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ABSTRACT  
 

 

Post-translational modifications (PTMs) allow versatility to the biological functions of 

highly conserved proteins. Recently, modifications to non-histone proteins such as 

methylation, acetylation, phosphorylation, glycosylation, ubiquitination, and many more 

have been linked to the regulation of pivotal pathways related to cellular response and 

stability.  Due to the broad spectrum of pathways PTMs are associated with, their 

dysregulation is often linked to oncogenesis and various autoimmune diseases. Proteins 

involved in the incorporation (writers), removal (erasers) and recognition (readers) of 

PTMs, and substrate proteins, are regarded as important biomarkers and potential 

therapeutic targets as a result of their role in detrimental pathways.  Current methodologies 

to monitor PTM substrates rely on alkyne/azide-based chemical proteomics, which are 

inefficient due to their bulky nature.  This steric hindrance has been shown to limit the 

metabolic incorporation of alkyne/azide tags via PTM writers on to substrate proteins and 

has limited the use of these chemical reporters to enzymes containing large active sites. 

One portion of this dissertation will focus on the development of a steric-free biorthogonal 

chemical tagging platform utilizing a fluorine-thiol displacement reaction. Fluorinated 

PTM cofactors/precursors are steric free and could be easily recognized and metabolized 

by PTM enzymes. Reaction development identified thiophenols as a capable nucleophile 

for the displacement reaction to convert fluorine to other useful functionalities, allowing 

for the labeling and enrichment of multiple acetylation substrates in cell lysates. 
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Another goal of this dissertation was the synthesis of novel stapled peptide therapeutics 

with this fluorine-thiol displacement reaction (FTDR) platform. A library of unprotected 

peptides was cyclized with this methodology and were found to promote sufficient levels 

of alpha helical stability. Biological evaluation of FTDR-based stapled peptides showed 

that this methodology produced compounds with enhanced stabilities, which significant 

improvement over ring-closing metathesis-based peptides in regard to solubility and cell 

permeability.  

The final goal of this dissertation focuses on the synthesis of a novel PET imaging probe.  

Immuno-PET imaging is a growing field in cancer prognosis and therapy, yet current 

probes utilize full-length IgGs and random conjugation methods, that lead to conjugates 

with random stabilities and activities. In conjunction with biologists in our lab, a 64Cu 

chelating 1,4,7-triazacyclononane-triacetic acid (NOTA) linker was conjugated with 

(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl N-succinimidyl carbonate (BCN) and was 

site-specifically conjugated to Fab fragments via cli. The smaller unnatural amino acid 

containing Fab fragments, specifically mutated with p-azidophenylalanine (pAzF), allowed 

for site-specific conjugation via strain-promoted cycloaddition, producing antibody 

conjugates with improved pharmacokinetic profiles. 
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CHAPTER 1. INTRODUCTION 
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Background and Significance of Post Translational Modifications 

Despite the homogeneity associated with many proteins, diversity in gene expression and 

the biological pathways in which these proteins partake in varies from cell to cell. These 

varied functionalities are largely attributed to the posttranslational modifications (PTMs) 

of these proteins.1, 2 Post-translational modifications consist of the addition of a wide 

variety of chemical moieties to both histone and non-histone protein substrates and have 

significant impact on a multitude of downstream signaling pathways.3 PTMs are added to 

substrates by specific enzymes (“writer”) and then recognized by another family of proteins 

(“reader”), that often initiate a cascade of downstream signaling. Most PTMs can also be 

removed by enzymes called “erasers” at the end of PTM-induced signaling.4 These 

regulating proteins are considered PTM modulators, and work in tandem in a reversible 

manner to tune and modulate various cellular processes associated in cellular homeostasis 

(Fig. 1.1). To date, more than 200 types of PTMs have been identified, with the most 

common including acetylation, malonylation, palmitoylation, glycosylation, etc.5 While 

the identity of these modifications have been elucidated, the role of many site-specific 

modifications remains unclear.  

The most prominent example of the effect PTMs have on cellular processes is acetylation’s 

role in tuning histone gene transcription. Histones in their natural state are tightly wound 

bundles due to the intrinsic electrostatic interactions between the positively charged lysine 

residues and the negatively charged phosphate backbone of DNA. To promote gene 

transcription, acetyl moieties are enzymatically appended to lysine residues via lysine 

acetyltransferases (KAT), which are acetylation “writers”. This capping of the positively  
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Figure 1.1 General scheme of the reversible addition and removal of post-translational 

modifications (PTMs) via PTM writers and PTM erasers, respectively. Structures of 

commonly known PTMs, representing the “R” group are shown in red.  
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charged lysine leads to the relaxation of chromatin, thus allowing for transcription to occur 

(Fig. 1.2). As seen in a multitude of PTM dependent pathways, chromatin related histone 

acetylation is in equilibrium with deacetylation, which is catalyzed by lysine deacetylases 

(KDAC) or acetylation “erasers”, to remove the acetyl capping on lysine and return the 

chromatin to its wound state.6 This equilibrium between PTM writers and erasers allots the 

flexible tuning of many processes, yet as a result of this delicate balance, the dysregulation 

of PTM related enzymes have been found to be pivotal to the pathogenesis of many 

diseases, such as tumorigenesis, inflammation, autoimmune disorders, neurodegeneration, 

and virus infection, etc.7, 8 

Dysregulation of Post Translational Modifications and Disease  

Due to the significant impact PTMs have on vital downstream signaling pathways, 

dysregulated PTM equilibriums have been found to be reliable biomarkers for disease. As 

a result, the analysis of PTM writers, erasers, readers and the substrates themselves have 

garnered significant interest. Early research thrusts focused on the signaling pathways 

modified histone proteins were involved in, yet further advances in the field of proteomics 

have also shown the significant roles non-histone protein modification have on homeostasis 

and disease.9, 10 discovery of these histone and non-histone PTM substrates roles in disease, 

have made them significant options as therapeutic targets.  

For example, an important substrate of lysine methylation writers is mitogen-activated 

protein-3 kinase-2 (MAP3K2), which activates ERK5, JNK, MEK5, and many other 

proteins in response to certain growth factors.11 MAP3K2 mediates Ras-ERK, a complex 

pathway that promotes cell proliferation, and abnormalities in this pathway are present in 



5 

 

 

 

 

 

 

Figure 1.2 General scheme for enzymatic lysine acetylation and its role in mediating 

general gene transcription via histone acetylation/deacetylation.   
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approximately 50% of cancer cases.12 Mazur et al. demonstrated that the methylation of 

lysine 260 on MAP3K2 by methyltransferase SMYD3 upregulated the Ras pathway, 

leading to increased cell proliferation and pancreatic tumorigenesis.12, 13 This methylation 

did not directly alter the activity of MAP3K2 but instead obstructed its recognition by a 

protein phosphatase PP2A that can dephosphorylate, deactivate MAP3K2 and thereby 

antagonize the Ras pathway. Thus, the methylation by upregulated SMYD led to the 

hyperactivation of MAP3K2 and as a result intensified Ras signaling.12-14 A follow-up 

SMYD3 knockdown in mice successfully inhibited pancreatic tumorigenesis. 

Another example of the role PTMs have in disease is the phosphorylation of Oligo2. 

Oligo2, a transcription factor in the central nervous system, has been linked to the invasive 

migration of glioblastoma. Akin to the α-tubulin-dependent invasion of breast cancer, 

hyperphosphorylation of serine at the N-terminus of Oligo2 is responsible for the 

progression of glioma to invasive glioblastoma. Phosphorylation-activated Oligo2 

increased the Oligo2-induced expression of ZEB1 and promoted the TGF-β2 signaling 

pathway that accounts for cancer invasiveness.15 As opposed to Oligo2, phosphorylation 

on retinoblastoma protein (pRb) suppressed its activity.16 pRb acts as a negative regulator 

of cell growth by blocking S-phase progression and shifting cell cycle from G1 to S phase.17 

Thus, pRb functions as a tumor suppressor protein in cancer cells, and its inactivity has 

been linked to tumor malignancies. Cyclin-dependent kinase (CDK) phosphorylated pRb 

at more than 13 sites, which altered its structural conformation, thereby inhibiting pRb’s 

activity.18 
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Labeling and Analysis of Post Translational Modification Substrates 

As a result of the disease-related implications regarding PTM dysregulation, methods 

towards labeling and analyzing PTM substrates and proteins related to their installation, 

removal and reading has been a field at the forefront of chemical biology.19, 20 Developing 

means towards the systematic dissection of the PTM equilibrium and substrates allows for 

further clarity on their roles in vital downstream signaling pathways and uncovers possible 

therapeutic targets for cancer and autoimmune diseases. While interrogating and analyzing 

PTM erasers is a field that is lacking, PTM substrate analysis consists of multitude antibody 

detection techniques, and the utilization of chemical reporters; all of which will be 

expanded upon below.  

The most common method for PTM substrate identification is the use of antibody detection 

techniques.21, 22 Antibody-based Western blot analysis has been critical in identifying a 

select number of PTMs, such as tyrosine phosphorylation.23 PTM substrate enrichment via 

specific and pan-antibodies, which are selective for a desired modification, coupled with 

wester-blot analysis and mass spectrometry has allotted for the global profiling of PTMs. 

While effective, issues with selectivity and sensitivity do arise due to the small size of 

PTMs.24 For example, pan-antibodies tend to have poor sensitivity due to the size of most 

PTMs, specifically methylation and acetylation.5  The ability to produce antibodies with 

high affinity for proteins with minor modifications or for modifications with poor 

antigenicity has limited the efficiency of antibody-based Western blot analysis, thus calling 

for the use of non-antibody methods of detection. Other issues consist of the need for 

tedious antibody construction when identifying a certain protein modification. To 
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circumvent these limitations, the development of chemical reporters has emerged as a 

solution for PTM substrate enrichment.25  

 A multitude of chemical methods for enriching PTM substrates have been 

developed, including the use of in vitro chemical reactions and metabolically labeling cells 

with chemical reporters. For example, work conducted by Oda et. al. enriches 

phospoproteins by taking advantage of the innate reactivity of phosphate moieties.26 Cell 

lysates with phosphate containing proteins were treated under basic conditions (pH = 12) 

to promote β-elimination of the phosphate moiety, thus making a reactive α,β-unsaturated 

dehydroalanyl group. Ideally, reacting this Michael receptor with a biotin/dye containing a 

nucleophile would occur, yet harsh alkaline conditions needed for this elimination to occur 

leads to protein degradation and unwanted side reactivity with native cysteines. To address 

this, performic acid oxidation was used to reduce disulfide bonds and “protect” the cysteine 

resides, thus allowing for the conjugation with biotin to occur. This method was capable 

of enriching only phosphoproteins in the presence of unphosphorylated proteins and 

allowed for in-gel analysis and mass spectrometry. Yet, as mentioned, the use of harsh 

conditions in the elimination and oxidation step is preferred to be omitted due to the 

denaturation of target samples, sample loss, and its lack of applicability to live cell studies, 

thus calling for the use of chemical reporters.  

 To use chemical reactivity towards the enrichment of PTM substrates in vivo, a 

variety of chemical reporters have been developed that utilize metabolic labeling.27 

Chemical reporters mimicking the desired post translational modifications are introduced 

by hijacking the native PTM installation process. For example, Yang et.al. synthesized 
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alkyne derivatized acetyl-CoA compounds to be transferred onto histone proteins by a 

lysine acetyltransferase (KAT), specifically a full-length p300-KAT in this case.28 Upon 

metabolic incorporation of the alkyne chemical reporters, Cu(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC) ligation introduces fluorescents or biotin probes for detection and 

identification. Similar methods are used by Bos et.al. in the interrogation of crotonylation 

with phosphine-based probes.29 Crotonylation, a PTM mainly associated with histone 

proteins, is vital to “reader” communication via hydrophobic interactions and is installed 

and removed by crotonyltransferases and decrotonylases respectively.30 Due to the innate 

reactivity of crotonate, as an α,β-unstaturated moiety, this work aimed to find a bio-

orthogonal probe which was reactive with the native crotonate PTM. As opposed to 

metabolically incorporating a derivatized probe, a water-soluble TCEP-based phosphine 

probe, which could be derivatized with biotin, was developed and underwent conjugate 

addition for subsequent live cell proteomic analysis (Fig. 1.3). 

 

 

Figure 1.3 General scheme for the TCEP-based probes reaction with crotonylated 

proteins. The red ball represents a biotin or fluorescent dye.   
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 Chemical reporters such as these have become vital to the field of PTM proteomics as a 

result of their bio-orthogonality to the native proteome, mild conditions and high 

efficiency.  

Summary of the Dissertations Goals 

 The goal of this dissertation is to develop a novel bio-orthogonal reaction platform 

based upon a fluorine-thiol displacement reaction (FTDR), to probe and analyze post-

translational modifications in live cells. Despite the benefits of current chemical reporters, 

the bulky nature of PTM derivatives limit the scope of metabolic incorporation due to steric 

hinderance in the “writer” enzyme pocket. Therefore, for PTMs that do not naturally 

possess a reactive moiety for direct labeling, chemical labeling remains difficult. 

Therefore, this dissertation aims to solve this issue with the use of fluorine as a chemical 

reporter. In chapter 2, I describe the reaction methodology for the bio-orthogonal FTDR 

reaction. Screening of nucleophiles against a fluoroacetamide acetyl lysine derivative was 

conducted along with kinetic studies of the optimized probe. Subsequent labeling studies 

were used to demonstrate its usefulness in biotin pulldown assays and cellular imaging. In 

chapter 3, I review the application of this FTDR platform in the synthesis of novel stapled 

peptides that own enhanced biological activities to those synthesized via established 

methods. Reaction conditions were screened to form a multitude of novel stapled peptides, 

which were subjected to circular dichroism, ELISA assays and cell penetrance studies. In 

chapter 4, the dissertation will pivot away from this fluorine-thiol reaction platform and 
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will discuss the synthesis of a PET imaging probe with novel unnatural amino acid Fab 

conjugates.  
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Abstract 

While effective, post translation modification (PTM) substrate enrichment with antibody-

based western blot analysis has limitations in sensitivity, substrate specificity and the 

price/time needed for antibody construction. As a result, substrate enrichment via chemical 

reporters that utilize bio-orthogonal chemical reactions has entered the forefront of PTM 

proteomics. Standard methods utilize azide-alkyne cycloaddition, Staudinger ligation, and 

tetrazine cycloaddition for chemical labeling, yet issues arise due to the bulky nature of the 

moieties needed for these reactions. For example, the large size of the alkyne acetyl-lysine 

mimetics used in the metabolic labeling of acetylation substrates limits its labeling 

efficiency due to the steric hinderance present in the enzyme pockets of most 

acetyltransferases. To address this, the development of a novel steric-free fluorine-thiol 

bio-orthogonal reaction platform that was used in tandem with the metabolic incorporation 

of fluoroacetamide acetyl-lysine mimetics is reported. The small bond length of the carbon-

fluorine bond and fluorine’s minimal steric hinderance in comparison to alkynes and azides 

allows for the efficient metabolic installation of the fluoroacetamide moiety into the 

proteome. Once installed, the fluorine-thiol displacement reaction (FTDR) can 

successfully derivatize this chemical reporter with biotin and fluorescent dyes. With this 

methodology, we were able to metabolically label, enrich and analyze a multitude of acetyl 

lysine substrates in a steric-free manner with FTDR.   
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Introduction 

Due to the role PTM dysregulation plays in the onset of diseases, such as cancer and 

autoimmune disorders, a premium has been placed on the development of methods to 

enrich and identify PTM related substrates and enzymes involved in these processes. For 

example, lysine acetylation, the enzymatic addition of acetyl functionalities to lysine 

residues, has been identified on histone and non-histone substrates as a biomarker for the 

onset and progression of cancer (Fig. 2.1 A).1  Studies have shown that the loss of p300, a 

lysine acetyltransferase, strongly correlates with the poor prognosis and aggressive nature 

of hepatocellular carcinoma, breast cancer, cutaneous squamous cell carcinoma, and 

nasopharyngeal.2 Additionally, the overexpression of acetyltransferase GCN5 has been 

found to be relevant towards the tumor size of NSCLC tissues and the proliferation of 

human glioma.3, 4 Despite the identification of certain modifications and their roles in the 

onset of disease, much is unknown regarding PTM substrates and the subsequent pathways 

that occur upon PTM installation/removal. As a result, improved enrichment methods are 

needed to elucidate the exact sites and proteins these PTMs can be found along with their 

specific impact on the onset or development of disease.  

As stated, current methods rely on the metabolic incorporation of alkyne-based acetyl 

derivatives along with copper-catalyzed alkyne-azide cycloaddition to enrich lysine 

acetylation substrates (Fig. 2.1 B).5, 6 Unfortunately, alkyne/azide-based tags are much too 

bulky in both length and size for the efficient labeling of PTM substrates (Fig. 2.1 C). The 

steric hindrance associated with these functionalities disrupts the precursor/cofactor’s 

consumption by enzymes and recognition by transferases, thus limiting the utility of  
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Figure 2.1 A) General scheme of enzymatic lysine acetylation. B) Model click chemistry 

(CuACC) labeling utilizing alkyne-based acetylation reporters. C) Reaction scheme of 

metabolic labeling of acetyl lysine substrates with an alkyne chemical reporter.  
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alkyne/azide probes in the identification of disease-related protein substrates, “writers” and 

“readers” of PTMs. Alternative methods, such as “bump-hole” engineering, is efficient and 

capable of enriching a target substrate, yet is limited by the fact that only one specific 

enzyme can be monitored at a time.7, 8 This route follows similar use of bulky probes to be 

metabolically incorporated onto substrates, yet mutant lysine acetyltransferases, which 

have been modulated at the enzyme binding pocket, capable of accommodating large 

probes to improve the metabolic labeling efficiency are used.   Difficulties in the synthesis 

of mutant and orthogonal PTM writer enzymes, stability, structure, and selectivity are also 

prominent, which makes the use of “bump-hole” engineering impossible to use for 

wholescale analysis of PTMs in the proteome.9 To combat this, a steric-free fluorine-thiol 

reaction platform which will circumvent the issues associated with cycloaddition-based 

probes is used. 

This starts with the hypothesis that fluorine could be used as the main component of a 

general reporter for labeling. Fluorine is the smallest possible functional handle available, 

and the length of the carbon-fluorine bond (1.35 Å) is comparable to that of the carbon-

hydrogen bond (1.11 Å). It was, therefore, hypothesized that fluorinated PTM derivatives 

would be efficiently consumed by PTM writers due to a lack of steric hinderance which is 

typically seen with alkyne probes.10 Fluorinated probes have been used for a variety of 

biological applications, such as PET imaging, 19F isotope labeling studies and the 

optimization of small molecule therapeutics, and have been noted to be a stable functional 

handle that minimally perturbs protein binding, structure and function.10-13  
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With a theorized PTM reporter utilizing a fluorine functional handle capable of being 

appended to substrates, as opposed to alkynes, ways to displace fluorine are needed to 

introduce tags such as biotin or fluorescent dyes.  While the carbon-fluorine bond is 

extremely stable and difficult to break, with a bond dissociation energy of up to 544 kJ/mol, 

previous works that consisted of the incorporation of an alpha-fluorinated acetophenone 

moiety into proteins show that a reaction between the fluoroacetyl functionality and 

cysteines in close distance can occur.11 This chapter discusses the screening of a multitude 

of thiol compounds to find a suitable nucleophile capable of displacing fluorine in a bio-

orthogonal fashion. Once identified, metabolic incorporation of fluorine-containing PTM 

derivatives onto PTM substrates, followed by labeling was accomplished to further confirm 

the utility of a fluorine-thiol based reaction platform in PTM analysis. 

Results 

Reaction Methodology 

Model metabolic labeling. Prior to reaction development, confirmation as to whether a 

fluorinated acetyl-CoA derivative could be successfully consumed by acetyltransferases 

was required. In collaboration with labmates, an in vitro study was conducted in which the 

fluorinated acetyl-CoA (1) was incubated with separate acetyltransferases in GCN5, 

MYST2, or TIP60, and each of their respective peptide substrates; H3 peptide for GCN5, 

H4 peptide for MYST2, and H4 peptide for TIP60. After incubation and attempted 

metabolic labeling, mass spectrometry was used to confirm the successful consumption of 

the fluorinated acetyl-CoA, thus enabling the use of fluorine as a chemical reporter for 

PTM analysis (Fig. 2.2).  
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The in vitro metabolic labeling efficiency of a series of Ac-CoA analogues were then 

compared to see if the minimal steric hinderance afforded using fluorine significantly 

enhanced the labeling rate compared to analogues containing bulky alkynes. Ac-CoA 

analogues with fluorine (F-Ac-CoA) (1), alkyne (4-pentynoyl (4PY)-CoA) (2) and the 

native acetyl-CoA were tested in a similar fashion with acetyltransferases GCN5, MYST2, 

or TIP60, and their respective substrates. Incubation and subsequent mass spectrometry 

analysis revealed that the native Ac-CoA and the fluorinated derivative F-Ac-CoA were 

successfully incorporated onto each histone peptide substrate by the acetyltransferases, 

while the alkyne derivative (4PY)-CoA (2) failed to be incorporated, presumably due to 

the alkyne’s bulky nature (Fig. 2.2).  

Fluorine-thiol displacement reaction development. Upon confirmation that metabolic 

labeling of the fluorine chemical reporter occurs efficiently, I conducted a screening of a 

multitude of nucleophiles using varying conditions in attempts to discover a nucleophile 

capable of displacing the fluorine of the fluoroacetamide moiety in a bio-orthogonal 

fashion. First, I synthesized a small molecule model compound (3) capable of mimicking 

the fluoroacetamide acetyl lysine derivative to act as a representative electrophile. 2-

Fluoro-N-phenethylacetamide (3), made via HATU coupling between phenethylamine and 

sodium fluoroacetate, contains both a fluoroacetamide moiety to act as a model of the 

fluoro acetyl-lysine functionality and a phenyl ring to act as a UV handle for high 

performance liquid chromatography analysis and kinetic studies. With this model substrate 

in hand, I began reaction screening against a set of nucleophiles to probe the reactivity and 

bio-orthogonality of fluoroacetamide (Fig. 2.3). Screening against 3 began with naturally 
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occurring nucleophilic amino acids such as glutathione, cysteine, serine and lysine at pH = 

6, 6.5, 7, 7.5, 8 and 8.5 to first confirm the bio-orthogonality and stability of 

fluoroacetamide as a chemical reporter. As hypothesized, due to the innate stability of the 

carbon-fluorine bond, no reaction occurred between 3 and naturally occurring amino acids, 

which was encouraging with regard to the prospective bio-orthogonality of this fluorine 

chemical reporter. Next, I screened a multitude of nucleophiles are not part of the natural  

 

 

 

 

 

Figure 2.2 Summary of the acetyltransferase screening results with Ac-CoA, 4-pentynoyl 

(4PY)-CoA, and F-Ac-CoA analogues.   
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proteome such as propylhydrazine, N-propylhydroxylamine, propanethiol and a few 

bifunctional linkers such as 2-hydrazineylethane-1-thiol (Fig. 2.3). Each reaction was run 

at 37 °C for 24 h, with 25 mM of (3), 50 mM of the respective nucleophile, and 100 mM 

TCEP as a reducing agent in a 50 mM TRIS buffer and DMF mixture at varying pHs. Mass 

spectrometry analysis of each reaction mixture upon completion indicated that none of 

these nucleophiles were capable of displacing fluorine. Preliminary studies conducted by 

my labmate eventually determined that thiophenol (4) could displace the fluorine of 2-

Fluoro-N-phenethylacetamide (3) (Fig. 2.3). 

 

 

 

 

Figure 2.3. General reaction scheme for the model fluorine thiol displacement reaction 

screening. Below is the panel of nucleophiles tested for their reactivity against compound 

3.   
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Thiophenol screening and kinetic studies. With the initial nucleophile thiophenol (4) 

identified, further investigation of this fluorine-thiol displacement reaction (FTDR) was 

conducted to optimize the reaction, as well as study its efficiency and kinetics.  To identify 

the optimal reaction conditions, thiophenol (4) was reacted with (3) and the pH was titrated 

(Fig. 2.4). As expected, an increase in pH had a direct correlation with the reaction yield, 

presumably due to the increased presence of deprotonated thiophenol. The optimal pH for 

this reaction was found to be pH = 8.5, which is suitable for biological studies, which is 

supportive of the bio-orthogonality of the FTDR. 

Further optimization of the thiophenol probe was conducted to improve the labeling 

efficiency. This was done by manipulating the electronic effects of benzenethiol by varying 

the substitution patterns on the phenyl ring. A panel of thiophenol derivatives with different 

functionalities at varying sites were tested for their reaction efficiency against (3) at the 

optimized pH of 8.5 with 2 equivalents of TCEP in a TRIS buffer and DMF mixture (Fig. 

2.5 A). Methoxy substituted thiophenols were theorized to be most effective as a result of 

their electron donating nature producing a more electron rich,nucleophilic probe, and 

reaction yields proved this hypothesis. Thiophenol derivative (13) was found to be the most 

reactive with an 81% reaction conversion. Follow up kinetic studies further confirmed the 

utility of  (13), showing second order kinetics with a rate constant of (1.03 ± 0.06) x 10-3 

M-1 S-1 , which is similar to reaction rates of standard bio-orthogonal reactions such as the 

Staudinger ligation (Fig. 2.5 B).  Prior to biological studies, the bio-orthogonality and 

stability of (3) was evaluated with screening against cysteine (Fig. 2.6) and glutathione 

(Fig. 2.7), two naturally occurring nucleophiles in the proteome.  NMR analysis of the  
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Figure 2.4 A.) LC-MS trace of the pH screening for the model fluorine-thiol 

displacement of 3 with thiophenol. pH = 6.5, 7.5 and 8.6 were tested. B.) Plot of the 

conversion percentage at each pH. 
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A. 

 

B. 

 

Figure 2.5 Kinetic profiling of the model fluorine-thiol displacement reaction. A.) Panel 

of the thiophenol derivatives screened against 3 in the optimized FTDR conditions. B.) 

Plot for the conversion percentage for each thiophenol derivative.   
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Figure 2.6 NMR analysis of the stability of compound 3 in buffer and in the presence of 

intrinsic nucleophile cysteine. A) 1H-NMR spectra of 3 (25 mM in a 1:1 mix of 

deuterated sodium phosphate buffer and MeOD, pH 8.5). B) 1H-NMR spectra of 

glutathione (25 mM in a 1:1 mix of deuterated sodium phosphate buffer and MeOD, pH 

8.5).  C) 1H-NMR spectra of the reaction mixture containing 3 (25 mM) and glutathione 

(25 mM) in a 1:1 mixed deuterated sodium phosphate buffer and MeOD, pH 8.5. The 

reaction mixture was incubated for 24 h at 37 oC under the nitrogen atmosphere.        
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Figure 2.7 NMR analysis of the stability of compound 3 in buffer and in the presence of 

intrinsic nucleophile glutathione. A) 1H-NMR spectra of 3 (25 mM in a 1:1 mix of 

deuterated sodium phosphate buffer and MeOD at pH = 8.5). B) 1H-NMR spectra of 

glutathione (25 mM in a 1:1 mix of deuterated sodium phosphate buffer and MeOD, pH 

8.5).  C) 1H-NMR spectra of the reaction mixture containing 3 (25 mM) and glutathione 

(25 mM) in a 1:1 mixed deuterated sodium phosphate buffer and MeOD, pH 8.5. The 

reaction mixture was incubated for 24 h at 37 oC. 
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reaction mixture after 24 h of incubation confirmed the stability and lack of reactive model 

fluoroacetamide (3) has towards these nucleophiles, which supports the hypothetical utility 

of fluorine as a stable and selective chemical reporter.   

Now that an optimized probe for FTDR was identified, I set out to synthesize water-soluble 

biotin and fluorescent derivatives of (13) for follow-up biological applications (Fig. 2.8). 

First, Boc-L-glutamic acid 1-benzyl ester, which served as a base for the water-solubilizing 

spacer between (21) and the biotin/dye was methylated at the side-chain carboxylic acid 

with methyl iodide. Boc-protection of (15) was conducted to prevent side reactions with 

further intermediates, followed by DIBAL reduction of the side-chain methyl ester to 

produce (17). To give a reactive intermediate capable of being coupled with the thiophenol 

derivative, an Appel reaction was employed to convert the alcohol sidechain of (17) to the 

reactive iodo-species (18). Finally, (18) was reacted with the cyano-capped thiophenol (19) 

to afford the thiophenol segment of the probe, which was used as a general coupling 

building block for the synthesis of either cleavable biotin probe (27) or a rhodamine dye 

probe (28). Once synthesized and purified via HPLC, (27) and (28) were used to evaluate 

the entire in vitro process of metabolic labeling and derivatization via FTDR.  

Synthesis and evaluation of model fluorinated PTM mimetics. Once the optimized 

thiophenol probe was identified, I began to investigate the general applicability of FTDR 

towards other PTMs. This work began with the synthesis of fluorinated derivatives of 

propionylation,  malonylation, succinylation, myristoylation and palmitoylation reagents 

(Fig.2.9) to act as model substrates towards thiophenol (14). Nα-Acetyl-L-lysine was c-

terminal methylated with acetyl chloride and methanol to afford (30), which served as a  
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Figure 2.8 General scheme for the synthesis of cleavable biotin probe 27. 
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Figure 2.9 Structures of each fluorinated PTM model substrate synthesized. 

 

 

base coupling reagent with each fluorinated PTM derivative. Upon coupling (30) with each 

fluorinated PTM and high-performance liquid chromatography, each model substrate was 

reacted with (14) at the optimized conditions discovered previously. Myristoylation, a fatty 

acid PTM that has a significant impact on cell membrane protein-protein interaction, 

predominantly occurs on N-terminal glycine, thus leading to the coupling of (38) with 

glycine as opposed to (30).14 Surprisingly, no reaction was found for propionylation (31), 

malonylation (32), succinylation (35), myristoylation (38) or palmitoylation (39). This was 

possible due to each possessing the fluorine leaving group on a secondary carbon as 

opposed to the primary halogen containing fluoroacetamide. This decrease in susceptibility 
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towards reacting in an Sn2 fashion with (14) showed an inability to monitor and label each 

of these fluorinated PTM models with FTDR. As a result, further studies were solely 

conducted with acetylation as the PTM of interest.  

Biological Applications (In collaboration with labmates Zhigang Lyu and Yue Zhao) 

Acetylation substrate labeling with synthesized thiophenol derivatives. To confirm the 

applicability of FTDR towards histone PTM substrates in an in vitro setting (Fig. 2.10A), 

Histone H3.1 (Fig. 2.10B) was treated with F-Ac-CoA, and its respective KAT to promote 

metabolic labeling of lysine with the fluoroacetamide reporter.  Upon labeling, which was 

confirmed with ESI-MS, the synthesized cleavable biotin probe (27) was reacted with each 

peptide and treated to in-gel analysis at varying time points. In-gel fluorescence of the 

biotin tag indicated that treatment of the fluoroacetamide substrate with (27) for 1 h, with 

saturation occurring at 3 h, resulted in successful labeling via FTDR. Coomassie brilliant 

blue (CBB) staining confirmed efficient FTDR labeling with a shift in the molecular weight 

occurring due to the incorporation of the large biotin probe. Negative controls were also 

conducted side by side, with one missing the fluorine reporter and one utilizing alkyne-

based click chemistry (CuAAC). Both showed little to no signal in biotin fluorescence and 

no shift in molecular weight was noted upon CBB staining, thus demonstrating the 

selectivity and bio-orthogonality of this FTDR labeling platform.   

As discussed above, non-histone proteins are a major substrate for PTMs, and recent 

studies have identified their roles in homeostasis and disease. To enhance the substrate 

scope, enhancer of zeste homolog 2 (EZH2), an acetylation substrate related to the 

migration of lung cancer cells, was constructed and expressed by Yue Zhao to evaluate the  
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Figure 2.10 Acetylation substrate enrichment and imaging via FTDR labeling with 

Biotin-SH probe.  A.) General reaction scheme of FTDR-based substrate labeling. B.) 

Labeling of histone protein H3.1. C.) Labeling of nonhistone substrate EZH2 (1-500); 

Both (B) and (C) are monitored in-gel with CBB staining and IR dye imaging (panels the 

red bands and black background). “C” is the positive control for CuAAC. All of which, 

was prepared by Zhigang Lyu and Yue Zhao.  
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robust nature of our labeling platform (Fig. 2.10C). Once synthesized, the truncated version 

of EZH2 was subjected to metabolic labeling with F-Ac-CoA and PCAF, and subsequent 

conjugation with (27) via FTDR. Upon treatment with (27) for varying time points, in-gel 

fluorescence was run to detect the appended biotin tag, along with CBB staining. Similar 

results to that of the histone substrate analysis were observed and confirmed the robustness 

of fluorine-based PTM analysis.  

Further studies, conducted by Zhigang Lyu, utilized ethyl fluoroacetate, the pro-metabolite 

for fluoroacetyl-CoA (1), to hijack the acetylation process in cells, and labeled the resulting 

fluoroacetyl derivatives with TAMRA-SH (28) (Fig. 2.11A). HeLa and HEK293 cell lines 

were treated with ethyl fluoroacetate, followed by the addition of (28) for fluorescent 

detection. The azide pro-metabolite15 was used side-by-side as a control, along with 

TAMRA-alkyne (29) for CuAAC chemistry. Imaging results showed that intracellular 

labeling and tagging with the FTDR methodology is superior to the CuAAC approach (Fig. 

2.11B, C). The drastic difference in fluorescence, as well as the minimal background signal 

produced from (29) on its own, indicated that the FTDR two-step labeling was a viable 

method towards the cellular imaging of acetylation substrates.   

Discussion 

As described above, a newly developed fluorine-thiol based bio-orthogonal reaction was 

used to label and enrich acetylation substrates both in vitro and in vivo. Preliminary 

experiments showed that fluorine labeled chemical reporters were compatible with native 

KAT enzymes, and were capable of being metabolically incorporated onto their respective 

enzymes.  On the other hand, alkyne-containing reporters were confirmed to be too bulky  
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Figure 2.11 Cellular evaluation of FTDR-based tagging with TAMRA-SH probe.  (A) 

Pro-metabolite incorporation of the fluoroacetyl moiety (1 mM, 6h, at 37 ºC, step 1) and 

protein substrate detection (step 2). (B) Fluorescent microscopy of fixed and 

permeabilized cells that were stained by Hoechst 33342 (blue) and TAMRA probes (red); 

Scale bars: 25 µm.   
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for similar metabolic labelling. The utility of fluorine tags has been demonstrated 

previously in works with PTM erasers. Smith et. al. synthesized a library of acetyl lysine 

analogues, including mono-, di- and trifluoro acetyl derivatives, and in silico binding 

affinity was conducted by docking each analogue into the binding site of Hst2, a sirtuin 2 

homolog.  This docking study showed that fluorine substitution should not interfere with 

active site binding, most likely due to the carbon-fluorine bonds similar size to a carbon-

hydrogen bond (1.35 A and 1.11 A respectively). The increased hydrophobicity, which 

may also lead to tighter binding, attained from increased fluorine substitution is another 

reason for these analogues to be compatible with deacetylase enzymes. Further 

confirmation of fluorine’s ability to be used in PTM derivatives was conducted by labmates 

Zhigang Lyu and Yue Zhao in a separate study, in which fluoroacetyl moieties added to 

histone proteins were successfully removed upon incubation with their respective HDACs. 

Fluorinated PTM derivative’s ability to be metabolically consumed, along with their 

inertness towards common nucleophiles in the proteome make them stable and orthogonal. 

Benzenethiol was the only nucleophile found to displace fluorine in a panel containing 

compounds such as cysteine and glutathione, both being nucleophiles found in high 

abundance in the cell. While effective, additional reaction optimization, specifically 

benzenethiol derivatization, was done to improve the kinetic rate of FTDR.  Screening 

identified thiophenol (14) as the most effective nucleophile capable of displacing fluorine 

under mild conditions. On top of having enhanced nucleophilicity, thiophenol (14’s) 

theoretical pKa of <7 allows for the use of mildly basic conditions, thus making this 

reaction platform suitable for a multitude of biological applications such as cellular 
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imaging and cell lysate studies. Despite concerns about the ortho-substitution on benzene 

thiol diminishing reactivity due to steric encumberance, (14’s) improved reactivity in 

comparison to meta substituted analogue (11) showed that methoxy substitution at both 

ortho positions does not perturb this fluorine-thiol reaction.  

The cellular imaging studies perfectly demonstrated the utility of the this FTDR reaction 

platform. Significant enrichment of acetylation substrates was observed upon incubation 

with pro-metabolite ethyl fluoroacetate and TAMRA-SH (28). CuAAC labeling done with 

(29) showed little to no signal, and this can be assumed to be due to the azido pro-

metabolite being too bulky for consumption.  

Conclusion  

In summary, I contributed to the design and development of a novel bio-orthogonal reaction 

platform centered around a fluorine-thiol displacement reaction (FTDR). Due to the bulky 

nature of current chemical reporters for PTM analysis, such as the alkyne-based acetyl-

lysine derivatives used for click chemistry enrichment, PTM writers are unable to consume 

and transfer them unto their respective substrates. As a result, fluorinated PTM derivatives 

were investigated due to the relatively small size of the fluorine atom and the similar bond 

lengths of the carbon-hydrogen bond and the carbon-fluorine bond. Fluoroacetamide was 

identified as a suitable chemical reporter to mimic native acetyl-lysine moieties that could 

be effectively incorporated onto PTM substrates via metabolic labeling. Benzenethiols 

were found to be useful nucleophile capable of displacing fluorine in a mild and efficient 

manner and were subsequently derivatized with biotin and rhodamine dye functional tags 

for labeling and imaging studies. Pulldown assays with the biotin probes and fluorescent 
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imaging in both in vitro and cellular settings confirmed that this FTDR platform could label 

and tag a range of known protein substrates, while the known CuAAC method was 

incapable doing the same. On-going efforts centered around selenium chemistry are 

currently being conducted to discover an alternative to thiol-based probes with heightened 

nucleophilicities. The current benzenethiol probes are limited to displacing fluorinated 

PTM derivatives on primary carbons, such as acetylation. The use of a more nucleophilic 

probe, which can react with secondary fluorinated carbons will afford a more robust 

platform in which multiple PTMs can be interrogated.   Additionally, while the optimized 

pH of 8.5 for FTDR is acceptable for in vitro studies and cell lysate analysis, these 

conditions are not compatible with live-cell studies. A benzeneselenol probe, which has a 

pKa of 5.9 would allow for this fluorine displacement reaction to be run at neutral pH.  

 

Experimental Section 

General Procedures 

Chemical reagents and solvents were purchased from commercial resources such as VWR, 

Thermo Fisher, and Sigma Aldrich, and were used directly without further purification.  

Analytical TLC was carried out with Silica Gel 60 F254 plates (EMD Chemicals).  The 

chemicals on TLC were either visualized by UV 254 nm (UV lamp, Chemglass Life 

Sciences) or stained by phosphomolybdic acid or KMnO4 oxidation.  Compound 

purification was performed by normal-phase flash column chromatography on columns 

manually loaded with silica gel grade 60 (230-400 mesh, Fisher Scientific) or by reverse-

phase Combi-Flash on prepacked C18 columns (Teledyne ISCO).  Further purification by 
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preparative high-performance liquid chromatography (HPLC) was implemented on Waters 

1525 series that consist of a 2489 UV/vis detector, 1525 binary pump, and an XBridge Prep 

C18 column.  Routine mass spectrometry analysis was done using liquid chromatography-

mass spectrometry (LC-MS) Agilent 1100 series.  High resolution LC-MS analysis was 

performed on an Agilent 6520 Accurate-Mass Quadrupole-Time-of-Flight (Q-TOF) 

coupled with an electrospray ionization source.  For NMR analysis, 1H NMR and 13C NMR 

spectra were recorded on 400 MHz or 500 MHz Bruker Advance.  The raw data were 

processed with MestReNova, and the chemical shifts were reported in parts per million 

(ppm) downfield from the internal standard tetramethylsilane (TMS).        

 

Enzymatic Peptide Substrate Modifications with Fluorine  

The PCAF assay cocktail was prepared by mixing 4 µL of 5x histone acetyltransferase 

(HAT) assay buffer (250 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 5 mM DTT), 1 µL of 2 

mM histone H3-20 peptide (AnaSpec), 4.7 µL of 2.1 mM acetyl-CoA (Fisher Scientific) 

or acetyl CoA analogues, and 5.3 µL H2O, in a total volume of 15 µL.  After 5 µL of 1.3 

µM PCAF enzyme (Cayman Chemical) was added, the reaction mixture was incubated at 

30°C for 3h. The sample was then subjected to high resolution LC-MS analysis.    

The MYST2 assay cocktail was prepared by mixing 4 µL of 5x HAT assay buffer, 0.5 µL 

of 2 mM histone H4-20 peptide solution (AnaSpec), 4.7 µL of 2.1 mM acetyl-CoA (Fisher 

Scientific) or acetyl CoA analogues, and 0.8 µL H2O, at a total volume of 10 µL.  After the 

addition of 10 µL 0.9 µM KAT7 enzyme (SignalChem), the reaction mixture was incubated 

at 30°C for 3h. The sample was then subjected to high resolution LC-MS analysis. 
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The TIP60 assay cocktail was prepared by mixing 0.5 µL of 2 mM histone H4-20 peptide 

(AnaSpec), 4.7 µL of 2.1 mM acetyl-CoA or related analogues, and 2.5 µL Tris buffer (50 

mM, pH 8.0).  Approximately 2.3 µL of 4.3 µM Tip60 (Cayman Chemical) in the stock 

buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol) was then added and the 

reaction mixture was incubated at 30°C for 5h.  The sample was finally analyzed by high 

resolution LC-MS.    

Biotinylation of Labelled Peptides  

The histone peptide H3-20 that previously underwent fluoroacetylation was lyophilized 

and resuspended in water (~ 400 µM).  About 1 µL of this stock solution was mixed with 

1 µL Tris buffer (1M) and 4 µL H2O. Then, 1 µL of the Biotin-SH probe stock in DMF 

(40 mM) was added, along with 1 µL of 50 mM TCEP aqueous solution.  After adjusting 

the pH to 8.5 (with 2 µL of 1 M NaOH solution), the final concentrations of H3-20 

substrate, Biotin-SH probe, and TCEP were 40 µM, 4 mM, and 5 mM, respectively.  The 

reaction was incubated at 37 oC overnight, and the sample was subjected to high 

resolution LC-MS analysis. 

 

 

 

General procedure of benzenethiol derivative screening: Compound 3 (25 mM, 5 μL 0.5 

M stock in DMF) and substituted benzenethiol (50 mM, 5 μL 1 M stock in DMF) were 
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dissolved in 40 μL DMF and 43 μL Tris buffer (50 mM, pH 8.5). TCEP (100 mM, 5 μL 2 

M stock in water) was added to the mixture and the final pH value was adjusted to 8.5 by 

adding 2 μL 6M NaOH solution. While incubating at 37_, 5 μL of the reaction mixture was 

taken out at varying timepoints and mixed with 30 μL 0.5% TFA/CH3CN that was 

expected to quench the reaction. The sample was analyzed by LC/MS, and the relative 

product yield was determined the same as mentioned in the section of pH titration. 

 

 

 

 

The fluoroacetyl-CoA (1) was synthesized and purified following the reported procedures.  

1H NMR (500 MHz, D2O): δ 8.66 (s, 1H), 8.42 (s, 1H), 6.21 (d, J = 5.5 Hz, 1H), 5.01 (d, J 

= 46.5 Hz, 2H), 4.87-4.82 (m, 2H), 4.58 (s, 1H), 4.24 (s, 2H), 4.00 (s, 1H), 3.85-3.82 (m, 

1H), 3.59-3.56 (m, 1H), 3.44 (t, J = 6.5 Hz, 2H), 3.35 (t, J = 6.0 Hz, 2H), 3.08 (t, J = 6.5 

Hz, 2H), 2.42 (t, J= 6.5 Hz, 2H), 0.92 (s, 3H), 0.79 (s, 3H).  HRMS (ESI) m/z calculated 

for C23H38FN7O17P3S [M + H]+: 828.1236, found 828.1229.  
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The 4-pentynoyl CoA (2) was prepared according to the published synthetic and 

purification procedures.  1H NMR (500 MHz, D2O): δ 8.66 (s, 1H), 8.45 (s, 1H), 6.22 (d, J 

= 6.0 Hz, 1H), 4.61 (s, 1H), 4.28 (s, 2H), 4.02 (s, 1H), 3.90-3.86 (m, 1H), 3.65-3.61 (m, 

1H), 3.46 (t, J = 6.5 Hz, 2H), 3.35 (t, J = 6.0 Hz, 2H), 3.03 (t, J = 6.5 Hz, 2H), 2.84 (t, J = 

7.0 Hz, 2H), 2.52-2.48 (m, 2H), 2.44 (t, J= 6.5 Hz, 2H), 2.34 (t, J= 2.5 Hz, 2H), 0.94 (s, 

3H), 0.82 (s, 3H).  HRMS (ESI) m/z calculated for C26H41N7O17P3S [M + H]+: 848.1487, 

found 848.1477. 

 

Sodium fluoroacetate (100 mg, 1 mmol) was mixed with 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU) (456 mg, 1.2 mmol) and DIPEA (209 µL, 1.2 mmol) in 

DMF (5 mL).  After the mixture was stirred at room temperature for 20 min, 

phenethylamine (20) (251 µL, 2 mmol) was added dropwise.  The resulting mixture was 
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continuously stirred at room temperature overnight, and then quenched by water.  Ethyl 

acetate was added to extract the product from aqueous layer.  The organic layer was dried 

with anhydrous sodium sulfate and concentrated under vacuum.  The crude mixture was 

then purified via flash column chromatography (hexane/ethyl acetate: 3/1) to afford 

compound 3 as a white solid (147 mg, 0.81 mmol, 81% yield).  1H NMR (500 MHz, 

CDCl3): δ 7.36-7.33 (m, 2H), 7.28-7.22 (m, 3H), 6.37 (br, 1H), 4.79 (d, J = 47.5 Hz, 2H), 

3.62 (q, J = 6.5 Hz, 2H), 2.89 (t, J = 7.5 Hz, 2H); 13C NMR (126 MHz, CDCl3): δ 167.5 

(d, J = 17.1 Hz), 138.4, 128.8, 128.7, 126.7, 80.3 (d, J = 186.1 Hz), 40.0, 35.6; 19F NMR 

(471 MHz, CDCl3): δ -227.23;  HRMS (ESI) m/z calculated for C10H13FNO [M + H]+: 

182.0976, found 182.0980. 

 

 

Prepared according to the general procedure of benzenethiol derivative screening using 

benzenethiol (12) (20 mg, 0.1 mmol) to give product 4 (16 mg, 88% yield) as white solid 

after flash column chromatography (hexane/ethyl acetate: 1/1). 1H NMR (500 MHz, 

CDCl3): δ 7.30-7.17 (m, 8H), 7.06-7.04 (m, 2H), 3.61 (s, 2H), 3.51 (q, J = 7.0 Hz, 2H), 

2.73 (t, J = 6.5 Hz, 2H); 13C NMR (126 MHz, CDCl3): δ 167.7, 138.5, 134.7, 129.3, 

128.70, 128.66, 127.8, 126.58, 126.55, 40.9, 37.2, 35.5; MS (ESI) m/z calculated for 

C16H18NOS [M + H]+: 272.1, found 272.1. 
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Prepared according to the general procedure of benzenethiol derivative screening using 

3,4,5-trimethoxybenzenethiol (14) (20 mg, 0.1 mmol) to give product 14 (16 mg, 88% 

yield) as white solid after flash column chromatography (hexane/ethyl acetate: 1/1). 1H 

NMR (500 MHz, CDCl3): δ 7.25-7.17 (m, 3H), 7.07-7.05 (m, 2H),6.77 (t, J = 6.0 Hz, 1H), 

6.45 (s, 1H), 3.82(s, 3H), 3.81 (s, 6H), 3.59 (s, 2H), 3.52 (q, J = 7.0 Hz, 2H), 2.75 (t, J = 

7.0 Hz, 2H); 13C NMR (126 MHz, CDCl3): δ 167.9, 153.7, 138.5, 129.5, 128.66, 128.64, 

126.6, 105.37, 105.34, 61.0, 56.2, 41.0, 37.9, 35.6; HRMS (ESI) m/z calculated for 

C19H24NO4S [M + H]+ : 362.1421, found 362.1413. 

 

 

Boc-L-glutamic acid 1-benzyl ester  (6.0 g, 17.7 mmol) and sodium bicarbonate (3.68 g, 

26.7 mmol) were dissolved in DMF (60 mL) and cooled to 0 oC.  Methyl iodide (2.21 mL, 

35.6 mmol) was added dropwisely, after which the reaction was stirred at room temperature 

until TLC analysis confirmed reaction completion.  Upon completion, the reaction mixture 
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was diluted 10-fold with water and extracted with ethyl acetate.  The organic layer was 

washed with a 10% sodium bicarbonate solution, followed by brine and was subsequently 

dried with anhydrous sodium sulfate.  After vacuum concentration, the crude mixture was 

purified via flash column chromatography (hexane/ethyl acetate: 2/1) to afford compound 

15 as a clear oil (6.25 g, quantitative yield).  1H NMR (500 MHz, CDCl3): δ 7.38-7.31 (m, 

5H), 5.16 (d, J = 4.0 Hz, 2H), 5.12 (m, 1H), 4.37 (d, J = 5.0 Hz, 1H), 3.66 (s, 3H), 2.44-

2.31 (m, 2H), 2.23-2.17 (m, 1H), 2.00-1.92 (m, 1H), 1.42 (s, 9H); 13C NMR (126 MHz, 

CDCl3): δ  173.2, 172.1, 155.4, 135.3, 128.7, 128.5, 128.3, 80.1, 67.3, 53.0, 51.8, 30.1, 

28.3, 27.8;  MS (ESI) m/z calculated for C18H25NNaO6 [M + Na]+: 374.2, found 374.2. 

 

 

To a solution of intermediate 15 (6.25 g, 17.7 mmol) and 4-dimethylaminopyridine 

(DMAP)(435 mg, 3.5 mmol) in acetonitrile was added di-tert-butyl dicarbonate (7.76 g, 

35.4 mmol).  The reaction mixture was stirred overnight and directly vacuum concentrated 

upon completion as monitored by TLC.  The concentrated crude mixture was purified via 

flash column chromatography (hexane/ethyl acetate: 4/1) to afford compound 27 as a clear 

oil (7.63 g, 95% yield).  1H NMR (500 MHz, CDCl3): δ 7.33-7.27 (m, 5H), 5.14 (d, J = 2.5 

Hz, 2H), 4.97 (q, J = 5.0 Hz, 1H), 3.66 (s, 3H), 2.53-2.46 (m, 1H), 2.43-2.35 (m, 2H), 2.24-

2.16 (m, 1H), 1.44 (s, 18H); 13C NMR (126 MHz, CDCl3): δ  173.1, 170.2, 152.0, 135.6, 
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128.5, 128.2, 128.0, 83.3, 66.9, 57.5, 51.7, 30.6, 27.9, 24.8; MS (ESI) m/z calculated for 

C23H33NNaO8 [M + Na]+: 474.2, found 474.2. 

 

 

In a flame dried flask under a nitrogen atmosphere, a solution of intermediate 16 (7.63 g, 

16.9 mmol) in THF (80 mL) was cooled to -80 oC.  Diisobutylaluminum hydride solution 

(DIBAL)(1.0 M in hexanes) (33.8 mL) was added dropwisely over 30 min. The reaction 

mixture was stirred at -80 oC for at least 2 h.  Upon completion as monitored by TLC, the 

reaction was quenched with a saturated Rochelle salt solution in water (200 mL), and was 

stirred at room temperature overnight.  On the next day, the reaction mixture was diluted 

further with water (100 mL) and extracted with ethyl acetate.  The organic layer was then 

dried with sodium sulfate and vacuum concentrated.  The crude reaction mixture was 

purified via flash column chromatography (hexane/ethyl acetate: 2/1) to afford compound 

17 as a clear oil (5.0 g, 70% yield).  1H NMR (500 MHz, CDCl3): δ 7.34-7.29 (m, 5H), 

5.14 (q, J = 12.5 Hz, 2H), 4.91 (d, J = 9.5, 5.5 Hz, 1H), 3.66 (t, J = 6.5 Hz, 2H), 2.28-2.21 

(m, 1H), 1.99-1.91 (m, 1H), 1.66-1.1.62 (m, 2H), 1.44 (s, 18H); 13C NMR (126 MHz, 

CDCl3): δ  170.8, 152.3, 135.7, 128.5, 128.1, 128.0, 83.2, 66.8, 62.3, 58.0, 29.4, 27.9, 26.0; 

HRMS (ESI) m/z calculated for C12H18NO3 (without di-Boc) [M + H]+: 224.1281, found 

224.1279. 
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Intermediate 17 (5.0 g, 11.8 mmol), triphenylphosphine (4.64 g, 17.7 mmol), and imidazole 

(1.2 g, 17.7 mmol) were dissolved in DCM (60 mL) and stirred.  Once dissolved, iodine 

(5.99 g, 23.6 mmol) was added, and the reaction mixture was stirred overnight.  Upon 

completion, the reaction was quenched with saturated sodium sulfite (75 mL), and the 

organic products were extracted with dichloromethane.  The organic layer was dried with 

anhydrous sodium sulfate, concentrated under reduced pressure; and the resulting crude 

mixture was purified using flash column chromatography (hexane/ethyl acetate: 4/1).  

Compound 18 was finally obtained as a clear oil (5.04 g, 80% yield).  1H NMR (500 MHz, 

CDCl3): δ 7.39-7.27 (m, 5H), 5.15 (q, J = 12.5 Hz, 2H), 4.90 (q, J = 5.0 Hz, 1H), 3.27-3.14 

(m, 2H), 2.27-2.19 (m, 1H), 2.09-2.01 (m, 1H), 1.95-1.85 (m, 2H), 1.46 (s, 18H); 13C NMR 

(126 MHz, CDCl3): δ 170.4, 152.2, 135.6, 128.5, 128.2, 128.0, 83.3, 66.9, 57.2, 30.5, 30.2, 

28.0, 5.7; HRMS (ESI) m/z calculated for C22H33INO6 [M + H]+: 534.1347, found 

534.2258. 
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To a solution of N-chlorosaccharin (5.15 g, 23.7 mmol) in dichloromethane (90 mL) was 

added silver thiocyanate (3.93 g, 23.7 mmol).  A white solid crashed out upon addition and 

the reaction mixture was kept stirring for 1 h.  3,5-dimethoxyphenol (3.04 g ,19.6 mmol) 

was then added, and the reaction mixture was stirred for another 3 h, at which point the 

reaction was confirmed to be complete by TLC analysis.  The dark red heterogeneous 

mixture was vacuum filtered, and the filtrate was vacuum concentrated to afford a dark red 

oil.  The crude oil mixture was purified via flash column chromatography (hexane/ethyl 

acetate: 3/1) to afford compound 19 as an orange solid (2.50 g, 60% yield).  1H NMR (500 

MHz, CDCl3): δ 6.10 (s, 2H), 3.84 (s, 6H); 13C NMR (126 MHz, CDCl3): δ 161.5, 160.9, 

112.6, 92.9, 89.1, 56.4; MS (ESI) m/z calculated for C9H10NO3S [M + H]+: 212.0, found 

212.0. 
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Intermediate 18 (5.0 g, 9.37 mmol), 19 (3.96 g, 18.7 mmol) and potassium carbonate (1.94 

g, 14.0 mmol) were dissolved in DMF (50 mL) and stirred at room temperature for 8 h.  

Upon reaction completion, the mixture was diluted 10-fold with water, and the organic 

products were extracted by ethyl acetate.  The organic layer was dried with sodium sulfate, 

vacuum concentrated; and the crude oil was purified via flash column chromatography 

(hexane/ethyl acetate: 3/1) to afford compound 20 as a yellowish oil (4.05 g, 70% yield).  

1H NMR (500 MHz, CDCl3): δ 7.34-7.28 (m, 5H), 6.13 (s, 1H), 5.15 (q, J = 12.5 Hz, 2H), 

4.95 (dd, J = 9.5, 5.5 Hz, 1H), 4.00 (t, J = 6.0 Hz, 2H), 3.89 (s, 6H), 2.38-2.30 (m, 1H), 

2.12-2.05 (m, 1H), 1.91-1.84 (m, 2H), 1.45 (s, 18H); 13C NMR (126 MHz, CDCl3): δ  

170.6, 163.6, 161.4, 152.3, 135.6, 128.5, 128.2, 128.0, 111.9, 91.8, 83.3, 67.6, 66.9, 57.8, 

56.4, 27.9, 26.0, 26.0; HRMS (ESI) m/z calculated for C31H41N2O9S [M + H]+: 617.2527, 

found 617.2522. 

 

 

 

Intermediate 20 (4.0 g, 6.49 mmol) and triisopropylsilane (1.59 mL, 7.78 mmol) were 

dissolved in trifluoroacetic acid / dichloromethane (10 mL/10 mL) and stirred for 2 h.  The 
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reaction mixture was directly vacuum concentrated.  The resulting crude oil was suspended 

in water and basified to pH=8 with saturated sodium bicarbonate (~ 40 mL).  The organic 

products were extracted with ethyl acetate and dried with anhydrous sodium sulfate.  The 

organic layer was concentrated under reduced pressure, and the crude oil was purified via 

flash column chromatography (dichloromethane/methanol: 50/1) to afford compound 21 

are an orange oil (2.16 g, 80% yield).  1H NMR (500 MHz, CDCl3): δ 7.30-7.27 (m, 5H), 

6.05 (s, 2H), 5.09 (s, 2H), 3.91 (t, J = 6.0 Hz, 2H), 3.81 (s, 6H), 3.51-3.48 (m, 1H), 1.89-

1.71 (m, 4H);  13C NMR (126 MHz, CDCl3): δ 175.7, 163.7, 161.5, 135.7, 128.8, 128.6, 

128.4, 112.0, 91.9, 67.9, 66.9, 56.5, 543, 31.2, 25.5;  HRMS (ESI) m/z calculated for 

C21H25N2O5S [M + H]+: 417.1479, found 417.1469. 

 

 

 

Intermediate 23 was synthesized according to published procedures.  Briefly, a solution of 

D-biotin (2.5 g, 10.2 mmol) (compound 22) in DMF (60 mL) was stirred and heated at 60 

oC until fully dissolved.  The coupling reagent 1,1′-Carbonyldiimidazole (CDI)(3.32 g, 

20.5 mmol) was then added, and the reaction mixture was kept stirrring at 60 oC for 3 h, 

after which the linker 2,2’-(Ethylenedioxy)bis(ethylamine) (5.96 mL, 40.9 mmol) was 
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added.  The reaction mixture was stirred overnight at room temperature, and then vacuum 

concentrated.  The crude oil was purified via flash column chromatography 

(dichloromethane/methanol: 5/1, plus 1% triethylamine) to render compound 23 (3.65 g, 

95% yield) as a yellowish oil.  1H NMR (500 MHz, D2O): δ 4.49 (dd, J = 8.0, 5.0 Hz, 1H), 

4.30 (dd, J = 7.5, 4.5 Hz, 1H), 3.59-3.50 (m, 7H), 3.41 (t, J = 5.5 Hz, 1H), 3.37 (t, J = 5.5 

Hz, 1H), 3.23-3.19 (m, 1H), 2.93 (dd, J = 13.0, 5.0 Hz, 1H), 2.86 (t, J = 5.0 Hz, 2H), 2.70 

(d, J = 13.0 Hz, 1H), 2.22 (t, J = 7.5 Hz, 2H), 1.78-1.56 (m, 4H), 1.47-1.41 (m, 2H). MS 

(ESI) m/z calculated for C16H31N4O4S [M + H]+: 375.2, found 375.2. 

                         

The coupling agent HATU (8.38 g, 22.0 mmol) was mixed with the commercially available 

building block (4R,5R)-5-(Methoxycarbonyl)-2,2-dimethyl-1,3-dioxolane-4-carboxylic 

acid (3.0 g, 14.7 mmol) in 40 mL DMF.  Compound 23 (8.25 g, 22.0 mmol) was added, 

and the reaction mixture was stirred for 10 minutes, followed by the addition of N,N-

Diisopropylethylamine (5.12 mL, 29.4 mmol) and the reaction mixture was stirred 

overnight. The reaction mixture was directly vacuum concentrated and purified via flash 

chromatography (dichloromethane/methanol: 20/1) to afford compound 34 as an orange 

oil (6.16 g, 75% yield).  1H NMR (500 MHz, CD3OD) δ 4.72 (s, 2H), 4.51 (dd, J = 8.0, 4.5 

Hz, 1H), 4.32 (dd, J = 8.0, 4.5 Hz, 1H), 3.82 (s, 3H), 3.67-3.62 (m, 4H), 3.61 (t, J = 5.5 

Hz, 2H), 3.56 (t, J = 5.5 Hz, 2H), 3.53-3.47 (m, 1H), 3.46-3.41 (m, 1H), 3.38 (q, J = 6.0 
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Hz, 2H), 3.25-3.21 (m, 1H), 2.94 (dd, J = 13.0, 5.0 Hz, 1H), 2.72 (d, J = 13.0 Hz, 1H), 2.24 

(t, J = 7.5 Hz, 2H), 1.80-1.58 (m, 4H), 1.50 (s, 3H), 1.47 (s, 3H), 1.12 (d, J = 6.5 Hz, 4H); 

13C NMR (126 MHz, CD3OD) δ 174.8, 170.8, 170.5, 164.7, 113.3, 78.0, 77.2, 69.9, 69.9, 

69.2, 69.0, 62.0, 60.2, 55.6, 51.8, 41.3, 39.6, 38.9, 38.6, 35.3, 28.4, 28.1, 25.5, 25.2, 22.1; 

HRMS (ESI) m/z calcd for C24H41N4O9S [M + H]+ 561.2589, found 561.2583. 

 

                          

Lithium hydroxide (2 M, 3.2 mL) was slowly added into a solution of compound 24 (3.0 

g, 5.35 mmol) in 20 mL methanol at 0 oC.  The reaction mixture was stirred for 2 h and 

acidified with 1 M HCl (~5 mL).  The crude mixture was vacuum concentrated and purified 

via high-performance liquid chromatography (HPLC) to afford compound 25 (2.62 g, 90% 

yield) as a white solid.  For HPLC purification (flow rate: 10 mL/min), solvent A is 0.1% 

TFA containing water while solvent B is 0.1% TFA containing acetonitrile.  After the 

initial 5 min post sample injection, solvent B percentage was increased lin25 early to 100% 

within 35 min.  The system was continuously flushed with 100% solvent B for another 5 

min before the run stopped.  Compound peak retention time on HPLC: ~ 21 min.  1H NMR 

(500 MHz, CD3OD): δ 4.58 (dd, J = 6.0 Hz, 2H), 4.39 (dd, J = 8.0, 4.5 Hz, 1H), 4.21 (dd, 

J = 8.0, 4.5 Hz, 1H), 3.54-3.50 (m, 4H), 3.49 (t, J = 5.5 Hz, 2H), 3.44 (t, J = 5.5 Hz, 2H), 

3.41-3.36 (m, 1H), 3.34-3.29 (m, 1H), 3.26 (t, J = 5.5 Hz, 2H), 3.13-3.09 (m, 1H), 2.83 
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(dd, J = 13.0, 5.0 Hz, 1H), 2.60 (d, J = 12.5 Hz, 1H), 2.13 (t, J = 7.5 Hz, 2H), 1.68-1.47 

(m, 4H), 1.38(s, 3H), 1.36 (s, 3H); 13C NMR (126 MHz, CD3OD): δ 174.8, 172.2, 170.9, 

164.7, 112.9, 77.9, 77.3, 69.92, 69.88, 69.2, 69.0, 62.0, 60.2, 55.6, 39.6, 38.9, 38.7, 35.3, 

28.4, 28.1, 25.4, 25.2; HRMS (ESI) m/z calculated for C23H39N4O9S [M + H]+: 547.2432, 

found 547.2424. 

 

 

Compound 25 (2.0 g, 3.66 mmol) and HATU (2.1 g, 5.49 mmol) were dissolved in DMF 

(18 mL).  Intermediate 21 (0.91 g, 2.19 mmol) was then added and the reaction mixture 

was stirred for 10 min, followed by the addition of N, N-diisopropylethylamine (DIPEA) 
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(0.57 mL, 3.29 mmol).  The reaction mixture was stirred overnight.  Upon completion, the 

mixture was diluted 10-fold with water, and the organic products were extracted with ethyl 

acetate.  The organic layer was dried with sodium sulfate, vacuum concentrated; and the 

crude mixture was eventually purified via flash column chromatography 

(dichloromethane/methanol: 30/1)) to afford compound 26 in light-orange solid form (1.64 

g, 80% yield).   1H NMR (500 MHz, CD3OD): δ 7.58 (d, J = 8.5 Hz, 1H), 7.36-7.29 (m, 

5H), 6.67 (t, J = 5.5 Hz, 1H), 6.11 (s, 2H), 5.21-5.12 (m, 2H), 4.75-4.70 (m, 1H), 4.63 (d, 

J = 6.5 Hz, 1H), 4.54 (d, J = 6.5 Hz, 1H), 4.48-4.45 (m, 1H),4.29-4.26 (m, 1H), 3.97 (t, J 

= 6.0 Hz, 2H), 3.87 (s, 6H), 3.59-3.50 (m, 8H), 3.42-3.37 (m, 2H), 3.13-3.08 (m, 1H), 2.88-

2.84 (m, 1H), 2.69 (d, J = 13.0 Hz, 1H), 2.20 (t, J = 7.5 Hz, 2H), 2.14-2.08 (m, 2H), 1.95-

1.88 (m, 1H), 1.86-1.76 (m, 2H), 1.73-1.61 (m, 5H), 1.47 (s, 3H), 1.45 (s, 3H); 13C NMR 

(126 MHz, CD3OD): δ 173.8, 171.4, 170.2, 169.9, 164.0, 163.5, 161.4, 135.1, 128.7, 128.6, 

128.4, 112.9, 111.9, 91.8, 70.1, 70.0, 69.6, 67.5, 67.3, 61.8, 60.3, 56.4, 55.5, 55.4, 53.5, 

51.7, 50.7, 40.5, 39.2, 39.1, 35.8, 28.9, 28.1, 28.0, 26.2, 26.1, 25.6, 25.0; HRMS (ESI) m/z 

calculated for C44H61N6O13S2 [M + H]+: 945.3733, found 945.3722. 
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The diol intermediate was resuspended in THF (8 mL) at 0 oC, and 2 M lithium hydroxide 

(2.09 mmol, ~ 1.1 mL) in water was added dropwisely.  The reaction mixture was stirred 

for ~ 2 h, at which point the hydrolysis was confirmed complete by TLC.  The mixture was 

acidified with 1 M HCl (~ 3 mL), vacuum concentrated, and finally purified by HPLC.  

The HPLC purification utilized water (0.1% TFA) as solvent A and acetonitrile (0.1% 

TFA) as solvent B.  The flow rate was 10 mL/min.  For the first 5 min post injection, 100% 

solvent A was used in the program.  After that, solvent B percentage was linearly increased 

to 50% within 55 min.  Then the HPLC flow was changed to 100% solvent B within the 
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next 20 min, followed by additional 5 min flushing with solvent B percentage remaining 

at 100%.  Compound peak retention time on HPLC was ~ 58 min.  The eluted fraction was 

lyophilized to afford compound 27 as a white solid (334 mg, 40% yield).  1H NMR (500 

MHz, DMSO-d6): δ 7.84 (t, J = 5.5 Hz, 1H), 7.80 (d, J = 8.0 Hz, 1H), 7.64 (t, J = 6.0 Hz, 

1H), 6.29 (s, 2H), 4.35-4.28 (m, 3H), 4.24 (d, J = 2.0 Hz, 1H), 4.12 (dd, J = 7.5, 4.5 Hz, 

1H), 3.97 (t, J = 6.0 Hz, 1H), 4.48-4.45 (m, 1H),4.29-4.26 (m, 1H), 3.97 (t, J = 6.0 Hz, 

2H), 3.80 (s, 6H), 3.53-3.48 (m, 4H), 3.44 (t, J = 6.0 Hz, 2H), 3.39 (t, J = 6.0 Hz, 2H), 

3.35-3.28 (m, 1H), 3.26-3.22 (m, 1H), 3.21-3.14 (m, 2H), 3.13-3.07 (m, 1H), 2.82 (dd, J = 

7.5, 5.0 Hz, 1H), 2.59-2.54 (m, 1H), 2.07-2.04 (m, 2H), 1.97-1.91 (m, 1H), 1.83-1.75 (m, 

1H), 1.74-1.67 (m, 2H), 1.63-1.56 (m, 1H), 1.52-1.41 (m, 3H), 1.33-1.28 (m, 2H); 13C 

NMR (126 MHz, DMSO-d6): δ 173.6, 172.6, 172.3, 172.3, 163.2, 158.0, 156.0, 92.5, 73.0, 

72.8, 70.0, 69.7, 69.4, 67.7, 61.5, 59.7, 56.6, 55.9, 54.1, 51.8, 38.9, 38.8, 35.6, 28.7, 28.5, 

25.7, 25.4, 18.6, 17.2; HRMS (ESI) m/z calculated for C33H52N5O13S2 [M + H]+: 790.2998, 

found 790.2988. 
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5-carboxytetramethylrhodamine (5-TAMRA, Thermo Fisher, 43 mg, 0.10 mmol) was 

dissolved in 2 mL DMF, and mixed with HATU (46.0 mg, 0.12 mmol).  The reaction 

mixture was stirred for 10 min to ensure it was fully dissolved.  The previously prepared 

21 (42.0 mg, 0.10 mmol) was added to the solution, followed by DIPEA (53.0 μL, 0.30 

mmol).  The resulting mixture was stirred at RT for 3 h and was vacuum concentrated upon 

completion as confirmed by TLC.  The crude mixture was purified via flash column 

chromatography (dichloromethane/methanol: 20/1) to afford the conjugated intermediate 

as purple oil, which was directly dissolved in THF (2 mL) and cooled down to 0 oC.  

Lithium hydroxide (2 M, 0.06 mL) in water was added dropwisely, and the solution was 

stirred at RT for 2 hours at which point the hydrolysis was near complete as confirmed by 

TLC.  The mixture was then acidified with 1M HCL (~ 200 μL), and vacuum concentrated.  

The crude mixture was purified via HPLC that implemented water (0.1% TFA) as solvent 

A and acetonitrile (0.1% TFA) as solvent B, with a flow rate of 10 mL/min.  The 

purification program was run as the following: 5.0% solvent B for the first minute, 

followed by a liner progression to 70.0% solvent B for the next 39 minutes, ending with 
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the last 5 minutes of 100.0% solvent B for a total of 45 minutes per HPLC run.  The product 

peak came out at 40 min, and lyophilization of the collected fraction rendered compound 

28 (39.6 mg, 56% yield) as a pink solid.  1H NMR (500 MHz, CD3OD): δ 8.76-8.74 (m, 

1H), 8.23-8.19 (m, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.14-7.10 (m, 2H), 7.06-7.03 (m, 2H), 

6.97-6.93 (m, 2H), 6.25 (s, 2H), 4.78-4.73 (m, 1H), 4.10-4.04 (m, 2H), 3.80 (s, 6H), 3.28 

(s, 12H), 2.30-2.22 (m, 1H), 2.12-2.03 (m, 1H), 2.00-1.94 (m, 2H); 13C NMR (126 MHz, 

CD3OD): δ 175.3, 168.4, 167.3, 160.7, 159.2, 159.1, 159.0, 157.3, 138.3, 137.3, 132.8, 

132.5, 132.0, 132.0, 131.9, 131.6, 115.6, 114.7, 101.2, 97.4, 93.1, 68.5, 56.6, 54.3, 40.9, 

29.2, 27.1;  MS (ESI) m/z calculated for dimerized probe C76H78N6O18S2 [M + 2H]2+: 

713.2402, found 713.2416.  

 

5-TAMRA (43.0 mg, 0.10 mmol) was mixed with HATU (46.0 mg, 0.12 mmol) in 2 mL 

DMF, and the mixture was stirred for 10 min.  N-(2-aminoethyl)pent-4-ynamide (17.0 mg, 

0.12 mmol) was then added, followed by 53.0 μL of N,N-diisopropylethylamine (0.30 

mmol).  The reaction mixture was stirred for 3 h and was vacuum concentrated upon 

completion by TLC.  The crude reaction mixture was purified by HPLC using water (0.1% 
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TFA) as solvent A and acetonitrile (0.1% TFA) as solvent B.  The flow at a rate of 10 

mL/min used the program same as that used for purifying compound 28.  Compound 29 

(38.6 mg, 70% yield) was eventually obtained as a pink solid with a retention time of 30 

min. 1H NMR (500 MHz, CD3OD): δ 8.67 (d, J = 1.5 Hz, 1H), 8.15 (dd, J = 8.0, 1.5 Hz, 

1H), 7.43 (d, J = 8.0 Hz, 1H), 7.04 (d, J = 9.5 Hz, 2H), 6.96 (dd, J = 9.5, 2.5 Hz, 2H), 6.88 

(d, J = 2.0 Hz, 2H), 3.50-3.47 (m, 2H), 3.42-3.38 (m, 2H), 3.21 (s, 12H), 2.40-2.36 (m, 

2H), 2.35-2.31 (m, 2H), 2.16 (t, J = 2.5 Hz, 1H); 13C NMR (126 MHz, CD3OD): δ 174.7, 

168.5, 167.5, 160.7, 159.1, 159.0, 138.1, 137.6, 133.1, 132.3, 131.94, 131.91, 131.3, 115.6, 

114.7, 97.4, 83.5, 70.3, 41.3, 40.9, 39.9, 36.1, 15.7;  MS (ESI) m/z calculated for 

C32H33N4O5 [M + H]+: 553.2445, found 553.2446.  

 

 

Anhydrous methanol (20 mL) was cooled in an ice bath, and acetyl chloride was added 

dropwise (1.89 mL, 26.6 mmol). Nα-Acetyl-L-lysine (1 g, 5.31 mmol) was added quickly 

and was stirred overnight. Upon reaction completion by LC-MS, the reaction mixture was 

concentrated to directly produce 30 (1.07 g, quantitative yield) as a white solid. 1H NMR 

(500 MHz, D2O) δ 4.36 (q, J = 5 Hz, 1H) , 3.73 (s, 3H), 2.97 (t, J = 10 Hz, 2H), 2.02 (s, 

3H), 1.77 (m, 4H), 1.42 (m, 2H), 13C NMR (126 MHz, D2O) δ 174.46, 174.34, 52.89, 
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52.59, 39.16, 29.86, 26.15, 22.00, 21.53. MS (ESI) m/z calculated for C9H18N2O3 [M + 

H]+: 202.2540, found 202.2.  

 

HATU and 2-fluoropropionic acid were dissolved in anhydrous DMF.  Compound 30 was 

added, and the reaction mixture was stirred for 10 minutes, followed by the addition of 

N,N-Diisopropylethylamine (5.12 mL, 29.4 mmol). The reaction mixture was stirred 

overnight, and vacuum concentrated upon completion. The crude reaction mixture was 

directly dissolved in THF and cooled to 0 oC in an ice bath. Lithium hydroxide (2 M, 0.06 

mL) in water was added dropwise, and the solution was stirred at room temperature for 2 

hours until reaction completion was confirmed by LC-MS.  The mixture was then acidified 

with 1M HCL (~ 200 μL), and vacuum concentrated.   The crude reaction mixture was 

purified by HPLC using water (0.1% TFA) as solvent A and acetonitrile (0.1% TFA) as 

solvent B and a flow rate of 10 mL/min. The purification program was run as the follows: 

5.0% solvent B for 5 minutes, followed by a liner progression to 100% solvent B for the 

following 50 minutes, ending with 5 minutes of 100.0% solvent B for a total of a 60 minute 

HPLC run.  The product peak was observed at 22 minutes, collected and lyophilized to 

obtain compound 31 (60% yield) as a white solid. 1H NMR (500 MHz, MeOD): δ 4.97 (q, 

J = 7.0 Hz, 1H), 4.319 (q, J = 5.0 Hz, 1H), 3.20 (t, J = 7.0 Hz, 2H), 1.95 (s, 3H), 1.84-1.79 
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(m, 1H), 1.71-1.63 (m, 1H), 1.56-1.48 (m, 2H), 1.48 (dd, J = 24.0, 6.5 Hz, 3H), 1.41-1.34 

(m, 2H); 13C NMR (126 MHz, MeOD): δ 175.5, 173.4,173.3, 90.0 (d, J = 182.7 Hz), 53.6, 

39.7, 32.2, 29.9, 24.1, 22.3, 19.0 (d, J = 21.4 Hz);  19F NMR (471 MHz, MeOD): δ -184.05. 

MS (ESI) m/z calculated for C12H21FN2O4 [M + H]+: 277.1519, found 277.3. 

 

 

HATU (375 mg, 1.48 mmol) and monoethyl fluoromalonate (148 mg, 0.99 mmol) were 

dissolved in anhydrous DMF.  Compound 30 (100 mg, 0.49 mmol) was added, and the 

reaction mixture was stirred for 10 minutes, followed by the addition of N,N-

Diisopropylethylamine (174 μL , 1.00 mmol). The reaction mixture was stirred overnight, 

and vacuum concentrated upon completion. The crude reaction mixture was directly 

dissolved in THF and cooled to 0 oC in an ice bath. Lithium hydroxide (2 M, 490 μL) in 

water was added dropwise, and the solution was stirred at room temperature for 2 hours 

until reaction completion was confirmed by LC-MS.  The mixture was then acidified with 

1M HCL (~ 200 μL), and vacuum concentrated.   The crude reaction mixture was purified 

by HPLC using water (0.1% TFA) as solvent A and acetonitrile (0.1% TFA) as solvent B 

and a flow rate of 10 mL/min. The purification program was identical to that used for 
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compound 31. The product peak was observed at 26 minutes, collected and lyophilized to 

obtain compound 32 (99 mg, 60% yield) as a white solid. 1H NMR (500 MHz, MeOD): δ 

5.25 (d, J = 50Hz, 1H), 4.255 (q, J = 5.0 Hz, 1H), 4.195 (q, J = 5.0 Hz, 2H), 3.16 (t, J = 

5.0 Hz, 2H), 1.89 (s, 3H), 1.76-1.69 (m, 1H), 1.63-1.56 (m, 1H), 1.49-1.43 (m, 2H), 1.33-

1.25 (m, 2H), 1.2 (t, J = 10, 3H); 13C NMR (126 MHz, MeOD) δ 174.24, 173.47, 166.76, 

166.57, 166.28, 166.11, 88.82, 87.27, 63.48, 53.73, 52.67, 49.00, 39.91, 31.97, 29.66, 

23.96, 22.25, 14.29; 19F NMR (471 MHz, MeOD): δ -195.05. MS (ESI) m/z calculated for 

C14H23FN2O6 [M + H]+: 335.1540, found 335.02 

 

 

Compound 34 (100mg, .609 mmol) was refluxed with 5% sulfuric acid (10 mL) for 1.25 

h. The solution was made strongly acidic with sulfuric acid and extracted with ether, 

concentrated to give fluorosuccinic acid. fluorosuccinic acid was directly dissolved in 

trifluoroacetic anhydride in a nitrogen atmosphere and reacted for 1 h. Upon completion, 

the mixture was concentrated in a 0 oC ice bath due to instability and the crude concentrate 

was directly used to for 35. 
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Reactive intermediate 34 (1.82 mmol) and DMAP (23.2 mg, .182 mmol) was suspended in 

anhydrous DMF under an argon atmosphere. The flask was cooled to approximately -15 

oC in an ice-sodium chloride bath, and a solution 1 M Nα-Acetyl-L-lysine (377 mg, 2.00 

mmol) in DMF was add dropwise over the course of 1 hour. The reaction was immediately 

concentrated in a 0 oC ice bath and was subjected to HPLC. The crude reaction mixture 

was purified by HPLC using water (0.1% TFA) as solvent A and acetonitrile (0.1% TFA) 

as solvent B and a flow rate of 10 mL/min. The purification program was identical to that 

used for compound 31. The product peak was observed at 21 minutes, collected and 

lyophilized to obtain compound 35 (55.7 mg, 10% yield) as a white solid. 1H NMR (500 

MHz, D2O): δ 5.28 (dt, J = 47.5, 7.5 Hz, 1H), 4.28 (dd, J = 9.0, 5.0 Hz, 1H), 3.31-3.19 (m, 

2H), 3.07-2.91 (m, 2H), 2.01 (s, 3H), 1.89-1.82 (m, 1H), 1.76-1.69 (m, 1H), 1.58-1.50 (m, 

2H), 1.42-1.35 (m, 2H); 13C NMR (126 MHz, D2O): δ 176.2, 174.2, 173.3, 170.9 (d, J = 

20.2 Hz), 88.13 (d, J = 186.5 Hz), 52.8, 38.7, 36.9 (d, J = 21.4 Hz), 30.0, 27.6, 22.2, 21.5;  

19F NMR (471 MHz, D2O): δ -187.18. MS (ESI) m/z calculated for C12H19FN2O6 [M + 

H]+: 307.1261, found 307.2. 

 



63 

 

 

HATU (375 mg, 1.48 mmol) and compound 36 (246 mg, 1.00 mmol) were dissolved 

in anhydrous DMF.  Glycine ethyl ester hydrochloride (279 mg, 2.00 mmol) was 

added, and the reaction mixture was stirred for 10 minutes, followed by the addition 

of N,N-Diisopropylethylamine (174 μL, 1.00 mmol). The reaction mixture was 

stirred overnight, and vacuum concentrated upon completion. The crude concentrate 

was dissolved in 20 mL ethyl acetate and washed with water (2 x 15 mL) and brine 

(1 x 15 mL). Next, the organic layer was concentrated and directly purified via 

column chromatography (dichloromethane/methanol: 30/1) to give compound 37 

(305 mg 80% yield). 1H NMR (500 MHz, CDCl3): δ 6.80 (s, 1H), 4.92 (ddd, J = 

49.7, 7.75, 3.64 Hz, 1H), 4.09 (t, J = 5 , 2H), 3.78 (s, 3H), 2.1-1.75 (m, 2H), 1.46 

(q, J = 7.5, 2H), 1.34-1.22 (m, 18H), 0.88 (t, J = 7.0 Hz, 3H); 13C NMR (126 MHz, 

CDCl3) δ 170.74, 170.58, 169.90, 92.94, 91.46, 77.16, 52.60, 40.77, 32.58, 32.42, 

32.06, 29.79, 29.77, 29.75, 29.66, 29.51, 29.49, 29.28, 24.46, 24.44, 22.83, 14.25.;  

19F NMR (471 MHz, D2O): δ -187.18. MS (ESI) m/z calculated for C18H34FNO3 [M 

+ H]+: 332.2556, found 332.1 
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2 M lithium hydroxide (300 μL, .603 mmol) was slowly added into a solution of compound 

38 (200 mg, .603 mmol) in 5 mL methanol at 0 oC.  The reaction mixture was stirred for 2 

h, quenched with 15 mL water and acidified with 1 M HCl. The product was extracted with 

ethyl acetate (3 x 15 mL) and concentrated to give compound 39 (quantitative yield) as a 

pure white solid.  1H NMR (500 MHz, DMSO-d6): δ 12.57 (s, 1H), 8.37 (s, 1H), 4.93 (ddd, 

J = 49.3, 7.3, 4.2 Hz, 1H), 3.75 (d, J = 6 Hz, 2H), 1.85-1.65 (m, 2H), 1.40-1.20 (m, 20H), 

0.85 (t, J = 6.9 Hz, 3H);  13C NMR (126 MHz, DMSO-d6): δ 173.6, 172.6, 172.3, 172.3, 

163.2, 158.0, 156.0, 92.5, 73.0, 72.8, 70.0, 69.7, 69.4, 67.7, 61.5, 59.7, 56.6, 55.9, 54.1, 

51.8, 38.9, 38.8, 35.6, 28.7, 28.5, 25.7, 25.4, 18.6, 17.2; MS (ESI) m/z calculated for 

C16H30FNO3 [M + H]+: 304.2243, found 304.1 

 

 

Synthesized by the collaborating labmate Md Shafiqul Islam following identical 

procedures used for the synthesis of compound 32. 1H NMR (500 MHz, CDCl3) δ 6.84 (s, 
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1H), 6.61 (s, 1H), 4.86 (d, J=45, 1H), 4.50 (s, 1H), 3.30 (m, 2H), 2.04 (s, 3H), 1.91 (m, 

2H), 1.77 (m, 2H), 1.56 (m, 2H), 1.25 (m, 22H), 0.87 (t, J=7.5, 3H). 13C NMR (126 MHz, 

CDCl3) δ 174.85, 171.60, 171.19, 171.04, 92.94, 91.47, 77.16, 52.63, 38.47, 32.64, 32.48, 

32.07, 31.10, 29.84, 29.82, 29.80, 29.77, 29.70, 29.56, 29.50, 29.30, 29.21, 29.13, 24.60, 

23.01, 22.83, 22.33, 22.26, 14.27, 0.13. 19F NMR (471 MHz, CDCl3) δ -189.84, -189.89. 
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Figure 2.12 1H NMR (500 MHz, D2O) spectrum of compound 1. 
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Figure 2.13 1H NMR (500 MHz, D2O) spectrum of compound 2. 
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Figure 2.14 1H NMR (500 MHz, CDCl3) spectrum of compound 3. 
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Figure 2.15 13C NMR (126 MHz, CDCl3) spectrum of compound 3. 
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Figure 2.16 19F NMR (471 MHz, CDCl3) spectrum of compound 3. 
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Figure 2.17 1H NMR (500 MHz, CDCl3) spectrum of compound 4. 
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Figure 2.18 13C NMR (126 MHz, CDCl3) spectrum of compound 4. 
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Figure 2.19 1H NMR (500 MHz, CDCl3) spectrum of compound 15. 
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Figure 2.20 13C NMR (126 MHz, CDCl3) spectrum of compound 15. 
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Figure 2.21 1H NMR (500 MHz, CDCl3) spectrum of compound 16. 
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Figure 2.22 13C NMR (126 MHz, CDCl3) spectrum of compound 16. 
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Figure 2.23 1H NMR (500 MHz, CDCl3) spectrum of compound 17. 
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Figure 2.24 13C NMR (126 MHz, CDCl3) spectrum of compound 17. 
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Figure 2.25 1H NMR (500 MHz, CDCl3) spectrum of compound 18. 
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Figure 2.26 13C NMR (126 MHz, CDCl3) spectrum of compound 18. 
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Figure 2.27 1H NMR (500 MHz, CDCl3) spectrum of compound 19. 
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Figure 2.28 13C NMR (126 MHz, CDCl3) spectrum of compound 19. 
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Figure 2.29 1H NMR (500 MHz, CDCl3) spectrum of compound 20. 
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Figure 2.30 13C NMR (126 MHz, CDCl3) spectrum of compound 20. 
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Figure 2.31 1H NMR (500 MHz, CDCl3) spectrum of compound 21. 
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Figure 2.32 13C NMR (126 MHz, CDCl3) spectrum of compound 21. 
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Figure 2.33 1H NMR (500 MHz, D2O) spectrum of compound 23. 
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Figure 2.34 1H NMR (500 MHz, CD3OD) spectrum of compound 24. 
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Figure 2.35 13C NMR (126 MHz, CD3OD) spectrum of compound 24. 
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Figure 2.36 1H NMR (500 MHz, CD3OD) spectrum of compound 25. 
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Figure 2.37 13C NMR (126 MHz, CD3OD) spectrum of compound 25. 
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Figure 2.38 1H NMR (500 MHz, CD3OD) spectrum of compound 26. 
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Figure 2.39 13C NMR (126 MHz, CD3OD) spectrum of compound 26. 
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Figure 2.40 1H NMR (500 MHz, DMSO-d6) spectrum of compound 27. 
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Figure 2.41 13C NMR (126 MHz, DMSO-d6) spectrum of compound 27. 

 

 



97 

 

 

Figure 2.42 1HNMR (500 MHz, CD3OD) spectrum of compound 28. 
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Figure 2.43 13C NMR (126 MHz, CD3OD) spectrum of compound 28. 
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Figure 2.44 1HNMR (500 MHz, CD3OD) spectrum of compound 29. 
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Figure 2.45 13C NMR (126 MHz, CD3OD) spectrum of compound 29. 
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Figure 2.46 1H NMR (500 MHz, D2O) spectrum of compound 30. 
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Figure 2.47 13C NMR (126 MHz, D2O) spectrum of compound 30. 
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Figure 2.48 1H NMR (500 MHz, D2O) spectrum of compound 31. 
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Figure 2.49 13C NMR (126 MHz, D2O) spectrum of compound 31. 

 

 



105 

 

 

Figure 2.50 19F NMR (471 MHz, D2O) spectrum of compound 31. 
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Figure 2.51 1H NMR (500 MHz, CD3OD) spectrum of compound 32. 
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Figure 2.52 13C NMR (126 MHz, CD3OD) spectrum of compound 32. 
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Figure 2.53 1H NMR (500 MHz, CDCl3) spectrum of compound 33. 
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Figure 2.54 1H NMR (500 MHz, D2O) spectrum of compound 35. 
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Figure 2.55 13C NMR (126 MHz, D2O) spectrum of compound 35. 
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Figure 2.56 19F NMR (471 MHz, D2O) spectrum of compound 35. 
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Figure 2.57 1H NMR (500 MHz, CDCl3) spectrum of compound 37. 
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Figure 2.58 13C NMR (126 MHz, CDCl3) spectrum of compound 37. 
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Figure 2.59 19F NMR (471 MHz, CDCl3) spectrum of compound 37. 
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Figure 2.60 1H NMR (500 MHz, DMSO-d6) spectrum of compound 38. 
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Figure 2.61 13C NMR (126 MHz, DMSO-d6) spectrum of compound 38. 
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Figure 2.62 19F NMR (471 MHz, DMSO-d6) spectrum of compound 38. 
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Figure 2.63 1H NMR (500 MHz, CDCl3) spectrum of compound 39. 
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Figure 2.64 13C NMR (126 MHz, CDCl3) spectrum of compound 39. 
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Figure 2.65 19F NMR (471 MHz, CDCl3) spectrum of compound 39. 
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Abstract 

This chapter discusses the application of the aforementioned fluorine-thiol reaction 

towards the development of a novel and selective peptide stapling methodology, that 

produces therapeutic stapled peptides with enhanced pharmacological properties. 

Unnatural amino acids containing a fluoroacetamide moiety on the side chain were 

incorporated into unprotected peptides and were selectively reacted with thiol containing 

linkers in an orthogonal fashion to afford i, i+4 and i, i+7 stapled peptide analogues. 

Screening of a library of thiolated linkers identified 1,3-benzenedimethanethiol as the 

linker with the optimal length and rigidity needed to maximize the alpha helicity of 

synthesized stapled peptide analogues. ELISA assay, cell penetrance assays and cancer cell 

inhibition studies of a FTDR-based model p53 and HIV stapled peptide, in comparison to 

the olefin metathesis predecessors, showed comparable alpha helicities along with 

enhanced binding, cell penetrance and cancer cell growth inhibition. This FTDR-based 

stapling method allowed for the efficient and selective synthesis of stapled peptides with 

improved therapeutic properties to those synthesized via olefin metathesis, the current 

standard for peptide stapling.  

Introduction 

Targeting protein-protein interactions (PPIs) has emerged as a prominent area in drug 

design due to the expanding resources available capable of elucidating PPI dynamics, 

structure and their roles in the onset of disease.1 PPIs facilitate a multitude of cellular 

processes and their dysregulation has been linked to cancer and various diseases. There is 

a clear need for the need for stable and efficient inhibitors of these interactions to facilitate 
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their study.2, 3 4 While the presence of advanced modeling and docking studies makes the 

design and synthesis of small molecule inhibitors of PPIs feasible, due to PPI surfaces 

generally being large, shallow and non-hydrophobic, they are difficult to disrupt with most 

small molecule inhibitors.5 Each therapeutic target’s varying amino acid sequence and 

dynamic structure also make the design and combinatorial approaches needed to develop 

small molecule PPI inhibitors with appropriate affinities time consuming and strenuous.6, 

7 On the other hand, large biologics such as antibodies, which offer high specificities, often 

have limitations in membrane permeability, oral bioavailability, and metabolic instability.8  

As a result, the use of peptide mimetics, specifically stapled peptides, capable of emulating 

these protein/protein binding confirmations, has emerged as a promising class of 

therapeutics by finding a middle ground between these two therapeutic classes.9 Stapled 

peptides have demonstrated binding affinities comparable to biologics and superior 

pharmacokinetic properties, leading to multiple auspicious lead drug candidates.10 

Due to a majority of PPIs consisting of alpha helices, truncated alpha helix peptide 

mimetics lead this field of therapeutics. Yet, when lacking the total tertiary structure of the 

model protein, these mimetics tend to be unstructured random coils, thus making them 

ineffective. To combat this, peptide stapling, which consists of the chemical crosslinking 

of peptide sidechains on the face of the alpha helix (i, i+4 or i, i+7), forces the peptide into 

an alpha helical confirmation.10, 11 The most common method for peptide stapling is a 

hydrocarbon linker-based method utilizing olefin metathesis.12 This work incorporates 

unnatural amino acids that possess olefin functionalities that are conjoined upon treatment 

with as metal catalyst, with Grubbs catalyst being the most common. While proven to be 
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effective, with multiple stapled peptide therapeutics utilizing this chemistry undergoing 

clinical trials, hydrocarbon linker-based peptide mimetics have a multitude of limitations.13 

Due to the hydrophobicity associated with this linker, peptide mimetic synthesized via 

olefin metathesis tend to have concerns regarding solubility, cell penetrance and 

selectivity.14  Another issue is the orthogonality of olefin metathesis, causing for the need 

to protect amino acid in the peptide.15 Due to the need for metal catalysis, the free amines 

and cysteines typically found in peptide sequences would potentially quench the stapling 

process, thus requiring the need for protection chemistry. While other methods for peptide 

stapling have been developed to circumvent these issues, such as the use of thiol–yne 

hydrothiolation, strain-promoted cyclization techniques and alkylation reactions with 

highly reactive halogen-containing linkers, chemoselectivity concerns remain.15-18 Despite 

the improved metabolic stability and high affinities found with these peptide mimetics, the 

need for efficient stapling methods that do not require peptide protection and that afford 

therapeutics with acceptable cell permeabilities is needed.  

Due to the selectivity and orthogonality observed with the FTDR platform discussed in 

Chapter 2, it was hypothesized that this same fluorine-thiol reaction could be implemented 

towards the stapling of unprotected peptides. As discussed previously, when incorporated 

into proteins, the fluoroacetamide moiety has been found to be extremely stable in 

biological settings yet is reactive to cysteines in close proximity.19 Since peptide stapling 

allows for higher concentration conditions in comparison to PTM labeling, it is presumed 

that alkyl thiol linkers are suitable for FTDR-based stapling. In this chapter, I will discuss 

the development of a selective and efficient fluorine-thiol stapling methodology that 
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utilizes fluoroacetamide containing unnatural amino acids in unprotected peptides, which 

are reacted with alkyl thiol linkers. In this work, 1,3-benzenedimethanethiol was identified 

as the optimal linker and Axin peptide mimetics were synthesized and shown to have 

comparable alpha helicities and binding affinities to peptide analogues constructed via 

olefin metathesis. The largest advantage found with this FTDR stapling strategy was an 

enhanced cell permeability, which subsequently led to improved cancer growth inhibition, 

thus confirming advantages FTDR has over traditional stapling methods in the synthesis 

of peptide therapeutics. 

Results 

Fluorine-thiol peptide stapling reaction screening. Similar to screening conducted in 

Chapter 2, compound 1 was used as a model substrate to test its reactive against multiple 

thiol containing linkers. Model compound 1 contained a similar fluoroacetamide moiety to 

that of the hypothesized unnatural amino acid for this stapling approach, and the phenyl 

ring was used a UV handle for accurate reaction monitoring via HPLC and LC-MS. 

Reaction screening conducted by collaborating labmate, Dr. Yifu Guan, began with 

incubation of 1 with ten-fold concentration L-cysteine in Tris (tris(hydroxymethyl)-

aminomethane) buffer and DMF mixture at pH = 9 for up to 12 h (Fig. 3.1A). LC-MS 

analysis showed 40.4% reaction completion, confirming that alkyl thiols at high 

concentrations are capable of displacing fluorine in mild reaction conditions (Fig. 3.1B). 

While encouraging, benzyl thiol was tested next in attempts to enhance the reaction 

completion (Fig. 3.2A). When screened against 1 in identical reaction conditions, LC-MS 
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Figure 3.1. A.) Reaction scheme for the preliminary screening of model fluoroacetamide 

(1) against cysteine. B.) LC-MS trace after incubation in a Tris buffer and DMF mixture 

at pH = 9 for up to 12 h.  
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Figure 3.2. A.) Reaction scheme for the screening of model fluoroacetamide (1) against 

benzyl mercaptan. B.) LC-MS trace after incubation in a Tris buffer and DMF mixture at 

pH = 9 for up to 12 h.  
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of the reaction mixture revealed a reaction completion of 52.7% (Fig. 3.2B). With this 

knowledge, a fluoroacetamide containing unnatural amino acid was synthesized for further 

optimization of this FTDR stapling procedure and for model peptide synthesis (Fig. 3.3). 

Boc-L-Dap-OH, the building block for the fluoro-UAA was carboxybenzyl (Cbz) 

protected at the side chain amine and methylated at the C-terminal to produce intermediate 

5. Hydrogenation was conducted to liberate the side-chain amine (7) and was then coupled 

with sodium fluoroacetate to introduce the fluoroacetamide moiety (9). Hydrolysis of the 

C-terminal methyl ester, followed by Boc deprotection gave compound 13, which was 

finally Fmoc protected to yield compound 15, which was suitable for use in resin-based 

solid-phase peptide synthesis. Both L (15) and D (16) enantiomers of the UAA were 

synthesized for future analysis of chirality’s effect on stapling efficiency and peptide alpha 

helicity.  Prior to model peptide synthesis, compound 9 was taken to further confirm and 

optimize the fluorine displacement of this UAA with benzyl thiols (Fig. 3.4). Under similar 

reaction conditions to when testing 1, a product yield of 73% was found after purification. 

These encouraging results showed that FTDR could be efficiently run in mild conditions 

and in buffer as opposed to previous stapling methods which require organic solvents and 

harsh and destabilizing reaction conditions. As a result, model peptides containing UAA 

17 were constructed to investigate the stapling efficiency and selectivity of FTDR.  

Model Peptide screening. To test the peptide stapling efficiency, unprotected model 

peptide 18, which contained UAA 17 at the i and i+4 sites was taken and reacted with 1,4-

benzenedimethanethiol, a common dithiol linker used in peptide cyclization (Fig. 3.5) 

Model peptide 17 was incubated with ten-fold 1,4-benzenedimethanethiol, which was pre- 
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Figure 3.3. Reaction scheme for the synthesis of both L and D versions of the final 

fluoroacetamide unnatural amino acid (15,16).  
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Figure 3.4. General reaction scheme for the fluorine thiol displacement reaction (FTDR) 

between benzyl thiol and model fluoroacetamide unnatural amino acid (9). 

 

 

Figure 3.5. Reaction scheme for the model fluorine-thiol based peptide stapling with 

model peptide 18 and 1,4-benzenedimethanethiol to produce cyclized peptide 19. Refer 

to the experimental section for full characterization. 

 

 

mixed with an equivalent amount of sodium hydroxide to ensure full deprotonation of the 

nucleophilic thiol linker. After 12 h of incubation and subsequent HPLC purification, 

cyclized product 19 was isolated with a 62% yield (Table 3.1) LC-MS analysis revealed 

that the reaction proceeded cleanly with minimal side products, showing the 

chemoselectivity of FTDR and its ability to be applied towards unprotected peptides. 
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Peptide 
Theoretical 

MW (Da) 

Observed 

MW 

[M+2H]/2 

Observed 

MW 

[M+3H]/3 

% yield 

21 2007.9 1005.1 670.5 54.8% 

22 2021.9 1012.2 675.2 59.2% 

23 2036.0 1019.2 679.9 48.6% 

24 2050.0 1026.1 684.5 51.9% 

25 2041.9 1022.2 681.9 62.6% 

26 2041.9 1022.1 681.8 52.2% 

28 2007.9 1005.2 670.5 58.2% 

29 2021.9 1012.2 675.2 61.7% 

30 2036.0 1019.1 679.9 60.4% 

31 2050.0 1026.1 684.6 55.3% 

32 2041.9 1022.2 681.9 59.3% 

33 2041.9 1022.2 681.9 64.9% 

35 2036.0 1019.1 679.9 53.9% 

36 2050.0 1026.1 684.6 43.2% 

37 2041.9 1022.2 681.9 58.4% 

39 2036.0 1019.1 679.9 39.4% 

40 2050.0 1026.1 684.5 49.8% 

41 2041.9 1022.2 681.9 50.9% 

 42 1870.0 936.2 624.5 73.4% 

43 2081.8 1042.2  59.4% 

44 2081.8 1042.2  51.1% 

45 2081.8 1042.2  55.7% 

46 1909.9 956.4  51.2% 

48 2871.3   53.6% 

50 2871.3   52.9% 

51 2699.4   62.8% 

 

Table 3.1 Molecular weight (MWs) and yields of the synthesized stapled peptide. 
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Axin peptide cyclization. Axin peptide mimetics, a well-known therapeutic that inhibits 

the Axin- β-catenin PPI, are known to have anti-cancer properties by disrupting the Wnt 

signaling pathway.20 Using this scaffold as a model, multiple cyclized Axin peptide 

analogues were synthesized with linkers of varying lengths and rigidities to evaluate the 

stapling efficiency of FTDR, along with their alpha helictites and binding affinities (Fig. 

3.6). The fifteen amino acid long Axin analogues were synthesized, with the L (15) and D 

(16) chirality fluoroacetamide UAAs incorporated in various combinations at the i, i+4 

positions, which were identified as optimal mutation sites in previous works. Four separate 

peptides were constructed with an array of chirality combinations (L,L for , D, D for 27, L, 

D for 34, and D, L for 38) to identify the ideal chirality needed to optimize stapling yields 

and the alpha helicity formation (Fig. 3.6). With the reaction conditions discovered in 

previous screenings, each peptide was reacted with a panel aliphatic and benzyl containing 

thiol linkers to identify an ideal length and rigidity. After incubation and subsequent LC-

MS analysis, it is observed that a majority of the linkers can produce FTDR-based stapled 

peptides at acceptable yields. For peptides possessing the L,D and D,L conformation, it is 

noted that the maximum linker lengths (7 and 8 carbon linker) are needed, presumably due 

to the sidechains facing opposite directions, despite being on the same face of the peptide. 

As a result of these opposing orientations, only the seven and eight carbon linkers were 

suitable for the macrocyclization of these peptides. On the other hand, peptides 20 and 27 

were noted to be much more robust in regard to the length and rigidity of the linkers needed 

for cyclization. While the five and six carbon dithiol linkers and 1,3-

benzenedimethanethiol were shown to achieve the highest yields, all the linkers screened  
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Figure 3.6. Panel of the reaction products for the FTDR peptide cyclization of 

unprotected Axin peptide analogues (20, 27, 34, 38) and various dithiol linkers. XL 

represents the L version of the fluoroacetamide unnatural amino acid (15) and XD 

represents the D version of the fluoroacetamide unnatural amino acid (16), which were 

incorporated via solid-phase peptide synthesis.  

 

 

were capable of efficient peptide cyclization. Once purified, each cyclized peptide product 

was subjected to circular dichroism (CD) analysis to determine the alpha helicity 

percentage attained via FTDR peptide stapling (Fig. 3.7).  

Circular dichroism (CD) experiments, conducted with collaborator Md Shafiqul Islam, 

were done with an aliphatic carbon linker containing Axin peptide mimetic (42) that was 

synthesized via olefin metathesis as a positive control. This RCM-stapled Axin analogue, 

which was previously reported to have an alpha helicity of 51% was used as a reference to 

evaluate the ability to stabilize peptide analogues via FTDR. Prior to each run for the 

FTDR-based peptides, compound 47 was ran and used as a baseline. Previous works show  
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Figure 3.7. Circular dichroism (CD) spectra (conducted by Md Shafiqul Islam) of each 

Axin peptide analogues shown in Figure 3.6.  
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that aromatic linkers influence CD signals, thus giving calculated alpha helicity 

percentages that are not solely due to the peptide’s conformation.21 As hypothesized, the 

alpha helicity percentage had a moderate correlation with the cyclization yields, with 

peptides 25 (62.6% yeild) having 46% alpha helicity and 37 (58.4% yield) having 44% 

alpha helicity, both being the highest of the Axin analogue library. CD analysis also 

confirmed 1,3-benzenedimethanethiol as the linker with the optimal rigidity to promote 

alpha helical conformation, with peptides 25 and 37 both utilizing this benzyl thiol linker.  

In comparison, each aliphatic dithiol linker showed suboptimal % alpha helicity in 

comparison to the RCM Axin peptide control, confirming that flexible orientations are 

unable to maintain an alpha helical structure. Finally, variation of the UAA chirality 

showed that the D, D (28 – 33) or D, L (39 – 41) combinations showed diminished alpha 

helicity in comparison to the L,L and L,D configurations. For example, the D,D (32) and 

D,L (41) stapled with the optimized 1,3-benzenedimethanethiol linker had alpha helicity 

percentages that were significantly diminished, with helicities of 13% and 8%, 

respectively. To further confirm the observed trends regarding linker length, rigidity and 

chirality effect on alpha helical formation via FTDR stapling, similar experiments were run 

with a HIV binding peptide analogue.  

Model HIV peptide analogue cyclization. Next, the pharmacological properties endowed 

upon peptide analogues cyclized via FTDR was evaluated. First, the cellular uptake of 

FTDR macrocyclic peptides was evaluated in comparison to RCM, which has been shown 

to increase the cell penetrance of HIV C-CA binding peptides.22 HIV peptide mimetics 

were synthesized with varying chirality’s of the fluoroacetamide containing UAA at the i, 
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i+4 positions, along with the reported RCM stapled HIV analogue (46), which served as a 

positive control. Following the established FTDR stapling procedures using 1,3-

benzenedimethanethiol, each HIV cyclization product was subjected to CD analysis. 

Following similar trends to the Axin peptide analogues, the L, L (43) and L, D (44) 

configurations, with alpha helicities of 50% and 45% respectively, were comparable to that 

of the RCM control (52%) and significantly outperformed the D, L (45) analogue.  In 

summary, substrate screening of Axin and HIV peptide analogues confirmed the 

effectiveness of FTDR-based stapling to promote alpha helicity. Through the screening of 

various dithiol linkers, 1,3-benzenedimethanethiol was detected to have the optimal length 

and rigidity needed, resulting in alpha helicity percentages equal to those achieved via 

RCM stapled peptide synthesis (Fig. 3.8).  

Cell permeability studies and ELISA assay (in collaboration with labmate Md 

Shafiqul Islam). Each FITC-labelled HIV C-CA binding analogues (43-46) was incubated 

with HEK293T cells to test their cell permeabilities.  After 4 h of incubation confocal 

fluorescence microscopy was used for a qualitative and quantitative assessment of the cell 

penetrance (Fig. 3.9). 43 and 44 demonstrated excellent cell penetrance, as shown by the 

abundant presence of each in the cytosol and endosome.   D,L-stapled peptide (45) showed 

limited cellular uptake, which correlates well with its relatively low alpha helicity. While 

high alpha helical conformations do not ensure excellent cellular uptake, stapled peptide 

analogues with low alpha helicities rarely have significant biological utility. This is further 

shown by RCM control 46, which had minimal cellular uptake, likely due to this peptide’s 

poor water solubility.  
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Figure 3.8. A.) Panel of HIV C-CA binding peptide analogues synthesized via FTDR 

(43,44,45) and a RCM-based control (46). XL represents UAA (15) and XD represents 

UAA (16), which were incorporated via solid-phase peptide synthesis. B.) Circular 

dichroism (CD) spectra (conducted by Md Shafiqul Islam) of each HIV C-CA binding 

analogue. 
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Figure 3.9. Fluorescent confocal microscopy images of the HEK293T cells which were 

incubated with peptides 43-46.  Green = FITC-labelled peptides and Blue = nucleus 

stained by Hoechst 33342. 
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Biological activity evaluation of FTDR analogues. Finally, binding affinity, stability and 

cancer cell growth inhibition studies were conducted by my collaborating labmate Md 

Shafiqul Islam, to evaluate the therapeutic potential of FTDR-based stapled peptide 

analogues.  Axin peptide analogues 48 and 50 were synthesized (Fig. 3.10) and evaluated 

for their binding against β-catenin via ELISA assay (Fig. 3. 11) with the RCM-stapled 51 

as a positive control and unstapled peptides 47 and 49 as a negative control. Similar to 

trends observed with % alpha helicity, FTDR Axin analogues 48 (EC50 = 4.36 ± 1.75 nM) 

and 50 (EC50 = 5.27 ± 2.29 nM) showed similar binding affinities to the RCM control 51 

(EC50 = 3.03 ± 1.81 nM). Each sample also possessed significantly enhanced binding in 

comparison to unstapled control 47. Next, the in vivo biological functionality of 48 and 50 

were evaluated for their ability to disrupt the Wnt/β-catenin signaling pathway, which is 

heavily linked to oncogenesis.23-25  Cancer cell growth inhibition for 48, 50, RCM control 

51 and unstapled 47 was monitored in DLD-1 cell lines (Fig. 3.12). Treatment with each 

peptide over the course of 5-days showed that FTDR analogues 48 (EC50 = 2.3 ± 0.4 µM) 

and 50 (EC50 = 9.8 ± 2.0 µM) were far superior to 47 and 51, which only showed notable 

growth inhibition at high concentrations.  

 

Discussion 

The work conducted shows the successful development of a novel fluorine-thiol stapling 

methodology which allows for the cyclization of unprotected peptide analogues that 

possess enhanced alpha helical conformations, binding affinities and cell penetrance in 

comparison to stapled peptides synthesized via metal-catalyzed ring-closing metathesis.  
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Figure 3.10 Structure of the unprotected Axin-derived peptide analogues (47, 49), 1,3-

benzenedimethanethiol stapled product (48, 50) and the RCM control peptide (51).  
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Figure 3.11 Plot of the binding affinity via ELISA assay for the unprotected Axin-

derived peptide analogue (47), 1,3-benzenedimethanethiol stapled product (48, 50) and 

the RCM control peptide (51).  
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Figure 3.12 Plot of the inhibition of cancer cell growth for the unprotected Axin-derived 

peptide analogue (47), 1,3-benzenedimethanethiol stapled product (48, 50) and the RCM 

control peptide (51) in DLD-1 cancer cells. 
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Initial reaction screening showed that fluorine displacement by aliphatic and benzyl thiols, 

promoted by proximal concentration, was feasible in mild reaction conditions that are 

suitable towards peptides. The selectivity and mild reaction conditions can be further 

demonstrated by the reactive thiourea functionality of FITC dyes conjugated to the N-

terminal remaining intact during peptide cyclization. Linker screening with an Axin 

peptide analogue model showed that, while compatible with a large range of dithiol 

containing linkers, 1,3 benzenedimethanethiol afford cyclized products with peak reaction 

yields and forced alpha helix formation. These results coincided with work conducted by 

Spokoyny, A.M. et al., which consisted of a SnAr stapling methodology centered around a 

perfluoroaryl linker. They demonstrated enhanced alpha helicities and cell penetrance with 

this methodology that utilized rigid and aromatic linkers.  

With regards to chirality’s effect on this peptide cyclization methodology, the results 

slightly differed from trends observed in the literature. The L, L and L, D chirality 

combinations gave enhanced yields, percent alpha helicity, binding and cell penetrance in 

each model peptide screened, while D, L and D, D were seen to completely destabilize 

each substrate, resulting in the formation of random coils as opposed to alpha helices. A 

multitude of works, consisting of disulfide-bridged and aliphatic carbon-based cyclic 

peptides, have shown that the substitution of D amino acids at both i and i+4 sites of stapled 

peptides results in products with weakened alpha helical properties and poor binding 

affinities. D, L configurations on the other hand, while seen to produce stapled peptide 

analogues with poor alpha helicities and pharmacological properties when synthesized via 

FTDR, have generally been noted to enhance the stability of peptides for other stapling 
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methods. For example, Muppidi et.al. demonstrated with Mdm2/Mdmx inhibiting P53 

peptides analogues generated via cysteine alkylation with bromine containing linkers that 

the D,L-dicysteine analogue had a significant improvement in alpha helicity and 

Mdm2/Mdmx inhibition in comparison to the native peptide and the L,L-dicysteine 

analogue. This coupled with the fact that L,D FTDR-based peptide analogues have alpha 

helical stabilization, contrary to most reported works, it can be concluded that the amino 

acid and linker structures and orientations of the specific stapling method can result in 

varying chirality requirements, as opposed to following a general trend.  

In regard to the biological properties endowed upon peptide analogues with FTDR, a 

significant enhancement in cellular uptake was noted. Previous works have generally 

shown that RCM-based peptides possess improved cell permeabilities due to the 

hydrophobicity introduced by the linker and their enhanced alpha helical stability. When 

compared to peptides synthesized via FTDR, confocal imaging of each peptide in 

HEK293T cells showed that the RCM control had minimal cell permeability as opposed to 

the FTDR analogues. Despite having comparable alpha helical conformations, the vast 

difference in cell penetrance can be attributed to difference in the UAA sidechains and 

linkers utilized. As shown by Spokoyny, A.M. et al., the aromaticity introduced by 1,3-

benzenedimethanethiol may have a significant impact on cellular uptake. The lipophilicity 

of the RCM control peptides was also noted as a possible reason for the discrepancies in 

cell penetrance. While the RCM HIV peptide analog had solubility issues when suspended 

in aqueous buffers, the presence of two additional amide bonds in UAA (15) and (16) 



145 

 

afforded heightened water solubilities of FTDR-based peptides, leading to improved 

pharmacological properties.  

The activity profiles of FTDR-based analogues were found to be favorable as well. Binding 

affinities were comparable to their RCM control counterparts, while large discrepancies 

were observed for cancer cell growth inhibition. These Axin peptide analogues anticancer 

properties derive from their disruption of the Wnt/β-catenin signaling pathway by binding 

β-catenin.  β-catenin, a transcriptional co-regulator protein, acts as a regulatory protein in 

this pathway by partaking in both positive and negative feedback protein-protein 

interaction. Wnt signaling pathway dysregulation is most commonly coupled with β-

catenin accumulation, resulting in the over-transcription of various oncoproteins. To 

combat this, Axin-based stapled peptides aim to bind β-catenin, thus preventing 

downstream signaling associated with its oncogenicity. Due to the similar in vitro binding 

affinities for both FTDR and RCM based Axin peptides, the stark difference in in vivo 

efficacy can be simply attributed to the use of a different stapling method. Mechanism 

studies conducted by collaborating labmate Md Shafiqul Islam revealed that FTDR 

peptides penetrated the cell via multiple modes of endocytosis while the RCM controls 

only entered by one mode of entry. This revelation can possibly point towards the stark 

differentiation in cell permeability between the two stapling methods.  

 

Conclusion 

This chapter discusses the utilization of the previously developed fluorine-thiol 

displacement reaction (FTDR) towards the mild and efficient chemoselective stapling of 
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unprotected peptides. Axin and HIV peptide analogues were cyclized in high yields with 

this FTDR methodology, specifically with a 1,3-benzenedimethanethiol linker, and the 

resulting stapled products showed enhanced cell permeabilities along with alpha helical 

stabilities and binding affinities equivalent to those synthesized via metal-catalyzed ring 

closing metathesis. Along with a screening of linker lengths and rigidities that helped 

identify 1,3-benzenedimethanethiol as the ideal linker, the effect of the chirality of the 

fluoroacetamide unnatural amino acid on stability and biological functionality was 

assessed. The L,L and L,D combinations possessed the highest stabilities and cell 

permeabilities, while D,L was noted to promote destabilization and random coil formation, 

which deviates from previously reported trends observed with stapled peptides and 

chirality trends. Finally, stapled peptides synthesized via FTDR had cell permeabilities in 

comparison to RCM-based peptides. This directly correlated with 

Experimental Section 

General Procedures  

 All chemicals and solvents used were purchased from either Fisher Scientific, Sigma 

Aldrich or VWR and were used directly without any further purification.  All small 

molecules and building blocks were synthesized following traditional organic chemistry 

procedures.  Regular phase flash column chromatography with manually loaded silica gel 

(grade 60, 230-400 mesh, Fisher Scientific) was used to purify synthesized compounds.  

High resolution ESI-MS was obtained at the Wistar Institute, using a ThermoFisher 

Scientific Q Exactive HF-X mass spectrometer coupled to a ThermoFisher Vanquish 

Horizon UHPLC system.  NMR data was recorded on a 500 MHz Bruker Advance with 
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TMS as an internal standard.  Peptides were synthesized on solid-phase using Fmoc 

chemistry.  After cleavage from resins, the crude mixtures were precipitated out by diethyl 

ether, resuspended, and purified using Waters 1525 series preparative high-performance 

liquid chromatography (HPLC) loaded with the XBridge Prep C18 column (25 cm x 19 

mm, particle size 5 µm).  All peptide mass spectra data were recorded on the Agilent 1100 

series liquid chromatography-mass spectrometry (LC-MS) that was equipped with an 

Ascentis® Express C8 analytical column (5 cm x 2.1 mm, particle size 2.7 µm).  The LC-

MS program ran with mobile phase A (0.1% TFA in water) and mobile phase B (0.1% 

TFA in acetonitrile).  For each run, the acetonitrile was linearly increased from 5% to 95% 

within 10 min.   

 

General peptide synthesis   

Peptides were synthesized on rink amide resins following traditional Fmoc-based solid-

phase chemistry.  Most >10 mer peptides were synthesized on an automatic peptide 

synthesizer at the Macromolecular core facility of the Pennsylvania State University.  

Generally, approximately four equivalents of Fmoc-protected amino acid building blocks, 

four equivalents of HATU and eight equivalents of DIPEA were added to the resins 

resuspended in DMF for every round of coupling. The N-terminal of peptides were capped 

with acetic anhydride or FITC in DMF using DIPEA as the base.  After capping, peptides 

were cleaved by incubating the beads with reagent H (trifluoroacetic acid (81% w/w), 

phenol (5% w/w), thioanisole (5% w/w), 1,2-ethanedithiol (2.5% w/w), dimethylsulfide 

(2% w/w), ammonium iodide (1.5% w/w), and water (3% w/w)) at room temperature for 
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3h.  The supernatant was collected and added diethyl ether to precipitate out the crude 

product.   

 

General procedures for peptide stapling   

For the controls that require ring closing metathesis (RCM), RCM-based stapling was 

performed with protected peptides on resins following the reported procedures.  The resins 

were mixed with approximately 0.5 equivalent of Grubbs I catalyst (5 mM) in 

dichloromethane and were incubated for 2h at room temperature before the solvents were 

drained off.  The coupling process was repeated three times, followed by subsequent N-

terminal deprotection and capping.  The crude products were cleaved from resins as 

mentioned before and precipitated out by 15-fold ice-cold diethyl ether.  The crude mixture 

was re-dissolved in a water and methanol mix, and purified by reverse phase semi-

preparative HPLC that operated at a flow rate of 10 mL/min, used water/0.1% TFA as 

solvent A and acetonitrile/0.1% TFA as solvent B.   

For stapling based on the fluorine thiol displacement reaction (FTDR), 126 µL of the 

dithiol-containing linker (250 mM in DMF) was premixed with 210 µL of sodium 

hydroxide solution (250 mM) and 189 µL of DMF at room temperature for 40 min to 

completely deprotonate dithiols.  After this, 105 µL of peptide solution (50 mM in water 

or DMF) was added to start the stapling based on FTDR.  The reaction mixture was 

incubated at 37oC for around 12h till the reaction was complete as determined by LC-MS 

and was then quenched with water and acetic acid.  Subsequently, the solution was 

extracted by ethyl acetate three times to remove excess linkers.  The remaining aqueous 
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phase was lyophilized, resuspended in methanol, and added diethyl ether to precipitate out 

the stapled peptides.  The crude product was further purified on HPLC as mentioned before.  

The yields for all the stapled peptides were determined after recovery from HPLC 

purification.        

 

Circular dichroism   

Axin- and p53- derived peptides were dissolved in water, and HIV-targeting peptides 

were dissolved in 25% acetonitrile/water to ensure 100% solubility. The final concentration 

of the peptide samples was 70 µM.  Circular dichroism (CD) measurements were 

performed on a Jasco model J-815 spectropolarimeter with a 1 mm Jasco quartz cell over 

the wavelength range of 180 – 250 nm.  The scans were carried out at 0.2 nm resolution 

with 4 s average time at 25 oC.  Data from three scans were averaged, base line corrected, 

and normalized to the mean residue ellipticity (MRE) following the equation: [θ]λ = 

[θ]obs/(10 x l x C x n).  [θ]λ is MRE in deg x cm2 x dmol-1; [θ]obs is the measured ellipticity; 

C is the concentration of peptides in M; l is the optical pathlength in cm; and n is the number 

of residues in peptides.  The % alpha helicity was calculated from the MRE values at 222 

nm, using the equation % helicity = ([θ]222 - [θ]0)/( [θ]max - [θ]0)  based on the previously 

reported method.  [θ]222 is the MRE value at 222 nm; [θ]max is the maximum theoretical 

MRE value for a helix of n residues; and [θ]0 is the MRE value of the peptide in random 

coil conformation that usually equals to (2220-53T).   

 

Confocal imaging   
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All images were captured on an Olympus FV3000 confocal laser scanning microscope 

with a NA 1.05 30X silicone-immersion objective (UPLSAPO 30XS).  Hoechst 33342 dye 

and FITC-labeled peptides were excited with 405 nm and 488 nm lasers (Coherent OBIS), 

respectively.  Images were analyzed with NIH ImageJ software.  Particles in the 

extracellular matrix that the “analyze particle” function selected were manually deselected 

and removed from the data set.  Cells with cytoplasmic membrane aggregation of the FITC-

labeled peptide had the cytoplasmic membrane excluded from the mean intensity 

measurement. From a normal distribution curve applied to a histogram of the individual 

cell mean intensity, we found some outliers in the data collected (Fig. S13A).  However, 

from the distribution of data we found the best fit curve to be lognormal.  Outliers were 

then removed using a Grubbs test. We determined the optimal bin size for the histogram 

using the Freedman-Draconis rule.  

 

ELISA assay for binding affinity   

The beta-catenin protein (Abcam, ab63175) (1 µg/mL, 50 µL/well) was coated onto a 96-

well flat bottom black plate (Nunc, MaxiSorp) at room temperature for 2 h.  The wells were 

washed with 0.05% tween containing PBS buffer, and then blocked with 1% BSA 

containing PBS buffer at room temperature for 2 h.  The FITC labelled Axin peptide 

derivatives (including the unstapled control) were each serially diluted (200 µM, 50 µM, 

12.5 µM, 3.125 µM, 0.781 µM, 0.195 µM, and 0) in 100 µL of blocking solution (1% BSA, 

PBS buffer), added to the wells, and incubated at room temperature for another 2 h.  The 

wells were then washed three times with PBS buffer (0.05% tween) and treated with HRP-
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conjugated anti-FITC antibody (100 µL/well, Abcam, ab196968) for 1h at room 

temperature.  After this final incubation, the wells were washed 5 times with 300 µL of 

PBS buffer (0.05% tween), and then treated with the QuantaBlu fluorogenic peroxidase 

substrates that had been prepared following the manufacturer’s protocol (100 µL/well).  

The fluorescence signals were recorded by the H1 synergy plate reader (Biotek) at the 

excitation wavelength of 325 nm and the emission wavelength of 420 nm.   

 

 

Cell growth inhibition assay   

DLD-1 cells were cultured and maintained as mentioned before. Right before the assay, 

cells were resuspended in fresh RPMI media supplemented with 10% FBS, 100 IU/mL 

penicillin, and 100 µg/mL streptomycin, and plated onto 96-well whilte flat-bottom plates 

at 1000 cells per well (90 µL media/well).  After overnight incubation, peptides samples 

were serially diluted as 10x stock in PBS buffer (10% DMSO), and were added to the 

plated cells at 10 µL stock solution/well in triplicate to make a final treatment concentration 

of 0 μM, 0.0625 µM, 0.125 µM, 0.25 µM, 0.5 µM, 1 µM, 2 µM, 4 µM, 8 µM, 16 µM.  The 

wells on the edges of plates were filled with PBS buffer to avoid unwanted evaporation of 

samples.  The samples on the plates were incubated at 37 C, 5% CO2 for 5 days, and the 

cell growth was evaluated by CellTiter Glo (Promega).  The luminescence signals were 

recorded by the H1 synergy plate reader (Biotek) and were normalized against the control 

groups (100%) for which cells were only treated with the vehicle (PBS/1% DMSO).   
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In a flame-dried 50 mL round bottom flask, sodium fluoroacetate (200 mg, 2 mmol) and 

HATU (912 mg, 2.4 mmol) were mixed with DIPEA (418µL, 2.4 mmol) in 15 mL 

anhydrous DMF.  Around 10 min later, phenylethylamine (251 µL, 2 mmol) was added to 

the mixture.  After overnight stirring, the reaction was quenched with water and the product 

was extracted with ethyl acetate.  The collected organic layer was dried over anhydrous 

sodium sulfate, concentrated, and purified through silica gel column chromatography 

(hexane/ethyl acetate: 3/1) to afford product 1 as a white solid (277 mg, 1.52 mmol, 76% 

yield). 1H NMR (500 MHz, CDCl3): δ 7.34-7.31 (m, 2H), 7.26-7.20 (m, 3H), 4.76 (d, J = 

47.5 Hz, 2H), 3.60 (q, J = 6.5 Hz, 2H), 2.86 (t, J = 7.5 Hz, 2H); 13C NMR (126 MHz, 

CDCl3): δ 167.6 (d, J = 17.1 Hz), 138.4, 128.8 (d, J = 5.0 Hz), 126.7, 80.2 (d, J = 186.1 

Hz), 40.0, 35.6; 19F NMR (471 MHz, CDCl3): δ -224.78;  HRMS (ESI) m/z calculated for 

C10H13FNO [M + H]+: 182.0976, found 182.0971. 
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The conversion of model compound 1 to the fluorine displaced product 2 was scaled up in 

5 mL final volume following the procedure described in “Small Molecule Model 

Reactions”.   The reaction was quenched with 20 mL brine and the product was extracted 

with 30 mL of ethyl acetate three times.  The organic layer was combined, dried, and 

concentrated under reduced pressure.  The crude mixture was purified by flash column 

chromatography (25% ethyl acetate/hexane) to afford 2 (80 mg 70.7% yield) as a white 

solid.  1H NMR (500 MHz, CDCl3): δ 7.12-7.39 (m, 10H), 6.73 (s, 1H), 3.57 (s, 2H,), 3.46 

(q, 2H), 3.09 (s, 2H), 2.79 (t, 2H); 13C NMR (126 MHz, CDCl3): δ 168.39, 138.65, 137.06, 

128.97, 128.87, 128.77, 128.74, 127.46, 126.67, 40.71, 37.30, 35.43, 35.36.  ESI-MS m/z 

calculated for C17H19NOS [M + H]+: 286.1, found 286.1. 

 

 

Boc-Dap-OH (1 g, 4.9 mmol) was dissolved in the mixture of water (17 mL) and dioxane 

(47 mL).  Na2CO3 (1.04 g, 9.8 mmol) in water (5 mL) was added to the flask, and the 

mixture was cooled on ice bath.  Cbz-Cl (1.07 mL, 7.5 mmol) was then added dropwise, 

after which the mixture was stirred at room temperature overnight.  The next day, dioxane 

was removed under reduced pressure, and the solution’s pH was adjusted to approximately 

9.0 with 1 M sodium hydroxide.  The solution was extracted twice with ethyl acetate to 

remove the unreacted Cbz-Cl.  The pH was subsequently adjusted to 4.0 with 1 M HCl and 

the acidic solution was then extracted three times by ethyl acetate, with the organic layers 
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combined and dried over sodium sulfate.  The organic phase was finally vacuum dried to 

afford 1.6 gram of crude product 3 (96.5% yield) and was used directly for the next step 

without purification. 

 

 

Compound 4 was synthesized following the same procedure for the enantiomer, compound 

3, with a 97.4% yield.  

  

 

The previously synthesized compound 3 (1.6 g, 4.73 mmol) was dissolved in 20 mL of dry 

DMF.  Potassium carbonate (2.29 g, 16.56 mmol) was added, and stirred at room 

temperature for 20 min.  The reaction mixture was then cooled in an ice bath followed by 

the addition of methyl iodide (353 µL, 5.676 mmol).  After overnight stirring at room 

temperature, the mixture was diluted with 200 mL water, and extracted three times with 60 

mL ethyl acetate.  The organic layers were combined, dried over anhydrous sodium sulfate, 

and concentrated under reduced pressure.  The crude mixture was purified by flash column 

chromatography (ethyl acetate/hexane: 1/4) to finally afford 1.58 gram of product 5 in 

viscous oil form (94% yield). 1H NMR (500 MHz, CDCl3): δ 7.36-7.30 (m, 5H), 5.46 (s, 
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1H, br), 5.20 (s, 1H, br), 5.08 (s, 2H), 4.37 (s, 1H, br), 3.73 (s, 3H,), 3.58 (s, 2H, br) 1.42 

(s, 9H); 13C NMR (126 MHz, CDCl3): δ 171.18, 156.72, 155.43, 136.24, 128.56, 128.23, 

128.15, 80.31, 67.03, 54.04, 52.71, 42.97, 28.30;  HRMS(ESI) m/z calculated for 

[C12H17N2O4, M - Boc + H]+ : 253.1188, found 253.1181. 

 

 

Compound 6 has been synthesized following the same procedure for compound 5, with a 

93.5% yield. 1H NMR (500 MHz, CDCl3): δ 7.35-7.28(m, 5H), 5.63 (s, 1H, br), 5.47 (s, 

1H, br), 5.07 (s, 2H), 4.37 (s, 1H, br), 3.71 (s, 3H,), 3.56 (s, 2H, br) 1.43 (s, 9H); 13C NMR 

(126 MHz, CDCl3): δ 171.29, 156.83, 155.56, 136.33, 128.52, 128.17, 128.12, 80.19, 

66.94, 54.08, 52.63, 42.85, 28.29; HRMS(ESI) m/z calculated for [C12H17N2O4, M - Boc 

+ H]+: 253.1188, found 253.1182. 

 

 

The previously synthesized compound 5 (1.58 g, 4.48 mmol) was dissolved in 20 mL of 

methanol and cooled on ice bath.  A small amount of hydrogen chloride (370 µL) in 

methanol (5 mL) was added dropwise in order to quench the nucleophilic amine generated 

in situ during follow up hydrogenolysis.  For hydrogenolysis, 10% Pd/C (200 mg) was 
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added with subsequent stirring at room temperature under the hydrogen atmosphere.  After 

overnight stirring, the reaction mixture was filtered through celite to remove Pd/C.  The 

solvent was also evaporated under reduced pressure to afford crude compound 7 with 

almost quantitative yield.  The crude product was used for the next step without any 

purification. 

 

 

As an enantiomer to compound 7, compound 8 has been synthesized following the same 

procedure for compound 7. 

 

 

Sodium fluoroacetate (100 mg, 1 mmol), HATU (418.3 mg, 1.1 mmol), and compound 7 

(436.4 mg, 2 mmol) were dissolved in 10 mL of DMF and stirred at room temperature for 

20 min.  DIPEA (608.5 µL, 3.5 mmol) was then added.  The mixture was stirred overnight, 

before the reaction was quenched with 100 mL of brine.  After extraction (three times) with 

50 mL ethyl acetate, the organic layers were combined and dried over anhydrous sodium 

sulfate.  The crude mixture was vacuum concentrated, loaded onto silica column and 

purified by ethyl acetate/hexane (1:2) to afford 215 mg product 9 with a 77.3% yield.  1H 
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NMR (500 MHz, CDCl3): δ 7.03 (s, 1H, br), 5.63 (s, 1H, br), 4.69-4.79 (d, J=50 Hz, 2H,), 

4.39 (s, 1H, br), 3.71 (s, 3H,), 3.66 (t, J=5.0 Hz, 2H,), 1.38 (s, 9H); 13C NMR (126 MHz, 

CDCl3): δ 170.95, 168.47, 155.69,  80.84, 80.35, 79.36, 53.54, 52.72, 40.92, 28.19;  

HRMS(ESI) m/z calculated for [C6H12FN2O3, M - Boc + H]+: 179.0832, found 179.0824. 

 

 

Compound 10 was prepared similarly to compound 9, with a 75% yield.  1H NMR (500 

MHz, CDCl3): δ 6.94 (s, 1H, br), 5.55 (s, 1H, br), 4.81-4.72 (d, J=45 Hz, 2H,), 4.41 (s, 1H, 

br), 3.74 (s, 3H,), 3.68 (t, J=7.5 Hz, 2H,), 1.41 (s, 9H);  13C NMR (126 MHz, CDCl3): δ 

170.90, 168.41, 155.69,  80.87, 80.46, 79.40, 53.49, 52.81, 41.07, 28.23;  HRMS(ESI) m/z 

calculated for [C6H12FN2O3, M - Boc + H]+: 179.0832, found 179.0825. 

 

 

Compound 9 (225 mg, 0.81 mmol) was dissolved in 4 mL of tetrahydrofuran and 2 mL of 

methanol.  The solution was cooled in an ice-bath and 0.89 mL of 1 M sodium hydroxide 

(0.89 mmol) was added.  After 15 min of stirring, the ice-bath was removed followed by 

subsequent stirring at room temperature for 1 h.  The reaction was then quenched with 60 

mL of water, and the mixture was washed once with 30 mL of ethyl acetate.  The remaining 
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mixture in the aqueous phase was cooled on ice-bath again, with the pH adjusted to 4.0 by 

1 M HCl.  At this point, the solution was extracted three times with 50 mL of ethyl acetate 

each.  The organic layers were combined and dried over anhydrous sodium sulfate.  The 

solvent was removed under reduced pressure by rotavapor, to afford 192.3 mg of crude 

product 9 (~ 90% yield) that was used directly for the next step.  

 

 

Compound 12 was synthesized following the same procedure for the enantiomer, 11, with 

a 91% yield. 

 

 

For Boc deprotection, compound 11 (200 mg, 0.76 mmol) was dissolved in 5 mL of 

dichloromethane and cooled in an ice-bath.  Trifluoroacetic acid (2.5 mL) was added 

dropwise, and the mixture was kept stirring on the ice-bath for 10 min, after which the 

stirring was continued at room temperature for 1h.  The solvent was removed under 

vacuum, to afford 111 mg of crude product 11 with an 89.5% yield.  
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Compound 14 was prepared similarly from compound 12, with an 88% yield. 

 

 

 

Towards 200 mg compound 13 (1.22 mmol) in 3.5 mL of ice-cold 10% sodium carbonate 

solution, Fmoc-OSu (452 mg, 1.34 mmol) in 4 mL of dioxane was added dropwise.  The 

mixture was left stirring overnight at room temperature.  Dioxane was removed by vacuum, 

followed by the addition of 15 mL of water.  The solution was washed with 10 mL of 

diethyl ether once.  The aqueous phase was cooled with ice bath, and the solution’s pH was 

adjusted to 3.5 by citric acid.  Ethyl acetate was then used to extract the solution for three 

times (30 mL each).  The combined organic phase was dried by anhydrous sodium sulfate, 

vacuum concentrated, and purified by flash column chromatography (2.5% Methanol 

/96.5% DCM /1% acetic acid).  Finally, 396 mg of product 15 in white solid form was 

obtained with a 91.5% yield. 1H NMR (500 MHz, CD3OD): δ 7.72 (d, J=5 Hz, 2H), 7.60 

(s, 2H, br), 7.32 (t, J=7.5 Hz, 2H), 7.25 (t, J=7.5 2H,), 4.70-4.79 (d,  1H), 4.35 (s, 1H, br), 

4.27 (d, J=10 Hz, 2H), 4.15 (t, J=7.5 Hz, 1H,), 3.71-3.54 (m, 2H); 13C NMR (126 MHz, 

CD3OD): δ 169.73, 169.58, 157.16, 143.86, 141.16, 127.39, 126.77, 124.85, 119.53, 80.35, 
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78.89, 66.77, 48.14, 39.63;  HRMS(ESI) m/z calculated for [C20H20FN2O5, M + H]+: 

387.1356, found 387.1351. 

 

 

 

Compound 16 has been synthesized following the same procedure for compound 15, with 

a 90.7% final yield. 1H NMR (500 MHz, CD3OD): δ 7.76 (d, J=10 Hz, 2H), 7.64 (m, 2H), 

7.36 (t, J=7.5 Hz, 2H), 7.28 (t, J=7.5 Hz, 2H), 4.82-4.72 (dd, J=50 and 2.5 Hz, 2H), 4.37 

(m, 1H), 4.32 (m, 2H), 4.20 (t, J=7.5 Hz, 1H), 3.74-3.56 (m, 2H); 13C NMR (126 MHz, 

CD3OD): δ 171.99, 169.73, 157.17, 143.87, 141.18, 127.39, 126.77, 124.86, 119.52, 80.34, 

78.83, 66.77, 48.12, 39.60; HRMS(ESI) m/z calculated for [C20H20FN2O5, M + H]+: 

387.1356, found 387.1350.      

 

 

 

 

 

To a solution of 400 mg of 14 (2.44 mmol) in DMF (6 mL), 90.2 µL of 1,3-

benzenedimethanethiol (0.609 mmol) was added dropwise, followed by the dropwise 

addition of 488 µL of 1 M sodium hydroxide (.488 mmol). Upon reaction completion via 
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LC-MS, the reaction mixture was quenched with 488 µL of 1 M HCl (.488 mmol) and was 

concentrated. The crude mixture was purified via HPLC to afford compound 52 at a 60% 

yield. 1H NMR (500 MHz, D2O) δ 7.22 (m, 4H), 4.08 (t, J=5 Hz, 2H), 3.70 (s, 4H), 3.50 

(m, 4H), 3.15 (s, 4H). 13C NMR (126 MHz, D2O) δ 175.16, 171.09, 164.20, 139.49, 130.94, 

130.41, 129.48, 54.22, 40.51, 37.38, 35.90. MS (ESI) m/z calculated for C17H24N2O6 [M + 

H]+: 353.3870, found 352.2  
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Figure 3.12 1H NMR (500 MHz, CDCl3) spectrum of compound 1. 
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Figure 3.13 13C NMR (126 MHz, CDCl3) spectrum of compound 1. 
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Figure 3.14 19F NMR (471 MHz, CDCl3) spectrum of compound 1. 
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Figure 3.15 1H NMR (500 MHz, CDCl3) spectrum of compound 2. 

 

 

 

 

\\ 

 



168 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 13C NMR (126 MHz, CDCl3) spectrum of compound 2. 
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Figure 3.17 1H NMR (500 MHz, CDCl3) spectrum of compound 5. 
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Figure 3.18 13C NMR (126 MHz, CDCl3) spectrum of compound 5. 
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Figure 3.19 1H NMR (500 MHz, CDCl3) spectrum of compound 6. 
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Figure 3.20 13C NMR (126 MHz, CDCl3) spectrum of compound 6. 
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Figure 3.21 1H NMR (500 MHz, CDCl3) spectrum of compound 9. 
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Figure 3.22 13C NMR (126 MHz, CDCl3) spectrum of compound 9. 
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 Figure 3.23 1H NMR (500 MHz, CDCl3) spectrum of compound 10. 
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Figure 3.24 13C NMR (126 MHz, CDCl3) spectrum of compound 10. 
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Figure 3.25 1H NMR (500 MHz, CD3OD) spectrum of compound 15. 
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Figure 3.26 13C NMR (126 MHz, CD3OD) spectrum of compound 15. 
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Figure 3.27 1H NMR (500 MHz, CD3OD) spectrum of compound 16. 
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Figure 3.28 13C NMR (126 MHz, CD3OD) spectrum of compound 16. 
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Figure 3.29 1H NMR (500 MHz, D2O) spectrum of compound 52. 
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Figure 3.30 13C NMR (126 MHz, D2O) spectrum of compound 52. Highlighted by the 

black squares are peaks for trifluoroacetic acid used to solubilize the compound. 
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Figure 3.31 LC-MS trace for peptide 21. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.32 LC-MS trace for peptide 22. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.33 LC-MS trace for peptide 23. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.34 LC-MS trace for peptide 24. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 



187 

 

 

 

Figure 3.35 LC-MS trace for peptide 25. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.36 LC-MS trace for peptide 26. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.38 LC-MS trace for peptide 28. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.39 LC-MS trace for peptide 29. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.40 LC-MS trace for peptide 30. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.41 LC-MS trace for peptide 31. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.42 LC-MS trace for peptide 32. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 



194 

 

 

 

Figure 3.43 LC-MS trace for peptide 33. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.44 LC-MS trace for peptide 35. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.45 LC-MS trace for peptide 36. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.46 LC-MS trace for peptide 37. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.47 LC-MS trace for peptide 39. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.48 LC-MS trace for peptide 40. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.49 LC-MS trace for peptide 41. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.50 LC-MS trace for peptide 42. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.51 LC-MS trace for peptide 43. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.52 LC-MS trace for peptide 44. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.53 LC-MS trace for peptide 45. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.54 LC-MS trace for peptide 46. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 

 



206 

 

 

 

Figure 3.55 LC-MS trace for peptide 48. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.56 LC-MS trace for peptide 50. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak. 
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Figure 3.57 LC-MS trace for peptide 51. Top panel is the UV trace and the bottom panel 

is the ESI for the predominate peak.
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Abstract 

Immune checkpoint blockade’s ascension as an effective mode of treatment for cancer 

has made viable immune checkpoint protein imaging methods a necessity.  

Immunoconjugate-based positron emission tomography (immuno-PET) is a reliable 

technique that couples the target specificity that belongs to antibodies, with the sensitivity 

and enhanced resolution seen with standard PET-imaging probes. While immuno-PET 

represents a paradigm shift in the field of cancer imaging, the uses of full-length IgG 

antibodies as the directing compounds in immuno-PET probes pose issues in regards to 

the efficacy of these probes. Due to the large size of full-length IgG antibodies, along 

with common antibody conjugation methods resulting in heterogeneous mixtures, current 

immuno-PET probes tend to have poor tumor penetration and diminished signal-to-noise 

ratios. To improve upon this, this chapter discusses the synthesis of 64Cu-labeled, UAA-

based, site-specific Fab conjugate as an imaging probe to measure PD-L1 expression 

levels in vivo with immuno-PET. Fab antibody conjugates were able to maintain the 

binding specificities associated with their full-length counterparts and possessed 

enhanced pharmacological properties as a result of their smaller size. The UAA handle 

allowed for the site-specific conjugation of the NOTA payload, producing a single 

construct with superior in vivo efficacy, improved signal to noise ratios and excellent 

sensitivity.  
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Introduction 

Checkpoint inhibitor-based immunotherapy has recently emerged as a pivotal first line 

therapy in the treatment of cancer.1  Program death-ligand 1 (PD-L1), programmed cell 

death protein 1 (PD-1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), 

which are all immune checkpoint proteins, have become important targets and 

biomarkers in cancer therapy.2, 3  While effective, improvements on methods to monitor 

and evaluate biomarker levels are necessary due to the toxicity associated with these 

treatments.  A precise, case-by-case assessment of immune checkpoint protein levels 

allows for accurate evaluation of patient response and prognosis, thus opening the door 

towards customized treatments with minimal toxicities.4-6 To address this, positron 

emission tomography (PET), specifically immuno-PET, is a common approach towards 

target protein imaging with antibodies specified towards a protein of choice, tethered to 

radionuclides.7 Immuno-PET, while offering a highly selective and sensitive method of 

imaging in a clinical sense, is restricted by the use of full-length IgG antibody conjugates, 

which have limited tissue and tumor penetration and are synthesized via random 

conjugation with intrinsic lysine and cysteine residues. This random conjugation results 

in heterogeneous constructs with varying efficacies, stabilities, and suboptimal 

pharmacological properties.8 For example, maleimide-based cysteine conjugations, a 

common approach towards antibody conjugate synthesis, produces a heterogeneous 

conjugate population with little to no site-specificity.9 This approach also is hampered by 

the instability of the maleamide-thiol adduct.10 Attempts at achieving site selective 
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cysteine conjugation consist of the selective reduction of the intramolecular disulfide 

bonds and expressed protein ligation (EPL).11 While the heterogenicity of the resulting 

conjugates is improved, these approaches are still limited by the limited spatial control of 

where these conjugations occur, random payload-antibody ratios and the time-consuming 

nature of these techniques.11-13 To remedy this, this work will focus on the use of an 

unnatural amino acid-based site-specific antibody Fab fragment conjugates platform 

which was previously developed in our lab.14  

Amber suppression-mediated genetic incorporation of unnatural amino acids (UAAs) is a 

site-specific protein conjugation method that produces stable antibody conjugates with 

specificity and flexibility in regard to the site of conjugation. UAA incorporation occurs 

via site-directed mutation, in which an amber stop codon (TAG) is installed in place of 

the genetic code corresponding to the mutated residue.15 Then, an orthogonal tRNA and 

aminoacyl tRNA synthetase pair, developed specifically to accommodate a UAA of 

choice, is introduced during protein translation to incorporate the desired UAA. In this 

specific work, p-azido-L-phenylalanine (pAzF) will be used for incorporation. p-

azidophenylalanine (pAzF), is an azide containing UAA that serves as a functional 

handle to conjugate molecules of interest to proteins via strain-promoted azide-alkyne 

cycloaddition. Protein conjugates synthesized using UAAs possess superior 

pharmacokinetic properties, specifically in stability and efficacy, in comparison to those 

synthesized via random cysteine or lysine conjugation methods.14  

 This work also aims to alleviate the limitations associated with full-length IgG antibody 

conjugates, by employing Fab (fragment antigen binding) fragment immunoconjugates. 
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Fab fragments, which are truncated antibody segments, maintain the binding affinities of 

the full-length antibody yet are much smaller in size due to the Fc region being omitted. 

As a result of this smaller size, Fab fragments are noted to have shortened in vivo 

circulation half-lives, reduced off-target effects and enhanced tissue penetrance.16 In 

addition to these improved pharmacokinetic properties, Fab conjugates, like full-length 

IgG antibodies, have constant regions in which derivatization and UAA conjugation can 

occur without perturbing antigen binding.14 These compounding factors along with the 

lack of Fab-based PET imaging probes turned our attention towards this development.  

In this chapter, I will review our development of a novel site-specific immuno-PET probe 

synthesized via the incorporation of p-azidophenylalanine (pAzF) into antibody Fab 

fragments.  Using the antibody against the popularly studied immune checkpoint protein 

PD-L1 as an example, we demonstrated the generation, optimization, and in vivo PET 

imaging of a UAA-based site-specific Fab conjugate.     

Results 

NOTA linker synthesis. I began synthesis of the NOTA-BCN payload (Fig. 4.1) with 

benzoyl protection of 6-benzoylamino-hexanoic acid, followed by bromination of the 

carbon alpha to the free carboxylic acid, to produce compound 2. This bromine served as 

a functional handle for the introduction of the chelating NOTA moiety. Compound 2 was 

reacted with TACN-1,7-bis(t-butyl acetate) in the presence of potassium carbonate to 

produce 3. Finally, 3 was conjugated with BCN-succinimidyl ester to make the final 

NOTA-BCN linker (4).  
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Figure 4.1 General reaction scheme for the synthesis of the NOTA-BCN payload (4). 
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Design and Synthesis of Anti-PD-L1 Fab Mutant. Plasmid construction and synthesis 

was conducted by labmates Haley L Wissler and Zhigang Lyu. With the constructed 

plasmid (pBAD_αPD-L1), wild type αPD-L1 Fab (>95% purity) was expressed 

in Escherichia coli, with a yield of 4.2 mg/L in shake flask cultures. Next, screening for an 

optimal site for UAA incorporation was conducted. In silico screening with 

RosettaBackrub algorithm was done to predict possible sites for single point mutations 

(Fig. 4.2A). HC-K129, which has been previously identified as a viable conjugation site 

for pAcF due to its lack of interference with antigen binding, was flagged as the optimal 

site for mutation using in silico screening, while LC-V202 was shown to possibly perturb 

binding and promote instability.14 Site-directed mutation of HC-K129 was done with a Mj-

tRNA/tyrosyl-tRNA synthetase pair, which had been evolved to specifically incorporate 

UAA p-Azido-L-phenylalanine (pAzF). A αHER2 (HC K129pAzF) mutant was 

synthesized concurrently to act as a negative control for future studies.  

Site-specific fab conjugation and binding affinity study. Site-specific conjugation 

between the UAA on the Fab fragments and linker compound (4) was performed under 

mild reaction conditions (Fig. 4.2A).  The αPD-L1 and αHER2 Fab mutants were incubated 

with an excess of 10 equivalents of 4 at 37°C for 6 h. Upon purification and confirmation 

via SDS/PAGE and ESI-MS, ELISA assay was conducted to confirm whether site-directed 

mutation of HC-K129 affected αPD-L1 Fab’s binding affinity (Fig. 4.1B). Wild-type αPD-

L1 Fab, the αPD-L1 Fab (HC-K129pAzF) and the NOTA conjugate (5) all possessed 

comparable binding affinities (7.8 × 10–10 M for wild type, 7.3 × 10–10 M for the mutant  
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Figure 4.2 General scheme for the design, synthesis and evaluation of the 64Cu-NOTA-

αPD-L1 (6) A.) In silico screening with Rosetta was used to determine the optimal site 

mutation, followed by the construction of αPD-L1 Fab (HC K129pAzF). Conjugation 

between the two, followed by the introduction 64Cu produced PET imaging probe 6. B.) 

ELISA assay of the binding between PD-L1 and wild-type αPD-L1 (EC50 = 7.8 × 10–10 

M), αPD-L1 Fab (HC K129pAzF) (EC50 = 7.3 × 10–10 M) and 5 (EC50 = 7.2 × 10–10 M). 
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(HC-K129pAzF), and 7.2 × 10–10 M for 5), thus showing that site-directed mutation 

followed by payload conjugation at K129 had minimal effects on binding affinity.  

PET Imaging. With a stable and sensitive PET imaging probe in hand, in vivo PET 

imaging of immuno-deficient nude mice was done in collaboration with Dr. Weibo Cai 

(University of Wisconsin, Department of Radiology). Radiolabeling was done with 64Cu 

to both NOTA-αPD-L1 (5) or NOTA-αHER2 to create the active imaging probes (6) (Fig. 

4.2A). 64Cu-NOTA-αPD-L1 and 64Cu-NOTA-αHER2 were intravenously administered to 

nude mice separately. Upon injection, PET scans were taken after 5, 15 and 45 minutes to 

understand the temporal activity of probe 6 (Fig. 4.3A).  Blocking studies, in which the 

mice were pre-treated with ∼200 μg/mouse wild type αPD-L1 Fab, were then conducted 

to confirm the selectivity of 6. Wild type αPD-L1 Fab should bind to all available PD-L1 

antigens, thus leading to a significant reduction in binding and accumulation from 6.  

Discussion 

NOTA was chosen as the PET imaging probe warhead as a result of its excellent ability to 

chelate 64Cu. 64Cu is an ideal radionuclide due to its longer half-life in comparison to other 

radioisotopes, such as 18F, and its ability to be used in radiotherapy.17, 18 Unfortunately, 

64Cu is limited to a small scope of chelators and is noted to have premature dissociation in 

vivo, thus emphasizing the utility of NOTA as a PET imaging chelator.19 The NOTA 

derivative design was inspired by the enhanced chelation capabilities of hexadentate 

NOTA with branched substitution (3p-C-NOTA).19 It is presumed that the addition of non-

cyclic chelation from the branched moiety contributes significantly to 64Cu stabilization.20  

Yet, this optimized chelator had yet to be applied towards PET imaging, despite the  
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Figure 4.3 In vivo PET imaging studies with 64Cu-NOTA-αHER2 and 64Cu-NOTA-αPD-

L1 in nude mice. A.) PET scans at 15 m and 45 m for samples injected with 64Cu-NOTA-

αHER2, 64Cu-NOTA-αPD-L1 and injected with 64Cu-NOTA-αPD-L1after blocking. B.) 

Tracer uptake (% ID/g) in brown fat (white arrow). C.) Tracer uptake (% ID/g) in the 

spleen (yellow arrow). 
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improved chelation possibly endowing this compound with improved sensitivities, signal-

to-noise ratios and stability.  

With a suitable payload in hand with 4, improvement on the methods of conjugation were 

needed. To avoid the tedious screening of a library of mutant αPD-L1 Fab fragments, 

identification of a lead mutation was done via in silico screening with Rosetta (in 

collaboration with the lab of Dr. Vincent Voelz). A panel of 23 solvent exposed residues 

were tested, with HC-K129 being labeled as the most promising site for mutation. Previous 

studies involved in the site-specific incorporation of p-acetophenylalanine (pAcF), a UAA 

capable of conjugation via oxime coupling, have identified HC-K129 as a suitable site for 

mutation on αPD-L1 Fab.21 Additionally,  previous work focused on the development of a 

switchable site-specific antibody conjugate concluded that the closer the amber 

suppression site is towards the N-terminus, the more stable the mutant is.14 ELISA assay 

confirmed this in silico derived hit, as seen by the wild-type and mutant αPD-L1 Fab having 

similar binding affinities against PDL-1. Conjugation of the large NOTA-BCN payload 

had negligible effects as well, emphasizing the utility of UAA-mediated site-specific 

mutagenesis at distal residues.  

Finally, PET imaging in immune-compromised nude mice was conducted. 45 minutes after 

injection of the mice with 64Cu-NOTA-αHER2 and 64Cu-NOTA-αPD-L1. Clearance 

through the renal pathway was observed, with minimal background signaling seen (Fig. 

4.3A). Future studies will compare full-length IgG conjugates side-by-side with the UAA-

base Fab conjugates. Yet, in comparison with past works, 64Cu-NOTA-αHER2 and 64Cu-

NOTA-αPD-L1 showed a significant increase in signal-to-noise ratios and had minimal 
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non-specific accumulation.22 As stated previously, this is most likely a result of the reduced 

half-life’s Fab conjugates possess. Full-length IgG conjugates tend to persist due to their 

slower clearance rates, leading to an increase in non-specific interactions and background 

signaling.  

Comparison of  64Cu-NOTA-αHER2 and 64Cu-NOTA-αPD-L1 (Fig. 4.3A) also showed 

that there was PD-L1 specific accumulation in the brown adipose tissue (BAT) and spleen. 

64Cu-NOTA-αPD-L1 showed immediate and persistent accumulation at these two sites 

while 64Cu-NOTA-αHER2 quickly dissipated, suggesting that the spleen and brown 

adipose tissue have a significant concentration of PD-L1 receptors. Blocking studies, in 

which mice were pre-treated with wild type αPD-L1 Fab further confirmed this PD-L1 

specific accumulation in both the spleen and BAT (Fig. 4.3B). Tracer uptake was 

monitored and there was a significant decrease in 64Cu-NOTA-αPD-L1 levels for both the 

spleen (3.8 ± 0.3% ID/g at 15 min and 1.7 ± 1.2% ID/g at 45 min) and BAT (1.9 ± 0.3% 

ID/g at 15 min and 1.4 ± 0.3% ID/g at 45 min) when PD-L1 was pre-blocked. While the 

precise mechanism and pathways resulting in PD-L1 accumulation in both the spleen and 

BAT are not known, this data further confirms previous works, which show that PD-L1 

has a role in BAT immune response and that there are moderate levels of PD-L1 expression 

in secondary lymphatic organs such as the spleen.23, 24  
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Conclusion 

In conclusion, we demonstrated the design and synthesis of an immune-PET imaging probe 

that utilizes Fab fragments in combination with UAA-based conjugation to introduce a 

novel 64Cu chelating NOTA linker. In silico screening of possible sites for conjugation on 

an αPD-L1 Fab fragment identified HC-K129 as an ideal distal residue to be replaced with 

pAzF. Once constructed, this UAA-containing Fab fragment was bio-orthogonally 

conjugated to the synthesized NOTA-BCN linker (4) via strain-promoted cycloaddition. 

These site-specific constructs were subjected to ELISA and demonstrated equivalent 

binding affinities and selectivity to their full-length IgG counterparts. While a direct 

comparison is needed in the future, PET imaging showed that these UAA-based Fab 

fragments also possess superior pharmacokinetic properties to full-length IgGs.  

 

Experimental Section 

General procedures  

 All chemicals and solvents used were purchased from either Fisher Scientific, Sigma 

Aldrich or VWR and were used directly without any further purification.  All small 

molecules and building blocks were synthesized following traditional organic chemistry 

procedures.  Regular phase flash column chromatography with manually loaded silica gel 

(grade 60, 230-400 mesh, Fisher Scientific) was used to purify synthesized compounds.  

High resolution ESI-MS was obtained at the Wistar Institute, using a ThermoFisher 

Scientific Q Exactive HF-X mass spectrometer coupled to a ThermoFisher Vanquish 

Horizon UHPLC system.  NMR data was recorded on a 500 MHz Bruker Advance with 
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TMS as an internal standard.  Peptides were synthesized on solid-phase using Fmoc 

chemistry.  After cleavage from resins, the crude mixtures were precipitated out by diethyl 

ether, resuspended, and purified using Waters 1525 series preparative high-performance 

liquid chromatography (HPLC) loaded with the XBridge Prep C18 column (25 cm x 19 

mm, particle size 5 µm).  All peptide mass spectra data were recorded on the Agilent 1100 

series liquid chromatography-mass spectrometry (LC-MS) that was equipped with an 

Ascentis® Express C8 analytical column (5 cm x 2.1 mm, particle size 2.7 µm).  The LC-

MS program ran with mobile phase A (0.1% TFA in water) and mobile phase B (0.1% 

TFA in acetonitrile).  For each run, the acetonitrile was linearly increased from 5% to 95% 

within 10 min.   

 

ELISA assay  

The ELISA assays of wild type αPD-L1 Fab fragment, αPD-L1 Fab mutant (HC-K129 

pAzF), and the αPD-L1 Fab conjugate with NOTA-BCN linker were carried out in parallel 

for comparison. Briefly, a flat-bottom 96-well black plate (Maxisorp, Nunc) was coated 

with PD-L1 Fc chimera (R&D Systems) and blocked with 1% BSA. After washing the 

wells with PBS/0.05% Tween, the Fab fragments or the conjugation product were serially 

diluted in the blocking buffer (PBS, 1% BSA) and transferred into wells in triplicate at 100 

µL/well. After 2h incubation and subsequent washing, HRP-labelled anti-human lambda 

light chain (Sigma Aldrich) was added and incubated for an additional 1 h. Immediately 

following extensive washing (5 times), 100 µL/well QuantaBlu fluorogenic ELISA 

substrate (Thermo Fisher) was added to all the wells. The fluorescence signals were 
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detected and recorded by a Synergy H1 plate reader (BioTek). The data was further 

processed and plotted using GraphPad Prism (GraphPad Software). 

Site-specific conjugation and purification of Fab-NOTA conjugates  

The BCN-NOTA linker described is composed of a BCN unit allowing for copper-free 

[3+2] ‘click’ chemistry and a NOTA moiety to chelate radionuclides for PET imaging. For 

‘click’-based conjugation of the linker towards pAzF on the antibody mutant, Fab mutants 

of αPD-L1 or αHer2 (0.45 mg, 9 nmol) were concentrated to 2.5 mg/mL (~ 50 µM) in PBS 

buffer. NOTA-BCN linker (0.05 mg, 90 nmol, ~ 500 µM) was added, and the reaction 

mixture was incubated for 12h to ensure complete conjugation. Purification was ran using 

previously reported literature.25 

In vivo PET Imaging  

Athymic nude mice (n=3 per group, Crl: NU(NCr)-Foxn1nu, Envigo) were intravenously 

injected with 50-70 µCi (1.85 – 2.6 MBq) of either 64Cu-NOTA-αPD-L1 Fab conjugate 

or 64Cu-NOTAαHER2 Fab conjugate. Mice were anesthetized using 3%/1% 

induction/maintenance isoflurane inhalation. Serial PET scans were then acquired at 5, 15, 

and 45 minutes post-injection of the tracers using an Inveon microPET/CT scanner 

(Siemens). 20 million counts per mouse were obtained at each imaging timepoint, and a 

3D ordered subsets expectation maximization reconstruction algorithm was employed. A 

blocking study was also conducted to verify the 8 specificity of the PD-L1 tracer by 

administering ~200 µg of αPD-L1 wild type Fab 30 min prior to injection of 64Cu-NOTA-

αPD-L1. PET scans were then performed as for the other groups.  
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Similar procedures were used for imaging of C57BL/6 mice (n=3 per group, Envigo). Mice 

were injected with 50-70 µCi (1.85 – 2.6 MBq) of 64Cu-NOTA-αPD-L1 Fab conjugate or 

64Cu-NOTAαHer2 Fab conjugate and PET scans were completed at 5, 15, 45, and 90 min 

post-injection. 

 Quantitative data was extracted from PET images using the Inveon Research Workspace 

software to draw regions-of-interest (ROI). The accumulation of Fab conjugates in the 

tissues of interest was reported in %ID / gram, following the equation: %ID/g = [activity 

in tissue (uCi/gram) / administered activity (uCi)] x100%  

At the end of the terminal imaging scan, mice were euthanized through CO2 asphyxiation 

and several organs and tissues were extracted, wet-weighed, and their radioactive contents 

were assayed using an automated gamma counter (PerkinElmer). Data from these 

biodistribution studies are also presented as %ID/g. 

 

 

6-Benzoylamino-hexanoic acid (1) was synthesized following the published procedure. 1 

H NMR (500MHz, CDCl3): δ 1.42(q, 2H), 1.59-1.70(m, 4H), 2.34(t, J=7.35 Hz, 2H), 

3.45(q, J=6.0 Hz, 2H), 6.4(bs, 1H), 7.4(t, 2H), 7.48(m, 1H), 7.75(m, 2H); 13C NMR (125 

MHz, CDCl3): δ 178.8, 167.9, 134.6, 131.4, 128.6, 126.9, 39.8, 33.8, 29.2, 26.3, 24.3. ESI-

MS calculated for C13H17NO3 [MH]+ 236.3, observed 236.1. 
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A mixture of compound 1 (3 g, 0.0128 mol) and dry red phosphorus (0.53 g, 0.0172 mol) 

were cooled down by an ice-salt bath. After dropwise addition of bromine (8.16 g, 0.102 

mol), the ice bath was removed, and the mixture was refluxed overnight at ~ 100 oC. The 

reaction mixture was cooled to room temperature and then oC, followed by dropwise 

addition of 20 mL of methanol. After another reflux at 100 oC for 30 min, the mixture was 

promptly concentrated and dissolved in 100 mL of ethyl acetate, washed with saturated 

sodium bicarbonate, saturated sodium thiosulfate, and eventually brine. The organic phase 

was concentrated to a crude oil and purified via flash chromatography (5:1, Hexane: Ethyl 

Acetate) to render pure compound 2 at an 85% yield (3.57 g). 1H NMR (500MHz, CDCl3): 

δ 1.38(m, 1H), 1.51 (m, 1H), 1.61 (m, 2H), 2.0 (m, 2H), 3.4 (q, J=6.7 2H), 3.7 (s, 3H), 4.2 

(t, J=7.39, 1H), 7.4(t, 2H), 7.48(m, 1H), 7.75(m, 2H); 13C NMR (125 MHz, CDCl3): δ 

170.3, 167.8, 134.6, 131.3, 128.4, 127.0, 53.0, 45.5, 39.6, 34.3, 28.7, 24.6. 

 

 

 

The coupling of linker 2 towards the NOTA compound follows the published procedures, 

with modifications. Briefly, 72.6 mg (0.203 mmol) 1,4,7-Triazacyclononane-1,4-bis(t-
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butyl acetate) (Macrocyclics, Inc) was mixed with 82.3 mg compound 2 (0.243 mmol), and 

33.6 mg K2CO3 (0.243 mmol) in 5 mL dry acetonitrile under nitrogen protection. The 

reaction mixture was refluxed for 48 h, and then concentrated after the completion of the 

reaction as confirmed by TLC. The crude was re-dissolved in 4 mL of 6 M aqueous HCl 

and refluxed for 24 h. The hydrolyzed product was purified via HPLC to yield compound 

3 in ~ 50% yield (38 mg) over two steps. 1H NMR (500MHz, D2O): δ 1.45 (m, 2H), 1.65 

(m, 2H), 1.75 (m, 1H), 1.87 (m, 1H), 2.95 (t, 2H), 3.2 (m, 12H), 3.6 (t, 1H), 3.9 (s, 4H); 

13C NMR (125 MHz, D2O): δ 175.3, 172.2, 64.8, 55.4, 50.5, 46.3, 39.1, 27.8, 26.6, 23.1. 

ESI-MS calculated for C16H30N4O6 [MH]+ 375.2, observed 375.2. 

 

 

To a flame-dried flask, 6.9 mg compound 3 (0.0185 mmol) and 5.4 mg (0.0185 mmol) 

BCN-succinimidyl ester (Sigma Aldrich) were added and dissolved in anhydrous DMF. 

After the addition of n-methylmorpholine (3.75 mg, 0.037mmol), the reaction mixture was 

stirred for 4h, and monitored via LC-MS for a full conversion of the succinimidyl ester. 

After vacuum concentration, the final mixture was purified by HPLC to afford 3.2 mg 

compound 4 as a pale white solid (~ 31% yield). 1H NMR (500MHz, D2O): δ 0.80 (m, 2H), 

1.15 (m, 2H), 1.4-1.6 (m, 6H), 1.7-2.0 (m, 6H), 2.15-2.35 (m, 2H), 2.5-2.75 (m, 2H), 3.1 

(s, 12H), 3.6 (bs, 1H), 3.8 (s, 4H), 4.15 (m, 2H); . 13C NMR (125 MHz, D2O): δ 179.2, 

177.1, 175.7, 100.3, 67.2, 63.6, 57.3, 56.9, 50.5, 50.1, 49.4, 48.1, 47.7, 44.7, 40.2, 29.3, 
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28.8, 28.5, 23.2, 20.7, 19.7, 17.2. HRMS calculated for C27H43N4O8 [MH]+ 551.3081, 

observed 551.3055. 
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Figure 4.4 1H NMR (500 MHz, CDCl3) spectrum of compound 1. 
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Figure 4.5 13C NMR (126 MHz, CDCl3) spectrum of compound 1. 

 

 

 

 

 

 

 

 



232 

 

 

 

 

 

 

 

 

Figure 4.6 1H NMR (500 MHz, CDCl3) spectrum of compound 2. 
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Figure 4.7 13C NMR (126 MHz, CDCl3) spectrum of compound 2. 
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Figure 4.8 1H NMR (500 MHz, D2O) spectrum of compound 3. 
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Figure 4.9 13C NMR (126 MHz, D2O) spectrum of compound 3. 
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Figure 4.10 1H NMR (500 MHz, D2O) spectrum of compound 4. 
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Figure 4.11 13C NMR (126 MHz, D2O) spectrum of compound 4. 
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Figure 4.12 13C NMR (126 MHz, D2O) spectrum of compound 4. Enhanced from 0 ppm 

– 35 ppm. 
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Figure 4.13 13C NMR (126 MHz, D2O) spectrum of compound 4. Enhanced from 40 

ppm – 60 ppm. 
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Figure 4.14 13C NMR (126 MHz, D2O) spectrum of compound 4. Enhanced from 60 

ppm – 200 ppm. 
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CHAPTER 5. SUMMARY, CONCLUSIONS, AND 

FUTURE STUDIES 
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In this dissertation, work began with the investigation of novel methods to interrogate the 

roles of post translational modifications. New PTMs are being discovered at a rapid rate, 

yet understanding their effects on downstream signaling pathways, specifically those tied 

to disease pathogenesis is vital.  One goal of this dissertation was to develop a steric-free 

bio-orthogonal labeling platform capable of circumventing the selectivity issues that 

compromise known global profiling techniques. With the use of a robust labeling strategy, 

the library of known PTM substrates could be expanded, thus clarifying the role of PTMs 

in disease, as well as offering new possible therapeutic targets.  

Fluorinated post translational modification mimetics were used as an alternative to alkyne-

based analogues in attempts to avoid the limitations observed in PTM analysis with these 

bulky chemical reporters. Fluoroacetamide containing co-factors were shown to be 

consumed by various acetyl transferases and were incorporated onto acetylation substrates 

successfully. On the other hand, acetyl-CoA derivaties utilizing alkynes for subsequent 

CuACC derivatization were unable to be enzymatically added to acetylation substrates due 

to the steric hinderance of alkyne moieties in the enzyme pockets. I then sought out to 

discover a nucleophilic probe that was able to displace fluorine, allowing for the 

introduction of functional tags for pull-down assays and cellular imaging. Reaction 

screening led to the discovery of thiophenols, specifically methoxies substituted at each 

ortho and para position, as the lead nucleophile, with selective displacement occurring in 

mild conditions with a kinetic profile akin to established bio-orthogonal reactions. Pull-

down assays with FTDR labeling showed impressive efficiencies, with a multitude of 

histone and non-histone substrates being labeled both in vitro and in vivo. Despite these 
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positive results, further reaction optimization is needed to increase the required reaction 

times and to decrease the pH needed make this labeling platform viable for live cell studies. 

Other improvements are needed regarding the increase of the probes nucleophilicity, in 

order to broaden the scope of PTMs that can be analyzed.  

Additionally, ongoing studies involving FTDR revolve around the enrichment of the 

substrates for reactive acetaminophen oxidation products. While possessing relatively no 

toxicity at low concentrations, acetaminophen, otherwise known as Tylenol, has liver 

toxicity at high dosage. The pathway resulting in this acute toxicity is the oxidation of 

acetaminophen via cytochrome P450 (CYP), which catalyzes its activation into a highly 

reactive N-acetyl-p-benzoquinone imine (NAPQI).1  This acetaminophen metabolite 

rapidly reacts with glutathione, and once the glutathione levels are depleted significantly, 

NAPQI reacts with cellular proteins through a thiol-based Michael addition, which 

subsequently leads to cell death and liver failure. Due to the high reactivity and large 

substrate scope of NAPQI, acetaminophen was viewed as the ideal compound to 

derivatize.2 Mouse liver studies are currently being conducted to compare the fluoroacetyl 

derivative and the alkyne derivative.   

The second goal of this thesis revolved around the synthesis of stapled peptide therapeutics 

through a FTDR-based macrocyclization methodology. This reaction allowed for the 

stapling of unprotected peptides between fluoroacetamide unnatural amino acids at the i, 

i+4 position with a 1,3-benzenedimethane thiol linker. The resulting cyclic peptides 

synthesized with L,L and L,D UAA configurations displayed alpha helical stabilization 

similar to that of peptide analogues synthesized by standard cyclization methods, such as 
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ring closing metathesis. Additionally, the aromaticity and rigidity brought up by the 1,3-

benzenedimethanethiol, along with improved water solubilities from the amide bonds on 

the UAA sidechain, bestowed enhanced cell penetrance to FTDR-based peptides in 

comparison to RCM analogues. While alpha helical stability and binding affinities remain 

comparable to peptides constructed by RCM, the dramatic increase in cell penetrance and 

cancer cell growth inhibition opens the door towards the development of novel peptide 

therapeutics with enhanced pharmacological properties with this FTDR platform. 

 The final aim in the thesis details the synthesis of a site-specific immuno-PET probe to 

image PD-L1. Current PET probes suffer from the long half-lives and the poor clearance 

rates associated with full-length IgG antibody probes. As a result, peers in my lab focused 

on the development of Fab fragments as an alternative directing probe. I synthesized a 

novel metal radionuclide chelating NOTA linker that possessed superior 64Cu binding in 

comparison to known chelators. This linker was conjugated to Fag fragments that were 

site-specifically mutated to introduce p-azidophenylalanine (pAzF), an unnatural amino 

acid capable of reacting in a bio-orthogonal fashion via strain-promoted cycloaddition. 

These NOTA-αPD-L1 conjugates were evaluated via ELISA assay, and were used for the 

PET imaging of immune-compromised mice. They were observed to have excellent 

binding affinities and possessed enhanced pharmacokinetic properties. Future studies 

towards this work will consist of the direct comparison of 64Cu-NOTA-αPD-L1 against a 

full-length IgG probe in an in vivo setting.  
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