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Abstract 

Despite decades of research and considerable advancements in the field of novel 

cancer therapeutics, there remains a high demand for new strategies and new 

molecules to combat aggressive, chemoresistant malignancies. Two cell signaling 

pathways that have been studied for several decades and have been the subject of 

inhibitor development, are STAT3 signaling and the autophagy pathway. There is 

considerable evidence to suggest that both pathways contribute to cancer progression 

and chemoresistance, yet to date, neither pathway has been granted an FDA-approved 

inhibitor for use in the treatment of cancer. As such, the manuscripts of this work 

describe our efforts to develop peptide-based inhibitors of these pathways.  

For STAT3, these efforts consist of peptides targeting the Src Homology 2 (SH2) 

domain, conjugated to highly cytosolically efficient cell-penetrating peptides (CPPs). We 

studied the binding affinity of STAT3-targeted peptides incorporating hydrolytically stable 

phosphotyrosine (pTyr) analogs. Further, we studied the cell penetration of these CPP-

conjugated peptides, observing impressive cell penetration for CPP-conjugated anionic 

peptides. We also studied serum and lysate stability of CPP-conjugated peptides, noting 

not only resistance to dephosphorylation but additional resistance to proteolytic 

degradation with use of pTyr isosteres. This work provides several insights into the 

balance of affinity, stability, and cell penetration of SH2-targeted inhibitor development. 

The autophagy-aimed efforts of this work focused on peptide inhibitors of the central 

autophagy protein, LC3B. In this work, we focused largely on structure-activity 

relationship efforts, studying the binding of the LC3-Interacting Region (LIR) motif of the 

adapter protein FYCO1. We studied the FYCO1 LIR motif binding to LC3B, determining 

the contributions to affinity of residues in the N- and C-termini, as well as the seven 

negatively charged residues, and the hydrophobic pocket-targeted residues. Further we 
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incorporated numerous artificial amino acids and ultimately perform diversity-oriented 

peptide stapling to generate optimized LC3B inhibitors with up to 2.4-fold improvement in 

binding affinity while maintaining LC3B paralog selectivity and improving lysate stability 

by about 2-fold. Both our STAT3- and LC3B-aimed efforts provide useful insights into the 

development of selective inhibitors of these cancer-relevant protein targets.  
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Chapter 1: Introduction to STAT3 and Autophagy Signaling Pathways in Cancer 

1.1. Targeting the STAT3 SH2 Domain for Novel Anticancer Therapeutics 

1.1.1. STAT3 Signaling and Cancer 

The Signal Transducer and Activator of Transcription 3 (STAT3) has long been a 

desirable target for drug discovery efforts due to its pro-tumorigenic transcriptional 

activity. STAT3 is a transcription factor in the JAK/STAT cytokine signaling pathway. 

When extracellular cytokines such as IL-6 or Oncostatin-M bind their corresponding 

receptors, the receptors activate JAK family kinases.1,2 STAT3 monomers are then 

localized to the cell membrane and are subsequently phosphorylated by JAK kinases. 

Following phosphorylation, STAT3 monomers undergo dimerization, becoming 

transcriptionally active. The STAT3 homodimer then translocates to the nucleus, where it 

can upregulate numerous STAT3 target genes, many of which are central to the 

hallmarks of cancer.1,2 STAT3 has been shown to induce angiogenesis through 

expression of proteins such as vascular endothelial growth factor (VEGF), enhance 

cancer cell motility through expression of matrix metalloproteinase-2, and to escape cell 

death through upregulation of antiapoptotic proteins including survivin, Bcl-2, and Bcl-

xL.3–6 It was shown by Schlessinger and Levy that STAT3 was required for the malignant 

transformation of mouse fibroblasts, but, importantly, that normal fibroblast growth did 

not depend on this activity.7 This suggests that there exists a reasonable therapeutic 

window for STAT3 inhibition in some cancers. Additionally, STAT3 has been shown to 

enhance the expression of the checkpoint inhibitors PD-1 and PD-L1.8 It is possible that 

these largely efficacious checkpoint inhibitors could be further assisted through the 

addition of a targeted STAT3 inhibitor.9 For decades, STAT3 has been the focus of drug 

development efforts because of the tremendous body of research highlighting its central 

role in cancer cell signaling.1,2,10 
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1.1.2. SH2 Domains: Structure and Function 

STAT3’s Src Homology 2 (SH2) domain is critical for its function. SH2 domains were first 

described by Pawson and colleagues in 1986, and soon after it was shown that SH2 

domains recognize phosphorylated tyrosine residues (pTyr) and mediate pTyr signaling 

across diverse cell signaling networks.11,12 There are over 110 human proteins with SH2 

domains, all with very different purposes and functions in the cell, from adapters and 

scaffolding proteins to transcription factors.13,14 The activity or expression of SH2 

domain-containing proteins are dysregulated in countless human diseases, including 

many cancers.13,14 As such, considerable work has been done over the past several 

decades to better understand the structure and function of SH2 domains, in the pursuit 

of developing selective SH2 inhibitors. 

In 1992, the first crystal structure of an SH2 domain binding its respective 

phosphopeptide ligand revealed that the domain is comprised of a central, multi-

stranded β-sheet connected by several loop regions and flanked by two α-helices.15,16 

This tertiary structure forms two separate binding pockets: one that recognizes pTyr and 

a secondary pocket that recognizes amino acids in close proximity to the pTyr residue 

(typically, C-terminal to the pTyr). Work in 1990 by Cantley and colleagues used a 

phosphopeptide library to characterize the selectivity motifs of over a dozen SH2 

domains.17 This work introduced the concept, which was later verified through more 

comprehensive binding studies and structural characterization, that SH2 ligand 

specificity is most commonly dictated by the residues immediately C-terminal to the 

phosphotyrosine. Further, SH2 domains could be classified based on binding 

preferences, as there was considerable overlap in consensus sequences for different 

groups of SH2 domains. Armed with this improved understanding of how to selectively 

target subsets of SH2 domains, or even individual SH2 domains, researchers began 
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drug discovery efforts that would collectively span several decades. These efforts 

focused on developing selective inhibitors of SH2 domains implicated in cancers and 

other diseases, including STAT3.  

STAT3’s SH2 domain is indispensable for its activity. The SH2 domain is required for 

initial docking at the membrane to the IL-6 signaling chain, gp130. Upon extracellular 

cytokine stimulation and subsequent gp130 phosphorylation, the STAT3 SH2 domain 

recognizes and docks to phospho-gp130 so that STAT3 can subsequently be 

phosphorylated on its own tyrosine (Y708).10 This phosphorylation allows the pTyr of one 

STAT3 monomer to be recognized by an additional monomer’s SH2 domain, and vice 

versa, producing a STAT3 homodimer. It is this dimer that is capable of nuclear 

translocation and transcriptional activity. Therefore, the SH2 domain is critical for the 

pro-tumorigenic transcriptional activity of STAT3, and thus represents an enticing target 

for inhibitor development.    

 

Figure 1.1. STAT3 SH2 
domain structure. Here 
binding 
difluorophosphonate-
containing 
peptidomimetic 
(discussed below). The 
negatively charged pTyr 
mimic binds the positively 
charged pTyr binding 
pocket (blue), and the 
glutamine side chain (+3 
position) engages the 
specificity pocket (red). 
(PDB: 6NJS)18 
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1.1.3. pTyr and pTyr Isosteres to Inhibit SH2 Domains 

It became clear very early on that inhibiting SH2 domains with pTyr would be 

challenging. While pTyr-containing peptides could achieve high affinity to SH2 domains 

in vitro, pTyr itself exhibited poor pharmacological properties.19 It is extremely unstable in 

the intracellular environment due to intracellular phosphatases, and additionally with two 

negative charges is poorly cell penetrant. As such, successful SH2 domain inhibitors 

would need to incorporate pTyr mimics, or isosteres, that could combat these barriers. 

The simplest class of pTyr isosteres, benzyl phosphonates, replaced the phosphate 

bridging oxygen with a methylene unit, ensuring stability to hydrolysis. Shoelson, Burke 

and co-workers reported the first peptide inhibitor containing a phosphonomethyl 

phenylalanine (Pmp) residue.20 Their phosphonopeptide targeting the N-terminal SH2 

domain of phosphatidyl inositol-3 kinase (PI-3K) bound with a Kd of 20 nM, which 

represented excellent affinity since the native phosphopeptide bound with a Kd of 10 nM. 

In mouse 3T3 fibroblast cell lysates in the presence of vanadate, a potent phosphatase 

inhibitor, both peptides outcompeted PI-3K interaction with its binding partner, middle T-

antigen (100 nM and 800 nM for the phospho and phosphono-peptide respectively). But 

in the absence of vanadate, only the phosphonopeptide maintained inhibition. This early 

work demonstrated that pTyr isosteres would need to be phosphatase-stable to achieve 

sufficient intracellular efficacy.  

While the Pmp residue demonstrated considerable stability, there was still an apparent 

loss in peptide affinity compared to the native pTyr. To improve upon this, Burke and 

colleagues made more sophisticated isosteres, including fluoro-, difluoro-, and hydroxy-

Pmp.21,22 The difluorophosphonomethyl phenylalanine (F2Pmp) was incorporated into a 

hexapeptide substrate of the phosphatase PTP1B, and demonstrated a 1000-fold 

greater inhibitory potency than the Pmp peptide (IC50 values of 100 nM and 
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approximately 100 µM, respectively).21 This difference made apparent the importance of 

not only stability, but of H-bonding interactions of the phosphate’s bridging oxygen, as 

well as the importance of fluorine atoms as electron-withdrawing groups to mimic pTyr.22 

However in subsequent work, it was demonstrated that not all SH2 domains tolerate 

F2Pmp substitution well. F2Pmp was incorporated into peptides targeting the C-terminal 

SH2 domain of PI-3K, Src, and Grb2, but these peptides differed in their relative binding 

affinities.23 The PI-3K F2Pmp peptide displayed similar binding affinity as the native pTyr 

(170 nM vs. 150 nM). The Grb2 peptide, however, lost 5-fold affinity compared to pTyr, 

and the Src peptide gained 5.7-fold affinity compared to pTyr. Since those early works, 

the F2Pmp isostere has been incorporated into many peptide and small molecule 

inhibitors.24–27 Later 

results continued to 

show that different 

SH2 domains and 

PTPs have very 

different responses 

to substitution of 

these and other pTyr 

isosteres.   

 

 

Figure 1.2. Phosphonates and STAT3-targeted phosphonate derivatives. (Adapted from 
[Cerulli, R.A.; Kritzer, J.A. Phosphotyrosine Isosteres: Past Present and Future. Org. 
Biomol. Chem; 18(4): 583-605. 2019.] with permission from the Royal Society of 
Chemistry. Alterations include the removal of several non-phosphonate structures and 
the addition of the difluorophosphonomethyl indole structure.)  
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Though initial phosphonate inhibitors were developed several decades ago, 

phosphonate-derivatives continue to be incorporated into SH2-targeted inhibitors, 

including against STAT3. For example, recently McMurray and colleagues developed 

peptidomimetics containing a 4-phosphonodifluoromethylcinnamate. Using reversible 

pivaloyloxymethyl protecting groups, they were able to mask the phosphonate negative 

charges to improve upon cell penetration.28–32 Their most potent molecule inhibited 

intracellular STAT3 phosphorylation at 100 nM in MDA-MB-468 cells and displayed 

impressive STAT3 selectivity compared to STAT5 and the highly homologous STAT1.29  

Even more recently, Bai and colleagues generated a difluorophosphonomethyl indole, 

which they incorporated into small peptidomimetic STAT3 SH2 domain inhibitors.18 Their 

inhibitors bound with impressive affinity (Ki 10 nM by competition FP assay), and 

potently inhibited STAT3 transcriptional activity in cells with an IC50 of 3 µM. Uniquely, 

Bai and colleagues used this ligand to design a proteolysis targeting chimera 

(PROTAC)33 capable of efficiently degrading STAT3 protein. The STAT3 PROTAC 

molecule potently suppressed xenograft tumor growth in mice of multiple hematological 

malignancies. So, not only are pTyr isosteres very much still being evaluated in SH2 

domain inhibitors today, but new uses for them continue to be discovered.  

1.1.4. Small Molecule pTyr Isosteres Targeting STAT3 

While peptide and peptidomimetic approaches generated potent binders in biochemical 

assays, many of these inhibitors failed to demonstrate sufficient activity in cell culture. 

The most common explanation for this discrepancy was that the negative charges of 

pTyr isosteres fostered poor cell permeability. This led to increasing efforts focused on 

small molecule inhibitors, as this would provide more cell-penetrant starting points. 

Unfortunately, while small molecules generally had improved cell penetration, they were 

often less selective among related SH2 domains and PTPs. Thus, testing selectivity 
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along with affinity and cell-based activity became a necessary balancing act for 

developing these small molecule inhibitors.  

Fig 1.3. Structures of select STAT3-targeted pTyr isostere-containing small molecules. 
(Adapted from [Cerulli, R.A.; Kritzer, J.A. Phosphotyrosine Isosteres: Past Present and 
Future. Org. Biomol. Chem.; 18(4): 583-605. 2019.] with permission from the Royal 
Society of Chemistry. Alterations include the removal of several non-STAT3 targeted 
small molecule structures.)  
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In 2007, Turkson and colleagues reported one of the earliest small molecule inhibitors of 

the STAT3 SH2. S3I-201 was identified from a virtual screen, and contained a salicylate 

as a pTyr isostere.34 Though this molecule displayed poor in vitro inhibition, S3I-201 

inhibited MDA-MB-231 human breast tumor growth in a xenograft model when delivered 

intravenously. Working with Gunning and colleagues, multiple improved derivatives were 

generated both by rational and computer-aided design.35–39 Their most optimized analog, 

BP-1-102 had a Kd of 504 nM, and an IC50 of 4.1 µM for outcompeting a STAT3-

phosphopeptide interaction. Impressively, it displayed 7-fold selectivity for STAT3 over 

STAT1 and STAT5 and inhibited tumor growth in mouse xenograft models of human 

breast and non-small cell lung cancers.37 Gunning and colleagues would go on to 

generate several other derivatives (SH-4-45 and PG-S3-001). With the removal of the 

salicylate hydroxyl group, they produced benzoates with improved affinities, displaying 

efficacy in models of glioblastoma multiforme and pancreatic adenocarcinoma.38,39 

These works demonstrated that salicylates and benzoates can be effective pTyr mimics 

for STAT3-targeted inhibitors.   

In a separate series of papers targeting STAT3-SH2, a virtual screen of a 429,000-

member small molecule library identified the STAT3 inhibitor STA-21.40 Lin and 

colleagues showed that STA-21 blocked STAT3 homodimerization at 20 µM in MDA-

MB-435 breast cancer cells and induced apoptosis in several STAT3-dependent breast 

cancer cell lines, as well as in rhabdomyosarcoma and bladder cancer cell lines.41,42 A 

significantly more potent derivative, LLL12, used an uncharged sulfonamide as its pTyr 

isostere.43 LLL12 displayed IC50 values between 0.16 to 3 µM when tested in multiple 

pancreatic cancer, breast cancer, and glioblastoma cell lines. In vitro and in vivo work in 

STAT3-dependent hepatocellular carcinoma, medulloblastoma, pancreatic cancer, and 
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multiple myeloma demonstrated further compound efficacy.44–47 Using a fragment-based 

approach, Kong and colleagues identified LY-17, a sulfonamide quite similar to LLL12.48 

LY-17 potently inhibited STAT3 phosphorylation in MDA-MB-231 breast cancer cells at 5 

µM. Further, it demonstrated a significant reduction in tumor growth in a xenograft breast 

cancer model with oral delivery.  

Another prominent sulfonamide, one currently in clinical trials, was discovered by 

Tweardy and colleagues via a 920,000-member virtual library screen.49 The most potent 

hit from this screen was compound C188, however this molecule also exhibited toxicity 

in non-STAT3-dependent cell lines.50 Additional computational screening improved 

C188, producing C188-9 with an impressive Kd of 4.7 nM for STAT3.51 C188-9 lacked 

both carboxylates of C188. C188-9 inhibited STAT3 phosphorylation in cells and, 

importantly, displayed no effect on healthy bone marrow colony formation, suggesting an 

improved toxicity profile compared to its predecessor. In mouse models with UM-SCC-

17B head and neck squamous cell carcinoma, C1889 significantly reduced tumor size 

when delivered at 100 mg/kg daily. Tvardi Therapeutics was founded in 2017 to move 

C188-9, now named TTI-101, into clinical trials.   

1.1.5. Clinical Trials of STAT3 Inhibitors  

Very few inhibitors of SH2 domains have entered clinical trials, and as of yet none have 

been granted FDA approval. Among SH2 domain inhibitors, only a select few 

compounds that target the STAT3 SH2 domain have been tested clinically. The 

sulfonamide TTI-101, developed by Tvardi Therapeutics, is currently in phase I trials for 

patients with advanced solid tumors (NCT03195699). The STAT3 inhibitor STA-21 was 

tested in a phase I/II trial as a topical therapy for psoriasis, improving skin lesions for six 

of the eight patients tested.52 However, since this trial concluded in 2010, STA-21 has 

not been advanced to further clinical testing. Several small molecule STAT3 SH2 



10 
 

inhibitors developed by Otsuka Pharmaceuticals were also tested clinically. OPB-51602 

and OPB-31121 were both tested in a variety of phase I and II clinical trials for patients 

with solid tumors and hematological malignancies. However, neither molecule 

progressed to phase III trials due to dose-limiting toxicities including lactic acidosis and 

peripheral neuropathies.53–57 OPB-111077 is another STAT3 SH2 inhibitor by Otsuka, 

and OPB-111077 currently remains in clinical trials. In initial phase I testing, this drug 

was well-tolerated in patients with hepatocellular carcinoma and advanced solid 

tumors.58,59 OPB-111077 is currently in phase I trials as a single agent and in 

combination with bendamustine and rituximab.  

Beyond direct SH2 domain inhibition, other approaches for inhibiting STAT3 activity 

have been tested clinically.60–63 AstraZeneca’s AZD9150 is an antisense oligonucleotide 

therapy targeting STAT3. Several phase I and I/b trials in patients with treatment-

refractory lymphomas and lung cancer demonstrated good overall tolerability and even 

initial signs of efficacy.62,63 Multiple phase I/II and phase II trials are currently recruiting 

patients with triple negative breast cancer, non-small cell lung cancer, and several other 

advanced cancers.  

Pyrimethamine, an FDA-approved anti-malarial, has also been shown to modulate 

STAT3 activity through an unknown, likely indirect, mechanism.64 It is currently in phase 

I clinical trials for patients with myelodysplastic syndromes and chronic lymphocytic 

leukemia (NCT03057990, NCT01066663).  

Additionally, modulating tyrosine kinase activity upstream of STAT3, including various 

JAK inhibitors, is another proven strategy to treat advanced cancers. Multiple clinical 

trials have been conducted with several JAK inhibitors for patients with numerous solid 

and hematological malignancies.1,65 Currently ruxolitinib (Jakafi) and fedratinib (Inrebic) 

are the only two JAK inhibitors approved for use in cancers. Ruxolitinib is a JAK1/2 
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inhibitor approved for patients with myelofibrosis and polycythemia vera1, and fedratinib 

is a JAK2-selective/FLT3 receptor tyrosine kinase dual inhibitor recently approved in 

myelofibrosis patients.65   

1.1.6. Cell Penetrating Peptide-Conjugated Inhibitors of SH2 Domains and PTPs 

The development of STAT3 inhibitors illustrates the challenge of balancing affinity, 

selectivity, and cell penetration. Perhaps one of the small handful of STAT3 inhibitors 

that have advanced to clinical trials will achieve this balance and be the first FDA-

approved STAT3 inhibitor. However, until this goal is realized, new strategies to inhibit 

STAT3 activity are still highly sought after.  

While some of the previously discussed pTyr isosteres, such as F2Pmp, have 

demonstrated affinity for some SH2 domains that is equal to or better than pTyr itself, 

their multiple negative charges exhibit poorer cell penetration. This has been and 

continues to be a major barrier for their use in more selective peptide SH2 domain 

inhibitors. One possible approach for overcoming this barrier is to combine pTyr 

isosteres with cell-penetrating peptides (CPPs) to promote improved cytosolic delivery.  

For several decades, cell-penetrating peptides have been used to promote cellular 

uptake of otherwise impermeable biomolecules.66–68 These sequences commonly have 

many cationic residues or have an alternating pattern of cationic and hydrophobic 

residues.66 There are several reports of CPPs, including Tat, polyarginine, and 

penetratin, being used to deliver phosphopeptide inhibitors of SH2 domains.69–71 

However, given the lack of intracellular stability of phosphopeptides, the more successful 

efforts using CPPs have incorporated pTyr isosteres.72,73 Watson and colleagues 

developed a bicyclic peptide inhibitor of the Grb7 SH2 domain (Kd of 130 nM) 

incorporating a carboxyphenylalanine residue as a pTyr isostere, and conjugated it to 

penetratin for improved cell penetration. This peptide inhibited Grb7 binding to FAK, 
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HER2, and SHC in SKBR3 breast cancer cells.72 Additionally, Lian and colleagues 

incorporated F2Pmp into a bicyclic peptide targeting the phosphatase PTP1B (Ki of 37 

nM), in which one macrocycle incorporated the PTP1B binding motif and the other 

incorporated a cyclic CPP, cyclo(FφR4) where φ is 2-naphthylalanine. This peptide 

produced a two-fold increase in insulin receptor phosphorylation in HepG2 liver cells 

when applied at 200 nM.73 These studies demonstrated that one can develop potent and 

cell-penetrant inhibitors of SH2 domains and protein tyrosine phosphatases by 

combining non-hydrolyzable pTyr isosteres, macrocyclization, and CPPs.     

In recent years, considerable research efforts have gone into generating CPPs with 

improved uptake and endosomal escape efficiency. These newer CPPs represent new 

opportunities to combat the challenge of cell penetration for pTyr-isostere-containing 

peptides.74–76 For example, an improved version of cyclo(FφR4), CPP12, was 

demonstrated by Qian and colleagues to improve cytosolic delivery efficiency by 6-fold 

compared to cyclo(FφR4), and 30 to 60-fold compared to polyarginine and Tat, 

respectively.74  

Chapter 2 consists of a manuscript in which we generate peptides combining the 

cytosolically efficient CPP12 with pTyr isosteres such as Pmp and F2Pmp to generate 

more cell-penetrant inhibitors of the STAT3 SH2 domain. In this work, we studied these 

CPP12-conjugated peptides for their ability to bind STAT3 and inhibit STAT3 

transcriptional activity. Despite STAT3 binding in vitro, we observed no cell-based 

phenotypes with our initial CPP12-conjugates, prompting a more in-depth analysis of the 

cell penetration and stability of our pTyr isostere-containing peptides.  
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Fig 1.4. Hypothesis of our CPP12-gp130 conjugate peptide work. By conjugating CPP12 
to STAT3-targeted peptides containing Pmp or F2Pmp, we can generate more cell-
penetrant, hydrolytically stable STAT3 SH2 domain inhibitors.  

 

1.2 Targeting the Autophagy Pathway for Novel Anticancer Therapeutics 

1.2.1. Autophagy and its Involvement in Disease 

Autophagy is a conserved eukaryotic by which cells respond to stress and starvation via 

recycling organelles, proteins, and other cargo. Autophagy underlies multiple diseases, 

including neurodegenerative disorders, lysosomal storage diseases, and cancers.77–79 

Once the process is initiated, either through starvation or cellular stresses including 

oxidative stress or infection, an initiation complex consisting of ULK1, FIP200, ATG13, 

and ATG101 forms. This process is under constant regulation, most prominently by the 

mammalian target of rapamycin (mTOR) kinase, a potent inhibitor of autophagy. 

However, under nutrient-depleted conditions, the ULK1 complex is formed and it 

phosphorylates a class III PI3K, VPS34. VPS34 then forms a second protein complex 

that is scaffolded by the protein Beclin-1. This complex is responsible for nucleation of 
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the initial phagophore, a double membrane which elongates and closes to mature into 

the autophagosome. Simultaneously, the microtubule-associated protein 1A/1B light 

chain 3 (LC3) protein is conjugated with phosphatidylethanolamine by core autophagy 

proteins including ATG4B and ATG7. This converts LC3-I to LC3-II for incorporation into 

the developing autophagosome membrane. Once the autophagosome has matured, it 

and its contents are transported to the lysosome, followed by autophagosome-lysosome 

fusion and degradation.77–80 Autophagy allows cells to survive harsh environmental 

stresses, and to defend against disease pathogenesis. Deletion of core autophagy 

proteins in cells has been linked to neurodegenerative disease and cardiac cell 

dysfunction.77–79,81 For example, mutations in the autophagy gene ATG16L1, and 

corresponding lower ATG16L1 protein levels, is a major risk factor for Crohn’s 

Disease.82 Meanwhile, mutations in ATG16L2 are associated with systemic lupus 

erythematosus.83 Loss-of-function mutations in the ATG5 gene can result in ataxia, 

systemic sclerosis, and also lupus.84 Beyond the core machinery of autophagy, many 

upstream regulators also result in the pathogenesis of many diseases, including 

lysosomal storage diseases, cardiomyopathies, and protein misfolding diseases such as 

Parkinson’s, ALS and Huntington’s.78 While direct connections can often be made 

between impaired autophagy and many of these diseases, research into the relationship 

between autophagy and cancer paints a more complicated picture. 

1.2.2. Autophagy and Cancer Cell Signaling 

The relationship between autophagy and cancer is complex. There is considerable 

evidence to suggest autophagy is protective against tumorigenesis.81,85,86 For example, 

Qu and colleagues demonstrated that mice heterozygous for Beclin1 disruption 

developed lung and liver tumors as well as mammary hyperplasia.86 Fernandez and 

colleagues demonstrated that autophagy induction in mice through the homozygous 
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Beclin1 F121A knock-in, inhibiting the interaction of Beclin1 with a negative regulator, 

Bcl-2, not only results in significantly longer lifespan, but also in markedly lower levels of 

spontaneous tumorigenesis compared to wildtype littermates.85 Further, enhanced 

autophagy in vivo, either by these knock-ins or using a Tat-Beclin1 autophagy-inducing 

peptide, prevented HER2-mediated breast cancer tumorigenesis as shown by Vega-

Rubin-de-Celis and colleagues.5 Additionally in this work, authors looked at patient data 

to demonstrate an inverse correlation between Beclin1 mRNA and HER2+ breast cancer 

incidence. Taken together, this evidence would suggest that autophagy is protective 

against the development of breast cancer.  

This resiliency conferred to cells through autophagy induction, however, can also be 

beneficial to cancer cells, providing a means of resistance for advanced cancers to 

chemotherapies and targeted treatments. For example, Guo and colleagues observed 

that homozygous ATG7 deletion reduces tumor burden in K-Ras driven non small-cell 

lung cancer.87 Xie and colleagues used ATG7-deficient mice to demonstrate markedly 

reduced proliferation of a BrafV600E
 pten-null melanoma xenograft model, conferring 

significant improvement in survival.88  Santanam and colleagues also demonstrated that 

ATG7-null pten-null prostate carcinoma in mice exhibited delayed tumor progression 

compared to pten-null ATG7 competent mice.89 Further, Gammoh and colleagues 

showed that siRNA targeting Atg7, Atg13, or Ulk1 strongly reduced K-Ras driven 

glioblastoma development in vivo and in vitro.90 Autophagy has appears to enhance not 

only survival of primary tumor cells, but also tumor cell intravasation to the circulation 

and subsequent metastasis to distal tissues.79,91,92 Peng and colleagues showed that 

lentivirus-mediated silencing of ATG5 or BECN1 in a mouse model of hepatocellular 

carcinoma significantly reduced the incidence of pulmonary metastasis compared to the 

wildtype HCC mice.91 Katheder and colleagues demonstrated in Drosophila that tumor 
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growth and invasiveness depends on autophagy induction in the tumor 

microenvironment.93 All this taken together paints a different picture of the relationship 

between autophagy and cancer. In the absence of malignancy, autophagy appears to be 

a protective mechanism which may prevent tumorigenesis. However, in the setting of 

advanced malignancies, autophagy may provide a benefit to the developed cancer, 

enhancing tumor growth and even metastasis. 

As such, over the past decade, significant work has been done to assess the clinical 

benefit of pharmacologic autophagy inhibition in advanced and aggressive malignancies. 

Clinical trials combining autophagy inhibition with standard of care therapies have 

demonstrated enhanced benefit for patients with difficult to treat cancers, including 

glioblastoma and pancreatic ductal adenocarcinoma.94–96 For example, in a randomized 

controlled clinical trial of patients with glioblastoma multiforme, patients treated with a 

daily 150 mg dose of chloroquine (a nonselective inhibitor of autophagy) with standard of 

care chemotherapy, temozolomide and radiation had an average overall survival of 33 

months, compared to 11 months for those treated with only the standard of care.94 

Chloroquine and hydroxychloroquine, FDA approved anti-malarial agents, have 

demonstrated potent inhibition of autophagic flux through their shared mechanism of 

lysosomal deacidification. As a result, these have been the primary inhibitors tested in 

cancer clinical trials. While this mechanism of action results in an inability of 

autophagosomes to degrade their contents via lysosomal fusion, it results in more than 

just autophagy inhibition. Loss of lysosomal acidification additionally halts the breakdown 

of other materials in late endosomes and multivesicular bodies that depend on 

lysosomal activity. These inhibitors are also not free of side effects. Chloroquine and 

hydroxychloroquine use can lead to hypoglycemia, aplastic anemia, thrombocytopenia, 

retinopathy, and hearing loss. Additional ways to inhibit autophagy that have been used 
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frequently in preclinical studies include bafilomycin, a vATPase inhibitor that, like 

chloroquine analogs, results in increased lysosomal pH, as well as 3-methyl adenine, a 

nucleotide analog that inhibits class III PI-3Ks.97 Given these strategies for inhibition are 

not selective for autophagy, more selective inhibitors of autophagy are still needed. It is 

possible that results seen in various cancers with genetic knockdown of autophagy 

proteins may be replicated pharmacologically with more selective inhibitors. Further, 

chemical probes inhibiting autophagy mechanisms more selectively would be an 

invaluable resource for the study of autophagy and its role in cancer.  

1.2.3. Targeting LC3 and its Many Isoforms   

One strategy to achieve a more autophagy-selective inhibitor is to target LC3, a protein 

central to the process of autophagosome maturation. LC3 comprises a small class of 

paralogs within a larger subset of so-called ATG8 proteins. Mammalian ATG8 proteins are 

broken down into two classes, LC3s (in humans, comprised of LC3A, LC3B, and LC3C) 

and GABARAPs (in humans, comprised of GABARAP, GABARAPL1 and GABARAPL2). 

LC3B shares over 90% sequence homology with LC3A and over 70% with LC3C. 

Meanwhile, it shares between 59-65% for the GABARAP isoforms.98 While some functions 

of these proteins seem to overlap, it is becoming increasingly clear that these different 

isoforms have some differentially regulated activities and distinct targets. For example, of 

the 67 proteins identified to interact with the different ATG8 isoforms, roughly one third are 

shared between all isoforms, a third interact only with GABARAPs and a third interact only 

with LC3s.99 Developing inhibitors of individual isoforms or classes of ATG8 would allow 

for better understanding of the differences in function between these isoforms. Genetic 

knockout experiments have demonstrated that while both GABARAPs and LC3s 

contribute to autophagy, LC3s appear more responsible for autophagosome elongation, 

while GABARAPs are more responsible for autophagosome membrane closure.100 
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Further, GABARAPs but not LC3s appear critical in later stages of autophagy, being 

necessary for mediating key interactions required for autophagosome-lysosome fusion.101 

LC3s play a more prominent role in mitophagy, the autophagic breakdown of 

mitochondria, which is required for mitigating accumulation of reactive oxygen species. 

Work by Lazarou and colleagues suggested that LC3s are recruited to the mitochondrial 

membrane, but that GABARAPs have no involvement in the process.102 However, more 

recent evidence has challenged this notion, finding GABARAPs a required component for 

mitophagy.101  

 

Fig 1.5. Critical Atg8 interactions in the autophagy pathway mediated by LIR motifs. LIR 
motifs are responsible for docking ULK1 during early phagophore initiation,103,104 for Atg8 
lipid conjugation,105 for selective recruitment of cargo receptors,106,107 for autophagosome 
transport,108 and ultimately for autophagosome-lysosome fusion.101,109   

 

There are several important findings that support the development of inhibitors that 

selectively inhibit LC3 proteins, LC3B in particular, while avoiding inhibition of GABARAPs. 

Von Hippel Lindau (VHL), a tumor suppressor protein that is deleted in most clear cell 

renal carcinomas, is responsible for the upregulation of miR-204. Mikhaylova and 

colleagues identified LC3B as a direct target of miR-204, and found a positive correlation 

between LC3B expression levels and higher tumor grade.110 Meanwhile, authors also 

identified that VHL expression resulted in increased LC3C levels, which were also 

responsible for tumor growth suppression.110 Being able to inhibit LC3B while leaving 
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LC3C unhindered could provide a more efficacious route to anti-tumor autophagy 

inhibition in clear cell renal carcinoma. GABRAP itself has also been identified as a tumor 

suppressor protein. For example, GABARAP levels were found to be significantly 

suppressed in a number of breast cancer cell lines, including the triple negative cal51 cell 

line.111 Reconstituting GABARAP in xenograft mice models was able to significantly impair 

tumor growth. Additionally, GABARAP has been identified not only to be protective against 

tumor growth, but also, tumor invasiveness. Genau and colleagues demonstrated that 

GABARAP was critical for the ubiquitinylation and subsequent degradation of the TIAM1 

protein, an activator of RAC1 signaling which is a key protein involved in cell motility and 

invasion.112 Being able to avoid the tumor suppressive and anti-invasive benefits of select 

ATG8 isoforms while still inhibiting autophagy could provide additional benefit in the study 

of autophagy and cancer. 

1.2.4. LIR Motif Peptides as Selective Autophagy Inhibitors 

Once LC3/GABARAP is conjugated with PE and incorporated into the developing 

autophagosome membrane, it is capable of binding many different proteins. These include 

core autophagy machinery required for maturation and closure of the developing 

autophagosome, adapters, transporters, and specific cargo and organelles to be targeted 

for degradation.113 Many of these proteins bind LC3 via an LC3-interacting region, or “LIR” 

motif. This motif typically consists of the core consensus [W/F/Y]-X-X-[L/I/V], with the 

residues at positions 1 and 4 engaging with two hydrophobic pockets on the target ATG8 

surface.113  

Many LIR motifs exhibit different preferences for binding ATG8 isoforms. Multiple recent 

publications have surveyed the landscape of LIR motifs and identified binding affinities 

and preferences of these LIR peptides to each of the ATG8 proteins.114–116 For example, 

Atkinson and colleagues, using Time-Resolved FRET, looked at the affinities of 14 
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different LIR peptides for all six human ATG8 paralogs.116 Many of the trends identified 

were well-supported in the literature, such as FYCO1 demonstrating a strong preference 

for LC3A and LC3B,117,118 and ULK1 having a strong preference for the GABARAP 

subfamily over the LC3s.104 Using biolayer interferometry, Wirth and colleagues measured 

Kd values for a number of GABARAP-selective LIR peptides, including Ulk1, with Kd values 

of 50 and 48 nM for GABARAP and GABARAP-L1 respectively, compared to 2.5 - 48.2 

µM for the LC3 orthologs.115 Some of the most interesting and high-affinity LIR peptides 

reported to date were described by Li and colleagues, derived from the giant ankyrin 

proteins.114 These peptides, derived from two neuron-specific ankyrin proteins, termed 

AnkG and AnkB, are considerably longer in length than the average LIR motif with an 

additional 10 residues within the C-terminal helix. Interestingly, these long peptides 

displayed very potent affinity. AnkG was very selective for the GABARAP subfamily, with 

Kd values of 2.6 – 40 nM compared to 339 – 2930 nM for the LC3s. Meanwhile, AnkB 

displayed less selectivity, binding binding GABARAPs with Kd values of 0.21 – 0.29 nM 

and LC3s with 3.7 – 10.5 nM.114 The authors attributed this improved binding affinity over 

shorter LIR motifs to the amphipathic, extended C-terminal alpha helix.114,119 

One LIR motif that is particularly relevant to the work described in chapter 3 is derived 

from the FYVE and coiled coil protein 1 (FYCO1). FYCO1 is known to play a role in 

trafficking late endosomes and autophagosomes, acting as an adapter protein that binds 

Rab7 and kinesin to move cargo along microtubules in a kinesin-dependent, plus-end 

direction.108,117 Johansen and colleagues demonstrated a direct binding interaction 

between FYCO1 and LC3B at the autophagosome membrane that was necessary for 

autophagosome maturation. When FYCO1 was knocked down or when FYCO1 was 

expressed with a mutated LIR motif, it led to reduced autophagic flux compared to wild-

type FYCO1. Further, Cheng and colleagues demonstrated that this independent LIR motif 
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peptide sequence could bind the LC3B protein with a Kd of 190 nM as determined by 

isothermal titration calorimetry, making it a reasonably high-affinity peptide.118 These 

works and others highlight the importance of the LIR motif for the necessary 

communication with ATG8 proteins that regulate autophagic flux. Importantly, multiple 

works have demonstrated that the FYCO1 LIR motif has a distinct preference for 

LC3A/LC3B over other ATG8 paralogs.104,116–118 Ultimately, while there are several LIR 

motifs that bind LC3B with higher affinity than the FYCO1 LIR motif, the FYCO1 LIR motif 

represents the highest affinity starting point for an LC3-selective ATG8 inhibitor.  

We reasoned that further study of FYCO1 LIR motif peptides would reveal new insights 

into the binding of LC3B. Such structure-activity information could allow for the generation 

of LC3-selective inhibitors with more drug-like properties, including improved binding 

affinity, improved stability, and better cell penetration. Inhibitors that selectively inhibit 

ATG8 isoforms would represent new tools for combination therapies in cancer.  

 

Fig 1.6. Crystal structure of FYCO1 LIR peptide binding LC3B protein. Highlighted are 
the seven negatively charged residues (red), and numerous hydrophobic residues 
(purple) including those targeting hydrophobic pockets HP1 and HP2 which we 
substitute throughout this work. (PDB: 5WRD)120 
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The work described in the manuscript in chapter 3 describes our efforts to study the 

FYCO1 LIR:LC3B interaction. We developed a broad set of structure-activity relationships 

which provided new insights for the generation of LC3B-selective inhibitors. Specifically, 

we studied the impact of N- and C-terminal truncations, as well as individual contribution 

of many negatively charged and hydrophobic residues. Further, we attempted to improve 

FYCO1 LIR peptide binding through the use of artificial amino acids and peptide 

macrocyclization via diversity-oriented peptide stapling. Our efforts generated LIR 

peptides with improved affinity and biological stability which also maintain the same 

LC3B/GABARAP selectivity profile as the native FYCO1 LIR.    
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Chapter 2: Cytosolic Delivery of Peptidic STAT3 SH2 Domain Inhibitors1 

 

 

  

 
1 Cerulli, RA., Shehaj, L., Tosic, I., Jiang, K., Wang, J., Frank, DA., Kritzer, JA. Cytosolic 

delivery of peptidic STAT3 SH2 domain inhibitors. Submitted to Bioorg. Med. Chem., 
3/20/20. 
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2.1. Introduction  

The signal transducer and activator of transcription 3 (STAT3) protein is a transcription 

factor frequently dysregulated in hematological malignancies such as leukemias and 

lymphomas, as well as in solid tumors such as breast cancers, prostate cancers, and 

glioblastoma multiforme.2,121,122 Cytokine stimulation with IL-6 or oncostatin M leads to 

phosphorylation of gp130, which recruits STAT3 to the cell membrane via its Src 

Homology 2 (SH2) domain. Once localized to the plasma membrane, STAT3 is 

phosphorylated by Janus kinases. Phosphorylated STAT3 dimerizes via its SH2 

domains, and the dimer translocates to the nucleus where it acts as a transcription 

factor.1,2 STAT3 upregulates numerous genes critical for cancer cell survival, including: 

survivin, Bcl-2, and Bcl-xL, which allow evasion of apoptosis; VEGF, which promotes 

angiogenesis; MMPs, which enhance cell motility; and PD-L1, which allows for immune 

evasion.3–6,8 Importantly, STAT3 was shown to be necessary for malignant 

transformation of mouse fibroblasts, but not for normal fibroblast growth, suggesting a 

potential therapeutic window as a cancer target.7 

Membrane localization and dimerization are both critical steps in STAT3 activity, and 

both require the function of the STAT3 SH2 domain. This has prompted the hypothesis 

that inhibitors of the STAT3 SH2 domain could block STAT3 activity.13,123 However, SH2 

domains are challenging targets for drug discovery. SH2 domains recognize 

phosphotyrosine (pTyr)-containing sequences, yet pTyr is rapidly hydrolyzed in the 

cytosol by protein tyrosine phosphatases. Additionally, pharmacological agents with pTyr 

have poor cytosolic penetration, which is typically ascribed to their multiple negative 

charges.19 Numerous pTyr isosteres have been developed over the last several decades 

in order to address these issues. Phosphonates, including phosphonomethyl 

phenylalanine (Pmp) and difluorophosphonomethyl phenylalanine (F2Pmp), have been 
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applied as phosphatase-stable SH2 domain inhibitors.20,21,23 However, these and other 

pTyr isosteres still have multiple negative charges, and typically still suffer from poor 

cytosolic delivery.19 

Cell-penetrating peptides (CPPs) offer a promising solution for the cytosolic delivery of 

peptidomimetics containing pTyr or pTyr isosteres.66–68 CPPs including Tat, polyarginine, 

and penetratin have been used to deliver peptides containing pTyr and pTyr isosteres, 

resulting in inhibition of various SH2 domains and protein tyrosine phosphatases.69–73 

Most of these prior efforts delivered phosphopeptides, which are prone to 

dephosphorylation in serum (vide infra) and in the cytosol. A handful of prior efforts have 

incorporated pTyr isosteres to prevent phosphate hydrolysis.72,73 For example, Watson 

and colleagues developed a bicyclic peptide inhibitor of the Grb7 SH2 domain containing 

a carboxyphenylalanine (cF) residue, and conjugated it to penetratin to promote cell 

uptake. This peptide inhibited Grb7 binding to FAK, HER2, and SHC in SKBR3 breast 

cancer cells when assessed by coimmunoprecipitation.72 Additionally, Lian and 

colleagues incorporated F2Pmp into a bicyclic peptide targeting the phosphatase PTP1B, 

in which one macrocycle incorporated the binding motif and the other incorporated a 

cyclic CPP, cyclo(FφR4) where φ is 2-naphthylalanine. This peptide produced a two-fold 

increase in insulin receptor phosphorylation in HepG2 liver cells when applied at 200 

nM.73 These studies demonstrated that combining non-hydrolyzable pTyr isosteres, 

macrocyclization, and CPPs, one can develop relatively potent and cell-penetrant 

inhibitors of SH2 domains and protein tyrosine phosphatases.   

Based on this prior work, we sought to apply a similar strategy to the inhibition of STAT3.  

To take advantage of recent advances in CPP development,74–76 we chose to apply an 

improved version of cyclo(FφR4), CPP12, to deliver STAT3-targeted peptides to the 

cytosol. CPP12 was demonstrated by Qian and colleagues to improve cytosolic delivery 
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efficiency by 6-fold compared to cyclo(FφR4), and 30 to 60-fold compared to polyarginine 

and Tat, respectively.74 We found that STAT3-selective binding sequences from gp130 

could be substituted with F2Pmp and maintain micromolar binding affinity for STAT3. 

Since micromolar inhibitors of STAT3 have been shown to be effective in cellular models 

of STAT3 activation, we tested CPP12-fused peptides to measure their effects on 

STAT3 activity in relevant STAT3-driven cancer cell lines.  When the peptides did not act 

as effective STAT3 antagonists, we followed up by quantitatively measuring the serum 

stability, cell lysate stability, and cytosolic penetration of selected CPP12 fusions, 

producing a rich data set that addresses the delicate balance that must be achieved 

between target affinity, resistance to degradation, and cytosolic penetration for pTyr-

mimetic SH2 domain inhibitors. 

2.2. Results 

We began by directly substituting pTyr with phosphonomethyl phenylalanine (Pmp) in a 

previously described, high-affinity STAT3-binding peptide derived from gp130.124 We 

prepared fluorescein-labeled versions of the native pTyr peptide (flu-pTyr) and the Pmp-

containing analog (flu-Pmp) to permit direct fluorescence polarization (FP) binding 

assays. flu-pTyr bound recombinant STAT3 with a Kd of 60 nM (Fig 2.1a, Fig 2.4a-c), 

consistent with previously observed binding affinities.124 However, flu-Pmp showed poor 

binding even at micromolar protein concentrations; this represented over a 100-fold loss 

in binding affinity (Fig 2.1a). We concluded that Pmp was not a suitable replacement for 

pTyr in the context of this STAT3-SH2 ligand.  
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Figure 2.1. Binding affinities and cellular STAT3 inhibition of selected peptides. a) 
Fluorescence polarization binding data for selected peptides with recombinant STAT3. 
Fluorescein-labeled peptides were incubated at 10 nM with serial dilutions of STAT3 at 
room temperature for 45 min. Data points represent the averages of three biological 
replicates, each performed with three technical replicates, normalized to the maximum 
observed polarization (raw data shown in Fig. 2.4). Error bars show standard error of the 
mean for the three biological replicates. Kd values are the mean and standard error of 
the mean for three independent Kd curve fits to the three biological replicates. b) 
Competition FP for selected peptides with STAT3. flu-pTyr was incubated at 10 nM with 
300 nM STAT3 protein and serial dilutions of peptide inhibitors at room temperature for 
45 min. Data points represent the averages of three biological replicates, each 
performed with three technical replicates, normalized to the no-inhibitor control (raw data 
shown in Figs. 2.5, 2.6). Error bars show standard error of the mean for the three 
biological replicates. IC50 values are the mean and standard error of the mean for three 
independent curve fits to the three biological replicates. c) STAT3 transcription inhibition. 

STAT3-luc U3A fibrosarcoma cells were pretreated with 10 or 25 M of CPP12-pTyr and 
CPP12-F2Pmp for 24 hours at 37 °C in DMEM supplemented with 10% FBS, followed by 
6 hour stimulation with OSM (10 ng/mL). Controls included OSM-treated cells without 
peptide, and unstimulated cells. This experiment was performed with two biological 
replicates, each with two technical replicates (all four values displayed).   
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We anticipated that fusion to a CPP might alter binding affinity, so we prepared CPP12-

pTyr, a pTyr-containing g130 sequence fused to CPP12 (Fig 2.2). CPP12 was 

synthesized N-terminal to the gp130-derived sequence with a linker of two β-alanines.74 

Because CPP12 uses the N-terminus for cyclization, we did not attach fluorescein to 

these peptides, and instead used the competition FP assay to measure competitive 

inhibition of the STAT3-gp130 phosphopeptide interaction. CPP12-pTyr inhibited this 

interaction slightly better than ac-pTyr, with IC50 values of 410 nM and 610 nM, 

respectively (Fig 2.1b). This demonstrated that fusion to CPP12 did not greatly impact 

the inhibitory potency. Next, we substituted pTyr with difluorophosphonomethyl 

phenylalanine (F2Pmp), a pTyr isostere that has shown improved properties over Pmp 

for SH2 domain binding.21–23 CPP12-F2Pmp had an IC50 of 7.12 µM, which was 17-fold 

less potent than CPP12-pTyr (Fig 2.1b).  

 

Figure 2.2. Structures of CPP12-conjugated STAT3 SH2-targeting peptides.   
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While CPP12-F2Pmp was less potent than CPP12-pTyr, this was a significant 

improvement over the Pmp-containing peptide and merited additional characterization. 

Next, we tested CPP12-pTyr and CPP12-F2Pmp in a STAT3 transcriptional reporter 

assay in a U3A fibrosarcoma cell line.125 However, even at 25 µM peptide incubated for 

24 hours, neither CPP12-pTyr nor CPP12-F2Pmp inhibited OSM-stimulated STAT3 

activity (Fig 2.1c). There are multiple examples in the literature of small molecule STAT3 

SH2 domain inhibitors with single- to double-digit micromolar IC50 values when tested in 

vitro under the same conditions as our STAT3 fluorescence polarization assay, yet 

display potent cell-based phenotypes.37,38 As such, the lack of an observable phenotype 

with our peptides led us to investigate what barriers were responsible.  

One possibility was that CPP12 was not sufficiently delivering the peptide into the 

cytosol. The Kritzer lab previously reported an assay for quantitatively comparing the 

cytosolic delivery of peptides and other biomolecules.126 This assay, called the 

Chloroalkane Penetration Assay or CAPA, uses a HeLa cell line that stably expresses 

HaloTag in the cytosol to measure the relative cytosolic penetration of molecules labeled 

with a small chloroalkane tag. We prepared a representative CPP12-linked peptide with 

a chloroalkane tag (CPP12-Pmp-ct, Fig. 2.8a) as well as a non-CPP-linked analog ct-

Pmp. The cytosolic delivery of these peptides were compared to control molecules ct-W, 

a small-molecule with excellent cytosolic penetration, and ct-Tat, a molecule with 

moderate cytosolic penetration.126 ct-Pmp showed little cytosolic delivery except at the 

highest concentration tested (25 µM), while CPP12-Pmp-ct showed substantial cytosolic 

delivery at concentrations above 750 nM. By fitting IC50 curves to the dose-dependence 

data, we have derived “CP50 values” which allow direct, quantitative comparison of the 

extent of cytosolic delivery. CPP12-Pmp-ct had a CP50 value of 720 nM, while the Pmp-

containing peptide without CPP12 (ct-Pmp) had a CP50 value of 18.9 µM (Fig 2.3a). A 



30 
 

chloroalkane-linked version of the commonly used CPP Tat (ct-Tat) had a CP50 value of 

7.74 µM under these conditions (Fig 2.3a). These data indicated that fusion to CPP12  

Figure 2.3. Cytosolic penetration, serum stability, and cell lysate stability of selected 
CPP12-gp130 peptide fusions. a) Chloroalkane penetration assay with CPP12-Pmp-ct 
(structure shown in Fig 2.8a), non-CPP-linked peptide ct-Pmp, and control molecules ct-
Tat and ct-W. The figure shows data normalized to the no-molecule control (100% 
fluorescence), which indicates signal when no molecule accessed the cytosol, and no-
dye control (0% fluorescence), which indicates signal if 100% of cytosolic HaloTag was 
blocked by chloroalkane-tagged molecules. Data show averages of three biological 
replicates (four biological replicates for CPP12-Pmp-ct), and within each biological 
replicate each data point represents the mean red fluorescence of 5,000 cells. CP50 
values are reported as the mean and standard error of the mean for three separate 
curve fits to the three biological replicates (individual replicates shown in Fig. 2.8b-d). b) 
Serum stability assay for selected CPP12-gp130 peptides. Peptides were incubated for 
various time points in DMEM supplemented with 10% FBS at 37 °C, with and without 10 
mM sodium orthovanadate. Areas under each peptide chromatogram peak were 
normalized to the area under the zero timepoint chromatogram peak. c) Lysate stability 
assay for selected CPP12-gp130 peptides. Peptides were incubated for various time 
points in HeLa cell lysate at 37 °C, with and without 10 mM sodium orthovanadate. 
Areas under each peptide chromatogram peak were normalized to the area under the 
zero timepoint chromatogram peak. 

 

improved cytosolic delivery of the Pmp-containing peptide by roughly 20-fold, and the 

CPP12-linked anionic peptide was roughly 10-fold more cytosolically penetrant than 

cargo-free Tat peptide. Because this assay was performed in serum-free medium and 

the STAT3 reporter assay was performed in DMEM with 10% FBS, we repeated CAPA 

in DMEM with 10% FBS and observed no difference in cytosolic penetration (Fig. 2.8e). 
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The CAPA data indicated that CPP12-gp130 fusions with pTyr isosteres effectively 

access the cytosol when incubated at high nanomolar to low micromolar concentrations 

for 4 hours or longer. Thus, we concluded that the CPP12 cell-penetrating peptide was 

likely sufficient to deliver the anionic gp130-derived peptides into the cytosol under the 

conditions used for the cell-based assays. 

Another potential barrier to cellular activity is degradation, either in serum or within cells. 

We investigated the first possibility by measuring degradation of selected CPP-gp130 

peptides in serum-containing media. We incubated CPP12-pTyr and CPP12-F2Pmp at 

150 M in DMEM with 10% FBS, took aliquots at various time points over the course of 

24 hours, and analyzed those samples via reverse-phase HPLC. In serum, the CPP12-

pTyr peptide was degraded by almost 50% at 4 hours, and it was almost completely 

absent at 24 hours (Fig 2.3b, Fig 2.9a). Mass spectrometry analysis revealed that the 

primary product was the dephosphorylated peptide (Fig 2.10a,b). When the serum 

stability assay was repeated in the presence of 10 mM sodium orthovanadate, a general 

inhibitor of protein tyrosine phosphatases, dephosphorylation was blocked, with nearly 

60% of CPP12-pTyr still intact after 24 hours (Fig 2.3b, Fig 2.9b). Consistent with these 

results, CPP12-F2Pmp showed little degradation, even after 24 hours in serum (Fig 

2.3b, Fig 2.9c, 2.10c,d).  

Testing peptide stability in a cell lysate was recently reported as a particularly 

demanding assay for benchmarking the cellular stability of peptide therapeutics.127  

When tested in HeLa cell lysate, CPP12-pTyr was degraded much more quickly than in 

serum-containing media, with less than 20% of the original peptide remaining after just 1 

hour (Fig 2.3c). This process could be slowed but not completely prevented with the 

addition of sodium orthovanadate (Fig 2.3c). Mass spectrometry revealed that, in the 

first hour of incubation, CPP12-pTyr is rapidly dephosphorylated. Following 
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dephosphorylation, the peptide undergoes proteolysis at multiple positions including at 

the tyrosine generated by pTyr dephosphorylation (Fig 2.11a, 2.12a). CPP12-F2Pmp 

was more stable in cell lysate, with about 80% of the peptide remaining after 5 hours and 

50% remaining after 24 hours of incubation (Fig 2.3c, Fig 2.11b). Interestingly, while 

CPP12-pTyr had numerous end products consistent with proteolysis at multiple 

positions, the mass spectrometry data revealed that CPP12-F2Pmp was proteolyzed at a 

single site. Specifically, this peptide was cleaved just N-terminal to the glutamine residue 

(Fig 2.12b).  

In order to slow the intracellular degradation of CPP12-F2Pmp, we substituted the 

glutamine residue with N-methyl glutamine. This peptide, CPP12-F2Pmp-NMeQ, was 

completely resistant to degradation in cell lysate at 24 hours (Fig 2.3c, Fig 2.11c, 

2.12c). Therefore, substitution of just two artificial amino acids (the pTyr isostere F2Pmp 

and a single N-methyl glutamine) produced a cell-permeable peptide with considerable 

stability to degradation by intracellular enzymes.  Finally, we tested CPP12-F2Pmp-NMeQ 

in the STAT3 luciferase reporter assay (Fig 2.7a,b), as well as a 72-hour viability assay 

in the STAT3-dependent MDA-MB-468 breast cancer cell line.128 However, at 25 µM no 

activity was observed in either assay (Fig 2.13). The cause of this was revealed when 

we tested CPP12-F2Pmp-NMeQ in the competition FP assay. CPP12-F2Pmp-NMeQ had 

very poor STAT3 binding affinity (Fig 2.6a-c), so despite its high stability, it was 

unsuitable for further development as a STAT3 inhibitor. 

2.3. Discussion 

In this work, we sought to use CPP12 to enhance cellular delivery of peptides containing 

pTyr and pTyr isosteres, with the goal of producing more effective inhibitors of the 

STAT3 SH2 domain. Despite extensive development of STAT3 SH2 inhibitors, and prior 

applications of CPPs to deliver pTyr-mimicking peptides, to the best of our knowledge 
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there are no reported efforts to develop CPP-peptide fusions to inhibit STAT3-SH2 in 

living cells. We quantitated the STAT3 affinity and cytosolic delivery of these CPP12 

conjugates, evaluated their stability in cell lysate and serum, and measured their activity 

in cell culture. The medicinal chemistry of peptidomimetic pTyr isosteres has always 

required a difficult balance among cellular stability, cytosolic penetration, and target 

affinity.19 In this work, we directly measure each of these properties for CPP-linked 

peptides containing pTyr and pTyr isosteres. 

We observed that the substitution of the pTyr with F2Pmp within the native gp130 

sequence led to a 17-fold loss in STAT3 affinity, while substitution with Pmp led to over 

100-fold loss in affinity. This generally matches previous reports examining Pmp and 

F2Pmp isosteres in other peptide-SH2 interactions, which showed large losses in affinity 

with Pmp but anywhere from 5-fold losses to 5-fold gains in affinity with F2Pmp.23 While 

Mandal and colleagues reported cellular effects on STAT3 activity using prodrug-

functionalized 4-phosphonodifluoromethylcinnamate analogs of the gp130 

sequence,28,129 this is the first reported application of F2Pmp to STAT3 inhibitors. It is 

possible that a similar prodrug approach could promote greater cytosolic penetration for 

gp130-derived peptides. 

We chose to apply CPP12 because it was shown to be more efficient than older CPPs at 

delivering peptides and peptidomimetics, including negatively charged cargoes.74–

76,126,130,131 Since the delivery efficiency of CPP12 has been shown to vary depending on 

the cargo attached and the cell line employed, we used the chloroalkane penetration 

assay to conclusively demonstrate cytosolic delivery of a CPP12-gp130 fusion 

containing a pTyr isostere. These data must be interpreted carefully due to possible 

perturbations from the CPP, the linker between the CPP and the gp130-derived 

sequence, the pTyr isostere, and the chloroalkane group. Still, the data clearly show that 
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cytosolic delivery can be achieved for pTyr-isostere-containing peptides at 

concentrations as low as 720 nM. Considering that the small molecule control, ct-W, had 

a CP50 value of 50 nM under these conditions,126,132 this is an impressive degree of 

cytosolic delivery for an anionic peptide. For comparison, the CPP12-fused peptide 

showed cytosolic localization at over 10-fold lower concentrations than Tat without 

cargo, and over 20-fold lower concentrations than a Pmp-containing control peptide 

without CPP12. Interestingly, while Song and colleagues observed significantly poorer 

uptake of CPP12 in media containing 10% FBS,76 we observed no difference in uptake 

of CPP12-conjugated anionic peptides between serum-free media and media with 10% 

FBS (Fig 2.8e). Ultimately, while results can vary depending on the nature of the cargo 

and chemical tags, our results suggest that CPP12 is a viable delivery system for 

delivering small anionic peptides such as those containing pTyr and pTyr isosteres.         

Serum and intracellular stability are also important considerations for peptidomimetic 

design, since biological degradation can severely limit efficacy.127 We measured extent 

of degradation over 24 hours in serum and in cell lysates, including analysis of 

degradation products by mass spectrometry. Our results suggest that CPP12 itself is 

completely stable in serum and in the presence of cellular enzymes including lysosomal 

proteases. Additionally, these results highlight that phosphopeptides are 

dephosphorylated rapidly in serum, and even more rapidly by intracellular enzymes. 

Interestingly, protection from dephosphorylation provided a significant boost to 

proteolytic stability, implying that dephosphorylation likely precedes proteolysis in many 

cases. Further, we were able to completely block proteolysis of CPP12-F2Pmp by 

incorporating a single N-methylated residue. These modifications allowed a 17-residue 

peptide, which was almost entirely degraded in cell lysate after 1 hour, to become 

completely stable under these conditions for 24 hours.  Unfortunately, the N-methylation 
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greatly disrupted binding to STAT3, highlighting the difficulty in balancing target affinity 

and bioavailability.  

Ultimately, the most difficult challenges for peptidomimetics containing pTyr isosteres 

continue to be cell permeability and proteolytic stability. Here we used quantitative 

measurements to better understand each of these properties for gp130-derived inhibitors 

of STAT3. While limited STAT3 affinity is the most likely reason for the lack of cellular 

activity, there are other potential causes including nonspecific binding to other proteins 

within the cell. If affinity is indeed the limiting factor, our data demonstrate that 

degradation-resistant, anionic SH2 domain inhibitors can be optimized for cytosolic 

delivery using advanced CPPs. We also anticipate application of this strategy to other 

SH2 domains that better tolerate F2Pmp, such as PI-3K and Src, as well as cancer-

relevant phopshotyrosine phosphatases.23,133,134 

2.4. Methods 

2.4.1. Peptide Synthesis 

All peptides were synthesized via standard Fmoc solid phase peptide synthesis on an 

automated Tribute Peptide Synthesizer (Gyros Protein Technologies). Peptides were 

synthesized on low-loading Rink amide resin (substitution 0.36mmol/g) with deprotection 

in 20% piperidine in DMF, and coupling with 5 equiv. Each of amino acid, HBTU, and 

HOBt, and 10 equiv. of DIPEA. DMF washes were performed between each step. 

F2Pmp was allowed to couple overnight to ensure complete coupling. For on-resin 

CPP12 synthesis and cyclization, C-terminally allyl-protected glutamate was coupled via 

its sidechain to the growing peptide. When synthesis of the linear CPP was complete, 

the allyl group was removed with three 15-minute incubations with 0.1 equiv. palladium 

tetrakis and 10 equiv. of phenylsilane in anhydrous DCM. After N-terminal Fmoc 

deprotection, the peptide was cyclized overnight in DMF with 5 equiv. PyBOP, 5 equiv. 
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HOBt, and 10 equiv. DIPEA.74 To prepare chloroalkane-tagged peptides, an MTT-

protected lysine was deprotected with two 10-minute incubations with 1% TFA in DCM. 

After DMF washes, 2.5 equiv. of chloroalkane tag was coupled with 2.5 equiv. of PyBOP 

and 6.5 equiv. of DIPEA in DMF for 1.5 hours. To prepare fluorescein-labeled peptides, 

5 equiv. of 5,6-carboxyfluorescein were coupled overnight with 10 equiv. DIPEA in DMF. 

To couple N-methyl glutamine, 5 equiv. each of amino acid, HATU and 10 equiv. DIPEA 

were coupled for 30 minutes, followed by a second coupling with the same reagents. 

The subsequent deprotection in 20% piperidine was followed by a second deprotection 

with 2% piperidine and 2% DBU in DMF. The amino acid following the N-methyl 

glutamine was double-coupled as well. All peptides were globally deprotected and 

cleaved from resin using a TFA cleavage cocktail (95:2:2:1, TFA:H2O:EDT:TIPS) for 3 

hours. Following cleavage, peptides were diethyl ether precipitated and pelleted, 

followed by an additional diethyl ether wash and centrifugation. Peptides were then dried 

before resuspending in water/acetonitrile for reverse-phase HPLC purification on a 

preparative-scale C8 column (Agilent Technologies) at a 5 – 100% acetonitrile in 30 min 

gradient. Masses were determined using MALDI-TOF mass spectrometry (Bruker 

Microflex). MALDI Matrix used was 10mg/mL α-cyano-4-hydroxycinnamate in 50/50 

water acetonitrile with 0.1% TFA. Peptides were at least 95% pure as determined via 

analytical HPLC on a C18 column at a 5 – 100% acetonitrile in 20 min gradient. Following 

purification, peptides were lyophilized and resuspended in DMSO for working solutions, 

which were quantified based on absorbance at 280 nm (Thermo Scientific Nanodrop 

1000). Observed masses of final products are given in supplemental figure S8.         

2.4.2. Protein Expression 

STAT3 protein was expressed and purified as described.135 Rosetta BL21 E. coli were 

transfected with an expression plasmid for His6-STAT3 (codons 127-711). Transfected 
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cells were grown on kanamycin agar plates and colonies were selected and grown in LB 

culture medium. At an optical density of 0.6 to 0.8, 1 mM IPTG was added and cells 

were incubated for 3 hours at 37 °C. Cells were pelleted, resuspended in lysis buffer (50 

mM Tris pH 8.0, 300 mM NaCl, 5 mM imidazole, 0.2% lysozyme, 1 protease inhibitor 

cocktail pellet (Roche), and 2.5U/mL universal nuclease (Pierce), sonicated and lysed, 

and the lysate was centrifuged to pellet debris. The protein was purified from clarified 

lysate using Ni-NTA resin by incubating protein with resin for 45 min at 4 °C, rinsing with 

wash buffer (50 mM Tris pH 8.0, 300 mM NaCl, 5 mM imidazole), and then eluting in 50 

mM Tris pH 8.0, 300 mM NaCl, 250 mM imidazole at 4°C. The eluate was further 

purified by size exclusion chromatography using an automated FPLC system (AKTA, 

GE) on a Superdex S200 prep column in 10 mM HEPES pH 7.5, 50 mM NaCl, 1 mM 

EDTA, and 2 mM DTT. Protein fractions were analyzed via SDS-PAGE, and pure 

fractions were pooled together. Concentration of protein was quantified via absorbance 

at 280 nm and confirmed via BCA assay. Protein was stored in frozen aliquots at -80°C.       

2.4.3. Fluorescence Polarization Assays 

FP assays were performed as described.124 For direct FP assay, fluorescent peptide was 

mixed at a final concentration of 10 nM with a serial dilution of STAT3 protein [5.6 µM to 

0.0055 µM] in a final reaction volume of 50 µL in a black, flat-bottomed 384-well 

polypropylene plate (Greiner Bio-One). The buffer composition was 10 mM HEPES pH 

7.5, 50 mM NaCl, 1 mM EDTA, and 2 mM DTT. The plate was incubated in the dark for 

45 min at room temperature, then read at 494 nm excitation and 519 nm emission. Data 

was normalized to the maximum polarization observed (raw data shown in supplement). 

For competition FP assays, fluorescent probe at a final concentration of 10 nM was 

mixed with STAT3 protein at a final concentration of 300 nM and a serial dilution of 

inhibitor peptide [25 or 50 µM to 0.025 µM]. DMSO was normalized across the plate to a 
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final concentration not exceeding 0.5%. The final reaction volume was 50 µL in a black 

384-well plate. The buffer composition was 10 mM HEPES pH 7.5, 50 mM NaCl, 1 mM 

EDTA, and 2 mM DTT. The plate was incubated in the dark for 45 min at room 

temperature before reading at 494 nm excitation and 519 nm emission. Data was 

normalized to the no inhibitor (maximum polarization) control. Kd and IC50 values were 

obtained from curve fits using KaleidaGraph graphic software as described.136 

2.4.4. STAT3 Luciferase Reporter Assay 

Luciferase reporter assay was performed as described.125 STAT3-luc/U3A fibrosarcoma 

reporter cells were seeded in a 96-well plate at 104 cells per well overnight. Then, cells 

were treated with selected concentrations of peptide or vehicle [10 or 25 µM] for 1 or 24 

hours at 37 °C, and then stimulated with OSM at 10 ng/mL for 6 hours at 37 °C. 

Luciferase activity was quantified using the Bright-Glo Luciferase Assay system 

(Promega) and a Luminoskan Ascent Luminometer (Labsystems).     

2.4.5. Chloroalkane Penetration Assay 

CAPA assay was performed as described.126,132 Halo-GFP-Mito HeLa cells were cultured 

using DMEM + 10% FBS + 1% Pen/Strep + 1µg/mL puromycin. Cells were seeded in a 

96-well plate at 1.0 x 105 cells/well and incubated overnight. Cells were then rinsed with 

Opti-MEM and treated with a serial dilution of peptides [25 µM to 0.0004 µM] or ct-W 

control [2 µM to 0.001 µM] in Opti-MEM for 4 hours. Media was aspirated and cells were 

washed with Opti-MEM. Cells were then treated with 5 µM ct-TAMRA for 30 minutes 

before washing and trypsinizing cells. Cells were pelleted and resuspended in PBS twice 

before resuspending in a final volume of 250 µL of PBS and transferring them to a 96-

well plate for flow cytometry analysis (Guava EasyCyte 6HT-2L benchtop flow 

cytometer), gating for live cells and measuring 5000 cells per sample. Fluorescence was 

normalized to the ct-TAMRA treated (100% fluorescence) and untreated (0% 
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fluorescence) cells. ct-W and ct-TAMRA were prepared and characterized as 

described.126  

2.4.6. Peptide Stability Assays 

Serum stability assays were performed as described.137 10% FBS in DMEM was 

warmed to 37 °C prior to adding peptide. For lysate stability assays, HeLa cells were 

trypsinized, washed in PBS, and pelleted before treating with lysis buffer (50 mM Tris, 

250 mM NaCl, 0.5% IGEPAL CA-630 detergent, pH 8.0) on ice for 15 min. Then, lysates 

were centrifuged for 10 min at 4 °C at 14,800 rpm and the clarified lysate was collected. 

Peptides were added to either the serum or the lysate to a concentration of 150 µM and 

were incubated at 37 °C. Aliquots of 40 µL were taken at each time point and quenched 

in 160 µL of ice-cold methanol. Samples were spun down for 10 min at 14,800 rpm prior 

to analysis via reverse-phase analytical HPLC on a C18 column (Agilent Technologies). 

Peptide chromatogram peaks were integrated to determine area under each curve. 

Areas for each timepoint were normalized to the zero-hour timepoint to determine 

percentage of peptide remaining. Data presented is the average of three biological 

replicates performed on different days. Peptide masses present in each sample were 

determined using MALDI-TOF mass spectrometry (Bruker Microflex). 

2.4.7. Cell Viability Assay 

Cell viability assay was performed as described.128 MDA-MB-468 breast cancer cells 

were seeded 3 x 103 cells/well in white opaque 96-well plates overnight. Peptide or 

vehicle [10 or 25 µM] was added to a final volume of 100 µL and incubated at 37 °C for 

the specified time. Cell viability was assessed using the CellTiter-Glo Luminescent Cell 

Viability kit (Promega).   
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2.5. Supplemental Materials 

 

 

Table 2.1. Expected and observed masses for all peptides.   

 

Name Sequence 
Expected 

Mass 
[M+H+] 

Observed 
Mass 

[M+H+] 

ac-pTyr ac-G(pTyr)LPQTV-NH2 898.9 898.5 

flu-pTyr flu-G(pTyr)LPQTV-NH2 1215.2 1214.9 

flu-Pmp flu-G(Pmp)LPQTV-NH2 1213.2 1213.1 

CPP12-Pmp-ct cyclo(FfφRrRrE)-ßß-G(Pmp)LPQTV-
ßß-K(Ct)W-NH2 

2986.9 2984.7 

ct-Pmp ct-WßßG(Pmp)LPQTV-NH2 1489.1 1487.9 

ct-TAT ct-YGRKKRRQRRR-NH2 1865.7 1864.9 

CPP12-pTyr cyclo(FfφRrRrE)-ßß-G(pTyr)LPQTV-
NH2 

2226.5 2225.6 

CPP12-F2Pmp cyclo(FfφRrRrE)-ßß-G(F2Pmp)LPQTV-
NH2 

2260.5 2261.2 

CPP12-F2Pmp-
NMeQ 

cyclo(FfφRrRrE)-ßß-
G(F2Pmp)LPQ*TV-NH2 

2274.5 2274.9 

flu denotes N-terminal 5,6-carboxyfluorescein, ß denotes beta-alanine, φ denotes 2-
naphthylalanine, K(ct) denotes lysine with side chain acylated with chloroalkane tag, 
ac denotes N-terminal acetyl, NH2 denotes C-terminal amide 
pTyr denotes phosphotyrosine, Pmp denotes phosphonomethyl phenylalanine, 
F2Pmp denotes difluorophosphonomethyl phenylalanine, lowercase letters denote D-
amino acids, Q* denotes N-methyl glutamine 
cyclo() denotes lactam formation between the N-terminus and the C-terminus of the 
glutamate residue; side chain of glutamate is attached to N-terminus of the rest of the 
peptide.  See74 for details. 
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Figure 2.4. STAT3 binding affinities of selected peptides. a-c) Fluorescence polarization 
binding data for selected peptides with recombinant STAT3. Fluorescein-labeled 
peptides were incubated at 10 nM with serial dilutions of STAT3 at room temperature for 
45 min. a-c each show raw polarization values for a biological replicate, each performed 
with three technical replicates. Averaged, normalized data shown in Fig. 2.1a. Error bars 
show standard error of the mean for the three technical replicates. Kd values are derived 
from independent Kd curve fits to each of the three biological replicates. 
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Figure 2.5. Competition FP for selected peptides with STAT3. flu-pTyr was incubated at 
10 nM with 300 nM STAT3 protein and serial dilutions of peptide inhibitors at room 
temperature for 45 min. a-c each show raw polarization values of a biological replicate, 
each performed with three technical replicates. Averaged, normalized data are shown in 
Fig. 2.1b. Error bars show standard error of the mean for the three technical replicates. 
Kd values are derived from independent Kd curve fits to each of the three biological 
replicates. 
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Figure 2.6. Competition FP for selected peptides with STAT3. flu-pTyr was incubated at 
10 nM with 300 nM STAT3 protein and serial dilutions of peptide inhibitors at room 
temperature for 45 min. a-c each show raw polarization values of a biological replicate, 
each performed with three technical replicates. Error bars show standard error of the 
mean for the three technical replicates. Kd values are derived from independent Kd curve 
fits to each of the three biological replicates. 
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Figure 2.7. Cellular STAT3 inhibition of selected peptides. STAT3-luc U3A fibrosarcoma 

cells125 were pretreated with 10 or 25 M of selected peptides for 24 hours (a) or 1 hour 
(b) at 37 °C in DMEM supplemented with 10% FBS, followed by 6 hour stimulation with 
OSM (10 ng/mL). Controls included OSM-treated cells without peptide, and unstimulated 
cells. This experiment was performed with two biological replicates, each with two 
technical replicates (all four values displayed).   
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Figure 2.8. Cytosolic penetration of ct-Pmp, CPP12-Pmp-ct and control molecules. a) 
Chemical structure of CPP12-Pmp-ct. b-d) Chloroalkane penetration assay126,132 with 
CPP12-Pmp-ct incubated with Halotag-expressing HeLa cells in Opti-MEM for 4 h at the 
indicated concentrations. The figures show data normalized to the TAMRA-only (100% 
fluorescence) and no TAMRA (0% fluorescence) controls, as described.126,132 Each point 
represents the mean red fluorescence of 5,000 cells measured for that biological 
replicate. CP50 values are derived from independent CP50 curve fits to each of the three 
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biological replicates (averaged CP50 and standard error of the mean in Fig. 2.3a). e) 
Additional biological replicate of CPP12-Pmp-ct with a single biological replicate of this 
experiment comparing cytosolic delivery when incubated in Opti-MEM vs. 10% FBS in 
DMEM.   

 

 

Figure 2.9. HPLC analysis of degradation in serum for selected CPP12-gp130 
peptides.127,137 HPLC traces at various time points for selected CPP12-gp130 peptides in 
10% FBS in DMEM at 37 °C with and without 10 mM sodium orthovanadate. Areas 
under each peptide chromatogram peak were normalized to the area under the zero 
timepoint chromatogram peak (Fig. 2.3b). 
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Figure 2.10. MALDI mass spectrometry traces for (a) CPP12-pTyr, (b) CPP12-pTyr after 
24 h in serum, (c) CPP12-F2Pmp, and (d) CPP12-F2Pmp after 24 h in serum. 
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Figure 2.11. HPLC analysis of degradation in cell lysate for selected CPP12-gp130 
peptides.127,137 Overlays of HPLC traces at zero hour and 24 h timepoints for selected 
CPP12-gp130 peptides in HeLa cell lysate at 37 °C. Areas under each peptide 
chromatogram peak were normalized to the area under the zero timepoint 
chromatogram peak (Fig. 2.3c).    
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Figure 2.12. MALDI mass spectrometry traces for (a) CPP12-pTyr after 24 h in cell 
lysate, (b) CPP12-F2Pmp after 24 h in cell lysate, and (c) CPP12-F2Pmp-NMeQ after 24 h 
in cell lysate. 
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Figure 2.13. Viability of MDA-MB-468 cells after treatment with CPP12-pTyr, CPP12-
F2Pmp, and CPP12-F2Pmp-NMeQ peptides.128 MDA-MB-468 breast cancer cells were 
seeded at 3 x 103 cells/well in white opaque 96-well plates overnight. Cells were treated 
with 10 or 25 µM of CPP12-gp130 peptides or vehicle and incubated at 37 °C for 72 
hours. Cell viability was assessed using the CellTiter-Glo Luminescent Cell Viability kit 
(Promega). This experiment was performed with two biological replicates, one with two 
technical replicates and the other with three technical replicates (all five values 
displayed). Control Jak inhibitor, TG101, was run at 4.5 µM for one biological replicate 
with two technical replicates.  
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Figure 2.14. Analytical HPLC trace at 214 nm and MALDI-TOF mass spectrometry trace 
for peptide ac-pTyr. 
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Figure 2.15. Analytical HPLC trace at 214 nm and MALDI-TOF mass spectrometry trace 
for peptide flu-pTyr. 
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Figure 2.16. Analytical HPLC trace at 214 nm and MALDI-TOF mass spectrometry trace 
for peptide flu-Pmp. 
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Figure 2.17. Analytical HPLC trace at 214 nm and MALDI-TOF mass spectrometry trace 
for peptide CPP12-Pmp-ct. 
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Figure 2.18. Analytical HPLC trace at 214 nm and MALDI-TOF mass spectrometry trace 
for peptide ct-Pmp. 
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Figure 2.19. Analytical HPLC trace at 214 nm and MALDI-TOF mass spectrometry trace 
for peptide ct-TAT.  
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Figure 2.20. Analytical HPLC trace at 214 nm and MALDI-TOF mass spectrometry trace 
for peptide CPP12-pTyr. 
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Figure 2.21. Analytical HPLC trace at 214 nm and MALDI-TOF mass spectrometry trace 
for peptide CPP12-F2Pmp. 
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Figure 2.22. Analytical HPLC trace at 214 nm and MALDI-TOF mass spectrometry trace 
for peptide CPP12-F2Pmp-NMeQ. 

 

*All figures and tables in this chapter were based off of my own experimental results and 

analysis except for Fig 1c, Fig 3a, Fig S4, Fig S5b-d, and Fig S10. Fig1c, Fig S4, and Fig 

S10 were performed in collaboration with Isidora Tosic and Kevin Jiang. Fig 3a and Fig 

S5b-d were performed in collaboration with Livia Shehaj and Jing Wang.  
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Chapter 3: Stapled Peptide Inhibitors of Autophagy Adapter LC3B2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
2 Cerulli, R.A., Shehaj, L., Brown, H., Pace, J., Mei, Y., Kritzer, J.A. Stapled peptide 
inhibitors of autophagy adapter protein LC3B. Submitted to ChemBioChem, 4/7/20.  
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3.1. Introduction 

Autophagy is a highly conserved eukaryotic pathway for recycling proteins, organelles, 

and other cellular components.77,78,138 Dysregulated autophagy is associated with many 

diseases including lysosomal storage diseases, neurodegenerative disorders, and 

cancers.77–79,138–140 Inhibiting autophagy has been suggested as a potential cancer 

therapy, though the relationship between autophagy and cancer is complex. Some 

evidence suggests autophagy is protective against tumorigenesis, so autophagy 

inhibition may not be useful for preventing or treating early-stage cancers.81,85,86 

However, advanced malignancies depend on autophagy as a quality control mechanism, 

much like they depend on the ubiquitin-proteasome system.79,140 In fact, autophagy 

inhibition has been shown to be effective both in solid tumors and in hematological 

malignancies.87,88,90–93,141 A number of clinical trials have demonstrated improved overall 

survival when combining autophagy inhibition with standard-of-care chemotherapy and 

radiation in aggressive cancers, including glioblastoma multiforme and pancreatic 

adenocarcinoma.94–96 Currently, the only autophagy inhibitors used in clinical studies 

have been the FDA-approved antimalarials chloroquine and hydroxychloroquine. 

However, their mechanism of action is thought to target lysosomal function, which is a 

relatively nonselective route to autophagy inhibition.79,142 Inhibitors that are more 

selective for autophagy are sorely needed in order to better understand autophagy’s role 

in advanced malignancies, and to develop more selective autophagy-inhibiting 

chemotherapies. 

One strategy for developing selective autophagy inhibitors is to antagonize key protein-

protein interactions. The Atg8 protein family mediates critical protein-protein interactions 

at several points in autophagic pathways, and thus represents an ideal target for 

selective inhibition (Fig 3.1a). In humans, Atg8 proteins are comprised of two protein 
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subclasses, LC3 (LC3A, LC3B, and LC3C) and GABARAP (GABARAP, GABARAPL1, 

and GABARAPL2). In this work, we focus on LC3B since it is the most-studied human 

Atg8 protein, and one with clear connections to cancer. For instance, Mikhaylova and 

colleagues demonstrated in clear cell renal carcinoma that LC3B expression correlated 

with higher tumor grade, and LC3B was a direct target for miR-204, a microRNA 

frequently upregulated in VHL-mutated clear cell renal carcinomas.110 At the same time, 

several studies have demonstrated that other Atg8 proteins like GABARAP can function 

as tumor suppressors.111,112 Therefore, being able to inhibit LC3B selectively over 

GABARAP would allow a direct pharmacological method for investigating these proteins’ 

roles in autophagy and in cancer.  

LC3B directly interacts with numerous autophagy cargo receptors, initiation complexes, 

processing enzymes, adapters, and trafficking proteins. Its many binding partners all use 

a conserved “LC3-interacting region” (LIR) motif to bind LC3 (Fig 3.1a).101,103–109 We 

hypothesized that LIR motif peptides could be used as starting points to develop 

selective inhibitors of LC3B. Specifically, we started with a LIR motif peptide derived 

from the microtubule-associated vesicle transport protein FYCO1.108,117 The LIR motif 

within FYCO1 is among the higher-affinity LIR motifs reported to date, and it is the most 

selective for LC3 proteins over GABARAPs. 104,116–118 Here we report detailed structure-

activity relationships of the FYCO1 LIR motif with LC3B. We also applied artificial side 

chains to improve binding to key hydrophobic pockets. Finally, we designed stapled 

peptides which maintain selectivity for LC3B but improve affinity and biological stability. 

Notably, most peptide stapling strategies are limited to helical motifs. Because LIR 

motifs bind LC3B in an extended conformation, we applied an innovative diversity-

oriented stapling strategy that does not assume any specific secondary 

structure.132,136,143–149 
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Figure 3.1. Protein-protein interactions of Atg8 proteins involving the LC3-interacting 
region (LIR) motif. a) LIR-dependent protein-protein interactions are involved in several 
stages of autophagy, including phosphatidylethanolamine conjugation to Atg8 
proteins105, ULK1 initiation complex tethering and early phagophore formation103,104, 
selective cargo recruitment including mitophagy adapters106 and ubiquitinylated 
aggregate adapter p62107, autophagosome transport108, and autophagosome-lysosome 
fusion.101,109 b-d) Crystal structure of a LIR motif-containing peptide from FYCO1 bound 
to LC3B (PDB: 5CX3).118 These images highlight key positions investigated in this study, 
including hydrophobic pockets (b), charged residues (c), and positions in close proximity 
suitable for stapling (d).  

 

3.2. Results 

Many interactions between LC3B and various LIR motif-containing proteins have been 

validated, but only a handful of studies have quantitatively measured binding affinities of 

LIR peptides for LC3B.104,115–118 To compare directly to prior work, we explored two 

different binding assays for measuring binding of synthetic peptides to recombinant 

LC3B and recombinant GABARAP. One assay used fluorescence polarization and the 

other used biolayer interferometry (BLI). As controls for these assays, we prepared 

analogs of two previously reported LIR peptides, FYCO1 (residues D1276 through 
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E1293), which is selective for LC3B over GABARAP, and K1, which is selective for 

GABARAP over LC3B.117,150 In fluorescence polarization assays, we measured a Kd 

value of 50 nM for fluorescein-labeled FYCO1 peptide (flu-FYCO1) binding to LC3B, and 

no appreciable binding of flu-FYCO1 to GABARAP at concentrations as high as 4 M 

(Fig 3.2a-b, Fig 3.4,3.5). As a positive control for GABARAP binding, we prepared 

fluorescein-labeled K1 peptide (flu-K1) and measured Kd values of 40 nM for flu-K1 

binding GABARAP, and 1.2 M for flu-K1 binding to LC3B. (Fig 3.2a-b, Fig 3.5). These 

data are roughly consistent with prior work with the FYCO1 and K1 peptides.117,118,150  

While these assays were comparable to prior fluorescence polarization assays 

performed with similar dye-labeled peptides, we sought a more efficient and convenient 

method for measuring the binding of LC3B and GABARAP with synthetic peptides. We 

found that biolayer interferometry (BLI) allowed for rapid, reproducible results for protein-

peptide binding using biotinylated peptides immobilized on BLI biosensors. In BLI assays 

with biotinylated FYCO1 peptide (FYCO1), we measured Kd values of 290 nM for LC3B, 

and 1.4 µM for GABARAP (Fig. 3.2c-d). In BLI assays with biotinylated K1 peptide (K1), 

we measured Kd values of 19 M for LC3B and 390 nM for GABARAP (Fig. 3.6). 

Overall, these data more closely match prior work with the FYCO1 and K1 peptides than 

the data from the fluorescence polarization assay. Thus, we proceeded to use BLI with 

biotinylated peptides to measure the LC3B and GABARAP binding affinities of FYCO1 

peptides and their analogs. 
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Figure 3.2. Binding affinities of FYCO1 and K1 peptides with the human Atg8 proteins 
LC3B and GABARAP. a,b) Fluorescence polarization binding assays for fluorescein-
labeled FYCO1 peptide (flu-FYCO1) with recombinant human GABARAP and LC3B 
proteins. Peptide K1, a previously described GABARAP-selective peptide, is used as a 
positive control. Curve fitting was performed using KaleidaGraph graphing software as 
described.136 Average Kd values and standard error were calculated from the individual 
curve fits of three independent replicates, each with three technical replicates (individual 
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replicates with raw polarization values shown in Fig 3.4,3.5). c,d) Biolayer interferometry 
data (BLI) for biotinylated FYCO1 peptide (FYCO1) with recombinant human GABARAP 
and LC3B. BLI was performed with 0.5 µg/mL of biotinylated peptides loaded onto 
streptavidin-coated biosensors with serial dilutions of protein at 30 °C. Association and 
dissociation steps were measured for 200 seconds each. Curve fitting was performed 
using the Octet DataAnalysis software (Forté Bio) and Kd values were calculated as 
described in Methods. Shown are primary data (dark blue, orange and light blue traces) 

and curve fits (red curves) for incubation with 1.5, 0.75, and 0.375 M for LC3, and 4, 2, 

and 1 M for GABARAP. Average Kd values and standard errors of the mean (Tables 
3.1 and 3.2) were calculated from the individual curve fits of three independent replicates 
(Tables 3.5-3.10).   

 

The FYCO1 peptide consists of residues 1276 through 1293 of the human FYCO1 

protein, with a C-terminal tryptophan included to allow more accurate spectrophotometric 

concentration determination; the core LIR motif within FYCO1 is residues F1280 through 

I1283.117 First, we assessed the importance of residues outside the core LIR motif. 

Truncating the four N-terminal residues (peptide 1276-1279) completely abrogated 

binding, implying an important role for these residues (Table 3.1). By contrast, truncating 

the five C-terminal residues (peptide 1289-1293) led to a 10-fold loss in binding affinity 

(Kd of 3.1 µM compared to 0.29 µM for the full-length FYCO1 peptide). Truncating only 

two C-terminal residues (peptide 1292-1293) led to a 1.6-fold loss in binding affinity (Kd 

of 0.46 µM), implying an important role for residues 1289-1291. These results are 

consistent with the binding mode observed in the crystal structure of the FYCO1 peptide 

bound to LC3B, in which I1291 makes hydrophobic contacts in a shallow groove of 

LC3B, while Q1292 and E1293 face solvent (Fig 3.1c).   

In general, LIR motifs that bind LC3B often have multiple negatively charged residues 

within and surrounding the core LIR motif.113 It is unclear from the literature whether 

these negative charges contribute substantially to the binding affinity. Thus, we next 

measured the individual contributions of each of the seven negatively charged residues 
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Name Sequence 
Kd 

(µM) 

Std 
Err 

(µM) 

FYCO1   DDAVFDIITDEELCQIQEW 0.29 0.01 

Termini Truncations 

1276-1279       FDIITDEELCQIQEW ND ND 

1289-1293   DDAVFDIITDEELW 3.1 0.6 

1292-1293   DDAVFDIITDEELCQIW 0.46 0.03 

Gln/Asn Scan of Negative Residues 

D1276N   NDAVFDIITDEELCQIQEW 0.35 0.02 

D1277N   DNAVFDIITDEELCQIQEW 0.48 0.04 

D1281N   DDAVFNIITDEELCQIQEW 1.1 0.2 

D1285N   DDAVFDIITNEELCQIQEW 0.41 0.02 

E1286Q   DDAVFDIITDQELCQIQEW 0.76 0.07 

E1287Q   DDAVFDIITDEQLCQIQEW 2.7 0.4 

E1293Q   DDAVFDIITDEELCQIQQW 0.30 0.005 

D1276N/D1277N   NNAVFDIITDEELCQIQEW 1.2 0.03 

Hydrophobic Mutations 

F1280Nap2   DDAV2DIITDEELCQIQEW 0.14 0.02 

F1280Nap1   DDAV1DIITDEELCQIQEW 0.17 0.01 

I1283F   DDAVFDIFTDEELCQIQEW 5.9 0.2 

I1283Nap2   DDAVFDI2TDEELCQIQEW 2.6 0.1 

L1288NL5   DDAVFDIITDEECQIQEW 0.58 0.04 

L1288tbA   DDAVFDIITDEECQIQEW 0.25 0.01 

I1291tbA   DDAVFDIITDEELCQQEW 0.44 0.03 

I1291F   DDAVFDIITDEELCQFQEW 0.73 0.03 

Introduction of Positive Charge 

A1278r   DDrVFDIITDEELCQIQEW 0.90 0.06 

R-FYCO1  RDDAVFDIITDEELCQIQEW 0.20 0.01 

RR-FYCO1 RRDDAVFDIITDEELCQIQEW 0.33 0.01 

Optimized Combination 

Comb1  RDDAV2DIITDEEαCQIQEW 0.12 0.004 

 

Table 3.1.  Binding affinities for FYCO1-derived peptides with LC3B protein. BLI and 
curve fitting were performed as described in Figure 3.2 and in Methods. Average Kd 
values and standard errors of the mean (Tables 3.1 and 3.2) were calculated from the 
individual curve fits of three independent replicates (Tables 3.5-3.7).  2 denotes 2-

naphthylalanine, 1 denotes 1-naphthylalanine,  denotes 5,5-dimethylnorleucine,  

denotes tert-butylalanine, and r denotes D-arginine. All peptides have a C-terminal 
amide group and an N-terminal biotin separated from the peptide by two beta-alanine 

residues. ND denotes no binding affinity detected up to 20 M LC3B protein. 
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in the FYCO1 peptide (Fig. 3.1b). We prepared a panel of analogs that represented 

individual substitutions of asparagine in place of aspartate, or glutamine in place of 

glutamate (Table 3.1). While we found that an N-terminal truncation completely 

abrogated binding (peptide 1276-1279), peptides D1276N and D1277N each had well 

under 2-fold reduced affinity, with Kd values of 0.35 and 0.48 µM, respectively (Table 

3.1). Following up on these results, we prepared and tested a double mutant, 

D1276N/D1277N. D1276N/D1277N had a Kd of 1.2 µM, which is poorer than a simple 

combination of the effects of the individual substitutions. These data suggest that 

hydrogen bonding or other non-electrostatic interactions at the N-terminus contribute to 

LC3B binding, and also that the charged N-terminus contributes to the binding 

interaction in a cooperative manner.  

Most of the other negatively charged residues appear to contribute very little to the 

binding affinity of the FYCO1 peptide, including D1276, D1277, D1285, and E1293 

(Table 3.1). The most important negatively charged residue was E1287, as peptide 

E1287Q had a 9.3- fold loss in binding affinity relative to FYCO1.  D1281N and E1286Q 

peptides had a moderate loss in affinity, 3.8-fold and 2.6- fold less than FYCO1, 

respectively.  

After demonstrating the relative contributions of the terminal residues and negative 

charges, we next investigated the hydrophobic residues. The FYCO1 peptide binds 

LC3B in an extended conformation, with F1280 and I1283 binding separate, conserved 

hydrophobic pockets on LC3B (HP1 and HP2, Fig 3.1c).118  Based on the crystal 

structure, we observed that HP1 (the binding pocket for F1280) may be able to 

accommodate a larger hydrophobic side chain, so we prepared analogs with either 1-

naphthylalanine or 2-naphthylalanine in this position (F1280Nap1 and F1280Nap2). Both 

substitutions improved binding, each by roughly 2-fold (Table 3.1). The crystal structure 
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also suggested that HP2 (the binding pocket for I1283) might accommodate larger side 

chains, but substituting I1283 with either a phenylalanine or a 2-naphthylalanine resulted 

in ligands with poorer LC3B affinity (20- and 9-fold losses in affinity, respectively). These 

data support that HP1 of LC3B, but not HP2, is amenable to binding larger side chains. 

In the crystal structure, L1288 and I1291 of FYCO1 bind a shallow hydrophobic groove 

adjacent to HP2 (Fig 3.1c). In each of these positions, we explored several side chains 

that might enhance hydrophobic interactions. Substituting I1291 with a tert-butylalanine 

or phenylalanine resulted in 1.5-fold or 2.5-fold poorer affinity, respectively. Substituting 

L1288 with the larger aliphatic residue 5,5-dimethyl-norleucine led to a 2-fold loss in 

affinity, but substituting L1288 with a tert-butylalanine (peptide L1288tbA) resulted in a 

very slight improvement in affinity (Kd value of 0.25 µM). These data suggest that the 

shallow groove may only accommodate moderately-sized aliphatic residues, but that 

exploration of artificial aliphatic side chains could lead to further improvements in affinity. 

Another feature of the crystal structure is the close proximity to the binding site of 

several negatively charged LC3B residues. Specifically, the N-terminus of the bound 

FYCO1 peptide is positioned near LC3B residues D48, E18 and D19. Thus, we sought 

to introduce new electrostatic interactions through the incorporation of one or two 

arginine residues near the N-terminus of FYCO1. Substitution of solvent-oriented A1278 

with D-arginine, which was selected to position the side chain near LC3B residues E18 

and D19, produced a peptide with 3-fold poorer binding affinity (Table 3.1).  

Interestingly, addition of one arginine to the N-terminus of the FYCO1 peptide improved 

binding affinity (peptide R-FYCO1, with a Kd value of 0.2 µM), but incorporation of two 

arginines demonstrated no benefit (peptide RR-FYCO1, with a Kd value of 0.33 µM).  

To this point, three individual substitutions had resulted in a gain in affinity (F1280Nap2, 

L1288tbA, and R-FYCO1; see Table 3.1). Combining these substitutions, we prepared 
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and tested peptide Comb1 and measured a Kd for LC3B of 0.12 µM, representing a 2.4-

fold improvement over the parent peptide. 

Name Sequence 
Kd 

(µM) 
Std Err 

(µM) 

FYCO1   DDAVFDIITDEELCQIQEW 0.29 0.01 

C1289S   DDAVFDIITDEELSQIQEW 0.33 0.03 

(i,i+3) Conformational Constraint 

C1282-o   DDACFDCITDEELSQIQEW (ortho) ND ND 

C1282-m   DDACFDCITDEELSQIQEW (meta) 8.3 0.7 

C1282-p   DDACFDCITDEELSQIQEW (para) 10.5 1.7 

(i,i+5) Conformational Constraint 

C1284-m   DDACFDIICDEELSQIQEW (meta) 6.3 0.3 

C1284-p   DDACFDIICDEELSQIQEW (para) 8.7 1.8 

hC1284-o   DDACFDIICDEELSQIQEW (ortho) 4.5 0.8 

hC1284-m   DDACFDIICDEELSQIQEW (meta) 2.5 0.1 

hC1284-p   DDACFDIICDEELSQIQEW (para) 3.1 0.4 

Optimized Combination 

Comb2  RDDAC2DIICDEEαSQIQEW (meta) 0.26 0.01 

 

Table 3.2. Binding affinities for conformationally constrained FYCO1-derived peptides 
with LC3B protein. BLI and curve fitting were performed as described in Figure 3.2 and 
in Methods. Average Kd values and standard errors of the mean (Tables 3.1 and 3.2) 
were calculated from the individual curve fits of three independent replicates (Tables 3.5-
3.7). 2 denotes 2-naphthylalanine, α denotes tert-butylalanine, and C denotes 

homocysteine. Stapled peptides have their two cysteines or homocysteines bis-alkylated 
by an ortho-, meta- or para-dibromomethylbenzene, as indicated. All peptides have a C-
terminal amide group and an N-terminal biotin separated from the peptide by two beta-

alanine residues. ND denotes no binding affinity detected up to 20 M LC3B protein. 

 

Having elucidated broad structure-activity relationships for the FYCO1 peptide, we next 

sought to introduce structure-stabilizing covalent cross-links. Side-chain-to-side-chain 

covalent cross-links, or “staples”, have most often been applied to alpha-helical 

peptides. In many cases, stapled alpha-helices have a greater extent of secondary 

structure, improved affinity and selectivity, improved cell penetration, and increased 

resistance to biological degradation.151,152 Applying stapling strategies to non-helical 

peptides is significantly more challenging, but we and others have applied “diversity-
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oriented stapling” methods to improve pharmacological properties of non-helical 

peptides.132,136,143–149 These approaches do not assume a specific secondary structure, 

and thus are applicable to peptides that bind their targets in extended conformations 

such as FYCO1. 

As described in previous work, we used solution dithiol bis-alkylation reactions for 

diversity-oriented stapling.147,148,153 Before we could apply this strategy to the FYCO1 

peptide, we had to substitute the native cysteine C1289. The C1289S analog had very 

similar binding affinity to the parent FYCO1 peptide (Kd value of 0.33 versus 0.29 M, 

Table 3.2). Inspecting the crystal structure of the LC3B-bound FYCO1 peptide, we 

observed that an (i,i+3) staple between positions 1279 and 1282 or an (i,i+5) staple 

between positions 1279 and 1284 could potentially accommodate a thioether staple 

(Fig. 3.1d). We prepared analogs of FYCO1 with double substitutions of cysteine at 

V1279 and I1282, cysteine at V1279 and T1284, or homocysteine at V1279 and T1284 

(to help bridge the longer distance), and cross-linked them with ortho-, meta-, or para-

dibromoxylene as described.147,148,153 In this manner, we produced a panel of eight 

uniquely constrained cyclic peptides (Table 3.2). All the (i,i+3) stapled peptides (C1282-

o, C1282-m, and C1282-p) were poor LC3B ligands, with over a 30-fold loss in binding 

affinity compared to FYCO1. Both of the (i,i+5) stapled peptides that incorporated 

cysteines (peptides C1284-m and C1284-p) were similarly poor LC3B ligands. However, 

peptides that used homocysteines for the (i,i+5) staple had somewhat better affinity. The 

highest-affinity stapled peptide of this series, hC1284-m, had a 9-fold loss in affinity for 

LC3B compared to FYCO1 (Kd value of 2.5 M).  

Finally, we combined the three most beneficial individual substitutions (F1280Nap2, 

L1288tbA, and R-FYCO1) with the best-performing staple from peptide hC1284-m. 

Unexpectedly, this stapled peptide (Comb2) had a Kd of 0.26 µM, similar to the parent 
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peptide FYCO1 and only 2.2-fold poorer than the optimized linear peptide Comb1 (Table 

3.2).  

Comb1 and Comb2 have many alterations to the electrostatic and hydrophobic 

interactions involved in LC3B binding. We next examined whether these changes altered 

the selectivity of these peptides for LC3B over GABARAP. Using a BLI assay for 

GABARAP binding, we determined that Comb1 and Comb2 bound to GABARAP with Kd 

values of 0.67 and 1.4 M, respectively (Table 3.3). Overall, the parent FYCO1 peptide 

binds LC3B with 5.1-fold selectivity over GABARAP, and Comb1 and Comb2 bind LC3B 

over GABARAP with 5.6-fold and 5.4-fold selectivity, respectively. These data 

demonstrate that LC3B selectivity was retained with the incorporation of multiple 

substitutions and stapling. 

 

Table 3.3. Binding affinities for FYCO1-derived peptides with GABARAP protein, and 
selectivities for LC3B over GABARAP. BLI and curve fitting were performed as 
described in Figure 3.2 and in Methods. Average Kd values and standard errors of the 
mean (Tables 3.1 and 3.2) were calculated from the individual curve fits of three 
independent replicates (Tables 3.5-3.10). 2 denotes 2-naphthylalanine, α denotes tert-

butylalanine, and C denotes homocysteine. Comb2 has its homocysteines bis-alkylated 
by a meta-dibromomethylbenzene. All peptides have a C-terminal amide group and an 
N-terminal biotin separated from the peptide by two beta-alanine residues. 

  

Often, introducing artificial amino acids and conformational constraints within a peptide 

increases its proteolytic stability. To assess the proteolytic stability of LC3B-binding 

peptides, we employed a rigorous cell lysate stability assay recently described for 
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stapled alpha-helical peptides.127 We incubated peptides for various times between 1 

and 24 hours in a HeLa cell lysate, then precipitated proteins in ice cold methanol and 

analyzed the supernatants by analytical HPLC (Fig 3.3, Fig 3.7). Surprisingly, the parent 

FYCO1 peptide showed little degradation for up to three hours, but by 24 hours only a 

third of the peptide was remaining. The optimized linear peptide, Comb1, had similar 

results. The optimized stapled peptide, Comb2, showed an unusual proteolytic stability 

profile.  At 3 hours, there was less Comb2 remaining compared to FYCO1, but after 24 

hours there was roughly double the amount of Comb2 remaining compared to FYCO1 

(59% of intact Comb2 remaining after 24 hours). Despite the unusual result at 3 hours, 

we concluded that Comb2 was more resistant to degradation than FYCO1 and Comb1 

over the long-term.    

       

 

Figure 3.3. Proteolytic stability of peptides in HeLa cell lysates. Peptides FYCO1, 
Comb1 and Comb2 were incubated for selected time points in HeLa cell lysate at 37 
°C.127 Samples were quenched in methanol and supernatant analyzed by analytical 
HPLC. Areas under each peptide chromatogram peak were normalized to the area 
under the zero timepoint chromatogram peak. HPLC chromatograms are shown in Fig 
3.7. Average values and standard errors of the mean were calculated from four 
independent replicates (representative primary data shown in Fig. 3.7). 
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3.3. Discussion  

Many proteins have been shown to bind LC3B through their LIR motifs using co-

immunoprecipitation or similar techniques. However, only a few prior studies have 

characterized LIR motif-LC3B binding quantitatively, and structure-activity relationships 

for this interaction are limited. Several prior papers showed that the LIR motif from 

FYCO1 binds LC3A/B selectively over LC3C and GABARAPs,104,116,118 with varying 

degrees of selectivity.115,154 Our work supports that the FYCO1 LIR motif is indeed 

moderately selective (roughly 5-fold) for LC3B over GABARAP. Additionally, our results 

extend prior understanding that negatively charged residues are important for LC3B 

binding,116,118 showing that the most important contributor to LC3B binding, outside of the 

core LIR motif, is the negative charge at E1287. The negative charge at D1281 and 

polar interactions of the N-terminus of FYCO1 also play moderately important roles in 

LC3B binding.  

Comparisons among hydrophobic residues in native LIR motifs have been 

performed,104,113,116,117 but this work extends this understanding using artificial aliphatic 

and aromatic amino acids.  Overall, in the context of the FYCO1-LC3B interaction, we 

found that targeting HP1 with larger hydrophobic amino acids improved binding while 

HP2 did not tolerate larger substitutions.  Given the limited number of artificial amino 

acids we have tested so far, it is highly likely that further substitution of F1280 will 

produce analogs with even better affinity. Because the F1280Nap2 substitution and 

other modifications were synergistic with the (i,i+5) staple, these and other continued 

efforts should be done in the context of both linear and stapled peptides. 

Optimized FYCO1 LIR peptides maintain moderate selectivity for LC3B over GABARAP. 

Recent work demonstrated that the residues C-terminal to the core LIR motif (here, 

residues 1285-1293) can greatly impact GABARAP/LC3B selectivity.115 It is therefore 
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likely that this region of the peptide serves to preserve selectivity even in the presence of 

the N-terminal staple. While LIR-based peptide inhibitors of LC3B proteins with higher 

affinity were recently reported,114 these were not selective for LC3B over GABARAP. 

Thus, to the best of our knowledge, Comb1 and Comb2 represent the highest-affinity 

Atg8 ligands that maintain LC3B selectivity over GABARAP.   

This work also introduces an (i,i+5) stapled peptide, Comb2, with binding affinity and 

selectivity similar to the native FYCO1. Because peptide stapling has focused primarily 

on helical peptides which require stapling at (i,i+3), (i,i+4) or (i,i+7) relative positions, this 

application of an (i,i+5) staple is highly unusual. One of the primary benefits of peptide 

stapling is improved stability in biological environments.151,152 We tested this potential 

benefit in the context of the (i,i+5) stapled peptide Comb2 using a rigorous test of 

proteolytic stability.127 We observed a roughly 2-fold reduction in peptide degradation 

over 24 hours compared to the Comb1 peptide, which allows us to attribute this modest 

benefit to the staple itself. Notably, this is less of an effect than is typically observed for 

stapled alpha-helices.151 This may indicate that the extended structure imposed by the 

(i,i+5) staple offers less proteolytic resistance than a cooperatively folded alpha-helix. 

This explanation may also account for the unusual time dependence of proteolytic 

degradation observed for Comb2. Further exploration of non-helical stapled peptides will 

be required to more fully understand how staples affect structure and proteolytic 

degradation for non-helical peptides.  

Comb1 and Comb2 are potent LC3-inhibiting peptides for assays using recombinant 

proteins, and for assays using cell lysates. Additional work will be required to translate 

LC3B-selective peptides into useful cellular probes. The most significant hurdle is 

cytosolic penetration.66 While this work highlighted numerous negative charges that 

contribute only moderately to affinity, it remains clear that negative charge is required for 



76 
 

high-affinity binding to LC3B. Anionic peptides can be difficult to deliver to the interior of 

cells, even as fusions to cell-penetrating peptides. Advanced cell-penetrating peptides 

have demonstrated the ability to deliver anionic cargo, and these may provide a better 

means of efficiently delivering LIR motif peptides to the cytosol.74–76 Future application of 

a wider diversity of stapling strategies and stapling positions may uncover new synergies 

that further optimize LC3B affinity, selectivity, proteolytic stability, and cytosolic 

penetration. The present work will directly inform those efforts, providing valuable tools 

for research into the basic mechanisms of autophagy and the links between autophagy 

and cancer.  

3.4. Methods 

3.4.1. Peptide Synthesis 

All peptides were synthesized via standard Fmoc solid-phase peptide synthesis on an 

automated Tribute Peptide Synthesizer (Gyros Protein Technologies). Peptides were 

synthesized on Rink amide resin (substitution 0.55 mmol/g) with deprotection in 20% 

piperidine in DMF, and coupling with 5 equiv. each of amino acid, HBTU, and HOBt, and 

10 equiv. of DIPEA. DMF washes were performed between each step. To prepare 

biotinylated peptides, the N-terminus was deprotected in 20% piperidine in DMF followed 

by overnight incubation in 5 equiv. of biotin-N-hydroxysuccinimide ester (Millipore 

Sigma) and 10 equiv. DIPEA in DMF. To prepare fluorescein-labeled peptides, 5 equiv. 

of 5,6-carboxyfluorescein succinimidyl ester (Thermo Fisher Scientific) were coupled 

overnight with 10 equiv. DIPEA in DMF. All peptides included a C-terminal tryptophan for 

spectrophotometric concentration determination, and two beta-alanine residues between 

the N-terminus of the FYCO1-derived sequence and the fluorescein or biotin.  All 

peptides were globally deprotected and cleaved using a TFA cleavage cocktail (95:2:2:1, 

TFA:H2O:EDT:TIPS) for 3 hours. Following cleavage, peptides were precipitated in cold 
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diethyl ether, pelleted, and washed with additional diethyl ether. Peptides were then 

dried and resuspended in 50:50 water:acetonitrile for reverse-phase HPLC purification 

on a preparative-scale C8 column using a gradient of 5 – 100% acetonitrile in 30 min. 

Peptides were purified to at least 95% purity as determined by analytical HPLC. Masses 

were determined using MALDI-TOF mass spectrometry with a matrix of 10 mg/mL α-

cyano-4-hydroxycinnamate in 50:50 water:acetonitrile with 0.1% TFA. Observed masses 

of final products are given in supplemental figure S1. Following purification, peptides 

were lyophilized and resuspended in DMSO for working solutions, which were quantified 

based on absorbance at 280 nm (Thermo Scientific Nanodrop 1000). 

3.4.2. Protein Expression 

LC3B protein was expressed and purified as described.155 BL21 E. coli were transformed 

with a pET-15b expression plasmid for full-length LC3B (codons 1-125). Transfected 

cells were grown on ampicillin agar plates and colonies were selected and grown in LB 

culture medium. At an optical density of 0.6 to 0.8, 1 mM IPTG was added and cells 

were incubated for 3 hours at 37 °C. Cells were pelleted and resuspended in a lysis 

buffer of 50 mM Tris pH 8.0, 300 mM NaCl, 5 mM imidazole, 0.2% lysozyme, 1 protease 

inhibitor cocktail pellet (Roche), and 2.5 U/mL universal nuclease (Pierce). Resuspended 

cells were sonicated and lysed, and the lysate was centrifuged to pellet debris. The 

protein was purified from clarified lysate using Ni-NTA resin by incubating protein with 

resin for 45 min at 4 °C, rinsing with wash buffer (50 mM Tris pH 8.0, 300 mM NaCl, 5 

mM imidazole), and then eluting in 50 mM Tris pH 8.0, 300 mM NaCl, 250 mM imidazole 

at 4°C. The eluate was further purified by size exclusion chromatography using an 

automated FPLC system (AKTA, GE) on a Superdex S75 analytical column in 25 mM 

Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, and 0.05% 2-mercaptoethanol. Protein 

fractions were analyzed via SDS-PAGE, and pure fractions were pooled together. 
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Concentration of protein was quantified via absorbance at 280 nm and confirmed via 

BCA assay. Protein was stored in frozen aliquots at -80°C.  

For GABARAP protein expression, BL21 E. coli were transformed with a pGex-4T-2 

expression plasmid for full-length GABARAP (codons 1-117).156 Expression and lysis 

was performed in the same manner as with LC3B protein. For purification, glutathione 

resin was incubated with clarified lysate for 45 min at 4 °C before rinsing with PBS. The 

GST tag was then removed overnight with thrombin protease treatment at 4 °C and the 

cleaved protein was eluted from the column. Protein fractions were analyzed via SDS-

PAGE and pure fractions were pooled. Concentrations were quantified via absorbance 

at 280 nm (Thermo Scientific Nanodrop 1000) and confirmed via BCA assay. Protein 

was stored in frozen aliquots at -80 °C. 

3.4.3. Biolayer Interferometry 

BLI assays were performed on an Octet K2 System (Forté Bio). Biotinylated peptides 

and proteins were diluted to 0.5 µg/mL in assay buffer (PBS pH 7.4, 0.02% Tween-20, 

0.5 mg/mL BSA) at a final volume of 200 µL in a flat, black 96-well polypropylene plate 

(Greiner Bio-One). Biotinylated peptides were loaded onto streptavidin-coated tips, tips 

were washed, and then 200 seconds of association of LC3B or GABARAP protein was 

measured. Following association of the protein with the immobilized peptide, dissociation 

of the protein was measured for an additional 200 seconds. Assays were run at 30 °C 

with shaking at 1000 rpm. Protein concentrations were varied in order to achieve a 

response of 0.3 nm association or higher, with protein concentration not exceeding 20 

M for LC3B or 4 M for GABARAP. Curve fitting was generated using a 1:1 fitting 

model by Octet DataAnalysis software (FortéBio). Kobs values were extracted from these 

curve fits, and Kobs was plotted versus protein concentration. The slope of this line 

provided the association rate (Kon). The dissociation rate was extracted from the 1:1 
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curve fit to the dissociation data. Finally, Kd values were calculated by dividing the Koff by 

the Kon. All peptides were tested in three separate replicates and average Kd, Kon¸ and 

Koff values and standard error were calculated (see Tables 3.5-3.10 in Supplementary 

Information).       

3.4.4. Fluorescence Polarization Assays 

Fluorescence polarization assays were performed as described.28 Dye-labeled peptide 

was mixed at a final concentration of 10 nM with a serial dilution of LC3B or GABARAP 

protein in a final reaction volume of 20 µL in a black, flat-bottomed 384-well 

polypropylene plate (Greiner Bio-One). The buffer composition was PBS pH 7.3 with 

0.1% Tween-20. The plate was incubated in the dark for 1 hr at room temperature, then 

read at 494 nm excitation and 519 nm emission. Kd values were obtained from curve fits 

using KaleidaGraph software as described.44 

3.4.5. Lysate Stability Assay 

For lysate stability assays, HeLa cells were trypsinized, washed in PBS, pelleted, and 

treated with lysis buffer (50 mM Tris, 250 mM NaCl, 0.5% IGEPAL CA-630 detergent, pH 

8.0) on ice for 15 min. Then, lysates were centrifuged for 10 min at 4 °C at 14,800 rpm 

and the clarified lysate was collected. Peptides were added to the lysate to a 

concentration of 150 µM and were incubated at 37 °C. Aliquots of 40 µL were taken at 

each time point and quenched in 160 µL of ice-cold methanol. Samples were spun down 

for 10 min at 14,800 rpm prior to analysis via reverse-phase analytical HPLC on a C18 

column. Chromatogram peaks were integrated to measure amount of peptide remaining 

at each time point. Peak volumes for each timepoint were normalized to the zero-hour 

timepoint to determine percentage of peptide remaining. Data presented is the average 

of four biological replicates performed with different lysates on different days.  
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3.5. Supplemental Materials 

Name Sequence* 
Expected 

Mass 
[M+H+] 

Observed 
Mass [M+H+] 

FYCO1   DDAVFDIITDEELCQIQEW 2650.9 2650.9 

1276-1279       FDIITDEELCQIQEW 2250.5 2247.6 

1289-1293   DDAVFDIITDEELW 2049.3 2049.1 

1292-1293   DDAVFDIITDEELCQIW 2393.7 2395.4 

D1276N   NDAVFDIITDEELCQIQEW 2650.0 2648.7 

D1277N   DNAVFDIITDEELCQIQEW 2650.0 2649.9 

D1281N   DDAVFNIITDEELCQIQEW 2650.0 2647.0 

D1285N   DDAVFDIITNEELCQIQEW 2650.0 2648.2 

E1286Q   DDAVFDIITDQELCQIQEW 2650.0 2650.1 

E1287Q   DDAVFDIITDEQLCQIQEW 2650.0 2648.0 

E1293Q   DDAVFDIITDEELCQIQQW 2650.0 2648.0 

D1276N/D1277
N   NNAVFDIITDEELCQIQEW 2649.0 2649.2 

F1280Nap2   DDAV2DIITDEELCQIQEW 2701.0 2698.2 

F1280Nap1   DDAV1DIITDEELCQIQEW 2701.0 2699.0 

I1283F   DDAVFDIFTDEELCQIQEW 2685.0 2681.5 

I1283Nap2   DDAVFDI2TDEELCQIQEW 2735.0 2736.5 

L1288NL5   DDAVFDIITDEECQIQEW 2679.0 2675.8 

L1288tbA   DDAVFDIITDEEαCQIQEW 2665.0 2662.5 

I1291tbA   DDAVFDIITDEELCQαQEW 2665.0 2663.0 

I1291F   DDAVFDIITDEELCQFQEW 2685.0 2681.8 

A1278r   DDrVFDIITDEELCQIQEW 2736.0 2733.5 

R-FYCO1  RDDAVFDIITDEELCQIQEW 2807.1 2805.1 

RR-FYCO1 RRDDAVFDIITDEELCQIQEW 2963.3 2961.2 

C1289S   DDAVFDIITDEELSQIQEW 2634.9 2635.9 

C1282-o   DDACFDCITDEELSQIQEW 

(ortho) 2731.0 2729.2 

C1282-m   DDACFDCITDEELSQIQEW (meta) 2731.0 2728.5 

C1282-p   DDACFDCITDEELSQIQEW (para) 2731.0 2727.4 

C1284-m   DDACFDIICDEELSQIQEW (meta) 2743.0 2741.7 

C1284-p   DDACFDIICDEELSQIQEW (para) 2743.0 2741.0 

hC1284-o   DDACFDIICDEELSQIQEW 

(ortho) 2771.1 2770.0 

hC1284-m   DDACFDIICDEELSQIQEW (meta) 2771.1 2768.5 

hC1284-p   DDACFDIICDEELSQIQEW (para) 2771.1 2768.7 

Comb1  RDDAV2DIITDEEαCQIQEW 2871.2 2868.7 

Comb2  RDDAC2DIICDEEαSQIQEW (meta) 2991.4 2991.6 

K1  DATYTWEHLAWP 1858.1 1855.7 

flu-K1 *DATYTWEHLAWP 1990.1 1990.4 
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flu-FYCO1  *DDAVFDIITDEELCQIQEW 2782.9 2782.1 

 

Table 3.4. Expected and observed masses table of all synthesized LIR peptides. *All 
peptides have a C-terminal amide and an N-terminal biotin attached to the sequence 
shown via a linker consisting of two beta-alanines, except for flu-K1 and flu-FYCO1 
which each have a fluorescein instead of a biotin. 2 denotes 2-naphthylalanine, 1 

denotes 1-naphthylalanine,  denotes 5,5-dimethylnorleucine, α denotes tert-

butylalanine, r denotes D-arginine, and C denotes homocysteine. Stapled peptides have 
their two cysteines or homocysteines bis-alkylated by an ortho-, meta- or para-
dibromomethylbenzene, as indicated.147   

 

 

Figure 3.4. Fluorescence polarization data for binding of flu-FYCO1 and flu-K1 with 
recombinant LC3B. The final concentration of each fluorescein-labeled peptide was 10 
nM. Assays were incubated for 45 min at room temperature before measuring, and raw 
polarization values are displayed. Curve fitting and Kd values were obtained using 
KaleidaGraph software and first-principles Kd curve fits as described.136 Each of these 
three independent replicates were performed with three technical replicates (error bars 
show standard error of the mean for the three technical replicates). Average Kd values 
and standard errors of the mean for Kd values were calculated from the individual curve 
fits of the three independent replicates. 
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Figure 3.5. Fluorescence polarization data for binding of flu-FYCO1 and flu-K1 with 
recombinant GABARAP. The final concentration of each fluorescein-labeled peptide was 
10 nM. Assays were incubated for 45 min at room temperature before measuring, and 
raw polarization values are displayed. Curve fitting and Kd values were obtained using 
KaleidaGraph software and first-principles Kd curve fits as described.136 Each of these 
three independent replicates were performed with three technical replicates (error bars 
show standard error of the mean for the three technical replicates). Average Kd values 
and standard errors of the mean for Kd values were calculated from the individual curve 
fits of the three independent replicates. 
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Figure 3.6. Biolayer interferometry data (BLI) for biotinylated K1 peptide (K1) with 
recombinant human GABARAP and LC3B. BLI was performed with 0.5 µg/mL of 
biotinylated peptides loaded onto streptavidin-coated biosensors with serial dilutions of 
protein at 30 °C. Association and dissociation steps were measured for 200 seconds 
each. Curve fitting was performed using the Octet DataAnalysis software (Forté Bio) and 
Kd values were calculated as described in Methods. Shown are primary data (colored 

traces) and curve fits (red curves) for incubation with 2, 1, 0.5, and 0.25 M for LC3, and 

1, 0.5, 0.25 M for GABARAP. Data shown is one representative data set from three 
independent replicates. 

 

Name Peptide Sequence 
Trial 
1 Kd 

(µM) 

Trial 
2 Kd 

(µM) 

Trial 
3 Kd 

(µM) 

Avg 
Kd 

(µM) 

Std 
Err 

(µM) 

K1  DATYTWEHLAWP 15.5 22.1 18.6 18.7 1.9 

FYCO1   DDAVFDIITDEELCQIQEW 0.28 0.28 0.30 0.29 0.01 

Termini Truncations 

1276-
1279       FDIITDEELCQIQEW ND ND ND ND ND 

1289-
1293   DDAVFDIITDEELW 4.1 2.1 3.1 3.1 0.6 

LC3 binding affinity by BLI

K1 Kd = 18.7  1.9 µM

a

GABARAP binding affinity by BLI

K1 Kd = 0.39  0.02 µM

b
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1292-
1293   DDAVFDIITDEELCQIW 0.49 0.49 0.41 0.46 0.03 

Gln/Asn Scan of Negative Residues 

D1276N   NDAVFDIITDEELCQIQEW 0.31 0.37 0.37 0.35 0.02 

D1277N   DNAVFDIITDEELCQIQEW 0.52 0.52 0.40 0.48 0.04 

D1281N   DDAVFNIITDEELCQIQEW 1.5 0.93 0.83 1.1 0.2 

D1285N   DDAVFDIITNEELCQIQEW 0.38 0.39 0.44 0.41 0.02 

E1286Q   DDAVFDIITDQELCQIQEW 0.63 0.89 0.76 0.76 0.07 

E1287Q   DDAVFDIITDEQLCQIQEW 3.4 2.2 2.4 2.7 0.4 

E1293Q   DDAVFDIITDEELCQIQQW 0.31 0.30 0.30 0.30 0.005 

D1276N/ 
D1277N 

  NNAVFDIITDEELCQIQEW 1.2 1.1 1.2 1.2 0.03 

Hydrophobic Mutations 

F1280Nap
2   DDAV2DIITDEELCQIQEW 0.19 0.14 0.10 0.14 0.02 

F1280Nap
1   DDAV1DIITDEELCQIQEW 0.16 0.19 0.17 0.17 0.01 

I1283F   DDAVFDIFTDEELCQIQEW 5.6 6.0 6.1 5.9 0.2 

I1283Nap
2   DDAVFDI2TDEELCQIQEW 2.7 2.5 2.8 2.6 0.1 

L1288NL5   DDAVFDIITDEECQIQEW 0.56 0.53 0.66 0.58 0.04 

L1288tbA   DDAVFDIITDEEαCQIQEW 0.23 0.26 0.25 0.25 0.01 

I1291tbA   DDAVFDIITDEELCQαQEW 0.50 0.42 0.42 0.44 0.03 

I1291F   DDAVFDIITDEELCQFQEW 0.77 0.75 0.67 0.73 0.03 

Introduction of Positive Charge 

A1278r   DDrVFDIITDEELCQIQEW 0.92 1.0 0.79 0.90 0.06 

R-FYCO1  RDDAVFDIITDEELCQIQEW 0.22 0.21 0.18 0.20 0.01 

RR-
FYCO1 RRDDAVFDIITDEELCQIQEW 0.31 0.32 0.35 0.33 0.01 

Conformational Constraints 

C1289S   DDAVFDIITDEELSQIQEW 0.27 0.39 0.34 0.33 0.03 

C1282-o   DDACFDCITDEELSQIQEW 

ortho ND ND ND ND ND 

C1282-m   DDACFDCITDEELSQIQEW 

meta 9.3 7.0 8.7 8.3 0.7 

C1282-p   DDACFDCITDEELSQIQEW 

para 7.3 12.8 11.3 10.5 1.7 

C1284-m   DDACFDIICDEELSQIQEW 

meta 5.7 6.8 6.5 6.3 0.3 

C1284-p   DDACFDIICDEELSQIQEW 

para 8.0 5.9 12.2 8.7 1.8 

hC1284-o   DDACFDIICDEELSQIQEW 

ortho 2.9 5.1 5.4 4.4 0.8 

hC1284-m   DDACFDIICDEELSQIQEW 

meta 2.6 2.3 2.7 2.5 0.1 

hC1284-p   DDACFDIICDEELSQIQEW 

para 3.0 2.5 3.7 3.1 0.4 
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Optimized Combinations 

Comb1  RDDAV2DIITDEEαCQIQEW 0.12 0.11 0.13 0.12 0.004 

Comb2  RDDAC2DIICDEEαSQIQEW 

meta 0.24 0.26 0.27 0.26 0.01 

 

Table 3.5. Individual replicates for binding affinities for FYCO1-derived peptides with 
LC3B protein. BLI and curve fitting were performed as described in Figure 2 and in 
Methods. Average Kd values and standard errors of the mean (Tables 3.1 and 3.2) were 

calculated from the individual curve fits of these three independent replicates.  2 denotes 

2-naphthylalanine, 1 denotes 1-naphthylalanine,  denotes 5,5-dimethylnorleucine, α 

denotes tert-butylalanine, r denotes D-arginine, and C denotes homocysteine. Stapled 
peptides have their two cysteines or homocysteines bis-alkylated by an ortho-, meta- or 
para-dibromomethylbenzene, as indicated. All peptides have a C-terminal amide group 
and an N-terminal biotin separated from the peptide by two beta-alanine residues. ND 

denotes no binding affinity detected up to 20 M LC3B protein. 

 

Name Peptide Sequence 
Trial 1 

Kon 

(1/Ms) 

Trial 2 
Kon 

(1/Ms) 

Trial 3 
Kon 

(1/Ms) 

Avg 
Kon 

(1/Ms) 

Std 
Err 

(1/Ms) 

K1 
 DATYTWEHLAWP 2.6E-05 1.7E-05 

2.2E-
05 

2.2E-
05 

2.5E-06 

FYCO1 
  DDAVFDIITDEELCQIQEW 1.3E-04 1.1E-04 

1.0E-
04 

1.1E-
04 

7.0E-06 

Termini Truncations 

1276-
1279       FDIITDEELCQIQEW 

ND ND ND ND ND 

1289-
1293   DDAVFDIITDEELW 

5.8E-05 5.2E-05 
6.9E-

05 
6.0E-

05 
4.8E-06 

1292-
1293   DDAVFDIITDEELCQIW 

2.2E-04 2.0E-04 
2.0E-

04 
2.1E-

04 
5.2E-06 

Gln/Asn Scan of Negative Residues 

D1276N 
  NDAVFDIITDEELCQIQEW 1.7E-04 1.2E-04 

1.3E-
04 

1.4E-
04 

1.6E-05 

D1277N 
  DNAVFDIITDEELCQIQEW 1.1E-04 1.2E-04 

1.6E-
04 

1.3E-
04 

1.4E-05 

D1281N 
  DDAVFNIITDEELCQIQEW 1.1E-04 1.5E-04 

1.5E-
04 

1.4E-
04 

1.4E-05 

D1285N 
  DDAVFDIITNEELCQIQEW 1.4E-04 1.5E-04 

1.3E-
04 

1.4E-
04 

5.2E-06 

E1286Q 
  DDAVFDIITDQELCQIQEW 1.5E-04 1.3E-04 

1.9E-
04 

1.5E-
04 

1.9E-05 

E1287Q 
  DDAVFDIITDEQLCQIQEW 6.5E-05 9.8E-05 

9.4E-
05 

8.6E-
05 

1.0E-05 

E1293Q 
  DDAVFDIITDEELCQIQQW 1.9E-04 1.5E-04 

1.7E-
04 

1.7E-
04 

1.1E-05 

D1276N/ 
D1277N 

  NNAVFDIITDEELCQIQEW 9.9E-05 9.4E-05 
9.9E-

05 
9.7E-

05 
1.6E-06 

Hydrophobic Mutations 
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F1280Na
p2   DDAV2DIITDEELCQIQEW 

1.2E-04 1.7E-04 
1.8E-

04 
1.6E-

04 
1.8E-05 

F1280Na
p1   DDAV1DIITDEELCQIQEW 

1.5E-04 1.4E-04 
1.4E-

04 
1.4E-

04 
2.7E-06 

I1283F 
  DDAVFDIFTDEELCQIQEW 6.0E-05 6.2E-05 

6.2E-
05 

6.1E-
05 

4.9E-07 

I1283Nap
2   DDAVFDI2TDEELCQIQEW 

1.2E-04 1.4E-04 
1.2E-

04 
1.3E-

04 
5.2E-06 

L1288NL5 
  DDAVFDIITDEECQIQEW 1.5E-04 1.5E-04 

1.3E-
04 

1.4E-
04 

6.1E-06 

L1288tbA 
  DDAVFDIITDEEαCQIQEW 1.3E-04 1.3E-04 

1.4E-
04 

1.4E-
04 

2.0E-06 

I1291tbA 
  DDAVFDIITDEELCQαQEW 1.2E-04 1.3E-04 

1.2E-
04 

1.2E-
04 

2.4E-06 

I1291F 
  DDAVFDIITDEELCQFQEW 1.2E-04 1.1E-04 

1.2E-
04 

1.2E-
04 

2.0E-06 

Introduction of Positive Charge 

A1278r 
  DDrVFDIITDEELCQIQEW 1.0E-04 1.0E-04 

1.3E-
04 

1.1E-
04 

9.7E-06 

R-FYCO1 
 RDDAVFDIITDEELCQIQEW 1.1E-04 8.8E-05 

1.2E-
04 

1.1E-
04 

1.0E-05 

RR-
FYCO1 RRDDAVFDIITDEELCQIQEW 

9.6E-05 8.5E-05 
8.8E-

05 
9.0E-

05 
3.3E-06 

Conformational Constraints 

C1289S 
  DDAVFDIITDEELSQIQEW 1.8E-04 1.5E-04 

1.3E-
04 

1.5E-
04 

1.4E-05 

C1282-o   DDACFDCITDEELSQIQEW 

ortho 
ND ND ND ND ND 

C1282-m   DDACFDCITDEELSQIQEW 

meta 
3.8E-05 5.1E-05 

3.8E-
05 

4.2E-
05 

4.4E-06 

C1282-p   DDACFDCITDEELSQIQEW 

para 
3.3E-05 2.9E-05 

3.5E-
05 

3.3E-
05 

1.7E-06 

C1284-m   DDACFDIICDEELSQIQEW 

meta 
2.7E-05 3.0E-05 

2.7E-
05 

2.8E-
05 

7.7E-07 

C1284-p   DDACFDIICDEELSQIQEW 

para 
2.8E-05 3.9E-05 

2.5E-
05 

3.1E-
05 

4.1E-06 

hC1284-o   DDACFDIICDEELSQIQEW 

ortho 
8.9E-05 6.1E-05 

5.8E-
05 

6.9E-
05 

1.0E-05 

hC1284-
m 

  DDACFDIICDEELSQIQEW 

meta 
9.0E-05 8.5E-05 

7.9E-
05 

8.5E-
05 

3.1E-06 

hC1284-p   DDACFDIICDEELSQIQEW 

para 
7.2E-05 7.3E-05 

6.7E-
05 

7.1E-
05 

1.8E-06 

 

Optimized Combinations 

Comb1 
 RDDAV2DIITDEEαCQIQEW 1.3E-04 

1.4E-
04 

1.2E-
04 

1.3E-
04 

6.3E-06 

Comb2  RDDAC2DIICDEEαSQIQEW 

meta 
2.2E-04 

2.0E-
04 

1.9E-
04 

2.1E-
04 

8.6E-06 

 

Table 3.6. Individual replicates for binding on-rates for FYCO1-derived peptides with 
LC3B protein. BLI and curve fitting were performed as described in Figure 3.2 and in 
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Methods. Average Kd values and standard errors of the mean (Tables 3.1 and 3.2) were 
calculated from the individual curve fits of these three independent replicates.  2 denotes 

2-naphthylalanine, 1 denotes 1-naphthylalanine,  denotes 5,5-dimethylnorleucine,  

denotes tert-butylalanine, r denotes D-arginine, and C denotes homocysteine. Stapled 
peptides have their two cysteines or homocysteines bis-alkylated by an ortho-, meta- or 
para-dibromomethylbenzene, as indicated. All peptides have a C-terminal amide group 
and an N-terminal biotin separated from the peptide by two beta-alanine residues. ND 

denotes no binding affinity detected up to 20 M LC3B protein. 

 

Name Peptide Sequence 
Trial 1 

Koff  

(s-1) 

Trial 2 
Koff  

(s-1) 

Trial 3 
Koff  

(s-1) 

Avg 
Koff (s-

1) 

Std 
Err (s-

1) 

K1  DATYTWEHLAWP      

FYCO1   DDAVFDIITDEELCQIQEW 0.04 0.03 0.03 0.03 0.002 

Termini Truncations 

1276-
1279       FDIITDEELCQIQEW ND ND ND ND ND 

1289-
1293   DDAVFDIITDEELW 0.24 0.11 0.21 0.19 0.04 

1292-
1293   DDAVFDIITDEELCQIW 0.09 0.10 0.10 0.09 0.003 

Gln/Asn Scan of Negative Residues 

D1276N   NDAVFDIITDEELCQIQEW 0.05 0.05 0.05 0.05 0.003 

D1277N   DNAVFDIITDEELCQIQEW 0.06 0.06 0.06 0.06 0.002 

D1281N   DDAVFNIITDEELCQIQEW 0.17 0.14 0.13 0.15 0.01 

D1285N   DDAVFDIITNEELCQIQEW 0.05 0.06 0.06 0.06 0.002 

E1286Q   DDAVFDIITDQELCQIQEW 0.11 0.11 0.12 0.11 0.003 

E1287Q   DDAVFDIITDEQLCQIQEW 0.22 0.21 0.22 0.22 0.004 

E1293Q   DDAVFDIITDEELCQIQQW 0.06 0.05 0.05 0.05 0.004 

D1276N/ 
D1277N 

  NNAVFDIITDEELCQIQEW 
0.12 0.11 0.12 0.12 0.005 

Hydrophobic Mutations 

F1280Nap
2   DDAV2DIITDEELCQIQEW 0.02 0.02 0.02 0.02 0.002 

F1280Nap
1   DDAV1DIITDEELCQIQEW 0.02 0.03 0.02 0.02 0.001 

I1283F   DDAVFDIFTDEELCQIQEW 0.34 0.37 0.38 0.36 0.01 

I1283Nap
2   DDAVFDI2TDEELCQIQEW 0.34 0.34 0.34 0.34 0.003 

L1288NL5   DDAVFDIITDEECQIQEW 0.08 0.08 0.09 0.08 0.002 

L1288tbA   DDAVFDIITDEEαCQIQEW 0.03 0.03 0.03 0.03 0.001 

I1291tbA   DDAVFDIITDEELCQαQEW 0.06 0.05 0.05 0.06 0.003 

I1291F   DDAVFDIITDEELCQFQEW 0.09 0.09 0.08 0.09 0.004 

Introduction of Positive Charge 

A1278r   DDrVFDIITDEELCQIQEW 0.10 0.10 0.10 0.10 0.003 
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R-FYCO1  RDDAVFDIITDEELCQIQEW 0.02 0.02 0.02 0.02 0.002 

RR-
FYCO1 RRDDAVFDIITDEELCQIQEW 0.03 0.03 0.03 0.03 0.001 

Conformational Constraints 

C1289S   DDAVFDIITDEELSQIQEW 0.05 0.05 0.05 0.05 0.001 

C1282-o   DDACFDCITDEELSQIQEW 

ortho ND ND ND ND ND 

C1282-m   DDACFDCITDEELSQIQEW 

meta 0.35 0.36 0.33 0.34 0.01 

C1282-p   DDACFDCITDEELSQIQEW 

para 0.24 0.37 0.40 0.34 0.05 

C1284-m   DDACFDIICDEELSQIQEW 

meta 0.15 0.20 0.18 0.18 0.01 

C1284-p   DDACFDIICDEELSQIQEW 

para 0.22 0.23 0.31 0.25 0.03 

hC1284-o   DDACFDIICDEELSQIQEW 

ortho 0.26 0.31 0.31 0.29 0.02 

hC1284-m   DDACFDIICDEELSQIQEW 

meta 0.23 0.19 0.22 0.21 0.01 

hC1284-p   DDACFDIICDEELSQIQEW 

para 0.22 0.18 0.25 0.22 0.02 

Optimized Combinations 

Comb1 
 RDDAV2DIITDEEαCQIQEW 0.02 0.02 0.02 0.02 

0.000

3 

Comb2  RDDAC2DIICDEEαSQIQEW 

meta 0.05 0.05 0.05 0.05 
0.000

7 

 

Table 3.7. Individual replicates for binding off-rates for FYCO1-derived peptides with 
LC3B protein. BLI and curve fitting were performed as described in Figure 3.2 and in 
Methods. Average Kd values and standard errors of the mean (Tables 3.1 and 3.2) were 
calculated from the individual curve fits of these three independent replicates.  2 denotes 

2-naphthylalanine, 1 denotes 1-naphthylalanine,  denotes 5,5-dimethylnorleucine,  

denotes tert-butylalanine, r denotes D-arginine, and C denotes homocysteine. Stapled 
peptides have their two cysteines or homocysteines bis-alkylated by an ortho-, meta- or 
para-dibromomethylbenzene, as indicated. All peptides have a C-terminal amide group 
and an N-terminal biotin separated from the peptide by two beta-alanine residues. ND 

denotes no binding affinity detected up to 20 M LC3B protein. 

 

Name Peptide Sequence 

Trial 
1 Kd  

(M) 

Trial 
2 Kd  

(M) 

Trial 
3 Kd  

(M) 

Avg 
Kd 

(M) 

Std 
Err 

(M) 

K1  DATYTWEHLAWP 0.36 0.42 0.39 0.39 0.02 

FYCO1   DDAVFDIITDEELCQIQEW 1.5 1.4 1.5 1.4 0.02 

Comb1  RDDAV2DIITDEEαCQIQEW 0.83 0.61 0.56 0.67 0.08 



89 
 

Comb2  RDDAC2DIICDEEαSQIQEW 

meta 1.3 1.4 1.3 1.4 0.03 

Table 3.8. Individual replicates for binding affinities for K1 and FYCO1-derived peptides 
with GABARAP protein. BLI and curve fitting were performed as described in Figure 3.2 
and in Methods. Average Kd values and standard errors of the mean (Table 3.3) were 
calculated from the individual curve fits of these three independent replicates.  2 denotes 

2-naphthylalanine,  denotes tert-butylalanine, and C denotes homocysteine. Stapled 

peptide Comb2 has its homocysteines bis-alkylated by a meta-dibromomethylbenzene. 
All peptides have a C-terminal amide group and an N-terminal biotin separated from the 
peptide by two beta-alanine residues.  

 

Name Peptide Sequence 
Trial 1 

Kon  

(1/Ms) 

Trial 2 
Kon  

(1/Ms) 

Trial 3 
Kon  

(1/Ms) 

Avg 
Kon 

(1/Ms) 

Std 
Err 

(1/Ms) 

K1  DATYTWEHLAWP 8.5E-05 6.7E-05 8.1E-05 7.7E-05 5.4E-06 

FYCO1   DDAVFDIITDEELCQIQEW 6.7E-05 7.1E-05 6.9E-05 6.9E-05 1.4E-06 

Comb1  RDDAV2DIITDEEαCQIQEW 4.0E-05 5.4E-05 6.2E-05 5.2E-05 6.5E-06 

Comb2  RDDAC2DIICDEEαSQIQEW 

meta 
7.4E-05 7.2E-05 7.8E-05 7.4E-05 1.7E-06 

 

Table 3.9. Individual replicates for binding on-rates for K1 and FYCO1-derived peptides 
with GABARAP protein. BLI and curve fitting were performed as described in Figure 3.2 
and in Methods. Average Kd values and standard errors of the mean (Table 3.3) were 
calculated from the individual curve fits of these three independent replicates.  2 denotes 

2-naphthylalanine,  denotes tert-butylalanine, and C denotes homocysteine. Stapled 

peptide Comb2 has its homocysteines bis-alkylated by a meta-dibromomethylbenzene. 
All peptides have a C-terminal amide group and an N-terminal biotin separated from the 
peptide by two beta-alanine residues.  

 

Name Peptide Sequence 
Trial 1 

Koff  

(s-1) 

Trial 
2 Koff  

(s-1) 

Trial 3 
Koff  

(s-1) 

Avg 
Koff  

(s-1) 

Std Err 
(s-1) 

K1  DATYTWEHLAWP 0.03 0.03 0.03 0.03 0.001 

FYCO1   DDAVFDIITDEELCQIQEW 0.10 0.10 0.10 0.10 0.002 

Comb1  RDDAV2DIITDEEαCQIQEW 0.03 0.03 0.04 0.03 0.001 

Comb2  RDDAC2DIICDEEαSQIQEW 

meta 0.10 0.10 0.10 0.10 0.001 

 

Table 3.10. Individual replicates for binding off-rates for K1 and FYCO1-derived peptides 
with GABARAP protein. BLI and curve fitting were performed as described in Figure 3.2 
and in Methods. Average Kd values and standard errors of the mean (Table 3.3) were 
calculated from the individual curve fits of these three independent replicates.  2 denotes 

2-naphthylalanine,  denotes tert-butylalanine, and C denotes homocysteine. Stapled 

peptide Comb2 has its homocysteines bis-alkylated by a meta-dibromomethylbenzene. 
All peptides have a C-terminal amide group and an N-terminal biotin separated from the 
peptide by two beta-alanine residues.  
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Figure 3.7. Representative HPLC analysis for selected peptides incubated in HeLa cell 
lysate. Peptides incubated at 37 °C for the time indicated.127,137 Areas under each 
peptide chromatogram peak were normalized to the zero hour timepoint area (Fig 3.3). 
Experiments were performed with a total of 4 biological replicates for each peptide.  

 

* All figures and tables in this chapter were based off of my own experimental results 

and analysis except for Fig 3.2a,b, Fig 3.4, and Fig 3.5. These experiments were 

performed in collaboration with Hawley Brown. Additional help with project design and 

BLI assay optimization was provided by Livia Shehaj, Jennifer Pace, and Yang Mei.   
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Chapter 4: Discussion, Significance, and Future Directions 

4.1. CPP-Conjugated pTyr Isosteres Targeting the STAT3 SH2 Domain 

4.1.1. CPP12 Cell Penetration Conclusions 

In the work described in chapter 2, we chose to use CPP12 for the delivery of pTyr 

isostere-containing STAT3 peptide inhibitors as CPP12 is one of the most cytosolically 

efficient CPPs reported in the literature to date and has already proven capable of 

delivering anionic cargo.74–76,130,131 We chose to assess cytosolic delivery in this work via 

the chloroalkane penetration assay (CAPA).126 In doing so, we could more quantitatively 

assess the cell penetration of our pTyr isostere-containing peptides, and benchmark 

them against other frequently used cell-penetrating peptide and small molecule controls. 

We determined by CAPA that CPP12-conjugated pTyr isostere-containing peptides had 

a CP50 of 720 nM. This is impressive degree of cytosolic penetration for a peptide, given 

our small molecule control (ct-W) exhibited a CP50 of 50 nM under these conditions. By 

comparison, Tat, a commonly used cell-penetrating peptide, exhibited a CP50 of 7.74 µM 

without any anionic cargo attached. Thus, the CPP12-conjugated peptide was delivered 

to the cytosol more than 10-fold more efficiently than Tat without cargo. Importantly, this 

cell penetration can be directly attributed to CPP12, as the pTyr-isostere control without 

CPP12 had a CP50 of just 18.9 µM (over 26-fold worse than with CPP12). This 

demonstrates that, while pTyr isosteres have intrinsically poor cell penetration, CPP12 is 

an effective method to deliver them to the cytosol.   

4.1.2. Affinities of pTyr Isosteres for the STAT3 SH2 Domain 

pTyr isosteres such as Pmp and F2Pmp are known to be tolerated differently by different 

SH2 domains.21–23 For STAT3, Dourlat and colleagues showed that incorporating Pmp 

into the same gp130-derived peptides that we used resulted in a 15-fold loss in inhibition 

compared to pTyr.157 In our direct binding fluorescence polarization assay, we observed 
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over a 100-fold loss in binding affinity with Pmp substitution. The differences seen here 

may be a result of the differences in techniques used, given we used a direct binding 

assay and Dourlat and colleagues used a competition assay of STAT3:DNA binding in 

nuclear lysates.  

When we substituted F2Pmp into the same gp130-derived peptide, we observed a 17- 

fold loss in binding affinity to STAT3 compared to pTyr. Unfortunately this loss in affinity 

proved too difficult a barrier to surmount for observing cell-based efficacy, despite 

evidence of impressive cell penetration. As such, no intracellular phenotypes were 

observed with peptide treatment, including inhibition of STAT3 transcriptional activity or 

STAT3-dependent cancer cell viability. Our work was the first to directly substitute 

F2Pmp into this gp130-derived peptide sequence, and demonstrated that the STAT3 

SH2 domain does not tolerate this substitution well. Mandal and colleagues have 

employed similar isosteres, utilizing a 4-phosphonodifluoromethylcinnamate in this 

peptide and several related peptidomimetics, with pivaloyloxymethyl protecting groups to 

improve penetration.28,32,129 These peptidomimetics were capable of inhibiting STAT3 

phosphorylation in cells at 100 nM concentrations, suggesting that similar SAR 

strategies, though arduous, may allow for more efficacious SH2 domain inhibitors 

originating from phosphopeptides.  

4.1.3. pTyr and pTyr Isostere Stability 

Our work studying the serum and cell lysate stability of select pTyr and pTyr-isostere 

containing peptides has also provided several important insights with regards to SH2 

domain inhibitors. First, our serum stability results demonstrate that even in 10% FBS in 

DMEM, considerable dephosphorylation occurs for phosphopeptides. This limits their 

efficacy, even in cell culture. Further, in cell lysates, phosphopeptides are even more 

rapidly dephosphorylated. Interestingly, upon dephosphorylation, there appear to be 
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numerous new proteolytic cleavage products formed that do not exist for F2Pmp 

substituted peptides, which cannot undergo dephosphorylation. This suggests that the 

pTyr residue can protect against proteolysis and so substitution with pTyr isosteres such 

as F2Pmp not only prevent phosphate hydrolysis, but also confer significant protection 

from proteolytic activity.  

We also observed that peptides with F2Pmp substitution still had a solitary cleavage 

product at the glutamine residue after 24 hours in cell lysate. Replacing this glutamine 

with an N-methylglutamine conferred complete resistance to proteolytic degradation over 

24 hours in cell lysate. This work highlights that while phosphopeptides are intrinsically 

vulnerable to degradation both in serum and in cells, a very limited number of 

substitutions can promote stability, thus improving upon the pharmacological properties 

of these biomolecules.     

4.1.4. Significance and Future Directions 

Though our explorations of STAT3 inhibitors did not result in peptides capable of 

inhibiting STAT3 transcriptional activity in cells, it did highlight multiple lessons that can 

shape future SH2 domain inhibitor development. This work suggests that more recently 

developed cell penetrating peptides, such as CPP12, can be highly efficient at delivering 

anionic peptides. Future work aimed at delivering anionic or polyanionic peptide 

inhibitors of SH2 domains and PTPs should certainly consider using CPP12 to deliver 

them to their cytosolic targets. Further, CPP12 itself proved to be completely stable in 

cell lysate over 24 hours. Our evidence suggests this to be a much more efficient 

delivery than could be achieved with Tat, and likely other linear CPPs.  

Additionally, this work has demonstrated that the F2Pmp substitution does not promote 

improved STAT3 binding, at least in the context of the gp130-derived peptide sequence. 

Our inhibitor had IC50 values in STAT3 competition FP assays that were similar to small 
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molecule STAT3 inhibitors which demonstrated intracellular phenotypes.37,38  However, 

despite effective cell penetration as assessed by CAPA, this CP50 of 720 nM is still an 

order of magnitude greater than our small molecule controls (50 nM), suggesting that 

this degree of affinity may be sufficient for small molecule inhibitors, but is insufficient for 

even a highly cell-penetrant peptide. We anticipate this strategy may work better for SH2 

domains or PTPs for which F2Pmp substitution improves affinity of a peptide substrate.  

For STAT3 SH2 domain inhibitors, higher throughput methodologies may still provide 

solutions to some of the hurdles mentioned above. For example, Lian and colleagues 

utilized a one-bead-one-compound (OBOC) peptide library incorporating F2Pmp for the 

discovery of a high affinity, selective bicyclic peptide inhibitor of PTP1B.73 Utilizing 

peptide libraries incorporating F2Pmp opens up the possibilities of identifying new 

peptide sequences capable of synergizing with the pTyr isostere, rather than trying to 

replace pTyr from available STAT3-targeted phosphopeptide sequences. This library 

approach could similarly be undertaken while incorporating a number of other pTyr 

isosteres, including carboxy phenylalanine, carboxymethyl phenylalanine, O-malonyl 

tyrosine, and fluoro-O-malonyl tyrosine. While these pTyr isosteres would have served 

as lower-affinity starting points in the rational design efforts described in chapter 2, they 

would be more likely to capture synergies with novel peptide sequences that would not 

have been predicted from simple structure-activity relationships.  

Importantly, use of combinatorial peptide library approaches would require extra caution 

for assessing not just affinity, but selectivity of these inhibitors, as STAT3 and the 

proapoptotic STAT1 share considerable sequence homology while having opposing 

effects on tumorigenesis. As such, negative screens could be employed to remove 

peptide sequences that bind to STAT1 protein, before proceeding to screens that select 

for STAT3 binders.  
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Taken together, there are still numerous ways in which pTyr isosteres like F2Pmp could 

be further employed to target the STAT3 SH2 domain, and other SH2 domains and 

PTPs. The medicinal chemistry of SH2 domain inhibitors has been ongoing for several 

decades and has faced numerous challenges. Lessons learned in this work should 

prove useful in the continued development of SH2 domain inhibitors for STAT3 and 

other disease-relevant proteins.  

4.2. LC3B-targeted LIR Motif Peptides  

4.2.1. Insights from SAR Studies  

In our work studying the FYCO1 LIR motif and its interactions with LC3B, we have 

uncovered structure-activity relationships that will inform LC3B inhibitor development. To 

begin, we further validated that FYCO1-derived LIR motif peptides are selective for 

LC3B over GABARAP, a finding shared by numerous other research groups through a 

variety of binding techniques.104,116–118 The preferential binding of LC3s over GABARAPs 

is a fairly unique feature of FYCO1, and positions FYCO1 LIR-derived peptides to be the 

most promising starting points for developing LC3B-selective inhibitor peptides. 

Additionally, this work showed that residues N-terminal to the core LIR motif are critical 

for LC3B binding, but the negatively charged side chains are not solely responsible for 

this affinity. This was supported by the observation that mutating both N-terminal 

aspartates to asparagines resulted in a 4-fold loss in LC3B binding affinity, while N-

terminal truncation completely abrogated binding. C-terminal truncation, on the other 

hand, did not completely disrupt binding, though it did lead to a 10-fold loss in affinity. 

When only Q1292 and E1293 were removed from the C-terminus, it had little impact. 

This work has also highlighted several additional negatively charged residues, including 

D1285 and E1293, have minimal contributions to binding and could be removed in future 

efforts to make more cell-penetrant peptides.  
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In focusing on the improvement of FYCO1-derived LIR motif peptides, we learned that 

not only can the HP1 hydrophobic pocket accommodate 1- and 2-naphthylalanine in 

place of natural aromatic side chains (W/F/Y), but there is in fact a preference for them. 

HP2 proved less tolerable to substitutions of phenylalanine and 2-naphthylalanine, 

suggesting residues larger than its typical binding partners (I/L/V) cannot be applied. 

Several additional substitutions improved affinity, such as incorporation of an N-terminal 

arginine (hypothesized to interact with nearby D46 on the LC3B surface) and mutating 

L1288 to a tert-butyl alanine.  

Additionally, an important but unexpected finding was that, while peptide stapling led to 

poorer binding affinities, one staple exhibited synergy with other favorable substitutions 

resulting in binding affinity similar to the parent FYCO1 peptide. This observation 

demonstrates just how much impact conformational constraint can have on peptide 

binding. This finding in particular suggests that more study into stapled LIR peptides, 

either through rational design approaches or through high throughput combinatorial 

approaches, could discover even more potent LC3B inhibitors.      

4.2.2. Selectivity and Stability of Optimized LC3B Inhibitors 

In the work described in chapter 3, we generated two optimized LC3B-targeting 

peptides, one linear and one stapled. The optimized stapled peptide (Comb2) had a 2-

fold improvement in lysate stability over 24 hours. Meanwhile, the artificial amino acid 

substitutions in the optimized linear peptide did not confer any protection against 

degradation. These data suggest that further optimization of the staple, for instance by 

stapling different positions of the peptides, may not only improve affinity but also 

stability.  

As discussed in section 1.2.3. there is considerable evidence to suggest that selectivity 

for LC3B over other ATG8 paralogs could provide efficacy as an anticancer agent.110–112 
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Thus, maintaining the selectivity of the FYCO1 LIR motif for LC3s over GABARAPs was 

an important feature for optimized LIR peptides. Both the linear and stapled optimized 

peptides maintained over 5-fold selectivity for LC3B over GABARAP when measured by 

BLI, comparable to the native FYCO1 LIR motif. Overall, this work has generated the 

most high-affinity LIR peptides that maintain selectivity for LC3s over GABARAPs. 

Recent evidence by Wirth and colleagues has suggested that C-terminal helices help to 

dictate selectivity of LIR motifs.115 As such, it is possible that broader mutational 

scanning of these C-terminal residues may offer substitutions that not only maintain, but 

improve LC3B selectivity.  

4.2.3. Significance and Future Directions 

Ultimately, this work has highlighted a number of important features for LIR 

peptide:LC3B binding. Future efforts to inhibit LC3B selectively with more cell-penetrant, 

stable peptide inhibitors can take multiple lessons from these efforts. This includes the 

removal of multiple negative charges with limited affinity contribution (D1276, D12777, 

D1285, and E1293) as well as shortening both the N- and C-termini by several residues 

for shorter peptides.  

Further, peptide affinity can be improved through the incorporation of 2-naphthylalanine 

to target the HP1 pocket. Binding affinity to HP1 could be further improved by testing a 

larger panel of F/Y/W derivatives, as only 1- and 2-naphthylalanine were tested in this 

work. Similarly, binding affinity to HP2 could be further improved with smaller artificial 

residues similar in size to native binding substrates (L/I/V).  

A much larger study of peptide stapling could be undertaken to produce even more 

stable, high-affinity LC3B peptides. This work tested stapling at a few select positions, 

and yet still was able to identify a staple that synergized with other favorable 

substitutions and improved stability 2-fold. There remains considerable potential in 
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continuing diversity-oriented stapling efforts of LIR motif peptides. Further testing of 

peptides that are stapled in different positions, especially in the context of other 

favorable mutations, may maximize affinity and synergistic effects for selective LIR 

peptides. For a more thorough sampling of possible sequences and staples, a one-bead-

one-compound peptide library may prove useful. This approach could allow for a more 

complete picture of where to staple LIR peptides, while also trying out multiple 

combinations of canonical and artificial residues at various positions.  

We anticipate that, despite the optimization of affinity and stability, these LIR peptides 

may still exhibit poor cell penetration. This would make them unsuitable for cancer 

studies. As such, a next step could be to conjugate CPPs such as CPP12 to the 

optimized LIR peptides to better deliver them to the cytosol. As our work has already 

demonstrated the ability of CPP12 to deliver anionic peptides (chapter 2), this should 

provide a reasonable strategy for overcoming issues of cell penetration. Further, we 

could employ CAPA to more quantitatively characterize the cell penetration of our 

CPP12-LIR conjugates. Generating many analogs of CPP12-LIR conjugates, for 

instance incorporating and excluding different negatively charged residues, could give 

an even more detailed picture of the tradeoffs in affinity and permeability for individual 

glutamate and aspartate residues.  

Ultimately, the most cell-penetrant, high-affinity peptides should be tested in cell-based 

assays to assess autophagy inhibition. This could include looking at typical markers of 

autophagy modulation such as LC3-I/LC3-II levels and p62 levels by immunoblotting, or 

quantifying the number of autophagosomes with a GFP-LC3 cell line.132,158 If these 

peptides inhibited autophagy in cell culture, this would validate their use in additional 

studies looking at autophagy inhibition in cancer. For example, they could be used in 

combination studies with and without chemotherapies in cancer cell lines like 
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glioblastoma, hepatocellular carcinoma, and others that have already shown benefit from 

autophagy inhibition.87–91 Ultimately, there is a great deal more to be done with LIR motif 

peptides derived from FYCO1 as well as peptides derived from other LIRs for the 

development of more useful autophagy inhibitors. As an initial exploration of FYCO1-

LC3B structure-activity relationships, this work has important insights to help in effort, 

which will ultimately benefit research into autophagy and cancer.   
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