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A fully synthetic route towards simplified pleuromutilin antibiotic candidates 

Arthur Alexandre Tran 

Abstract 

(+)-Pleuromutilin is a fungal natural product that binds to the peptidyl transferase center of 

bacterial ribosomes, inhibiting protein synthesis as its mechanism of action. This tricyclic 

diterpene has been successfully modified through semi-synthesis to access more potent analogs 

such as the recently FDA-approved lefamulin, which is used for treating adults with community –

acquired bacterial pneumonia. However, semi-synthesis provides an inherently restricted approach 

to incorporating variations in the structure of chemical matter. Thus, pleuromutilins remain limited 

in their spectrum of activity and susceptible to modifications in the ribosomal binding site that 

confer resistance. Previous studies have provided evidence that modifications of the core are well-

tolerated in that fully synthetic analogs may retain biological activity. Here, we will describe our 

efforts in developing an efficient synthesis of pleuromutilin that may not strictly follow its natural 

substitution pattern, but will allow for the construction of a diverse library of simplified 

pleuromutilin analogs. 

In Chapter 1, we report a synthetic route towards simplified pleuromutilin antibiotic candidates 

that uses a key photochemical reaction to access the six-, eight-membered bridged ring system. 

We describe our efforts in optimizing steps in this route, including the conditions necessary for the 

[2+2] cycloaddition in the de Mayo-type reaction sequence.  

In Chapter 2, we report the synthesis of antibody-drug conjugates for the targeted degradation of 

cell surface proteins.  
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Chapter 1 

A photochemical approach towards bridged bicycle analogs of pleuromutilin 
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Abstract 

We are at the precipice of entering a post-antibiotic era. There is an urgent need for novel 

antibiotics, and revisiting previously discovered classes with modern synthetic techniques may 

revitalize their development. Pleuromutilin is one such known antibiotic that has been heavily 

underexploited for human use due to the limitations placed on medicinal chemistry by the 

molecule’s complex scaffold and lack of functional handles. From previous syntheses and studies 

of this class of antibiotics, it has been found that certain modifications of the core scaffold, such 

as removing methyl groups, are well-tolerated and do not necessarily ablate biological activity. 

Most notably, cleavage of one of the rings in the tricyclic core provides pleuromutilin analogs that 

are still active, suggesting that natural product simplification can lead to a novel carbocyclic 

scaffold with potential as a versatile medicinal chemistry fragment. In this work, we describe a 

synthetic approach that accesses the 6,8-bridged ring system of pleuromutilin through a key de-

Mayo type reaction sequence. This strategy enables the synthesis of a library of simplified bridged 

bicyclic analogs, which will be used to explore structural determinants of antibacterial activity and 

identify novel antibiotic candidates. 

 

 

 

 

 

 



3 
 

Introduction 

The rise of antibiotic resistance is a global concern that threatens to undo significant advances in 

human medicine. The continued overuse of antibiotics in the clinic and for livestock has led to the 

emergence of multidrug-resistant bacteria, resulting in the increasing need to turn to “last resort” 

treatments.1 Coupled with the fact that the pharmaceutical industry has moved away from investing 

in antibiotic development, we are at risk of running out of efficacious drugs against pathogenic 

bacteria.2 Entering a post-antibiotic era could cause common bacterial infections, and even routine 

surgical procedures, to become life-threatening. Thus, there is a clear and urgent need for the 

development of novel antimicrobials. 

 

The ribosome is one of the most prolific targets in the bacterial cells for antibiotics, as protein 

synthesis is necessary for cell viability.3 The prokaryotic ribosome (70S) consists of the large 50S 

subunit and the small 30S subunit, and antibiotics can bind to select sites on the complex to inhibit 

translation. The peptidyl transferase center (PTC), located on the 50s subunit, is one such location 

where antibiotics can bind to inhibit peptide-bond formation by disrupting the positioning of the 

aminoacylated ends of tRNAs.4 Clinically important antibiotic classes that bind to the ribosome at 

this site include pleuromutilins, chloramphenicols, lincosamides, streptogramins, and 

oxazolidinones (Figure 1.1).5  

 

Pleuromutilins are a class of antibiotics that consist of the natural product pleuromutilin (1) and its 

semisynthetic derivatives 2-6 (Figure 1.2).6 Discovered by Kavanagh and coworkers in 1951 from 

cultures of the fungi Pleurotus mutulis (known as Cliopilus scyphoides) and Pleurotus 

passeckeranius, pleuromutilin was found to have modest activity against in Gram-positive cocci 
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(MIC = 0.25 μg/mL in Staphylcoccus aureus) and some activity against fastidious Gram-negatives 

(eg. Haemophilius influenza).7-9 Further studies revealed that the compound was active against 

penicillin and streptomycin-resistant staphylococci as well as Mycoplasma spp, prompting the 

pharmaceutical industry to initiate pleuromutilin research programs.10,11 Early semisynthetic work 

on the molecule led to the development of tiamulin (1979, Sandoz Pharmaceuticals) and 

valnemulin (1999, Novartis), two veterinary antibiotics available for oral and intramuscular 

delivery.6, 12,13 

 

Despite their extensive use in veterinary medicine over the past couple of decades, pleuromutilin 

antibiotics are comparatively underdeveloped for use in humans. While oral valnemulin has been 

reported to be effective in treating immuno-compromised patients with resistant mycoplasma 

infections, the first pleuromutilin antibiotic for human use was not approved until 2007 with the 

introduction of retapamulin (GlaxoSmithKline).14,15 However, retapamulin is not available in 

systemic dosage form and remains a topical agent for short-term treatment of infected small 

lacerations and impetigo. This highlights a central challenge in developing pleuromutilin 

antibiotics for human use: they have a propensity to be metabolically unstable.16 For example, 

azamulin (6) is an azole derivative of pleuromutilin that was developed for human use, but was 

found to be rapidly metabolized by cytochrome P450 oxidation and excreted.17 The poor 

pharmacokinetics of pleuromutilin derivatives were believed to be a standing issue with the class, 

and it was not until recently that these shortcomings were overcome. Lefamulin (Nabriva 

Therapeutics) is an orally and intravenously available derivative that was approved in 2019 making 

it the first pleuromutilin antibiotic for systemic human use.18 Despite significant improvements in 

metabolic stability, lefamulin still requires twice-daily dosing over a period of five to seven days. 
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Additionally, due to its limited spectrum of activity, it has only been indicated for the treatment of 

community-acquired bacterial pneumonia (CABP).  

 

Pleuromutilin is a diterpene that contains a tricyclic carbon skeleton (made up of a five-, six-, and 

eight-membered ring system), eight stereocenters, and a glycolic ester functionality at the C14 

position. The most extensively modified site of the molecule is the C14 glycolic ester side chain.19 

Modifications of this site typically either replace the entire chain with an acyl carbamate or replace 

the terminal hydroxyl group with a sulfanyl acetate, although the most successful derivatives thus 

far for the clinic are those containing the sulfanyl acetate functionality.6,20 While it has been shown 

that modifications of the C14 side chain can result in improved PK/PD properties and contribute 

to lower minimal inhibitory concentrations (MICs), they are not known to expand the spectrum of 

activity nor address known resistance mechanisms of the pleuromutilin class.21,22 As it stands, the 

C14 side chain remains the most investigated site of the molecule due to the presence of a reactive 

handle, whereas the mutilin core remains challenging to modify by semisynthetic means.  

 

The synthesis of pleuromutilin has been pursued by the synthetic community, resulting in reports 

on various approaches to its unique scaffold as well as seven total syntheses.23-30 However, due to 

the moderate linearity of these established routes, they are not conducive towards the synthesis of 

a diverse library of analogs for structural exploration. In one recently reported total synthesis, 

Herzon and coworkers designed a route that allowed access to not only pleuromutilin, but also its 

epimers at two carbon centers on the eight-membered ring.26,27 Additionally, they were able to 

adapt this route to synthesize analogs with ring contractions about the five and eight-membered 

rings and other appendage modifications to the quaternary center of the eight-membered ring.31 Of 
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the analogs reported, however, changes to ring size were detrimental to activity, whereas removal 

of a methyl on the quaternary center was well tolerated. Besides these analogs, very few core 

modifications to pleuromutilin have been reported.   

 

A notable modification of the core is epimerization of the C12 center reported by Berner and 

coworkers (Figure 1.3). Upon treatment with ethyl zinc iodide and heating, pleuromutilin 22-O-

tosylate 7 was found to undergo a retroallylation-allylation reaction at C12, producing a nearly 

equimolar mixture of the starting material and C12 epimer 8.32 This modification has been further 

studied by Nabriva Therapeutics, who have taken these 12-epi-pleuromutilins and functionalized 

the alkene with amine linkers. Intriguingly, this modification resulted in analogs with increased 

activity against a strain of E. coli.33 In a follow-up study, Nabriva also found that 12-epi-

pleuromutilins with an amine functionalized linker containing six to eight carbons also had an 

increased spectrum of activity against Gram-negative pathogens, including Klebsiella 

pneumoniae, Citrobacter freundii, and Enterobacter cloacae.34 While the structures were not 

disclosed, these findings show that the C12 epimer is an ideal product that can provide potent 

pleuromutilin analogs through medicinal chemistry. 

 

Another modification of interest to the mutilin core is the structural simplification reported by 

Sorensen and coworkers (Figure 1.4a).35,36 The MICs of these simplified derivatives were 

determined for a strain of M. tuberculosis, revealing that these analogs still retained antimicrobial 

activity. This finding suggests that core modifications to pleuromutilin, such as removing methyl 

substituents, are tolerated.  
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Finally, in another study that exemplifies the promising activity of structurally simplified 

pleuromutilins, Springer and coworkers reported that cyclopentanone-cleaved derivatives were 

found to be active against S. pneumoniae and S. aureus (Figure 1.4B).37 This is one of the very 

few reports of major modification to the ring structure in the tricyclic pleuromutilin core.  

 

The aforementioned findings suggest that 1) core modifications, such as removing methyl 

substituents, are well tolerated and 2) the bicyclic system containing the six- and eight-membered 

rings (named a cis-bicyclo[5,3,1]undecane system) of pleuromutilin is sufficient for antibacterial 

activity and may provide a novel carbocyclic scaffold that could be generally useful as a medicinal 

chemistry fragment. Here, we report a synthetic strategy towards pleuromutilin antibiotics that is 

guided by these principles: our targets will contain the cis-bicyclo[5,3,1]undecane system with a 

secondary alcohol, quaternary center, and glycolic ester on the eight membered ring.  Accessing 

this bicyclic system would allow for structural exploration of a potentially active minimized 

pharmacophore of pleuromutilin.  

 

There have been sparse reports of the synthesis of the bicyclo[5,3,1]undecane system, as eight-

membered rings are notoriously difficult to form. Reported methods include Grob fragmentation 

of a tricyclic undecane derivative and oxy-cope rearrangements of specifically prepared substrates, 

which are strategies that are not conducive to generating a library of analogs.38-40 One of the most 

efficient syntheses of this bicyclic system utilized the de Mayo reaction, a photochemical reaction 

in which the enol of a 1,3-diketone (or β-keto ester) undergoes a [2+2] cycloaddition with an alkene 

to form a cyclobutane ring that is then cleaved through a retro-aldol reaction.41 Inspired by previous 

work done by the Winkler group utilizing the de Mayo reaction sequence towards daphnane and 

ingenane diterpenes, we developed a synthetic strategy to access the bicyclo[5,3,1]undecane 
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system found in pleuromutilin (Figure 1.5).42,43 A dioxenone photoreaction precursor can be 

synthesized in just 4 steps from an enone and alkene tether. Under the appropriate photochemical 

conditions, the alkene will undergo a [2+2] cycloaddition with the dioxenone to give a tetracyclic 

photoadduct. This intermediate can then undergo acetonide cleavage under basic conditions to give 

the desired bicyclic system.  

 

Results 

The current developed route toward simplified pleuromutilin analogs is outlined in Figure 1.6. 

Synthesis of the enone fragment commences with a nitrosobenzylation of commercially available 

11 with catalytic L-proline, followed by Luche reduction of the ketone in the same pot. Palladium 

on carbon mediated hydrogenation of the nitrosobenzene functionality provided diol 13 in 66% 

yield over 3 steps. Ketal deprotection and concomitant elimination occurred under refluxing 

conditions with Amberlyst 15 to form enone 14. in 71% yield. As this enone is prone to 

aromatization, it was immediately protected with a tert-butyldiphenylsilyl silyl group to afford 

intermediate 15. Treatment with lithium diisopropylamide (LDA), followed by the addition of 

hexamethylphosphoramide (HMPA) and methyl iodide in succession, yielded monomethylated 

intermediate 16 as a 1.5:1 mixture of inseparable diastereomers in 86% yield. Conditions were 

explored in installing a vinyl group as part of the quaternary center (ie. an aldol reaction with 

(phenylseleno)acetaldehyde, followed by elimination in the presence of methanesulfonyl 

chloride), however, we opted to replace the vinyl group with another methyl group to simplify the 

sequence going into the key [2+2] cycloaddition. Again, treating monomethylated enone 16 with 

LDA, followed by addition of methyl iodide, afforded dimethylated enone 17 in 74% yield. 

Conjugate addition with 5-bromo-1-pentene through organocuprate formation yielded alkene 18 
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as a 5:1 mixture of inseparable diastereomers in 86% yield, which could be separated after 

dioxenone formation.  

 

With alkene 18 in hand, we looked to form the prerequisite dioxenone for the key photochemical 

reaction. We found that we could form a beta-keto ester with LDA and Mander’s reagent, then 

form the dioxenone under acidic conditions in the presence of acetone.44 However, the yield of the 

dioxenone formation step was poor (0-25% yield) and acted as a bottleneck in our synthetic route. 

Upon further optimization of the sequence, we found that we could instead treat alkene 18 with 

LDA and anisyl cyanoformate, and then treat the resultant para-methoxybenzyl beta-keto ester 19 

with trifluoroacetic acid, trifluoroacetic anhydride, and acetone to obtain single product dioxenone 

20 in a reproducible 27% yield (Figure 1.7).45,46  

 

Now with a sequence that could reliably provide dioxenone 20 in modest yield, we took to 

screening photochemical conditions for the [2+2] cycloaddition (Figure 1.8). Initially, we found 

that the reported conditions by Winkler and co. to show total conversion of the dioxenone into 

photoadduct 21 after 2 hours of exposure to a 450W Hanovia Mercury lamp. 1H NMR revealed 

the loss of peaks corresponding to those of the protons on the alkene and could be used to monitor 

the reaction progression. We looked to see if milder conditions, such as using visible light, with 

the appropriate photosensitizer would also yield formation of the same photoadduct. However, 

thorough screening for the use of other solvents (eg. DCM, toluene, DMF) and other 

photosensitizers (eg. acetophenone, iridium-based catalysts) proved to be unfruitful. With regards 

to entry 6, we especially focused on using this reported catalyst in combination with 395 nm light, 

as it the original system described worked with beta-keto esters and alkenes.47 If these conditions 
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could be applied to our key step, we could avoid forming a dioxenone altogether and skip one step 

in our route. However, the reported conditions did not work for our system, possibly due to a higher 

energy barrier to reaction in our intramolecular cyclization from additional ring strain. 

Nevertheless, we were able to find conditions that allowed us to move forward in our synthetic 

route with broad band UV light and acetone as a photosensitizer. At this stage in the synthesis, we 

also found the use of deuterated benzene would resolve peaks in 1H NMR quite clearly, especially 

between the 2-4 ppm region. With this in mind, we could clearly identify that there were actually 

two photoadducts formed, presumably products that depended on the face of approach of the 

alkene to the dioxenone. It has been noted previously that photochemical reactions with similar 

systems would also result in more than one product, although in our system specifically, cleavage 

of the acetonide would result in both photoadducts converging to the same six-, eight- membered 

bridged bicycle intermediates.48   

 

With the key photochemical reaction complete, treatment of photoadduct 21 in a methanolic 

potassium hydroxide solution (2M KOH in MeOH) afforded the six-, eight- membered bridged 

bicyclic system as a mixture of diastereomers about the carboxylic acid (Figure 1.9). As the 

diastereomers were difficult to separate from one another, we opted to carry the material forward 

and resolve the mixture at a later stage. Methyl ester formation with TMS-diazomethane, followed 

by reduction of the ketone with sodium borohydride yielded alcohol 24, which could be isolated 

and confirmed by 2D NMR (COSY and NOESY) to be the depicted diastereomer. Unfortunately, 

while the reduction appeared highly diastereoselective, the stereoisomer isolated does not have the 

same stereocenter about the alcohol on the eight-membered ring as pleuromutilin. However, as 

shown in previous studies on fully synthetic pleuromutilins, the stereocenter about this alcohol 
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could be inverted, and analogs would still retain biological activity.36 In addition, we are currently 

exploring alternative reduction conditions to alter the stereoselectivity to bias the opposite 

direction.  

 

Further studies are currently in progress to elaborate alcohol 24 into analogs for an initial set of 

bicyclic pleuromutilin analogs. Deprotection of the silyl group followed by esterification off of the 

newly revealed alcohol can provide simplified versions of pleuromutilin and Lefamulin, depending 

on the ester appended. The activity of synthesized pleuromutilin derivatives will be tested by 

minimum inhibitory concentration (MIC) assays against S. aureus and E. coli.   
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Figures 

 

Figure 1.1: Antibiotics bound to the peptidyltransferase center (PTC) of the bacterial 

ribosome. (Streptogramin A: orange, pleuromutilin: green, lincosamide: yellow, oxazolidinone: 

red, phenicol: red) 
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Figure 1.2: Selected pleuromutilin antibiotics with modifications highlighted. 
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Figure 1.3: Epimerization of C12 mediated by ethyl zinc iodide. 

 

 

 

 

 

 

 

 



15 
 

 

Figure 1.4: Examples of structurally simplified pleuromutilins. A. A structurally simplified 

analog of pleuromutilin was found by Sorenson and co. to be equipotent to tiamulin in M. 

tuberculosis. B.  Cyclopentanone cleaved pleuromutilin was found by Springer and co. to be 

equipotent to pleuromutilin in S. pneumoniae and S. aureus.  
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Figure 1.5: Key synthetic strategy towards analogs with a 6,8-bridged bicyclic system.  
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Figure 1.6: Synthetic route to the bicyclic system, up to alkene 18.  
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Figure 1.7: Conditions to form the prerequisite dioxenone for key photochemical reaction. 

 

 

 

 

 

 

 

 

 



19 
 

 

Figure 1.8: Screened photochemical conditions for [2+2] cycloaddition.  
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Figure 1.9: Formation of the bicyclic ring and isolation of alcohol 24.  

 

 

 

 

 

 

 

 

 

 



21 
 

Methods: All reactions were conducted in flame- or oven-dried glassware fitted with rubber septa 

under a positive pressure of nitrogen or argon, unless otherwise noted. All reaction mixtures were 

stirred throughout the course of each procedure using Teflon-coated magnetic stir bars. Air- and 

moisture-sensitive liquids were transferred via syringe or stainless-steel cannula. Solutions were 

concentrated by rotary evaporation below 35 °C. Analytical thin-layer chromatography (TLC) was 

performed using glass plates pre-coated with silica gel (0.25-mm, 60-Å pore size, 230−400 mesh, 

SILICYCLE INC) with a fluorescent indicator (254 nm). TLC plates were visualized by exposure 

to ultraviolet light (UV), and then were stained by submersion in a basic aqueous solution of with 

an acidic ethanolic solution of anisaldehyde, Cerium Ammonium Molybdate, followed by brief 

heating.  

Materials: DCM, DMF, THF to be used in anhydrous reaction mixtures were dried by passage 

through activated alumina columns immediately prior to use. Hexanes used were ≥85% n-hexane. 

Reagents were used as received, unless otherwise noted.  

Instrumentation: Unless otherwise noted, proton nuclear magnetic resonance (1H NMR) spectra 

and carbon nuclear magnetic resonance (13C NMR) spectra were recorded on a 400 MHz Bruker 

Avance III HD 2-channel instrument NMR spectrometer at 23 °C. Proton chemical shifts are 

expressed in parts per million (ppm, δ scale) and are referenced to residual protium in the NMR 

solvent (CHC13: δ 7.26, DMSO-d5: δ 2.50). Carbon chemical shifts are expressed in parts per 

million (ppm, δ scale) and are referenced to the carbon resonance of the NMR solvent (CDC13: δ 

77.0). Data are represented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 

triplet, q = quartet, dd = doublet of doublets, dt = doublet of triplets, sxt = sextet, m = multiplet, br 

= broad, app = apparent), integration, and coupling constant (J) in hertz (Hz). 
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Diol 13 

 

To a 500 mL RBF charged with 1,4-dioxaspiro[4.5]decan-8-one (8.75 g, 1.2 Eq, 56.0 mmol), L-

proline (1.61 g, 0.3 Eq, 14.0 mmol), and a stir bar was added DMF (131 mL). The reaction vessel 

was cooled to 0 °C by means of an ice-water bath, and a solution of with nitrosobenzene (5.00 g, 

1.0 Eq, 46.7 mmol) in DMF (58 mL) was added over 16 hours via syringe pump. 

The reaction was allowed to stir for an additional 5 hours at this temperature. Methanol (116 mL) 

was then added, followed by cerium (III) chloride heptahydrate (24.3 g, 1.4 Eq, 65.4 mmol) in one 

portion. NaBH4 (2.47 g, 1.4 Eq, 65.4 mmol) was then added in portions, and the reaction mixture 

was stirred for 2.5 hours at 0 °C (WARNING: highly exothermic! Add sodium borohydride slowly 

and in small portions).  

The reaction mixture was then diluted with water (100 mL) and extracted with EtOAc (3 × 50 

mL). The combined organic layer was washed with brine, dried over Na2SO4, filtered, and 

concentrated in vacuo to yield a red orange oil as crude. Flash chromatography of the crude 

material (silica gel, eluent: 30% EtOAc in hexanes) afforded the alcohol as an orange oil.  

To a 250 mL RBF charged with the above alcohol and a stir bar was added 146 mL of MeOH. 

Pd/C (436 mg, 10% Wt, 0.00877 Eq, 410 µmol) was then added, and the reaction mixture was 
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stirred under a H2 atmosphere for 5 hours. The reaction mixture was filtered through Celite and 

concentrated in vacuo to yield a dark brown oil as crude. Flash chromatography of the crude 

material (silica gel, eluent: 50% EtOAc in hexanes to 100% EtOAc) afforded diol 13 (5.38 g, 30.9 

mmol, 66%) as a light brown oil.   

TLC (EtOAc): Rf=0.26 (ceric ammonium molybdate) 

1H NMR (400 MHz, CDCl3) δ 4.01 – 3.87 (m, 4H), 3.66 – 3.56 (m, 1H), 3.52 – 3.41 (m, 1H), 2.11 

– 1.96 (m, 1H), 2.00 – 1.85 (m, 1H), 1.85 – 1.67 (m, 1H), 1.67 – 1.51 (m, 3H). 

13C NMR (100 MHz, CDCl3) δ 108.84, 74.10, 72.83, 64.50, 64.39, 40.25, 32.46, 28.14. 
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Enone 14  

 

To a 250 mL RBF charged with diol 13 (1.0 g, 1 Eq, 5.7 mmol) and a stir bar was added THF (81.7 

mL), water (8.17 mL), and acetone (8.17 mL). Amberlyst 15 (204 mg, 20 wt%) was added in one 

portion. The reaction vessel was then placed in an oil bath and allowed to heat up to 80 °C. After 

stirring for 16 hours at this temperature, the reaction mixture was dried over Na2SO4 and 

concentrated in vacuo to yield a brown oil as crude. Flash chromatography of the crude material 

(35-50% EtOAc in hexanes) afforded enone 14 (459.5 mg, 4.098 mmol, 71 %) as a light-yellow 

oil.  

TLC (EtOAc): Rf = 0.39 (UV, anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 6.94 (d, J = 2.1 Hz, 1H), 5.96 (d, J = 2.1 Hz, 1H), 4.57 (dd, J = 6.8, 

2.1 Hz, 1H), 2.63 – 2.53 (m, 1H), 2.50 (br, 1H), 2.42 – 2.30 (m, 2H), 2.06 – 1.92 (m, 1H). 

13C NMR (100 MHz, CDCl3) δ 199.11, 153.11, 129.30, 66.44, 35.48, 32.57. 
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TBDPS-protected enone 15 

 

To a 500 mL RBF charged with enone 14 (1.98 g, 1 Eq, 17.7 mmol) and a stir bar was added DCM 

(180 mL). The reaction vessel was cooled to 0 °C by means of an ice-water bath. Imidazole (1.23 

g, 1.02 Eq, 18.0 mmol) and DMAP (216 mg, 0.1 Eq, 1.77 mmol) were added each in one portion 

at the same temperature, followed by dropwise addition of TBDPS-Cl (4.95 g, 4.63 mL, 1.02 Eq, 

18.0 mmol) via syringe. The ice-water bath was then removed, and the reaction allowed to stir at 

room temperature.  

After stirring for 4 hours, the reaction mixture was diluted with water (200 mL) and transferred to 

a separatory funnel. The mixture was extracted with EtOAc (3 × 100 mL), and the combined 

organic layers were washed with brine, dried over sodium sulfate, and concentrated in vacuo to 

yield a yellow oil as crude. Flash chromatography of the crude material (silica gel, eluent: 10-20% 

EtOAc in hexane) afforded TBDPS-protected enone 15 (6.04 g, 17.2 mmol, 98 %) as a clear oil.  

TLC (EtOAc:hexanes = 1:9): Rf = 0.26 (UV, anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 7.76 – 7.65 (m, 5H), 7.50 – 7.35 (m, 6H), 6.79 (d, J = 1.2 Hz, 1H), 

5.87 (d, J = 1.0 Hz, 1H), 4.55 – 4.46 (m, 1H), 2.58 – 2.47 (m, 1H), 2.28 – 2.13 (m, 1H), 2.13 – 

2.01 (m, 2H), 1.12 – 1.02 (m, 9H). 



26 
 

13C NMR (100 MHz, CDCl3) δ 199.08, 153.39, 135.88, 135.87, 135.36, 134.93, 133.54, 133.50, 

130.15, 130.13, 129.76, 128.88, 127.98, 127.94, 127.84, 77.36, 67.70, 35.46, 32.71, 26.99, 26.69, 

19.28, 19.15. 
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Monomethylated enone 16 

 

To a 100 mL RBF charged with a stir bar was added THF (34.4 mL), followed by diisopropylamine 

(1.18 g, 1.65 mL, 2.05 Eq, 11.7 mmol). The reaction vessel was cooled to -78 °C by means of a 

dry ice-acetone bath, and n-butyllithium (731 mg, 5.07 mL, 2.25 molar, 2.0 Eq, 11.4 mmol) was 

added dropwise. The dry ice-acetone bath was then replaced with an ice-water bath, and the 

reaction vessel was allowed to warm to 0 °C. 

After the freshly formed LDA was allowed to stir for 30 minutes, the reaction vessel was cooled 

back to -78°C by means of a dry ice-acetone bath. A solution of TBDPS-protected enone 15 (2.00 

g, 1 Eq, 5.71 mmol) in THF (6.8 mL) was then added dropwise. After allowing the solution to stir 

for 30 minutes, HMPA (10.2 g, 9.93 mL, 10.0 Eq, 57.1 mmol) and methyl iodide (4.05 g, 1.78 mL, 

5.0 Eq, 28.5 mmol) were added in succession.  

After stirring at -78°C for 5 minutes, the dry ice-acetone bath was replaced with an ice-salt bath (-

20 °C). After stirring for 5 hours at this temperature, the reaction was quenched by the addition of 

aqueous saturated NH4Cl (50 mL). The organic layer was collected, and the aqueous layer was 

extracted with EtOAc (3 × 50 mL). The combined organic layers were washed with brine (50 mL), 

dried over sodium sulfate, and concentrated in vacuo. Flash chromatography of the crude material 

(silica gel, eluent: 0-5% EtOAc in hexanes) afforded monomethylated enone 16 (1.794 g, 4.921 

mmol, 86 %) as a colorless oil and an inseparable 1.5:1 mixture of diastereomers. 
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TLC (EtOAc:hexanes = 1:9): Rf = 0.35 (UV, anisaldehyde) 

1H NMR (400 MHz, CDCl3, integration of 1 per H for minor diastereomer, 1.5 per H for major 

diastereomer) δ 7.81 – 7.58 (m, 10H), 7.54 – 7.33 (m, 15H), 6.77 (dt, J = 10.2, 2.0 Hz, 1H), 6.62 

(dd, J = 10.1, 4.1 Hz, 1.5H), 5.96 – 5.79 (m, 2.5H), 4.64 – 4.50 (m, 1H), 4.44 (app q, J = 4.5 Hz, 

1.5H), 2.91 – 2.75 (m, 1.5H), 2.26 – 2.02 (m, 3.5H), 1.92 – 1.74 (m, 2.5H), 1.16 – 0.96 (m, 30H). 

13C NMR (100 MHz, CDCl3) δ 202.41, 201.22, 153.69, 148.84, 135.89, 135.88, 135.86, 133.73, 

133.61, 133.58, 133.52, 130.13, 130.10, 128.75, 128.41, 127.98, 127.94, 127.92, 68.97, 64.80, 

41.71, 40.21, 39.25, 37.75, 27.03, 27.00, 19.34, 19.25, 15.19, 15.12. 
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Dimethylated enone 17 

 

To a 50 mL RBF charged with a stir bar was added THF (15 mL), followed by diisopropylamine 

(361 mg, 503 µL, 1.3 Eq, 3.57 mmol). The reaction vessel was cooled to -78 °C by means of a dry 

ice-acetone bath, and n-butyllithium (1.62 mL, 2.03 molar, 1.2 Eq, 3.29 mmol) was added 

dropwise. The dry ice-acetone bath was then replaced with an ice-water bath, and the reaction 

vessel was allowed to warm to 0 °C. 

After the freshly formed LDA was allowed to stir for 30 minutes, the reaction vessel was cooled 

back to -78 °C by means of a dry ice-acetone bath. A solution of monomethylated enone 16 (1.00 

g, 1 Eq, 2.74 mmol) in THF (5.6 mL) was then added dropwise. After allowing the solution to stir 

for 30 minutes, methyl iodide (4.05 g, 1.78 mL, 5.0 Eq, 28.5 mmol) was added.  

After stirring at -78 °C for 5 minutes, the dry ice-acetone bath was replaced with an ice-salt bath 

(-20°C). After stirring for 2 hours at this temperature, the reaction was quenched by the addition 

of saturated aqueous NH4Cl (30 mL). The organic layer was collected, and the aqueous layer was 

extracted with EtOAc (3 × 30 mL). The combined organic layers were washed with brine, dried 

over sodium sulfate, and concentrated in vacuo. Flash chromatography of the crude material (silica 

gel, eluent: 0-5% EtOAc in hexanes) afforded dimethylated enone 17 (763.1 mg, 2.016 mmol, 

74%) as a colorless oil.  

TLC (EtOAc:hexanes = 1:9): Rf = 0.46 (UV, anisaldehyde) 
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1H NMR (400 MHz, CDCl3) δ 7.75 – 7.68 (m, 4H), 7.54 – 7.39 (m, 6H), 6.75 (dt, J = 10.2, 2.0 

Hz, 1H), 5.80 (dd, J = 10.3, 2.1 Hz, 1H), 4.59 (ddt, J = 9.6, 5.0, 2.1 Hz, 1H), 1.99 (dd, J = 13.0, 

9.5 Hz, 1H), 1.90 – 1.81 (m, 1H), 1.14 – 1.08 (m, 12H), 0.89 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 203.88, 151.83, 135.92, 135.90, 133.61, 130.13, 127.96, 127.91, 

127.27, 66.77, 46.45, 42.02, 27.03, 25.79, 24.28, 19.25. 
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Alkene 18 

 

To a 100 mL three-neck RBF charged with a stir bar was added magnesium (423 mg, 17.46 mmol), 

followed by THF (2.1 mL). To the rapidly stirring suspension was added 1,2-dibromoethane (75.3 

μL, 873 μmol) dropwise. A solution of 5-bromopent-1-ene (1.38 mL, 11.64 mmol) in THF (9 mL) 

was then added dropwise, and the suspension was allowed to stir for an additional 1 hour. The 

suspension was allowed to settle, and the resulting Grignard solution was titrated against a solution 

of I2 in 0.5 molar LiCl in THF to yield the concentration as 0.8 molar.  

To a 25 mL RBF charged with copper(I) iodide (369 mg, 1.0 Eq, 1.94 mmol) and a stir bar was 

added THF (6.6 mL), methyl sulfide (0.66 mL), and HMPA (810 μL, 2.4 Eq, 4.65 mmol). The 

reaction vessel was cooled to -78 °C by means of a dry ice-acetone bath, and the Grignard solution 

(4.85 mL, 0.80 molar, 2.0 Eq, 3.88 mmol) was added dropwise. After stirring for 1 hour at this 

temperature, a solution of dimethylated enone 17 (734 mg, 1.0 Eq, 1.94 mmol) and TMS-Cl (492 

μL, 2.0 Eq, 3.88 mmol) in THF (4.4 mL) was added dropwise over 1 hour via syringe pump. The 

reaction mixture was allowed to stir at this temperature for an additional 3 hours, at room 

temperature for 15 minutes, and then quenched with acetic acid (0.44 mL). After stirring for an 

additional 12 hrs, saturated aqueous NH4Cl (30 mL) was added. The organic layer was collected, 

and the aqueous layer was extracted with EtOAc (3 × 30 mL). The combined organic layers were 

washed with brine (30 mL), dried over sodium sulfate, and concentrated in vacuo. Flash 
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chromatography of the crude material (silica gel, eluent: 0-5% EtOAc in hexanes) afforded alkene 

18 (747.1 mg, 1.665 mmol, 86%) as a colorless oil and a 5:1 mixture of diastereomers. A small 

portion of this material was carefully purified by column chromatography for characterization 

purposes.  

TLC (EtOAc:hexanes = 1:9): Rf = 0.53 (UV, anisaldehyde) 

1H NMR (400 MHz, CDCl3) δ 7.74 – 7.65 (m, 4H), 7.49 – 7.34 (m, 6H), 5.78 – 5.63 (m, 1H), 5.00 

– 4.87 (m, 2H), 3.84 (td, J = 7.3, 4.5 Hz, 1H), 2.66 (dd, J = 14.4, 4.8 Hz, 1H), 2.13 – 2.02 (m, 1H), 

2.01 – 1.78 (m, 3H), 1.73 – 1.48 (m, 4H), 1.33 – 1.19 (m, 2H), 1.19 – 0.94 (m, 12H), 0.92 – 0.82 

(m, 3H). 

13C NMR (100 MHz, CDCl3) δ 215.52, 138.66, 136.13, 136.08, 134.34, 133.83, 129.98, 129.84, 

127.80, 127.70, 114.73, 71.67, 46.34, 45.53, 44.75, 40.16, 33.82, 31.93, 27.21, 26.57, 25.81, 25.58, 

19.50. 
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Beta keto ester 19 

 

To a 25 mL RBF charged with a stir bar was added THF (5.33 mL), followed by diisopropylamine 

(169 μL, 1.50 Eq, 1.200 mmol). The reaction vessel was cooled to -78 °C by means of a dry ice-

acetone bath, and n-butyllithium (526.6 μL, 2.02 molar, 1.33 Eq, 1.064 mmol) was added 

dropwise. The dry ice-acetone bath was then replaced with an ice-water bath, and the reaction 

vessel was allowed to warm to 0 °C.  

After the freshly formed LDA was allowed to stir for 30 minutes, the reaction vessel was cooled 

back to -78 °C by means of a dry ice-acetone bath. A solution of alkene 18 (358.9 mg, 1.0 Eq, 

799.8 μmol) in THF (1.5 mL) was added dropwise. The reaction mixture was allowed to stir at this 

temperature for 30 minutes. A solution of HMPA (139 μL, 1.00 Eq, 799.8 μmol) and anisyl 

cyanoformate (203.4 mg, 1.33 Eq, 1.064 mmol) in THF (1.5 mL) was added in one portion. After 

stirring at this temperature for 1 hour, the reaction mixture was partitioned between water (5 mL) 

and ethyl acetate (5 mL). The organic layer was collected and washed with water (10 mL).  The 

organic layer was then dried over sodium sulfate and concentrated in vacuo. Flash chromatography 

of the crude material (silica gel, eluent: 0-5% EtOAc in hexanes) afforded beta keto ester 19 (382.4 

mg, 623.9 μmol, 78 %) as a colorless oil. 

TLC (EtOAc:hexanes = 1:9): Rf = 0.56 (UV, anisaldehyde) 
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 Dioxenone 20 

 

To a 25 mL RBF charged with beta keto ester 19 (563.1 mg, 1 Eq, 918.8 μmol) and a stir bar was 

added acetone (6.07 mL). The reaction vessel was cooled to -78°C by means of a dry ice-acetone 

bath, and trifluoroacetic anhydride (1.3 mL) was added dropwise. After stirring at this temperature 

for 30 minutes, trifluoroacetic acid (4.6 mL) was added dropwise. The dry ice-acetone bath was 

then removed, and the reaction mixture was allowed to warm to room temperature. After stirring 

for 39 hours, the resulting reaction mixture was concentrated in vacuo and azeotroped with toluene 

(3 × 10 mL). Flash chromatography of the crude material (silica gel, eluent: 0-5% EtOAc in 

hexanes) afforded dioxenone 20 (131.6 mg, 247.0 μmol, 27%) as a yellow oil.  

1H NMR (300 MHz, CDCl3) δ 7.76 – 7.52 (m, 4H), 7.50 – 7.32 (m, 6H), 5.67 – 4.49 (m, 1H), 4.96 

– 4.73 (m, 2H), 3.96 – 3.84 (m, 1H), 2.67 – 2.46 (m, 1H), 1.89 – 1.67 (m, 3H), 1.72 (s, 3H), 1.71 

– 1.67 (m, 1H), 1.64 (s, 3H), 1.62  –  1.55 (m, 1H), 1.52 – 1.36 (m, 1H), 1.33 (s, 3H),  1.15 – 0.93 

(m, 9H), 1.01 (s, 3H), 0.85 – 0.70 (m, 2H). 
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Photoadduct 21 

 

To a 20 mL microwave vial charged with dioxenone 20 (75.0 mg, 1 Eq, 141 μmol) and a stir bar 

was added acetonitrile (16.74 mL) and acetone (1.86 mL). The resulting solution was sparged with 

argon for 30 minutes, and then irradiated using a 450W Hanovia medium pressure lamp for 2 

hours. The reaction solution was then concentrated in vacuo. Flash chromatography of the crude 

material (silica gel, eluent: 0-5% EtOAc in hexanes) afforded photoadduct 21 (48.0 mg, 90.1 μmol, 

64%) as a colorless oil and as a 2:1 mixture of isomers.  
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Methyl ester 23 

 

To a 10 mL RBF charged with photoadduct 21 (35.6 mg, 1 Eq, 66.8 μmol) and a stir bar was added 

2N KOH/MeOH (1.48 mL). After stirring for 55 hours at 25 °C, the reaction solution was diluted 

with water and extracted with EtOAc. The organic layer was then washed with 2 N aqueous HCl, 

and the acidic aqueous layer was washed again with EtOAc (3 × 10 mL). The combined organic 

layers were then dried over sodium sulfate and concentrated in vacuo. The resulting crude 

carboxylic acid was carried forward to the next reaction without further purification.  

To a 10 mL RBF charged with crude carboxylic acid and a stir bar was added 0.32 mL of ethyl 

ether and 0.19 mL of methanol. TMS-diazomethane (102 μL, 1.8 molar in hexanes, 3.0 Eq, 183 

μmol) was added dropwise, and the reaction was allowed to stir for 1 hour at 25 °C. The reaction 

mixture was then concentrated in vacuo. Flash chromatography of the crude material (silica gel, 

eluent: 0-5% EtOAc in hexanes) afforded methyl ester 23 (25.3 mg, 49.9 μmol, 82%) as a colorless 

oil and an inseparable mixture of diastereomers.  
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Alcohol 24 

 

To a 10 mL RBF charged with methyl ester 23 (25.3 mg, 1 Eq, 49.9 μmol) and a stir bar was added 

methanol (1 mL). The reaction vessel was cooled to 0 °C by means of an ice-water bath, and 

NaBH4 (1 mg, 0.5 Eq, 25 μmol) was added. The reaction mixture was allowed to stir at this 

temperature for 1 hour, and then water was added to quench the reaction. The reaction mixture was 

washed with EtOAc (3 × 10 mL), and the combined organic layers were dried over sodium sulfate 

and concentrated in vacuo.  Flash chromatography of the crude material (silica gel, eluent: 20% 

EtOAc in hexanes) afforded alcohol 24 (13.8 mg, 27.1 μmol, 54%) as a colorless oil. 

1H NMR (400 MHz, C6D6) δ 7.89 – 7.77 (m, 4H), 7.24 – 7.16 (m, 6H), 4.29 – 4.18 (m, 1H), 3.69 

(s, 1H), 3.36 (s, 3H), 2.98 (t, J = 5.1 Hz, 1H), 2.81 (s, 1H), 2.62 (s, 1H), 2.27 (dd, J = 15.2, 9.1 Hz, 

1H), 1.98 – 1.85 (m, 2H), 1.80 – 1.61 (m, 3H), 1.17 (s, 9H), 1.10 – 1.01 (m, 3H), 1.00 – 0.89 (m, 

4H), 0.72 (s, 3H), 0.56 (s, 3H). 
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Chapter 2 

Development of ADC-TACs: Antibody-small molecule conjugates for targeted degradation 

of GPCRs 
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Abstract 

Proteolysis Targeting Chimeras (PROTACs) have emerged as a groundbreaking advancement 

in chemical biology and therapeutic development, with at least 18 currently in phase I/II clinical 

trials. PROTACs are heterobifunctional molecules that facilitate protein degradation by recruiting 

an E3 ligase to the target protein of interest, resulting in ubiquitination and subsequent degradation. 

In recent years, novel methods for targeted degradation of membrane protein have also been 

developed such as AbTACs, which make use of a bispecific antibody scaffold to recruit membrane-

bound E3 ligases to the target. However, multi-pass membrane proteins such as G protein-coupled 

receptors (GPCRs) remain difficult to degrade with such technology, as there are few extracellular-

binding antibodies. In collaboration with the laboratory of James Wells, PhD., we are developing 

an alternative modality to expand the scope of AbTACs by conjugating an E3 ligase targeting 

antibody to a small molecule binder of a GPCR of interest, effectively repurposing antibody-drug 

conjugates (ADCs) for protein degradation. We hypothesize that these constructs will not only 

have the stability of an antibody, but also expand the range of possible membrane proteins for 

targeted degradation.   
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Introduction 

Over the past two decades, targeted protein degradation (TPD) has emerged as a groundbreaking 

therapeutic strategy, offering an alternative to traditional small-molecule inhibitors. While small-

molecule inhibitors typically operate through occupation of a binding site where high potency is 

required to temporarily inhibit protein activity, TPD leverages existing cell biology to catalytically 

degrade target proteins. This catalytic mechanism enables a single molecule to induce the 

degradation of multiple copies of the same target, enhancing therapeutic efficacy and reducing the 

required dose compared to conventional inhibitors.49 

 

Proteolysis targeting chimeras (PROTACs) are heterobifunctional small molecules that recruit the 

E3 ubiquitin ligase to the target protein of interest (POI), facilitating ubiquitination and subsequent 

degradation by the proteasome. Due to this design, PROTACs are able to degrade proteins by 

binding any accessible epitope, rather than targeting an enzyme's active site as in traditional 

inhibitors.50 PROTACs have shown significant promise, with several progressing to clinical 

trials.51 While PROTACs have proven successful in targeting intracellular proteins, however, they 

are generally limited to this scope. 

 

Novel methods have been developed specifically for the degradation of membrane-bound proteins, 

such as AbTACs, which utilizes a bispecific antibody scaffold to recruit a membrane-bound E3 

ligase in proximity to another membrane-bound protein of interest.52 Other strategies have also 

emerged utilizing internalizing receptors for lysosome-based degradation, such as KineTACs and 

LyTACs.53,54 However, these technologies inherently depend on there being an antibody or 
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antibody-based fragment against the POI. Due to this limitation, the ability to degrade multi-pass 

membrane proteins, such as G-protein coupled receptors (GPCRs), remains a challenge. There are 

few extracellular-binding antibodies that exist for this class of proteins, which lack a large, 

structured ectodomain for antibody binding.55  

 

In order to expand the scope of TPD to include such challenging targets, we are developing a novel 

modality that effectively expands upon AbTACs. While there may be a lack of antibodies against 

GPCRs, there is a wide breadth of known and well-validated small molecule binders. By using one 

of the small molecules as the POI targeting arm and chemically linking it to an existing antibody 

degrader (anti-RNF43), we can synthesize an antibody-drug conjugate PROTAC, termed ADC-

TACs (Figure 2.1). Here, we describe the synthesis of ADC-TACs as well as preliminary data for 

the degradation of adenosine 2A receptor (A2AR).  

 

Results 

As a proof-of-concept, we sought to see if we could develop constructs for the degradation of the 

A2AR. A2AR is a GPCR expressed on immune cells like natural killer (NK) and CD8+ T cells, 

and is activated by elevated extracellular adenosine, triggering a signaling cascade that increases 

intracellular cAMP and induces immunosuppression. In the tumor microenvironment (TME), high 

ATP levels are converted to adenosine, enhancing A2AR activity.56 Beyond immune suppression, 

A2AR activation promotes cancer cell proliferation via the MAPK/ERK/JNK pathways. This 

overactivity, driven by excess adenosine in the TME, both dampens immune responses and 

supports tumor growth.57 As a result, A2AR antagonists are being explored as potential therapies 
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to block its immunosuppressive effects and inhibit cancer proliferation. With the aforementioned 

noted, A2AR appeared to be a desirable target for degradation and chosen as our POI for the 

development of ADC-TACs.  

 

CGS21680 is a known small molecule agonist of A2AR that has been previously conjugated to the 

Fc domain of an antibody.58 In a crystal structure of CGS21680 bound to A2AR, the carboxylic 

acid functionality of the molecule is solvent exposed, enabling it is a conjugation site that would 

not interfere with small molecule binding.59 We synthesized analogs of CGS21680 containing a 

polyethylene glycol (PEG) linker (n= 4,6,9,12, and 23) and dibenzocylooctyne (DBCO) functional 

group through an amide bond formation (Figure 2.2a). In order to conjugate these molecules to 

anti-RNF43 E3 ligase fabs in a site-specific manner, we utilized methionine-specific oxaziridine 

chemistry with an oxaziridine-azide reagent (Figure 2.2b).60 Methionine residues were introduced 

into sites in the fab scaffold that have been previously validated to show high labeling stability and 

efficiency.61 The anti-RNF43 fab mutants were then labeled with oxaziridine reagent to 

functionally install an azide handle, which could then undergo copper-free click chemistry labeling 

upon incubation with DBCO-PEG-CGS21680 conjugates.  

 

Our initial degradation experiments were performed in MOLT-4 cells, which endogenously 

express both A2AR and RNF43. Cells were dosed with varying concentrations of synthesized 

ADC-TAC, and degradation was assessed through Western blotting for A2AR levels. 

Unfortunately, even after testing constructs with 4 different sites of labeling and various PEG 

linker lengths, we were unable to see consistent A2AR degradation (Figure 2.3). We hypothesized 
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that a potential factor in limited degradation could be the inherently low expression levels of 

RNF43 in MOLT-4 cells. As we also found that it was difficult to identify another cell line that 

also co-expressed A2AR and RNF43, we chose alternative strategies for A2AR degradation.  

 

First, we looked to using ZNRF3, an alternative cell surface E3 ligase that is co-expressed with 

A2AR in Jurkat cells.63 We performed the same bioconjugation strategy with our DBCO-PEG-

CGS21680 molecules with anti-ZNRF3 fabs in order to obtain a new library of constructs. 

However, we could still not see consistent levels of degradation in Jurkat cells.  

 

Second, we are currently looking to adapt KineTACs into our ADC-TAC modality instead of using 

an antibody against a membrane-bound E3 ligase. One potential pitfall of E3 ligase recruitment is 

that there may be geometry requirements for the linker, POI, and E3 ligase in order for 

ubiquitination to successfully occur. KineTACs use a bispecific IgG scaffold where one arm targets 

a POI, and the other is recombinant chemokine CXCL12, a chemokine that targets a constitutively 

internalizing decoy receptor, CXCR7. We have conjugated DBCO-PEG-CGS21680 to methionine 

scrubbed CXCL12-Fc fusion with a V262M mutation. Degradation experiments will proceed in 

MDA-MB-361 cells, which express both A2AR and CXCR7.   
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Methods  

Cell lines Cell lines were grown and maintained in T75 (Thermo Fisher Scientific) flasks at 37ºC 

and 5% CO2. MOLT-4 CCR5+ cells were grown in RPMI-1640 supplemented with 10% fetal 

bovine serum (FBS) and 2% geneticin. MOLT-4 CCR5+ cells were obtained from the NIH AIDS 

Reagent Program.  

 

Antibody cloning, expression, and purification Anti-RNF43 Fab LC S7M single mutation was 

introduced using Gibson Assembly. Fabs were expressed in E. coli C43(DE3) Pro+ using an 

optimized autoinduction media and purified by Protein A affinity chromatography. Purity and 

integrity of Fabs were assessed by SDS-PAGE and intact LC/MS mass spectrometry (Waters).  

 

Representative Synthesis of DBCO-CGS21680 (PEG 4 linker) To a 10 mL RBF charged with 

commercially available CGS21680 (Cayman Chemical, 17126, 2.0 mg, 4.0 μmol) was added 2 mL 

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

oxide hexafluorophosphate (HATU) (2.3 mg, 1.5 eq, 6 μmol) and N,N-diisopropylethylamine (2.8 

μL, 4.0 Eq, 16.0 μmol) were then added sequentially, and the reaction was allowed to stir at room 

temperature for 15 minutes. DBCO-PEG4-amine (BroadPharm, BP-23958, 3.1 mg, 1.5 Eq, 6.0 

μmol) was then added, and the reaction mixture was allowed to stir for an additional 16 hours. The 

reaction mixture was then concentrated in vacuo, and the residue was purified by high performance 

liquid chromatography (HPLC) and lyophilized to afford DBCO-PEG4-CGS21680 (1.5 mg, 1.5 

μmol, 37%)  as a light yellow solid. 
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Conjugation of engineered anti-RNF43 Fab with oxaziridine and DBCO-CGS21680 75 For 

conjugation with oxaziridine, 50 μM Fab was incubated with 5 molar equivalents of oxaziridine 

azide for 30 min at room temperature in phosphate-buffer saline (PBS). The reaction was quenched 

with 10 molar equivalents methionine. The antibody was buffer exchanged into PBS and desalted 

using a 0.5-mL Zeba 7-kDa desalting column (Thermo Fisher Scientific). Then, 10 molar 

equivalents of DBCO-CGS21680 was added and incubated at room temperature overnight. The 

agonist-labeled conjugate was desalted using the 0.5-mL Zeba 7-kDa desalting column to remove 

excess DBCO-CGS21680. Full conjugation at each step was monitored by intact mass 

spectrometry using a Xevo G2-XS Mass Spectrometer (Waters). 

 

Degradation assays Cells at 1 million cells/mL were treated with antibody-drug conjugate, agonist, 

or antagonist in complete growth medium. After 24 hrs, cells were pelleted by centrifugation 

(300xg, 5 min, 4ºC). Cell pellets were lysed with RIPA buffer containing cOmplete mini protease 

inhibitor cocktail on ice for 40 min. Lysates were spun at 16,000xg for 10 min at 4ºC and protein 

concentrations were normalized using BCA assay. 4x NuPAGE LDS sample buffer and 2-

mercaptoethanol (BME) was added to the lysates. Equal amounts of lysates were loaded onto a 4-

12% Bis-Tris gel and ran at 200V for 37 min. The gel was incubated in 20% ethanol for 10 min 

and then transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was 

blocked in PBS with 0.1% Tween20 + 5% bovine serum albumin (BSA) for 30 min at room 

temperature with gentle shaking. Membranes were co-incubated overnight with rabbit-anti-A2aR 

(Abcam, ab3461, 1:1000) and mouse-anti-tubulin (Cell Signaling Technologies, DM1A, 1:1600) 

at 4ºC with gentle shaking in PBS + 0.2% Tween20 + 5% BSA. Membranes were washed four 

times with tris-buffered saline (TBS) + 0.1% Tween20 and then co-incubated with HRP-anti-rabbit 
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IgG (Cell Signaling Technologies, 7074S, 1:2000) and 680RD goat anti-mouse IgG (LI-COR, 926-

68070, 1:10000) in PBS + 0.2% Tween20 + 5% BSA for 1 hr at room temperature. Membranes 

were washed four times with TBS + 0.1% Tween20, then washed with PBS. Membranes were first 

imaged using an 76 OdysseyCLxImager (LI-COR). SuperSignal West Pico PLUS 

Chemiluminescent Substrate was then added and image using a ChemiDoc Imager (BioRad). Band 

intensities were quantified using Image Studio Software (LI-COR). 
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Figures  

 

Figure 2.1: Mechanism of action of ADC-TACs in the targeted degradation of cell surface 

proteins. Degradation is induced using an ADC-TAC to recruit an E3 ligase to a cell surface 

protein of interest. A selective small molecule is used for binding to the protein of interest and is 

chemically linked to an antibody targeting the E3 ligase. 
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Figure 2.2: Bioconjugation strategy for ADC-TACs. A. Synthesis of DBCO-PEGn-CGS21680 

through amide coupling. B. Methionine-oxaziridine labeling, followed by copper-free click 

chemistry labeling.  
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Figure 2.3: Representative Western blots for A2AR degradation. Biological duplicates show 

inconsistency in degradation of A2AR in MOLT-4 cells. The top blot shows what appears to be 

dose-dependent degradation of A2AR from 100 nM down to 1 nM of ADC-TAC, where as the 

bottom blot shows no degradation of A2AR.   
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