDa).
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Incorporaton of pAzF was confirmed through copgetalyzed alkynazide
cycloaddition (CUAAC) with Alexa Fluor® 488 alkyne dy®uccessful conjugation of
the Alexa Fluor 488 dye topRAzF-, 2pAzF-, and $AzF-mCherry was confirmed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis {88SE), using

fluorescence analysis and Coomassie staitkigure?2.2).

MW
(kDa) marker 1pAzF

50— ” e

. — e — e =

1pAzF 2pAzF 4pAzF
2pAzF 4pAzF
+ Dye phz + Dye phz + Dye

Figure2.2: SDSPAGE analysis of Alexa Fluor 4&ikyne conjugation to azide
groups of mCherry b oomassie staining to detect total protein (top)
and UV transillumination to detect Alexa Fluor 488 fluorescence
(bottom).

2.4.2 CuAAC chemistry for conjugation of EGFR targeting ligands

The GEL11 targeting peptide was chosen to tdE@HR which is
overexpresskin a number of different cancer celiscluding IBCcells183 184 The
GE11peptide exhibits high affinity toward E&HKp = 22 nM) and hadeen utilized
for deliveryof an array of nanoparticles in multiple types of EG#WRrexpressing

cancer cellsHere,GE11 was synthesized with ant&fminal propargyglycine
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through Fmoc solid phase peptide synthgaisified throgh RRHPLC, and the final

product was confirmed through MALBIIOF masspectrometry (Figurg.3).
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Figure2.3: MALDI-TOF mass spectra of HPLC purified propar@®H11 targeting
peptide.The molecular weight of the final purified product matched the
expected molecular weight of GE11.

SubsequentlyCUAAC was used to conjugate the propaf@G@ 11 peptide on
to the azido groups of mCherry. The reaction yield of propa®ddl with 1pAzF,
2pAzF-, and 4pAzFmCherry was estimatievia SDSPAGE analysis (Figur.4A)
andMALDI -TOF mass spectrometry (FiguzelB). The change in product size
following propargydGE11 conjugaon to 1pAzF and AzFmCherry confirmed that
a majority of the final pragct in each protein had all reactive groups modified with
the GE11 peptide. Reaction with 4pAetCherry indicated a majority of the final
product haceitherthree or four GE11 peptide¥/e suspect that the lower

modification efficiency of 4GEJXInCherry isdue to in part to limitations in UAA
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incorporationj.e., that only three out of the four encoded pAzF groups were actually
incorporated in the protein product, as the incorporation of multiple UAAs can
increase the likelihood of amber codon réfaugh.Additionally, we suspect that

steric hindrance due to the close proximity of the GE11 peptides may be limiting
access by additional GE11 peptides to the remaining reactive sites in the protein. The
CUuAAC reaction itself is unlikely to be the issue as C@Alkkage typically results

in high yields!®® Usage of ai. colicell line developed spedaiglly for UAA

incorporation, rather than BL21(DESY ¥ or increasing the spacing of the UAAs,

would possiblyimprove the reaction efficiency.
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Figure2.4: GE11 conjugation by CuAAC click chemistry. (A) Coomassie stained
SDSPAGE analysi®f GE11 click conjugation to 1Az2Az-, and 4Az
mCherry. (B) MALDI mass spectrometry of GEtanjugated mCherry.
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2.4.3 EGFR overexpression in IBC cells provides targeting opportnity
SUM149cells are a patiertuimor derived IBC cell line thaxpressshigh

levels of EGFRMCF10A cells are mormal breast epithelial cell line thexpreses

lower levels of EGFR® The levels oEGFRon the surface afach cell line wre

confirmed through immunostainingsingan Alexa Fluor 48&onjugated aEGFR

antibody(Figure2.5A). Flow cytometry analyses indicated that IBC SUM149 had

approximately old higher levels of cell surface EGFR than MCF10A cells (Figure

2.5B). Histograms bcellular Alexa Fluor 488 fluorescence based on flow cytometry

indicated that a majority of the IBC SUM149 cells show high levels of surface EGFR

(Figure 25C), whereas a majority of MCF10A cells had only basal levels of EGFR on

their membrane (Figure®D). The small population of MCF10A cells expressing

high levels of surface EGFR was likely caused either by variations in EGFR

expression that occur during the cell cy®er by activation of EGFR, due to small

amount of EGF in the culture medium or antibadgeptor binding, which has shown

to alter the localization of the receptor to the cell membrane and enhance EGFR

expression in MCF10A cefl¥’.
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Figure 2.5: EGFR immunostainingof IBC SUM149 and MCF10A cellgA)
Fluorescence microscopy images of IBC SUM149 i@F10A cells
incubated with Alexa Fluor 488onjugated aEGFR antibody or IgG
antibody control. The scale bar represents 50 um. (B) Median
fluorescence intesity of EGFR and 1gG immunostained IBC SUM149
(white) and MCF10A (grey) cells from flow cytometry analysis. Results
are shown as the median + standard deviation of data obtained from three
independent experimentdndicates a statistically significant d&rence
in EGFR expression in IBC SUM149 and MCF10A cells (p < 0.05). (C)
Flow cytometry histograms of IBC SUM149 cells stained with rabbit IgG
(red) and antEGFR (green). (D) Flow cytometry histograms of
MCF10A cells stained with rabbit IgG (red) andie®GFR (green).

2.4.4 Control of ligand number provides tunable targeted uptake in IBC cells

To determine if ligand valency played a role in targeted cellular uptake, the
GE1XmCherry proteins were delivered to IBC SUM149 cells and MCF10A cells.
Fluorescence microscopy was used to visual cell internalization (FAdig

Corresponding phase imegjwere used to orient the imaging analyses and confirm the
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locations of cell borders (Figug6B). From flow cytometry, 29old, 13.6fold, and
40.7-fold increases in cellular association were observed in IBC SUM149 cells for
1GE1ZL, 2GE1%, and 4GE14dmCherry as compared to mCherry lacking any GE11,
termed OGE14mCherry (Figure.6Q). In addition, GE14dmCherry at all valencies
exhibited higher association levels in IBC SUM149 cells as compared to MCF10A
cells, which express significantly less EGFR. dallassociation of 1GEXhCherry
was 1.8fold higher in IBC SUM149 cells as compared to MCF10A cells, although
this difference was not statistically significafhe association levels of 2GE11
mCherry and 4GEXInCherry were 4fold and 4.%fold higher inIBC SUM149 cells
vs.MCF10A cells, respectively. Although association increased in MCF10A cells
with increased GE11 number, the difference in association between IBC SUM149 and
MCF10A cells remained significant at higher valencies.

We expect that the ndimearity observed between ligand number and cellular
association/uptake was the result of ligand clustering. Previous studies have
demonstrated improved uptaki& clustering when targeting EGF receptors. For
example, affibody molecules against EGFR destiated significantly higher uptake
in EGFRpositive A431 cells when the affibodies were clustered through a
heptamerization domain, as compared to monomeric affib&fiés additional study
demonstrated a similar phenomenon by clustering HER2 ligands on liposomes; uptake
was enhanced in both HER®erexpressing cells and cells with lower HER2

expression levels as compared to liposomes witformly distributed ligand&°
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To determine whether UAMnediated GE11 targeting offered benefits in cell
uptake and cell specificity as compared with common cell penetrating peptide (CPP)
strategies in proteins, protein intatizationlevelsalsowere compared taptake
levels ofa TatmCherry fusion proteirirat is an HIV -derivedCPPthat is able to elicit
high levels ohonspecific cellulamuptakedue to its positive charg@® Tat fusions
have been widely used to stimulate intracellular delivery of prot&if@t-mCherry
showed comparable levels of uptake in IBC SUM149 celisNMAGF10A cells
demonstrating its neapecificity. In addition, TatnCherry showed 3:Bld lower cell
association levels as compared®E1EtmCherryin IBC SUM149 cells,
demonstrating this approach offers improvements in not only targeting specifitity, bu

also cellular uptake efficiency
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Figure2.6: GE1iImCherry cellularmternalization with varying GE11 decoration
densities. (AFluoregence micrographs of IBC SUM14&d MCF10A
cells incubated witlsE11mCherryconstructs The scale bar represents
25 pum.(B) Phase images from GECherry uptake studies in IBC
SUM149 and MCF10A cells. The scale bar represents 25@m.
Fluorescence intensity of GEAfCherryassociation in IBC SUM149
(white) and MCF10A (grey) celisom flow cytometry analysis. Results
areshown as the meanstandard deviation of data obtained from three
independent experiments. *Indicates a statistically significant difference
in uptake between IBC SUM149 and MCF10A cells (p < 0.05).
**Indicates a statistically significant difference intake between
mCherry constructs in IBC SUM149 cells (p < 0.05).

2.4.5 EGEF inhibition demonstrates EGFR mediated uptake

EGF (Ko = 2 nM) was used in competitive binding assays to coniitrather
GE1X:mCherry uptake was EGHRediated EGF was incubated with IBC SUM9
cells forl h prior to delivery of GEIInCherry. Fluorescence microscopy and flow
cytometry showed significantly reduced uptake levels of all GECherry constructs
when EGF was prancubated with IBC SUM149 cells, suggesting that GE11
mCherry uptake was EGFR medidt(Figure 2.7A)Specifically, 11.3fold, 5.4fold,
and 2.6fold drops in cell association were observed when IBC SUM149 cells were
pre-incubated with excess concentrations of EGF followed by delivery of 1.GE11
2GEL1ZL, or 4GE1imCherry (Figure.7B), reectively These results suggest that the
number of GE11 peptides has an impact on the ability of EGF to inhibit mCherry
internalization. One possible explanation for this is ligand clustering, which has been
shown to enhance the apparent ligaeceptor inding affinity 1°2 An alternative

possibility is based on the charge of the GE11 peptide. GE11 has a positive charge of
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one, meaning that the overall charge of GEEiCherry increases as the number is
increased. Cationic charge has been shown to elicit cellular uptake, ard so th
increased charge could lead to rspecific mCherry uptak€® Nonetheless, EGFR

appeared to play an important role in the uptake mechanism of the protein.
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Figure2.7: GE1XmCherry EGFR Inhibition. (A) Fluorescent microscopy images of
GE11 mChery uptake {EGF) in IBC SUM149 compared to uptake
following EGF preincubation (+EGF). Sd¢a bar represents 25 uM. (B)
Meanfluorescent intensity of GEXhCherry associatiowith (grey)and
without (white) EGF inhibition from flow cytometry analysis. Resuare
shown as the mean tstandard deviation of data obtained from three
independent experiments. *Indicates a statistically significant difference
in uptake between IBC SUM149 cells pneubated or in the absence of
EGF (p < 0.05).

Mean Fluorescence Intensity (a.u.)

2.4.6 Ligand clustering impacts cellular uptake

To determine whethdigand clusteringnfluenced EGFR binding and
mCherry uptakewe generated a GEAfhiCherry construct in which the GE11 peptide
was spaced throughout the protein rather than clustered ontdvendus. To do this,

the GE11 peptide was conjugated to mCherry using reactive amines on surface lysine
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residues (Figur@.8A). First, azidobutyric acid NHS ester was reacted in tenfold
excess with amine groups in mCherry so that azido groups were available on the
surface. Seaally, azido groups were reacted with alky@E11 using CUAAC to
incorporate approximately four GE11 peptides per protein (F@88). This reaction
resulted in mCherry protein that was highly insoluble, likely due to the loss of charge
on the mCherry ptein resulting from reacting the lysine residues. Applying the
randomly modified protein to IBC SUM149 cells resulted in the appearance of protein
aggregates on the surface of the cells, but the protein was not internalized at high
levels (Figure2.8C). Extensive optimization was needed in order to procure protein
that was soluble, further highlighting the usefulness of UAA incorporation for ligand
conjugation.

We hypothesized that this decrease in solubility was due to changing the
overall charge of therptein by reacting surface lysine residues. To improve the
solubility of GE1tmCherry conjugated through NHS eséenine chemistry,
azidobutyric acid NHS ester was limited so that only an average dyswe residues
were reacted per protein. Followingi@AC with alkyneGE11, the protein appeared
soluble (Figure.8E). From SDSPAGE, this protein appeared to have similar
numbers of GE11 per mCherry as compared with 2@BCherry reacted via the
UAA approach (Figur@.8D). While there is little control oveGE11 addition using
this method, it was expected that a majority of the protein would havelnstered

GEL11 peptides due to the spacinguoifaceavailable lysine residues.
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Figure2.8: Nonclusteredconjugation of mCherry with GE11 using amine/NHS ester
reaction toattach GE11 to free amines in mCherry. (A) Reaction scheme
for thenonclusteredattachment oGE11 onto mCherry. (B) Coomassie
stained SDSPAGE analysis of GE11 conjugation: Lanepte-reaction,
andLane 2: posteaction. (C) Fluorescermicroscoly images of poorly
solubilized esteamine conjugated GEiZhCherry uptake in IBC
SUM149 cells. Scale bar represents 15 um. (D) Coomassie stained SDS
PAGE analysis of 2GE1fCherry conjugation wh UAA chemistry
(clustered) and estamine chemistry (nowlustered). (E) UV

transillumination of nossoluble (left) and soluble (right) GEA@Cherry
conjugated with esteamine chemistry.

Both the clustered and naustered 2GEXICherry proteins were
administered to IBC SUM149 cell€ellular internalization and association was

detected with fluorescence microscopy (Fig2u@\) and flow cytometry (Figure
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2.9B), respectivelyThe results of these experiments demonstrated that the clustered
2GE1EtmChery was uptaken at significantly higher levels as compared to the non
clustered version, which demonstrated comparable uptake levels to -h&Erry;
these results suggest that GE11 ligand clustering plays a clear role in enhancing
EGFRmediated uptake. Hse results are comparable to a study that demonstrated
improved DNA delivery with polyplexes functionalized with a branched divalent
GE11 ligand as compared with individual GE11 peptfd&i.should be noted that
while these finding appear to be a result of ligand clustering, because different
conjugation techniques were used to generate the clustered anlistenedoroteins,
changes in protein properties, such solubility, could also be responsible for some of

the differences observed.
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Figure2.9: Internalizationof clustered andon-clustered?GE1XmCherry. (A)
Fluorescence microscojyages of clustered and nofusteged 2GE11
mCherry cellular internalization. Scale bar represents 15 um. (B) Flow
cytometry analyses of nerlustered and clustered 2GE&1Cherry

cellular associatiorResults are shown as the mean + standard deviation
of data collected from three indepentexperiments*Indicates a
statistically significant difference in uptake between clustered and non
clustered 2GEXmCherry (p < 0.05). (C) Flow cytometry histograms of
clustered (red) and nerlustered (green) 2GE4dhCherry uptake in IBC

SUM149 cells.
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2.4.7 Plug-and-play incorporation of yCD suicide enzyme with SpyCatcher

SpyTag

The SpyCatcheBpyTag protein coupling system was used to facilitate-plug
andplay conjugation of therapeutically relevant enzymes to GECherry. The
lysine on SpyCatcher and aspagcid on SpyTag are able to form an isopeptide bond
within minutes and the reaction demonstrates high yields in diverse solution
conditions'#® A variety of protein cargoes could be delivered by sinfipéjng
SpyTag, a small 13 amino acid peptide tag, to a choice therapeutic protein and
coupling it to the GE1-InCherrySpyCatcher constructs. To enable SpyCatcher
SpyTagmediated enzyme attachment to the Gaiddified mCherry cojugates
SpyCatcher was fudeo the Gterminus of 1Az, 2Az-, and 4AzmCherry. Expression
levels were not significantly altered with the addition of the SpyCatcher fusion protein
(Figure 2.10A). Subsequently, GE11 was conjugated to thm@kerrySpyCatcher
constructs using CUAAC emistry. This reaction showed yields similar to those seen
with the AzmCherry constructs (Figure 2.10B).

To demonstrate the pluandplay enzyme attachment strategy, SpyCatcher
SpyTag was used to attach the prodrug converting enzyme, yCD, to 4GEEL1,
or 4AGE1XmCherrySpyCatcher. yCD catalyzes the deamination of cytosine to uracil,
enabling rapid conversion of5C, a hortoxic prodrug, intcb-FU, a toxic
chemotherapeutit®® 1% 5-FU is an FDAapproved chemotherapeutic that has been
used widely in the treatment of colorectal and breast cancers due to its capacity to

inhibit DNA replication®” however, offtarget side effects of-BU, such as fatigue,
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nausea, and cognitive impairm&fihave motivated interest in prodrug conversion
strategies. SpyTag was fused to théeNminus of yCD, and the SpyT&§D protein
was coupled to GEXihCherrySpyCatcher to form GEimCherryyCD. SDSPAGE
analysis confirmed that a majority of the full length mCherry protein was coupled to

yCD (Figure S8B).
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Figure2.10: GE1:mCherrySpyCatcher conjugation to SpyFagD. (A) Expression
of full- length mChernSpyCatcher with 1,2, or 4 pAzF residues on the
N-terminus in the presence (white) or absence (grey) of pAzF.
Fluorescence is normalized to lysate concentraRasults are shown as
the mean + standard deviation of data collected from three independent
experiments (B) Coomassie stained SEFSAGE analysis of GEIL
CUAAC click conjugation to 1Az 2Az-, and 4AzmCherrySpyCatcher,
and the subsequent coupling of GEhCherrySpyCatcher to SpyTag
yCD.
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2.4.8 EGFR-targeted delivery of yCD suicide enzyme

To assess the internalization of 1GEIAGE1%, and 4GE1dnCherryyCD,
uptake experiments were performed in IBC SUM149 cells and MCF10A cells. Flow
cytometry experiments demonstrated that the GiaCherryyCD constructs showed
on average roughly twofolaWwer association compared to GEhTherry proteins in
both cells lines (Figur.11A). This reduction of uptake is likely due to changes in the
molecular weight and surface properties from the addition of the yCD. Despite this
difference, the effect of GE valency remained. Cellular association in IBC SUM149
demonstrated 2-#bld, 7.4fold, and 19.3old increases for 1IGE112GE1%, and
A4GE1XmCherryyCD as compared to OGEXACherryyCD. In addition, uptake was
higher in IBC SUM149 cells than MCF10A cefor all GE1tmCherry constructs,

again demonstrating the targeting capacity of this approach.
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Figure2.11: GE11mCherryyCD uptake in IBC SUM149 and MCF10A celHow
cytometry analyses of mChemyCD cellular association in IBC
SUM149 (white) and MCF10Agfey) cells. Results are shown as the
meant standard deviation of data collected from three independent
experiments*Indicates a statistically significant difference in uptake
between IBC SUM149 and MCF10A cells (p < 0.05). **Indicates a
statistically sgnificant difference in uptake between mCherGD
constructs in IBC SUM149 cells (p < 0.05).

2.4.9 Delivery of yCD elicits IBC-specific cell death

The activity of yCD was tested in both cell types to determine whether-GE11
mCherryyCD could selectively decreasmbility of IBC SUM149 cells when treated
with the prodrug 8-C. Both types of cells were incubated with the GaiCherry
yCD proteins. Extracellular protein was removed through multiple wash steps, and 5

FC was subsequently administered. Following tnesit, cell viability was measured
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using MTT assay48 hours laterin the absence of yCD, cell death did not occur
despite the presence of&, with 91% cell viability in IBC SUM149 cells, and 90%
cell viability in MCF10A cells as compared to the samétgekes untreated. Diréc
treatment wittb-FU induced significant decreases in viability for both IBC SUM149
cells and MCF10A cells, with cell viabilities of 45% and 47%, respectively, following
5-FU treatmentDelivery of yCD proteins without-5C did notsignificantlyimpact

viability in either cell type (Figure 2.12A and 2.12B).
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Figure2.12: Cll viability following treatment with mCherryCD protein alone
(GE11/Tat) or protein and-BC (GE11/Tat + -C), as assessed by MTT
assay (A) IBC SUM149cell viablity and (B) MCF10A cell viability
normalized tahe viability of the same cells untreated (URpsults are
shown as the mean + standard deviation of data collected from three
independent experiments
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To understand the effect of yCDFEC treatment, the deviability of 5-FU was
set to zero and sample viability was normalized to the viabilityleEgFigure2.13.
In IBC SUM149 cells, a clear reduction in viability was evident as the GE11 valency
was increased, with 4GEAhCherryyCD/5-FC treatment induog toxicity levels that
were nearly the same as the toxicity levels following direct treatment vth. 5
Treatment of MCF10A cells resulted in a similar effect, in that higher GE11 valences
produced increased levels of -tdfrget cell death; however, bidity at all GE11
densities was higher for MCF10A cells compared to IBC SUM149 cells. Specifically,
1GE1%L, 2GE1%, and 4GE1dmCherryyCD/5FC treatment produced 1,4.7, and
2.9-fold differences in cell viability, respectively, between the two cekésy
Treatment with TamCherryyCD and 5FC also resulted in elevated levels of cell
death in both cell types, but there was not a significant difference in viability between
IBC SUM149 cells and MCF10A cells. These data demonstrate the targeting
capabilties of GE1imCherryyCD proteins, and they further demonstrate the ability
to control viability selectively in IBC SUM149 cells and MCF10A cells using

alterations in GE11 valency.
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Figure2.13: yCD cell viabilityfollowing treatment with mCherryCD compared to
treatment with 8C and 5FU directly. MTT assay to assess the viability
of SUM149 (white) and MCF10A (gregklls following delivery of yCD
and treatment with-5C. 5FU viability was subtracted as backgnuol
and the results were normalized t&6 viability. Results are shown as
the mean + standard deviation of data obtained from four independent
experiments. *Indicates a statistically significant difference (p < 0.05) in
viability between IBC SUM149 and GF10A cells

2.5 Conclusion

Herein, we demonstrated the ability to control intracellular protein delivery to
IBC cells by controlling the valency of EGFR targeting peptides through UAA
incorporation. Furthermore, the SpyCateBg@yTag conjugation system was
employed for plugandplay therapeutic cargo protein attachment. Though this method

was applied to prodrug cancer therapy, this approach could be tailored to a multitude
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of applications by selecting alternative targeting peptides and therapeutic ploteins.
addition, while the scope of this study focused on targeting peptidedirsitéed
conjugation of hydrophilic polymers and endosomolytic peptides could be further
explored to ddress additional challenges associated imithvo cytosolicprotein
delivery.

Using this approach, delivery of the prodrug converting enzyme, yCD, resulted
in significant IBGtargeted cell death when treated witkG, with the levels of cell
death controllable through alterations in ligand number. Our resultsrdgrate the
importance of controlling the location of delivery molecules conjugated to proteins for
improved cell specificity, delivery efficiency, and pharmacological activity of protein
drugs, a phenomenon that has not been studied extensively imguhie to
conjugation limitationsWhile UAA incorporation is currently limited to laboratory
scale production, as the ability to s@ipecifically modify proteins becomes more
feasible, further understanding of ligand and polymer display will likely atay

important role in improving delivery and efficacy of advance protein therapeutics.
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Chapter 3

EGFR LIGAND CLUSTERING ON ENGINEERED E2 BIONANOPARTICLES
FOR ROBUST TARGETED DELIVERY OF DOXORUBICIN TO BREAST
CANCER CELLS

3.1 Summary

Naturally occurring protein nasages are promising drug carriers because of
their uniform size and biocompatibility. Engineering effortshanhanced the
delivery properties of nanocages by surfggctionalizing them with delivery
moieties and altering their interior cavities to g&se cargo loading capabilities.
Previous work engineered the cavity of E2 nanocages with four phenylalanine
mutations to allow for hydrophobic loading of doxorubicin and pH responsive release
in acidic environments. Here, the SpyTag peptide was fusbe sutface of this
engineered E2 nanocage for decoration with a variety of SpyCatcher fusion proteins
via SpyCatchéBpyTag bioconjugation. We functionalized the surface of the
nanocage with a highly cetpecific epidermal growth factor receptor (EGFR)
targeting protein conjugate, 4GEMCherrySpyCatcher, developed previously in our
laboratories by employing unnatural amino acid (UAA) protein engineering
chemistries. Herein, we demonstrated the benefits of this engineered protein nanocage
construct for #icient doxorubicin loading at neutral pH, enhanced release in acidic

environments, facile fluorescent detection, and robust E@E&ated delivery of
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doxorubicin to inflammatory breast cancer cells leading to cancer targeted cell killing.
Collectively, hese results demonstrated the versatility of our tbased EGFR

targeting protein conjugate to deliver a variety of cargoes efficiently.

3.2 Introduction

Selfassemldd proteinnanostructures are ideal platforms for sensing and drug
deliveryapplications because of their size and uniformity, biocompatibility,
biodegradability, and propensity for genetic manipulations, making surface decoration
and cargo loading possible’* 8Protein nanoparticles generatinge from 1G 100
nm in diametef: 1°% 2°Because of their size, protein nanoparticles are often large
enough to avoid renal clearance, extend citmnahaltlife, and passively accumulate
in tumor tissue through the enhangeimeability and retention (EPR) effégt20t
Additionally, protein nanocages are an ideal sized for cellular endocytosis leading to
particle internalizatioq®? 203

Beyond their native properties, strategies toegieally engineer the exterior
and interior of protein nanoparticles have increased their potential as drug carriers.
Naturally occurring protein nanoparticles are assembled from multiple subunits so the
opportunity for surface functionalization is signdntly higher than for a single
monomeric protein. Because of this, a high density of delivery moieties, such as
targeting ligands, can be functionalized to the surface to increase binding avidity

through multivalency and ligand clustering which has béema to enhance cellular

Uptakezg’ 38,41, 42,74, 133
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One particularly promising nanocage for drug delivery applications is the 25
nm E2 nanocage which is composed of 60 identical monomer subunits and derived
from the pyruvatelehydrogenase complex of the thermophilic bacteBaillus
strearothermophils?® Because of its thermophilic origin, E2 is intrinsically stable
under extreme temperature conditions and expresses highlycol. Genetic
engineering strategies to modify the core of E2 have been realized. In work by Ren. et
al., the hydrophobicity of the hollow cavity was increased by introducing one to four
phenylalanine mutations per subunit in varying locations of the core for doxorubici
(DOX) drug loading® The configuration with the highest DAXading maintained
high expression and particle stability, and exhibited an approximatdbl@thcrease
in DOX encapsulation compared to native E2. Encapsulated DOX was released upon
protonation in low pH environment of the lysosome and the releaseddl¢xed
significant cell death in breast cancer cells.

The surface of E2 has also been engineered utilizing its surface exposed N
terminus making, exterior decoration possible by fusion of small peptitié¥Our
group has previously demonstrated the ability toSitecifically decorate the surface
of E2 using Sortase A ligati® 2°%?® and SpyCatcher (SQpyTag (ST)
bioconjugaion.?*° To utilize SpyCatchéBpyTag chemistry for surface decoration, the
13-amino acid SpyTag peptide was fused to theemhinus of each of the 60
subunits?!! This approached allowed for modular ssfgecific surface decoration of
E2 for antibody sensifi§ antibody purificatioft! and enzyme scaffoldidtf. We

hypothesized that the $&T approach also would be an efficient strateg\sifter
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specifically decorating E2 with targeting ligands to enhance cell specific
internalization.

We reasoned that this DOX nanoparticle delivery system could be targeted to
epidermal growth factor (EGFR)verexpressing cancer cells using previously
developed EGFRargeting conjugate, 4GEdfhCherrySC 3 In that work, unnatural
amino acid incorporation was used to control the decoration of an mCherry fluorescent
protein with the EGFR targeting ligand, GE1Clustering four GE11 peptides onto
the Nterminus of mCherry resulted in robust internalization in inflammatory breast
cancer (IBC) cells, a triple negative breast cancer often associated with EGFR
overexpressioft Furthermore, a SpyCatcher was fused onto ter@inus of this
construct, termed 4GEIhCherrySC, for plugandplay incorporation of therapeutic
cargaes fused to &pyTag peptide. This approach was used to deliver a prodrug
converting enzyme, yeast cytosine deaminase (yCD), where treatment with the
prodrug and EGFRargeted yCD elicited IB&pecific cell death3?

Here, we explore the versatility of this EGf&tgeting conjugate to tieer
larger protein nanocages loaded with small molecule chemotherapeutics. We
genetically engineered the core of our previously developed SgyZ agth four Phe
residues for doxorubicin loading as demonstrated previ§eisihis nanoparticle,
termed STE2-4F for the four Phe mutations, allowed for modular-sgecific
functionalization using SpyCatcl&pyTag chemistry. SE2-4F was functionalized
with our previously developed EGRRrgeting conjugate, 4GE4ahCherrySC33 to

create a duafunctionalized E2 construct with both internal and external modification,
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and this duafunctional nanocage was used to deliver doxoruliciBGFR
overexpressing IBC cells for targeted chemotherapy treatment (Figure 3.1). This
demonstrates the versatility of the 4GEHhCherrySC conjugate for EGFrediated
delivery of a variety of cargos, including multimeric protein nanocages and small
molecule drugs, to breast cancer cells.

Hydrophobic Drug Loading

SpyTag-E2-4F 4GE11-mCherry-
SpyCatcher
K
A .'. ui
&0 = - o 3),- g. _I{‘
&« "L ‘, :f, — — * * *
P
" = Targeted
doxorubicin
Modular decoration with EGFR- delivery

targeting conjugate

Figure3.1: 4GE1XmCherrySpyCatcher is decorated on the surface of engineered
SpyTagE2-4F for hydrophobic drug loading and EGiegeted
doxorubicin release.

3.3 Materials and Methods

3.3.1 Construction of Expression Plasmids

An explanation for the construction of pET1$pyTagE2, pET24a
ELP[KVegF-40]-SpyCatcher, pET22BAz-mCherrySpyCatcheihis6 and pET22b
4Az-mCherrySpyCatchethis6 can be found in our previous wdfR.?*pET11a
SpyTagE2-4F was generated by mutatitige core of pET11&pyTagE2 with four

Phe residues. Specifically, sitirected mutagenesis was used to mutate K239, E375,
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R380, and D381 with Phe. SpyFag-4F wastransformed intdscherichia coli

NEB5U ( NEB, | pswich, MA ) . LuBaeBertam Brota wer e gr
(LB, 10 g/L tryptone, 5 g/L yeast extract, 5 g/L sodium chloride) and 15 g/L agar

plates supplemented with 100 pug/mL ampicillin. Positive clones were transformed

into E. colistrain BL21(DE3) (EMD Millipore, Madison, WIPlasmid sequ&escan

be found in Appendix &.

3.3.2 Expression of SpyTage2 and SpyTagE2-4F

SpyTagE2 and SpyTade2-4F wereexpressed i250 mL flasks with 50 mL
of Luria Broth (LB) media supplemented wit00 pg/mL ampicillin. SpyTagE2 was
induced with 200 uM ofdopropytb-D-1-thiogalactopyranosid@PTG) and grown
overnight at 28C and 250 rpm*! When SpyTagE2-4F was induced with 200 puM of
IPTG a majority of the expressed protein was insoluble (Figure 3.2). Instead SpyTag
E2-4F was grown with T7 leaky expression overnight &C2énd 250 rpm.
Following overnight growth, cells were pelleted with 2g@a 4C for 10 minutes and
concentrated in 2 mL of pH 7.4 1X PBS. A Fisher Scientific sonicator (Pittsburg, PA,
USA) was used to lyse the cells and the resulting lysate was clarified with
centrifugation at 150009 a?@ for 20 mins. Concentrations werdigsmted with a
Bradford protein assay using the manufactL

and densitometry from a Coomasstained SDS gel using ImageJ software.
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Figure3.2: SDSPAGE analysis o$oluble (S) and insoluble (I) lysate of &P and
ST-E2-4F. Expressed overnight 20°C and(A) induced with 200 uM
IPTG or (B) 0 uM IPTG.

3.3.3 Purification of SpyTag-E2 and SpyTagE2-4F
SpyTagE2 was partially purified by incubating the soluble protein lysate at
7°0C for 10 mins, t aki ntgermodabildynTthahgaed lydatet he p .
was spun down at 150009 for 10 mins and the supernatant containing the purified
protein was removed. Heat was not a credible approach for purifying S{p2r4
because it was not stable at high temperature®’®5mhstead, ammonium sulfate
precipitation was used to partially purify Spytag-4F. Briefly, saturated ammonium
sulfate was titrated into SpyTdtp-4F lysate to 20% v/v. The mixture was then

incubated for 30 minutes at ®7 before being spun down at 15000g ¥6rmins. The
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supernatant was discarded, and the pellet was dissolved in pH 7.4 1X PBS,
concentrated 2X and incubated on ice for 2 hours. The protein was spun down at

150009 for 10 mins at’€ and the supernatant collected

3.3.4 ELP expression and purification

ELP[KV gF-40]-SpyCatcher (ELFSC) was expressed in a 125 mL flask with
25 mL of Terrific Broth (TB) media supplemented with|s@mL kanamycin. The
ELP was grown with T7 leaky expression overnight &C3and 250 rpm. Following
overnight expression, the cell pellet was spun down as above and resuspended in 1X
PBS to an OD600 of 30. Cells were lysed and the lysate was clarified apeldscr
above. The protein was purified using inverse transition cycling (ITC). An ammonium
sulfate stock solution (3 M) was added to the protein lysate so the final concentration
was 0.5 M causing the ELP to aggregate. The ELP was pelleted with centrifuafatio
16000g at room temperature for 10 mins. The supernatant was removed and the pellet
was incubated on ice with 1X PBS for 20 mins before pipetting was used to
resuspended the pellet. Next, the sample was spun down at 16000d@t 40 mins.
This praess was repeated once more to ensure the protein was pure. The
concentration was again measured with a Bradford protein assay.

Purified SpyTagE2 and SpyTade2-4F were reacted with SELP so the final
ELP density wasonjugated t@pproximately 10% athe particle subunits or 6 ELPs
per particle. SpyCatcher/SpyTag reactions were performed overnigi at 24X

PBS. Following thigeaction, the particles were purified again with ITC to ensure high
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purity. Densitometry was used to evaluate the average number of ELP decorations per
particle by converting band percentages to molar percentages by accounting for
molecular weight. To eshate the average number of ELPs per particle, the molar

percentages were multiplied by 60, the number of subunits per particle.

3.3.5 GE11-mCherry-SpyCatcher protein expression and purification
O0GE1XmCherrySpyCatcher, and 4GE4dthCherrySpyCatcher were prepst
as previously describéd? Briefly, OpAzFmCherrySpyCatcher was grown in a
125mL flask with 25mL of Terrific Broth (TB) media supplemented with @0mL
ampicillin to an OD600 of 0:6.8 before being induced with 100 uM of IPTG and
allowed to grow overnight at 20. 4pAZ-mCherrySpyCatcher was eexpressed
with pULTRA-CNF (a gift from Prof. Perter G. Schifitgin a 125mL flask with
25mL of Terrific Broth (TB) media supplemented with 38§/mL ampicillin and 100
pg/mL spectinomycin. Once the culture reached an OD600 e9.8,61 mM IPTG
and4 mM pAzF were added and the culture was grownrgét at 37C. Cells were
pelleted and clarified as described above and purified vidHid Ni-NTA resin
gravity columns according to manufacturer
in 1X PBS. GE11 with a propargyl glycine, synthesized via gii@se peptide
synthesi$’’, was conjugated to 4pAaRCherrySpyCatcher using coppeatalyzed
alkyne-azide cycloaddition (CuAACG}*and the protein was again purified with-Ni
NTA chromatography. The reaction was confirmed through-BBGE analysis

(Figure 3.3).
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Figure3.3: OGE1EXmCherrySC and 4GEI-InCherrySC preparation. (A) SDS
PAGE analysis opurified (1) 0GE1tmCherrySC and (2) 4G11-
mCherrySC.

3.3.6 Transmission Electron Microscopy

E2 and E24F sample were imaged with Transmission Electron Microscopy
(TEM). Briefly, 18uL of 0.1 mg/mL particles were applied to carbmated copper
grids that were ionized with a PELCO easiGlow® (TetlaRac., Redding, CA). The
grids were then wash 3x and stained with 2% uranyl acetate. The grids were observed
with a Zeiss Libra 120 transmission electron microscope (Oberkochen, Germany) with

a voltage of 120 V.
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3.3.7 Dynamic Light Scattering

Particles wereituted in filtered 1X PBS to a particle concentration of 100 nM
and 40 pL of the solution was added to a low volume cuvette (ZEN0040, Malvern).
Samples were measured with DLS (Malvern Panalytical Inc., Westborough, MA) at
room temperature. The hydrodynardiameter and number distributions were

calculatedoy the Protein Analysis algorithm provided by the Malvern software

3.3.8 Doxorubicin Encapsulation

A doxorubicin (DOX) stock solution was made by dissolving DOX in DMSO
so the final concentration was 5 mg/mlext, DOX was incubated at a 10:1 molar
ratio with 0.3 mg/mL of EZELP or E24FELP samples for 2 hours at room
temperature. The initial DOX fluorescence was measured on a Synergy H4 microplate
reader (BioTek, Winooski, VT, USA) with an excitation waveléngft470 nm and
emission of 595 nm. ITC was used to remove free DOX from the DOX loaded
particles. Ammonium sulfate was added to the samples so the final concertation of salt
was 0.25 mM and incubated at°’@7#or 10 mins allowing the ELP patrticles to
aggra@ate. Particles were spun down at 16950g at room temperature for 10 mins then
resuspended in 1X PBS and incubated on ice for 10 mins. Particles were then spun
down at 16950g at°€ for 10 mins and insoluble contaminants were removed. The
final fluorescencéntensity of the DOX loaded particles was measured as described
above. For samples containing mCherry (0GEPUF and 4GE1E2-4F), the

fluorescence intensity of unloaded particles was measured and subtracted from
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fluorescence intensity of DOX loaded peles to remove mCherry reddrough. To
estimate the DOX encapsulated per particle subunit the concentration of DOX and
particles were estimated with a standard curve and Bradford assay, respectively. The
average DOX encapsulated per subunit £ the arahdieviation of three replicates was

reported.

3.3.9 Doxorubicin release

DOX was encapsulatedto ELP-E2-4F as described above at a 10:1 molar
ratio and unloaded DOX was removed through ITC with 0.25 mM ammonium sulfate.
Samples were then resuspentiethe intial volume, 100 pL, at pH 7.5 or pH 5 1X
PBS and the initial DOX fluorescence was measured as above. Samples were
incubated at 3 for either 1h, 3h, 8h, or 24h. Following incubaticrieased DOX
was removed fronthe DOX loaded E24F particles throughrC with 0.25 mM
ammonium sulfate. The fluorescence intensity of the released DOX was measured and
the cumulative release was calculated by dividing the fluorescence intensity of the
released DOX by the fluorescence intensity of the initial DOX loadettigattThe
average cumulative release * the standard deviation of three replicates at each pH and

time point was reported.

3.3.10 Cell Culture
IBC SUM149 cells were a gift from Kenneth van Gdlé€and grown in

Hamés F12 medi um sHBB, A% @/wm) eanitilenttreptomlydmn, 5 %

81



1% (v/v) mycoplasma antibiotic supplement, 1% (v/v) glutamine, 5 pg/mL insulin, 2.5

pg/mL transferrin, 200 ng/mL selenium, and 1 pg/mL hydrocortisone. MCF10A cells

were purchased from ATCC (Manassa, Virginia) andvgron 50/50 DMEM/Ham's

F12 medium supplemented with 5% FBS, 1% (Vv
bovine pituitary extract, 10 Og/mL insulir

cholera toxin, and 20 ng/ mL epider mal gr ov

3.3.11 Fluorescence microscopy

IBC SUM149 and MCF10A cells were seeded iwdl plates with a collagen
film (1.5 mg/mL Collagen | Bovine Protein in 0.02 M acetic acid in DI water) at a
density of 2 x 1®per well.Cells were then incubated overnight atG7Spat media
was removed and 20 nM of particlesserumreducedOpti-MEM media was added
and incubated with the cells for 3 hours. The media was removed and cells were
washed three times in 1x DPBS (pH 7.4). Cells were then fixed with 10% formalin
for 15 mirutes, treated with DAPI (300 nM) for 10 minutes, and rinsed two times with
1x DPBS. Internalization was observed at 40x magnification on a Leica DM6000
fluorescence microscope (Wetzlar, Germany) with 350/50 nm excitation and 460/50
nm emission for DAPI an845/25 nm excitation and 605/70 nm emission for

mCherry.
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3.3.12 Flow cytometry

IBC SUM149 and MCF10A cells were seeded in cell culture treated twelve
well plates at a density of 1.2 x®l¢ells per well, respectively, and incubated
overnight at 37C. Spent mediavas replaced with 20 nM patrticles in GMEM and
cells were incubated with the protein for 3 hours. Cells were then washed three times
in 1X DPBS and trypsinized using standard procedures. Following tyrpsinization, cells
were neutralized with either supge me nt e ¢l Haowd s5 F/ 50 -D2ME M/ Ha m¢
media and centrifuged aR3gfor 4 minutes. Cells were resuspended in cold 1X
DPBS and analyzed by flow cytometry (NovoCyte, ACEA Biosciences, Inc., San
Diego, CA, USA

To measure DOX internalization, the DOXaded E24F samples were
prepared as described above and used immediately to avoid premature release. The
cells were incubated with 750nM of free DOX or DOX loaded into OGEZ4F or
AGE11E2-4F particles in OptMEM media for 1 hour. Samples were thersivad
and prepared as described above. For the DOX loaded samples the background
mCherry fluorescence intensity was subtracted to estimate the fluorescence attributed
to the internalized DOX. The fluorescence intensity of 1.2%célls was measured
with 488 nmexcitationand 660 nm emission for mCherry and DOX. The mean
fluorescence intensity minus the background fluorescence of untreated cells + standard

deviation of three replicates was reported.
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3.3.13 Cell Viability Assay

IBC SUM149 and MCF10A cellwere seeded at 2 x 4per well, respectively,
in a cell culture treated 9%ell plate and incubated overnight. Particles corresponding
to 750 nM of DOX in OpMEM were added to cells and incubated for 1 hours. Cells
were washed two times with 1X DPBSreamove protein that was not internalized and
then incubated for 72 hours at°87 Following incubation, MTT Cell Proliferation

assays from Thermo Fisher were perfor med

3.4 Results and Discussion

3.4.1 Characterization of ST-E2 nanocages decorated with 4GEXmCherry-SC
To test the feasibility of designing a targeted nanocage capable of small
molecule delivery we started by functionalizing the surface of our previously
developed SpyTag2 (STFE2Y! with 0GE1tmCherrySC or 4GE14mCherrySC.
ST-E2, native E2 with SpyTag fused to theéiminus of each monomer subunit, was
expressed ifE. coliand the salble and insoluble lysate was analyzed with SDS
PAGE (Figure 3.2). Lysate proteins were initially removed through heat purification
(Figure 3.4A). An additional purification step was performed by ligating the relasti
like polypeptide (ELP) [K\¥F-40]-SC toapproximately 10% of the SE2 subunits
generating nanocages with roughly 6 ELPs each. The appearance of a larger
conjugated band at 58.1 kDa demonstrated successful conjugation-&EidPSTF

E2 (Figure 3B, lane2). Inverse transition cycling (ITC) walen used to further
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purify the particles (Figure 3.4Bane 35).2*®> 0GE1EtmCherrySC or 4GE11
mCherrySC was ligated to the purified SH2-ELP at 5% or 10% density
(approximately 3 or 6 modified mCherry proteins per particle), and then théiedodi
E2 nanocages were purified once again through ITC. Reaction between purified ST
E2-ELP andOGE1tmCherrySC or 4GE1AmCherrySC was confirmed by using
SDSPAGE to identify the expected product bands at 75.4 kDa and 82.5 kDa,

respectively (Figure 3.5Aane 2 and 3).
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Figure3.4: Purification of SpyTad:=2 with heat purification and inverse transition
cycling. (A) SDSPAGE of (1) SpyTagd:=2 soluble lysate, (2) SpytdeR
insoluble lysate, and (3) SpyT&f incubated at ?C for 10 mins for
heatpurification. (B) SDSPAGE of (1) heat purified SpyTe&g2, (2)
SpyTagE?2 functionalized with 10% SpyCatchELP to form E2ELP,
(3) soluble impurities of EELP from inverse transition cycling (ITC),
(4) insoluble impurities of EELP from ITC, (5) E2ELP purified
through ITC.
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Dynamic light scattering (DLS) was used to confirm whether the particles
remained assembled following functionalization (Figure 3.5B). Particles formed from
ST-E2 reacted to EL4SC (E2ELP) had an average hydrodynamic diameter of 25.8
2.3 nm, consistent with previous studiés?*®E2-ELP-based particles functionalized
with 10% OGE1imCherrySC (OGE11E2-ELP) or 4GE1iImCherrySC (4GE11E2-

ELP) were slightly larger than ERLP with average hydrodynamitameters of 27.2

+ 2.4 nmand 29.1 £ 2.5 nm, respectively. The observed increase in diameter
following functionalization was expected, as surface decoration has been shown to
increase the diameter of protein nanoparticles in previously reported #etk.

DLS confirmed that the E2 particles were the expected size and maintained
particle assembly following surface decoration. To assess the morphology of the E2
particles, transmission electron microscopy (TEM) was used to visualize the particles
(Figure 3.5C). The morphology of E2LP was consistent with the expected
dodecahedron structuf¥. Likewise, the dodecahedron structure persisted following
decoration with 10% 0GE1hCherrySC and 4GE1-InCherrySC. There appeared to
be more disassembled capsishe 4GE11E2-ELP formulation, possibly due to the
increased hydrophobicity introduced by the GE11 peptides; however, a majority of the

particles were still intact as confirmed through DLS and TEM.
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Figure3.5: SpyTagE2 particle haracterization followingunctionalization with ELP
and 4GE1imCherry. (A) SDSPAGE of purified E2ZELP (1), E2ELP
reacted with OGEXInCherry (2), and EELP reacted with 4GE%1
mCherry (3). (B) DLS spectra of E2LP (blue), 0GE1ZE2-ELP (gold),
and 4GE11E2-ELP (red). (C) TEM imges of E2EP, OGE11E2-ELP,
and 4GE11E2-ELP.The sale barepreserg50 nm.

3.4.2 EGFR-specific internalization of E2 in IBC SUM!49 cells

Internalization was measuredIBC SUM149cells, as well as normal breast
epithelial MCF10A cells, to test whether E2 dested with 4GE11 was targeted to
EGFRoverexpressing IBC cell©ur previous results demonstrated that IBC SUM149

cells expressed fiviold more EGFR as compared to MCF10A céifduptake of E2
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ELP decorated with 5% or 10% of OGE&ICherrySC or 4GE1AmCherrySC was
visualized in IBC SUM149 cells (Figure 3.6A) and MCF10A cells (Figus&3B.
Corresponding phase images are provided in Figure 3.6C. Uptake was quantified via
flow cytometry and the mean fluorescence intensity from three independent
experiments was compared (Figure 3.6D). In IBC SUM149 cells, minimal uptake was
observed for E2unctionalized with 5% or 10% OGE4AhCherrySC. E2
functionalized with 5% or 10% 4GE4hCherrySC demonstrated significantly higher
levels of internalization compared to particles without GE11. Additionally, increasing
the conjugation density of 4GE11 neased the difference observed between 0GE11
and 4GE11 decorated E2 particles. At 5% decoration densityfal®.idcrease was
observed for 4GEXE2-ELP as compared to 0OGEER-ELP and the difference
increased to 6-fold when E2 was decorated with 10%H4 or 0GE11.

In MCF10A cells, E2 functionalization with OGEEACherrySC did not result in
high levels of particle uptake. Higher uptake was observed when 5% or 10% decorated
AGE11E2-ELP was delivered, but the uptake in IBC SUM149 cells wa$dkd
higher and 5.90ld higher compared to MCF10A cells with 5% or 10% 4GE11
decoration, respectively. Therefore, E2 decorated with 4GE11 demonstrates specificity
towards EGFRoverexpressing cells. Together, these results demonstrate the
feasibility of functionaking DOX loaded engineered EF nanocages with 4GE11

for EGFR targeted treatment in breast cancer cells.
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Figure3.6: Internalization of OGEXE2-ELP and 4GE1E2-ELP nanoparticles(A)
Fluorescent microscopy images of-ERP functionalized with 5% or
10% of 0GE1imCherry and 4GEXinCherry and delivered to IBC
SUM149 cells. (B) Fluorescent microscopy images cEHEP
functionalized with 5% or 10% of 0GE11 and 4GE11 and delivered to
MCF10A cells.The <ale bar represents 25 um. (hase images
corresponding the fluorescence microscopy images in A and BA¢Bi)
fluorescence intensity of 0OGER2-ELP and 4GE1E2-ELP uptake in
IBC SUM149 cells (red) and MCF10A (grey) from flow cytometry
analysis. Results are shown as the mestardard deviation of data
obtained from three independent experiments.

3.4.3 Characterization of ST-E2-4F nanocages decorated with 4GE11
mCherry-SC

Once the feasibility of thiEGFRtargeting approach was demonstraigith native
E2, we engineered E2 for hydrophobic drug loading usingdsiezted mutagenesis to
replace four residues with phenylalanine in core 6ERTo yield STE24F. The four
mutation location§K239FE375FR380FD381F)were chosen based on wdrlgk Ren
et al. which demonstrated that the variant with these mutation sites had the highest
DOX loading capabilitie&> Expressing STE2-4F inE. coliwith IPTG induction
resulted in significantly higher levels of insoluble protein compared t8&We
expected that this high level of insoluble protein would preparticle assembly, so
we instead expresd ST-E2-4F under leaky condition®sultingin a higher ratio of
soluble to insoluble SE2-4F (Figure 3.2).

We initially attempted to purify SE2-4F through heat purification at
temperatures between®band 70C; however, the addition of the Phe mutants

decreased the thermostability of the protein (Figure 3.7A). This phenomenon was
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observed in the original work as well, in which the Phe mutant began unfolding at
73.5°C (6°C lower than the wildype E2.8° We expect that the difference between the
behavior of our construct and the behavior of the original Phe mutant may be due to
the SpyTag residues, whose addition may have decreased the melting temperature
even more drastically, since a significant amafrihe STE2-4F was insoluble after
treatment at 5% for 10 min. Thus, as an alternative, ammonium sulfate precipitation
was used to purify and concentrate theEE#4F from the lysate (Figure 3.7B).
Following this initial purification[KV gF-40]-SC wasibated to 10% of the SE2-4F
subunits to yield STE2-4~ELP and an additional round of purification was
performed via ITC (Figure 3.7C). From SIPAGE, a product band corresponding to
E2-4FELP (~59 kDa) was visible following the reaction demonstratirngessful
ligation (Figure 3.8A¥°Next, 0GE1imCherrySC or 4GE1idmCherrySC was

ligated to the purified SE2-4FELP at 5% or 10% density and then the mCherry
modified constructs were purified once again through MM reaction productfter
reacting 5% of the SE24FELP with 0GE11 or 4GE1tmCherrySC wasconfirmed

through SDSPAGE analysigFigure 38A, lane 2 and 3)
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Figure3.7. SDSPAGE analysis of purification of SE2-4F nanocageqA) Heat
purification of SFE2-4F at 58C, 6(°C, 65°C, and D°C. S = soluble
lysate impurities, | = insoluble product following heat treatment for 10
minutes, and P = soluble product following heat treatment for 10
minutes. (B) SDSPAGE analysis of SE2-4F salt precipitation. (1) ST
E2-4F soluble lysate, (2) solleimpurities, (3) insoluble impurities, and
(4) concentrated purified SE2-4F. (C)SDSPAGE analysis of E2F
ELP purification with ITC. R = reaction product, S = soluble impurities,
| = insoluble impurities, and P = purified product.
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DLS and TEM were sed to characterize the size and morphology of th& B4F
particles (Figure 3.8B and Figure 3.8C). From DLS;EE4FELP nanocages had an
average hydrodynamic diameter of 33.5 £ 3.2 nm, which is larger than t&&,3lt
similar to the size of the oiilgal mutated E24F nanoparticles (32.7 + 1.1 nf9).
OGE11E2-4FELP and 4GE1-E2-4FELP nanoparticles demonstrated slightly larger
average hydrodynamic diameters compared t&ES#FELP, at 34.1 £ 3.2 nm and
37.0 £ 3.4 nm, respectively. This size increase is again consistent with the surface
decoration oDGE1Z% or 4GE1XmCherrySC. The morphology of the SH2-4F
appeared more rounded than the dodecahedron structure&st; $ibwever, this
morphology was consistent with the morphology of the origina#E&anocagé
The morphology did not charge with the decoration of 10% 0G&CherrySC or
A4GE1XmCherrySC. The mall variations in size and morphology seen here for the
ST-E2-4F particles compared to Sg2 are consistent with the original findings by
Ren et af® Overall, our results demonstrated that the SpyTag peptides on the surface
of the STE2-4F were active allowing for functionalization, and the particles remained

intad following decoration with 0GEXIor 4GE1tmCherrySC.
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Figure3.8: SpyTagE2-4F particle baracterization followindunctionalization with
ELP and 4GE1nCherry.(A) SDSPAGE of purified E2Z4FELP (1),
E2-4FELP reacted with OGEX@iCherry(2), and E2Z4FELP reacted
with 4GE1tmCherry (3). (B) DLS spectra of EB~ELP (blue),0GE1%
E2-4FELP (gold), and 4GEXE2-4FELP (red). (C) TEM images of E2

EP, OGE11E2-4FELP, and 4GE1’E2-4~ELP. The ale barepresents
50 nm.

3.4.4 EGFR-specific internalization of E24F in IBC SUM149 cells
Uptake of E24FELP nanoparticleslecorated with 5% or 10% OGEDiCherry

SC or 4GE1imCherrySCwas compared with uptake of the E2 nanoparticles.

94



Fluorescence microscopy was usedisualizeuptakein IBC SUM149 cells (Figure
3.9A) and MCF10A cells (Figurg8.9B). Corresponding phase images are provided in
Figure3.9C Uptake was quantified via flow cytometry and the mean fluorescence
intensity from three independent experimemés reportedFigure3.9D). In IBC
SUM149 cells, a 3-80ld enhancement in uptake was observed for cells treated with
5% 4GE11E2-4FELP nanoparticles compared to 0OGEAZ-4FELP particles. This
difference was enhanced further to-5081 when E24F nanoparticles were decormte
with 10% 0GE11 and 4GE11, demonstrating the benefits of increased ligand
multivalency. Again, uptake of 4GEJH2-4F at both decoration densities resulted in
significantly lower levels of internalization in MCF10A compared to IBC SUM149
cells. IBC SUM14%ells treated with 5% 4GE1H2-4FELP internalized 3.5old

more protein than MCF10A cells. Likewise, IBC SUM149 cells treated with 10%
AGE11E2-4FELP nanoparticles internalized 4fdld more protein demonstrating the
EGFRspecificity of E24F nanoparti@s decorated with 4GE&hCherrySC.

Overall, no significant differences in uptake were observed between E2 attd E2
particles decorated with OGE11 and 4GE11in both cell lines. This highlights the
modularity of this approach and the potential for employiegUAA/ EGFR

constructs for targeted delivery of a variety of cargoes using 4@&&ElerrySC.
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Figure3.9: Internalization of OGEXE2-4FELP and 4GE1‘-E2-4FELP
nanoparticles(A) Fluoresceninicroscopy images of E2~ELP
functionalized with 5% or 10% &fGE1tmCherry andiGE1tmCherry
and delivered to IBC SUM149 cells. (B) Fluorescent microscopy images
of E2-4FELP functionalized with 5% or 10% of OGEDMCherry and
4GE1XmCherry andlelivered to MCF10A cellsThe ale bar
represents 25 unfC) Phase imagp corresponding to fluorescence
microscopy imagem A and B. (D)Mean fluorescence intensity of
OGE1tE2-4FELP and 4GE1-E2-4FELP uptake in IBC SUM149 cells
(red) and MCF10Agrey) from flow cytometry analysis. Results are
shown as the meanstandardieviation ofdata obtained from three
independent experiments

3.4.5 GE11 multivalency increases uptake of E2 nanoparticles

To highlight the benefits of ligand multivalency on the E2 nanoparticles, IBC
SUM149 internalization of 4AGEXhCherrySC was compared whe&gual amounts
were delivered as a monomer versus functionalized onto the surface of E2ler E2
Specifically, IBC SUM149 cells were incubated for 3 hours with 120 nM of 4GE11
mCherrySC or 20nM of 10% functionalized 4GEER nanopatrticles or 4GEIH2-
4F nanopatrticles containing 6 4GE11 per partielg(to enable comparisons on an
equimolar basis of 4GE11), and internalization was measured with flow cytometry
(Figure 3.10). Uptake of 4GEJH2 and 4GE1E2-4F nanoparticles demonstrated
4.4fold and 4.7#old higher uptake compared to monomeric 4GEiherrySC.
This illustrates the importance of ligand multivalency and highlights the advantages of
using protein nanoparticles for delivery, compared to monomeric protein, because of

their capacity for a highegree of surface decoration.
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Figure3.10: Ligand multivalency in IBC SUM149 celldlean fluorescence intensity
of monomeric 4GE11, 4GE1#2, and 4GE1-E2-4F nanoparticle$rom
flow cytometry analysis. Results askown as the meanstandard
deviation of data obtained from three independent experiments

3.4.6 Doxorubicin encapsulation and release in SE2-4F

We next investigated tHeOX encapsulation capabilities of ZEELP,
OGE11E2-4FELP, 4GE11E2-4FELP, and EZELP nanopatrticles. DOX was
incubated with the nanoparticle formulations for 2 hours at a 10:1 DOX:subunit molar
ratio. To remove unloaded DOX, samples were purified usingrae&iated ITC as

shown in Figure 3.11A. To our knowledge this is one of the first examples in literature
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utilizing ITC ELP purification to separate nanopatrticles from unloaded drug. The
DOX was monitored throughout each purification step through fluorescence
spectroscopy (Figure 3.11C). The unloaded DOX was removed in the supernatant
following salt precipitationandthe pelleted E2F particles were visibly loaded with

DOX (Figure 3.11B).
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Figure3.11: ELP purification to remove unloaded DOPA) Schematic of ITC ELP
purificationmethod to separated unloaded DOX from DOX encapsulated
E2-4F particles. (1) Ammoniuraulfake is added to initiate ELP collapse,
(2) samples are spun down at RT and unlo&@X is removed from
pelleted DOX loaded E2F, (3) DOX loaded E2F is resuspended in
cold bufferand spun down at’€ to pellet insoluble impurities, (4)
soluble protein isemoved from thénsoluble pellet yielding purified
DOX loaded E24F (B) Image of pellet from step 2 of the IPbcess
showing DOX encapsulated E2-4F nanoparticles(C) DOX
fluorescence intensity normalized to thaial fluorescence intensity of
eachstep of the ITC ELP purification
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Following removal of unloaded DOX, the DOX encapsulated within the
particles was measured with fluorescence spectroscopy, and the DOX encapsulated
per particle subunit was calculated (Figure 3.12A). Th&EELP partices were able
to encapsulate 27 times more DOX thanEH2P, consistent with the previous report
of E2-4F which reported a 3fld increas€® E2-ELP was only able to encapsulate
0.1 £ 0.09 DOX per subunit, corresponding to approximately 6 DOX molecules per
nanoparticle. In contrast, EBF~ELP, 0GE11E2-4FELP, andAGE1XE2-4FELP
encapsulated 2.3 £ 0.3, 2.5 + 0.5, arzi#20.1 DOX molecules per subunit,
respectively, which corresponds to approximately 139, 150, 32B®X molecules
per nanopatrticle. This was lower than the encapsulation capabilities demonstrated b
the original E24F, where particles encapsulated 5.5 + 0.3 DOX per subufitie
lower encapsulation efficiency observed here could be a result of the surface
decorations reducing DOX diffusion into the particle core.

The DOX encapsulated E& particles were characterized with TEM and
DLS. Particle visualizatin with TEM demonstrated that the particles remained intact
following DOX loading (Figure 3.12B). Particles encapsulated with DOX also
maintained a similar morphology and size te4&2particles alone. It should be noted
that particles loaded with DOX apgred to have a darker core, possibly due to the
DOX encapsulated inside. DLS was used to confirm that the size of the particles did
not change significantly following drug loading.-BE-ELP loaded with DOX had an
average hydrodynamic diameter of 38.9.4 8m, which was not significantly

different from the size of unloaded BEELP nanoparticles (Figure 3.12C). The
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similarity in size between DOJYoaded and unloaded EZF-ELP particles suggested
that a majority of the DOX was encapsulated in the coreratian bound to the
outside of the particke

Once encapsulation was confirmed, the release of DOX from encapsuladéd E2
ELP nanoparticles was studied. The original work by Ren, et al. observed enhanced
release at pH 5 compared to pH 7, which was hgsized to be a result of DOX
protonation at acidic pH leading to increased hydrophilicity and reféa$e E24F
ELP particles were encapsulated with DOX and resuspended in 1X PBS at pH 7 or pH
5, and then the drug released from the particles was measured over 24t at 37
(Figure 3.12D). Within the first 3 h almb60% of the encapsulated DOX was release
from the particles at pH 5, whereas only 18% of the drug had been released after 3 h at
pH 7.4. After 24 h, 57% of the encapsulated DOX was release at pH 7 whereas over
90% was released at pH 5 demonstrating cbesily faster release at acidic pH.

The faster release rate at pH 5 agrees with previous results published by Ren et.
al.; however, the original work reported minimal DOX release at pH 7 after 24 h while
our work showed that more than 50% of DOX wasaséd at neutral pH conditiofs.

A possible explanation for this difference is the alternative method of purification used
to separate free drug from the loaded particles. Here, 0.25 M of ammonium sulfate
was aded to precipitate the ELP for ITC. The addition of salt may have disrupted
noncovalent interactions between DOX and the particles, leading to some release. It
should also be noted that there are conflicting reports on whether the amine group of

DOX is piotonated at neutral pF22° or acidic pH?t2%. It is likely that te DOX is at
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least partially protonated at pH 7, which may explain the release observed here. It is
also possible that the difference in DOX release kinetics at pH 5 and pH 7 is not a
result of protonation, but instead a result of osmotic pressure difesreloe to the pH
gradient caused by encapsulating DOX at pH 7 before moving the particles to a pH 5
buffer for releasé?* Lastly, while wildtype E2 is stable at pH 5, genetic mutations of

the E2 nanocage have generated particles that dissociate in acidic corgitfiéhs.

The stability of E24F at acidic pH has not been testalit is possible that the

engineered particles are less stable at acidic pH leading to enhanced DOX release. No
matter the reason, this enhanced release at acideyseful for DOX release when

particles are internalized through the endosomal pathway.
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Figure3.12: Doxorubicin (DOX) loading and release from-ER nanoparticles(A)
Number of DOX moleculesncapsulated per subunit in-ERP, E24F
ELP,0GE1XE2-4FELP, and 4GE1-E2-4FELP nanoparticles(B)

TEM images of EAFELP encapsulated with DOXhe scale bars
represent 100 nn¢C) DLS spectra of DOX loaded EB~ELP. (D)
Cumulative release % of DOX from EI-ELP at pH 7.4 (grey) and pH
5 (red).Results are shown as the mean * standard deviation of data
obtained from three experiments.

3.4.7 Treatment with DOX loaded 4GE11E2-4F-ELP

Giventhe enhanced EGFRrgeting abilities of E2F when functionalized with
10% 4GE1imCherrySC, we moved forward with this decoration density to test
DOX delivery and bioactivity. DOX was encapsulated into 0GBt UGE11E2-4F
nanoparticles, and the nanoieles were incubated with IBC SUM149 or MCF10A
cells for 1 h. Free DOX at the same total DOX concentration (750 nM) was tested in

both cell types as a control. One hour was chosen as the incubation time to minimize
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DOX release from the particles befontarnalization. DOX uptake was quantified in
IBC SUM149 and MCF10A cells with flow cytometry (Figure 3.13A). In SUM149
cells, a 3.4old and 2.4fold enhancement in DOX internalization was observed with
AGE11E2-4F particles compared to OGEEPR-4F or freeDOX internalized through
diffusion. Additionally, 4GE14E2-4F was able to deliver approximateMd&d more
DOX to IBC SUM149 cells compared to MCF10A demonstrating IBC targeted DOX
delivery.

To test whether this observed difference in DOX delivery betvtbe two cells
lines was enough to elicit IBC specific death, cells were treated for 1 h with 750 nM of
free DOX or DOX loaded into 0GE1E2-4F and 4GE1-E2-4F particles. As controls,
cells were also treated with unloaded OGERI4F and 4GE1E2-4F to est the
cytotoxicity of the nanoparticles alone. Following treatment, cells were incubated for
72 h, and proliferation was measured via MTT assays. Cell viability following
treatment with each construct was normalized to the viability of untreated dglise(F
3.13C). Treatment with unloaded 0GEE2-4F and 4GE1E2-4F nanoparticles did
not result in high levels of cell death demonstrating the biocompatibility of the
unloaded particles. Treatment with free DOX lowered the cell viability of both cell
lines,with MCF10A cells exhibiting slightly higher sensitivity to treatméBC
SUM149 and MCF10A cells treated with free DOX for 48 h had an IC50 of 2 uM and
0.8 uM, respectively (Figure 3.13B). Previous work has also reported MCF10A cells
exhibit increasedensitivity to DOX treatment compared to SUM149 c&ig.he

difference in viabiliy between MFC10A and SUM149 cells increased as the DOX
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concentration increased, so we chose to deliver a low dose of DOX to highlight the
benefits of our targeted particle system. Cells treated with @ded 0GE1E2-4F
particles at this low dose did niead to significant levels of cell death in either cell
line. Treatment with DOXoaded 4GE1E?2-4F in SUM149 cells, however, resulted
in only 56% cell viability. More importantly, identical treatment in MCF10A cells
resulted in 78% viability which wasignificantly less cell death, despite MCF10A

cell 6s higher semvdro.ti vity towards DOX
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Figure3.13: Treatment with DOX loaded E2F nanopatrticlesn IBC SUM149 and

MCF10A cells. (A) Meariluorescence intensity dfee DOX andDOX
loadedOGE1XE2-4F and 4GE11E2-4F uptake in IBC SUM149 cells
(red) and MCF10A (grey) from flow cytometry analysis. Results are
shownas the mean tstandard deviation of data obtained from three
independent experimeni{®8) Cell viability following treatment witlree
doxorubicin in SUM149 (red) andCF10A (grey) cells for 48 hours.
Calculated DOX IC50 for SUM149 cell and MCF10A cells \2asM
and 08 pM, respectively(C) MTT assay to assess tbell viability of
SUM149 (red) and MCF10A (grey) cells following treeent withfree
DOX, unloaded OGEXE2-4F (OGE11), unloaded 4GE-H2-4F
(4GE11),DOX loaded0OGE1t1E2-4F (0GE11+DOX), or DOX loaded
AGE1XE2-4F.Cell viability results are shown as the meastandard
deviation of data obtained from three independent exyets.
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Compared to the original work Wen, et. al., treating IBC SUM149 cells with
750 nM of DOX loaded into 4GE1E2-4F for just an hour resulted in similar levels of
cell death as MDAVIB-231 cells treated with DOX loaded BF particles for 48
hours, @spite the higher sensitivity of MDMB-231 cells to treatment with free
DOX (IC50 of 0.93 uM compared to 2 pNy Additionally, AGE11E2-4F particles
demonstrated approximatelyf@d lower potency in noftancerous breast epithelial
MCF10A cells compared to IBC SUM149 cells, highlighting the E&#igeting

capabiities of these patrticles.

3.5 Conclusion

Here we assess the feasibility of using our E@&ilgeting conjugate, 4GE41
mCherrySC, to delivery E2AF nanoparticles engineered for doxorubicin loading.
SpyTag peptides on the surface of#2did not hinder particlassembly and could
be used to decorate the particles with a variety of protgémonstrating the
modularity of this functionalization strategy. BE nanoparticleslecoraédwith 10%
4GE1xmCherrySC maintained the ability to encapsulate high leveBOK and
preferentially release the DOX in acidic environments. Additionally, these particles
demonstrated enhanced internalization in E&@vBrexpressing cancer cells compared
to healthy breast epithelial cells with basal levels of EGFR expression. §hlghts
their ability to target EGFR which is commonly overexpressed in a variety of cancer
cells. Ultimately these EGFR targeted patrticles loaded with DOX were able to elicit

IBC specific cell death at nanomolar concentrations. While EGFR was targeted he



SpyTagE2-4F patrticles could easily be modulated to target a variety of receptors for
targeted DOX therapy. Overall, these results add to the growing body of work

highlighting the potential of protein nanoparticles as drug delivery carriers.
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Chapter 4

INCORPORATION OF ENDSOMOLYTIC PEPTIDES INTO EGRF -
TARGETED PROTEIN CONJUGATES FOR INTRACELLULAR PROTEIN
DELIVERY IN BREAST CANCER CELLS

4.1 Summary

Intracellular delivery of protein therapeutics remains a major challenge
limiting the majority of clinically available protein drugs to extracellular targets.
Strategies to deliver proteins to subcellular compartments have traditionally relied on
cell-pendrating peptides which can drive enhanced internalization but are rarely able
to target specific cells leading to grget effects. In our previous work, we
developed a robust method to employ unnatural amino acid (UAA) protein
modification chemistrieswttarget epidermal growth factor receptor (EGFR)
overexpressing cells with high selectivity; however, the-lifalfof the internalized
protein was limited due to endosomal entrapment and eventual degradation. Herein,
we developed a simple fusion modificat strategy to incorporate four endosomolytic
peptides, Aurein 1.2, GALA, HA2, and L17E, onto the UAA/EGERyeted protein
conjugates, and we evaluated the ability of the peptide modifications to trigger
endosomal escape while maintaining targeting §pegi Use of the recently

developed Gak¥FP assay indicated that fusion of each endosomolytic peptide led to



enhanced endosomal disruption. Additionally, incorporation of each endosomolytic
peptide increased the hdilie of the internalized protein andweredlysosomal
colocalization indicating enhanced endosomal escape capabilities. Despite this, only
EGFRtargeted conjugatdasedwith Aurein 1.2 and GALA maintained EGFRRII
specificity while also providing endosomal escape capabilities. The rpsesisned

herein provide new insight into endosomolytic peptide selection for the design of

targeted delivery systems.

4.2 Introduction

Delivering protein therapeutics into cells remains a major obstacle. Proteins
require active strategies to cross the cahbrane for internalization. Additionally,
proteins are often uptaken through endocytosis, and so accessing the cytosol or other
subcellular compartments requires internalized proteins to escape the endosome to
evade lysosomal degradation or exocytfdsBecaus of these challenges,
intracellular proteins make up less than 5% of protein therapeutics entering clinical
development? yet they remain of immense interest due to their therapeutic potential
and capacity to treat Aundruggabledo target
cancer> ??®Proteins also have shown promise as carriers for other cargos, including
small molecule drud® and nucleic acids (e.g. RNA??°and DNA® 229, which
often require cytosolic or nuclear tatigeg.

Past efforts to deliver proteins to intracellular targets have commonly relied on

cationic cellpenetrating peptides (CPPsghich often suffer from low efficacy,
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inadequate cell specificity, cytotoxicity, and pamwivo activity.!’ For example,

Tat?®, a cationic peptide derived from HY, has been used extensively in literature

as a means to improve the intracellular delivery of various active biof5giés

However, the mech#m of Tat internalization and its effectiveness at transporting

cargo to the cytosol remains highly disputed in the literature, with results varying

greatly between cell lines and cargd<342%° In vivodelivery poses additional

challenges regarding stability, biodistribution, and immunogenicity. Tat fused to an

anti-apoptotic regulatoig-FLIP, successfully inhibited tumor growith vivo;?4°

however, a r ec e nPKCanhibitor fuseatb Tat, knowmbs f or an

delcasertib, failed toh®w significant improvement in myocardial injuidt.

Together, these examples demonstrate that while Tat works for some applications, its

behavior is contexiependent and thus cannot be generalized between applications.
To combat the cytotoxicity and cedpecificity issues surrounding cationic

CPPs, pHresponsive endosomolytic peptides have been engineered to disrupt the

endosome by fusing with the membrane following atpgjered conformational

change® These peptide exhibit lytic properties in the acidic environment of the

endosome, but not in the phtutral extracellular environment. A majority of these

peptides disrupt the endosomal membrane through one of two mechanisgs: po

forming, also known as the barsthve mechanism, and the catliled mechanisn?®

It has been hypothesized that peptides that utilize the dépaehechanism have

greater endosomolyticavity than poreforming peptides, however, a direct
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comparison of these peptides within the same delivery system has rarely been
studied?*?

In the poreforming mechanism, neutral or negatively charged amphiphilic
pept i de s-hefixatacicaHrhat@llows the monomers to bind to the
memlrane and insert into the bilayer so that the hydrophobic residues align with the
core of the membrarf@ The pore size increases as more peptide monomers are
recruited, forming pores that are typically no larger than 10 nm in diafét&ne
of the most commonly used synthetic endosomolytic peptides, GALA, uses the pore
forming mechanisi* GALA, a 30 amino acid synthetic peptide made up of glutamic
acid-alanineleucinealanine (EALA) repeats, carries a high negative charge at neutral
pH due to the carboxylic acid moieties of the Glu residues, which destabilize its
secondary structure througlectrostatic repulsion. At acidic pH, the Glu side chains
protonate, increasing their hydrhelgdobi city
structure capable of interacting with and disrupting lipid bilayers. \denwed
peptides also commonlyilize this mechanism including hemagglutirf2n(HA2)
derived from the influenza vir’s and HGP derived from the endodomain of HIV
gp41s. 87

In the carpetike mechanism, cationic amphiphilic peptides electrostatically
bind and cover the lipid membrane with the hydrophobic residues facing the
membrane surfa®® Above a critical concentration, the pielets are thought to
collapse the lipid membrane, leading to micellization. Pores formed by peptides

employing the carpdike mechanism are typically significantly larger than the pores
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formed by peptides utilizing the peferming mechanism. For exampla,the case of
the lytic peptide from flock house virus, holes of D nm are formed in the
endosomal membrarf@ Antimicrobial peptides also frequently use the catiet
mechanism to access the cytoSahne such antimicrobial peptide, Aurein 1.2, has
demonstrated pidensitive endosomolytic activity in mammalian céfi€*3Another
engineered antimicrobial peptide, L17E, also utilizes the céikgetechanism. L17E
was engineered from Nycotoxin by substituting a leucine by glutamic acid to
attenuate its lytic activity at neutral pH.

Endosomolytic peptides have shown significant promise in nanoparticle
systems, enabling a variety of cargoes to be successfully delivered to the Bbsol.
Recently, GALAfunctionalized mRNA polyplexes encoding for OVA enhanced T
cell responses and dendritic cell matimat demonstrating potential as an mRNA
based vaccine platfordi* In another example, L17E was able to facilitate knockdown
of mMRNA levels by ~50% when conjugated to the surface of cowpea chlorotic mottle
virus (CCMV) nanoparticles loaded with sSiRNAS While these endosomolytic
peptides have shown promise in nanoparticle systems, only a handful of them have
bee fused to therapeutic proteins and tested for intracellular protein delt?&ifo
undestand the full potential of endosomolytic peptides for protein delivery, further
studies are necessary to generalize their use for delivering proteins that vary in size
and composition.

We previously developed an epidermal growth factor receptor (EGFR)

targeted protein conjugate capable of delivering a prodrug converting enzyme for
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robust, cellspecific breast cancer treatmétit.Clustering four EGFR ligands onto the
target protein through unnatural amino acid (UAA) incorporation resulted in
significantly higher cellulamternalization than a Tat fusion protein, along with
elevated prodrug conversion activity. However, the intracellulalif@ldf the

internalized protein was limited by entrapment in the endosome, leading to protein
degradation within 16 RWhile this wa not detrimental for delivery of a prodrug
converting enzyme due to the membrane permeability of both substrate and product,
cargoes that function in the cytosol or other subcellular compartments require
endosomal escape.

To make our EGFRargeted prot@i conjugate amenable to a variety of
intracellularly active cargos, four endosomolytic peptides with differing mechanisms
of endosomal disruption (e.g., peptides utilizing both the-fmmaing and carpelike
mechanism), were incorporated into the confet@mpromote endosomal escape. Two
peptides that disrupt the endosome through the-foonging mechanism: GAL# and
HA2%’, and two peptides that use the cadpet mechanism: Aurein 1°8and L17E’,
were tested for their ability to disrupt taedosome when fused to thetédfminus of
the EGFRtargeted protein conjugafEigure 4.1) It was discovered that L17E was
not amenable to genetic fusion, resulting in poor expression yields and high
cytotoxicity. Additionally, while HA2 was highly efficient at disrupting the endosomal
compartment, it acted as a cell penetrating peptide megedil specificity. Only
Aurein 1.2 and GALA peptides were able to improve endosomal escape of the EGFR

targeted conjugate while also maintaining specificity toward EG¥&expressing
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cells. Together these results highlight the importance of endostcreptide
selection when designing targeted protein delivery systems and demonstrate the
versatility of our previously engineered EGldrgeted conjugate for intracellular

proteindelivery.

/

% ,)\!7’ Plasma Membrane
Carpet-like -
EGFR-targeted
conjugate Fusion of L

peptide library EGFR mediated
: ; ': endocytOSIS

i ! \h .@ —

Pore-forming :

i Targeting peptide Endosomal membrane
: incorporation via disruption
i UAA chemistry -
1 2 -~ ~

N\
[ &«,\_I ' i& Cytosolic Protein
‘\ %" ’_)“(3 Delivery
~ -

Figure4.1: Four endosomolytic peptides were fused to theridinus of 4GE11
mCherrySpyCatcher to elicit endosomal escape for cytosolic protein
delivery

4.3 Materials and Methods

4.3.1 Reagents and Materials
DNA oligos were all purchased from IDT (Coralville, IA). Restriction
enzymes, T4 polynucleotide kinase (PNK), and T4 Digade for DNA cloning were

purchased from NEB (Ipswich, MA). Ingredients for bacterial culture medium were
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purchased from Fisher Scientific (Pittsburgh, PA). Plasmid and gel extraction kits

were purchased from Zymo Research (Irvine, CA) for DNA purificettowing

digestion or gel electrophoresis. IsoprepyD-1-thiogalactopyranoside (IPTG) and

antibiotics were purchased from Sigillrich (St. Louis, MO). The UAA, fAzido-

I-phenylalanine (4zidol-phenylalanine> 98 % (HPLC)) was purchased from

Chemimpex International Inc. (Wood Dale, IL). SEFSAGE reagents were purchased

from BIO-RAD (Hercules, CA). Amino acids and resin used for synthesizing GE11

were purchased from MilliporeSigma (Burlington, MA) and CEM Corporation

(Matthews, NC), respectively.o&vents used for peptide synthesis were purchased

from Fisher Chemical (Fair Lawn, NJ) . Dul &
1X), Han6samd Dul beccobds Modi fi €a3/mbn of E
Mi x and Dul beccods KduhiDMEM)aere porohased frorka gl e 0 s

Thermo Fisher Scientific (Grand Island, NY).

4.3.2 Construction of Expression Plasmids

Constructs were prepared using standard molecular cloning techniques. Gene
fragments encoding Aurein 1.2, GALA, HA2, and L17E were annealed using their
corresponding forward and reverse primers (Tdlgfollowed by T4 Polynucleotide
Kinase treatment. e DNA fragments were inserted into pET22ombermCherry
SpyCatchehis6-*3 using Ndel and Notl sites to yield the endosomolytic peptide
fusion proteins. Additionally, a Kpnl cut site was incorporated into all of the

constructs for colony screening. All plasmids were transéak intoEscherichia coli
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NEB5U ( NEB, Ifhoi A2 gp drgFHac2) UVGR phoA23 ginvV44a 80
plac2)M15gyrA96 recAl relAl endAl thi hsdR1Y. Bacteria were grown on 15 g/L
agar and 25 g/L Luridertani Broth (LB, 10 g/L tryptone, 5 g/L yeast extracty/b
sodium chloride) plates supplemented with 100 pug/mL ampicillin. Positive clones
were confirmed through DNA sequences and the positive clones waanestormed
with pULTRA-CNF (a gift from Prof. Peter G. Schifitginto E. colistrain

BL21(DE3) (EMD Millipore, Madison, WI) - ompT hsdSB(rBmB-) gal dcm (DE3)
p( sr | ®B:eMald (T&R)on plates supplemented with 100 pg/mL ampicillin and

100 pg/mL spectinomycirRlasmidsequences are availableAppendix A3.

Table4.1:DNA oligos used in Chapter 4

Primer/Oligo Sequence:

Name:

Aurein-F TATGGGCCTGTTTGATATTATCAAAAAGATTGCGGAAAGCTTCGGTACCGG
CGGGGC

Aurein-R GGCCGCCCCGCCGGTACCGAAGCTTTCCGCAATCTTTTTGATAATATCAAA
CAGGCCCA

GALA-F TATGTGGGAAGCCGCGCTGGCCGAAGCACTGGCTGAGGCGCTGGCGGAA
CATCTGGCGGAGGCCTTGGCAGAAGCGCTGGAGGCGCTGGCCGCGGGTA
CCGGCGGGGC

GALA-R GGCCGCCCCGCCGGTACCCGCGGCCAGCGCCTCCAGCGCTTCTGCCAAG
GCCTCCGCCAGATGTTCCGCCAGCGCCTCAGCCAGTGCTTCGGCCAGCGC
GGCTTCCCA

HA2-F TATGGGCGATATTATGGGTGAATGGGGCAACGAAATTTTTGGTGCCATCGC
GGGCTTCCTGGGCTGCGGTACCGGCGGGGC

HA2-R GGCCGCCCCGCCGGTACCGCAGCCCAGGAAGCCCGCGATGGCACCAAAA
ATTTCGTTGCCCCATTCACCCATAATATCGCCCA

L17E-F TATGATTTGGCTGACCGCGCTGAAATTTCTGGGCAAACATGCCGCGAAAC
ACGAAGCGAAACAGCAGCTGTCGAAACTGGGTACCGGCGGGC

L17E-R GGCCGCCCCGCCGGTACCCAGTTTCGACAGCTGCTGTTTCGCTTCGTGTT

TCGCGGCATGTTTGCCCAGAAATTTICAGCGCGGTCAGCCAAATCA




4.3.3 Expression and Purification of Proteins

Proteins were expressedTerrific Broth (TB) media (12 g/L tryptone, 24 g/L
yeast extract, 0.4% (v/v) glycerol, 9.4 g/L monopotassium phosphate, 2.2 g/L
dipotassium phosphate) supplemented with 100 pg/mL ampicillin and 100 pg/mL
spectinomycin. Cultures were inoculated with 3.5 aulture from a single colony to
an OD600 of 0.05 and allowed to grow af@7n a shake flask to an OD600 of 0.6
0.8. The 4pAzFmCherrySpyCatcher fusion constructs were induced with 1 mM IPTG
and supplemented with 4 mM pAzF. Cultures were grown ovieriaig3?C for 1518
h.

Cells were pelleted with centrifugation at 4000g for 10 minute8Gt3pent
media was removed and cells were resuspended in 1x phosphate buffered saline (PBS,
pH 7.4) with 10 mM imidazole to an OD600 of 25. Cells were lysed viaaton
and centrifuged at 10,0009 for 15 min &E4o collect soluble protein. The insoluble
protein pellet was saved and run on an SI&E gel. Proteins were purified using
His-Bind Ni-NTA resin gravity column from Thermo Fisher (Pittsburgh, PA)
accodi ng to the manufacturerés protocol . Aft

overnight in 1x PBS.

4.3.4 Synthesis of GE11 Peptide
The protocol for synthesizing GE11 and performing the corresponding
MALDI -TOF mass spectrometry is detailed in our previous WSRriefly, GE11

with an Nterminal linker HAIYPRHYHWYGYTPQNVI) was synthesized via solid
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phase peptide synthesis. Frriogropargylglycine was added to thet&rminus to
incorporate an alkyne group into the peptide for reaction with the pAzF incorporated
protein. The peptiel was purified via revergghase higkperformance liquid
chromatography and the final product was confirmed with MALDIF mass

spectrometry.

4.3.5 Site-Specific Conjugation of GE11 Peptide to Proteins

Coppercatalyzed alkyne azide cycloaddition (CUAAC) was usecbnjugate
GE11 to mCherry constructs. Briefly, 60 uM alky@&11 was reacted to 15 uM X
4Az-mCherrySC in 1x PBS (pH 7) with 250 uM CugL..25 mM THPTA ligand,
and 5 mM sodium ascorbate for 1 h at room temperature. The ppeigiiole
conjugates werthen purified with HisBind Ni-NTA resin to remove unreacted GE11
and copper ions and the proteins were dialyzed overnight in 1x PBS. The products
were analyzed with SDBAGE. Samples were filtered with a 0.22 uM syringe filter

prior to use in cellular argses.

4.3.6 Cell Culture
IBC SUM149 cells (a gift from Kenneth van Gotéh wer e grown in H
F12 medium supplemented with 5% FBS, 1% (v/v) mycoplasma antibiotic
supplement, 1% (v/v) penicillin/streptomycin, 1% (v/v) glutamine, 5 pg/mL insulin,
2.5 png/mL transferrin, 200 ngl selenium, and 1 pg/mL hydrocortisone according to

previously established methods. MCF10A cells were grova®i580 DMEM/Ham's



F12 medium supplemented with 5% FBS, 1% (Vv

bovine pituitary extQgacml, hlyod rGogc/omlt iisnosnuel,i r

cholera toxin, and 20 MIA/MBI23leqlls sthiedyr ma |
expressing Galectin8FP (a gift from Prof. Craig L. Duvalt’), were grown in

DMEM medium supplemented with 10% FBS and 0.1% (v/v) gentamicin.

4.3.7 Cellular I nternalization of Proteins

IBC SUM149 cells, MCF10A cells, or MDMB-231 cells were seeded (6 x
10* cells per well) in 8vell Lab-Tek Chambered Cover Glass plates with a collagen
film (1.5 mg/mL Collagen | Bovine Protein in 0.02 M acetic acid in deionzaikr)
and incubated overnight at®7. Cells were then incubated with 1 uM of protein for 3
h. The media wsremoved and cells were washed three timiéls 1x DPBS to
remove unbound protein. Cells were then fixed with 10% formalin for 15 minutes,
treatedwith DAPI (300 nM) for 10 minutes, and rinsed twice with 1x DPBS.
Internalization was observed on a Leica DM6000 fluorescence microscope (Wetzlar,
Germany) with a 40x objective. Images were taken using 350/50 nm excitation and
460/50 nm emission for DARINd 545/25 nm excitation and 605/70 nm emission for
mCherry.

Flow cytometry was used as a quantitative analysis of mCherry association in
IBC SUM149 and MCF10A cells. Cells were seeded wwédl cell culturetreated
plates at a density of 1.5 x%€ellsper well and incubated overnight a@7 The

medium was replaced and cells were incubated with 1 uM of protein for 3 h. Cells
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were washed three times in 1x DPBS before being treated with trypsin. Cells were
subsequently neutralized with the appropriai media and centrifuged &23gfor 4
minutes Cells were resuspended in cold 1x DPBS, put through a cell strainer, and
analyzed with flow cytometry (NovoCyte, ACEA Biosciences, Inc., San Diego, CA,
USA). The mCherry fluorescence intensity of 1.5 £d&ls was measured with a 488

nm excitation laser at am emission wavelength of 660 nm.

4.3.8 Galectin8YFP Endosomal Disruption Assay

MDA-MB-231 cells expressing Galectiyd~P were seeded in arvéell Lab-
Tek Chambered Cover Glass plate coated with a collafperafia density of 5 x 0
cells per well and incubated overnight at@7Cells were incubated with 1 uM of
protein for 3 h. The medium was removed and cells were washed three times in 1x
DPBS. Next, fresh medium was added to the cells and the cellsneebated for 16
h. After incubaton, the medium was removed, and cells were fixed as described
above. The cells were visualized with a 40x objective on a Leica DM6000
fluorescence microscope (Wetzlar, Germany) with 350/50 nm excitation and 460/50

nm emis®n for DAPI and 488/40 nm excitation and 525/50 nm emission for YFP.

4.3.9 Galectin8YFP Quantification
To quantify the Galgositive puncta normalized to cell number, the MATLAB
code generated by Kilchrist, et.?4fwas adapted for images taken on a Leica

microscope with a 40x objective. Briefly, thresholding was used to identify- Gal8
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positive puncta and a visual check was outputted in which-@aBive puncta were
identified with red circles. The program also ctaththe number of DAP$tained

nuclei in each image and outputted a visual check to ensure each nucleus in the image
was counted. The program then calculated the sum ofgasive puncta intensity
normalized to the number of cells in each image. THutstion was done for at least

15 images from three independent experiments for each sample. The derivative code

wilbemadeavai | abl e on the Figshare platform p

4.3.10 Lysosomal Degradation

The 0 h samples were prepared as described in SdcaignFor the 16 h
samples, 6 x HAIBC SUM149 cells were seeded im&ll plates coated with a
collagen film and incubated overnight af@7 Cells were then incubated with 1 uM
of protein for 3 h, wehed 3x with DPBS to remove extracellular protein, and
incubated at 3C for an additional 16 h. After 16 h, cells were fixed, stained with
DAPI, and imaged as described.

For flow cytometry experiments, cells were seeded iwéR cell-treated
plates at alensity of 1.5 x 19cells per well and incubated overnight at@7The next
day, cells were incubated with protein for 3 h, washed 3x with DPBS, and incubated at
37°C for 16 h. After 16 h, the cells were prepped for flow cytometry as described
above andhe mCherry fluorescence intensity of 1.5 % délls was measured with the

NovoCyte flow cytometer. For chloroquine (CQ) containing samples, cells were
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treated with 100 uM of chloroquine for 4 h before being treated with 1 uM of 4GE11

mCherrySC and proessed for analysi3h or 16h posincubationas describedbove

4.3.11 Lysosomal Colocalization

IBC SUM149 cells were seeded on a collagen coatedlBglass plate as
described above before being incubated &C3Wernight. Cells were subsequently
incubated ith 1 uM of protein for 3 h, washed 3 times with 1x DPBS, and covered in
media before being returned to the incubator for 10 h. Next, cells were stained with
150 nM LysoView (Biotium, Fremont, CA) in cell medium and NucB¥ie
LiveReadyProbe¥' Reagent (Hoehst 33342) (Thermo Fisher Scientific, Grand
Island, NYY) for 30 minutes. The medium was removed and cells were resuspended in
Live Cell Imaging Solution before being imaged with a Z&iSM 880 confocal
microscope (Thornwood, NY). Zeiss colocalization wafte was used to measure the

Mander 6s Correlation Coefficient (M

4.3.12 Cell Viability Analysis

SUM149 cells were seeded ittissue culture treated 9@ell plate (Corning
Inc., Corning, NY)at a density of 2 x T@ells per well and incubated overnight.
H a mB-B media with 2 uM of protein was added to the cells and incubated for 3 h.
Following incubation, cells were washed 2x with DPBS to remove extracellular
protein and resuspended in fresh media. After 72 h of incubatiofGt &ls were

incubated witha second dose of 2 uM of protein for 3 h and washed before replacing
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the media. Cells were then allowed to incubate for another 72 h. Afte@A2ViT T
Cell Proliferation assay (Thermo Fisher Scientific, Grand Island, NY) was performed

accordingtothemmau f act urer 6s protocol

4.3.13 Statistical Analyses
Results were reported as mean + standard deviation except where noted. All
experiments were replicated at least three times. Statistical significance was

determined with an unequal variancéeBbt. Significance as accepted at p < 0.05.

4.4 Results

4.4.1 Synthesis and characterization of endosomolytic peptide fusions

In our previous work, we clustered four EGBRding GE11 peptidé$onto
mCherry protein that was fused to SpyCatcher (SC) to create an EGFR targeted
fluorescent transporter construct capable of cargo attachment through
SpyCatcher/SpyTag chemistt§(4GE11mCherrySC) 13 Briefly, 4GE1%1CherrySC
was generated by a thretep process: (1) fourgmidol-phenylalanine (pAzF)
unnatural amino acids (UAAS) were incorporated through amber suppréssitm
the Nterminus of mChernBC inE. coli; (2) an alkyneGE11 peptide was synthesized
with an Ntermind propargy! glycine via solid phase peptide synthesis; and (3) the
alkyneGE11 was reacted to 4pAzRCherrySC through CUAAC. 4GEXinCherry
SC demonstrated robust EGISRecific internalization in inflammatory breast cancer

(IBC) SUM149 cells compared to &léhy breast epithelial MCF10A cells, as the
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MCF10A cells exhibited 5 times less membrassociated EGFR. This phenomenon
resulted in IBCspecific cell death when a SpyTag (Sti3ed prodrug converting
enzyme was attached to 4GEHMCherrySC via SpyCatchéSpyTag bioconjugation.
Despite successful targeted internalization, 4GECherrySC remained entrapped
in the endolysosomal pathway leading to lysosomal colocalization (FggBgand

rapid lysosomal degradation within 16 h (Figdr2A).

A B

Lysosome mCherry

Figure4.2: 4GEL1-mCherrySC endosomal entrapment. Fluorescence microscopy
images ofiBC SUM149 cells (A) Oh and (B)6h following incubation
with 4AGE1EmCherrySC. The scale bar represents 25 um. (C) Confocal
fluorescence microscopy images of IBC SUM149 detlzged 4hpost
protein incubation. The cells were stained with lysotracker (green) and
DAPI nuclear stain (blue). The scale bar represents 50 pum.
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To increase the range of cargo that can be delivered with 4@EherrySC,
an approach to improve the endosomal escapabilities of 4GE1-IMCherrySCis
neededAccordingly, four endosomal escape peptides (TaRewere genetically
fused to the Nerminus of 4pAzFnCherrySC and expressed i colithrough

amber suppression (Figu4edA).

Table4.2: List of theendosomolytic peptides used in this study with their amino
acid sequence, neharge at pH 7, and mechanism of action

Peptide Sequence Ne(tpﬁh%rge Mode of action
Aurein 1.2  GLFDIIKKIAESF 0 Carpetlike
GALA WEAALAEALAEALAEHLAEALAEALEALAA -6.9 Poreforming
HA2 GDIMGEWGNEIFGAIAGFLGC -3.1 Poreforming
L17E IWLTALKFLGKHAAKHEAKQQLSKL 4.2 Carpetlike

Expression was monitored by measuring the mCherry fluorescence intensity of
the clarified protein lysate and normalizing to the fluorescence intensity of 4pAzF
mCherrySC alone (Figurd.3B). The fusions were purified with His,g NENTA
affinity chromatogaphy and the purified samples were analyzed via-BBRGE
(Figure4.3C). Fusion with Aurein 1.2 resulted in expression levels similar to 4pAzF
mCherrySC alone; however, a moderate decrease in expression was observed when
GALA and HA2 were fused to the m€hy construct, with the GALAand HA2

4pAzF-mCherrySC expression levels only reaching approximately 50% and 65% of
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the original 4pAzFnCherrySC construct, respectively. Fusion with GALA and HA2
also resulted in a higher level of insoluble protein, winigy contribute to the
decrease in soluble protein observed (Figus®). For the L17E fusion, expression
decreased drastically, to approximately 15% of the expression level of the original
4pAzF-mCherrySC, and larger cultures volumes were necessanglt fynctional

guantities.
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Figure4.3: Expressiorand purificatiorof endosomal peptide fusion proteins. (A)
Schematic of endosomolytic peptide fusions with 4pAzEherrySC.
(B) Soluble lysate mCherry fluorescence normalizecbtacentration
determired by Bradford protein assays. Results were then normalized to
expression levels of the original 4pABRCherrySC protein. Results are
shown as mean * standard deviation of three independent experiments.
(C) SDSPAGE analysis of Higag purified construct¢D) Expressiorof
endosomolytic peptide fusions. (A) SIPAGE ofAurein 1.2, GALA-,
HA2-, and L17E4Az-mCherrySC.S: soluble lysate, I: insoluble lysate,
P: histag purified protein. All endosomolytic proteins are approximately
50 kDa.
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The four GE11 peptides were conjugated to the péaftaining fusions with
CuAAC as described i@hapter AFigure 4.4A)** The reaction yield was confirmed
with SDSPAGE analysis (Figuré.4B). The product band shift following reaction
was similar for all constructs suggestithat pAzF reactivity was not significantly

hindered by the presence of the endosomolytic peptides.

A
N, N GE11
A~
N3 N3 CuAAC
No Peptide  Aurein GALA HA2

B - + - + - - +

-y,

75

50

37

Figure4.4:. CuAAC conjugation of endosomolytic peptide fusions. (A) CUAAC
reactionschematiof endosomolytic peptidéGE1EmCherrySC
fusions (B) SDSPAGEanalysis oproteins before-GE11) and after
(+GEL11) reaction.



Protein fusions without the pAzF residues were also generated to act as 0GE11
controls These proteins were the exact same sequence as their 4pAzF counterpart
except the pAzF residues wetesant. These proteins were expressed in BE2Joli
and the Is-tag purifiedproductwas confirmed via SD®AGE (Figured.5). All the
OGEL11 proteins expressed at high levels except LA@E&in, L17E drastically

decreased the expression yield even witlhd& incorporation

Figure4.5: Expressioand purificationof endosomolytic peptide fusions without
UAA incorporation.(1) Bio-Rad protein ladder, (2) AureimCherry
SpyCatcher, (3) GALANCherrySpyCatcher, (4) HA2ZmCherry
SpyCatcher, and (2)17E-mCherrySpyCatcher
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4.4.2 Uptake of endosomolytic peptide fusions in IBC SUM149 cells
Internalization was initially measured in IBC SUM149 cells expressing high
levels of EGFR. Cells were treated with endosomolytic peptide fusions and uptake
was visualizedvith fluorescence microscopy for fusions without GE11 peptides
(OGE1) or with four GE11 peptides (AGEL{Figure4.6A). Corresponding phase
images are provided in Figude6B and upake was quantified with flow cytometry
(Figure4.6C). The mean fluorescea intensity (MFI) of all samplesagnormalized
to the uptake of the original 4AGEMCherrySC construct in IBC SUM149 cells
without an endosomolytic peptide. Consistent with our prior studies, HGdtRated
protein internalization in the absence of esmoolytic peptides was only observed
when 4GE11 peptides were present. The Aurein 1.2 and GALA fusion proteins
maintained EGFRpecificity, as demonstrated by their significantly higher uptake
levels with 4GE11 compared to the same proteins witG&iitl peptides (0GE11).
The Aurein 1.2 fusions demonstrated the highest fold differencddidiPbetween
0GE11 and 4GE11 containing constructs. The fold change was reduced in the GALA
containing constructs to 2fald, but the difference between 0GE11 and 4GE11
remained significant. For fusions with HA2 and L17E, the difference in uptake
between the 0GE11 and 4GE11 constructs was not significant suggesting that an

alternative mechanism of internalization was occurring that was not EGFR specific.
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Figure4.6: Uptake of protein fusions iBC SUM149 cells. A) Fluorescence
microscopy following treatment with endosomal fusions without GE11
(OGE11)or treatment with endosomal fusions with four GE11 peptides
(4GE11). Cells were stained with DAPI nuclear stain (blue). The scale
bar represents 40 untB) Corresponding phase images for SUM149
internalization studies following treatment with endosomal fusio
OGE11 and endosomal fusions with 4GE11. Scale bar represents 40 um.
(C) Mean fluorescent intensity of cells treated with endosomolytic
fusions containing 0GE11 (grey) or 4GE11 (red) from flow cytometry
analysis. Results are shown as the mean fluoresdetansity + standard
deviation of data obtained from three independent experiments.
*Indicates a statistically significant difference between 0GE11 and
4GE11 conjugates with the same endosomolytic peptide in IBC SUM149
cells (p < 0.05).

4.4.3 Uptake of endosonolytic peptide fusions in MCF10A cells

To further assess the EGFR cell specificity of the endosomolytic peptide
fusions, mCherry internalization was also assessed in the breast epithelial cell line
MCF10A, which expresses basal levels of EGFR that ar@zipmately 5 times lower
than the EGFR expression level in IBC SUM149 cEfls$1CF10A cells were treated
with protein and uptake was measured. Fluorescence microscopy was used to visualize
internalization of 0GE11 and 4GE11 constructs (Figuré); corresponding phase
imagesare provided in Figuré.7B. Flow cytometry was again used to quantify
uptake (Figurel.7C), and the MFI of all samples was normalized to uptake of the
original 4GE1imCherrySC construct in IBC SUM149 cells. Low levels of
internalization were observedrfoGE11 and 4GE1imCherrySC constructs without
an endosomolytic peptide, corroborating our previous Wwrkhe modest increase in

uptake with 4GE11 peptides was expected since MCF10A cells express low levels of
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EGFR. Nonetheless, there wa$oBl higher internalization 4GE1XmCherrySC in
SUM149 cells as compared to MCF10A cells. Aurein 1.2 and GALA fusions
containing 0GE11 demonstrated higher levels of internalization compared to 0GE11
alone, suggesting a minor increase in-spacific uptake; however, the uptake lsvel
were still significantly lower for the 4GE11 fusions compared to targeted uptake levels
in IBC SUM149. Specifically, the fold differende uptakebetween SUM149 cells

and MCF10A cells for Aurein 1:aand GALA-4GE1tmCherrySC constructs was
2.9-fold and2.3-fold, respectively, which is comparable to théoRl difference

observed when no endosomolytic peptide was fused. Constructs fused with HA2 or
L17E demonstrated high levels of internalization in MCF10A whether GE11 peptides
were present or not. Thasce again suggests that fusion of HA2 or L17E to 4GE11
mCherrySC promotes internalization through a mechanism other than EGFR

mediated endocytosis, thereby negating cell specificity.
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Figure4.7. Uptake of protein constructs in MCF10A cells. (Auorescence
microscopy following treatment with endosomal fusions with 0G&11
treatmentvith endosomal fusions with 4GE11 peptides. Cells were
stained with DAPI nuclear stain (blue). Scale bar represents 4(B)m
Corresponding phase images for MCFlifernalization studies
following treatmentith OGE11 or 4GE11 endosomal fusioBsale bar
represents 40 uniC) Mean fluorescent intensity of cells treated with
endosomolytic fusions containing 0GE11 (grey) or 4GE11 (red) from
flow cytometry analysis. &ults are showas the mean fluorescence
intensity + standard deviation of data obtained from three independent
experiments. *Indicates a statistically significant difference between
OGE11 and 4GE1&onjugates with the same endosomolytic peptide in
MCF10Acells (p < 0.05).

4.4.4 Endosomal disruption with Gal8 Assay

We next assessed the bioactivity of each endosomolytic peptide. G8lectin
(Gal8) visualization was used to measure endosomal disruption inMB&31 cells
stably expressing Gal8FP 24" When endosomes arestupted, Gal8 selectively binds
to moieties inside the endosomal membrane leading to redistribution that can be
visualized through fluorescence microscépy MDA-MB-231 cells are a tripte
negative human epithelial breast cancer cell line that overexpressesdE &VRIs
similar to IBC SUM149 cell$®3 Previous work has demonstrated the ability of the
GE11 peptide to target EGFR overexpression in MDB-231 cells®! 249251 Tg
confirm internalization, MDAMB-231 Gal8YFP cells were treated with 1 uM of the
endosomolytic fusion proteins with &1 or 4GE11 peptides for 3 h and uptake was
confirmed through fluorescence microscopy (Figh®A and Figuret.8B). Uptake

levels were similar to those observed in SUM149 cells. Once again uptake appeared to
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be EGFRspecific for the Aurein 1.2 and GALAIsions, but the HA2 and L17E

fusions were uptaken whether 4GE11 was present or not.

A 0GE11 Aurein GALA L17E

4GENM Aurein-4GE11 GALA-4GE11 HA2-4GE11

L17E-4GE11

B No Peptide Aurein

4GE11 Aurein-4GE11

23N

Figure4.8: Uptake of protein constructs in MDKB-231 cells. (A) Fluorescence
microscopy following treatment with endosomal fusions WEE11or

4GE11 peptidegB) Correponding phase imageScale bar represents
100 pm.



Once uptake was confirmed, endosomal disruption was measured in MDA
MB-231 Gal8YFP cells. Gal8 binds to glycans unique to the inner face of endosomal
membrane$>? In the event of endosomdisruption, Gal8YFP redistributes from the
cytosol into the endosomes which can be visualized by the appearance-of Gal8
positive puncta. Cells were treated with 1 uM of protein for 3 h to allow
internalization before being washed and incubated for aiti@ua 16 h to allow time
for endosomal escape. Fluorescence microscopy was then used to visualized Gal8
YFP recruitment following treatment with 0GE11 proteins or 4GE11 containing
proteins (Figure A). Corresponding phase images are provided in Fig@®& For
O0GEL11 proteins, only HA2 and L17E fusions demonstrated-B&R recruitment to
the endosomes, as demonstrated by the appearance of Bal8ositive puncta. This
result agrees with previous findings, as only the HA2 and L17E fusions were uptaken
at high levels without GE11. When cells were treated with 4GE11 containing
proteins, Gal8YFP positive puncta were visible for all constructs containing
endosomolytic peptides, while 4GEfiCherrySC alone did not elicit Gal8FP

redistribution.
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Figure4.9: Gal8&YFP endosomal disruption assay. (A) Fluorescence microscopy of
Gal8YFP expressing MDAVIB-231 cells 16 h following treatment with
endosomal fusions without GE11, and endosomal fusions with 4 GE11

peptides. Scale bar represents 100 (B Corresponding phase images.
Scale bar represents 1Qa6.

To quantify Gal8 recruitment, a MATLAB program, derived from Kilchrist, et

al2* was used to measure the fluorescence intensity of G&Bpositive puncta



normalized to théotal number of cells in an image frame (FigurE®t Minimal

endosomal disruption was observed for 0GEid 4GE1imCherrySC without an
endosomolytic peptide fusion partner. Robust endosomal disruption was demonstrated
by HA2 and L17E fusions with orittiout 4GE11, while Aurein 1.2 and GALA
demonstrated significantly higher Gal8 recruitment when 4GE11 was present
compared to 0GE11 constructs. HAGE1tmCherrySC demonstrated the highest

level of endosomal disruption suggesting superior endosomolyipefres.
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Figure4.10: Gal8YFP assay quantification. (A)riginal image of Gal8/FP
expressing MDAMB-231 cells with DAPI nuclear staining. (B) Visual
check generated by the code; a red halo is generated around Gal8 positive
puncta. (C) Watershed image outpdtby the code to count the DAPI
stained nuclei(D) Gal8-positive puncta intensity normalized to cell
count as determined by MATLAB quantification. Results are shown as
the mean + standard deviation of data obtained from three independent
experiments*Indicates a statistically significant difference between
OGE11 and 4GEL11 conjugates with the same endosomolytic peptide (p <
0.05).
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4.4.5 Lysosomal degradation in IBC SUM149 cells

Most of the proteins trapped within endosomes undergo exocytosis or
lysosomal degradation preventing delivery to the cyttfsBecause of this, only a
small amount of 4GEXinCherrySC protein was visible inside IBC SUM149 cells 16
h postinternalization (Figurd.2A), despite high levels of initial uptake and an
intracellular mCherry halfife of 20-30 h?°3 To measure the amount of protein
remaining inside IBC SUM149 cells, cells were treated witiigin for 3 h before
extracellular protein was removed. Immediately after protein treatment (0 h), mCherry
internalization was imaged with fluorescence microscopy. Cells were then incubated
for 16 h before fluorescence microscopy was again used to zsuadtherry
trafficking (Figure4.11Aand 4.11B. 16 h was chosen to allow enough time for
lysosomal degradation while minimizing dilution from cell proliferation (the doubling
time of IBC cells is approximately 26%). From microscopy, cells treated with
endosomolytic peptide fusions contained more mCherry protein at 16-h post
internalization as compared to cells treatgith 4GE1tmCherrySC alone. We
expected the protein to be diffused throughout the cytosol; however, most of the
protein still appeared in bright punctate spots suggesting endomembrane localization

or protein aggregation within the cytosol.
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Figure4.11: Lysoomal degradation ifBC SUM149 cells. Fluorescence microscopy
following treatment with endosomal fusions containing 4GE11 at O h
following protein incubation or 16 h following protein incubati@ells
were stained with DAPI nuclear stain (blu@) Corresponding phase
images.The scale barepresenttO um (C) Lysosomal degradation of
A4GE1XmCherrySC following treatment with 100 uM of chloroquine
(CQ). Fluorescence microscopy and corresponding phase images of
AGE1XmCherrySC 0h and 16following internalization in IBC
SUM149 cells pretreated with CQ

The percent of protein remaining in the cells after 16 h was quantified by
dividing the MFI of cells incubated for 16 h after treatment by the MFI of cells O h
after treatment (Figuré.12). The MFI (n = 3) of cells 0 h and 16 h post
internalization was measured with flow cytometry. Less than 20% of protein remained
after 16 h in cells treated with 4GEbICherrySC. To demonstrate this rapid
degradation was occurring in the lysosome, cellewrerated with chloroquine (CQ),

a weak base that prevents lysosomal acidification and in turn inhibits protein
degradation by pH specific enzynf@Following CQ treatment, cells were inatbd

with 4GE1XmCherrySC and internalized protein was measured at 0 h and 16-h post
incubation. From fluorescence microscopy, high levels of 4G&CherrySC

remained in cells pretreated with CQ after 16h (Figui&C). The protein appeared to
remain inthe endosomal membranes which agrees with previous literature where
higher concentrations or longer treatments of CQ are necessary to rupture the
endosomal membrane and promote esép&’Here, higher concentrations of CQ
lead to significant cell toxicity. When cells were pretreated with CQ, nearly 85% of

the protein that was internalized remained in the cells after 16 h. This suggests that the

144



rapid disappearanad 4GE1XmCherrySC signal is primarily the result of lysosomal
degradation. The remaining 15% of protein was likely lost through dilution from cell
division or exocytosis. More protein remained after 16 h in cells treated with the
endosomolytic peptidautions compared to cells treated with 4GHEICherrySC

alone. Specifically, Aurein 1.2 and HA2 demonstrated the lowest levels of lysosomal
degradation, with 72% and 82% of protein remaining after 16 h, respectively, similar

to treatment with CQ.
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Figure4.12:Quantified lysosomal degradation in IBC SUM149 c€ke. The percent
of remaining protein 16 h paesicubation compared to 0 h pest
incubation as determined by flow cytometry. Results are shown as the
mean + standard deviation of data obtained from timeependent
experimentsFlow cytometry histograms corresponding to the lysosomal
degradation studies comparing internalized protein leveB)o4GE11
mCherrySC, C) Aureinr4GE1EmCherrySC, O) GALA-4GE1tL
mCherrySC, €) HA2-4GE1XmCherrySC, and f) L17E-4GE1%
mCherrySC, 0 h postincubation (red) and 16 h pesicubation (green)
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4.4.6 Lysosomal colocalization in IBC SUM149 cells

The endosomolytic peptide 4GEMCherrySC fusions maintained a punctate
distribution characteristic of enchembrane localization 16 h after internalization,
despite evidence of endosomal disruption from the Gal8 assay. To assess lysosomal
colocalization, IBC SUM149 cells were stained witsoView, a pHsensitive dye
that localizes in acidic compartments, tsualze lysosomal membranes. Cells were
treated with protein and incubated for 10 h to allow time for endosomal escape before
lysosomes were stained and cells were imaged with confocal microscopy (Figure
4.13A). To quantify the mCherry protein (red piXetolocalized in the lysosomes
(green pixels), the Man)dvasrcdcslatedwithZass at i on C
colocalization software (Figurk13B).2%8 Cells treated with 4GE+mCherrySC had
the largest Mvalue of 0.75, suggesting that 75% of the protein remains entrapped in
the lysosome. Endosomolytic peptide fusions all demonstrated significantly lower
levels of lysosomal colocalization, with Aurein 1.2, GALA, HA2, and L17E showing
54%, 52%, 42%, and 46% the internalized proteiremainedentrapped in the
lysosomes, respectively. HA2 demonstrated the lowest apparent lysosomal
colocalization; however, the difference between the four constructs was not

significant.
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Figure4.13:Lysosomal colocalization of pt@in constructs ilBC SUM149 cells. (A)
Fluorescence microscopy following treatment with GE11 endosomal
fusions (red) and lysosomal stainifggeen) with LysoView. The nuclei
are stained with DAPI in blue and colocalization between mCherry and
LysoView isrepresented in yellow. The scale bar represents 10 um. (B)
Quantification of colocalization between lysosomes and 4G&kted
endosomal fusioproteins in SUM149 cells based on calculation of
Mander 0s c g).éAfrahge ofi8l2 mages wenel anged,
approximately 50 cells, per each sample and theds reported as the
mean * standard deviation

4.4.7 Cell Viability in IBC SUM149 cells

Although the lytic properties of endosomolytic peptides aralppendent,
there is still the potential for reconfigiion and activation at more neutral pH leading
to cell membrane lysis. This effect has been documented in literature for a number of
endosomolytigeptides ands believed to be a result of variations in charge
distribution and the isoelectric point oftprotein fusiort>® 2°Therefore, we studied
the cytotoxicity of each endosomolytic peptide fusion. MTT assays were used to

determine the effect of each endosomolytic pepti@&11mCherrySC fusion on
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IBC SUM149 cell growth. Cells were treated with 2 uM of protein twice over 6 days

and the cell viability was measured (Figdr&4A). Cell viability of each sample was

normalized to the viability of untreated cells (Figdt&4B). Aurein 1.2, GALA-, and

HA2-4GE1XmCherrySC fusions did not exhibit high levels of cytotoxicity (> 85%

viability) following two treatments; however, cells treated with LYMAEE1E

mCherrySC were only 25% viable after treatment, demonstrating that the addition of

the L17E peptidsignificantly hindered SUM149 cell viability.
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Figure4.14: Cell viability assays ilBC SUM149 cells. (A) Cells were treated twice

with 2 uM of endosomolytic 4GE11 proteins. (B)I T assays were used

to assess the viability of SUM149 céitdlowing treatment with

endosomolytic peptide fusions. Results are shown as the mean + standard
deviation of data obtained from three independent experiments



4.5 Discussion

Herein, we assessed the bioactivity of four endosomolytic peptides that were
genetically fusedtoan EGHRar get i ng fl uorescent Otransapc«
evaluated recombinant expression yield&.iroliwhen each endosomolytic peptide
was fusedd the Nterminus of 4pAzFmCherrySC. Our results with Aurein 1.2,
GALA, and HAZ2 fusion expression were largely aligned with results from prior
literature. For example, Aurein 1.2 was previously recombinantly expreskedati
despite being derived froan antimicrobial peptide®: 26*and other antimicrobial
peptides have also been successfully expresseddaliwhen fused to proteirf§? 263
Our results were in agreement, with the expression of the Aurein 1.2 fusion partner
occurring at similar levels as the base proteinstructs. Fusion with GALA and HA2
decreased the expression of the soluble prodaogimally; however, the yield of
soluble protein was still sufficient. Both peptides were previously shown to decrease
soluble expression of other fusion partners because of their hydrophétictjwe
observed a similar phenomenon, in that fusion with GALA and HA2 resulted in a
higherlevel of insoluble protein. Fusion of L17E to 4pAafCherrySC and
mCherrySC significantly reduced expressidr our knowledge, this is the first
attempt to genetically fuse L17E directly to a target protein and express the peptide
recombinantly, as por work with L17E peptide has employed seidase peptide
synthesis’. The peptide is derived from the antimicrobial peptidycotoxin?®®, and
while it has been engineered to attenuate lytic activity at neutral pH, recent results

have demonstrated that the peptide preferentially perturbs negatively charged
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membranes, such as the endosomal membrane, without demonstrating pH
selectivity®’ Because of this, L17E likely retains its lytic activity toward gram
negativeE. colicells, making recombinant expression an inappropriate method of
production.

Endosomolytic peptides have shown some abilityigmer cell internalization,
which can hinder targeting specificity. For instance, Aurein 1.2 enhanced uptake of
fused protein nanocarriers in prior wétk Here, fusing a single Aurein 1.2 peptide to
4GE1xmCherrySC did not significantly increase uptake, indicating that protein
internalization remained primarily EGHRediated. However, increasing the
multivalency of the Aurein 1.2 peptide may decrease this specificity. Despite
maintaining some EGFRBpecificity, GALA decreased the internalization of 4GE11
mCherrySC in SUM149 cells. Interestingly, this phenomenon has been observed in
|l iterature before with other GALA fusion ¢
hypothesized to trigger peptide aggregation on tHheramambrane, blocking further
cytoplasmic transporf® 266 This effect may be a driver of the behavior we observed,
particdarly considering the increase in insoluble protein expression that was evident
for GALA-4pAzFmCherrySC. Alternatively, the high net negative charge of the
peptide at neutral pH could be hindering interaction with the negatively charged cell
membrane lig bilayer!®®Here, HA2 and L17E did not maintain EGBRecificity of
A4GE1EmCherrySC, suggesting an alternative mechanism of internalization. Recent
literature demonstrated that HA2 fusion to th¢elminus of liganetargeted protein

nanopaitles drastically reduced cell receptor specificity, in agreement with our
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findings?°° Likewise, previous work demonstrated that the L17E peptide was rapidly
internalized through micropinocytosis and membrane ruffling due to its positive net
charge’” 5’ These phenomena likely explain the alternative uptake mechanism
observed here. The behaviors highlight the limitations of HA@L17E

modifications when receptor targeting is desired.

The bioactivity of each endosomolytic peptide was assessed by evaluating
endosomal disruption, lysosomal degradation, and lysosomal colocalization. The Gal8
assay demonstrated increased levelnoiosomal disruption when endosomolytic
peptides were fused to 4GEMCherrySC, with HA2 showing the highest levels of
disruption. We had expected the casilat peptides to show the highest levels of
endosomal disruption because they are believed o lEmger pores in the membrane;
however, it is possible that fusing these peptides to proteins hinders their membrane
disruption activity more than poferming peptides. This possibility is further
supported by the higher levels endosomal disruption dauSALA as compared to
Aurein 1.2, despite lower levels of internalization. L17E also showed lower levels of
endosomal disruption compared to HA2 despite similar levels of internalization. This
could possibly be explained by recent results which sudggsthte major mechanism
of L17E internalization is a membrane ruffling effect, leading to direct cytosolic
uptake rather than cytosolic delivery through endosomal es€apeectly fusing
L17E to the cargo protein may, however, effect the matiezation mechanism since
roughly half of the internalized protein was in the lysosomes from our lysosomal

colocalization study. Additionally, we delivered significantly less L17E peptide than
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the original study, and delivery concentration of cationidigep has been shown to
affect the mechanism of internalization. Direct cell membrane penetration is more
likely at higher concentratiorf§®

For all endosomolytic peptide fusions, roughly half of thetgin remained
trapped in the lysosomes, likely explaining the mCherry puncta observed after 16 h.
Higher peptide concentrations would likely enhance the endosomal escape, but
depending on the cargo potency, the level of escape we obtained may be stidficien
elicit a therapeutic response. For example, similavddues from lysosomal
colocalization studies have resulted in efficient cytosolic delivery of siRNA for gene
knockdown?*’ The visible puncta after 16 h could also be an effect of protein
entrapped in thysosome despite endosomal lysis. In previous studies, endosomolytic
peptides have successfully induced endosomal lysis while remaining trapped inside
endosome&* 259 Employing a mechanism for releasing the cargo, such as a
cleavable linker or disulfide bondsiay be necessary to improve cytosolic delivery.
Likewise, taking advantage of a protein that naturally binds cargo at neutral pH but
releases it at acidic pH could be advantageous. For exaimplgl9 protein, derived
from tombusviruses, has been shawiind siRNA at neutral pH and release siRNA
in acidic environments, e.g., within the endosdm&’?°

Our results demonstrate that Aurein 1.2, GALA, and HA2 fused 4GE11

mCherrySC were not cytotoxic at high concentrations. This agrees with previous
work where cells grated with Aurein 1.2, GALA, and HA2 fusion proteins did not

show high levels of toxicity®® 2’1273 17E fused to 4GEXInCherrySC, on the other
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hand, demonstrated significant toxicibward SUM149 cells, which has not been
previously reported. The original work-celivered the L17E peptide with

therapeutic protein cargos rather than fusing the peptide directly to the cargo as we
have done her¥.In another example, L17E was conjugated to surface lysine residues
of cowpea chlorotic mottle virus so that the peptide and cargo were delivery together;
however, the cytotoxicity of the construct was not mentioned in this WSrkhe
significant decrease in viability observed here, which has not been reported before, is
possibly a result of the recombinant fusion approach, as properties of entddgomo

peptides have been shown to change based on their fusion partner.

4.6 Conclusions

Herein, we assessed the bioactivity of four endosomolytic peptides fused to an
EGFRtargeting protein conjugate capable of serving as a transporter for therapeutic
proteins. All endosomolytic peptidesopided substantial endosomal disruption and
lower levels of lysosomal degradation, with HA2 appearing to be the most potent
membraneactive peptide. Lysosomal colocalization studies also demonstrated
significantly lower levels of lysosomal colocalizationdonstructs fused to
endosomolytic peptides; however, even with the peptide fusions, approximately half
of the protein remained entrapped in endosomes, highlighting the potential importance
for employing a cargo release mechanism for optimal cytosolwedg! Aurein 1.2

and GALA retained EGFRpecificity, while HA2 and L17E enhanced cell penetration
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independent of EGFR expression, limiting their use when cell specificity is desired.

Finally, L17E expressed poorly as a fusion partner and led to higls iefvel

cytotoxicity, demonstrating that direct fusion is an inappropriate strategy for its use.
Overall, Aurein 1.2 fused to our EGHRrgeting conjugate appears to have

moderate endosomolytic capabilities while maintaining the highest ESXpEEficity.

These results lay the groundwork for delivering a variety of therapeutic cargos to

intracellular compartments using our EGERgeted conjugate. Moreover, the results

reported here demonstrate the ability of a single genetically fused endosomolytic

peptide 0 drastically change the bioactivity, cytotoxicity and targeting capabilities of

a protein delivery system. This highlights the importance of selecting the optimal

endosomolytic peptide when designing protein delivery systems and reveals the need

for further studies assessing the effect these peptides have on the delivery of proteins

that vary in size and composition.
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Dissertation Conclusions

The work presented in this thesis demonstrates the benefit of utilizing site
specific protein conjugation strategies in the design of therapeutic protein and protein
nanoparticle delivery systenfSite-specific bioconjugation approaches allow for
control d the valency, spacing, and orientation of delivery moieties which is
important for producing a homogenous product with maximal bioactivity and delivery
capabilitiest: 4% 11*Here we utilized two particularly promising sipecific
conjugation strategies: unnatural amino acid (UAA) incorporation and
SpyCatcher/SpyTag bioconjugation.

In Chapter 2, UAA incorporation wassed to sitespecifically conjugate
delivery moieties tohterapeutic proteins to explore the effect of epidermal growth
factor receptor (EGFRargeted ligand valency and spacing on internalization of
proteins in EGFRoverexpressing inflammatory breast cancer (IBC) cells. Results
demonstrate the importance of tatling ligand display on proteins for robust active
targeting. In particular, high EGFR ligand valency and clustering was associated with
enhanced IBC internalization with the highest performing construct resulting ina ~40

fold improvement in internal&ion compared to untargeted protein anefei8 higher



delivery in IBC cells compared to healthy breast epithelial cells. Shisiemwas
adapted for delivery of w@ariety of therapeutic proteins using SpyCatcher/SpyTag
chemistry for plugandplay cargomcorporation.Using this approach, @ancer

suicide enzymevas attached to the EGRRrgeting conjugate, whiatnablel IBC-
targeted cell death through prodrug activatibmese results demonstrate the benefits
of UAA incorporation for controlling targetgnpeptide presentation and maximizing
cargo protein activity.

In Chapter 3the EGFRtargeting conjugate, 4GEdhCherrySC developed in
Chapter 2, was decorated on to the surfacdfE@rotein nanoparticlegngineered for
doxorubicin loadingusing SpyCather/SpyTag chemistryn IBC cells,E2-4F
functionalized with 10% 4GE1mMCherrySC demonstrated 5f8ld higher uptake
compared to untargeted nanoparticles 4defold higher uptake compared to healthy
breast epithelial cells. Furthermore, these pasictruld be efficiently loaded with
doxorubicin for targeted cell death in EGIeRerexpressing IBC cells. These results
demonstrate thpotential of our EGFRargetingconjugateo deliver a variety of
cargos including, but likely not limited to, enzympgmytein nanopatrticles, and small
molecule drugso EGFRoverexpressing cancer cells

Lastly, inChapter 4ve address the intracellulaafficking of the EGFR
targeting conjugate by incorporating a library of endosomolytic peptides through
genetic fusionPrevious results demonstrated that the E@&&Beting conjugate
remained entrapped in the endosome following internalization and was eventually

degraded through the lysosomal pathway. To enhance the endosomal escape
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capabilities of our conjugatéour endbsomal escape peptides (Aurein 1.2, GALA,
HA2, and L17E) were fused to thetBrminus of4GE1tmCherrySC.Fusion with all
endosomolytic peptides resultedenhanced endosomal disruption, and reduced
lysosomal degradation and colocalization, however, fudipn with Aurein 1.2 and
GALA maintained EGFRspecificity, whereas, HA2 and L17E fusions were
internalized through alternative mechanisms that were not EG&dRated. These
results demonstrate the importance of endosomolytic peptide selection indargete
intracellular drug delivery systesn

Together the results presented in this thesis demongieatdility of designing
drugdelivery systems where functionalization can be tightly tuned and controlled to
create homogenous peptigeotein productsvith optimal bioactivity and active

targeting capabilities

5.2 Future directions

Here we demonstrated the benefit of controlling ligand display on proteins to
optimize EGFRmediated internalization through ligand clusterMthile this resulted
in robust internatation, we only varied the ligand valency (i.e. 1 to 4 peptides) and
spacing (i.e. clustered versus aduastered)additional variables could be explored.
For example, linker rigidity and linker length between clustégathdscould be
varied to determine these are important variables for optimizing internalization.
Previous wak studied the ability of bivalent ligands to bind to EGRERd suppress

kinase activation with EGF where the linker rigidity and length betweengheds



wasvaried tooptimizeligand binding?”® Bivalent ligands separated by a-tr rigid
proline linker, approximately 4.4 nmiesulted in higher affinity toward EGFR

compared tdigands separateal flexible linkers containing glycine and serine
residuesin our work, theclustered ligands were separated by flexible GGGGS

linkers but the work highlighted above demonstrates the potential benefit of exploring
additionallinkers that vary idength and rigidity.

In Chapter 3, we utilized the engineered hydrophobic core -@ff&dr DOX
encapsulation. Future work could tds encapsulation efficiency and release of other
hydrophobic chemotherapeutic drugsassess the versatility of BF to deliver a
variety of chemotherapeutic cargos to EGFR overexpressing cancer cells. Fo
example, a number of anticancer drugs currently used in clinical practice, such as
paclitaxel and rapamycin, are even more hydrophobic than DOX and sattaiay
higher encapsulation in the hydrophobic core of thetEanoparticle$’*

Additionally, we observed premiare release of DOX from the particles at neutral pH.
While that was not significantly detrimental hendnere we could easily control the
amount of time th@articles wereexposureo the cellsjn vivoexperiments do not

offer this control and prematuOX release before reaching the tumor site could
cause unwanted side effect® dvoid premature release of DOX at neutral pH
alternative loading strategies could be employ&garticularly interesting strategy
from Costa, et. al. utilized UAA incorporah to insert pacetylphenylalanine (pAcF)
into nanoparticles for DOX loading and release in acid environments by conjugating

the DOX to pAcHorming a pH-sensitive oxime bontf® This strategy would likely
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minimize release of DOX from the particles at pH 7; however, it is likely that only one
UAA could be incorporated per subunit, this strategyld likely result in lower
DOX loading efficiencies than E2F.

In Chapter 4, we genetically fused endosomolytic peptides to the EGFR
targeting conjugatdnstead, the endosomolytic peptides could be conjugatad
UAA incorporation using @UAA such apAcF which introduces &etonegroupfor
bioorthogonal conjugatiofi® This would allav incorporation of peptides that
significantly hinder expression when attached to the protein of interest as a fusion
partner, such as L17H addition, ketone chemistry creates aggsitive oxime
bond which could allow for release of the protein cdrgm the endosmolytic
peptidesat acidic pH’® This could be important if thendosomolytic peptides
remained fusetb the endosome preventing endosomal esedgpeh has been
documented in literature for HAS% 276 Additionally, using UAA incorporation
would also allow us to explore the importance of endosomolytic peptide spacing and
valency which has rarely been reportedhe literature. In one exampldustering
GALA peptides demonstrated enhanced lytic abgitvhen incubated with liposomes
compared to GALA peptides spread out uniformly across a nanoparticle stiffaoe.
our knowledge, the benefits of endosomolytic peptide clustering has not been explored
in cells for endosomal escafimit this examples provides a precedence to explore
endosomolytic peptide clustering further.

The valeng of endosomolytic peptides could also be increased by conjugating

the endosomolytic peptide 4GERICherrySC fusions to the surface of the SpyTag
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E2 nanocage, particularly GALA and Aurein 1.2 fusions since they maintained-EGFR
specificity.Increasing thealency would likely improvéhe potency compared to a
singleendosomolyti@eptide because concentration has been demonstrated to be
important for factor in endosomal disruptigAdditionally, these constructs could
have the most potentifdr in vivotargeted intracellular delivery, because of their
optimal size for extended circulation hiife and tumor accumulatioff: 2°

Finally, future work could also explore the delivery of cargos that require
cytosolic access for bioactivitizor instance, the siRNA binding protein, p19, could
be used to delivery siRNA to the cytosol for gene knockdown. A particularly
interesting target for siRNAediated gene knockdown in IBC cells is the €ho
GTPasencaiene RhoC GTPasis overexpressed in approximately 90% of IBC and
is a key molecule in highly metastatic cancer phenot}3¢€828° |IBC has the lowest
prognosis of anjocally advanced breast canc&he5-year diseaséree survival of
IBC is less than 45%nd this is mainly due tits high rate of metastasi€ In fact,
most all IBC tumors have lymph node metastases and approximately 36% have distant
metastasig®! Becawse of this, the ability to prevent metastasis through RhoC GTPase
knockdown while treating the local tumleas the potential to significanti;mprove
patient prognosisAdditional knockdowntargetsthat couldoe explored are enhancer
of zeste homolog 2 (B22), histone deacetylase 6 (HDAC@&pndamphiregulin

(AREG), which have all been shown to promote invasion and growth in IBC%ells.

284
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EXPRESSION PLASMID SEQUENCES

A.1 Chapter 2 ExpressionSequence

Protein

Sequence

pET22b
lamber
mCherry
his6

ATGGACTACAAAGACGATGACGACAAGACTAGTACTAGTCCTCCCCCGGTTCC
GCCTAGACGTGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGA
AAGGTCAGGGTCAGGGAGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAA
GAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGLCGACcee
AGCCCGAGCACCCCGCCGGGCGGCAGCCCGCGGTAGGCTAGUGAGCAAGGG
CGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACA
TGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGG
CCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGC!
CCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGC
CCTACGTGAAGCACCCCGCCGACATCCCCGACTBTTGAAGCTGTCCTTCCCCG
AGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGAC(
GTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCT
GCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGG
GCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGG
GAGATCAAGCAGAGGCTGAAGCTAAAGGACGGCGGCCACTACGACGCTGAGG
TCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAAC
GTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGA
ACAGTACGAACGCGCTGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTG
ACAAG

pET22b
2amber
mCherry
his6

ATGGACTACAAAGACGATGACGACAAGACTAGTACTAGTCCTCCCCCGGTTCC
GCCTAGACGTGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGA
AAGGTCAGGGTCAGGGAGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAA
GAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGCCGACCcCC
AGCCCGAGCACCCCGCCGGGCGGCAGCCCGCGGGACTAGGGBGGGGGGTA
GCTAGGAGCTCAAGGCTAGCGTGAGCAAGGGCGAGGAGGATAACATGGCCATC
ATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCA
CGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAC
ACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACAT
CCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTBGTGAAGCACCCCGCCGA
CATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCG
GATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCACTGC
AGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCC
GACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGC(
GATGTACCCCGAGGACGGCGCCCTBAGGGCGAGATCAAGCAGAGGCTGAAG
CTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAA
GAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCA
CCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCTGAGGGC
CGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGCTCGAGCACCACCACCA
CCACCACTGA

194



PET2b-
damber
mCherry
his6

ATGGACTACAAAGACGATGACGACAAGACTAGTACTAGTCCTCCCCCGGTTCC
GCCTAGACGTGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGA
AAGGTCAGGGTCAGGGAGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAA
GAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGCCGACccC
AGCCCGAGCACCCCGCCGGGGGCAGCCCGCGGGACTAGGGAGGCGGGGGTA
GCTAGGGTGGGGGAGGCAGTTAGGGCGGTGGAGGGAGCTAGGAGCTCAAGGC
TAGCGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGC
GCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAG
GGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGC
TGACCAAGGGTGGACCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCA
TGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTG!
AGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGAC
GGCGGCGTGGTGACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCAT
CTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGC
AGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGAC
GGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCC
ACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTG
CCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGA
CTACACCATCGTGGAACAGTACGAACGCGCTGAGGGCCGCCACTCCATGGCG
GCATGGACGAGCTGTACAAGCTCGAGCACCACCACCACCACCACTGA

pET22b
Tat
mCherry
his6

ATGGGCAGGAAGAAGCGGAGACAGCGACGAAGAGCTCCTCAACATATGGAAT
TCGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGC
TTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGG
CGAGGGCGAGGGCCGCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTG
ACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATC
TACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAA
GCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACG
GCGGCGTGGTGACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATC
TACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCA
GAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGAC(
GCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCA
CTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGC
CCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGAC
TACACCATCGTGGAACAGTACGAACGCGCTGAGGGCCGCCACTCCACCGGCGC
CATGGACGAGCTGTACAAGCTCGAGCACCACCACCACCACCACTGA

pET22b
lamber
mCherry
SpyCatche
r-his6

ATGGACTACAAAGACGATGACGACAAGACTAGTACTAGTCCTCCCCCGGTTCC
GCCTAGACGTGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGA
AAGGTCAGGGTCAGGGAGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAA
GAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGCCGACCcCC
AGCCCGAGCACCCCGCCGGGCGGCAGCCCGCGGTAGGCTAGUGAGCAAGGG
CGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACA
TGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGG
CCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGC!
CCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGC
CCTACGTGAAGCACCCCGCCGACATCCCCGACTBTTGAAGCTGTCCTTCCCCG
AGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGAC(
GTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCT
GCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGG
GCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGG
GAGATCAAGCAGAGGCTGAAGCTAAAGGACGGCGGCCACTACGACGCTGAGG
TCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAAC
GTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGA
ACAGTACGAACGCGCTGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTG
ACAAGCTCGAGGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGAGGAC
GGCAAAGAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAACT
ATTAGTACATGGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGA
AAATATACATTTGTCGAAACCGCAGCACCAGACGGTTATGAGGTAGCAACTGC
TATTACCTTTACAGTTAATGAGCAAGGTCAGGTTACTGTAAATGGCCACCACCA
CCACCACCACTGAGCTGA

19t



pET14b
SpyTag
yCD

ATGCTGGCTAGCGTGACGGCGGAATGGCCAGCAAGTGGGACCAGAAAGGAAT
GGATATCGCCTACGAGGAAGCTCTGCTGGGGTATAAGGAGGGAGGAGTGCCAA
TCGGAGGATGCCTGATTAACAACAAGGACGGCTCTGTGCTGGGCAGGGGACAC
AACATGAGATTCCAGAAGGGAAGCGCCACACTGCATGGGGAGATTTCCACTCT
GGAAAATTGTGGGAGGCTGGAAGGCAAGGTGTACAAAGACACCACACTGTATA
CTACCCTGTCTCCCTGCGATATGTGCACCGGCGCTATCATTATGTACGGAATCC
CTCGGTGCGTGATTGGCGAGAACGTGAACTTCAAGAGTAAAGGGGAAAAGTAT
CTGCAGACAAGGGGACACGAGGTGGTGGTGGTGGACGATGAACGCTGTAAGA
AACTGATGAAACAGTTCATCGATGAGAGGCCCCAGGACTGGTTTGAGGATATT
GGAGAAGGCGGATCCGGCGGCGGAGGGTCTGGAGGAGGCGGTTCAGGTGGTC
GGGGCTCCGCACACATAGTAATGGTAGACGCCTACAAGCCGACGAAGCTCGAG
CACCACCACCACCACCACTGA

19¢



A.2 Chapter 3 ExpressionSequence

Protein

Sequence

pET1la
SpyTagE?2

ATGGCACACATAGTAATGGTAGACGCCTACAAGCCGACGAAGGCTAGCGTGCT
GAAAGAAGACATTGATGCGTTTCTGGCGGGCGGCGCGAAACCCGGGCCCGCTC
CTGCAGAGGAAAAGGCTGCTCCAGCGGCTGCGAAACCGGCTACTACTGAAGGT
GAATTCCCTGAAACCCGTGAAAAAATGTCTGGTATCCGTCGTGCAATCGCGAA
AGCCATGGTTCACTCTAAACACACCGCGCCACACGTTACCCTGAGGATGAAGC
AGACGTTACCAAACTGGTTGCGCACCGTAAAAAATTCAAGGCGATTGCGGCGG
AAAAAGGTATCAAACTGACCTTCCTGCCGTACGTTGTTAAAGCTCTGGTTTCGG
CTCTGCGTGAATACCCGGTTCTGAACACCTCTATTGACGACGAGACCGAAGAA
ATCATCCAGAAACACTACTACAACATCGGTATCGCTGCGGACACTGATCGTGGT
CTGCTGGTTCCTGTGATTAAACACGCGGACCGBAAACCGATCTTCGCGCTCGCT
CAGGAAATCAACGAACTGGCTGAGAAAGCTCGTGACGGTAAACTGACTCCTGG
TGAAATGAAAGGCGCGTCTTGCACTATTACCAACATCGGCTCTGCAGGTGGTCA
GTGGTTCACCCCAGTTATCAACCACCCGGAAGTTGCGATCCTGGGTATTGGTCC
TATAGCCGAAAAGCCGATCGTTCGTGACGGTGAAATCGTTGCTGCTCCGATGCT
GGCCCTGTCTCTGTCTTTGATCATCGTATGATTGATGGCGCGACCGCACAGAA
AGCCCTGAACCACATCAAACGTCTGCTGTCCGACCCGGAACTGCTGCTGATGG/
AGCTTAA

pET1la
SpyTagE2-
4F

ATGGCACACATAGTAATGGTAGACGCCTACAAGCCGACGAAGGCTAGCGTGCT
GAAAGAAGACATTGATGCGTTTCTGGCGGGCGGCGCGAAACCCGGGCCCGCTC
CTGCAGAGGAAAAGGCTGCTCCAGCGGCTGCGAAACCGGCTACTACTGAAGGT
GAATTCCCTGAAACCCGTGAAAAAATGTCTGGTATCCGTCGTGCAATCGCGAA
AGCCATGGTTCACTCTAAACACACCGCGCCACACGTTACCCTGAGGATGAAGC
AGACGTTACCAAACTGGTTGCGCACCGTTTTAAATTCAAGGCGATTGCGGCGGA
AAAAGGTATCAAACTGACCTTCCTGCCGTACGTTGTTAAAGCTCTGGTTTCGGC
TCTGCGTGAATACCCGGTTCTGAACACCTCTATTGACGACGAGACCGAAGAAAT
CATCCAGAAACACTACTACAACATCGGTATCGCTGCGGACACTGATCGTGGTCT
GCTGGTTCCTGTGATTAAACACGCGGACCGAAACCGATCTTCGCGCTCGCTCA
GGAAATCAACGAACTGGCTGAGAAAGCTCGTGACGGTAAACTGACTCCTGGTG
AAATGAAAGGCGCGTCTTGCACTATTACCAACATCGGCTCTGCAGGTGGTCAGT
GGTTCACCCCAGTTATCAACCACCCGGAAGTTGCGATCCTGGGTATTGGTCGTA
TAGCCTTTAAGCCGATCGTTTTCTTTGGTGAAATCGTTGCTGCTCCGATGCTGGC
CCTGTCTCTGTCTTTGATCATCGTATGATTGATGGCGCGACCGCACAGAAAGC
CCTGAACCACATCAAACGTCTGCTGTCCGACCCGGAACTGCTGCTGATGGAAGC
TTAA

PET24a
ELP
[KV8F-40}-
SpyCatcher

ATGAGCAAAGGGCCGGGCGTGGGTGTTCCGGGCAAAGGTGTCCCAGGTGTGG!
CGTACCGGGCGTTGGTGTTCCGGGCGTTGGTGTCCCAGGTGTGGGCGTTCCGC(
CTTTGGTGTCCCAGGTGGGGCGTACCGGGCGTTGGTGTTCCGGGCGTTGGTGT
GCCGGGCGTGGGTGTTCCGGGCAAAGGTGTCCCAGGTGTGGGCGTACCGGGC
TTGGTGTTCCGGGCGTTGGTGTCCCAGGTGTGGGCGTTCCGGGCTTTGGTGTC
CAGGTGTGGGCGTACCGGGCGTTGGTGTTCCGGGCGTTGGTGTGCCGGGCGT!
GGTGTTCCGGGCAAAGGTGTCCCAGGTGTGGGCGTACCGGGCGTTGGTGTTCC
GGCGTTGGTGTCCCAGGTGTGGGCGTTCCGGGCTTTGGTGTCCCAGGTGTGGG
GTACCGGGCGTTGGTGTTCCGGGCGTTGGTGTGCCGGGCGTGGGTGTTCCGG!
AAAGGTGTCCCAGGTGTGGGCGTACCGGGCGTTGGTGTTCCGGGCGTTGGTGT
CCAGGTGTGGGCGTTCCGGGCTTTGGTGTCCCAGGTGTGGGCGTACCGGGCG
GGTGTTCCGGGCGTTGGTGTGCCGGGCTGGCCGGGATCCGGAGREAAGCGG
TGGAGGTGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGAGGACGGCA
AAGAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAACTATTA
GTACATGGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGAAAAT
ATACATTTGTCGAAACCGCAGCACCAGACGGTTATGAGGTAGCAACTGCTATTA
CCTTTACAGTTAATGAGCAAGGTCAGGTTACTGTAAATGGCTGA




A.3 Chapter 4 Expression Sequenc:

Protein

Sequence

pET22b
Oamber
mCherry
SpyCatcher
-his6

ATGGACTACAAAGACGATGACGACAAGACTAGTACTAGTCCTCCCCCGGTTCCGCCT
AGACGTGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGAGAAGGTC
GGGTCAGGGAGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAAGAGGATCCAA
GCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGCCGACCCCGAGCCCGAGCACC
CGCCGGGCGGCAGCCCGCGGGACGGTGGGBGGGAGCGGTGGCGGTGGCAGCGA
GCTCAAGGCTAGCGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGT
TCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATC(
AGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGT
ACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTAC
GGCTQCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCC
TTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGT
GACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCT
GCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCT
GGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGARGCGCCCTGAAGGGCGAGATC
AAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCAC
CTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGT
TGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCT
GAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGCTCGAGGATAGTGC
TACCCATATTAAATTCTCAAAACGTGATGAGGACGGCAAAGAGTTAGCTGGTGCAAC
TATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGTACATGGATTTCAGATGGACA
AGTGAAAGATTTCTACCTGTATCCAGGAAAATATACATTTGTCGAAACCGCAGCACC
AGACGGTTATGAGGTAGCAACTGCTATTACCTTTACAGTTAATGAGCAAGGTCAGGT
TACTGTAAATGGCCACCACCACCACCACCACTGAGCTGA

pET22b
Aurein
damber
mCherry
SpyCatcher
-his6

ATGGGCCTGTTTGATATTATCAAAAAGATTGCGGAAAGCTTCGGTACCGGCGGGGCG
GCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGAGAAGGTCAGGGTCAGG
AGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAAGAGGATCCAAGCTTGTCGAC
GGCGGCAGCAGCCCGAGCACCCCGCCGACCCCGAGCGAGCACCCCGLCGGGLGG
CAGCCCGCGGGACTAGGGAGGCGGGGGTAGCTAGGGTGGGGGAGGCAGTTAGGG(
GGTGGAGGGAGCTAGGAGCTCAAGGCTAGCGTGAGCAAGGGCGAGGAGGATAACA
TGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACC
GCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCA
ACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCT!
TCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCC
GACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTC
GAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGT”
CATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGAGGCCCCGTAATGCA
GAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGC(
CCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGAC
GCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTA
CAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGA
ACAGTACGAACGCGCTGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACA
AGCTCGAGGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGAGGACGGCAAA
GAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGTACA
TGGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGAAAATATACATTT
GTCGAAACCGCAGCACCAGACGGTTATGAGGTAGCAACTGCTATTACTTTACAGTT
AATGAGCAAGGTCAGGTTACTGTAAATGGCCACCACCACCACCACCACTGAGCTGA

19¢€



pET22b
GALA-
4amber
mCherry
SpyCatcher
-his6

ATGTGGGAAGCCGCGCTGGCCGAAGCACTGGCTGAGGCGCTGGCGGAACATCTGG(
GGAGGCCTTGGCAGAAGCGCTGGAGGCGCTGGCCGCGGGTACCGGCGGGGLCGGCL!
CTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGAGAAGGTCAGGGTCAGGGAGT!
GCTCAGGCTCCCCGCCACCTGTACCTCCCCGAAGAGGATCCAAGCTTGTCGACGGC!
GCAGCAGCCCGAGCACCCCGCCGACCCCGRCCCGAGCACCCCGCCGGGCGGCAGC
CCGCGGGACTAGGGAGGCGGGGGTAGCTAGGGTGGGGGAGGCAGTTAGGGCGGT(
GAGGGAGCTAGGAGCTCAAGGCTAGCGTGAGCAAGGGCGAGGAGGATAACATGGC
CATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCC/
CGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACC
CCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCH
CTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACT
ACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGC
ACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATC
ACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCGACGGCCCCGTAATGCAGAAG
AAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGLCGCCT
GAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCT
GAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAA
CGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACA
GTACGAACGCCTGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGC
TCGAGGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGAGGACGGCAAAGAG
TTAGCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGTACATGG
ATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGAAAATATACATTTGTC
GAAACCGCAGCACCAGACGGTTATGAGGTAGCAACTGCTATACCTTTACAGTTAAT
GAGCAAGGTCAGGTTACTGTAAATGGCCACCACCACCACCACCACTGAGCTGA

PET22b
HA2-
damber
mCherry
SpyCatcher
-his6

ATGGGCGATATTATGGGTGAATGGGGCAACGAAATTTTTGGTGCCATCGCGGGCTTC
CTGGGCTGCGGTACCGGCGGGGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGT
CCACCGAGAAGGTCAGGGTCAGGGAGGGCTCAGGCTCCCCGCCACCTGTACCTCCC
CGAAGAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGCCGACCC(
GAGCCCGAGCACCCCGCCGGGCGGCAGCCCGCGGGACTAGGGAGGCGGGGGTAG
AGGGTGGGGGAGGCAGTTAGGGCGTGGAGGGAGCTAGGAGCTCAAGGCTAGCGTG
AGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGT
GCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAG!
GCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCH
CTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTAC
TGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCA
AGTGGGAGCGCGTGATGAACTTCGAGGACGGGGCGTGGTGACCGTGACCCAGGAC
TCCTCACTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTC
CCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGA
GCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAG(
TGAAGGACGGCGGCCACTCGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGC
CCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACA
ACGAGGACTACACCATCGTGGAACAGTACGAACGCGCTGAGGGCCGCCACTCCACC
GGCGGCATGGACGAGCTGTACAAGCTCGAGGATAGTCTACCCATATTAAATTCTCAA
AACGTGATGAGGACGGCAAAGAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTCA
TCTGGTAAAACTATTAGTACATGGATTTCAGATGGACAAGTGAAAGATTTCTACCTG
TATCCAGGAAAATATACATTTGTCGAAACCGCAGCACCAGACGGTTATGAGGTAGC
AACTGCTATTACCTTTACAGTTAATGAGCAAGGTCAGGTTACTGTAAATGGCCACCA
CCACCACCACCACTGAGCTGA




pET22b
L17E-
4amber
mCherry
SpyCatcher
-his6

ATGATTTGGCTGACCGCGCTGAAATTTCTGGGCAAACATGCCGCGAAACACGAAGC
GAAACAGCAGCTGTCGAAACTGGGTACCGGCGGGGCGGCCGCTTCAGGCTCCGGT1
CTCCTCCCCCAGTGCCACCGAGAAGGTCAGGGTCAGGGAGTGGCTCAGGCTCCCCC
CACCTGTACCTCCCCGAAGAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGC
ACCCCGCCGACCCCGAGCCCGAGCACCCCEIBGGCGGCAGCCCGCGGGACTAGGG
AGGCGGGGGTAGCTAGGGTGGGGGAGGCAGTTAGGGCGGTGGAGGGAGCTAGGAC
CTCAAGGCTAGCGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTT
CATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCG
AGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGT
ACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTAC
GGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTC(
TTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGT
GACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCT
GCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATTAGAAGAAGACCATGGGCT
GGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGAT!
AAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCAC
CTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGT
TGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCT
GAGGGCCGCCACT CACCGGCGGCATGGACGAGCTGTACAAGCTCGAGGATAGTGC
TACCCATATTAAATTCTCAAAACGTGATGAGGACGGCAAAGAGTTAGCTGGTGCAAC
TATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGTACATGGATTTCAGATGGACA
AGTGAAAGATTTCTACCTGTATCCAGGAAAATATACATTTGTCGAAACCGCAGCACC
AGACGGTTATGAGGTAGCAACTGCTATTACCTTTACAGTTAATGAGCAAGGTCAGGT
TACTGTAAATGGCCACCACCACCACCACCACTGAGCTGA

20C
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