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Proteins have the capacity to treat a multitude of diseases both as therapeutics 

and drug carriers due to their complex functional properties, specificity toward 

binding partners, biocompatibility, and programmability. Despite this, native proteins 

often require active strategies to target diseased tissue due to membrane 

impermeability. Additionally, proteins are often uptaken through endocytosis, so 

accessing the cytosol or other subcellular compartments requires internalized protein 

to escape the endosome. As a result, intracellular drug candidates make up less than 

5% of protein therapeutics entering clinical development despite having immense 

therapeutic potential to treat a multitude of diseases including cancer. Functionalizing 

therapeutic proteins and drug carriers through direct conjugation of delivery moieties 

can enhance delivery capabilities. Traditionally, this has been accomplished using 

reactive residues (e.g. 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 inability to chemically modify proteins with site-specificity often leads to 

highly heterogeneous products with varying activity. Additionally, such approaches do 

not offer control over variables such as ligand clustering, which can be an important 

determinant of targeting efficacy.  

ABSTRACT 



 xx 

A multitude of promising site-specific protein conjugation methods have been 

developed to allow more tailorable display of delivery moieties and thereby enhance 

protein activity, circulation properties, and targeting specificity.   In this thesis we 

focus on two particularly promising site-specific bioconjugation techniques to enhance 

intracellular protein delivery: unnatural amino acid (UAA) incorporation and 

SpyCatcher/SpyTag chemistry. To 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 insert biorthogonal reactive 

residues into proteins through unnatural amino acid (UAA) incorporation, enabling 

protein conjugation with simple óclickô chemistries. Here, we describe a strategy to 

site-specifically conjugate delivery moieties to therapeutic proteins through UAA 

incorporation, to explore the effect of EGFR-targeted ligand valency and spacing on 

internalization of proteins in EGFR-overexpressing inflammatory breast cancer (IBC) 

cells. Results demonstrate the importance of controlling ligand display on proteins for 

robust active targeting. In particular, high EGFR ligand valency and clustering was 

associated with enhanced IBC internalization compared to healthy breast epithelial 

cells. Furthermore, this EGFR-targeting conjugate was adapted for plug-and-play 

cargo incorporation with SpyCatcher/SpyTag chemistry. This approach was used to 

deliver of a cancer suicide enzyme to enable IBC-targeted cell death through prodrug 

activation.  



 xxi 

The ability of our EGFR-targeting conjugate to deliver various cargos was 

explored further by decorating the surface of engineered E2 protein nanoparticles 

capable of doxorubicin loading. SpyTag was fused to the surface of the nanoparticles 

to allow for modular, site-specific decoration with the EGFR-targeting conjugate using 

SpyCatcher/SpyTag chemistry. Decorating 10% of the E2 nanocage monomers with 

the EGFR-targeted conjugate demonstrated efficient EGFR-mediated delivery of 

doxorubicin to IBC cells leading to enhanced cell death compared to non-cancerous 

cells that express only basal levels of EGFR. These results demonstrated the versatility 

of the EGFR-targeted conjugate for delivery of a variety of cargos including enzymes, 

protein nanoparticles, and small molecule drugs. 

 Finally, we developed a simple fusion modification strategy 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 maintaining EGFR specificity. While all peptides 

exhibit membrane lytic properties, only Aurein 1.2 and GALA maintained EGFR 

specificity while also providing moderate endosomal escape capabilities. These results 

demonstrate the importance of endosomolytic peptide selection when designing 

targeted therapies and further expands the range of cargos that can be delivered with 

our EGFR-targeted protein conjugate. 

Together the findings presented in herein demonstrate the benefits of UAA 

incorporation for controlling targeting peptide presentation, and the utility of 

SpyCatcher/SpyTag chemistry for plug-and-play cargo loading to maximize cargo 



 xxii  

activity. Furthermore, the EGFR-targeted conjugate developed herein has key benefits 

relevant to a wide range of intracellular protein therapies.  



 1 

INTRODUCTION  

This chapter is adapted with permission from (1) Lieser, R.M.; Yur, D.; 

Sullivan, M.O.; Chen, W; Site-specific bioconjugation approaches for enhanced 

delivery of protein therapeutics and protein drug carriers. Bioconjugate Chem. 2020, 

31 (10), 2272-2282. DOI: 10.1021/acs.bioconjchem.0c00456.1 Copyright 2020, 

American Chemical Society. And (2) Yur, D.; Lieser, R.M.; Sullivan, M.O.; Chen, 

W.; Engineering bionanoparticles for improved biosensing and bioimaging. Curr. 

Opin. Biotechnol. 2021, 71, 41-48. DOI: 10.1016/j.copbio.2021.06.002.2 Copyright 

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 diversity and biospecificity in 

protein functions impart the ability to treat multiple diseases including cancers3-7, 

autoimmune diseases8-10, and metabolic disorders11-13. Because of this, the global 

protein market has grown rapidly in the past decade and includes a variety of new and 

forthcoming products such as monoclonal antibodies (mABs), antibody-drug 

conjugates (ADC), nanobodies, enzymes, cytokines, hormones, and inhibitors. In fact, 

protein therapeutics represented 24.5% of all new novel FDA-approved drugs in 2020, 

Chapter 1 

https://doi.org/10.1021/acs.bioconjchem.0c00456
https://doi.org/10.1016/j.copbio.2021.06.002
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and the market is poised for further evolution and growth.14 Of the protein therapies 

approved in 2020, 92% were mABs or ADC, which mostly act on extracellular targets, 

leaving intracellular protein targets ñundruggableò and protein therapeutics that are 

active inside cells ineffective.15  To maximize the full potential of therapeutic proteins, 

superior delivery strategies are necessary to delivery proteins into cells.  

1.1.1 Intracellular Protein Delivery  Challenges 

Despite enormous interest and significant investments in developing advanced 

protein therapeutics, protein delivery remains a major limitation.  Stability issues have 

hindered or halted clinical advancement of many protein therapies.16 Most 

therapeutically-relevant enzymes are incompatible with the extracellular environment, 

leading to aggregation, activity loss, and/or renal clearance.12 Furthermore, most 

proteins are membrane impermeable, and therefore active strategies are necessary for 

proteins to enter the cells. 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 degradation or exocytosis.17 As a result, intracellular protein drug 

targets make up less than 5% of protein therapeutics entering clinical develop18, even 

though intracellular proteins comprise over 60% of the human proteome19 and have 

predicted therapeutic applications ranging from neurological disorders8 to lysosomal 

storage disease11 to cancer5, 20. 
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1.1.2 Protein Internalization Strategies 

Proteins in their native form are often unable to passively diffuse through the 

cellular membrane due to a variety of factors, including high polarity, large molecular 

weight, and negative charge.21 Because of this, active strategies are necessary for 

proteins to cross the plasma membrane and enter the cell. Active strategies often 

utilize micropinocytosis, which involves uptake of positively charged molecules 

capable or nonspecific interaction with the negatively charged cell surface, and 

receptor-mediated endocytosis, where a receptor binding event facilitates 

internalization.22 For proteins, two 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 5-30 amino acids in length.23 Cell penetrating peptides are often 

rich in lysine or arginine contributing to their positive charge. CPPs have been 

successfully used to provide efficient nonspecific uptake for a range of different cell 

types and delivery cargos. The exact mechanism of internalization of CPPs is often 

unclear in the literature with more than one mechanism likely, however, there is some 

evidence that CPPs are able to delivery cargo to the cytosol through endosomal escape 

or direct penetration.24 While effective for cellular internalization, CPPs do not 

provide a mechanism for targeting specific cell types. When cell specificity is desired, 

it is more appropriate to utilize targeting ligands for internalization. 
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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 targets.25 Receptor-mediated active targeting strategies utilize ligands 

that bind to receptors, capable of undergoing endocytosis, that are overexpressed on 

the surface of target cells (Figure 1.1).26 Unlike CPPs, this strategy allows for specific 

internalization in cells that overexpress the receptor of interest, while untargeted cells, 

expressing less of the receptor, receive minimal treatment. Active targeting has been 

studied extensive to target chemotherapeutic agents to cancer cells to minimize the 

unwanted side effects caused by delivering drug to non-cancerous tissue. 

 

Figure 1.1:   Schematic of receptor-mediated active targeting. A therapeutic 

functionalized ligand(s) can be uptaken at higher levels in target cells 

overexpressing the ligand binding partner (receptor), while other cells, 

with lower levels of receptor expression, internalize less of the 

therapeutic. Adapted from Adv Drug Deliv Rev 66 (2014) 26-41.26 

Copywrite 2014, with permission from Elsevier. 
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1.1.2.2.1 EGFR-Mediated Active Targeting 

One receptor that has been targeted for cancer treatment is epidermal growth 

factor receptor (EGFR). EGFR is overexpressed in a variety of different cancer cell 

types, including ovarian, breast, lung, and colorectal cancer, and is often associated 

with poor prognosis.27 EGFR-targeting has been used to successfully deliver a variety 

of payloads to EGFR-overexpressing cancer cells including small molecules28, 29, 

proteins30, and nucleic acids31, 32. In fact, several EGFR-targeted mAbs and tyrosine 

kinase inhibitors have been approved by the FDA or are currently undergoing clinal 

trials for cancer treatment.33  

A particularly promising EGFR binding ligand is the GE11 peptide 

(YHWYGYTPQNVI). The GE11 peptide, which exhibits high affinity toward EGFR 

(KD = 22 nM), was discovered via phage display by panning against purified EGFR.34  

GE11 exhibits roughly five times less mitogenic activity when bound to EGFR 

compared to EGFRôs natural ligand, epidermal growth factor (EGF), which is 

particularly important for cancer treatment.34  It has been utilized for delivery of an 

array of nanoparticles in multiple types of EGFR-overexpressing cancer cells. 35 For 

instance, liposomes loaded with doxorubicin and functionalized with PEG-GE11 

demonstrated a 2.2-fold increase in A549 tumor cell accumulation in in vivo models as 

compared to liposomes functionalized only with PEG.29 
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1.1.2.2.2 Ligand Clustering 

Ligand display has generated enormous interest in the development of 

nanoparticle ñcarriersò for targeted drug delivery.36 Ligand valency37, spacing38, and 

orientation39 can significantly alter drug biodistribution, targeting efficiency, and 

therapeutic efficacy in nanocarriers. Control of ligand clustering is particularly crucial 

for intracellular cargoes, as ligand binding can be used to enhance intracellular 

delivery into specific cells by increasing the apparent ligand receptor binding 

affinity.38, 40-42 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 for delivery to folate-overexpressing 

cancer cells. The dissociation constant decreased two orders of magnitude when 

micelles had an average of three ligands per cluster as compared to micelles with an 

average of 1.5 ligands per cluster.41 In other examples involving nanocarriers, 

clustering cell-binding ligands was shown to increase cell-binding affinity by up to 

1000-fold.43, 44 Furthermore, optimal ligand cluster sizes and densities have been 

proposed for maximal receptor specificity and affinity.45 These examples point out the 

clear benefit of clustering receptor binding ligands for enhanced internalization. 

1.1.3 Endosomal Escape Strategies 

Proteins are often uptaken through one of several endocytic pathways resulting 

in endosomal entrapment. Endosomes eventually fuse with lysosomes where their 

contents are degraded by lysosomal enzymes or are recycled through exocytosis 
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(Figure 1.2).46 Because of this, most therapeutics are degraded or recycled before 

reaching their intracellular target, which can significantly reduce efficacy. This is 

especially important for therapeutics that need to access the cytosol or nucleus to 

function, such as siRNA47 and CRISPR/Cas948, 49, respectively.  To access the cytosol 

or other subcellular compartments, internalized proteins must escape the endosome to 

evade lysosomal degradation or exocytosis. 

 

Figure 1.2:  Schematic of the endocytic pathway. Endocytosed therapeutics are 

trafficked to the lysosome for degradation or exocytosed preventing 

cytosolic delivery. To reach the cytosol or other subcellular 

compartments, such as the nucleus, therapeutics need to escape the 

endosome. Adapted from Curr Phar Des 22(9) (2016) 1227-1244.46 

Copywrite 2016, Rights managed by Bentham Science Publishers. 
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1.1.3.1 Endosomolytic Peptides 

pH-responsive endosomolytic peptides have been engineered to disrupt the 

endosome by fusing with the membrane following a pH-triggered conformational 

change.50 Thus, these peptides demonstrate lytic properties in the acidic environment 

of the endosome, but not in the pH-neutral extracellular environment, preventing 

plasma membrane lysis. The conformation change at acidic pH is generally the result 

of protonation of aspartic acids and/or glutamic acids, allowing secondary structure 

formation based on hydrophobic/hydrophilic interactions where the hydrophobic face 

inserts into the endosomal membrane.51 These peptides have shown significant 

promise in nanoparticles systems, with a variety of cargos successfully delivered to the 

cytosol.52-55 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 delivery.56-58 To understand the full potential 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 the endosomal membrane through one of 

two mechanisms: pore-forming, also known as the barrel-stave mechanism, and the 

carpet-like mechanism.59 
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1.1.3.2.1 Pore-Forming Mechanism 

In the pore-forming mechanism, amphiphilic peptides form an Ŭ-helix at low 

pH that allows the monomers to bind to the membrane and insert into the bilayer so 

that the hydrophobic residues align with the core of the membrane (Figure 1.3).60 The 

pore size increases as more peptide monomer are recruited forming pores that are 

typically smaller than 10 nm in diameter.61-63 Pore-formation occurs after a necessary 

amount of peptides have been recruited. For example, one of the most commonly used 

pore-forming peptides, GALA, consisting of glutamic acid-alanine-leucine-alanine 

repeats, requires approximately 10 peptides to form a pore.64 Virus-derived peptides 

also commonly utilize this mechanism including hemagglutinin-2 (HA2) derived from 

the influenza virus65, and HGP derived from the endodomain of HIV gp4166, 67.   
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Figure 1.3:   Schematic of the pore-forming mechanism used by endosomolytic 

peptides for endosomal disruption. (a) Amphiphilic peptides form an Ŭ-

helical structure and peptide monomers bind to the endosomal 

membrane. (b) The peptides then insert into the bilayer so that 

hydrophobic amino acids (black) align along the membrane core while 

hydrophilic regions of the peptide (red) face into the pore. (c) As 

additional peptides are recruited the pore size increases to 2-9 nm in 

diameter. AAAPS J. 11(65) (2009).59 Copyright 2009, with permission 

from Springer Nature. 

1.1.3.2.2 Carpet-Like Mechanism 

In the carpet-like mechanism, peptides electrostatically bind and cover the lipid 

membrane with the hydrophobic residues facing the membrane surface (Figure 1.4).68 

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 mechanism69, which 
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significantly larger than the pores formed by peptides utilizing the pore-forming 

mechanism. Antimicrobial peptides often utilize this mechanism of disruption to 

access the cytosol.70 One such antimicrobial peptide, Aurein 1.2, has demonstrated 

pH-sensitive endosomolytic activity in mammalian cells.58  

 

Figure 1.4:   Schematic of the carpet-like 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 endosomal membrane 

begins to disintegrate forming micelles. (c) Eventually a hole is formed in 

the endosomal membrane that can be approximately 50-500 nm in 

diameter. AAAPS J. 11(65) (2009).59 Copyright 2009, with permission 

from Springer Nature.  

1.2 Protein Nanoparticles for Drug Delivery 

Beyond therapeutic proteins, protein nanoparticles also play an 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 programmability, biodegradability, and 

biocompatibility. Protein nanoparticles have been assembled using both naturally-

derived strategies (e.g., protein cages71 and virus-like particles (VLPs)72) as well as 

synthetic routes (e.g., amphiphilic nanoparticles73 and desolvation-driven 

nanoparticles12) and these protein nanoparticles have been extensively explored for the 

delivery of therapeutic proteins74, small molecule drugs75, RNA76, 77, and DNA78.  

Nanoparticles have been studied extensively for their drug delivery abilities 

because of their optimal size for evading renal clearance and promoting passive 

accumulation in tumor cells through the enhanced permeability and retention (EPR) 

effect.79  Conventional nanoparticles, such as polymer nanoparticles or liposomes, are 

usually polydisperse in size and can exhibit toxicity 80.  In contrast,  protein 

nanoparticles are intrinsically biocompatible, stable, uniform, and tolerant of genetic 

modifications and naturally serve as scaffolds for cargo encapsulation 81, 82 and 

molecular transport 83, 84 , making them ideal platforms for drug delivery (Figure 1.5).   
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Figure 1.5:   Common bionanoparticles used for drug delivery applications. Protein 

nanocages are well-defined protein nanostructures that natively serve as 

protein scaffolds or delivery vehicles for small molecules, proteins, and 

nucleic acids. Curr Opin Biotechnol. 71 (2021) 41-48.2 Copyright 2021, 

with permission from Elsevier. 

Two types of protein nanoparticles that have shown potential as drug delivery 

carriers: protein nanocages and virus-like 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 carrier85 is the E2 nanocage. E2 is a 60-mer protein nanocage, 24 nm in size, 
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derived from the pyruvate dehydrogenase enzyme complex of Bacillus 

stearothermophilus. 86, 87 Ren et al. genetically modified the core of the E2 nanocage 

to allow for hydrophobic drug loading.85 Other work has demonstrated the ability to 

genetically modify the surface of E2 for antibody detection88, 89.  

Virus-like particles (VLPs) are self-assembled viral protein complexes that 

mimic the form and size of a virus particle but lack the genetic material necessary for 

host cell infection.90 VLPs are often 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 levels of 

functionalization possible. 91, 92  Another commonly used VLPs, the Hepatitis B virus 

(HBV) capsid, self-assembles from 240 copies of core-forming proteins 93, 94, HBV 

has been functionalized with up to 235 motifs for HBV.74 The exterior of HBV has 

been functionalized with targeting ligands for efficient delivery of a prodrug 

converting enzyme to breast cancer cells overexpressing EGFR.74  

1.3 Site-Specific Bioconjugation Strategies for Protein Delivery  

To enhance delivery, moieties such as hydrophilic polymers, cell penetrating 

peptides, and targeting molecules have been conjugated to proteins to enhance 

circulation properties, internalization, and cell specificity. Traditionally, reactive side 

groups on naturally-occurring amino acids, e.g., lysine and cysteine, have been used to 

conjugate delivery moieties to proteins.95, 96 This approach has demonstrated improved 

delivery compared to proteins in their native form; however, non-site-specific protein 
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conjugation leads to heterogeneities in the number and location of modifications, 

which can affect the physiochemical properties of the protein resulting in 

compromised bioactivity for protein therapeutics or particle disassembly for drug 

carriers.97 Site-specific protein bioconjugation approaches allow researchers to build 

highly tunable protein constructs capable of improving 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 (UAA) incorporation is a particularly exciting and well-

studied bioconjugation method that allows site-specific insertion of unnatural amino 

acids containing bioorthogonal functional groups. UAAs are most commonly 

incorporated into the genetic code of cells by using transfer RNA (tRNA) that 

recognizes the amber stop codon98, ochre stop codon99, 100 or other nonsense codons101, 

102, as well as an aminoacyl-tRNA synthetase (aaRS) that catalyzes the acylation of the 

tRNA to the UAA. The charged tRNA then inserts the UAA into the growing 

polypeptide during protein translation (Figure 1.6).103 While UAA incorporation has 

previously suffered from low incorporation efficiency and diminished expression 

yields that have limited its use104, recent efforts to address these limitations, through 

cell strain105-107 and tRNA/aaRS99, 108, 109 engineering, 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 the wild-type yield.110 It also is important to 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 guidelines: (1) to 

prevent protein misfolding and activity loss, folded and active regions within a protein 

should be avoided as sites of modification, unless altering protein activity is itself the 

desired outcome111; (2) to minimize heterogeneity due to leaky expression, UAAs 

should not be incorporated immediately following the start codon112; and (3) to ensure 

reactability, UAAs should be incorporated in surface-exposed regions of the 

protein113. 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 lines.114 These UAA-

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

to biosensing115, to vaccine development116.  
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Figure 1.6:   UAA incorporation for targeted drug delivery. UAA incorporation can be 

used to insert multiple biorthogonal groups site-specifically into proteins 

for controlled conjugation of drug delivery moieties. Bioconjugate Chem. 

31(10) (2020) 2272-2282.1 Copyright 2020, with permission from 

American Chemical Society. 

The ability of UAA incorporation to improve bioactivity has been well 

documented through site-specific bioconjugation of stealth molecules capable of 

forming a shell around the therapeutic or nanocarrier to avoid phagocytic and renal 

clearance to extend circulation time.117  One such stealth moiety, polyethylene glycol 

(PEG), has been used extensively in literature to enhance serum half-life, increase 

protein stability, and mitigate immunogenicity of a multitude of drugs and drug 

carriers.118 PEG conjugation (PEGylation) 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 numerous therapeutics, e.g., human growth 

hormone (hGH)119, arginine deaminase120, and tumor necrosis factor (TNF-Ŭ)121, 

improved circulation properties but reduced the therapeutic activity by over 50% 

compared to the unconjugated protein. To site-specifically conjugate PEG molecules 
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onto proteins, Cho et. al. used UAA incorporation to insert bioorthogonal acetyl 

groups into distinct locations on hGH for coupling with oxime-functionalized PEG.111 

A single PEG molecule conjugated to six unique locations on the hGH demonstrated a 

threefold difference in activity in rodents, depending on the location of PEG. Wu and 

coworkers expanded this approach by using UAA incorporation to compare the 

efficacy of mono-PEGylated and di-PEGylated hGH.122 The location of the PEG 

molecules significantly impacted the pharmacokinetics and activity of hGH, 

particularly when multiple PEG molecules were attached, with the best performing 

analog, a di-PEGylated hGH, enhancing circulation time and stability while 

maintaining activity similar to the levels of mono-PEGylated hGH. Furthermore, the 

versatility of UAA incorporation has been demonstrated with site-specific PEGylation 

to interferon ɓ-1b (IFNb) 123 and an anti-cancer fusion toxin124, 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 shown the propensity to prolong serum 

half-life125, 126, and recent work has utilized UAA incorporation to site-specifically 

conjugate HSA to therapeutic proteins.127-129 Bak and coworkers used UAA 

incorporation to conjugate HSA to three specific sites on glucagon-like peptide 1 

(GLP-1), a therapeutic peptide used to treat type 2 diabetes.129 All three HSA 

conjugated GLP-1 variants exhibited an increase in circulation half-life of 

approximately 160-fold as compared to wild-type GLP-1. Despite this, only two 

analogs exhibited improved glucose tolerance in mice compared to wild-type GLP-1, 
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with the best variant demonstrating over a 6-fold increase in activity compared to a C-

terminal fusion of HSA to GLP-1. 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 moieties capable 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 ligand clustering41, 44, 130 and synergistic receptor 

binding through dual ligand functionalization.131, 132  In our own work, we used UAA 

incorporation to cluster varying numbers of the epidermal growth factor receptor 

(EGFR) targeting peptide, GE1134, onto azido-modified mCherry. Four GE11 peptides 

clustered onto the N-terminus of mCherry resulted in an 18-fold enhancement in 

uptake in EGFR-overexpressing cancer cells as compared to mCherry with a single 

GE11 peptide and a 4-fold enhancement as compared with uptake in healthy breast 

epithelial cells with basal EGFR expression levels.133 Additionally, clustering two 

GE11 peptides to mCherry with UAA incorporation resulted in 5-fold higher uptake in 

cancer cells as compared to mCherry constructs with two unclustered GE11 peptides 

conjugated via ester-amine chemistry. This example highlights the importance of 

controlling ligand density and clustering for targeted internalization and will be 

discussed more in Chapter 2. Additionally, UAA has been used to generate bispecific 

antibodies to crosslink HER2+ cancer cells and CD3+ cytotoxic T lymphocytes cells 

to promote T-cell-mediated cancer cell death.134 UAA incorporation has also been 
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used extensively for the synthesis of site-specific antibody-drug conjugates to improve 

product homogeneity135-139 and for functionalizing the surface of protein nanocages to 

control the orientation and density of targeting moieties140-142. 

The chemistries available through UAA incorporation can also be used to enable 

stimuli-responsive, targeted drug release. The UAA p-acetylphenylalanine (pAcF) was 

incorporated into an EGFR targeted elastin-like protein micelle and used to attach 

Doxorubicin (DOX) through oxime bond formation .143 Under acidic conditions, e.g., 

in endolysosomal compartments, the oxime bond underwent acid-catalyzed oxime 

hydrolysis triggering DOX 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 cleavage site with an azido group for immobilization 

onto a PEG hydrogel network through strain promoted azide-alkyne cycloaddition 

chemistry.144 Incubation with the proteolytic trigger, thrombin, resulted in spatially 

controlled, stimuli-responsive 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 site-specific modification of individual residues 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 incorporation of diverse 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 proximity, 

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 biologically-derived analog of synthetic click-chemistries.145-147 

SpyCatcher and SpyTag are derived by splitting the adhesin domain of the fibronectin 

binding protein FbaB in S. pyogenes, where 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 Asp117, catalyzed by the nearby Glu77 residue (Figure 1.7).146 This bio-click 

reaction for proteins148-153 and peptides154, 155 offers irreversible, covalent fusion that 

goes to near completion with rapid kinetics (ca. minutes) and requires minimal 

purification post-reaction. Furthermore, this technology offers wide applicability due 

to its ease of incorporation at both terminal and internal polypeptide sites and the 

access to an array of orthogonal Catcher/Tag parts, derived from similar adhesin 

domains of other bacteria (e.g., Streptococcus pneumoniae148, Streptococcus 

dysgalactiae156, and derivative mutants from S. pyogenes157). To incorporate 

SpyCatcher and SpyTag as fusion partners (e.g., at terminal sites), they should be 

fused at the N or C-terminus of proteins with flexible glycine-serine rich linkers to 

reduce potential folding problems and avoid undesirable protein-protein 
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interactions.145 Meanwhile, to incorporate either Spy moiety at a non-terminal 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. Despite its wide applicability and simplicity, the scope of this technology is 

limited to post-translational protein and peptide ligation due to necessary genetic 

fusion of SpyCatcher and SpyTag, and the reaction process leaves a large 129 amino 

acid ñscarò. Efforts have been made to address these challenges with the development 

of smaller and faster reacting SpyCatcher/SpyTag pairs, SpyCatcher002/SpyTag002158 

and SpyCatcher003/SpyTag003159, as well as a ternary SpyLigase/SpyTag/KTag 

system, where the 11 kDa SpyLigase locks the 13 amino acid SpyTag and the 10 

amino acid KTag via an isopeptide bond160. Other ternary systems have also been 

developed161, 162, such as the orthogonal SnoopLigase/SnoopTagJr/DogTag system; 

however, despite their more minimalist nature, these systems have been predominantly 

used in proteins and peptides. 
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Figure 1.7:   SpyCatcher-SpyTag 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 SpyTag.  Bioconjugate 

Chem. 31(10) (2020) 2272-2282.1 Copyright 2020, with permission from 

American Chemical Society. 

Because of the simplicity of using SpyCatcher/SpyTag for post-translational 

fusion of different proteins, it has been commonly used to develop plug-and-play 

delivery modules for targeted protein delivery. Moon et. al. demonstrated this concept 

by developing N-terminal Spytagged anti-HER2 (HER2Afb) and anti-EGFR 

(EGFRAfb) affibody targeting modules and C-terminal SpyCatcher-fused mCherry or 

yellow fluorescent protein (YFP) cargo protein modules.163 Reacting the targeting and 

cargo protein modules resulted in near-complete ligation within 5 minutes. Subsequent 

delivery of HER2Afb and EGFRAfb fluorescent protein conjugates demonstrated 

enhanced uptake to HER2 overexpressing SK-BR-3 cells and EGFR overexpressing 

MDA-MB-468 cells compared to control cell lines with basal expression of each 

receptor. Further modifications of the anti-HER2-YFP affibody fluorescent protein 

conjugate (AFPC) were made to genetically introduce glutathione transferase between 
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the SpyTag and the affibody for AlDox (a prodrug of doxorubicin) to facilitate 

conjugation and delivery. Conjugation of SpyTag-GST-HER2Afb to YFP-SpyCatcher 

demonstrated enhanced AlDox delivery and cytotoxicity to HER2+ SK-BR-3 cells 

compared to HER2- MCF10A cells and unconjugated protein AFPC vehicle. In a 

similar manner, Hoffmann et. al. broadened this simple assembly scheme to develop a 

strategy to screen for their best-performing cell penetrating peptide (CPP) from a 

library of peptide candidates.154 Upon doing so, they demonstrated its potency by 

delivering various biologics and demonstrating the bioactivity 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 breast cancer cells.133   

Aside from therapeutic proteins, SpyCatcher/SpyTag technology has also been 

utilized in larger nanocarriers, such as VLPs 164, 165 and lentiviruses166, for site- and 

orientation-specific conjugation of targeting domains. Kim et. al. developed a modular 

P22 VLP nanocarrier from Salmonella typhimurium bacteriophage for targeted 

delivery by genetically fusing a C-terminal SpyTag to the P22 coat protein and an N-

terminal SpyCatcher to an anti-HER2 (SC-HER2Afb) or anti-EGFR affibody (SC-

EGFRAfb).164 Up to 40% of the P22 coat proteins were modified with a SpyCatcher-

affibody (SC-Afb) fusion with near-complete consumption of the limiting SC-Afb 

reagent. AlDox was conjugated to the VLP via an acid-cleavable maleimidocaproyl 

hydrazine linker, facilitating release of the drug in the acidic late endosomal 

compartment. SC-EGFRAfb and SC-HER2Afb ligated VLP, loaded with AlDox, 
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demonstrated enhanced uptake in EGFR overexpressing MDA-MB-468 cells and 

HER2 overexpressing SK-BR-3 cells, respectively. Furthermore, dose-dependent 

cytotoxicity comparable to the free doxorubicin control was demonstrated when 

delivering the AlDox-loaded targeted VLPs to cells overexpressing the cognate 

receptor. Near-basal nanocarrier cytotoxicity levels were observed when AlDox-

loaded targeted VLPs were delivered to control cell lines. These findings demonstrate 

how targeted delivery yielded an important reduction of off-targeted effects.  

SpyCatcher/SpyTag is a facile protein ligation technique 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 ñclickedò together based on the desired functions of 

the resultant protein. As a ligation strategy, it is most suitable for covalent binding 

proteins and peptides, which can more easily tolerate SpyCatcher or SpyTag fusion 

and provides a versatile plug-and-play technology for constructing new ñsmartò 

protein therapeutics. 

1.4 Dissertation Overview 

In this thesis, site-specific protein conjugation strategies (UAA incorporation 

and SpyCatcher-SpyTag ligation) are utilized to design intracellular drug delivery 

systems where functionalization can be tightly tuned and controlled to create 

homogenous peptide-protein products with optimal bioactivity and delivery 

capabilities. The forthcoming chapters will highlight the data collected in our efforts to 
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improve cellular internalization and endosomal entrapment of protein drug carriers for 

the delivery of a variety of cargos including protein enzymes, bionanoparticles, and 

small molecule chemotherapeutics (Figure 1.8).  

 

 

Figure 1.8:  Overview of the topics of each data chapter. 

In Chapter 2, we describe a strategy to site-specifically conjugate delivery 

moieties to therapeutic proteins through UAA incorporation, in order to explore the 

effect of EGFR-targeted ligand valency and spacing on internalization of proteins in 

EGFR-overexpressing inflammatory breast cancer (IBC) cells. Results demonstrate 
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the importance of controlling ligand display on proteins for robust active targeting. 

Furthermore, this system has been adapted for delivery of a cancer suicide enzyme to 

enable IBC-targeted cell death through prodrug activation. These results demonstrate 

the benefits of UAA incorporation for controlling targeting peptide presentation and 

maximizing cargo protein activity, with key benefits relevant to prodrug therapeutics 

and a wide range of other intracellular protein therapies.  

In Chapter 3, we use the EGFR-targeting conjugate developed in Chapter 2 to 

deliver a small molecule chemotherapeutic drug, doxorubicin. Specifically, we site-

selectively functionalized the exterior of an engineered E2 nanocage, capable of 

hydrophobic drug loading, with the EGFR-targeting conjugate using SpyCatcher-

SpyTag chemistry. This nanoparticle system facilitated IBC-targeted delivery of 

doxorubicin for cancer specific cell death, demonstrating the modularity of this 

targeted approach for delivery a variety cargo types. 

In Chapter 4, we address the challenge of endosomal escape by fusing four 

endosomolytic peptides, with varying endosomal disruption mechanisms, to the 

EGFR-targeting protein conjugate, developed in Chapter 2, and compared their ability 

to disrupt the endosomal membrane, escape endosomal localization, and evade 

lysosomal degradation, while maintaining EGFR specificity and biocompatibility. 

Results demonstrated that some, but not all, endosomolytic 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 enhancing delivery of therapeutic proteins and protein 

nanoparticles based on our key findings.  
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CONTROLLED EGFR LIGAND DISPLAY ON CANCER SUICIDE 

ENZYMES VIA UAA ENGINEERING FOR ENHANCED INTRACELLULAR 

DELIVERY IN BREAST CANCER CELLS  

This chapter is adapted with permission 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 cancer cells. Bioconjugate 

Chem. 2019, 30 (2), 432-442. DOI: 10.1021/acs.bioconjchem.8b00783.133 Copyright 

2019, American Chemical Society. 

2.1 Summary 

Proteins are ideal candidates for disease treatment because of their high 

specificity and potency. Despite this 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 reactive groups 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, we describe a strategy to site-specifically 

conjugate delivery moieties to therapeutic proteins through unnatural amino acid 

(UAA) incorporation, in order to explore the effect of epidermal growth factor 

Chapter 2 

https://doi.org/10.1021/acs.bioconjchem.8b00783
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receptor (EGFR)-targeted ligand valency and spacing on internalization of proteins in 

EGFR-overexpressing 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 promote multivalent 

ligand-receptor interactions. Furthermore, the tailorability of this simple approach was 

demonstrated through IBC-targeted cell death via the delivery of yeast cytosine 

deaminase (yCD), a prodrug converting enzyme.  

2.2 Introduction  

Ligand display has been shown to play an important role in altering drug 

biodistribution, targeting efficiency, and therapeutic efficacy in nanocarrier systems.36 

In particular, ligand valency37, clustering38, and orientation39 can significantly affect 

the levels of protein internalization in target cells. Despite clear benefits, controlled 

ligand presentation has rarely been studied for the delivery of protein therapeutics due 

to limitations in traditional protein bioconjugation methods. Recent 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.167 Nonetheless, site-specific ligand conjugation has rarely been 

explored in the context of therapeutic protein delivery,111, 168, 169 and 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 market because of their sophisticated functional properties, capacity 

for highly specific recognition of biological binding partners, and relevance to 

multiple diseases.170 In fact, biologics represented 35% of all new FDA approvals 

between 2010 and 2016, and the market is poised for further evolution and growth.171 

However, despite enormous interest and significant investments in developing 

advanced protein therapeutics, protein delivery remains a major limitation.  Stability 

issues have hindered or halted clinical advancement of many antibodies.16 Most 

therapeutically-relevant enzymes are incompatible with the extracellular environment, 

leading to aggregation, activity loss, and/or renal clearance.12 Furthermore, most 

proteins are membrane impermeable, and therefore active strategies are necessary to 

deliver proteins transcellularly or intracellularly, while also targeting the correct cells 

and subcellular compartments. As a result, the pipeline has a dearth of intracellular 

protein drug candidates, even though intracellular proteins comprise over 60% of the 

human proteome and have predicted therapeutic applications ranging from 

neurological disorders8 to lysosomal storage disease11 to cancer5, 20. 

 Engineering efforts to address these issues and improve protein delivery often 

rely on modifying proteins through direct conjugation of biocompatible polymers or 

targeting ligands that can increase protein stability, alter protein biodistribution, and/or 

improve cellular uptake.172 For example, polyethylene glycol (PEG) has been 

conjugated to a number of FDA-approved protein drugs to improve protease resistance 

and reduce renal clearance.173 Bioconjugation is typically accomplished using 
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naturally-occurring reactive residues (e.g., lysines) within the protein sequence, or by 

using genetic fusion to the protein termini.95, 96 While both methods have the capacity 

to enhance various aspects of delivery as compared to proteins in their native form, the 

inability to chemically modify proteins with site-specificity often affects the activity of 

the protein and thereby significantly hinders pharmacological action.97 For example, 

one study conjugated a single PEG molecule to distinct locations in human growth 

factor using a site-specific modification technique and observed a threefold difference 

in activity in vivo, depending on the location of the polymer.111  Additionally, non-

site-specific modification approaches do not offer control over design variables that 

can be important determinants of uptake levels and targeting efficacy, such as ligand 

valency and ligand clustering. 

A potential strategy to accomplish this goal is the use of a site-specific and 

multivalent conjugation method for insertion of multiple chemical modification sites 

into proteins.  Previous work has demonstrated the ability to insert biorthogonal 

reactive residues into proteins through unnatural amino acid (UAA) incorporation with 

nonsense codon replacement, enabling direct protein conjugation with simple óclickô 

chemistries.99 To date, over 70 UAAs with an array of structures have been 

successfully incorporated into the genetic code of multiple organisms.114 UAA 

incorporation has been used in a number of applications including protein labeling, 

biosensing, vaccine development, and antibody-drug conjugation.115-135  

Herein, we explored the potential of this approach for improved intracellular 

delivery of protein therapeutics. We specifically sought to determine whether UAA-
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modification could be used to control the spacing and number of receptor-binding 

ligands that were inserted into therapeutically relevant enzymes. UAA incorporation 

was used to attach clusters of the high-affinity epidermal growth factor receptor 

(EGFR) targeting peptide GE1134 into fluorescent proteins for delivery to 

inflammatory breast cancer (IBC) cells. IBC is an aggressive subtype of breast cancer 

with a less than 50% survival rate beyond 5 years,174 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 first quantified protein uptake using the fluorescent model protein 

mCherry. By varying the spacing and number of GE11 peptides linked to mCherry via 

UAA conjugation, we demonstrated an 18-fold increase in protein uptake when four 

GE11 peptides were clustered in the protein as compared to proteins with a single 

GE11 peptide. In addition, uptake in healthy breast epithelial cells was found to be 4-

fold lower than uptake in IBC cells, demonstrating the ability to not only deliver large 

amounts of protein, but also selectively target IBC cells. Furthermore, we modularized 

the GE11-mCherry for attachment to therapeutic enzyme cargoes using SpyCatcher-

SpyTag bioconjugation.146 SpyCatcher-SpyTag was used to link GE11-mCherry to 

yeast cytosine deaminase (yCD), a suicide enzyme that converts the non-toxic prodrug 

5-fluorocytosine (5-FC) into the widely used chemotherapeutic 5-fluorouracil (5-FU). 

The linkage strategy fully preserved yCD enzyme activity, and moreover, co-delivery 

of yCD and 5-FC 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 maximizing cargo 

protein activity, with key benefits relevant 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 IDT (Coralville, 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 plasmid kit was purchased from Zymo Research (Irvine, CA) 

for DNA purification following digestion or gel electrophoresis. Antibiotics and 

isopropyl-ɓ-D-1-thiogalactopyranoside (IPTG) were purchased from Sigma-Aldrich 

(St. Louis, MO). p-Azido-l-phenylalanine (4-azido-l-phenylalanine, > 98 % (HPLC)) 

was purchased from Chem-Impex International Inc. (Wood Dale, IL). Reagents for 

SDS-PAGE were purchased from BIO-RAD (Hercules, CA). Amino acids and resin 

for peptide synthesis were purchased from MilliporeSigma (Burlington, MA) and 

CEM Corporation (Matthews, NC). All solvents for peptide synthesis were purchased 

from Fisher Chemical (Fair Lawn, NJ). Dulbeccoôsô Phosphate Buffered Saline 
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(DPBS, 1X), Hamôs F-12, and Dulbeccoôs Modification of Eagleôs Medium/Hamôs F-

12 50/50 Mix were purchased from 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 amber-mCherry-F 

and amber-mCherry-R (Table 2.1), in which an amber codon and NheI cut site were 

genetically fused to the N-terminus of the mCherry gene fragment. The PCR product 

was inserted into pET22b-w3-CFP-his6175 using SacII and XhoI sites to yield 

pET22b-amber-mCherry-his6. Gene fragments encoding amber-G4S1-amber and 

(amber-G4S1-amber)2, were annealed using primers 2amber-F, 2amber-R, 4amber-F, 

4amber-R (Table 2.1) followed by T4 Polynucleotide Kinase treatment. The DNA 

fragments were inserted into pET22b-amber-mCherry-his6 using SacII and NheI sites 

to yield pET22b-2amber-mCherry-his6, and pET22b-4amber-mCherry-his6, 

respectively.  

All plasmids were transformed into Escherichia coli NEB5Ŭ (NEB, Ipswich, 

MA) [ fhuA2 ȹ(argF-lacZ)U169 phoA 23 glnV44 ʌ80 ȹ(lacZ)M15 gyrA96 recA1 

relA1 endA1 thi-1 hsdR17]. Bacteria were grown on 25 g/L Luria-Bertani 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 µg/mL ampicillin. Positive clones were co-transformed with 

pULTRA-CNF (a gift from Prof. Peter G. Schultz99) into E. coli strain BL21(DE3) 

(EMD Millipore, Madison, WI) [F- ompT hsdSB(rB- mB-) gal dcm (DE3) 
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ȹ(srlrecA)306::Tn10 (TetR)]. Plasmid sequences used in this chapter can be found in 

Appendix A.1. 

Table 2.1: DNA oligos used for molecular cloning in Chapter 2 

 

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 g/L monopotassium phosphate, 2.2 g/L 

dipotassium phosphate) supplemented with 100 µg/mL ampicillin and 100 µg/mL 

spectinomycin. Cultures were inoculated with an overnight culture from a single 

colony to an OD600 of 0.05 and allowed to grow at 37oC in a shake flask to an OD600 

of 0.6 ï 0.8.  Expression was then induced with 1 mM IPTG and supplemented with 1, 

2, or 4 mM pAzF corresponding to the number of amber codons. Cultures were grown 
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overnight at either 20oC (1Az-mCherry-his6 and Tat-mCherry-his6) or 37oC (2Az-

mCherry-his6 and 4Az-mCherry-his6). 

Cells were pelleted with centrifugation at 4000g for 10 minutes at 4oC. Spent 

media was removed and cells were resuspended in 1 x phosphate buffered saline 

(PBS, pH 7.4) with 10 mM imidazole to an OD600 of 20. Cells were lysed via 

sonication and centrifuged at 10,000g for 15 min at 4oC to collect soluble protein. 

Proteins were purified using His-Bind Ni-NTA resin gravity column from Thermo 

Fisher (Pittsburgh, PA) according to the manufacturerôs protocol. After purification, 

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 µM Alexa Fluor 488 Alkyne was reacted to 25 µM azido-mCherry in 

PBS (pH 6.5) with 250 µM CuSO4, 1.25 mM THPTA ligand, and 5 mM sodium 

ascorbate for 1 hour at room temperature.176  Dye conjugation was confirmed via 

SDS-PAGE. 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 N-terminal linker (HAIYPRHYHWYGYTPQNVI) was 

synthesized using solid phase peptide synthesis.177 A propargyl glycine was 
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conjugated to the N-terminus for CuAAC. The peptide was purified by reverse-phase 

high-performance liquid chromatography (not shown) and the final product was 

confirmed with MALDI -TOF mass spectrometry. From MALDI the molecular weight 

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

the expected molecular weight of 2509.77 g/mol. 

2.3.6 Site-specific Conjugation of GE11 Peptide to pAzF-mCherry Proteins 

GE11 was conjugated to mCherry constructs with CuAAC. Briefly, 150 µM 

alkyne-GE11 was reacted to 25 µM azido-mCherry in 1xPBS (pH 6.5) with 250 µM 

CuSO4, 1.25 mM THPTA ligand, and 5 mM sodium ascorbate for 1 hour at room 

temperature.176 The protein-peptide conjugate was then purified with His-Bind Ni-

NTA resin and dialyzed overnight in 1x PBS. The products were analyzed with SDS-

PAGE and MALDI mass spectrometry. Samples were filtered with a 0.22 µM syringe 

filter before being used in cell studies. 

2.3.7 Cell Culture 

IBC SUM149 cells (a gift from Kenneth van Golen178) were grown in Hamôs 

F12 medium supplemented with 5% FBS, 1% (v/v) penicillin/streptomycin, 1% (v/v) 

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

transferrin, 200 ng/mL selenium, and 1 µg/mL hydrocortisone according to previously 

established methods.179, 180 MCF10A cells, purchased from ATCC (Manassa, 

Virginia), were grown in 50/50 DMEM/Ham's F12 medium supplemented with 5% 
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FBS, 1% (v/v) penicillin/streptomycin, 50 Õg/mL bovine pituitary extract, 10 Õg/mL 

insulin, 0.5 Õg/mL hydrocortisone, 100 ng/mL cholera toxin, and 20 ng/mL epidermal 

growth factor. 

2.3.8 Cellular Internalization of GE11-mCherry Proteins 

First, 5 x 104 IBC SUM149 and MCF10A cells were seeded in 8-well plates 

with a collagen film (1.5 mg/mL Collagen I Bovine Protein in 0.02 M acetic acid in DI 

water) and incubated for 24 hours at 37oC. Cells were incubated with 1 µM of protein 

for 3 hours. Media was removed and cells were washed three times in 1x DPBS (pH 

7.4).  Cells were fixed with 10% formalin for 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 DM6000 fluorescence microscope (Wetzlar, Germany) 

with 350/50 nm excitation and 460/50 nm emission for DAPI and 545/25 nm 

excitation and 605/70 nm emission for mCherry. 

 Flow cytometry was used as a quantitative analysis of GE11-mCherry 

association in IBC SUM149 and MCF10A cells. Cells were seeded in six-well plates 

at a density of 3 x 105 cells per well and incubated overnight at 37oC. Medium was 

replaced and cells were incubated with 1 µM of protein for 3 hours. Cells were washed 

three times in 1x DPBS and trypsinized. Following tyrpsinization, cells were 

neutralized with the appropriate cell media and centrifuged at 123g for 4 minutes. 

Cells were resuspended in cold 1x DPBS and analyzed by flow cytometry (NovoCyte, 

ACEA Biosciences, Inc., San Diego, CA, USA). Fluorescence intensity of 1 x 104 
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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 in 8-well plates with a collagen film and incubated 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 2.5 µg/mL Alexa Fluor 488 anti-EGFR Antibody, from Thermo Fisher, 

or Alexa Fluor 488 Rabbit IgG Isotype control from Cell Signaling Technology 

(Danvers, MA) in 1x DPBS for one hour. Unreacted antibody was removed by 

washing three times with 1x DPBS and labelled cells were imaged at 40x 

magnification on the fluorescence microscope with 488/40 nm excitation and 525/50 

nm emission. 

Flow cytometry was used as a quantitative analysis of EGFR level in IBC 

SUM149 and MCF10A cells. Cells were seeded in six-well plates at a density of 3 x 

105 cells per well and incubated overnight at 37oC. Cells were trypsinized and spun 

down at 123g for 4 minutes. Media was removed and cells were incubated with 10% 

formalin for 10 minutes before being spun down and undergoing one wash step. 2.5 

µg/mL of Alexa Fluor 488 conjugated anti-EGFR 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 x 104 cells was measured with 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 x 104 cells per well in an 8-well collagen 

coated plate. Following overnight incubation at 37oC, media was replaced and cells 

were incubated with 100 µM of EGF for one hour. Cells were washed three times with 

DPBS and incubated with 1 µM of GE11-mCherry protein for three hours. Media was 

removed and cells were washed three times in 1x DPBS before fixation and DAPI 

staining. Fluorescence imaging and flow cytometry analyses were conducted as 

described above.  

2.3.11 SpyCatcher/SpyTag Conjugation of yCD to GE11-mCherry  

A gene fragment encoding SpyCatcher was amplified with PCR using primers 

SpyCatcher-F and SpyCatcher-R (Table 2.1). The PCR product was inserted into 

pET22b-w3-amber-mCherry-his6 constructs using XhoI and BlpI sites to yield 

pET22b-amber-mCherry-SpyCatcher-his6. Identical methods of plasmid preparation, 

protein expression, and purification were used as described above for pET22b-amber-

mCherry- his6. CuAAC was again used to conjugate GE11 to Az-mCherry-

SpyCatcher using the same reactant concentrations as above. Following CuAAC, the 

protein was purified and concentrated with his-tag chromatography and dialyzed in 1x 

PBS. To couple the SpyTag-yCD, 15 µM GE11-mCherry-SpyCatcher was reacted 
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with 15 µM of SpyTag-yCD in 1 x PBS (pH 7.4) for two hours followed again by 

purification with his-tag chromatography. 

2.3.12 Prodrug Treatment and Cell Viability  

In a 96 well plate, cells were seeded at 10,000 cells/well and incubated 

overnight. 1 µM of mCherry-yCD protein was added to cells and incubated for three 

hours. Cells were washed three times with 1x DPBS to remove protein that was not 

internalized, treated with 500 µg/mL of 5-FC and incubated for 48 hours at 37oC. 

Following incubation, MTT Cell Proliferation assays from Thermo Fisher were 

performed according to the manufacturerôs protocol.  

2.3.13 Statistical Analyses 

Results were reported as mean ± standard deviation except where noted. All 

experiments were replicated at least 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 variance T-test. Significance 

was accepted at p < 0.05. 
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2.4 Results and Discussion 

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

pAzF 

Previous studies have demonstrated successful incorporation of p-Azido-l-

phenylalanine (pAzF) in E. coli though amber stop codon suppression with the 

pULTRA-CNF suppressor plasmid system.99 Here, one, two, or four pAzF UAAs 

were incorporated onto the N-terminus of the fluorescent protein mCherry, and the 

resulting proteins were termed 1Az-, 2Az-, and 4Az-mCherry (Figure 2.1A). Flexible 

linkers made up of glycine and serine residues (G4S1) separated the UAAs. The 

fluorescence intensities of the cell lysates indicated that mCherry was preferentially 

expressed for all three constructs only when E. coli cells were grown with pAzF 

present in the culture medium (Figure 2.1B). Compared to 1Az-mCherry, 1.8-fold and 

2.9-fold decrease in expression was observed for 2Az-mCherry and 4Az-mCherry, 

respectively. Decreased expression levels with an increased number of UAAs is a 

common outcome of UAA-linked protein expression.181 The addition of multiple 

amber stop codons in the encoding gene increases the possibility of early termination 

of translation.182 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 full-length protein in the pAzF-grown samples likely contained the 

UAA (Figure 2.1C).  The three proteins were purified using His-tag Ni-NTA 
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chromatography. An example of each His-tag purification step for 1pAzF-mCherry is 

given in Figure 2.1D. The protein of interest is visible in the His-tag elution at 39 kDa 

from SDS-PAGE analysis.  
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Figure 2.1:   Expression and purification of pAzF containing mCherry. (A) Schematic 

of mCherry with 1, 2 or 4 pAzF residues clustered onto the N-terminus 

via UAA incorporation. (B) Expression of full-length mCherry 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 concentration 

determined by Bradford protein assays. Results are shown as mean ± 

standard deviation of three independent experiments. (C) Coomassie 

stained SDS-PAGE analysis of 1pAzF-mCherry lysate expressed in the 

presence (+pAzF) and absence (-pAzF) of the UAA. (D) His tag 

purification of 1pAzF-mCherry. Lane 1: 1Az-mCherry lysate. Lane 2: 

Protein that did not bind to His column. Lane 3: Wash containing 

unbound protein. Lane 4: His tag-purified target protein (39 kDa).  
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Incorporation of pAzF was confirmed through copper-catalyzed alkyne-azide 

cycloaddition (CuAAC) with Alexa Fluor® 488 alkyne dye. Successful conjugation of 

the Alexa Fluor 488 dye to 1pAzF-, 2pAzF-, and 4pAzF-mCherry was confirmed by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), using 

fluorescence analysis and Coomassie staining (Figure 2.2). 

 

Figure 2.2:   SDS-PAGE analysis of Alexa Fluor 488-alkyne conjugation to azide 

groups of mCherry by Coomassie 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 GE11 targeting peptide was chosen to target EGFR, which is 

overexpressed in a number of different cancer cells, including IBC cells.183, 184 The 

GE11 peptide exhibits high affinity toward EGFR (KD = 22 nM) and has been utilized 

for delivery of an array of nanoparticles in multiple types of EGFR-overexpressing 

cancer cells. Here, GE11 was synthesized with an N-terminal propargyl-glycine 
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through Fmoc solid phase peptide synthesis, purified through RP-HPLC, and the final 

product was confirmed through MALDI-TOF mass spectrometry (Figure 2.3).  

 

 

Figure 2.3:   MALDI -TOF mass spectra of HPLC purified propargyl-GE11 targeting 

peptide. The molecular weight of the final purified product matched the 

expected molecular weight of GE11. 

Subsequently, CuAAC was used to conjugate the propargyl-GE11 peptide on 

to the azido groups of mCherry.  The reaction yield of propargyl-GE11 with 1pAzF-, 

2pAzF-, and 4pAzF-mCherry was estimated via SDS-PAGE analysis (Figure 2.4A) 

and MALDI -TOF mass spectrometry (Figure 2.4B). The change in product size 

following propargyl-GE11 conjugation to 1pAzF- and 2pAzF-mCherry confirmed that 

a majority of the final product in each protein had all reactive groups modified with 

the GE11 peptide. Reaction with 4pAzF-mCherry indicated a majority of the final 

product had either three or four GE11 peptides. We suspect that the lower 

modification efficiency of 4GE11-mCherry is due to in part to limitations in UAA 
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incorporation, i.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 read-through. 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 

CuAAC reaction itself is unlikely to be the issue as CuAAC linkage typically results 

in high yields.185 Usage of an E. coli cell line developed specifically for UAA 

incorporation, rather than BL21(DE3),110, 186 or increasing the spacing of the UAAs, 

would possibly improve the reaction efficiency.  

 

 

Figure 2.4:   GE11 conjugation by CuAAC click chemistry. (A) Coomassie stained 

SDS-PAGE analysis of GE11 click conjugation to 1Az-, 2Az-, and 4Az-

mCherry. (B) MALDI mass spectrometry of GE11-conjugated mCherry. 
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2.4.3 EGFR overexpression in IBC cells provides targeting opportunity 

SUM149 cells are a patient-tumor derived IBC cell line that expresses high 

levels of EGFR; MCF10A cells are a normal breast epithelial cell line that expresses 

lower levels of EGFR.187 The levels of EGFR on the surface of each cell line were 

confirmed through immunostaining, using an Alexa Fluor 488 conjugated anti-EGFR 

antibody (Figure 2.5A). Flow cytometry analyses indicated that IBC SUM149 had 

approximately 5-fold higher levels of cell surface EGFR than MCF10A cells (Figure 

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

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

(Figure 2.5C), whereas a majority of MCF10A cells had only basal levels of EGFR on 

their membrane (Figure 2.5D). 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 cycle188 or by activation of EGFR, due to small 

amount of EGF in the culture medium or antibody-receptor binding, which has shown 

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

expression in MCF10A cells187. 
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Figure  2.5:  EGFR immunostaining of IBC SUM149 and MCF10A cells. (A) 

Fluorescence microscopy images of IBC SUM149 and MCF10A cells 

incubated with Alexa Fluor 488-conjugated anti-EGFR antibody or IgG 

antibody control. The scale bar represents 50 µm. (B) Median 

fluorescence intensity of EGFR and IgG 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 experiments. *Indicates a statistically significant difference 

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 anti-EGFR (green). (D) Flow cytometry histograms of 

MCF10A cells stained with rabbit IgG (red) and anti-EGFR (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 

GE11-mCherry proteins were delivered to IBC SUM149 cells and MCF10A cells. 

Fluorescence microscopy was used to visual cell internalization (Figure 2.6A). 

Corresponding phase images were used to orient the imaging analyses and confirm the 
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locations of cell borders (Figure 2.6B). From flow cytometry, 2.9-fold, 13.6-fold, and 

40.7-fold increases in cellular association were observed in IBC SUM149 cells for 

1GE11-, 2GE11-, and 4GE11-mCherry as compared to mCherry lacking any GE11, 

termed 0GE11-mCherry (Figure 2.6C). In addition, GE11-mCherry at all valencies 

exhibited higher association levels in IBC SUM149 cells as compared to MCF10A 

cells, which express significantly less EGFR. Cellular association of 1GE11-mCherry 

was 1.8-fold higher in IBC SUM149 cells as compared to MCF10A cells, although 

this difference was not statistically significant. The association levels of 2GE11-

mCherry and 4GE11-mCherry were 4.7-fold and 4.1-fold higher in IBC 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 non-linearity observed between ligand number and cellular 

association/uptake was the result of ligand clustering. Previous studies have 

demonstrated improved uptake via clustering when targeting EGF receptors. For 

example, affibody molecules against EGFR demonstrated significantly higher uptake 

in EGFR-positive A431 cells when the affibodies were clustered through a 

heptamerization domain, as compared to monomeric affibodies.189 An additional study 

demonstrated a similar phenomenon by clustering HER2 ligands on liposomes; uptake 

was enhanced in both HER2-overexpressing cells and cells with lower HER2 

expression levels as compared to liposomes with uniformly distributed ligands.40  
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To determine whether UAA-mediated GE11 targeting offered benefits in cell 

uptake and cell specificity as compared with common cell penetrating peptide (CPP) 

strategies in proteins, protein internalization levels also were compared to uptake 

levels of a Tat-mCherry fusion protein. Tat is an HIV-derived CPP that is able to elicit 

high levels of non-specific cellular uptake due to its positive charge.190 Tat fusions 

have been widely used to stimulate intracellular delivery of proteins.191 Tat-mCherry 

showed comparable levels of uptake in IBC SUM149 cells and MCF10A cells 

demonstrating its non-specificity. In addition, Tat-mCherry showed 3.2-fold lower cell 

association levels as compared to 4GE11-mCherry in IBC SUM149 cells, 

demonstrating this approach offers improvements in not only targeting specificity, but 

also cellular uptake efficiency. 
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Figure 2.6:    GE11-mCherry cellular internalization with varying GE11 decoration 

densities. (A) Fluorescence micrographs of IBC SUM149 and MCF10A 

cells incubated with GE11-mCherry constructs. The scale bar represents 

25 µm. (B) Phase images from GE11-mCherry uptake studies in IBC 

SUM149 and MCF10A cells. The scale bar represents 25 µm. (C) 

Fluorescence intensity of GE11-mCherry association in IBC SUM149 

(white) and MCF10A (grey) cells from flow cytometry analysis. Results 

are shown as the mean ± standard 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 in uptake between 

mCherry constructs in IBC SUM149 cells (p < 0.05). 

2.4.5 EGF inhibition demonstrates EGFR mediated uptake 

EGF (KD = 2 nM) was used in competitive binding assays to confirm whether 

GE11-mCherry uptake was EGFR mediated. EGF was incubated with IBC SUM149 

cells for 1 h prior to delivery of GE11-mCherry. Fluorescence microscopy and flow 

cytometry showed significantly reduced uptake levels of all GE11-mCherry constructs 

when EGF was pre-incubated with IBC SUM149 cells, suggesting that GE11-

mCherry uptake was EGFR mediated (Figure 2.7A). Specifically, 11.3-fold, 5.4-fold, 

and 2.6-fold drops in cell association were observed when IBC SUM149 cells were 

pre-incubated with excess concentrations of EGF followed by delivery of 1GE11-, 

2GE11-, or 4GE11-mCherry (Figure 2.7B), respectively. 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 ligand-receptor binding affinity.192 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 GE11-mCherry increases as the number is 

increased. Cationic charge has been shown to elicit cellular uptake, and so the 

increased charge could lead to non-specific mCherry uptake.193 Nonetheless, EGFR 

appeared to play an important role in the uptake mechanism of the protein. 

 

Figure 2.7:   GE11-mCherry EGFR Inhibition. (A) Fluorescent microscopy images of 

GE11- mCherry uptake (-EGF) in IBC SUM149 compared to uptake 

following EGF pre-incubation (+EGF). Scale bar represents 25 µM. (B) 

Mean fluorescent intensity of GE11-mCherry association with (grey) and 

without (white) EGF inhibition from flow cytometry analysis. Results are 

shown as the mean ±standard deviation of data obtained from three 

independent experiments. *Indicates a statistically significant difference 

in uptake between IBC SUM149 cells pre-incubated or in the absence of 

EGF (p < 0.05). 

2.4.6 Ligand clustering impacts cellular uptake 

To determine whether ligand clustering influenced EGFR binding and 

mCherry uptake, we generated a GE11-mCherry construct in which the GE11 peptide 

was spaced throughout the protein rather than clustered on the N-terminus. To do this, 

the GE11 peptide was conjugated to mCherry using reactive amines on surface lysine 
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residues (Figure 2.8A).  First, azidobutyric acid NHS ester was reacted in tenfold 

excess with amine groups in mCherry so that azido groups were available on the 

surface. Secondly, azido groups were reacted with alkyne-GE11 using CuAAC to 

incorporate approximately four GE11 peptides per protein (Figure 2.8B). This reaction 

resulted in mCherry protein that was highly insoluble, likely due to the loss of charge 

on the mCherry protein 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 (Figure 2.8C). 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 the protein by reacting surface lysine residues. To improve the 

solubility of GE11-mCherry conjugated through NHS ester-amine chemistry, 

azidobutyric acid NHS ester was limited so that only an average of two lysine residues 

were reacted per protein. Following CuAAC with alkyne-GE11, the protein appeared 

soluble (Figure 2.8E). From SDS-PAGE, this protein appeared to have similar 

numbers of GE11 per mCherry as compared with 2GE11-mCherry reacted via the 

UAA approach (Figure 2.8D). While there is little control over GE11 addition using 

this method, it was expected that a majority of the protein would have non-clustered 

GE11 peptides due to the spacing of surface available lysine residues.  



 57 

 

Figure 2.8:   Non-clustered conjugation of mCherry with GE11 using amine/NHS ester 

reaction to attach GE11 to free amines in mCherry. (A) Reaction scheme 

for the non-clustered attachment of GE11 onto mCherry. (B) Coomassie 

stained SDS-PAGE analysis of GE11 conjugation: Lane 1: pre-reaction, 

and Lane 2: post-reaction. (C) Fluorescence microscopy images of poorly 

solubilized ester-amine conjugated GE11-mCherry uptake in IBC 

SUM149 cells. Scale bar represents 15 µm. (D) Coomassie stained SDS-

PAGE analysis of 2GE11-mCherry conjugation with UAA chemistry 

(clustered) and ester-amine chemistry (non-clustered). (E) UV 

transillumination of non-soluble (left) and soluble (right) GE11-mCherry 

conjugated with ester-amine chemistry. 

Both the clustered and non-clustered 2GE11-mCherry proteins were 

administered to IBC SUM149 cells. Cellular internalization and association was 

detected with fluorescence microscopy (Figure 2.9A) and flow cytometry (Figure 
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2.9B), respectively. The results of these experiments demonstrated that the clustered 

2GE11-mCherry was uptaken at significantly higher levels as compared to the non-

clustered version, which demonstrated comparable uptake levels to 1GE11-mCherry; 

these results suggest that GE11 ligand clustering plays a clear role in enhancing 

EGFR-mediated uptake.  These 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 peptides.194 It 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 and non-clustered proteins, 

changes in protein properties, such solubility, could also be responsible for some of 

the differences observed.  
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Figure 2.9:   Internalization of clustered and non-clustered 2GE11-mCherry. (A) 

Fluorescence microscopy images of clustered and non-clustered 2GE11-

mCherry cellular internalization. Scale bar represents 15 µm. (B) Flow 

cytometry analyses of non-clustered and clustered 2GE11-mCherry 

cellular association. Results are shown as the mean ± standard deviation 

of data collected from three independent experiments. *Indicates a 

statistically significant difference in uptake between clustered and non-

clustered 2GE11-mCherry (p < 0.05). (C) Flow cytometry histograms of 

clustered (red) and non-clustered (green) 2GE11-mCherry uptake in IBC 

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

SpyTag 

The SpyCatcher-SpyTag protein coupling system was used to facilitate plug-

and-play conjugation of therapeutically relevant enzymes to GE11-mCherry. The 

lysine on SpyCatcher and aspartic acid on SpyTag are able to form an isopeptide bond 

within minutes and the reaction demonstrates high yields in diverse solution 

conditions.146 A variety of protein cargoes could be delivered by simply fusing 

SpyTag, a small 13 amino acid peptide tag, to a choice therapeutic protein and 

coupling it to the GE11-mCherry-SpyCatcher constructs. To enable SpyCatcher-

SpyTag-mediated enzyme attachment to the GE11-modified mCherry conjugates, 

SpyCatcher was fused to the C-terminus of 1Az-, 2Az-, and 4Az-mCherry. Expression 

levels were not significantly altered with the addition of the SpyCatcher fusion protein 

(Figure 2.10A). Subsequently, GE11 was conjugated to the Az-mCherry-SpyCatcher 

constructs using CuAAC chemistry. This reaction showed yields similar to those seen 

with the Az-mCherry constructs (Figure 2.10B).  

 To demonstrate the plug-and-play enzyme attachment strategy, SpyCatcher-

SpyTag was used to attach the prodrug converting enzyme, yCD, to 1GE11-, 2GE11, 

or 4GE11-mCherry-SpyCatcher. yCD catalyzes the deamination of cytosine to uracil, 

enabling rapid conversion of 5-FC, a non-toxic prodrug, into 5-FU, a toxic 

chemotherapeutic.195, 196 5-FU is an FDA-approved chemotherapeutic that has been 

used widely in the treatment of colorectal and breast cancers due to its capacity to 

inhibit DNA replication;197 however, off-target side effects of 5-FU, such as fatigue, 
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nausea, and cognitive impairment198 have motivated interest in prodrug conversion 

strategies. SpyTag was fused to the N-terminus of yCD, and the SpyTag-yCD protein 

was coupled to GE11-mCherry-SpyCatcher to form GE11-mCherry-yCD. SDS-PAGE 

analysis confirmed that a majority of the full length mCherry protein was coupled to 

yCD (Figure S8B). 

 

Figure 2.10:  GE11-mCherry-SpyCatcher conjugation to SpyTag-yCD. (A) Expression 

of full- length mCherry-SpyCatcher 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 concentration. Results are shown as 

the mean ± standard deviation of data collected from three independent 

experiments. (B) Coomassie stained SDS-PAGE analysis of GE11 

CuAAC click conjugation to 1Az-, 2Az-, and 4Az-mCherry-SpyCatcher, 

and the subsequent coupling of GE11-mCherry-SpyCatcher to SpyTag-

yCD. 
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2.4.8 EGFR-targeted delivery of yCD suicide enzyme  

To assess the internalization of 1GE11-, 2GE11-, and 4GE11-mCherry-yCD, 

uptake experiments were performed in IBC SUM149 cells and MCF10A cells. Flow 

cytometry experiments demonstrated that the GE11-mCherry-yCD constructs showed 

on average roughly twofold lower association compared to GE11-mCherry proteins in 

both cells lines (Figure 2.11A). 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 GE11 valency remained. Cellular association in IBC SUM149 

demonstrated 2.4-fold, 7.4-fold, and 19.3-fold increases for 1GE11-, 2GE11-, and 

4GE11-mCherry-yCD as compared to 0GE11-mCherry-yCD. In addition, uptake was 

higher in IBC SUM149 cells than MCF10A cells for all GE11-mCherry constructs, 

again demonstrating the targeting capacity of this approach.  
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Figure 2.11:  GE11-mCherry-yCD uptake in IBC SUM149 and MCF10A cells. Flow 

cytometry analyses of mCherry-yCD cellular association in IBC 

SUM149 (white) and MCF10A (grey) cells. Results are shown as the 

mean ± 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 significant difference in uptake between mCherry-yCD 

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-

mCherry-yCD could selectively decrease viability of IBC SUM149 cells when treated 

with the prodrug 5-FC. Both types of cells were incubated with the GE11-mCherry-

yCD proteins. Extracellular protein was removed through multiple wash steps, and 5-

FC was subsequently administered. Following treatment, cell viability was measured 
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using MTT assays 48 hours later. In the absence of yCD, cell death did not occur 

despite the presence of 5-FC, with 91% cell viability in IBC SUM149 cells, and 90% 

cell viability in MCF10A cells as compared to the same cell types untreated. Direct 

treatment with 5-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 treatment. Delivery of yCD proteins without 5-FC did not significantly impact 

viability in either cell type (Figure 2.12A and 2.12B).   



 65 

 

Figure 2.12:  Cell viability following treatment with mCherry-yCD protein alone 

(GE11/Tat) or protein and 5-FC (GE11/Tat + 5-FC), as assessed by MTT 

assay. (A) IBC SUM149 cell viability  and (B) MCF10A cell viability 

normalized to the viability of the same cells untreated (UT). Results are 

shown as the mean ± standard deviation of data collected from three 

independent experiments. 
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To understand the effect of yCD/5-FC treatment, the cell viability of 5-FU was 

set to zero and sample viability was normalized to the viability of 5-FC (Figure 2.13). 

In IBC SUM149 cells, a clear reduction in viability was evident as the GE11 valency 

was increased, with 4GE11-mCherry-yCD/5-FC treatment inducing toxicity levels that 

were nearly the same as the toxicity levels following direct treatment with 5-FU.  

Treatment of MCF10A cells resulted in a similar effect, in that higher GE11 valences 

produced increased levels of off-target cell death; however, viability at all GE11 

densities was higher for MCF10A cells compared to IBC SUM149 cells. Specifically, 

1GE11-, 2GE11-, and 4GE11-mCherry-yCD/5-FC treatment produced 1.4-, 1.7-, and 

2.9-fold differences in cell viability, respectively, between the two cell types. 

Treatment with Tat-mCherry-yCD and 5-FC 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 

capabilities of GE11-mCherry-yCD 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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Figure 2.13:  yCD cell viability following treatment with mCherry-yCD compared to 

treatment with 5-FC and 5-FU directly. MTT assay to assess the viability 

of SUM149 (white) and MCF10A (grey) cells following delivery of yCD 

and treatment with 5-FC. 5-FU viability was subtracted as background 

and the results were normalized to 5-FC 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 MCF10A 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 SpyCatcher-SpyTag conjugation system was 

employed for plug-and-play 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 proteins. In 

addition, while the scope of this study focused on targeting peptides, site-directed 

conjugation of hydrophilic polymers and endosomolytic peptides could be further 

explored to address additional challenges associated with in vivo cytosolic protein 

delivery.  

Using this approach, delivery of the prodrug converting enzyme, yCD, resulted 

in significant IBC-targeted cell death when treated with 5-FC, with the levels of cell 

death controllable through alterations in ligand number. Our results demonstrate 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 in proteins due to 

conjugation limitations. While UAA incorporation is currently limited to laboratory 

scale production, as the ability to site-specifically modify proteins becomes more 

feasible, further understanding of ligand and polymer display will likely play an 

important role in improving delivery and efficacy of advance protein therapeutics. 
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EGFR LIGAND CLUSTERING ON ENGINEERED E2 BIONANOPARTICLES 

FOR ROBUST TARGETED DELIVERY OF DOXORUBICIN TO BREAST 

CANCER CELLS  

3.1 Summary 

Naturally occurring protein nanocages are promising drug carriers because of 

their uniform size and biocompatibility. Engineering efforts have enhanced the 

delivery properties of nanocages by surface-functionalizing them with delivery 

moieties and altering their interior cavities to increase 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 fused to the surface of this 

engineered E2 nanocage for decoration with a variety of SpyCatcher fusion proteins 

via SpyCatcher/SpyTag bioconjugation. We functionalized the surface of the 

nanocage with a highly cell-specific epidermal growth factor receptor (EGFR)-

targeting protein conjugate, 4GE11-mCherry-SpyCatcher, 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 efficient doxorubicin loading at neutral pH, enhanced release in acidic 

environments, facile fluorescent detection, and robust EGFR-mediated delivery of 

Chapter 3 
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doxorubicin to inflammatory breast cancer cells leading to cancer targeted cell killing. 

Collectively, these results demonstrated the versatility of our UAA-based EGFR-

targeting protein conjugate to deliver a variety of cargoes efficiently. 

3.2 Introduction  

Self-assembled protein nanostructures are ideal platforms for sensing and drug 

delivery applications because of their size and uniformity, biocompatibility, 

biodegradability, and propensity for genetic manipulations, making surface decoration 

and cargo loading possible.1, 74, 89 Protein nanoparticles generally range from 10 ï 100 

nm in diameter.2, 199, 200 Because of their size, protein nanoparticles are often large 

enough to avoid renal clearance, extend circulation half-life, and passively accumulate 

in tumor tissue through the enhanced permeability and retention (EPR) effect.79, 201 

Additionally, protein nanocages are an ideal sized for cellular endocytosis leading to 

particle internalization.202, 203  

Beyond their native properties, strategies to genetically 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 significantly 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 been shown to enhance cellular 

uptake.29, 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 pyruvate dehydrogenase complex of the thermophilic bacterium Bacillus 

strearothermophilus.204 Because of its thermophilic origin, E2 is intrinsically stable 

under extreme temperature conditions and expresses highly in E. coli. 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 doxorubicin 

(DOX) drug loading.85 The configuration with the highest DOX loading maintained 

high expression and particle stability, and exhibited an approximately 30-fold increase 

in DOX encapsulation compared to native E2. Encapsulated DOX was released upon 

protonation in low pH environment of the lysosome and the released DOX elicited 

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 peptides.205, 206 Our 

group has previously demonstrated the ability to site-specifically decorate the surface 

of E2 using Sortase A ligation89, 207-209 and SpyCatcher (SC)/SpyTag (ST) 

bioconjugation.210 To utilize SpyCatcher/SpyTag chemistry for surface decoration, the 

13-amino acid SpyTag peptide was fused to the N-terminus of each of the 60 

subunits.211 This approached allowed for modular site-specific surface decoration of 

E2 for antibody sensing88, antibody purification211 and enzyme scaffolding212. We 

hypothesized that the SC/ST approach also would be an efficient strategy for site-
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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)-overexpressing cancer cells using our previously 

developed EGFR-targeting conjugate, 4GE11-mCherry-SC.133 In that work, unnatural 

amino acid incorporation was used to control the decoration of an mCherry fluorescent 

protein with the EGFR targeting ligand, GE1134. Clustering four GE11 peptides onto 

the N-terminus of mCherry resulted in robust internalization in inflammatory breast 

cancer (IBC) cells, a triple negative breast cancer often associated with EGFR 

overexpression.213 Furthermore, a SpyCatcher was fused onto the C-terminus of this 

construct, termed 4GE11-mCherry-SC, for plug-and-play incorporation of therapeutic 

cargoes fused to a SpyTag peptide. This approach was used to deliver a prodrug 

converting enzyme, yeast cytosine deaminase (yCD), where treatment with the 

prodrug and EGFR-targeted yCD elicited IBC-specific cell death.133  

Here, we explore the versatility of this EGFR-targeting conjugate to deliver 

larger protein nanocages loaded with small molecule chemotherapeutics. We 

genetically engineered the core of our previously developed SpyTag-E2 with four Phe 

residues for doxorubicin loading as demonstrated previously.85  This nanoparticle, 

termed ST-E2-4F for the four Phe mutations, allowed for modular, site-specific 

functionalization using SpyCatcher/SpyTag chemistry. ST-E2-4F was functionalized 

with our previously developed EGFR-targeting conjugate, 4GE11-mCherry-SC133, to 

create a dual-functionalized E2 construct with both internal and external modification, 
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and this dual-functional nanocage was used to deliver doxorubicin to EGFR 

overexpressing IBC cells for targeted chemotherapy treatment (Figure 3.1).  This 

demonstrates the versatility of the 4GE11-mCherry-SC conjugate for EGFR-mediated 

delivery of a variety of cargos, including multimeric protein nanocages and small 

molecule drugs, to breast cancer cells. 

 

Figure 3.1:   4GE11-mCherry-SpyCatcher is decorated on the surface of engineered 

SpyTag-E2-4F for hydrophobic drug loading and EGFR-targeted 

doxorubicin release. 

3.3 Materials and Methods 

3.3.1 Construction of Expression Plasmids 

An explanation for the construction of pET11a-SpyTag-E2, pET24a-

ELP[KV8F-40]-SpyCatcher, pET22b-0Az-mCherry-SpyCatcher-his6 and pET22b-

4Az-mCherry-SpyCatcher-his6 can be found in our previous work.133, 211 pET11a-

SpyTag-E2-4F was generated by mutating the core of pET11a-SpyTag-E2 with four 

Phe residues. Specifically, site-directed mutagenesis was used to mutate K239, E375, 
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R380, and D381 with Phe. SpyTag-E2-4F was transformed into Escherichia coli 

NEB5Ŭ (NEB, Ipswich, MA). Bacteria were grown on 25 g/L Luria-Bertani 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 µg/mL ampicillin. Positive clones were transformed 

into E. coli strain BL21(DE3) (EMD Millipore, Madison, WI). Plasmid sequences can 

be found in Appendix A.2. 

3.3.2 Expression of SpyTag-E2 and SpyTag-E2-4F 

SpyTag-E2 and SpyTag-E2-4F were expressed in 250 mL flasks with 50 mL 

of Luria Broth (LB) media supplemented with 100 µg/mL ampicillin. SpyTag-E2 was 

induced with 200 µM of Isopropyl-ɓ-D-1-thiogalactopyranoside (IPTG) and grown 

overnight at 20oC and 250 rpm.211 When SpyTag-E2-4F was induced with 200 µM of 

IPTG a majority of the expressed protein was insoluble (Figure 3.2). Instead SpyTag-

E2-4F was grown with T7 leaky expression overnight at 20oC and 250 rpm.  

Following overnight growth, cells were pelleted with 2700g at 4oC 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 15000g at 4oC for 20 mins. Concentrations were estimated with a 

Bradford protein assay using the manufacturerôs protocol with a BSA standard curve 

and densitometry from a Coomassie-stained SDS gel using ImageJ software. 
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Figure 3.2:   SDS-PAGE analysis of soluble (S) and insoluble (I) lysate of ST-E2 and 

ST-E2-4F. Expressed overnight at 20oC and (A) induced with 200 µM 

IPTG or (B) 0 µM IPTG. 

3.3.3 Purification of SpyTag-E2 and SpyTag-E2-4F 

SpyTag-E2 was partially purified by incubating the soluble protein lysate at 

70oC for 10 mins, taking advantage of the particlesô thermostability. The heated lysate 

was spun down at 15000g for 10 mins and the supernatant containing the purified 

protein was removed. Heat was not a credible approach for purifying SpyTag-E2-4F 

because it was not stable at high temperature (>55oC). Instead, ammonium sulfate 

precipitation was used to partially purify SpyTag-E2-4F. Briefly, saturated ammonium 

sulfate was titrated into SpyTag-E2-4F lysate to 20% v/v. The mixture was then 

incubated for 30 minutes at 37oC before being spun down at 15000g for 10 mins. 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 

15000g for 10 mins at 4oC and the supernatant collected. 

3.3.4 ELP expression and purification 

ELP[KV8F-40]-SpyCatcher (ELP-SC) was expressed in a 125 mL flask with 

25 mL of Terrific Broth (TB) media supplemented with 50 µg/mL kanamycin. The 

ELP was grown with T7 leaky expression overnight at 37oC and 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 as described 

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 centrifugation at 

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 16000g at 4oC for 10 mins.  

This process was repeated once more to ensure the protein was pure. The 

concentration was again measured with a Bradford protein assay.  

 Purified SpyTag-E2 and SpyTag-E2-4F were reacted with SC-ELP so the final 

ELP density was conjugated to approximately 10% of the particle subunits or 6 ELPs 

per particle. SpyCatcher/SpyTag reactions were performed overnight at 4oC in 1X 

PBS. Following this reaction, 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 estimate 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 

0GE11-mCherry-SpyCatcher, and 4GE11-mCherry-SpyCatcher were prepared 

as previously described.133 Briefly, 0pAzF-mCherry-SpyCatcher was grown in a 

125mL flask with 25mL of Terrific Broth (TB) media supplemented with 100 µg/mL 

ampicillin to an OD600 of 0.6-0.8 before being induced with 100 µM of IPTG and 

allowed to grow overnight at 20oC. 4pAzF-mCherry-SpyCatcher was co-expressed 

with pULTRA-CNF (a gift from Prof. Perter G. Schultz99) in a 125mL flask with 

25mL of Terrific Broth (TB) media supplemented with 100 µg/mL ampicillin and 100 

µg/mL spectinomycin. Once the culture reached an OD600 of 0.6-0.8, 1 mM IPTG 

and 4 mM pAzF were added and the culture was grown overnight at 37oC. Cells were 

pelleted and clarified as described above and purified via His-Bind Ni-NTA resin 

gravity columns according to manufacturerôs protocol before being dialyzed overnight 

in 1X PBS. GE11 with a propargyl glycine, synthesized via solid phase peptide 

synthesis177, was conjugated to 4pAzF-mCherry-SpyCatcher using copper-catalyzed 

alkyne-azide cycloaddition (CuAAC)214 and the protein was again purified with Ni-

NTA chromatography. The reaction was confirmed through SDS-PAGE analysis 

(Figure 3.3). 
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Figure 3.3:   0GE11-mCherry-SC and 4GE11-mCherry-SC preparation. (A) SDS-

PAGE analysis of purified (1) 0GE11-mCherry-SC and (2) 4GE11-

mCherry-SC.  

3.3.6 Transmission Electron Microscopy 

E2 and E2-4F sample were imaged with Transmission Electron Microscopy 

(TEM). Briefly, 18 µL of 0.1 mg/mL particles were applied to carbon-coated copper 

grids that were ionized with a PELCO easiGlow® (Ted Pella Inc., 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 were diluted in filtered 1X PBS to a particle concentration of 100 nM 

and 40 µL 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 hydrodynamic diameter and number distributions were 

calculated by 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/mL. Next, DOX was incubated at a 10:1 molar 

ratio with 0.3 mg/mL of E2-ELP or E2-4F-ELP 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 wavelength of 470 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 37oC for 10 mins allowing the ELP particles to 

aggregate. 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 4oC for 10 mins and insoluble contaminants were removed. The 

final fluorescence intensity of the DOX loaded particles was measured as described 

above. For samples containing mCherry (0GE11-E2-4F and 4GE11-E2-4F), the 

fluorescence intensity of unloaded particles was measured and subtracted from 
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fluorescence intensity of DOX loaded particles to remove mCherry read-through.  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 standard deviation of three replicates was 

reported. 

3.3.9 Doxorubicin release 

DOX was encapsulated into 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 resuspended to the initial volume, 100 µL, at pH 7.5 or pH 5 1X 

PBS and the initial DOX fluorescence was measured as above. Samples were 

incubated at 37oC for either 1h, 3h, 8h, or 24h. Following incubation, released DOX 

was removed from the DOX loaded E2-4F particles through ITC 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 loaded particles. The 

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 Golen178 and grown in 

Hamôs F12 medium supplemented with 5% FBS, 1% (v/v) penicillin/streptomycin, 
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1% (v/v) mycoplasma antibiotic supplement, 1% (v/v) glutamine, 5 µg/mL insulin, 2.5 

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

were purchased from ATCC (Manassa, Virginia) and grown in 50/50 DMEM/Ham's 

F12 medium supplemented with 5% FBS, 1% (v/v) penicillin/streptomycin, 50 Õg/mL 

bovine pituitary extract, 10 Õg/mL insulin, 0.5 Õg/mL hydrocortisone, 100 ng/mL 

cholera toxin, and 20 ng/mL epidermal growth factor. 

3.3.11 Fluorescence microscopy 

IBC SUM149 and MCF10A cells were seeded in 8-well plates with a collagen 

film (1.5 mg/mL Collagen I Bovine Protein in 0.02 M acetic acid in DI water) at a 

density of 2 x 105 per well. Cells were then incubated overnight at 37oC. Spent media 

was removed and 20 nM of particles in serum-reduced Opti-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 minutes, 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 and 545/25 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 106 cells per well, respectively, and incubated 

overnight at 37oC. Spent media was replaced with 20 nM particles in Opti-MEM 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 supplemented Hamôs F-12 or 50/50 DMEM/Hamôs F-12 

media and centrifuged at 123g for 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 DOX loaded E2-4F 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 0GE11-E2-4F or 

4GE11-E2-4F particles in Opti-MEM media for 1 hour. Samples were then washed 

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 x 104 cells was measured 

with 488 nm excitation and 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 cells were seeded at 2 x 104 per well, respectively, 

in a cell culture treated 96-well plate and incubated overnight. Particles corresponding 

to 750 nM of DOX in Opti-MEM were added to cells and incubated for 1 hours. Cells 

were washed two times with 1X DPBS to remove protein that was not internalized and 

then incubated for 72 hours at 37oC. Following incubation, MTT Cell Proliferation 

assays from Thermo Fisher were performed according to the manufacturerôs protocol.  

3.4 Results and Discussion 

3.4.1 Characterization of ST-E2 nanocages decorated with 4GE11-mCherry-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 SpyTag-E2 (ST-E2)211 with 0GE11-mCherry-SC or 4GE11-mCherry-SC. 

ST-E2, native E2 with SpyTag fused to the N-terminus of each monomer subunit, was 

expressed in E. coli and the soluble 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 elastin-

like polypeptide (ELP) [KV8F-40]-SC to approximately 10% of the ST-E2 subunits 

generating nanocages with roughly 6 ELPs each. The appearance of a larger 

conjugated band at 58.1 kDa demonstrated successful conjugation of ELP-SC to ST-

E2 (Figure 3.4B, lane 2). Inverse transition cycling (ITC) was then used to further 
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purify the particles (Figure 3.4B, lane 3-5).215   0GE11-mCherry-SC or 4GE11-

mCherry-SC was ligated to the purified ST-E2-ELP at 5% or 10% density 

(approximately 3 or 6 modified mCherry proteins per particle), and then the modified 

E2 nanocages were purified once again through ITC. Reaction between purified ST-

E2-ELP and 0GE11-mCherry-SC or 4GE11-mCherry-SC was confirmed by using 

SDS-PAGE to identify the expected product bands at 75.4 kDa and 82.5 kDa, 

respectively (Figure 3.5A, lane 2 and 3).  

    

Figure 3.4:   Purification of SpyTag-E2 with heat purification and inverse transition 

cycling. (A) SDS-PAGE of (1) SpyTag-E2 soluble lysate, (2) Spytag-E2 

insoluble lysate, and (3) SpyTag-E2 incubated at 70oC for 10 mins for 

heat purification. (B) SDS-PAGE of (1) heat purified SpyTag-E2, (2) 

SpyTag-E2 functionalized with 10% SpyCatcher-ELP to form E2-ELP, 

(3) soluble impurities of E2-ELP from inverse transition cycling (ITC), 

(4) insoluble impurities of E2-ELP from ITC, (5) E2-ELP 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 ELP-SC (E2-ELP) had an average hydrodynamic diameter of 25.8 ± 

2.3 nm, consistent with previous studies.211, 216 E2-ELP-based particles functionalized 

with 10% 0GE11-mCherry-SC (0GE11-E2-ELP) or 4GE11-mCherry-SC (4GE11-E2-

ELP) were slightly larger than E2-ELP with average hydrodynamic diameters of 27.2 

± 2.4 nm and 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 work.74, 206  

 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 E2-ELP was consistent with the expected 

dodecahedron structure.217 Likewise, the dodecahedron structure persisted following 

decoration with 10% 0GE11-mCherry-SC and 4GE11-mCherry-SC. There appeared to 

be more disassembled capsids in the 4GE11-E2-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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Figure 3.5:   SpyTag-E2 particle characterization following functionalization with ELP 

and 4GE11-mCherry. (A) SDS-PAGE of purified E2-ELP (1), E2-ELP 

reacted with 0GE11-mCherry (2), and E2-ELP reacted with 4GE11-

mCherry (3). (B) DLS spectra of E2-ELP (blue), 0GE11-E2-ELP (gold), 

and 4GE11-E2-ELP (red). (C) TEM images of E2-EP, 0GE11-E2-ELP, 

and 4GE11-E2-ELP. The scale bar represents 50 nm. 

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

Internalization was measured in IBC SUM149 cells, as well as normal breast 

epithelial MCF10A cells, to test whether E2 decorated with 4GE11 was targeted to 

EGFR-overexpressing IBC cells. Our previous results demonstrated that IBC SUM149 

cells expressed five-fold more EGFR as compared to MCF10A cells.133 Uptake of E2-
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ELP decorated with 5% or 10% of 0GE11-mCherry-SC or 4GE11-mCherry-SC was 

visualized in IBC SUM149 cells (Figure 3.6A) and MCF10A cells (Figure 3.6B). 

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 E2 functionalized with 5% or 10% 0GE11-mCherry-SC. E2 

functionalized with 5% or 10% 4GE11-mCherry-SC demonstrated significantly higher 

levels of internalization compared to particles without GE11. Additionally, increasing 

the conjugation density of 4GE11 increased the difference observed between 0GE11 

and 4GE11 decorated E2 particles. At 5% decoration density a 3.2-fold increase was 

observed for 4GE11-E2-ELP as compared to 0GE11-E2-ELP and the difference 

increased to 6.4-fold when E2 was decorated with 10% 4GE11 or 0GE11.  

In MCF10A cells, E2 functionalization with 0GE11-mCherry-SC did not result in 

high levels of particle uptake. Higher uptake was observed when 5% or 10% decorated 

4GE11-E2-ELP was delivered, but the uptake in IBC SUM149 cells was 2.9-fold 

higher and 5.9-fold higher compared to MCF10A cells with 5% or 10% 4GE11 

decoration, respectively. Therefore, E2 decorated with 4GE11 demonstrates specificity 

towards EGFR-overexpressing cells. Together, these results demonstrate the 

feasibility of functionalizing DOX loaded engineered E2-4F nanocages with 4GE11 

for EGFR targeted treatment in breast cancer cells. 
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Figure 3.6:   Internalization of 0GE11-E2-ELP and 4GE11-E2-ELP nanoparticles. (A) 

Fluorescent microscopy images of E2-ELP functionalized with 5% or 

10% of 0GE11-mCherry and 4GE11-mCherry and delivered to IBC 

SUM149 cells. (B) Fluorescent microscopy images of E2-ELP 

functionalized with 5% or 10% of 0GE11 and 4GE11 and delivered to 

MCF10A cells. The scale bar represents 25 µm. (C) Phase images 

corresponding the fluorescence microscopy images in A and B. (D) Mean 

fluorescence intensity of 0GE11-E2-ELP and 4GE11-E2-ELP uptake in 

IBC SUM149 cells (red) and MCF10A (grey) from flow cytometry 

analysis. Results are shown as the mean ± standard 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 this EGFR targeting approach was demonstrated with native 

E2, we engineered E2 for hydrophobic drug loading using site-directed mutagenesis to 

replace four residues with phenylalanine in core of ST-E2 to yield ST-E24F. The four 

mutation locations (K239F-E375F-R380F-D381F) were chosen based on work by Ren 

et al. which demonstrated that the variant with these mutation sites had the highest 

DOX loading capabilities.85 Expressing ST-E2-4F in E. coli with IPTG induction 

resulted in significantly higher levels of insoluble protein compared to ST-E2. We 

expected that this high level of insoluble protein would prevent particle assembly, so 

we instead expressed ST-E2-4F under leaky conditions resulting in a higher ratio of 

soluble to insoluble ST-E2-4F (Figure 3.2).   

We initially attempted to purify ST-E2-4F through heat purification at 

temperatures between 55oC and 70oC; 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 

73.5oC (6oC lower than the wild-type E2).85 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 amount of the ST-E2-4F was insoluble after 

treatment at 55oC for 10 min. Thus, as an alternative, ammonium sulfate precipitation 

was used to purify and concentrate the ST-E2-4F from the lysate (Figure 3.7B). 

Following this initial purification, [KV 8F-40]-SC was ligated to 10% of the ST-E2-4F 

subunits to yield ST-E2-4F-ELP and an additional round of purification was 

performed via ITC (Figure 3.7C). From SDS-PAGE, a product band corresponding to 

E2-4F-ELP (~59 kDa) was visible following the reaction demonstrating successful 

ligation (Figure 3.8A).215 Next, 0GE11-mCherry-SC or 4GE11-mCherry-SC was 

ligated to the purified ST-E2-4F-ELP at 5% or 10% density and then the mCherry-

modified constructs were purified once again through ITC. The reaction product after 

reacting 5% of the ST-E24F-ELP with 0GE11- or 4GE11-mCherry-SC was confirmed 

through SDS-PAGE analysis (Figure 3.8A, lane 2 and 3). 
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Figure 3.7:   SDS-PAGE analysis of purification of ST-E2-4F nanocages. (A) Heat 

purification of ST-E2-4F at 55oC, 60oC, 65oC, and 70oC. S = soluble 

lysate impurities, I = insoluble product following heat treatment for 10 

minutes, and P = soluble product following heat treatment for 10 

minutes. (B) SDS-PAGE analysis of ST-E2-4F salt precipitation. (1) ST-

E2-4F soluble lysate, (2) soluble impurities, (3) insoluble impurities, and 

(4) concentrated purified ST-E2-4F. (C) SDS-PAGE analysis of E2-4F-

ELP purification with ITC. R = reaction product, S = soluble impurities,  

I = insoluble impurities, and P = purified product. 
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DLS and TEM were used to characterize the size and morphology of the ST-E2-4F 

particles (Figure 3.8B and Figure 3.8C). From DLS, ST-E2-4F-ELP nanocages had an 

average hydrodynamic diameter of 33.5 ± 3.2 nm, which is larger than the ST-E2, but 

similar to the size of the original mutated E2-4F nanoparticles (32.7 ± 1.1 nm).85 

0GE11-E2-4F-ELP and 4GE11-E2-4F-ELP nanoparticles demonstrated slightly larger 

average hydrodynamic diameters compared to ST-E2-4F-ELP, at 34.1 ± 3.2 nm and 

37.0 ± 3.4 nm, respectively. This size increase is again consistent with the surface 

decoration of 0GE11- or 4GE11-mCherry-SC. The morphology of the ST-E2-4F 

appeared more rounded than the dodecahedron structure of ST-E2; however, this 

morphology was consistent with the morphology of the original E2-4F nanocage.85 

The morphology did not charge with the decoration of 10% 0GE11-mCherry-SC or 

4GE11-mCherry-SC. The small variations in size and morphology seen here for the 

ST-E2-4F particles compared to ST-E2 are consistent with the original findings by 

Ren et al.85 Overall, our results demonstrated that the SpyTag peptides on the surface 

of the ST-E2-4F were active allowing for functionalization, and the particles remained 

intact following decoration with 0GE11- or 4GE11-mCherry-SC.  

 



 94 

 

Figure 3.8:   SpyTag-E2-4F particle characterization following functionalization with 

ELP and 4GE11-mCherry. (A) SDS-PAGE of purified E2-4F-ELP (1), 

E2-4F-ELP reacted with 0GE11-mCherry (2), and E2-4F-ELP reacted 

with 4GE11-mCherry (3). (B) DLS spectra of E2-4F-ELP (blue), 0GE11-

E2-4F-ELP (gold), and 4GE11-E2-4F-ELP (red). (C) TEM images of E2-

EP, 0GE11-E2-4F-ELP, and 4GE11-E2-4F-ELP. The scale bar represents 

50 nm. 

3.4.4 EGFR-specific internalization of E2-4F in IBC SUM149 cells 

Uptake of E2-4F-ELP nanoparticles decorated with 5% or 10% 0GE11-mCherry-

SC or 4GE11-mCherry-SC was compared with uptake of the E2 nanoparticles. 



 95 

Fluorescence microscopy was used to visualize uptake in IBC SUM149 cells (Figure 

3.9A) and MCF10A cells (Figure 3.9B). Corresponding phase images are provided in 

Figure 3.9C. Uptake was quantified via flow cytometry and the mean fluorescence 

intensity from three independent experiments was reported (Figure 3.9D). In IBC 

SUM149 cells, a 3.3-fold enhancement in uptake was observed for cells treated with 

5% 4GE11-E2-4F-ELP nanoparticles compared to 0GE11-E2-4F-ELP particles. This 

difference was enhanced further to 5.8-fold when E2-4F nanoparticles were decorated 

with 10% 0GE11 and 4GE11, demonstrating the benefits of increased ligand 

multivalency. Again, uptake of 4GE11-E2-4F at both decoration densities resulted in 

significantly lower levels of internalization in MCF10A compared to IBC SUM149 

cells. IBC SUM149 cells treated with 5% 4GE11-E2-4F-ELP internalized 3.5-fold 

more protein than MCF10A cells. Likewise, IBC SUM149 cells treated with 10% 

4GE11-E2-4F-ELP nanoparticles internalized 4.4-fold more protein demonstrating the 

EGFR-specificity of E2-4F nanoparticles decorated with 4GE11-mCherry-SC. 

Overall, no significant differences in uptake were observed between E2 and E2-4F 

particles decorated with 0GE11 and 4GE11in both cell lines. This highlights the 

modularity of this approach and the potential for employing the UAA/ EGFR 

constructs for targeted delivery of a variety of cargoes using 4GE11-mCherry-SC.  
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Figure 3.9:   Internalization of 0GE11-E2-4F-ELP and 4GE11-E2-4F-ELP 

nanoparticles. (A) Fluorescent microscopy images of E2-4F-ELP 

functionalized with 5% or 10% of 0GE11-mCherry and 4GE11-mCherry 

and delivered to IBC SUM149 cells. (B) Fluorescent microscopy images 

of E2-4F-ELP functionalized with 5% or 10% of 0GE11-mCherry and 

4GE11-mCherry and delivered to MCF10A cells. The scale bar 

represents 25 µm. (C) Phase images corresponding to fluorescence 

microscopy images in A and B. (D) Mean fluorescence intensity of 

0GE11-E2-4F-ELP and 4GE11-E2-4F-ELP uptake in IBC SUM149 cells 

(red) and MCF10A (grey) from flow cytometry analysis. Results are 

shown as the mean ± standard deviation of data 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 4GE11-mCherry-SC was compared when equal amounts 

were delivered as a monomer versus functionalized onto the surface of E2 or E2-4F. 

Specifically, IBC SUM149 cells were incubated for 3 hours with 120 nM of 4GE11-

mCherry-SC or 20nM of 10% functionalized 4GE11-E2 nanoparticles or 4GE11-E2-

4F nanoparticles containing 6 4GE11 per particle (e.g., to enable comparisons on an 

equimolar basis of 4GE11), and internalization was measured with flow cytometry 

(Figure 3.10). Uptake of 4GE11-E2 and 4GE11-E2-4F nanoparticles demonstrated 

4.4-fold and 4.7-fold higher uptake compared to monomeric 4GE11-mCherry-SC. 

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 high degree of surface decoration. 
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Figure 3.10:  Ligand multivalency in IBC SUM149 cells. Mean fluorescence intensity 

of monomeric 4GE11, 4GE11-E2, and 4GE11-E2-4F nanoparticles from 

flow cytometry analysis. Results are shown as the mean ± standard 

deviation of data obtained from three independent experiments. 

3.4.6 Doxorubicin encapsulation and release in ST-E2-4F 

We next investigated the DOX encapsulation capabilities of E2-4F-ELP, 

0GE11-E2-4F-ELP, 4GE11-E2-4F-ELP, and E2-ELP nanoparticles. 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 using ELP-mediated 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 nanoparticles 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 precipitation, and the pelleted E2-4F particles were visibly loaded with 

DOX (Figure 3.11B).    

 

 

Figure 3.11: ELP purification to remove unloaded DOX. (A) Schematic of ITC ELP 

purification method to separated unloaded DOX from DOX encapsulated 

E2-4F particles. (1) Ammonium sulfate is added to initiate ELP collapse, 

(2) samples are spun down at RT and unloaded DOX is removed from 

pelleted DOX loaded E2-4F, (3) DOX loaded E2-4F is resuspended in 

cold buffer and spun down at 4oC to pellet insoluble impurities, (4) 

soluble protein is removed from the insoluble pellet yielding purified 

DOX loaded E2-4F (B) Image of pellet from step 2 of the ITC process 

showing DOX encapsulated in E2-4F nanoparticles. (C) DOX 

fluorescence intensity normalized to the initial fluorescence intensity of 

each step 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). The E2-4F-ELP particles were able 

to encapsulate 27 times more DOX than E2-ELP, consistent with the previous report 

of E2-4F which reported a 30-fold increase.85 E2-ELP was only able to encapsulate 

0.1 ± 0.09 DOX per subunit, corresponding to approximately 6 DOX molecules per 

nanoparticle. In contrast, E2-4F-ELP, 0GE11-E2-4F-ELP, and 4GE11-E2-4F-ELP 

encapsulated 2.3 ± 0.3, 2.5 ± 0.5, and 2.2 ± 0.1 DOX molecules per subunit, 

respectively, which corresponds to approximately 139, 150, and 132 DOX molecules 

per nanoparticle. This was lower than the encapsulation capabilities demonstrated by 

the original E2-4F, where particles encapsulated 5.5 ± 0.3 DOX per subunit.85  The 

lower encapsulation efficiency observed here could be a result of the surface 

decorations reducing DOX diffusion into the particle core.  

 The DOX encapsulated E2-4F particles were characterized with TEM and 

DLS. Particle visualization 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 to E2-4F particles alone. It should be noted 

that particles loaded with DOX appeared 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. E2-4F-ELP loaded with DOX had an 

average hydrodynamic diameter of 38.9 ± 3.4 nm, which was not significantly 

different from the size of unloaded E2-4F-ELP nanoparticles (Figure 3.12C). The 
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similarity in size between DOX-loaded and unloaded E2-4F-ELP particles suggested 

that a majority of the DOX was encapsulated in the core rather than bound to the 

outside of the particles.  

Once encapsulation was confirmed, the release of DOX from encapsulated E2-4F-

ELP nanoparticles was studied. The original work by Ren, et al. observed enhanced 

release at pH 5 compared to pH 7, which was hypothesized to be a result of DOX 

protonation at acidic pH leading to increased hydrophilicity and release.85 The E2-4F-

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 24 h at 37oC 

(Figure 3.12D). Within the first 3 h almost 60% 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 consistently 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 was released at neutral pH conditions.85  

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 added 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 protonated at neutral pH218-220 or acidic pH221-223. It is likely that the 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 differences due to the pH 

gradient caused by encapsulating DOX at pH 7 before moving the particles to a pH 5 

buffer for release.224 Lastly, while wild-type E2 is stable at pH 5, genetic mutations of 

the E2 nanocage have generated particles that dissociate in acidic conditions.225, 226 

The stability of E2-4F at acidic pH has not been tested, so it 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 acidic pH is useful for DOX release when 

particles are internalized through the endosomal pathway. 
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Figure 3.12: Doxorubicin (DOX) loading and release from E2-4F nanoparticles. (A) 

Number of DOX molecules encapsulated per subunit in E2-ELP, E2-4F-

ELP, 0GE11-E2-4F-ELP, and 4GE11-E2-4F-ELP nanoparticles. (B) 

TEM images of E2-4F-ELP encapsulated with DOX. The scale bars 

represent 100 nm. (C) DLS spectra of DOX loaded E2-4F-ELP. (D) 

Cumulative release % of DOX from E2-4F-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 4GE11-E2-4F-ELP 

Given the enhanced EGFR-targeting abilities of E2-4F when functionalized with 

10% 4GE11-mCherry-SC, we moved forward with this decoration density to test 

DOX delivery and bioactivity. DOX was encapsulated into 0GE11- or 4GE11-E2-4F 

nanoparticles, and the nanoparticles 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 before internalization. DOX uptake was quantified in 

IBC SUM149 and MCF10A cells with flow cytometry (Figure 3.13A). In SUM149 

cells, a 3.4-fold and 2.4-fold enhancement in DOX internalization was observed with 

4GE11-E2-4F particles compared to 0GE11-E2-4F or free DOX internalized through 

diffusion. Additionally, 4GE11-E2-4F was able to deliver approximately 3-fold more 

DOX to IBC SUM149 cells compared to MCF10A demonstrating IBC targeted DOX 

delivery.  

To test whether this observed difference in DOX delivery between the 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 0GE11-E2-4F and 4GE11-E2-4F particles. As controls, 

cells were also treated with unloaded 0GE11-E2-4F and 4GE11-E2-4F to test 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 cells (Figure 

3.13C). Treatment with unloaded 0GE11-E2-4F and 4GE11-E2-4F 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 treatment. IBC 

SUM149 and MCF10A cells treated with free DOX for 48 h had an IC50 of 2 µM and 

0.8 µM, respectively (Figure 3.13B).  Previous work has also reported MCF10A cells 

exhibit increased sensitivity to DOX treatment compared to SUM149 cells.227 The 

difference in viability 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 DOX-loaded 0GE11-E2-4F 

particles at this low dose did not lead to significant levels of cell death in either cell 

line. Treatment with DOX-loaded 4GE11-E2-4F in SUM149 cells, however, resulted 

in only 56% cell viability.  More importantly, identical treatment in MCF10A cells 

resulted in 78% viability which was significantly less cell death, despite MCF10A 

cellôs higher sensitivity towards DOX in vitro.  
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Figure 3.13: Treatment with DOX loaded E2-4F nanoparticles in IBC SUM149 and 

MCF10A cells. (A) Mean fluorescence intensity of free DOX and DOX 

loaded 0GE11-E2-4F and 4GE11-E2-4F uptake in IBC SUM149 cells 

(red) and MCF10A (grey) from flow cytometry analysis. Results are 

shown as the mean ±standard deviation of data obtained from three 

independent experiments. (B) Cell viability following treatment with free 

doxorubicin in SUM149 (red) and MCF10A (grey) cells for 48 hours. 

Calculated DOX IC50 for SUM149 cell and MCF10A cells was 2 µM 

and 0.8 µM, respectively. (C) MTT assay to assess the cell viability of 

SUM149 (red) and MCF10A (grey) cells following treatment with free 

DOX, unloaded 0GE11-E2-4F (0GE11), unloaded 4GE11-E2-4F 

(4GE11), DOX loaded 0GE11-E2-4F (0GE11+DOX), or DOX loaded 

4GE11-E2-4F. Cell viability results are shown as the mean ± standard 

deviation of data obtained from three independent experiments. 
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Compared to the original work by Ren, et. al., treating IBC SUM149 cells with 

750 nM of DOX loaded into 4GE11-E2-4F for just an hour resulted in similar levels of 

cell death as MDA-MB-231 cells treated with DOX loaded E2-4F particles for 48 

hours, despite the higher sensitivity of MDA-MB-231 cells to treatment with free 

DOX (IC50 of 0.93 µM compared to 2 µM).85 Additionally, 4GE11-E2-4F particles 

demonstrated approximately 2-fold lower potency in non-cancerous breast epithelial 

MCF10A cells compared to IBC SUM149 cells, highlighting the  EGFR-targeting 

capabilities of these particles. 

3.5 Conclusion 

Here we assess the feasibility of using our EGFR-targeting conjugate, 4GE11-

mCherry-SC, to delivery E2-4F nanoparticles engineered for doxorubicin loading. 

SpyTag peptides on the surface of E2-4F did not hinder particle assembly and could 

be used to decorate the particles with a variety of proteins, demonstrating the 

modularity of this functionalization strategy. E2-4F nanoparticles decorated with 10% 

4GE11-mCherry-SC maintained the ability to encapsulate high levels of DOX and 

preferentially release the DOX in acidic environments. Additionally, these particles 

demonstrated enhanced internalization in EGFR-overexpressing cancer cells compared 

to healthy breast epithelial cells with basal levels of EGFR expression. This highlights 

their ability to target EGFR which is commonly overexpressed in a variety of cancer 

cells. Ultimately these EGFR targeted particles loaded with DOX were able to elicit 

IBC specific cell death at nanomolar concentrations. While EGFR was targeted here, 
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SpyTag-E2-4F particles 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. 

3.6 Acknowledgements 

We would like to acknowledge the funding and support from NSF (1510817) 

and the NSF IGERT training grant (1144726). We would like to acknowledge Dr. 

Emily Hartzell for assisting with the project design, cloning the SpyTag-E2-4F, and 

optimizing expression and purification of SpyTag-E2-4F. We would like to 

acknowledge Daniel Yur for assisting with DLS data collection. We thank Shannon 

Modla at the Bio-Imaging Center at the Delaware Biotechnology institute for 

assistance with TEM. Shannon has been invaluable both for TEM training and data 

collection. we thank NIH-NIGMS (P20 GM103445), the NSF(IIA-1301765) and the 

State of Delaware for support for TEM access. Any opinions, findings, and 

conclusions or recommendations expressed in this material are those of the authors 

and do not necessarily reflect the view of the National Science Foundation, the 

National Institute of General Medical Sciences or the National Institute of Health. 



 109 

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-penetrating peptides which can drive enhanced internalization but are rarely able 

to target specific cells leading to off-target effects. In our previous work, we 

developed a robust method to employ unnatural amino acid (UAA) protein 

modification chemistries to target epidermal growth factor receptor (EGFR) 

overexpressing cells with high selectivity; however, the half-life of the internalized 

protein was limited due to endosomal entrapment and eventual degradation. Herein, 

we developed a simple fusion modification strategy to incorporate four endosomolytic 

peptides, Aurein 1.2, GALA, HA2, and L17E, onto the UAA/EGFR-targeted protein 

conjugates, and we evaluated the ability of the peptide modifications to trigger 

endosomal escape while maintaining targeting specificity. Use of the recently 

developed Gal8-YFP assay indicated that fusion of each endosomolytic peptide led to 

Chapter 4 
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enhanced endosomal disruption. Additionally, incorporation of each endosomolytic 

peptide increased the half-life of the internalized protein and lowered lysosomal 

colocalization indicating enhanced endosomal escape capabilities. Despite this, only 

EGFR-targeted conjugates fused with Aurein 1.2 and GALA maintained EGFR cell 

specificity while also providing endosomal escape capabilities. The results presented 

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 cell membrane 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 exocytosis17. Because of these challenges, 

intracellular proteins make up less than 5% of protein therapeutics entering clinical 

development;18 yet they remain of immense interest due to their therapeutic potential 

and capacity to treat ñundruggableò targets for a multitude of diseases including 

cancer.5, 228 Proteins also have shown promise as carriers for other cargos, including 

small molecule drugs75, 85 and nucleic acids (e.g. RNA76, 229 and DNA78, 230), which 

often require cytosolic or nuclear targeting. 

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

cationic cell-penetrating peptides (CPPs), which often suffer from low efficacy, 
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inadequate cell specificity, cytotoxicity, and poor in vivo activity.17 For example, 

Tat231, a cationic peptide derived from HIV-1, has been used extensively in literature 

as a means to improve the intracellular delivery of various active biologics.232, 233 

However, the mechanism 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 cargos.17, 234-239 In vivo delivery poses additional 

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

anti-apoptotic regulator, c-FLIP, successfully inhibited tumor growth in vivo;240 

however, a recent clinical trial for an Ŭ-PKC inhibitor fused to Tat, known as 

delcasertib, failed to show significant improvement in myocardial injury.241   

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

behavior is context-dependent and thus cannot be generalized between applications. 

To combat the cytotoxicity and cell-specificity issues surrounding cationic 

CPPs, pH-responsive endosomolytic peptides have been engineered to disrupt the 

endosome by fusing with the membrane following a pH-triggered conformational 

change.50 These peptide exhibit lytic properties in the acidic environment of the 

endosome, but not in the pH-neutral extracellular environment. A majority of these 

peptides disrupt the endosomal membrane through one of two mechanisms: pore-

forming, also known as the barrel-stave mechanism, and the carpet-like mechanism.59 

It has been hypothesized that peptides that utilize the carpet-like mechanism have 

greater endosomolytic activity than pore-forming peptides, however, a direct 
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comparison of these peptides within the same delivery system has rarely been 

studied.242  

In the pore-forming mechanism, neutral or negatively charged amphiphilic 

peptides form an Ŭ-helix at acidic pH that allows the monomers to bind to the 

membrane and insert into the bilayer so that the hydrophobic residues align with the 

core of the membrane.60 The pore size increases as more peptide monomers are 

recruited, forming pores that are typically no larger than 10 nm in diameter.61-63 One 

of the most commonly used synthetic endosomolytic peptides, GALA, uses the pore-

forming mechanism.64 GALA, a 30 amino acid synthetic peptide made up of glutamic 

acid-alanine-leucine-alanine (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 through electrostatic repulsion. At acidic pH, the Glu side chains 

protonate, increasing their hydrophobicity, and GALA forms an amphiphilic Ŭ-helical 

structure capable of interacting with and disrupting lipid bilayers.    Virus-derived 

peptides also commonly utilize this mechanism including hemagglutinin-2 (HA2) 

derived from the influenza virus65, and HGP derived from the endodomain of HIV 

gp4166, 67.   

In the carpet-like mechanism, cationic amphiphilic peptides electrostatically 

bind and cover the lipid membrane with the hydrophobic residues facing the 

membrane surface.68 Above a critical concentration, the peptides are thought to 

collapse the lipid membrane, leading to micellization. Pores formed by peptides 

employing the carpet-like mechanism are typically significantly larger than the pores 
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formed by peptides utilizing the pore-forming mechanism. For example, in the case of 

the lytic peptide from flock house virus, holes of 50-500 nm are formed in the 

endosomal membrane.69 Antimicrobial peptides also frequently use the carpet-like 

mechanism to access the cytosol.70 One such antimicrobial peptide, Aurein 1.2, has 

demonstrated pH-sensitive endosomolytic activity in mammalian cells.58, 243 Another 

engineered antimicrobial peptide, L17E, also utilizes the carpet-like mechanism. L17E 

was engineered from M-lycotoxin by substituting a leucine by glutamic acid to 

attenuate its lytic activity at neutral pH.57 

Endosomolytic peptides have shown significant promise in nanoparticle 

systems, enabling a variety of cargoes to be successfully delivered to the cytosol.52-55 

Recently, GALA-functionalized mRNA polyplexes encoding for OVA enhanced T-

cell responses and dendritic cell maturation, demonstrating potential as an mRNA-

based vaccine platform.244 In another example, L17E was able to facilitate knockdown 

of mRNA levels by ~50% when conjugated to the surface of cowpea chlorotic mottle 

virus (CCMV) nanoparticles loaded with siRNA.245 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 delivery.56-58 To 

understand 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, cell-specific breast cancer treatment.133  Clustering four EGFR ligands onto the 

target protein through unnatural amino acid (UAA) incorporation resulted in 

significantly higher cellular internalization than a Tat fusion protein, along with 

elevated prodrug conversion activity. However, the intracellular half-life of the 

internalized protein was limited by entrapment in the endosome, leading to protein 

degradation within 16 h. While this was 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 EGFR-targeted protein conjugate amenable to a variety of 

intracellularly active cargos, four endosomolytic peptides with differing mechanisms 

of endosomal disruption (e.g., peptides utilizing both the pore-forming and carpet-like 

mechanism), were incorporated into the conjugate to promote endosomal escape.  Two 

peptides that disrupt the endosome through the pore-forming mechanism: GALA60 and  

HA267, and two peptides that use the carpet-like mechanism: Aurein 1.258 and L17E57, 

were tested for their ability to disrupt the endosome when fused to the N-terminus of 

the EGFR-targeted protein conjugate (Figure 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 negating cell specificity. Only 

Aurein 1.2 and GALA peptides were able to improve endosomal escape of the EGFR-

targeted conjugate while also maintaining specificity toward EGFR-overexpressing 
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cells.   Together these results highlight the importance of endosomolytic peptide 

selection when designing targeted protein delivery systems and demonstrate the 

versatility of our previously engineered EGFR-targeted conjugate for intracellular 

protein delivery. 

 

Figure 4.1:    Four endosomolytic peptides were fused to the N-terminus of 4GE11-

mCherry-SpyCatcher 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 DNA ligase 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 purification following 

digestion or gel electrophoresis. Isopropyl-ɓ-D-1-thiogalactopyranoside (IPTG) and 

antibiotics were purchased from Sigma-Aldrich (St. Louis, MO). The UAA, p-Azido-

l-phenylalanine (4-azido-l-phenylalanine, > 98 % (HPLC)) was purchased from 

Chem-Impex International Inc. (Wood Dale, IL). SDS-PAGE 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. Solvents used for peptide synthesis were purchased 

from Fisher Chemical (Fair Lawn, NJ). Dulbeccoôs Phosphate Buffered Saline (DPBS, 

1X), Hamôs F-12, and Dulbeccoôs Modification of Eagleôs Medium/Hamôs F-12 50/50 

Mix and Dulbeccoôs Modification of Eagleôs Medium (DMEM) were purchased from 

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 (Table 4.1) followed by T4 Polynucleotide 

Kinase treatment. The DNA fragments were inserted into pET22b-4amber-mCherry-

SpyCatcher-his6133 using NdeI and NotI sites to yield the endosomolytic peptide 

fusion proteins. Additionally, a KpnI cut site was incorporated into all of the 

constructs for colony screening. All plasmids were transformed into Escherichia coli 
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NEB5Ŭ (NEB, Ipswich, MA) [fhuA2 ȹ(argF-lacZ)U169 phoA 23 glnV44 ʌ80 

ȹ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17]. Bacteria were grown on 15 g/L 

agar and 25 g/L Luria-Bertani Broth (LB, 10 g/L tryptone, 5 g/L yeast extract, 5 g/L 

sodium chloride) plates supplemented with 100 µg/mL ampicillin. Positive clones 

were confirmed through DNA sequences and the positive clones were co-transformed 

with pULTRA-CNF (a gift from Prof. Peter G. Schultz99) into E. coli strain 

BL21(DE3) (EMD Millipore, Madison, WI) [F- ompT hsdSB(rB- mB-) gal dcm (DE3) 

ȹ(srlrecA)306::Tn10 (TetR)] on plates supplemented with 100 µg/mL ampicillin and 

100 µg/mL spectinomycin. Plasmid sequences are available in Appendix A.3. 

Table 4.1: DNA oligos used in Chapter 4 
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4.3.3 Expression and Purification of Proteins 

Proteins were expressed in Terrific 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 µg/mL ampicillin and 100 µg/mL 

spectinomycin. Cultures were inoculated with 3.5 mL culture from a single colony to 

an OD600 of 0.05 and allowed to grow at 37oC in a shake flask to an OD600 of 0.6 ï 

0.8.  The 4pAzF-mCherry-SpyCatcher fusion constructs were induced with 1 mM IPTG 

and supplemented with 4 mM pAzF. Cultures were grown overnight at 37oC for 15-18 

h. 

Cells were pelleted with centrifugation at 4000g for 10 minutes at 4oC. Spent 

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 via sonication 

and centrifuged at 10,000g for 15 min at 4oC to collect soluble protein. The insoluble 

protein pellet was saved and run on an SDS-PAGE gel. Proteins were purified using 

His-Bind Ni-NTA resin gravity column from Thermo Fisher (Pittsburgh, PA) 

according to the manufacturerôs protocol. After purification, proteins were dialyzed 

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 work.133 Briefly, GE11 

with an N-terminal linker (HAIYPRHYHWYGYTPQNVI) was synthesized via solid 
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phase peptide synthesis. Fmoc-L-propargylglycine was added to the N-terminus to 

incorporate an alkyne group into the peptide for reaction with the pAzF incorporated 

protein. The peptide was purified via reverse-phase high-performance liquid 

chromatography and the final product was confirmed with MALDI-TOF mass 

spectrometry. 

4.3.5 Site-Specific Conjugation of GE11 Peptide to Proteins 

Copper-catalyzed alkyne azide cycloaddition (CuAAC) was used to conjugate 

GE11 to mCherry constructs. Briefly, 60 µM alkyne-GE11 was reacted to 15 µM X-

4Az-mCherry-SC in 1x PBS (pH 7) with 250 µM CuSO4, 1.25 mM THPTA ligand, 

and 5 mM sodium ascorbate for 1 h at room temperature. The protein-peptide 

conjugates were then purified with His-Bind Ni-NTA resin to remove unreacted GE11 

and copper ions and the proteins were dialyzed overnight in 1x PBS. The products 

were analyzed with SDS-PAGE. Samples were filtered with a 0.22 µM syringe filter 

prior to use in cellular analyses. 

4.3.6 Cell Culture 

IBC SUM149 cells (a gift from Kenneth van Golen246) were grown in Hamôs 

F12 medium supplemented with 5% FBS, 1% (v/v) mycoplasma antibiotic 

supplement, 1% (v/v) penicillin/streptomycin, 1% (v/v) glutamine, 5 µg/mL insulin, 

2.5 µg/mL transferrin, 200 ng/mL selenium, and 1 µg/mL hydrocortisone according to 

previously established methods. MCF10A cells were grown in 50/50 DMEM/Ham's 
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F12 medium supplemented with 5% FBS, 1% (v/v) penicillin/streptomycin, 50 Õg/mL 

bovine pituitary extract, 10 Õg/mL insulin, 0.5Õg/mL hydrocortisone, 100 ng/mL 

cholera toxin, and 20 ng/mL epidermal growth factor. MDA-MB-231 cells stably 

expressing Galectin8-YFP (a gift from Prof. Craig L. Duvall247), 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 MDA-MB-231 cells were seeded (6 x 

104 cells per well) in 8-well Lab-Tek Chambered Cover Glass plates with a collagen 

film (1.5 mg/mL Collagen I Bovine Protein in 0.02 M acetic acid in deionized water) 

and incubated overnight at 37oC. Cells were then incubated with 1 µM of protein for 3 

h. The media was removed and cells were washed three times with 1x DPBS to 

remove unbound protein.  Cells were then fixed with 10% formalin for 15 minutes, 

treated with 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 DAPI and 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 in 12-well cell culture-treated 

plates at a density of 1.5 x 105 cells per well and incubated overnight at 37oC. The 

medium was replaced and cells were incubated with 1 µM 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 appropriate cell media and centrifuged at 123g for 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 x 104 cells was measured with a 488 

nm excitation laser at am emission wavelength of 660 nm.  

4.3.8 Galectin8-YFP Endosomal Disruption Assay 

MDA-MB-231 cells expressing Galectin8-YFP were seeded in an 8-well Lab-

Tek Chambered Cover Glass plate coated with a collagen film at a density of 5 x 104 

cells per well and incubated overnight at 37oC. Cells were incubated with 1 µM 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 cells were incubated for 16 

h. After incubation, 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 emission for DAPI and 488/40 nm excitation and 525/50 nm emission for YFP. 

4.3.9 Galectin8-YFP Quantification 

To quantify the Gal8-positive puncta normalized to cell number, the MATLAB 

code generated by Kilchrist, et. al.248 was 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 Gal8-positive puncta were 

identified with red circles. The program also counted the number of DAPI-stained 

nuclei in each image and outputted a visual check to ensure each nucleus in the image 

was counted. The program then calculated the sum of Gal8-positive puncta intensity 

normalized to the number of cells in each image. This calculation was done for at least 

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

will be made available on the Figshare platform per the original authorôs request. 

4.3.10 Lysosomal Degradation 

The 0 h samples were prepared as described in Section 4.3.7. For the 16 h 

samples, 6 x 104 IBC SUM149 cells were seeded in 8-well plates coated with a 

collagen film and incubated overnight at 37oC. Cells were then incubated with 1 µM 

of protein for 3 h, washed 3x with DPBS to remove extracellular protein, and 

incubated at 37oC 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 in 12-well cell-treated 

plates at a density of 1.5 x 105 cells per well and incubated overnight at 37oC. The next 

day, cells were incubated with protein for 3 h, washed 3x with DPBS, and incubated at 

37oC for 16 h. After 16 h, the cells were prepped for flow cytometry as described 

above and the mCherry fluorescence intensity of 1.5 x 104 cells was measured with the 

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

mCherry-SC and processed for analysis 0h or 16h post-incubation as described above.  

4.3.11 Lysosomal Colocalization 

IBC SUM149 cells were seeded on a collagen coated 8-well glass plate as 

described above before being incubated at 37oC overnight. Cells were subsequently 

incubated with 1 µM 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 NucBlueTM 

LiveReadyProbesTM Reagent (Hoechst 33342) (Thermo Fisher Scientific, Grand 

Island, NY) for 30 minutes. The medium was removed and cells were resuspended in 

Live Cell Imaging Solution before being imaged with a Zeiss LSM 880 confocal 

microscope (Thornwood, NY). Zeiss colocalization software was used to measure the 

Manderôs Correlation Coefficient (Mr). 

4.3.12 Cell Viability Analysis  

SUM149 cells were seeded in a tissue culture treated 96-well plate (Corning 

Inc., Corning, NY) at a density of 2 x 104 cells per well and incubated overnight. 

Hamôs F-12 media with 2 µM 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 incubation at 37oC, cells were 

incubated with a second dose of 2 µM 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. After 72 h, an MTT 

Cell Proliferation assay (Thermo Fisher Scientific, Grand Island, NY) was performed 

according to the manufacturerôs 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 variance T-test. Significance was 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 EGFR-binding GE11 peptides34 onto 

mCherry protein that was fused to SpyCatcher (SC) to create an EGFR targeted 

fluorescent transporter construct capable of cargo attachment through 

SpyCatcher/SpyTag chemistry146 (4GE11-mCherry-SC).133 Briefly, 4GE11-Cherry-SC 

was generated by a three-step process: (1) four p-azido-l-phenylalanine (pAzF) 

unnatural amino acids (UAAs) were incorporated through amber suppression99 onto 

the N-terminus of mCherry-SC in E. coli; (2) an alkyne-GE11 peptide was synthesized 

with an N-terminal propargyl glycine via solid phase peptide synthesis; and (3) the 

alkyne-GE11 was reacted to 4pAzF-mCherry-SC through CuAAC. 4GE11-mCherry-

SC demonstrated robust EGFR-specific internalization in inflammatory breast cancer 

(IBC) SUM149 cells compared to healthy breast epithelial MCF10A cells, as the 
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MCF10A cells exhibited 5 times less membrane-associated EGFR. This phenomenon 

resulted in IBC-specific cell death when a SpyTag (ST)-fused prodrug converting 

enzyme was attached to 4GE11-mCherry-SC via SpyCatcher/SpyTag bioconjugation. 

Despite successful targeted internalization, 4GE11-mCherry-SC remained entrapped 

in the endolysosomal pathway leading to lysosomal colocalization (Figure 4.2B) and 

rapid lysosomal degradation within 16 h (Figure 4.2A). 

 

Figure 4.2:   4GE11-mCherry-SC endosomal entrapment. Fluorescence microscopy 

images of IBC SUM149 cells (A) 0h and (B) 16h following incubation 

with 4GE11-mCherry-SC. The scale bar represents 25 µm. (C) Confocal 

fluorescence microscopy images of IBC SUM149 cells imaged 4h post-

protein incubation. The cells were stained with lysotracker (green) and 

DAPI nuclear stain (blue). The scale bar represents 50 µm. 
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To increase the range of cargo that can be delivered with 4GE11-mCherry-SC, 

an approach to improve the endosomal escape capabilities of 4GE11-mCherry-SC is 

needed. Accordingly, four endosomal escape peptides (Table 4.2) were genetically 

fused to the N-terminus of 4pAzF-mCherry-SC and expressed in E. coli through 

amber suppression (Figure 4.3A). 

Table 4.2:     List of the endosomolytic peptides used in this study with their amino 

acid sequence, net charge at pH 7, and mechanism of action. 

Peptide Sequence 
Net Charge 

(pH 7) 
Mode of action 

Aurein 1.2 GLFDIIKKIAESF 0 Carpet-like 

GALA WEAALAEALAEALAEHLAEALAEALEALAA  -6.9 Pore-forming 

HA2 GDIMGEWGNEIFGAIAGFLGC -3.1 Pore-forming 

L17E IWLTALKFLGKHAAKHEAKQQLSKL  4.2 Carpet-like 

 

Expression was monitored by measuring the mCherry fluorescence intensity of 

the clarified protein lysate and normalizing to the fluorescence intensity of 4pAzF-

mCherry-SC alone (Figure 4.3B). The fusions were purified with His-tag Ni-NTA 

affinity chromatography and the purified samples were analyzed via SDS-PAGE 

(Figure 4.3C). Fusion with Aurein 1.2 resulted in expression levels similar to 4pAzF-

mCherry-SC alone; however, a moderate decrease in expression was observed when 

GALA and HA2 were fused to the mCherry construct, with the GALA- and HA2-

4pAzF-mCherry-SC expression levels only reaching approximately 50% and 65% of 
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the original 4pAzF-mCherry-SC construct, respectively. Fusion with GALA and HA2 

also resulted in a higher level of insoluble protein, which may contribute to the 

decrease in soluble protein observed (Figure 4.3D). For the L17E fusion, expression 

decreased drastically, to approximately 15% of the expression level of the original 

4pAzF-mCherry-SC, and larger cultures volumes were necessary to yield functional 

quantities.  
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Figure 4.3:    Expression and purification of endosomal peptide fusion proteins. (A) 

Schematic of endosomolytic peptide fusions with 4pAzF-mCherry-SC. 

(B) Soluble lysate mCherry fluorescence normalized to concentration 

determined by Bradford protein assays. Results were then normalized to 

expression levels of the original 4pAzF-mCherry-SC protein. Results are 

shown as mean ± standard deviation of three independent experiments. 

(C) SDS-PAGE analysis of His-tag purified constructs. (D) Expression of 

endosomolytic peptide fusions. (A) SDS-PAGE of Aurein 1.2-, GALA-, 

HA2-, and L17E-4Az-mCherry-SC. S: soluble lysate, I: insoluble lysate, 

P: his-tag purified protein. All endosomolytic proteins are approximately 

50 kDa. 
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The four GE11 peptides were conjugated to the pAzF-containing fusions with 

CuAAC as described in Chapter 2 (Figure 4.4A).133 The reaction yield was confirmed 

with SDS-PAGE analysis (Figure 4.4B). The product band shift following reaction 

was similar for all constructs suggesting that pAzF reactivity was not significantly 

hindered by the presence of the endosomolytic peptides.  

 

Figure 4.4:   CuAAC conjugation of endosomolytic peptide fusions. (A) CuAAC 

reaction schematic of endosomolytic peptide 4GE11-mCherry-SC 

fusions. (B) SDS-PAGE analysis of proteins before (-GE11) and after 

(+GE11) reaction. 
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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 were absent. These proteins were expressed in BL21 E. coli 

and the his-tag purified product was confirmed via SDS-PAGE (Figure 4.5). All the 

0GE11 proteins expressed at high levels except L17E. Again, L17E drastically 

decreased the expression yield even without UAA incorporation. 

 

Figure 4.5:    Expression and purification of endosomolytic peptide fusions without 

UAA incorporation. (1) Bio-Rad protein ladder, (2) Aurein-mCherry-

SpyCatcher, (3) GALA-mCherry-SpyCatcher, (4) HA2- mCherry-

SpyCatcher, and (5) L17E-mCherry-SpyCatcher. 
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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 visualized with fluorescence microscopy for fusions without GE11 peptides 

(0GE11) or with four GE11 peptides (4GE11) (Figure 4.6A). Corresponding phase 

images are provided in Figure 4.6B and uptake was quantified with flow cytometry 

(Figure 4.6C). The mean fluorescence intensity (MFI) of all samples was normalized 

to the uptake of the original 4GE11-mCherry-SC construct in IBC SUM149 cells 

without an endosomolytic peptide.  Consistent with our prior studies, EGFR-mediated 

protein internalization in the absence of endosomolytic peptides was only observed 

when 4GE11 peptides were present. The Aurein 1.2 and GALA fusion proteins 

maintained EGFR-specificity, as demonstrated by their significantly higher uptake 

levels with 4GE11 compared to the same proteins without GE11 peptides (0GE11). 

The Aurein 1.2 fusions demonstrated the highest fold difference (4.9-fold) between 

0GE11 and 4GE11 containing constructs.  The fold change was reduced in the GALA 

containing constructs to 2.2-fold, 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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Figure 4.6:    Uptake of protein fusions in IBC SUM149 cells. (A) Fluorescence 

microscopy following treatment with endosomal fusions without GE11 

(0GE11) or treatment with endosomal fusions with four GE11 peptides 

(4GE11). Cells were stained with DAPI nuclear stain (blue). The scale 

bar represents 40 µm. (B) Corresponding phase images for SUM149 

internalization studies following treatment with endosomal fusions 

0GE11 and endosomal fusions with 4GE11. Scale bar represents 40 µm. 

(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 fluorescence intensity ± 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 endosomolytic 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 are approximately 5 times lower 

than the EGFR expression level in IBC SUM149 cells.133 MCF10A cells were treated 

with protein and uptake was measured. Fluorescence microscopy was used to visualize 

internalization of 0GE11 and 4GE11 constructs (Figure 4.7A); corresponding phase 

images are provided in Figure 4.7B. Flow cytometry was again used to quantify 

uptake (Figure 4.7C), and the MFI of all samples was normalized to uptake of the 

original 4GE11-mCherry-SC construct in IBC SUM149 cells.  Low levels of 

internalization were observed for 0GE11- and 4GE11-mCherry-SC constructs without 

an endosomolytic peptide, corroborating our previous work.133 The modest increase in 

uptake with 4GE11 peptides was expected since MCF10A cells express low levels of 
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EGFR. Nonetheless, there was 3-fold higher internalization of 4GE11-mCherry-SC 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 non-specific uptake; however, the uptake levels 

were still significantly lower for the 4GE11 fusions compared to targeted uptake levels 

in IBC SUM149. Specifically, the fold difference in uptake between SUM149 cells 

and MCF10A cells for Aurein 1.2- and GALA-4GE11-mCherry-SC constructs was 

2.9-fold and 2.3-fold, respectively, which is comparable to the 3-fold 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. This once again suggests that fusion of HA2 or L17E to 4GE11-

mCherry-SC promotes internalization through a mechanism other than EGFR 

mediated endocytosis, thereby negating cell specificity. 
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Figure 4.7:   Uptake of protein constructs in MCF10A cells. (A) Fluorescence 

microscopy following treatment with endosomal fusions with 0GE11 or 

treatment with endosomal fusions with 4GE11 peptides. Cells were 

stained with DAPI nuclear stain (blue). Scale bar represents 40 µm. (B) 

Corresponding phase images for MCF10A internalization studies 

following treatment with 0GE11 or 4GE11 endosomal fusions. Scale bar 

represents 40 µm. (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 fluorescence 

intensity ± 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 

MCF10A cells (p < 0.05). 

4.4.4 Endosomal disruption with Gal8 Assay 

We next assessed the bioactivity of each endosomolytic peptide.  Galectin-8 

(Gal8) visualization was used to measure endosomal disruption in MDA-MB-231 cells 

stably expressing Gal8-YFP.247 When endosomes are disrupted, Gal8 selectively binds 

to moieties inside the endosomal membrane leading to redistribution that can be 

visualized through fluorescence microscopy.247  MDA-MB-231 cells are a triple-

negative human epithelial breast cancer cell line that overexpresses EGFR at levels 

similar to IBC SUM149 cells.183 Previous work has demonstrated the ability of the 

GE11 peptide to target EGFR overexpression in MDA-MB-231 cells.31, 249-251 To 

confirm internalization, MDA-MB-231 Gal8-YFP cells were treated with 1 µM of the 

endosomolytic fusion proteins with 0GE11 or 4GE11 peptides for 3 h and uptake was 

confirmed through fluorescence microscopy (Figure 4.8A and Figure 4.8B).  Uptake 

levels were similar to those observed in SUM149 cells. Once again uptake appeared to 
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be EGFR-specific for the Aurein 1.2 and GALA fusions, but the HA2 and L17E 

fusions were uptaken whether 4GE11 was present or not.  

 

Figure 4.8:   Uptake of protein constructs in MDA-MB-231 cells. (A) Fluorescence 

microscopy following treatment with endosomal fusions with 0GE11 or 

4GE11 peptides. (B) Corresponding phase images. Scale bar represents 

100 µm. 
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 Once uptake was confirmed, endosomal disruption was measured in MDA-

MB-231 Gal8-YFP cells. Gal8 binds to glycans unique to the inner face of endosomal 

membranes.252 In the event of endosomal disruption, Gal8-YFP redistributes from the 

cytosol into the endosomes which can be visualized by the appearance of Gal8-

positive puncta. Cells were treated with 1 µM of protein for 3 h to allow 

internalization before being washed and incubated for an additional 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 4.9A). Corresponding phase images are provided in Figure 4.9B.  For 

0GE11 proteins, only HA2 and L17E fusions demonstrated Gal8-YFP recruitment to 

the endosomes, as demonstrated by the appearance of Gal8-YFP positive 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, Gal8-YFP positive puncta were visible for all constructs containing 

endosomolytic peptides, while 4GE11-mCherry-SC alone did not elicit Gal8-YFP 

redistribution.  
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Figure 4.9:   Gal8-YFP endosomal disruption assay. (A) Fluorescence microscopy of 

Gal8-YFP expressing MDA-MB-231 cells 16 h following treatment with 

endosomal fusions without GE11, and endosomal fusions with 4 GE11 

peptides. Scale bar represents 100 µm. (B) Corresponding phase images. 

Scale bar represents 100 µm. 

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

al.248, was used to measure the fluorescence intensity of Gal8-YFP positive puncta 
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normalized to the total number of cells in an image frame (Figure 4.10). Minimal 

endosomal disruption was observed for 0GE11- and 4GE11-mCherry-SC without an 

endosomolytic peptide fusion partner. Robust endosomal disruption was demonstrated 

by HA2 and L17E fusions with or without 4GE11, while Aurein 1.2 and GALA 

demonstrated significantly higher Gal8 recruitment when 4GE11 was present 

compared to 0GE11 constructs. HA2-4GE11-mCherry-SC demonstrated the highest 

level of endosomal disruption suggesting superior endosomolytic properties. 
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Figure 4.10: Gal8-YFP assay quantification. (A) Original image of Gal8-YFP 

expressing MDA-MB-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 outputted by 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 

0GE11 and 4GE11 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 cytosol.46 Because of this, only a 

small amount of 4GE11-mCherry-SC protein was visible inside IBC SUM149 cells 16 

h post-internalization (Figure 4.2A), despite high levels of initial uptake and an 

intracellular mCherry half-life of 20-30 h.253 To measure the amount of protein 

remaining inside IBC SUM149 cells, cells were treated with protein 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 visualize mCherry 

trafficking (Figure 4.11A and 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 h254). From microscopy, cells treated with 

endosomolytic peptide fusions contained more mCherry protein at 16 h post-

internalization as compared to cells treated with 4GE11-mCherry-SC 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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Figure 4.11:  Lysosomal degradation in IBC SUM149 cells. Fluorescence microscopy 

following treatment with endosomal fusions containing 4GE11 at 0 h 

following protein incubation or 16 h following protein incubation. Cells 

were stained with DAPI nuclear stain (blue). (B) Corresponding phase 

images. The scale bars represent 40 µm. (C) Lysosomal degradation of 

4GE11-mCherry-SC following treatment with 100 µM of chloroquine 

(CQ). Fluorescence microscopy and corresponding phase images of 

4GE11-mCherry-SC 0h and 16h following 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 0 h 

after treatment (Figure 4.12). 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 4GE11-mCherry-SC. To demonstrate this rapid 

degradation was occurring in the lysosome, cells were treated with chloroquine (CQ), 

a weak base that prevents lysosomal acidification and in turn inhibits protein 

degradation by pH specific enzymes.255 Following CQ treatment, cells were incubated 

with 4GE11-mCherry-SC and internalized protein was measured at 0 h and 16 h post-

incubation. From fluorescence microscopy, high levels of 4GE11-mCherry-SC 

remained in cells pretreated with CQ after 16h (Figure 4.11C). The protein appeared to 

remain in the endosomal membranes which agrees with previous literature where 

higher concentrations or longer treatments of CQ are necessary to rupture the 

endosomal membrane and promote escape.256, 257 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 
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rapid disappearance of 4GE11-mCherry-SC 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 peptide fusions compared to cells treated with 4GE11-mCherry-SC 

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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Figure 4.12: Quantified lysosomal degradation in IBC SUM149 cells. (A) The percent 

of remaining protein 16 h post-incubation compared to 0 h post-

incubation as determined by flow cytometry. Results are shown as the 

mean ± standard deviation of data obtained from three independent 

experiments. Flow cytometry histograms corresponding to the lysosomal 

degradation studies comparing internalized protein levels of (B) 4GE11-

mCherry-SC, (C) Aurein-4GE11-mCherry-SC, (D) GALA-4GE11-

mCherry-SC, (E) HA2-4GE11-mCherry-SC, and (F) L17E-4GE11-

mCherry-SC, 0 h post- incubation (red) and 16 h post-incubation (green). 
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4.4.6 Lysosomal colocalization in IBC SUM149 cells 

The endosomolytic peptide 4GE11-mCherry-SC fusions maintained a punctate 

distribution characteristic of endomembrane localization 16 h after internalization, 

despite evidence of endosomal disruption from the Gal8 assay. To assess lysosomal 

colocalization, IBC SUM149 cells were stained with LysoView, a pH-sensitive dye 

that localizes in acidic compartments, to visualize 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 pixels) colocalized in the lysosomes 

(green pixels), the Manderôs Correlation Coefficient (Mr) was calculated with Zeiss 

colocalization software (Figure 4.13B).258 Cells treated with 4GE11-mCherry-SC had 

the largest Mr value 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% of the internalized protein remained entrapped 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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Figure 4.13: Lysosomal colocalization of protein constructs in IBC SUM149 cells. (A) 

Fluorescence microscopy following treatment with GE11 endosomal 

fusions (red) and lysosomal staining (green) with LysoView. The nuclei 

are stained with DAPI in blue and colocalization between mCherry and 

LysoView is represented in yellow. The scale bar represents 10 µm. (B) 

Quantification of colocalization between lysosomes and 4GE11-targeted 

endosomal fusion proteins in SUM149 cells based on calculation of 

Manderôs coefficients (Mr). A range of 8-12 images were analyzed, 

approximately 50 cells, per each sample and the Mr was reported as the 

mean ± standard deviation. 

4.4.7 Cell Viability in IBC SUM149 cells 

Although the lytic properties of endosomolytic peptides are pH-dependent, 

there is still the potential for reconfiguration and activation at more neutral pH leading 

to cell membrane lysis. This effect has been documented in literature for a number of 

endosomolytic peptides and is believed to be a result of variations in charge 

distribution and the isoelectric point of the protein fusion.259, 260 Therefore, we studied 

the cytotoxicity of each endosomolytic peptide fusion. MTT assays were used to 

determine the effect of each endosomolytic peptide-4GE11-mCherry-SC fusion on 
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IBC SUM149 cell growth. Cells were treated with 2 µM of protein twice over 6 days 

and the cell viability was measured (Figure 4.14A). Cell viability of each sample was 

normalized to the viability of untreated cells (Figure 4.14B). Aurein 1.2-, GALA-, and 

HA2-4GE11-mCherry-SC fusions did not exhibit high levels of cytotoxicity (> 85% 

viability) following two treatments; however, cells treated with L17E-4GE11-

mCherry-SC were only 25% viable after treatment, demonstrating that the addition of 

the L17E peptide significantly hindered SUM149 cell viability. 

 

Figure 4.14:  Cell viability assays in IBC SUM149 cells. (A) Cells were treated twice 

with 2 µM of endosomolytic 4GE11 proteins. (B) MTT assays were used 

to assess the viability of SUM149 cells following treatment with 

endosomolytic peptide fusions. Results are shown as the mean ± standard 

deviation of data obtained from three independent experiments. 
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4.5 Discussion 

Herein, we assessed the bioactivity of four endosomolytic peptides that were 

genetically fused to an EGFR-targeting fluorescent ótransporterô conjugate. We first 

evaluated recombinant expression yields in E. coli when each endosomolytic peptide 

was fused to the N-terminus of 4pAzF-mCherry-SC. Our results with Aurein 1.2, 

GALA, and HA2 fusion expression were largely aligned with results from prior 

literature. For example, Aurein 1.2 was previously recombinantly expressed in E. coli 

despite being derived from an antimicrobial peptide,58, 261 and other antimicrobial 

peptides have also been successfully expressed in E. coli when fused to proteins.262, 263 

Our results were in agreement, with the expression of the Aurein 1.2 fusion partner 

occurring at similar levels as the base protein constructs. Fusion with GALA and HA2 

decreased the expression of the soluble product marginally; 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 hydrophobicity.260, 264 We 

observed a similar phenomenon, in that fusion with GALA and HA2 resulted in a 

higher level of insoluble protein. Fusion of L17E to 4pAzF-mCherry-SC and 

mCherry-SC significantly reduced expression. To our knowledge, this is the first 

attempt to genetically fuse L17E directly to a target protein and express the peptide 

recombinantly, as prior work with L17E peptide has employed solid-phase peptide 

synthesis.57. The peptide is derived from the antimicrobial peptide m-lycotoxin265, 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.57 Because of this, L17E likely retains its lytic activity toward gram 

negative E. coli cells, making recombinant expression an inappropriate method of 

production.  

Endosomolytic peptides have shown some ability to trigger cell internalization, 

which can hinder targeting specificity. For instance, Aurein 1.2 enhanced uptake of 

fused protein nanocarriers in prior work.212 Here, fusing a single Aurein 1.2 peptide to 

4GE11-mCherry-SC did not significantly increase uptake, indicating that protein 

internalization remained primarily EGFR-mediated. However, increasing the 

multivalency of the Aurein 1.2 peptide may decrease this specificity. Despite 

maintaining some EGFR-specificity, GALA decreased the internalization of 4GE11-

mCherry-SC in SUM149 cells. Interestingly, this phenomenon has been observed in 

literature before with other GALA fusion proteins; GALAôs hydrophobicity has been 

hypothesized to trigger peptide aggregation on the cell membrane, blocking further 

cytoplasmic transport.260, 266 This effect may be a driver of the behavior we observed, 

particularly considering the increase in insoluble protein expression that was evident 

for GALA-4pAzF-mCherry-SC. Alternatively, the high net negative charge of the 

peptide at neutral pH could be hindering interaction with the negatively charged cell 

membrane lipid bilayer.193 Here, HA2 and L17E did not maintain EGFR-specificity of 

4GE11-mCherry-SC, suggesting an alternative mechanism of internalization. Recent 

literature demonstrated that HA2 fusion to the N-terminus of ligand-targeted protein 

nanoparticles drastically reduced cell receptor specificity, in agreement with our 
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findings.259 Likewise, previous work demonstrated that the L17E peptide was rapidly 

internalized through micropinocytosis and membrane ruffling due to its positive net 

charge.57, 267 These phenomena likely explain the alternative uptake mechanism 

observed here. The behaviors highlight the limitations of HA2 and 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 levels of endosomal disruption when endosomolytic 

peptides were fused to 4GE11-mCherry-SC, with HA2 showing the highest levels of 

disruption. We had expected the carpet-like peptides to show the highest levels of 

endosomal disruption because they are believed to form larger pores in the membrane; 

however, it is possible that fusing these peptides to proteins hinders their membrane-

disruption activity more than pore-forming peptides. This possibility is further 

supported by the higher levels endosomal disruption cause by GALA 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 suggest that the major mechanism 

of L17E internalization is a membrane ruffling effect, leading to direct cytosolic 

uptake rather than cytosolic delivery through endosomal escape.267 Directly fusing 

L17E to the cargo protein may, however, effect the internalization 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 cationic peptides has been shown to 

affect the mechanism of internalization. Direct cell membrane penetration is more 

likely at higher concentrations.268 

For all endosomolytic peptide fusions, roughly half of the protein 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 sufficient to 

elicit a therapeutic response. For example, similar Mr values from lysosomal 

colocalization studies have resulted in efficient cytosolic delivery of siRNA for gene 

knockdown.247 The visible puncta after 16 h could also be an effect of protein 

entrapped in the lysosome despite endosomal lysis. In previous studies, endosomolytic 

peptides have successfully induced endosomal lysis while remaining trapped inside 

endosomes.264, 269  Employing a mechanism for releasing the cargo, such as a 

cleavable linker or disulfide bonds, may 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 example, the p19 protein, derived 

from tombusviruses, has been shown to bind siRNA at neutral pH and release siRNA 

in acidic environments, e.g., within the endosome.77, 270  

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

mCherry-SC were not cytotoxic at high concentrations. This agrees with previous 

work where cells treated with Aurein 1.2, GALA, and HA2 fusion proteins did not 

show high levels of toxicity.261, 271, 272 L17E fused to 4GE11-mCherry-SC, on the other 
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hand, demonstrated significant toxicity toward SUM149 cells, which has not been 

previously reported.  The original work co-delivered the L17E peptide with 

therapeutic protein cargos rather than fusing the peptide directly to the cargo as we 

have done here.57 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 work. 245  The 

significant decrease in viability observed here, which has not been reported before, is 

possibly a result of the recombinant fusion approach, as properties of endosomolytic 

peptides have been shown to change based on their fusion partner.259 

 

4.6 Conclusions 

Herein, we assessed the bioactivity of four endosomolytic peptides fused to an 

EGFR-targeting protein conjugate capable of serving as a transporter for therapeutic 

proteins. All endosomolytic peptides provided substantial endosomal disruption and 

lower levels of lysosomal degradation, with HA2 appearing to be the most potent 

membrane-active peptide. Lysosomal colocalization studies also demonstrated 

significantly lower levels of lysosomal colocalization in constructs 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 cytosolic delivery. Aurein 1.2 

and GALA retained EGFR-specificity, 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 high levels of 

cytotoxicity, demonstrating that direct fusion is an inappropriate strategy for its use.  

Overall, Aurein 1.2 fused to our EGFR-targeting conjugate appears to have 

moderate endosomolytic capabilities while maintaining the highest EGFR-specificity. 

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

intracellular compartments using our EGFR-targeted conjugate.  Moreover, the results 

reported here demonstrate the ability of a single genetically fused endosomolytic 

peptide to 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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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 systems. Site-specific bioconjugation approaches allow for 

control of the valency, spacing, and orientation of delivery moieties which is 

important for producing a homogenous product with maximal bioactivity and delivery 

capabilities.1, 40, 111 Here we utilized two particularly promising site-specific 

conjugation strategies: unnatural amino acid (UAA) incorporation and 

SpyCatcher/SpyTag bioconjugation.  

In Chapter 2, UAA incorporation was used to site-specifically conjugate 

delivery moieties to therapeutic proteins to explore the effect of epidermal growth 

factor receptor (EGFR)-targeted ligand valency and spacing on internalization of 

proteins in EGFR-overexpressing inflammatory breast cancer (IBC) cells. Results 

demonstrate the importance of controlling 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 in a ~40-

fold improvement in internalization compared to untargeted protein and ~5-fold higher 

Chapter 5 
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delivery in IBC cells compared to healthy breast epithelial cells. This system was 

adapted for delivery of a variety of therapeutic proteins using SpyCatcher/SpyTag 

chemistry for plug-and-play cargo incorporation.  Using this approach, a cancer 

suicide enzyme was attached to the EGFR-targeting conjugate, which enabled IBC-

targeted cell death through prodrug activation. These results demonstrate the benefits 

of UAA incorporation for controlling targeting peptide presentation and maximizing 

cargo protein activity. 

In Chapter 3, the EGFR-targeting conjugate, 4GE11-mCherry-SC developed in 

Chapter 2, was decorated on to the surface E2-4F protein nanoparticles, engineered for 

doxorubicin loading, using SpyCatcher/SpyTag chemistry. In IBC cells, E2-4F 

functionalized with 10% 4GE11-mCherry-SC demonstrated 5.8-fold higher uptake 

compared to untargeted nanoparticles and 4.4-fold higher uptake compared to healthy 

breast epithelial cells. Furthermore, these particles could be efficiently loaded with 

doxorubicin for targeted cell death in EGFR-overexpressing IBC cells.  These results 

demonstrate the potential of our EGFR-targeting conjugate to deliver a variety of 

cargos including, but likely not limited to, enzymes, protein nanoparticles, and small 

molecule drugs to EGFR-overexpressing cancer cells.  

Lastly, in Chapter 4 we address the intracellular trafficking of the EGFR-

targeting conjugate by incorporating a library of endosomolytic peptides through 

genetic fusion. Previous results demonstrated that the EGFR-targeting 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 conjugate, four endosomal escape peptides (Aurein 1.2, GALA, 

HA2, and L17E) were fused to the N-terminus of 4GE11-mCherry-SC. Fusion with all 

endosomolytic peptides resulted in enhanced endosomal disruption, and reduced 

lysosomal degradation and colocalization, however, only fusion with Aurein 1.2 and 

GALA maintained EGFR-specificity, whereas, HA2 and L17E fusions were 

internalized through alternative mechanisms that were not EGFR-mediated. These 

results demonstrate the importance of endosomolytic peptide selection in targeted 

intracellular drug delivery systems.  

Together the results presented in this thesis demonstrate the utility of designing 

drug delivery systems where functionalization can be tightly tuned and controlled to 

create homogenous peptide-protein products with optimal bioactivity and active 

targeting capabilities. 

5.2 Future directions  

Here we demonstrated the benefit of controlling ligand display on proteins to 

optimize EGFR-mediated internalization through ligand clustering. While this resulted 

in robust internalization, we only varied the ligand valency (i.e. 1 to 4 peptides) and 

spacing (i.e. clustered versus non-clustered), additional variables could be explored. 

For example, linker rigidity and linker length between clustered ligands could be 

varied to determine if these are important variables for optimizing internalization. 

Previous work studied the ability of bivalent ligands to bind to EGFR and suppress 

kinase activation with EGF where the linker rigidity and length between the ligands 
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was varied to optimize ligand binding.273  Bivalent ligands separated by a 15-mer rigid 

proline linker, approximately 4.4 nm, resulted in higher affinity toward EGFR 

compared to ligands separated by flexible linkers containing glycine and serine 

residues. In our work, the clustered ligands were separated by flexible GGGGS 

linkers, but the work highlighted above demonstrates the potential benefit of exploring 

additional linkers that vary in length and rigidity.  

In Chapter 3, we utilized the engineered hydrophobic core of E2-4F for DOX 

encapsulation. Future work could test the encapsulation efficiency and release of other 

hydrophobic chemotherapeutic drugs to assess the versatility of E2-4F to deliver a 

variety of chemotherapeutic cargos to EGFR overexpressing cancer cells. For 

example, a number of anticancer drugs currently used in clinical practice, such as 

paclitaxel and rapamycin, are even more hydrophobic than DOX and so may attain 

higher encapsulation in the hydrophobic core of the E2-4F nanoparticles.274 

Additionally, we observed premature release of DOX from the particles at neutral pH. 

While that was not significantly detrimental here, where we could easily control the 

amount of time the particles were exposure to the cells, in vivo experiments do not 

offer this control and premature DOX release before reaching the tumor site could 

cause unwanted side effects. To avoid premature release of DOX at neutral pH 

alternative loading strategies could be employed.  A particularly interesting strategy 

from Costa, et. al. utilized UAA incorporation to insert p-acetylphenylalanine (pAcF) 

into nanoparticles for DOX loading and release in acid environments by conjugating 

the DOX to pAcF forming a pH-sensitive oxime bond.143 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 strategy would likely result in lower 

DOX loading efficiencies than E2-4F.  

In Chapter 4, we genetically fused endosomolytic peptides to the EGFR-

targeting conjugate. Instead, the endosomolytic peptides could be conjugated with 

UAA incorporation using an UAA such as pAcF which introduces a ketone group for 

bioorthogonal conjugation.275 This would allow incorporation of peptides that 

significantly hinder expression when attached to the protein of interest as a fusion 

partner, such as L17E. In addition, ketone chemistry creates a pH-sensitive oxime 

bond which could allow for release of the protein cargo from the endosomolytic 

peptides at acidic pH.276 This could be important if the endosomolytic peptides 

remained fused to the endosome preventing endosomal escape which has been 

documented in literature for HA2.264, 276  Additionally, using UAA incorporation 

would also allow us to explore the importance of endosomolytic peptide spacing and 

valency which has rarely been reported in the literature. In one example, clustering 

GALA peptides demonstrated enhanced lytic abilities when incubated with liposomes 

compared to GALA peptides spread out uniformly across a nanoparticle surface.277 To 

our knowledge, the benefits of endosomolytic peptide clustering has not been explored 

in cells for endosomal escape, but this examples provides a precedence to explore 

endosomolytic peptide clustering further.   

The valency of endosomolytic peptides could also be increased by conjugating 

the endosomolytic peptide 4GE11-mCherry-SC 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 the valency would likely improve the potency compared to a 

single endosomolytic peptide because concentration has been demonstrated to be 

important for factor in endosomal disruption.64  Additionally, these constructs could 

have the most potential for in vivo targeted intracellular delivery, because of their 

optimal size for extended circulation half-life and tumor accumulation.79, 201 

Finally, future work could also explore the delivery of cargos that require 

cytosolic access for bioactivity. For instance, the siRNA binding protein, p19, could 

be used to delivery siRNA to the cytosol for gene knockdown. A particularly 

interesting target for siRNA mediated gene knockdown in IBC cells is the RhoC 

GTPase oncogene. RhoC GTPase is overexpressed in approximately 90% of IBC and 

is a key molecule in highly metastatic cancer phenotypes.178, 278-280  IBC has the lowest 

prognosis of any locally advanced breast cancer. The 5-year disease-free survival of 

IBC is less than 45% and this is mainly due to its high rate of metastasis.278  In fact, 

most all IBC tumors have lymph node metastases and approximately 36% have distant 

metastasis.281 Because of this, the ability to prevent metastasis through RhoC GTPase 

knockdown while treating the local tumor has the potential to significantly improve 

patient prognosis. Additional knockdown targets that could be explored are enhancer 

of zeste homolog 2 (EZH2), histone deacetylase 6 (HDAC6), and amphiregulin 

(AREG), which have all been shown to promote invasion and growth in IBC cells.282-

284 
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EXPRESSION PLASMID SEQUENCES 

 

Protein Sequence 

pET22b-

1amber-

mCherry-

his6 

 

ATGGACTACAAAGACGATGACGACAAGACTAGTACTAGTCCTCCCCCGGTTCC
GCCTAGACGTGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGAG

AAGGTCAGGGTCAGGGAGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAA

GAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGCCGACCCCG

AGCCCGAGCACCCCGCCGGGCGGCAGCCCGCGGTAGGCTAGCGTGAGCAAGGG

CGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACA

TGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGG
CCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCC

CCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGG

CCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCG
AGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACC

GTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCT

GCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGG
GCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGC

GAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGG

TCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAAC
GTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGA

ACAGTACGAACGCGCTGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGT

ACAAG  

pET22b-

2amber-

mCherry-

his6 

 

ATGGACTACAAAGACGATGACGACAAGACTAGTACTAGTCCTCCCCCGGTTCC

GCCTAGACGTGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGAG

AAGGTCAGGGTCAGGGAGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAA

GAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGCCGACCCCG

AGCCCGAGCACCCCGCCGGGCGGCAGCCCGCGGGACTAGGGAGGCGGGGGTA
GCTAGGAGCTCAAGGCTAGCGTGAGCAAGGGCGAGGAGGATAACATGGCCATC

ATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCA

CGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAG
ACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACAT

CCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGA

CATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGT
GATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCACTGC

AGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCC

GACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCG
GATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAG

CTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAA

GAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCA
CCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCTGAGGGC

CGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGCTCGAGCACCACCACCA

CCACCACTGA  

A.1 Chapter 2 Expression Sequences 
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pET22b-

4amber-

mCherry-

his6 

ATGGACTACAAAGACGATGACGACAAGACTAGTACTAGTCCTCCCCCGGTTCC
GCCTAGACGTGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGAG

AAGGTCAGGGTCAGGGAGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAA

GAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGCCGACCCCG
AGCCCGAGCACCCCGCCGGGCGGCAGCCCGCGGGACTAGGGAGGCGGGGGTA

GCTAGGGTGGGGGAGGCAGTTAGGGCGGTGGAGGGAGCTAGGAGCTCAAGGC

TAGCGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGC
GCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAG

GGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGG

TGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCA
TGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGA

AGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGAC

GGCGGCGTGGTGACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCAT
CTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGC

AGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGAC

GGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCC
ACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTG

CCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGA

CTACACCATCGTGGAACAGTACGAACGCGCTGAGGGCCGCCACTCCACCGGCG
GCATGGACGAGCTGTACAAGCTCGAGCACCACCACCACCACCACTGA 

pET22b-

Tat-

mCherry-

his6  

ATGGGCAGGAAGAAGCGGAGACAGCGACGAAGAGCTCCTCAACATATGGAAT
TCGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGC

TTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGG

CGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTG
ACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATG

TACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAA

GCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACG
GCGGCGTGGTGACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATC

TACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCA
GAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACG

GCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCA

CTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGC
CCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGAC

TACACCATCGTGGAACAGTACGAACGCGCTGAGGGCCGCCACTCCACCGGCGG

CATGGACGAGCTGTACAAGCTCGAGCACCACCACCACCACCACTGA 

pET22b-

1amber-

mCherry-

SpyCatche

r-his6 

 

ATGGACTACAAAGACGATGACGACAAGACTAGTACTAGTCCTCCCCCGGTTCC

GCCTAGACGTGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGAG
AAGGTCAGGGTCAGGGAGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAA

GAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGCCGACCCCG

AGCCCGAGCACCCCGCCGGGCGGCAGCCCGCGGTAGGCTAGCGTGAGCAAGGG
CGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACA

TGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGG

CCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCC
CCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGG

CCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCG

AGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACC
GTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCT

GCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGG
GCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGC

GAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGG

TCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAAC
GTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGA

ACAGTACGAACGCGCTGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGT

ACAAGCTCGAGGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGAGGAC
GGCAAAGAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAACT

ATTAGTACATGGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGA

AAATATACATTTGTCGAAACCGCAGCACCAGACGGTTATGAGGTAGCAACTGC
TATTACCTTTACAGTTAATGAGCAAGGTCAGGTTACTGTAAATGGCCACCACCA

CCACCACCACTGAGCTGA  
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pET14b-

SpyTag-

yCD 

ATGCTGGCTAGCGTGACCGGCGGAATGGCCAGCAAGTGGGACCAGAAAGGAAT

GGATATCGCCTACGAGGAAGCTCTGCTGGGGTATAAGGAGGGAGGAGTGCCAA

TCGGAGGATGCCTGATTAACAACAAGGACGGCTCTGTGCTGGGCAGGGGACAC
AACATGAGATTCCAGAAGGGAAGCGCCACACTGCATGGGGAGATTTCCACTCT

GGAAAATTGTGGGAGGCTGGAAGGCAAGGTGTACAAAGACACCACACTGTATA

CTACCCTGTCTCCCTGCGATATGTGCACCGGCGCTATCATTATGTACGGAATCC
CTCGGTGCGTGATTGGCGAGAACGTGAACTTCAAGAGTAAAGGGGAAAAGTAT

CTGCAGACAAGGGGACACGAGGTGGTGGTGGTGGACGATGAACGCTGTAAGA

AACTGATGAAACAGTTCATCGATGAGAGGCCCCAGGACTGGTTTGAGGATATT
GGAGAAGGCGGATCCGGCGGCGGAGGGTCTGGAGGAGGCGGTTCAGGTGGTG

GGGGCTCCGCACACATAGTAATGGTAGACGCCTACAAGCCGACGAAGCTCGAG

CACCACCACCACCACCACTGA  
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Protein Sequence 

pET11a-

SpyTag-E2 

 

ATGGCACACATAGTAATGGTAGACGCCTACAAGCCGACGAAGGCTAGCGTGCT

GAAAGAAGACATTGATGCGTTTCTGGCGGGCGGCGCGAAACCCGGGCCCGCTG
CTGCAGAGGAAAAGGCTGCTCCAGCGGCTGCGAAACCGGCTACTACTGAAGGT

GAATTCCCTGAAACCCGTGAAAAAATGTCTGGTATCCGTCGTGCAATCGCGAA

AGCCATGGTTCACTCTAAACACACCGCGCCACACGTTACCCTGATGGATGAAGC
AGACGTTACCAAACTGGTTGCGCACCGTAAAAAATTCAAGGCGATTGCGGCGG

AAAAAGGTATCAAACTGACCTTCCTGCCGTACGTTGTTAAAGCTCTGGTTTCGG

CTCTGCGTGAATACCCGGTTCTGAACACCTCTATTGACGACGAGACCGAAGAA
ATCATCCAGAAACACTACTACAACATCGGTATCGCTGCGGACACTGATCGTGGT

CTGCTGGTTCCTGTGATTAAACACGCGGACCGTAAACCGATCTTCGCGCTCGCT

CAGGAAATCAACGAACTGGCTGAGAAAGCTCGTGACGGTAAACTGACTCCTGG
TGAAATGAAAGGCGCGTCTTGCACTATTACCAACATCGGCTCTGCAGGTGGTCA

GTGGTTCACCCCAGTTATCAACCACCCGGAAGTTGCGATCCTGGGTATTGGTCG

TATAGCCGAAAAGCCGATCGTTCGTGACGGTGAAATCGTTGCTGCTCCGATGCT
GGCCCTGTCTCTGTCTTTCGATCATCGTATGATTGATGGCGCGACCGCACAGAA

AGCCCTGAACCACATCAAACGTCTGCTGTCCGACCCGGAACTGCTGCTGATGGA

AGCTTAA 
 

pET11a-

SpyTag-E2-

4F 

 

ATGGCACACATAGTAATGGTAGACGCCTACAAGCCGACGAAGGCTAGCGTGCT
GAAAGAAGACATTGATGCGTTTCTGGCGGGCGGCGCGAAACCCGGGCCCGCTG

CTGCAGAGGAAAAGGCTGCTCCAGCGGCTGCGAAACCGGCTACTACTGAAGGT

GAATTCCCTGAAACCCGTGAAAAAATGTCTGGTATCCGTCGTGCAATCGCGAA
AGCCATGGTTCACTCTAAACACACCGCGCCACACGTTACCCTGATGGATGAAGC

AGACGTTACCAAACTGGTTGCGCACCGTTTTAAATTCAAGGCGATTGCGGCGGA

AAAAGGTATCAAACTGACCTTCCTGCCGTACGTTGTTAAAGCTCTGGTTTCGGC
TCTGCGTGAATACCCGGTTCTGAACACCTCTATTGACGACGAGACCGAAGAAAT

CATCCAGAAACACTACTACAACATCGGTATCGCTGCGGACACTGATCGTGGTCT

GCTGGTTCCTGTGATTAAACACGCGGACCGTAAACCGATCTTCGCGCTCGCTCA
GGAAATCAACGAACTGGCTGAGAAAGCTCGTGACGGTAAACTGACTCCTGGTG

AAATGAAAGGCGCGTCTTGCACTATTACCAACATCGGCTCTGCAGGTGGTCAGT

GGTTCACCCCAGTTATCAACCACCCGGAAGTTGCGATCCTGGGTATTGGTCGTA
TAGCCTTTAAGCCGATCGTTTTCTTTGGTGAAATCGTTGCTGCTCCGATGCTGGC

CCTGTCTCTGTCTTTCGATCATCGTATGATTGATGGCGCGACCGCACAGAAAGC

CCTGAACCACATCAAACGTCTGCTGTCCGACCCGGAACTGCTGCTGATGGAAGC
TTAA 

 

PET24a-

ELP 

[KV8F-40]-

SpyCatcher 

 
ATGAGCAAAGGGCCGGGCGTGGGTGTTCCGGGCAAAGGTGTCCCAGGTGTGGG

CGTACCGGGCGTTGGTGTTCCGGGCGTTGGTGTCCCAGGTGTGGGCGTTCCGGG

CTTTGGTGTCCCAGGTGTGGGCGTACCGGGCGTTGGTGTTCCGGGCGTTGGTGT
GCCGGGCGTGGGTGTTCCGGGCAAAGGTGTCCCAGGTGTGGGCGTACCGGGCG

TTGGTGTTCCGGGCGTTGGTGTCCCAGGTGTGGGCGTTCCGGGCTTTGGTGTCC

CAGGTGTGGGCGTACCGGGCGTTGGTGTTCCGGGCGTTGGTGTGCCGGGCGTG
GGTGTTCCGGGCAAAGGTGTCCCAGGTGTGGGCGTACCGGGCGTTGGTGTTCCG

GGCGTTGGTGTCCCAGGTGTGGGCGTTCCGGGCTTTGGTGTCCCAGGTGTGGGC

GTACCGGGCGTTGGTGTTCCGGGCGTTGGTGTGCCGGGCGTGGGTGTTCCGGGC
AAAGGTGTCCCAGGTGTGGGCGTACCGGGCGTTGGTGTTCCGGGCGTTGGTGTC

CCAGGTGTGGGCGTTCCGGGCTTTGGTGTCCCAGGTGTGGGCGTACCGGGCGTT

GGTGTTCCGGGCGTTGGTGTGCCGGGCTGGCCGGGATCCGGAGGGGGAAGCGG
TGGAGGTGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGAGGACGGCA

AAGAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAACTATTA

GTACATGGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGAAAAT
ATACATTTGTCGAAACCGCAGCACCAGACGGTTATGAGGTAGCAACTGCTATTA

CCTTTACAGTTAATGAGCAAGGTCAGGTTACTGTAAATGGCTGA 
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Protein Sequence 

pET22b-

0amber-

mCherry-

SpyCatcher

-his6 

ATGGACTACAAAGACGATGACGACAAGACTAGTACTAGTCCTCCCCCGGTTCCGCCT

AGACGTGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGAGAAGGTCA
GGGTCAGGGAGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAAGAGGATCCAA

GCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGCCGACCCCGAGCCCGAGCACCC

CGCCGGGCGGCAGCCCGCGGGACGGTGGCGGAGGGAGCGGTGGCGGTGGCAGCGA
GCTCAAGGCTAGCGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGT

TCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCG

AGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTG

ACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTAC

GGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCC

TTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGT
GACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCT

GCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCT

GGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATC
AAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCAC

CTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGT

TGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCT
GAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGCTCGAGGATAGTGC

TACCCATATTAAATTCTCAAAACGTGATGAGGACGGCAAAGAGTTAGCTGGTGCAAC

TATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGTACATGGATTTCAGATGGACA
AGTGAAAGATTTCTACCTGTATCCAGGAAAATATACATTTGTCGAAACCGCAGCACC

AGACGGTTATGAGGTAGCAACTGCTATTACCTTTACAGTTAATGAGCAAGGTCAGGT

TACTGTAAATGGCCACCACCACCACCACCACTGAGCTGA 

pET22b-

Aurein-

4amber-

mCherry-

SpyCatcher

-his6 

 

ATGGGCCTGTTTGATATTATCAAAAAGATTGCGGAAAGCTTCGGTACCGGCGGGGCG

GCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGAGAAGGTCAGGGTCAGGG
AGTGGCTCAGGCTCCCCGCCACCTGTACCTCCCCGAAGAGGATCCAAGCTTGTCGAC

GGCGGCAGCAGCCCGAGCACCCCGCCGACCCCGAGCCCGAGCACCCCGCCGGGCGG

CAGCCCGCGGGACTAGGGAGGCGGGGGTAGCTAGGGTGGGGGAGGCAGTTAGGGC
GGTGGAGGGAGCTAGGAGCTCAAGGCTAGCGTGAGCAAGGGCGAGGAGGATAACA

TGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACG

GCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAG
ACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTG

TCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCC

GACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTC
GAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGTT

CATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCA

GAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCG
CCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGAC

GCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTA

CAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGA
ACAGTACGAACGCGCTGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACA

AGCTCGAGGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGAGGACGGCAAA

GAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGTACA

TGGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGAAAATATACATTT

GTCGAAACCGCAGCACCAGACGGTTATGAGGTAGCAACTGCTATTACCTTTACAGTT 

AATGAGCAAGGTCAGGTTACTGTAAATGGCCACCACCACCACCACCACTGAGCTGA 
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pET22b-

GALA-

4amber-

mCherry-

SpyCatcher

-his6 

 
ATGTGGGAAGCCGCGCTGGCCGAAGCACTGGCTGAGGCGCTGGCGGAACATCTGGC

GGAGGCCTTGGCAGAAGCGCTGGAGGCGCTGGCCGCGGGTACCGGCGGGGCGGCCG

CTTCAGGCTCCGGTTCTCCTCCCCCAGTGCCACCGAGAAGGTCAGGGTCAGGGAGTG
GCTCAGGCTCCCCGCCACCTGTACCTCCCCGAAGAGGATCCAAGCTTGTCGACGGCG

GCAGCAGCCCGAGCACCCCGCCGACCCCGAGCCCGAGCACCCCGCCGGGCGGCAGC

CCGCGGGACTAGGGAGGCGGGGGTAGCTAGGGTGGGGGAGGCAGTTAGGGCGGTG
GAGGGAGCTAGGAGCTCAAGGCTAGCGTGAGCAAGGGCGAGGAGGATAACATGGC

CATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCA

CGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCG
CCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCC

CTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACT

ACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGG
ACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATCT

ACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAG

AAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCT
GAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCT

GAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAA

CGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACA
GTACGAACGCGCTGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGC

TCGAGGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGAGGACGGCAAAGAG

TTAGCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGTACATGG
ATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGAAAATATACATTTGTC

GAAACCGCAGCACCAGACGGTTATGAGGTAGCAACTGCTATTACCTTTACAGTTAAT

GAGCAAGGTCAGGTTACTGTAAATGGCCACCACCACCACCACCACTGAGCTGA 
 

pET22b-

HA2-

4amber-

mCherry-

SpyCatcher

-his6 

 

ATGGGCGATATTATGGGTGAATGGGGCAACGAAATTTTTGGTGCCATCGCGGGCTTC
CTGGGCTGCGGTACCGGCGGGGCGGCCGCTTCAGGCTCCGGTTCTCCTCCCCCAGTG

CCACCGAGAAGGTCAGGGTCAGGGAGTGGCTCAGGCTCCCCGCCACCTGTACCTCCC

CGAAGAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGCACCCCGCCGACCCC
GAGCCCGAGCACCCCGCCGGGCGGCAGCCCGCGGGACTAGGGAGGCGGGGGTAGCT

AGGGTGGGGGAGGCAGTTAGGGCGTGGAGGGAGCTAGGAGCTCAAGGCTAGCGTG

AGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGT
GCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGG

GCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCC

CTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACG
TGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCA

AGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGAC

TCCTCACTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTC
CCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGA

GCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGC

TGAAGGACGGCGGCCACTCGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGC
CCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACA

ACGAGGACTACACCATCGTGGAACAGTACGAACGCGCTGAGGGCCGCCACTCCACC

GGCGGCATGGACGAGCTGTACAAGCTCGAGGATAGTCTACCCATATTAAATTCTCAA
AACGTGATGAGGACGGCAAAGAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTCA

TCTGGTAAAACTATTAGTACATGGATTTCAGATGGACAAGTGAAAGATTTCTACCTG

TATCCAGGAAAATATACATTTGTCGAAACCGCAGCACCAGACGGTTATGAGGTAGC
AACTGCTATTACCTTTACAGTTAATGAGCAAGGTCAGGTTACTGTAAATGGCCACCA

CCACCACCACCACTGAGCTGA 
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pET22b-

L17E-

4amber-

mCherry-

SpyCatcher

-his6 

 
ATGATTTGGCTGACCGCGCTGAAATTTCTGGGCAAACATGCCGCGAAACACGAAGC

GAAACAGCAGCTGTCGAAACTGGGTACCGGCGGGGCGGCCGCTTCAGGCTCCGGTT

CTCCTCCCCCAGTGCCACCGAGAAGGTCAGGGTCAGGGAGTGGCTCAGGCTCCCCGC
CACCTGTACCTCCCCGAAGAGGATCCAAGCTTGTCGACGGCGGCAGCAGCCCGAGC

ACCCCGCCGACCCCGAGCCCGAGCACCCCGCCGGGCGGCAGCCCGCGGGACTAGGG

AGGCGGGGGTAGCTAGGGTGGGGGAGGCAGTTAGGGCGGTGGAGGGAGCTAGGAG
CTCAAGGCTAGCGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTT

CATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCG

AGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTG
ACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTAC

GGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCC

TTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGT
GACCGTGACCCAGGACTCCTCACTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCT

GCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCT

GGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATC
AAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCAC

CTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGT

TGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCT
GAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGCTCGAGGATAGTGC

TACCCATATTAAATTCTCAAAACGTGATGAGGACGGCAAAGAGTTAGCTGGTGCAAC

TATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGTACATGGATTTCAGATGGACA
AGTGAAAGATTTCTACCTGTATCCAGGAAAATATACATTTGTCGAAACCGCAGCACC

AGACGGTTATGAGGTAGCAACTGCTATTACCTTTACAGTTAATGAGCAAGGTCAGGT

TACTGTAAATGGCCACCACCACCACCACCACTGAGCTGA 
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