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Abstract 

Human health is impacted by molecular level events. Within this context, DNA 

encodes for cellular instructions and proteins execute these genetic protocols to ensure 

the cell’s components are functioning properly. Thus, the underlying biochemistry within 

the cell is tightly regulated to ensure vitality. However, when these processes become 

compromised or damaged, there is increased susceptibility towards developing cancer 

and neurodegenerative diseases. Often, small chemical changes to our DNA and proteins 

can be the culprits of such dysregulation. These seemingly minuscule modifications can 

impair the cell’s proper functions, which can lead to cell death or uncontrolled growth, 

and ultimately manifest as degenerative disease or cancer. Electrophilic small molecules 

can be responsible for chemically altering cellular machinery. Additionally, enzymes can 

make chemical changes such as post-translational modifications on proteins and 

epigenetic DNA modifications, which can have pronounced effects on cell function and 

can be equally damaging if not properly regulated.  

Understanding how molecular events influence health is of paramount importance in 

designing therapeutics that effectively prevent and treat disease, as well as discovering 

biomarkers which enable early detection. Despite immense research efforts from the 

scientific community, there is much remaining to learn about these microscopic 

processes. This is due to their inherent complexity and lack of technologies to study 

them. This thesis aims to contribute to addressing this problem by developing new 

chemical tools which advance our knowledge of the molecular mechanisms that drive 
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disease. This work is composed of seven chapters which explore reactive dopamine 

metabolites linked to Parkinson’s disease, tools to study the biological implications of 

elevated intracellular methylglyoxal concentrations, and the development of small 

molecule epigenetic modulators to regulate aberrant DNA methylation.  

Chapters I, II, and III of this thesis explores how dysregulated dopamine may 

contribute to Parkinson’s disease initiation. Chapter I commences with a review of 

dopamine metabolism and the subsequent generation of reactive dopamine derived 

metabolites in neurons. This is followed by an overview of protein damaged induced by 

these metabolites and a review of chemical tools and techniques implemented to study 

dysregulated dopamine in various experimental systems. Next, Chapter II describes our 

efforts in designing and implementing a dopamine derived chemical probe to profile 

dopamine modified proteins which found that dopamine metabolites disrupt protein-

folding pathways critical for maintaining healthy neurons. We also detail our 

development of photoactivatable dopamine probes in Chapter III. Collectively, this 

work improves the understanding of dopamine protein modification and by extension, 

molecular events that may contribute to Parkinson’s, which may inform future 

Parkinson’s therapeutic development. 

Chapter IV and Chapter V of this thesis focuses on the reactive metabolite 

methylglyoxal. Methylglyoxal is a sugar-derived metabolite produced naturally in all 

cells. This reactive compound forms adducts with DNA and proteins, thereby altering 

their function and influencing cell signalling. Consequently, methylglyoxal protein 
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adducts are implicated in numerous diseases such as cancer, neurodegeneration, diabetes, 

and cardiovascular disease. In many of these diseases, the cellular processes that break 

down methylglyoxal become compromised, leading to elevated levels of this reactive 

molecule within cells. Existing chemical tools to investigate methylglyoxal biology are 

limited, leading to an incomplete understanding of its physiological and disease-causing 

roles. Here, we disclose a chemical tool that confers light-mediated release of a 

methylglyoxal probe within cell models. We use this chemical to identity of the resulting 

protein adducts. This work enables studying protein adducts induced by methylglyoxal in 

a controlled fashion to illuminate how this reactive compound impacts various disease 

states. We also detail our efforts in profiling proteins which undergo covalent DNA 

crosslinking in the presence of methylglyoxal in Chapter V. This effort is the first study 

to identify this type of methylglyoxal adduct at a proteome wide scale, which provides a 

list of candidate methylglyoxal derived DNA-protein cross to investigate in future work. 

Collectively, these efforts further our understanding of basic methylglyoxal biology and 

its role in disease progression.  

Finally, Chapters VI and VII of this thesis describe our efforts towards developing 

small molecule epigenetic modulators. Regulating gene expression is critical for keeping 

cells healthy. Over- or under-expressed genes can lead to cancer and other diseases. 

Accordingly, cells have many methods to control when specific genes are turned on or 

off in order to function properly; DNA methylation being an example. There are many 

proteins which control the addition and removal of DNA methyl marks across the 
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genome to ensure appropriate gene expression. Mutations in, or dysfunction of, these 

proteins can initiate certain cancers. One essential group of proteins involved in removing 

DNA methylation marks is ten-eleven translocation (TET) methylcytosine dioxygenases 

(TET). Given TET’s central role in cancer development, theses protein represent a 

potential drug target. However, there is a paucity of small molecules which selectively 

inhibit their function without affecting other cellular processes. Thus, there is a need to 

develop potent and selective compounds which block TET-meditated DNA 

demethylation. Within Chapter VI, we show our efforts towards the development of 

novel small molecule TET inhibitors which led us to uncover that copper contamination 

is responsible for the activity of a reported TET inhibitor. In Chapter VII, we present 

work on a novel TET inhibitor scaffold which features a bifunctional cofactor-substrate 

mimetic design. This work has the potential to generate new anticancer therapeutics and 

improve our understanding of how TET and DNA methylation is linked to cancer 

development.  

Ultimately, the work in this thesis provides a novel suite of chemical tools for 

studying dopamine dysregulation, methylglyoxal metabolism, and TET function. These 

tools provide insights into cellular damage caused by dopamine and methylglyoxal 

adducts as well as probes for altering DNA methylation status. Such tools are critical for 

mapping molecular mechanisms that drive disease.  
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1 Chapter I: Role of Protein Damage Inflicted by Dopamine Metabolites in 

Parkinson’s Disease: Evidence, Tools, and Outlook 

 

Adapted with permission by the American Chemical Society from:  

 

Hurben A.K., Tretyakova N.Y. The Role of Protein Damage Inflicted by Dopamine 

Metabolites in Parkinson’s Disease: Evidence, Tools, and Outlook. Chemical Research in 

Toxicology. 2022, 35 (10), 1789–1804. 

 

This chapter is adopted from a manuscript published in Chemical Research in Toxicology 

drafted by Alexander K. Hurben under the supervision of Prof. Tretyakova. 
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1.1 Introduction 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that afflicts 

over five million individuals globally.1 PD symptomology manifests as a continual 

decline in motor function, resulting in rigidity, bradykinesia, tremor at rest, and postural 

instability.2 The cause of motor dysfunction in PD is largely attributed to the depletion of 

striatal dopamine (DA) due to the death of dopaminergic neurons, particularly in the 

substantia nigra pars compacta (SNc) (Figure 1.1).3 However, the events that initiate 

dopaminergic collapse in the SNc are thought to take place up to a decade prior to 

diagnosis, as it is estimated that 50−90% of dopaminergic neurons have already been lost 

by that time.4 Currently, there are no approved therapeutics that halt or slow PD. Thus, 

improving understanding of the molecular underpinnings that initiate PD remains an 

important area in developing novel treatments. Herein, we discuss the role that 

dysregulated DA plays in driving PD pathology,5 highlighting the contribution of 

covalent protein damage induced by reactive DA metabolites. In addition, novel 

methodologies that enable studying protein damage inflicted by DA metabolites are 

presented. We conclude with an outlook on this area of PD research and a perspective on 

how further work investigating DA−protein damage in the brain will aid in elucidating 

PD etiology.  
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Figure 1.1. Loss of dopaminergic neurons in Parkinson’s disease 

Representation of autopsied midbrain sections from healthy and PD diagnosed 

individuals (right and left, respectively). Impairment and death of dopaminergic neurons 

is a hallmark of PD. 
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1.2 Dopamine Metabolism and Formation of Reactive Dopamine Metabolites  

DA was first reported to be a neurotransmitter by Arvid Carlsson in 1957.6 Since 

then, DA has been found to modulate a multitude of physiological processes, ranging 

from motivational salience to motor coordination, and roles outside the central nervous 

system.7, 8 The link between DA and PD was shown by Oleh Hornykiewicz, who reported 

that DA concentration is drastically decreased in the midbrains of PD patients compared 

to healthy controls.9 This landmark study launched the use of the DA metabolic 

precursor, L-3,4dihydroxyphenylalanine (L-DOPA), as a treatment for PD.10 Despite the 

symptomatic relief L-DOPA can provide in PD, the underlying neurodegenerative 

processes involved in the disease are not affected, which has sparked some debate over 

its continued use.11-14 Regardless, DA remains a central player in PD etiology, and 

emerging evidence points to reactive DA metabolites being contributors to the 

pathology.15  

DA metabolism is a carefully orchestrated process overseen by various enzymatic 

and sequestering systems.16 It has been hypothesized that disruption of these systems can 

lead to production of reactive DA metabolites and buildup of reactive oxygen species 

(ROS) and impair carbonyl metabolism, all of which can impart neurotoxicity.17 A 

summary of DA metabolism is shown in Figure 1.2. DA generation commences with the 

hydroxylation of L-Tyr by tyrosine hydroxylase (TH) to give L-DOPA.18 Next, L-DOPA 

is decarboxylated via aromatic acid decarboxylase (AADC) through a tetrahydrobiopterin 

(H4-biopterin) and iron-dependent manner to furnish DA.19 Once DA is created, it can be 

converted to norepinephrine (NE) by a copper-containing monooxygenase, dopamine β-
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hydroxylase (DβH), or catabolized by one of two major and minor pathways.20 In the 

major pathway, DA is deaminated to 3,4-dihydroxyphenylacetaldehyde (DOPAL) by 

monoamine oxidase (MAO). MAO is a flavin adenine dinucleotide (FAD) oxidase that 

produces hydrogen peroxide and ammonia as additional byproducts in this reaction.21 

MOA is also anchored to the outer mitochondrial membrane and can shuttle electrons 

from DA metabolism to the mitochondrial electron transport chain.22 DOPAL is further 

oxidized to its corresponding acid, 3,4-dihydroxyphenylacetic acid (DOPAC), by an 

aldehyde dehydrogenase (ALDH).23 DOPAC is subsequently methylated to form 

homovanillic acid (HVA) through catechol-O-methyltransferase (COMT).24, 25 HVA is an 

inert byproduct capable of being excreted. In the minor pathway, one of the hydroxyls of 

DA is first capped by a methyl group via COMT to afford 3-methoxytyramine (MTY), 

which is consequently deaminated by MAO to give 3-methoxy-4hydroxyphenyl 

acetaldehyde (MOPAL) and oxidized by ADH to HVA.26 In addition, the aldehyde 

functionality within DOPAL can be reduced, primarily by cytosolic aldehyde reductases 

(AR) or by alcohol dehydrogenases (ADH), to produce 3,4-dihydroxyphenylethanol 

(DOPET) as a minor metabolite.27-29 Together, these enzymatic pathways regulate the 

biosynthesis and metabolism of DA in presynaptic dopaminergic neurons. 

Beyond enzymatic regulation, DA concentrations in neurons are controlled by 

subcellular compartmentalization. An overview of these processes is depicted in Figure 

1.3. Within DA presynaptic neurons, DA is primarily housed within synaptic vesicles. 

Vesicular monoamine transporter 2 (VMAT2) is the transporter responsible for this 

shuttling of DA.30 The two enzymes that biosynthesize DA from L-Tyr, TH and AACD, 
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are also physically associated with VMAT2 to assist in the confinement of DA.31, 32 The 

H+ ATPase localized in the vesicular membrane pumps protons inside the vesicle to 

maintain an acidic environment in order to stabilize the confined DA.33 DA 

concentrations are reported to reach up to 1 M in vesicles, whereas cytosolic 

concentrations are measured in the low micromolar range.34, 35 DA released into the 

synaptic cleft undergoes reuptake by dopamine transporter (DAT) for vesicular repacking 

or is broken down by astrocytes in close proximity.36 Residual cytosolic DA in 

presynaptic neurons is catabolized to HVA or sequestered into granules of 

neuromelanin.37 Proper regulation of DA handling systems is critical for dopaminergic 

health. 

Because of its catechol structure, DA has a propensity to spontaneously form 

reactive metabolites (Figure 1.4A). When not confined to the acidic environment of 

synaptic vesicles, DA is susceptible to oxidation by a variety of processes to give 

dopamine semiquinone (DASQ) or dopaquinone (DAQ).38 DASQ can be generated in 

vivo enzymatically through H2O2 activation by peroxidases and prostaglandin H 

synthase.39, 40 DAQ is formed through auto-oxidation at cytosolic pH; this process can be 

accelerated by metals like Cu and Fe.41 DAQ rapidly undergoes intramolecular 

cyclization to afford leukodopaminochrome (LDAC).42 However, in some cases, DAQ 

can be converted to 6-OHDA (6-hydroxydopamine) and 6-OHDQ (6-

hydroxydopaquinone) by ROS and Fe.43, 44 LDAC is also prone to oxidation, akin to DA, 

to form dopaminochrome (DAC).45 DAC undergoes a tautomeric rearrangement to 5,6-

dihydroxyindole (DHI), which further oxidizes to 5,6-dihydroxyindolequinone (DHIQ) 
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and ultimately polymerizes to neuromelanin.46 As shown in Figure 1.4B, the catechol in 

DOPAL can also be oxidized to a quinone to give DOPAL quinone (DPQAL), another 

reactive DA derived metabolite.47 Collectively, DA oxidation in vivo leads to a complex 

array of potentially toxic electrophilic metabolites that can react with proteins, 

necessitating tight regulation over neuronal DA metabolism. 

There is accumulating evidence that DA handling systems are dysregulated in the 

context of PD, contributing to disease progression.48, 49 Specifically, vesicular uptake of 

DA by VMAT2 is reduced by 87−90% in autopsied striatum sections of PD patients as 

compared to healthy controls.50 Impaired vesicular DA uptake leads to accumulation of 

cytosolic DA, which could have deleterious consequences on neuronal health.51, 52 

Accordingly, genetically enhanced vesicular function of DA provides neuroprotection 

against the dopaminergic toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in 

murine models of PD.53 Furthermore, several promoter haplotypes that increase the 

expression of VMAT2 are associated with a decreased incidence of PD.54 In other 

investigations of PD etiology, accumulation of oxidized DA has been longitudinally 

linked to a toxic cascade of neurological dysfunction correlated with idiopathic and 

familial PD cases.55 Together, these studies point to the importance of DA regulation in 

PD. 

Beyond improper DA storage in PD, other pathological factors of PD can 

exacerbate DA-inflicted stress.56 One of these factors is higher Fe and other metal content 

in the brains of PD patients as compared to healthy controls.57-59 The presence of redox-

active metals can induce oxidative stress and promote DA oxidation.60, 61 In addition, the 
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concentrations of ROS scavenging molecules like glutathione (GSH) are decreased in 

PD, perpetuating the toxicity of cytosolic DA.62, 63 Collectively, there are multiple 

pathways that can lead to DA dysregulation and faulty DA toxification which can 

contribute to PD progression. Next, we will explore specific reactions of DA metabolites 

along with the ensuing DA damage protein and its relevance to PD. 
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Figure 1.2. Primary pathways for dopamine biosynthesis and metabolism 

DA is generated from L-Tyr by TH and AADC. DA can be converted by DβH to NE or 

broken down by two major and minor pathways consisting of transformations catalyzed 

by MAO, ADH, ALDH, AR, and COMT. 
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Figure 1.3. Dopamine handling systems in neurons 

DA is created by TH and AADC, which is then sequestered into synaptic vesicles by 

VMAT2. Excess cytosolic DA is converted to HVA by MAO, ADH, and COMT or 

enveloped into neuromelanin. Residual DA in the synaptic cleft following release by the 

presynaptic neuron undergoes reuptake by DAT and is repackaged in synaptic vesicles or 

is broken down by neighboring astrocytes.   
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Figure 1.4. Dopamine-derived reactive metabolites 

A) Oxidation products of DA. DA can undergo a 1 e− oxidation to DASQ or a 2 e− 

oxidation to DAQ. DAQ cyclizes to LDAC or reacts with ROS to form 6-OHDA. 6-

OHDA can further oxidize to 6-OHDQ. LDAC can oxidize to DAC, which can rearrange 

to DHI. DHI can oxidize to DHIQ, which polymerizes due to instability. B) Oxidization 

of DOPAL to DPQAL. 
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1.3 Protein Damage Caused by Dopamine Metabolites 

DA has long been recognized as a driver of oxidative stress in the brain.64, 65 

Intrastriatal injections of DA in rats caused neuronal degeneration, providing an early 

demonstration of DA toxicity in the SNc.66 Importantly, DA toxicity could be alleviated 

by coadministration of a reductant such as ascorbic acid or GSH, suggesting that oxidized 

DA metabolites were responsible for inducing damage. Understanding the molecular 

mechanisms responsible for DA toxicity in the brain remains an active area of research.67   

DA metabolites can undergo a variety of chemical reactions that can impart 

cellular damage.68 An overview of these reactions is shown in Figure 1.5. Some DA 

metabolites are less stable than others, DASQ being an example. As shown in Figure 

1.5A, DASQ can couple with other radicals, scavenge cellular thiols like GSH, undergo a 

one-electron oxidation by O2 to generate DAQ and O2−, or disproportionate to DA and 

DAQ, all of which can inflict toxicity.69, 70 DAQ and other quinone species like DAC, 

DHIQ, and 6-OHDQ can react with various nucleophilic amino acid residues, which is 

depicted in Figure 1.5B.71 Among the amino acids side chains, Cys has the highest 

reactivity toward DA-derived quinones, as thiols have a rate constant 10 000-fold higher 

than amines for nucleophilic attack at the quinone core.72-74 It has been postulated that the 

reaction between thiols and ortho-quinones may proceed through a radical mechanism 

which accounts for the rapid reaction rate and high regioselectivity of thiol addition to the 

5 position in the ring.75 In addition to Cys, Lys and His side chains can react with DA 

metabolites.76-78 The metabolites DOPAL and DPQAL also harbor reactive groups 

susceptible to modification and thus have been reported as capable of inducing toxicity.17, 
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79, 80 As shown in Figure 1.5C, the aldehyde groups of DOPAL and DPQAL can form a 

Schiff base with the amine groups of proteins and peptides.81 Following Schiff base 

formation DOPAL can oxidize to its DPQAL form and undergo addition to give rise to 

cross-linked products.28, 82, 83 It is likely that free DPQAL alone is a minor contributor to 

protein cross-linking due to its inherit instability. However, the chemistry of DOPAL is 

complex; therefore, studies investigating the reactivity of this metabolite need to carefully 

consider experimental variables such as pH and use of deoxygenated media. Such 

experimental conditions may bias observed DOPAL reactivity profiles as these factors 

influence the rates of Schiff base formation and auto-oxidation processes and thus may 

not fully recapitulate in vivo conditions. In some cases, two molecules of DOPAL can 

react with a Lys residue to generate a dicatechol pyrrole adduct.84 In addition, once 

formed, DA protein adducts can redox cycle and produce additional ROS.85 Collectively, 

the reactivity of DA metabolites is the basis for the damage they can impart on proteins. 

DA metabolites have been reported to react with a diverse array of proteins. The 

resulting adducts can impair protein function or cause structural alterations to the native 

conformation (Figure 1.6). These protein modifications can have deleterious effects on 

many biochemical pathways relevant to PD. Below, we discuss various reported DA 

adducted proteins which are also summarized in Table 1.1. 

DA metabolites have been shown to damage numerous regulatory proteins 

involved in DA homeostasis. One of the first proteins reported to react with DA 

metabolites was tyrosine hydroxylase (TH).86, 87 Through the use of radiolabeled DA, TH 

was shown to be covalently modified by oxidized DA metabolites and to become 
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functionally inhibited as a result. DAT, another DA handling enzyme, was also found to 

be adducted by DA metabolites at Cys residues, which resulted in blocked DA uptake.88 

In addition, dihydropteridine reductase (DHPR) activity is inhibited by DA-derived 

quinones; however, it is not known if this occurs through covalent modification.89 DHPR 

regenerates tetrahydrobiopterin, which is a cofactor required for hydroxylation reactions 

and biosynthesis of DA precursors L-Tyr and LDOPA.90 The metabolite DHI has been 

shown to covalently bind a regulatory Cys in the nuclear receptor related-1 protein 

(Nurr1) which stimulates Nurr1 activity in cell culture and zebrafish.91 Nurr1 is a 

transcription factor that regulates expression of critical maintenance and survival genes of 

dopaminergic neurons, including DA handling systems like TH, VMAT2, and DAT.92-97 

In fact, all of these aforementioned proteins are important players in DA regulation; thus, 

their inhibition by aberrant DA metabolites fuels a vicious cycle of DA dysregulation 

relevant to PD. 

Oxidized DA metabolites have been linked to mitochondrial dysfunction and 

disruption of mitochondrial electron transport.98, 99 Consequently, various mitochondrial 

proteins are reported to be impaired by reactive DA species. For example, superoxide 

dismutase 2 (SOD2) aggregates in the presence of DAQ due to covalent Cys adducts in 

vitro, which results in diminished catalytic activity.100 SOD2 is responsible for converting 

superoxide into H2O2 and O2.101 Inhibition of SOD2 activity can result in mitochondrial 

dysfunction in vivo.102 The selenoprotein glutathione peroxidase 4 is also functionally 

inhibited by DAQ, forming aggregates in vitro and in rat neuronal PC12 cells.103 

Glutathione peroxidase 4 is a mitochondrial antioxidant enzyme that reduces a variety of 
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cellular peroxides which is combative against oxidative stress and thus hypothesized to 

be protective against neurodegeneration.104 In isolated rat brain mitochondria treated with 

radiolabeled DA, ATP synthase was found to be a target of DA metabolites,105 

particularly at the γ-subunit of the F 1 catalytic domain as determined by mass 

spectrometry. This modification resulted in impaired ATP production. In the same study, 

DA-derived quinones also affected the mitochondrial morphology. As a whole, mounting 

evidence suggests that oxidized DA metabolites can elicit mitochondrial dysfunction 

through protein adduct formation and damage. 

Excess reactive DA species have been shown to damage antioxidant pathways. 

DOPAL inhibits glutathione-S-transferase (GST) in vitro through covalent modification 

of this protein.106 GST catalyzes the addition of GSH to reactive metabolites of DA, 

which serves as a general cellular detoxification mechanism.107 Overexpression of GST 

was found to be protective in a Drosophila model of PD.108 In addition, high levels of DA 

administered to astroglial cells resulted in GSH depletion.109 Thus, inhibition of GST and 

GSH reduction by dysregulated DA may promote oxidative damage in PD. 

DA metabolites have been found to modify endoplasmic reticulum (ER) proteins. 

The ER plays a critical role in maintaining protein homeostasis. ER stress results in 

accumulation of unfolded proteins and activation of the unfolded protein response 

(UPR).110 ER stress and UPR are drivers of neurodegenerative processes and PD 

progression.111-114 Protein disulfide isomerase (PDI) is a prominent ER chaperon protein 

responsible for properly folding proteins by catalyzing disulfide bond formation.115 

Disruption of PDI activity can lead to ER stress and UPR activation.116 Oxidized DA 
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metabolites have been reported to modify PDI in cell models and inhibit PDI activity in 

vitro.117, 118 In addition, ER stress is induced by 6-OHDA in cell models.114 Thus, it is 

possible that dysregulated DA metabolism may influence ER stress experienced in PD. 

Various proteins with genetic ties to PD are known to be damaged by DA 

metabolites. Among these is the vesicular trafficking protein alpha synuclein (AS). AS is 

closely linked with PD as mutations in this protein result in PD development.119, 120 AS is 

also a main component of Lewy bodies, which are insoluble intracellular protein 

aggregates observed in the brains of PD patients.121, 122 Numerous studies, ranging from 

in vitro analyses to animal models of PD, have shown that DA metabolites interact with 

AS, promote AS aggregation, disrupt AS-linked synaptic vesicle function, impede 

chaperone mediated autophagy processes, and induce degeneration.82, 123-130 In addition, 

DA-modified AS has been found in the plasma of PD patients, further strengthening the 

importance of this adduct.131 Parkin is another protein where mutations are linked to early 

onset PD.132 Parkin is a E3 ubiquitin ligase that helps clear damaged mitochondria via 

autophagy and proteasomal mechanisms.133 DA metabolites have been shown to inhibit 

parkin activity in cell culture, and parkin−DA adducts have been found in autopsied PD 

brains.134, 135 DJ-1 is a redox sensor protein associated with familial PD.136 The 

physiological function of DJ-1 is still being elucidated, but it is well established that DJ-1 

confers neuroprotection against oxidative stress.137, 138 DJ-1 has been found to be 

covalently modified by DA-derived quinones in vitro, leading to structural alteration of 

DJ-1.139 Mutations in glucocerebrosidase (GCase) are correlated with PD development.140 

GCase hydrolyzes the glycosidic bond in glucocerebroside glycolipids and is a key 
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component in proper lysosome function.141 Reactive DA metabolites have been found to 

adduct a Cys residue in the active site of GCase in neurons obtained from patients with 

idiopathic and familial PD, resulting in impaired lysosomal function.55 Given that DA 

metabolites target and inhibit proteins whose dysfunction is already linked to PD, a 

compelling case can be made for mishandled DA being involved in idiopathic 

occurrences of PD. 

Histones, the proteins involved in DNA packaging within the nucleus, have been 

reported to be modified by DA via transglutaminase 2 (TGM2).142, 143 TGM2 catalyzes 

amide bond formation between the carboxylic acid side chain of Glu and the amine of 

DA to yield a DA−histone linkage. The levels of this modification in rat brains were 

modulated by cocaine and heroin administration. Consequently, the degree of histone DA 

modification changed levels of gene expression and drug seeking behavior. Although this 

histone modification does not involve reactive metabolites of DA, dysregulated DA 

concentrations in PD may influence levels of this histone mark and lead to pathological 

alterations in gene expression.144 Whether histone modifications are relevant in PD 

pathology remains to be seen; however, it is an intriguing area to explore in the future. 

Beyond protein dysfunction induced by DA modification, antibodies reactive to 

DA-adducted ovalbumin have been found in PD patient serum. The presence of such DA 

damage recognizing antibodies creates a possible link to the immune system being 

involved in PD as DA damage recognizing antibodies could generate or amplify 

inflammatory responses in PD.145 In addition, DA-derived neuromelanin is capable of 

activating innate immune cells, microglia, which induce degeneration of DA neurons.146 
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Growing evidence points to immune system dysfunction playing a role in PD 

progression.147-149 The studies mentioned above suggest that DA and DA-induced protein 

damage may contribute to aberrant immune responses in PD. 

Collectively, covalent protein modifications by reactive DA metabolites can drive 

neuronal toxicity.150, 151 The studies described above provide evidence that dysregulation 

of DA is a critical factor in PD progression. Further elucidation of the molecular 

underpinnings of DA-dependent damage is key in fully understanding PD etiology. Many 

efforts in this area utilize chemical tools to drive this research forward. Below, various 

strategies for studying DA dysregulation using chemical biology and analytical chemistry 

tools are presented. 
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Figure 1.5. Chemical reactions of dopamine metabolites 

A) Reactions by DASQ: radical cross coupling, thiol oxidation, superoxide generation, 

and disproportionation (shown from top to bottom). B) Reactions by DAQ: 

intramolecular cyclization, thiol addition, amine addition (shown from top to bottom). 

Note that other DA-derived quinones can undergo similar additions. C) Reactions by 

DOPAL: imine condensation, oxidation to DPQAL, and protein cross-link formation to 

due to nucleophile addition into the ring. 
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Figure 1.6. Protein damage inflicted by reactive DA metabolites can drive neurotoxicity 

through enzymatic inhibition and conformational changes 
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Table 1.1. Reported dopamine-adducted proteins, functional ramifications, and methods 

of detection 

protein 
functional consequences of 

DA modification 

method of adduct 

detection 
refs 

tyrosine 

hydroxylase 

inhibition of enzymatic 

activity 

radiolabel, NBT 

staining 
86, 87 

dopamine 

transporter 

inhibition of transporter 

activity 
mutagenesis 88 

nuclear receptor 

related-1 protein 

stimulation of Nurr1 

transcriptional activity 
X-ray 89 

superoxide 

dismutase 2 

inhibition of enzymatic 

activity 

radiolabel, NBT 

staining, 

mutagenesis 

90 

glutathione 

peroxidase 4 

inhibition of enzymatic 

activity 
radiolabel 91 

ATP synthase 
impairment of mitochondrial 

ATP synthesis 
radiolabel, MS 92 
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glutathione-S-

transferase 

inhibition of enzymatic 

activity 
NBT staining 93 

alpha synuclein 
alteration of oligomer and 

fibril formation 

radiolabel, 

boronate 

enrichment 

94-101 

parkin 
inhibition of E3 ligase 

function 

radiolabel, 

boronate 

enrichment, MS 

102, 103 

glucocerebrosidase 
inhibition of enzymatic 

activity 
nIRF, MS 55 

DJ-1 alteration of protein structure 

radiolabel, NBT 

staining, 

mutagenesis 

104 

protein disulfide 

isomerase 

inhibition of enzymatic 

activity 

bioorthogonal 

probe, MS 
105, 106 
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1.4 Tools to Study Dopamine Dysfunction 

The chemical toolbox used to interrogate the consequences of dysregulated DA is 

growing. Some of the existing approaches utilize DA mimetic probes, whereas others rely 

on the chemical structure and reactivity of DA itself. Analytical methodologies are also 

critical for studying DA dynamics and dysfunction. In the case of identifying DA-

modified proteins, certain methods provide a higher degree of unambiguous evidence for 

DA adduction than others. For instance, MS/MS analysis of an adducted peptide provides 

concrete verification that a particular protein is indeed susceptible to DA modification, 

whereas other approaches (e.g., radiolabeling, immunoprecipitation, redox detection, etc.) 

provide only presumptive evidence for a DA adduct within a particular protein. Below, 

we will discuss examples of these classes, highlight how different tools provide valuable 

insights into DA’s role in PD, and underscore the advantages and disadvantages of the 

given technologies.  

DA derivatives come in many modalities (Figure 1.7). For example, radiolabeled 

DA is an effective probe for studying DA-driven protein damage. In pioneering work, 

14C-dopamine in combination with autoradiography was used to identify proteins 

modified by DA metabolites.152, 153 These studies provided an initial set of DA-adducted 

proteins to be further investigated. While introduction of 14C in DA is advantageous in 

terms of imposing minimal structural changes to the DA scaffold, the toxicity and 

regulatory hurdles associated with 14C hamper the use of radioactive isotopes.154 

Alternative probe based strategies to identify proteins damaged by DA-derived species 

have leveraged bioorthogonal chemistries to enrich DA-adducted proteins prior to 
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identification by mass spectrometry.155 Enrichment of structurally modified protein 

species is important for their identification due to signal suppression by unmodified 

peptides during mass spectrometry analyses. For example, alkynylated derivatives of 6-

OHDA and DA, dubbed 6-OHDA-PEG3-yne and DAyne, respectively, have been reported 

(Figure 1.7).117, 118 These researchers have successfully demonstrated the utility of 

bioorthogonal functionalization of DA as it enabled detection and proteomic 

identification of proteins modified by DA metabolites when 6OHDA-PEG3-yne was 

administered to cellular lysates or when DAyne was incubated in cell culture. It should be 

noted that care must be taken in the design of structurally altered DA mimetic probes as 

to not drastically alter their physicochemical properties from those of DA. As a testament 

to this, 6-OHDAPEG3-yne is unable to traverse membranes in living cells whereas DAyne 

can. As a whole, functionalized DA derivatives make powerful tools for broad-scale 

proteomic studies of DA adducted proteins. 

Additional DA-based probes have been designed for tracking DA dynamics and 

signaling pathways. These efforts have been recently reviewed.156 Briefly, 18F 

fluorodopamine and 19F-LDOPA probes were developed to be used for positron emission 

tomography (PET) and magnetic resonance imaging (MRI) (Figure 1.7).157, 158 These 

tools can report on DA localization in vivo. Another class of tools are fluorescent false 

neurotransmitters (FFNs) like FFN102, FFN200, and FFN206 which are substrates for 

DA handling enzymes and used in confocal microscopy applications (Figure 1.7).159-161 

While these molecules do not directly report on protein damage caused by dysregulated 

DA, they are critical for deciphering DA dynamics and trafficking in vitro and in vivo. 
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The second category of tools for studying DA disposition in the brain take 

advantage of the molecule’s redox reactivity (Figure 1.8). Early efforts in detecting 

proteins covalently modified by DA metabolites relied on the redox-sensitive catechol 

functionality possessed by DA metabolites.162 Following immobilization of quinone-

modified proteins on a membrane, a basic nitroblue tetrazolium (NBT) solution, which 

redox cycles with the membrane-bound adducted proteins to produce nitroblue formazan 

(NBF), can be applied. NBF in turn deposits on and stains the membrane purple, enabling 

visual detection of protein-bound quinones. This technique was utilized in a comparative 

proteomic study aimed at profiling DA-modified proteins in 2- and 15-month rats.163 

These researchers found that levels of DA-adducted proteins increase with age. This 

methodology is useful for comparing relative amounts of quinone-modified proteins 

between samples; however, it is unable to distinguish different species of quinones from 

one another. Other redox-cycling quinone protein detection strategies have been reported 

using a dithiothreitol (DTT) and luminol system to generate quantifiable 

chemiluminescence.164 Such techniques may have utility for DA metabolites as well. A 

similar approach for detecting immobilized protein-bound ortho-quinones or free ortho-

quinones alone utilizes the spectroscopic properties of these molecules.165 Here, a near-

infrared fluorescence (nIRF) imager is used to excite bound quinones at 685 nm, and the 

resultant emission from the ortho-quinone is measured at 700 nm. This is selective for 

ortho-quinones/catechols over meta- and para-substituted analogs. This method enables 

the detection of oxidized DA at nanomole levels. However, similar to detection via redox 

cycling, this procedure is unable to differentiate species of protein-bound quinones. 
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Despite the limitations, these tools are robust methodologies for quantifying global levels 

of protein damage induced by DA metabolites. 

Other tools that utilize the chemical structure of DA to study DA−protein adducts 

enable enrichment and capture of modified proteins (Figure 1.9). One example is the use 

of boronate agarose resin, which chelates the cis-diols present on DA at alkaline pH and 

releases them at acidic pH.166 Experimental workflows based on boronate resins have 

enabled the capture of DA-modified parkin in human brain samples and DA metabolites 

modified by AS in vitro.123, 134 It should be noted that this approach is useful for enriching 

endogenously DA-damaged proteins by any metabolites that retain catechol functionality 

upon adduction but is prone to capturing other biological cis-diols such as glycosylated 

proteins as well. Enrichment strategies and other applications of boronate chemistry can 

be found in a previous review.167 Another reported strategy to detect proteins susceptible 

to DA modification used DA-functionalized quantum dots (QDs).168 Covalent attachment 

of a protein to the DA anchored on the CdTe/ZnS QDs causes a measurable change in the 

fluorescence intensity of the QDs, which can report levels of adducted protein captured 

by the nanoparticles. These DA-functionalized QDs are cell penetrant and thus can 

provide a relative measure of the amount of proteins vulnerable to DA modification in a 

particular cell. However, this approach cannot determine the identity of the adducted 

proteins. 

Beyond DA protein adduct detection, there are additional tools to monitor 

endogenous DA to study DA dynamics in a variety of capacities. Biosensor and chemical 

sensor tools for DA detection have been recently reviewed.169, 170 These methods rely on 
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the intrinsic chemical reactivity of DA for signal generation. Genetically encoded DA 

sensors that produce fluorescence upon DA binding have enabled recording DA synaptic 

dynamics in mice.171, 172 Small molecule chemical sensors have been designed to 

covalently trap DA, which results in measurable fluorescence changes in the sensor 

molecule which can be used to track DA location in cells. However, distinguishing 

between DA and NE by this approach remains challenging.173 Similar reactivity-based 

DA-sensing strategies have also been applied to nanoparticle approaches.174-177 These 

tools are valuable constituents of the toolbox needed to probe DA dysfunction in PD as 

they can be applied in animal and cell models of PD. 

Analytical chemistry techniques are also invaluable additions to the chemical 

toolbox focused on studying DA’s involvement in PD. Fast scan cyclic voltammetry is a 

powerful way to quantify DA concentration and dynamics.178 This electrochemical 

approach detects the amounts of DA adsorbed onto an electrode by increasing and 

decreasing the voltage applied and simultaneously measuring the resulting current 

generated by the oxidation and reduction of the catechol in DA; further details can be 

found in ref 179. This methodology has enabled measurement of subsecond DA release in 

vivo and provided valuable insights in how ROS, synaptic vesicle dysfunction, and aging 

impact PD progression in animal models but has a low throughput and requires a skilled 

operator.180-186  

Liquid chromatography-mass spectrometry (LC-MS) is a powerful analytical tool 

for studying dysregulated DA in PD. LC-MS is the foundation for any proteomic-based 

study aimed at identifying protein targets of reactive DA metabolites.187 Typically, 
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protocols will enrich DA-adducted proteins from cellular lysates through a variety of the 

methods discussed above or generate DA−protein adducts in vitro by incubating a 

particular protein of interest with reactive DA metabolites prior to LC-MS analysis. 

Enrichment of adducted proteins is a key component of such analysis. Often adducts are 

in low abundance in comparison to unmodified proteins, which necessitates enrichment 

to enable their detection by MS. The enriched pool of DA−protein adducts is commonly 

digested with a trypsin protease to afford peptide fragments.188 These peptides are 

separated by a LC system with an in-line orbitrap mass analyzer. Inside this type of mass 

spectrometer, the peptides are fragmented to give a series of Y and B ions, which are 

deterministic of the parent peptide sequences.189 Sequenced peptides are then searched in 

various databases to identify their protein of origin.190 An overview of this process is 

shown in Figure 1.10. Our laboratory has successfully identified 38 DA−protein adducts 

in SH-SY5Y cells through such an approach, which led us to discover that reactive DA 

metabolites modify and functionally inhibit PDI.117 Studies like this improve the 

understanding of how reactive DA metabolites inflict damage across the proteome. 

The specific sites of DA−protein modification can also be elucidated by LC-MS. 

A notable example of this was highlighted in a study by Burbulla et al., where a specific 

DA modification was located on a catalytic Cys residue within the active site of GCase.55 

Mapping the sites of modification provides valuable information into the structural motifs 

that are susceptible to DA adduction and gives insight into the molecular mechanisms by 

which reactive DA metabolites impair protein function. However, there are still 

challenges in comprehensively mapping the specific sites of DA adducts across the 
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proteome, namely, ensuring the peptide containing the DA adduct ionizes well and has a 

m/z within the analysis range of the spectrometer. In such cases, the locations of DA 

modification can be inferred through mutagenesis experiments. In these workflows, the 

hypothesized adducted amino acid is mutated to a nonreactive side chain and the mutant 

protein is assayed to determine if DA adduction still occurs. 

In addition, LC-MS methodology allows for detection of potential PD biomarkers 

linked to DA dysfunction.191, 192 5-SCysteinyl-dopamine, a byproduct of reactive DA 

metabolites coupling with Cys or GSH, has been reported to be elevated with age and in 

the brains of PD patients.193-195 Thus, these DA-derived metabolic adducts may have 

utility as potential PD biomarkers.196 

Collectively, there is a large array of chemical tools to study DA. These tools can 

be leveraged to better understand the roles DA plays in PD progression. Each tool 

possesses unique advantages and disadvantages that must be kept in mind when 

designing experiments. The continued expansion and innovation of the DA chemical 

toolbox will diversify the methodologies researchers have at their disposal to interrogate 

DA dynamics and will further advance the understanding of functional consequences of 

DA-induced protein damage. 
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Figure 1.7. Classes and structures of dopamine mimetic probes 
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Figure 1.8. Methods to detect dopamine protein adducts 

Schematic of the NBT redox cycle with a DA protein adduct to yield NBF, enabling 

visualization of DA protein adducts (Top). Depiction of the nIRF properties of ortho-

quinones which enable the detection of DA protein adducts (Bottom). 

 



 

32 

 

Figure 1.9. Technologies to capture dopamine protein adducts 

Schematic of boronate-functionalized resin utilized to immobilize and release proteins 

containing a DA adduct (Top). Visualization of DA-decorated nanoparticles enabling 

detection of proteins susceptible to DA modification (Bottom). 
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Figure 1.10. Identification of dopamine modified proteins by mass spectrometry 

Low-abundance DA protein adducts are enriched via various strategies (e.g., 

bioorthogonal chemistry and boronate affinity). This enriched set of proteins is digested 

to peptides and subjected to LC-MS/MS analysis. MS2 spectra can then be searched 

against a database to enable protein identification. 
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1.5 Outlook 

PD is a complex and heterogeneous disease. The exact cause of PD remains 

unknown, and there are many competing hypotheses concerning the origins and 

molecular events that drive PD pathology.197 It is hypothesized that intracellular 

accumulation of misfolded AS is the main driver of neuronal toxicity and PD 

development.198-200 There is evidence that misfolded AS originating in the gut can 

propagate through the gut−brain axis and induce neurodegeneration.201, 202 Other 

postulated origins for PD are the age-dependent buildup of oxidative stress, 

mitochondrial dysfunction, and lysosomal impairment.203-206  There are also genetic risk 

factors that predispose individuals to PD.207, 208 However, a majority of PD cases are 

idiopathic in origin, and thus, a combination of genetic and environmental factors likely 

work in concert to influence PD development.202, 209 In addition, there are particular 

features that SNc dopaminergic neurons possess which confer vulnerability and 

predispose them to degradation in PD, such as their long length, low levels of 

myelination, and high energy consumption.210, 211 Another risk factor for degeneration of 

these dopaminergic neurons is the presence of DA itself. 

The propensity for DA to degrade into reactive metabolites when improperly 

displaced from vesicular confinement is why DA dysregulation is a potential player in 

PD. Rogue DA derived electrophilic metabolites react with a host of proteins, which in 

turn can inhibit the activity of the adducted proteins and lead to neurotoxicity. 

Understanding the nuances of these molecular events is important as it provides insights 
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to the multifaceted etiology of PD, which can aid biomarker discovery for early detection 

and drive therapeutic development.212  

Tremendous progress has been made to characterize protein damage caused by 

reactive DA metabolites. However, there are still many unanswered questions pertaining 

to DA’s contribution to PD. For instance, what percentage of a particular protein within a 

cell needs to be modified by DA metabolites to drive a phenotypic response? Answering 

questions like this are especially important in cases like Nurr1 DA adducts, which can 

influence gene expression. Implementing activity-based protein-profiling (ABPP) 

strategies capable of reporting percent occupancy of an electrophile bound to a particular 

protein along with the specific site of modification would be useful toward this end.213-218 

In addition, controlled and targeted release of DA metabolites to particular proteins and 

locations in cellular systems would assist in clarifying signaling pathways impacted by 

DA−protein adducts.219, 220 These types of precise chemical tools have been developed to 

study the consequences of protein damage caused by lipid-derived electrophiles like 4-

hydroxynonenal (HNE) and reactive dicarbonyl metabolites like methylglyoxal 

(MGO).221-225 Similar DA tools could be built from reported photoactivatable DA 

precursors.226 

Other remaining questions include how does the abundance of DA−protein 

adducts change over time and what DA metabolites are most influential in driving 

neuronal dysfunction. Longitudinal studies tracking the formation and identity of proteins 

modified by DA metabolites over an organism’s life correlated to PD incidence would 

provide insight to how DA induced damage contributes to PD. Continued development of 
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tools enabling the enrichment and characterization of DA−protein adducts would be 

valuable assets in this area. Further optimization of the LC-MS methodology that 

comprehensively identifies DA−protein adducts would aid this effort. Harnessing the 

unique reactivity of ortho-quinones may prove useful in enriching DA−protein adducts in 

biological samples through cycloadditions with strained cyclic alkenes.227 In addition, 

antibodies raised against particular DA-modified proteins are currently lacking and would 

also be a useful enrichment and detection tool. To determine the pathological 

contribution of various DA-derived metabolites, probes akin to the reported DAyne and 6-

OHDA-PEG3-yne could be designed to mimic specific oxidation states of DA 

metabolites.117, 118 A comprehensive suite of DA-derived probe molecules would enable 

comparative studies between the complex array of different DA metabolites and 

illuminate their contribution to DA-induced protein damage. 

To conclude, multiple lines of evidence point to DA dysregulation being a 

contributor to PD. Reactive DA metabolites can elicit neurotoxicity when they are not 

properly broken down or when their levels overwhelm the natural detoxification 

machinery. Chemical tools have greatly improved our understanding of DA-induced 

dysfunction. Continued research effort in the area of DA-induced protein damage in PD 

and further expansion of the chemical toolbox needed to study these processes will 

further elucidate the complex disease etiology of PD. 
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2 Chapter II: Proteome-Wide Profiling of Cellular Targets Modified by 

Dopamine Metabolites Using a Bio-Orthogonally Functionalized Catecholamine 

 

Adapted with permission by the American Chemical Society from:  

 

Hurben A.K. Erber L.N., Tretyakova N.Y., Doran T.M. Proteome-Wide Profiling of 

Cellular Targets Modified by Dopamine Metabolites Using a Bio-Orthogonally 

Functionalized Catecholamine. ACS Chemical Biology, 2021, 16 (11), 2581–2594. 

 

This chapter is adopted from a manuscript published in ACS Chemical Biology with 

contributions from Alexander K. Hurben (synthesis, in vitro and cellular experiments, 

and proteomics) and Dr. Luke Erber (assistance in proteomics), under the supervision of 

Prof. Tretyakova and Prof. Doran. 
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2.1 Introduction 

As established in Chapter I of this thesis, Parkinson’s disease (PD) is the second 

most common neurodegenerative disease, which currently affects five million individuals 

worldwide.228 PD is characterized by a progressive decline in motor function due to the 

selective death of midbrain dopaminergic neurons in the striatum, and in the substantia 

nigra pars compacta (SNc).3 The molecular events that initiate dopaminergic collapse in 

the SNc at the onset of PD occur up to a decade before clinical presentation. Other 

features of PD that precede symptom onsets include reductions in synaptic density, 

decreased synaptic dopamine (DA), and loss of DA-derived neuromelanin, suggesting 

that DA dysregulation is a key factor in PD pathophysiology.229 Indeed, DA loss 

correlates with motor dysfunction severity and DA metabolites have recently garnered 

attention as potential diagnostic biomarkers.230 Therefore, unraveling the mechanisms by 

which DA influences PD- related clinical and pathological changes will be critical for 

developing effective drugs and pre-symptomatic PD diagnostic assays.15  

Clinical studies have associated PD incidence with impairments in cellular 

regulation of cytosolic DA levels. A large-scale genome-wide association study (GWAS) 

meta- analysis identified PD-linked mutations in genes that are involved in DA 

regulation, such as synaptic vesicle endocytosis.231 Genetic mutations or pharmacological 

agents that perturb DA homeostasis are also known to drive neuropathic phenotypes in 

vivo.232 Conversely, lowering cytosolic DA by increasing vesicular monoamine 

transporter (VMAT) activity enhances DA release and opposes PD- associated 

neurodegeneration in mice.53 This evidence suggests that DA dysregulation plays a 
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significant role in PD etiology. Functional measures of DA transfer out of the cytosol by 

VMAT are 87−90% lower in autopsied brains of PD patients as compared to control 

donors.50 While the specific mechanisms underlying this observation have not been 

characterized, they implicate DA toxicity as an early and key component of PD-related 

neurodegeneration. Time-resolved mechanistic analyses of dopaminergic neurons derived 

from human induced pluripotent stem cells found that DQs accumulate in the neurons of 

PD donors, but not healthy donors.55 Additionally, these oxidized DA metabolites 

induced mitochondrial and lysosomal dysfunction, two cellular processes involved in 

early mechanisms of PD-associated cell death. Collectively, these studies support a 

causal role for DA in neuronal dysfunction and degeneration. 

In addition to its receptor-binding activity, DA is also chemically reactive toward 

biomolecules under conditions that mirror cytosolic environments. The chemical 

reactivity of DA derives from its electron-rich catechol moiety, which renders DA prone 

to auto-oxidation outside of acidic vesicles.71 These oxidative processes produce a series 

of electrophilic dopaquinone (DQ) metabolites through sequential oxidative 

transformations (Figure 2.1). To prevent oxidative damage resulting from a surge in 

cellular DQ metabolites, DA levels are maintained through metabolic clearance, 

repackaging into synaptic vesicles and polymerization into neuromelanin.233 

Dysfunction in any of these regulatory processes could result in high levels of 

DQs. DQs induce oxidative damage by increasing reactive oxygen species (ROS), a 

byproduct of DA-DQ redox cycling. Additionally, DQs nonenzymatically modify protein 

nucleophiles to form DA-protein adducts (DPAs).26 These modifications can occur at 
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low-occupancy particularly at the active site of enzymes, resulting in alterations to the 

native protein structure and functions that affect critical cellular processes. Many PD-

implicated proteins that are susceptible to DA modification have been identified using 

target-based approaches.86, 88, 89, 100, 103, 124, 125, 128, 129, 134, 139, 234 For example, interactions 

between DQ and α-synuclein (αsyn) promote the self-assembly of toxic oligomers, 

leading to neurodegeneration in mouse models.124, 125, 129 DQ modification of parkin 

found in human brain tissue samples reportedly inhibits its E3 ubiquitin ligase function, 

which can lead to proteotoxic stress underlying PD- related neurodegeneration. Finally, 

covalent dimerization of DJ-1, a protein linked genetically to PD susceptibility, occurs in 

the presence of DQs, although its biological significance in vivo remains unclarified.134 

These cases exemplify target-based approaches to identify DPAs, which rely on 

foreknowledge of well-established PD targets. Conversely, few studies have successfully 

applied unbiased approaches to characterize and validate novel DPAs at the proteome-

wide level.152, 153, 163 This is largely because DA reactivity vitiates the sensitivity of 

analytical platforms capable of comprehensively profiling DPAs. Developing sensitive 

analytical characterization methods for reactive metabolites of DA guarantees to enhance 

our understanding of how DPAs contribute to aging and early stages of PD progression. 

To access caches of candidate DPAs involved during early stages of PD 

pathology, we developed a chemo-proteomic probe that enables DPA profiling at low 

micromolar exposures of DA in human cells. In this proof-of-concept study, we 

synthesized a novel dopamine-mimetic probe, which we call DAyne, containing a bio-

orthogonal alkyne handle for proteomic enrichment of DPAs. Herein, we show that 
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DAyne is a suitable biochemical mimetic of DA and demonstrate the utility of DAyne as a 

visualization and enrichment probe enabled by the versatility of click chemistry 

modification. We highlight the generality and impact of our newly developed chemical 

probe by identifying DPAs and extracting cellular processes likely perturbed in the early 

stages of PD pathogenesis using chemoproteomics. Further, we provide validation of our 

findings by demonstrating that one of the proteins identified as a target of DAyne in our 

proteomic analyses, protein disulfide isomerase (PDI) involved in endoplasmic reticulum 

(ER) stress, is functionally inactivated by DA. These studies demonstrate that DAyne is a 

useful reactivity-based probe molecule that enables rapid discovery and characterization 

of cellular DPAs using a suite of qualitative and quantitative assays. 
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Figure 2.1. Simplified schematic of dopamine oxidation to electrophilic DQs metabolites 

Shown are the 2 e−, 4 e−, and 6 e− oxidation products of DA; dopa-o-quinone (DQ), 

aminochrome (AC), and oxidized dihydroxyindole (DHI), respectively. 
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2.2 Materials and Methods 

All chemicals required for the synthesis of DAyne, preparation of buffers, 

mushroom tyrosinase (Lot#: SLBZ0022), NBT, Amicon ultra 0.5 mL centrifugal filters 

(3k) and click reactions were purchased from Sigma-Aldrich unless otherwise stated. 

NMR solvents were obtained from Cambridge Isotope Laboratories Inc. SH-SY5Y 

neuroblastoma cells were acquired from ATCC. Cell culture media, additives, and 

consumables were purchased from Corning. High-capacity streptavidin agarose resin, 

Zeba Spin Desalting Columns (7K MWCO, 0.5 mL), PDIA3 (ERp57) antibody (Cat. no. 

CL2444), and DAPI were obtained from Thermo Scientific. alamarBlue HS reagent and 

ProLong Glass were purchased from Invitrogen. BCA kits and C-18 spin columns were 

bought from Pierce. Mini-PROTEAN TGX Precast Gels, 0.2 μm nitrocellulose, and filter 

paper transfer stacks were obtained from BioRad. Biotin azide, THPTA, Alexa Fluor 647 

azide, and azide agarose beads were purchased from Click Chemistry Tools. REVERT 

total protein stain kit, Odyssey TBS blocking buffer, and IRDye800CW streptavidin were 

purchased from LI-COR. Recombinant PDIA3 and PDI inhibitor screening kit 

(fluorometric) were obtained from BioVision (Cat. no. 7601-100 and K840-100, 

respectively).  

Synthetic Procedures:  

General Procedures: 

Chemical reactions were conducted in a fumehood with oven-dried glassware 

under an argon atmosphere unless otherwise stated. Thin-layer chromatography (TLC) 

was performed with analtech silica uniplates and visualized under 254 nm UV light. 
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Column chromatography was conducted with 60 mesh silica gel. A Buchi R-200 rotary 

evaporator and V-100 vacuum pump were used to remove solvent. NMR spectra were 

taken on a 400 MHz Varian spectrometer. HRMS spectra were taken on a Burker ESI-

BioTOF II instrument and internally calibrated with PEG 300. The synthetic route to 

DAyne is shown in Figure 2.2. 

N-(3,4-dihydroxyphenethyl)-2,2,2-trifluoroacetamide 2.  

Dopamine HCl (3.42 g, 18 mmol, 1 eq) was dissolved into 100 mL of MeOH. The 

resultant solution was purged with argon for 20 minutes, then methyl trifluoroacetate 

(3.63 mL, 36 mmol, 2 eq) was added dropwise, followed by Et3N (10 mL, 72 mmol, 4 

eq). The reaction was allowed to proceed for 1 hour at RT. Solvent was removed in vacuo 

and the residue was dissolved in EtOAc, washed with 0.5 M HCl, water, brine, and dried 

with Mg2SO4. EtOAc was removed by rotary evaporation and the product was crystalized 

in CH2Cl2 to afford 7 (4.22 g, 93% yield) as fine white crystals. 1H NMR (400 MHz, 

METHANOL-d4) δ ppm 2.67 (2 H, t, J=7.63 Hz) 3.40 (2 H, t, J=7.43 Hz) 6.50 (1 H, dd, 

J=7.83, 1.96 Hz) 6.62 (1 H, d, J=1.96 Hz) 6.66 (1 H, d, J=7.83 Hz). 13C NMR (101 MHz, 

METHANOL-d4) δ ppm 33.83 (1 C, s) 41.17 (1 C, s) 114.96 (1 C, s) 115.40 (1 C, s) 

117.51 (1 C, s) 119.60 (1 C, s) 129.82 (1 C, s) 143.52 (1 C, s) 144.90 (1 C, s) 157.64 (1 

C, s). HRMS C10H10F3NNaO3
+ calc 272.0505 found 272.0481 

N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)-2,2,2-trifluoroacetamide 3.  

Compound 2 (2 g, 8 mmol, 1 eq) and 2,2-dimethoxypropane (3.9 mL, 32 mmol, 4 

eq) was add to 100 mL of toluene and heated to reflux to fully dissolve. p-

Toluenesulfonic acid (68.8 mg, 0.4 mmol, 0.05 eq) was added and the solution was 
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refluxed for 3 hours. Solvent was removed in vacuo and recrystallization in hexanes 

afforded 3 (1.82 g, 79% yield) as dark crystalline solid. 1H NMR (400 MHz, 

CHLOROFORM-d) δ ppm 1.65 (6 H, s) 2.76 (2 H, t, J=6.85 Hz) 3.54 (2 H, q, J=6.65 

Hz) 6.23 - 6.38 (1 H, m) 6.53 - 6.58 (2 H, m) 6.63 - 6.67 (1 H, m). 13C NMR (101 MHz, 

CHLOROFORM-d) δ ppm 25.80 (1 C, s) 34.67 (1 C, s) 41.14 (1 C, s) 108.31 (1 C, s) 

108.60 (1 C, s) 118.05 (1 C, s) 120.97 (1 C, s) 130.41 (1 C, s) 146.44 (1 C, s) 147.91 (1 

C, s) 157.26 (1 C, s). HRMS C13H15F3NO3
+ calc 290.0999 found 290.1028 

2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethan-1-amine 4.  

Compound 3 (2.00 g, 6.92 mmol, 1 eq) was dissolved into MeOH (50 mL). LiOH 

(0.66 g, 27.68 mmol, 4 eq) was dissolved into 25 mL of H2O and added dropwise. The 

resultant solution was stirred for 10 minutes at RT. MeOH was removed in vacuo and the 

residue was dissolved in brine and extracted with EtOAc, dried with MgSO4, and 

concentrated to give 4 (1.30 g, 98%) as a dark brown viscous oil. 1H NMR (400 MHz, 

CHLOROFORM-d) δ ppm 1.64 (6 H, d, J=1.17 Hz) 2.63 (2 H, t, J=6.65 Hz) 2.89 (2 H, t, 

J=6.65 Hz) 6.55 - 6.66 (3 H, m). 13C NMR (101 MHz, CHLOROFORM-d) δ ppm 25.80 

(2 C, s) 39.58 (1 C, s) 43.60 (1 C, s) 107.95 (1 C, s) 108.86 (1 C, s) 117.57 (1 C, s) 

120.98 (1 C, s) 132.73 (1 C, s) 145.76 (1 C, s) 147.48 (1 C, s). HRMS C11H16NO2
+ calc 

194.1176 found 194.1186 

N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)-4-nitrobenzenesulfonamide 5.   

Compound 4 (730 mg, 3.7 mmol, 1.1 eq) and 4-nitrobenzenesulfonyl chloride 

(760 mg, 3.4 mmol, 1 eq) were dissolved in 10 mL CH2Cl2, placed under N2, and cooled 

to 0 °C. Et3N (0.514 mL, 3.7 mmol, 1.1 eq) was added dropwise and the reaction was 
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stirred at 0 °C for 5 minutes and allowed to warm to RT and stirred for an additional 15 

minutes. 15 mL of sat. NH4Cl was added and the reaction mixture was extracted with 

CH2Cl2, washed with brine, dried with MgSO4, and concentrated in vacuo to afford 5 

(1.25 g, 97%) as a yellow solid. 1H NMR (400 MHz, CHLOROFORM-d) δ ppm 1.63 (6 

H, s) 2.67 (2 H, t, J=6.65 Hz) 3.17 - 3.27 (2 H, m) 4.61 (1 H, br. s.) 6.37 - 6.49 (2 H, m) 

6.59 (1 H, d, J=7.83 Hz) 7.92 - 8.00 (2 H, m) 8.27 - 8.35 (2 H, m).13C NMR (101 MHz, 

CHLOROFORM-d) δ ppm 25.79 (2 C, s) 35.47 (1 C, s) 44.41 (1 C, s) 108.31 (1 C, s) 

108.53 (1 C, s) 118.13 (1 C, s) 121.07 (1 C, s) 124.32 (2 C, s) 128.22 (2 C, s) 129.91 (1 

C, s) 145.83 (1 C, s) 146.50 (1 C, s) 147.86 (1 C, s) 149.99 (1 C, s). HRMS C17H17N2O6S- 

calc 377.0813 found 377.1297 

N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)-4-nitro-N-(prop-2-yn-1-

yl)benzenesulfonamide 6.  

Compound 5 (1.2 g, 3.17 mmol, 1 eq) and potassium carbonate (876 mg, 6.35 

mmol, 2 eq) were dissolved in 50 mL of acetone under N2. Propargyl bromide solution 80 

wt. % in toluene (.374 mL, 3.8 mmol, 1.2 eq) was added dropwise and the resultant 

solution was refluxed for 12 hours. Solvent was removed in vacuo and the residue was 

dissolved in H2O and extracted with CH2Cl2, washed with brine, dried with MgSO4, and 

subjected to column chromatography hexanes:EtOAc v/v gradient of 4:1 to 1:1) to afford 

6 (1.27 g, 96%) as a dark amber oil. 1H NMR (400 MHz, CHLOROFORM-d) δ ppm 1.62 

- 1.66 (6 H, m) 2.05 (1 H, d, J=2.74 Hz) 2.81 (2 H, dd, J=8.41, 6.85 Hz) 3.39 (2 H, dd, 

J=8.22, 7.04 Hz) 4.14 (2 H, d, J=2.35 Hz) 6.53 - 6.66 (3 H, m) 7.95 - 8.04 (2 H, m) 8.26 - 

8.35 (2 H, m) 13C NMR (101 MHz, CHLOROFORM-d) δ ppm 25.78 (2 C, s) 34.41 (1 C, 
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s) 36.86 (1 C, s) 48.30 (1 C, s) 74.41 (1 C, s) 75.89 (1 C, s) 108.25 (1 C, s) 108.85 (1 C, 

s) 117.94 (1 C, s) 121.06 (1 C, s) 124.06 (1 C, s) 128.87 (1 C, s) 130.49 (1 C, s) 144.70 (1 

C, s) 146.29 (1 C, s) 147.64 (1 C, s) 150.07 (1 C, s). HRMS C20H19N2O6S- calc 415.0969 

found 415.2538 

N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)prop-2-yn-1-amine 7. 

Potassium hydroxide (328 mg, 5.8 mmol, 2 eq) predissolved into a 10 M aq. 

solution and thiophenol (0.654 mL, 5.8 mmol, 2 eq) were combined in 25 mL of CH3CN 

and cooled to 0 °C. 6 (1.22 g, 2.9 mmol, 1 eq) dissolved in 25 mL of CH3CN was added. 

The solution was heated to 50 °C for 40 minutes. The reaction was quenched with H2O, 

extracted with CH2Cl2, washed with brine, dried with MgSO4, and subjected to column 

chromatography (hexanes:EtOAc v/v gradient of 4:1 to 1:1) to afford 7 (338 mg, 50%) as 

a yellow oil. 1H NMR (400 MHz, CHLOROFORM-d) δ ppm 1.62 - 1.66 (6 H, m) 2.16 - 

2.21 (1 H, m) 2.71 (2 H, t, J=7.04 Hz) 2.90 (2 H, t, J=7.04 Hz) 3.39 - 3.45 (2 H, m) 6.57 - 

6.66 (3 H, m). 13C NMR (101 MHz, CHLOROFORM-d) δ ppm 25.83 (2 C, s) 35.72 (1 C, 

s) 38.04 (1 C, s) 49.87 (1 C, s) 71.44 (1 C, s) 81.84 (1 C, s) 108.01 (1 C, s) 108.78 (1 C, 

s) 117.61 (1 C, s) 120.88 (1 C, s) 132.66 (1 C, s) 145.81 (1 C, s) 147.50 (1 C, s). HRMS 

C14H18NO2
+ calc 232.1332 found 232.1296 

 4-(2-(prop-2-yn-1-ylamino)ethyl)benzene-1,2-diol 8a (DAyne). 

Compound 7 (19.5 mg, 0.11 mmol, 1 eq) was dissolved in CHCl3 (2 mL) and H2O 

(50 µL). TFA (400 µL) was added and the resultant solution was stirred under Ag at RT 

overnight. Solvent was removed in vacuo followed by the addition of 1 mL of 0.1 N HCl 

in THF which was also removed by rotatory evaporation. The reside was then dissolved 
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aqueous 0.1 N HCl and lyophilizatied to afford 8a (DAyne) (21 mg, quant.) as white solid. 

1H NMR (400 MHz, METHANOL-d4) δ ppm 2.84 (2 H, t, J=7.63 Hz) 3.16 - 3.22 (1 H, 

m) 3.27 (2 H, t, J=7.83 Hz) 3.92 (2 H, d, J=2.74 Hz) 6.55 - 6.62 (1 H, m) 6.70 (1 H, d, 

J=1.96 Hz) 6.74 (1 H, d, J=7.83 Hz) 13C NMR (101 MHz, METHANOL-d4) δ ppm 32.89 

(1 C, s) 37.72 (1 C, s) 74.81 (1 C, s) 79.51 (1 C, s) 117.09 (1 C, s) 117.13 (1 C, s) 121.35 

(1 C, s) 129.06 (1 C, s) 146.02 (1 C, s) 147.12 (1 C, s). HRMS C11H14NO2
+ calc 192.1019 

found 192.1078 

alamarBlue Cell Viability Assay:  

Undifferentiated SH-SY5Y cells were cultured in 1:1 MEM:F12 media containing 

10% FBS and Pen/Strep 100 U/mL under a 5% CO2 atmosphere at 37 °C. Cells were 

seeded into 96 well plates at a density of 20,000 cells per well. 24 h after seeding, the 

media were removed and replaced with the indicated treatment condition in 1:1 

MEM:F12 media absent of FBS, 0.2% DMSO. Following the allotted incubation time, 

the plates were spun at 1000 g for 5 min and the media were removed and replaced with 

100 μL of a 10% alamarBlue solution in FBS free 1:1 MEM:F12. The plates were 

incubated for 4 h in the dark at 37 °C and then fluorescence was measured at Ex/Em 

560/590 nm on a BioTek Synergy H1 plate reader. Cell viability for a given treatment 

condition was calculated by normalizing the fluorescence signal to the DMSO treated 

control.  

UV−vis Spectroscopy: 

Fresh stock solutions of DA, DAyne, NaIO4, and TY were prepared in Millipore 

Milli-Q water or PBS (pH 7.4) that had been purged for 15 min under argon. The 
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oxidation reactions were initiated by combining the reactants in a 2 mL Beckman quartz 

cuvette prior to reading. The spectra were acquired every 30 s for 30 min on a Thermo 

Scientific NanoDrop One.  

NMR Spectroscopy:  

Spectra were obtained on a Varian 400 MHz spectrometer. Fresh stock solutions 

of DA, DAyne, and NaIO4 were prepared in deuterated PBS (pH 7.4, pD uncorrected) that 

had been purged for 15 min with argon. The oxidation reactions were initiated by 

combining the reactants in an NMR tube. Reactions were allowed to proceed for 4 h at 25 

°C and monitored using a data accumulation of eight scans for each spectrum.  

Click Reaction and Western Blot:  

Undifferentiated SH-SY5Y cells were cultured in 6 well plates to 90% confluency 

with 1:1 MEM:F12 media containing 10% FBS and Pen/Strep 100 U/mL under a 5% 

CO2 atmosphere at 37 °C. The media was removed and replaced with the indicated 

treatment condition in 1:1 MEM:F12 media absent of FBS, 0.2% DMSO. Following the 

allotted incubation time, the cells were washed three times with PBS and lysed in 200 μL 

of MPER containing HALT protease and phosphatase inhibitor cocktail. The lysates were 

centrifuged at 17,000 g for 12 min and the supernatant was incubated with 10 μL of high 

capacity streptavidin agarose resin (Cat: 20359; Lot; TK27535) at 4 °C for 16 h to 

remove naturally biotinylated proteins. Samples were then centrifuged at 1000 g for 5 

min and the supernatant was carefully aspirated. Protein concentrations were determined 

through a BCA assay per manufacturer’s protocol. 
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Click reactions were performed in 200 μL of MPER at a protein concentration of 

100 μg/mL with 25 μM biotin azide, 1.5 mM THPTA, 1 mM CuSO4, and 3 mM Na 

ascorbate. The reactions were agitated at 25 °C for 1 h in the dark. Proteins were 

precipitated with 800 μL cold acetone overnight at −20 °C. Following 20 min of 

centrifugation at 17,000g, acetone was carefully aspirated, and the protein pellets were 

dissolved into 15 μL of 1× LI-COR loading buffer with 10% BME and denatured for 5 

min at 95 °C. Each sample was loaded using 13 μL of sample into 4−20% gradient Mini- 

PROTEAN TGX Precast Gels for SDS-PAGE. The gels were then blotted onto 0.2 μm 

nitrocellulose with a BioRad Trans-Blot Turbo apparatus. Blots were stained with 

REVERT total protein stain per manufacturer’s protocol and imaged by a LI-COR 

Odyssey CLX. This was followed by a 1 h block at RT in Odyssey TBS blocking buffer 

and incubated with IRDye800CW streptavidin (Lot#: C80918-11) at a 1:10,000 dilution 

for 1 h. The membranes were then washed and imaged by a LI-COR Odyssey CLX. 

Western blot quantification was performed with Image Studio Software following the 

manufacturer’s protocol for normalization with REVERT total protein stain. 

NBT Staining: 162 

Nitrocellulose blots were prepared previously described. Immediately following 

transfer, blots were washed twice with water and incubated with a 0.75 mM nitro blue 

tetrazolium (NBT), 2 M potassium glycinate buffer (pH 10) in the dark for 45 mins at 

room temp. The NBT solution was removed and the blot was washed with 160 mM 

sodium borate solution two times. The blot was further incubated in the 160 mM sodium 
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borate overnight. The blot was then washed with water and imaged with an optical 

camera.  

nIR Detection: 165 

Nitrocellulose blots were prepared previously described. Immediately following 

transfer, blots were washed twice with water and imaged with a Licor Odyssey CLX. 

Confocal Microscopy:  

Undifferentiated SH-SY5Y cells were cultured on Neuvitro GC-25-1.5-Laminin 

coverslips to 90% confluency with 1:1 MEM:F12 media containing 10% FBS and 

Pen/Strep 100 U/mL under a 5% CO2 atmosphere at 37 °C. The media were removed and 

replaced with the indicated treatment condition in 1:1 MEM:F12 media absent of FBS, 

0.2% DMSO. Following the allotted incubation time, the cells were washed three times 

with 2 mL PBS and fixed with 2 mL 4% PFA (molecular biology grade) in PBS and 

washed an additional three times with PBS. In-cell click reactions were performed by 

incubating the cells in 0.1% Triton X-100 PBS (PBT) solution containing 10 μM Alexa 

Fluor 647 azide, 1.5 mM THPTA, 1 mM CuSO4 and 50 mM Na ascorbate for 1 h. The 

cells were washed three times with PBT, stained with 300 nM of DAPI for 30 min, and 

washed an additional three times with PBT. A drop of ProLong Glass anti-

photobleaching solution was placed on the coverslips and was allowed to cure for 48 h. 

Coverslips were mounted to glass slides, sealed with nail polish and stored at 4 °C until 

imaging. Images were acquired on an Olympus FluoView FV1000 BX2 upright confocal 

microscope using a PLAPON 60 × O NA:1.42 objective. Laser Ex/Em were set at 

405:461 nm and 635:668 nm for DAPI and Alexa Fluor 647, respectively. Acquisition 
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parameters for example voltage, gain, offset, ect were optimized for 10 μM DAyne 

treatment and kept constant when imaging other conditions. 

Proteomics:  

Probe Treatment. SH-SY5Y cells in 1:1 MEM:F12 media containing 10% FBS 

and Pen/Strep 100 U/mL were grown to 90% confluency in T75 flasks. The cells were 

then washed with PBS and incubated with 1:1 MEM:F12 media (no FBS) containing 10 

μM DAyne or vehicle for 12 h at 37 °C. The cells were then washed with PBS, suspended 

in a trypsin-containing buffer, pelleted at 500 g for 5 min, and further washed three times 

in PBS. The cells were lysed with 200 μL of MPER containing HALT protease and 

phosphatase inhibitors for 10 min at RT per the manufacture’s protocol. The samples 

were subjected to centrifugation at 17,000 g for 12 min to remove cellular debris and the 

protein concentration was determined by BCA.  

On-Bead Click Reaction. Click Chemistry Tools azide agarose beads (100 μL of 

Cat: 31038-2; Lot: 2333) were washed twice with 1 mL of water. The click reaction was 

conducted by adding a 1 mL solution of 100 μg of protein lysate, 1.5 mM THPTA, 1 mM 

CuSO4, 3 mM Na ascorbate in MPER to the beads. The reaction was allowed to proceed 

for 16 h before the beads were pelleted by centrifugation and the supernatant was 

aspirated.  

Washing of Agarose Beads. The beads were washed once with water and the 

proteins bound to the beads were reduced by addition of 100 mM dithiothreitol (DTT) in 

1 mL of 1% SDS, 5 mM ethylenediaminetetraacetic acid (EDTA), 250 mM NaCl, 100 

mM Tris pH 8.0 and incubation at 70 °C for 15 min. After pelleting the beads and 
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removing the supernatant, alkylation was performed with 40 mM iodoacetamide in the 

dark for 30 min in the same buffer as the previous step. Following centrifugation and 

removal of the super- natant, the beads were washed five times with 1 mL of 1% SDS, 5 

mM EDTA, and 100 mM NaCl in PBS; then, 10 times with 8 M urea in 100 mM Tris pH 

8.0; and finally, 10 times with 20% CH3CN.  

On Bead Digestion. Digestion was performed by suspending the beads in 200 μL 

of 100 mM Tris, 2 mM CaCl2 pH 8.0 and the addition 1 μg of trypsin. The reaction was 

rotated at 37 °C overnight. The supernatant was transferred to a new tube and combined 

with two additional 300 μL water 0.1% formic acid washes. Samples were desalted with 

Pierce C-18 spin columns (Cat: 69725; Lot: TJ276015) per the manufacturer’s instruction 

with MS grade water, CH3CN, and formic acid. Samples were concentrated by vacuum 

evaporation and stored at −20 °C until LC−MS/MS analysis 

LC−MS/MS Analysis. Tryptic peptides from each biological replicate were 

analyzed by HPLC-electrospray ionization + -MS/ MS using a Thermo Scientific Q 

Exactive Hybrid Quadrupole- Orbitrap Mass Spectrometer in line with an Eksigent 

NanoLC-Ultra 2D HPLC system, a nanospray source, and Xcalibur 4.1.31.9 software for 

instrument control. Dried peptide samples were reconstituted in 20 μL of 2% CH3CN; 

0.1% formic acid and 4 μL were separated on an in-house packed C18 column (15 cm × 

75 μm, Luna C18) over a 90 min gradient with degassed HPLC buffer; buffer A (0.1% 

formic acid); buffer B (CH3CN; 0.1% formic acid). Source parameters detailed a spray 

voltage of 4.0 kV, a capillary temperature of 320 °C, and an S-lens RF level of 55%. MS 

analysis was performed in a top 12 data-dependent mode. The survey scan was performed 
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using a resolution setting of 70,000 at 200 m/z with an AGC target of 1 × 106. Dynamic 

exclusion was enabled with an exclusion duration for 30 s. The 12 most intense precursor 

ions (excluding singly charged species) were selected for higher-energy C-trap 

dissociation fragmentation using a collision energy of 30%. The fragmentation scan was 

performed using a resolution of 17,500 with a AGC target of 5 × 104 or maximum 

injection time of 50 ms and an isolation window of 2.0 m/z.  

Data Analysis. MaxQuant (version 1.6.5.0) was used to search the raw mass 

spectrometry data. Default parameters were applied and the human Uniprot database 

(downloaded on 2019/05/15, with 74,349 sequences) was searched against.190  Trypsin 

was selected as the protease with allowance for a maximum of two missing cleavages. 

Variable modifications of methionine oxidation, protein N-terminal acetylation and the 

fixed modification of cysteine carbamidomethylation were included. The precursor ion 

and fragmentation mass tolerance of 4.5 ppm and 0.5 Da were selected, respectively. The 

false discovery rate (FDR) was set to 0.01 at the protein, peptide, and site levels with a 

minimum peptide length of 6 and a minimum Andromeda score of 40. A minimum of 

two peptides were required for protein identification. To obtain label-free protein 

quantification, default LFQ parameters were selected with normalized protein intensities 

as the output. The Perseus software suite (version 1.6.6.0) was used to process the 

resultant LFQ intensities.235 The data were Log2 transformed and filtered following 

previously described methods.236 A two-tailed, two-sample t-test was performed to 

compare protein abundance between groups. Statistically significant enrichment was 
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determined with a Benjamini-Hochberg corrected FDR of 0.05 and a minimal coefficient 

of variation (S0) of 2.0. 

PDIA3 Modification by DAyne and DA: 

Click Reaction with Recombinant PDIA3 Protein. Aliquots of PDIA3 (10 μL of a 

1 mg/ mL solution in 50 mM Tris buffer, pH 8) were treated with the indicated 

concentration of preoxidized DAyne for 1 h at 37 °C, the final reaction volume was 50 μL. 

For the DA competition experiments, PDIA3 was incubated with preoxidized DA for 30 

min prior the addition of DAyne. DAyne and DA oxidation was conducted in 500 μL Tris 

buffer with 600 units of TY and 0.5 mM of DA or DAyne where TY was removed after a 

30 min incubation at RT with an amicon ultra 0.5 mL centrifugal filter (3k). Following 

PDIA3 treatment with DA and DAyne, excess unreacted small molecules were removed 

with Zeba spin desalting columns (7K MWCO, 0.5 mL), and the samples were subjected 

to a CuAAC click reaction with Alexa Fluor 647 azide under the same conditions 

described above. Excess click reaction reagents were removed with another Zeba 

desalting column and samples were analyzed through SDS-PAGE.  

DAyne Meditated Capture of PDIA3 in Lysates:  

Aliquots of SH- SY5Y lysate (50 μL of a 2 mg/mL solution) were treated with the 

indicated concentration of preoxidized DAyne for 1 h at 37 °C, the final reaction volume 

was 100 μL. For the DA competition experiments, lysate was incubated with preoxidized 

DA for 30 min prior to the addition of DAyne. The oxidation procedure for DA and DAyne 

is described above. Following incubation, excess DA and DAyne were removed with Zeba 

spin desalting columns, a CuAAC click reaction with biotin azide was performed, and the 
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excess click reaction reagents were removed with another Zeba desalting column. The 

samples were then incubated with 50 μL of high capacity streptavidin agarose resin for 

15 min at RT to capture DPAs. The beads were then washed five times with PBS and 

then boiled in 1× gel loading buffer to release DPAs. Samples were separated by SDS-

PAGE, transferred to nitrocellulose membranes and blotted for PDIA3. 

PDI Activity Assay:  

The PDI inhibitor screening kit obtained from BioVision was used following the 

manufacturer’s instructions. Briefly, 2× solutions of the indicated treatments were 

prepared in the provided assay buffer. 50 μL of these solutions were placed into a black 

96 well plate. 45 μL of additional assay buffer and 5 μL of PDI enzyme stock solution 

was then added and the plate was incubated at 37 °C for 30 min. Next, a 45 μL PDI 

substrate solution containing oxidized insulin, DTT, and fluorescence turn on probe 

molecule that binds to reduced insulin was added. The plate was then placed in a plate 

reader at 37 °C where the fluorescence was measured at Ex/Em 440/490 (indicative of 

reduced insulin formation) every minute for 30 min. PDI activity was calculated by 

normalizing the slope of a given treatment to DMSO control. 
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Figure 2.2. Synthesis of DAyne 
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2.3 Results 

DAyne was designed to functionally mimic DA while presenting a bio-orthogonal 

alkyne handle distal to the o-quinone for click chemistry modification to enable 

fluorescence visualization and adduct enrichment preceding analytical characterization 

(Figure 2.3A). The DA mimetic probe was synthesized in seven steps as shown in 

Figure 2.3B. Briefly, the catechol was protected with an acid- labile acetonide to enable 

elaboration of the amine.237 A pendant propargyl moiety was installed at the amine 

terminus through a Fukuyama-inspired route.238 Global acidic deprotection furnished 

DAyne as a HCl salt. The overall reaction sequence gave DAyne in a 32% yield. 

The oxidation pathways of DAyne and DA were monitored spectroscopically to 

characterize the reaction intermediates (Figure 2.4A) and kinetics upon oxidation. We 

used UV−vis spectroscopy to monitor DQ generation over time. Initially, we monitored 

the oxidation of DA and DAyne in the presence of equimolar NaIO4 (Figure 2.4B,C) in 

argon- purged water. As shown in Figure 2.4B, an increase in absorbance at 395 nm was 

observed at the reaction onset, indicating the formation of the o-quinone 1b. This gave 

rise to the appearance of two new maxima at 300 and 475 nm, which are characteristic 

absorbance bands for aminochrome 1d.41 However, no o-quinone 8b was observed in the 

oxidation of DAyne as the reaction proceeded rapidly to the aminochrome 8d (Figure 

2.4C). Kinetically, DAyne cyclized to the aminochrome 8d five times faster than DA 

cyclized to 1d in the presence of NaIO4 (Figure 2.4D), which we attribute to the 

increased nucleophilicity of the amine due to alkyl substitution. NaIO4 oxidation in 

phosphate-buffered saline (PBS) (pH 7.4) 4 led to DA and DAyne oxidation products that 
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were unstable under these conditions, which was evident by the rapid decay of the 

respective aminochrome species (Figure 2.4E). In the absence of NaIO4, the rates of DA 

and DAyne auto-oxidation at pH 7.4 were comparable and auto-oxidation could be 

inhibited in the presence of an antioxidant, N-acetylcysteince (NAC), (Figure 2.5) when 

aminochrome absorbance was monitored at 475 nm. 

Given the instability of DA metabolites observed in PBS using NaIO4 as an 

oxidant, we confirmed that DAyne is a substrate for the enzyme tyrosinase (TY), which is 

used routinely in DA oxidation studies.239, 240 TY oxidizes DA to DQs and can be 

conveniently separated from resultant DQs by molecular weight centrifugal filters. 

Therefore, TY is an attractive oxidant as it obviates the use of chemical oxidizing agents 

such as NaIO4 which, due to its strong and promiscuous oxidation potential and ability to 

chelate vicinal oxygens, may create artifacts in downstream cellular experiments. The 

absorbance of DA and DAyne monitored at 300 and 475 nm over a 1 h incubation (Figure 

2.6) shows that DA and DAyne oxidize at similar rates under treatment with TY. 

Collectively, these UV−vis experiments indicate that DA and DAyne are oxidized at 

comparable rates in the presence of TY and during auto-oxidation in PBS. The ability of 

TY to bind and oxidize DAyne also demonstrates the suitability of DAyne as a DA-mimetic 

as a protein binding substrate. 

As an additional confirmation that DA and DAyne feature comparable reaction 

directionalities, oxidation intermediates of both were characterized structurally using 

time-resolved nuclear magnetic resonance (NMR) spectroscopy (Figure 2.4F,G). The 

NMR spectral fingerprints of intermediates 1d and 1e were observed upon DA oxidation 
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using NaIO4 in deuterated PBS as the oxidant. Proton NMR shifts were consistent with 

literature values.45 Oxidation of DAyne produced the metabolites 8d and 8e, mirroring 

those generated by DA (Figure 2.7). Taken together, our NMR and UV−vis 

spectroscopic data show that DA and DAyne are oxidized to chemically analogous 

electrophilic species, namely, 1d and after long exposures to 1e, supporting the 

application of DAyne as a DA surrogate in a cellular context. 

We compared the biological activity of DA and DAyne in undifferentiated 

neuronal SH-SY5Y cells to determine whether similarities in their chemical reactivity 

parallel toxicity.241 Cells were dosed with various concentrations of DA or DAyne, and 

their viability was measured with an alamarBlue assay, which indirectly reports oxidative 

stress.242 As shown in Figure 2.8A,B, DAyne and DA toxicity were dependent on both 

dose and exposure time. At physiologically relevant concentrations of 0.1−1 μM, no 

statistical differences were observed between DA and DAyne toxicity and after 48 h, with 

most cells remaining viable. At 100 μM, a concentration that exceeds physiological levels 

of DA by 100−1000×, a significant impact on cell viability was observed for DAyne when 

compared to DA. At this concentration, 24 h exposure to DAyne reduced the cell viability 

to 6%, whereas equivalent treatment with DA left 41% of cells viable. While DAyne is 

slightly more toxic at high concentrations, the inherent toxicity of native DA at high 

doses and relatively short exposure times underscores the necessity to develop probes that 

enable sub-micromolar detection limits for use in standard analytical platforms. 

To ensure that the observed DA and DAyne toxicity was caused by oxidation of 

the catechol to a quinone, we co-treated cells with DA or DAyne and an antioxidant, NAC. 
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Addition of 2.5 mM NAC significantly rescued viability in cells treated with 100 μM of 

DA and DAyne (Figure 2.8C). Co-treatment with NAC for 24 h improved cell viability to 

95 and 76% for DA and DAyne, respectively, compared with 41% for DA and 6% for 

DAyne when NAC is absent. Rescue due to other processes influenced by NAC cannot be 

ruled out by our experiments.243 Nevertheless, our in vitro data reported here support DA 

and DAyne quinone electrophiles as drivers of cellular toxicity. 

Having demonstrated conditions wherein cells tolerate the DAyne probe, we 

focused on characterizing DPAs in SH-SY5Y cells. We first quantified the relative 

number of DPAs generated in undifferentiated cells treated with DAyne under a variety of 

conditions that we knew to be favorable for generating DPAs in vivo. Notably, the cells 

were treated with the reduced probe, which auto-oxidized in situ. Following DAyne 

administration and washing off excess probe, the cells were lysed, and a biotin handle 

was conjugated to DPAs using copper-catalyzed azide−alkyne cycloaddition (CuAAC) 

click chemistry.244 The resultant lysates were separated using sodium dodecyl sulfate 

(SDS)-polyacrylamide gel electrophoresis (PAGE) and transferred to a nitrocellulose 

membrane, where DPAs were visualized with streptavidin (SA) conjugated to an 800 nm 

fluorescent dye, denoted as SA800 (Figure 2.9A). Protein concentrations were 

normalized following staining with the REVERT total protein stain, and the relative 

amounts of DPAs per treatment condition were quantified (Figure 2.9B). DAyne 

concentration and duration of treatment influenced the quantity of DPAs observed per 

treatment group. Incubation for 1 h proved to be insufficient to produce detectable levels 

of DPAs by Western blotting. Treatment for 12 h with 10 μM DAyne provided optimal 
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results, as DPAs were detectable at 2.5 times above background (Figure 2.9B), and 

relatively little toxicity was observed. Treatment with any concentration of DAyne for 24 

h resulted in decreased levels of detectable DPAs compared to a 12 h incubation. In the 

case of 10 μM DAyne treatment, the normalized DPA signal for 24 h exposure was 3.3-

fold lower than the 12 h treatment group. Co-incubation of 100 μM DAyne and 2.5 mM 

NAC for 12 h resulted in a 25-fold reduction of DPA formation compared to DAyne alone, 

which is consistent with results in Figure 2.8C that show that NAC mediates rescue cell 

viability upon DQ exposure. 

Reduction in visualized DPAs at extended exposure times was expected when 

considering the toxicity of DQs. For example, only 75% of the cells remained viable 

following 10 μM treatment with DA for 24 h. The presence of melanin-like aggregates in 

cellular debris pellets at higher DAyne treatments suggests that DPAs polymerize and 

aggregate, which likely sequester DPAs, reducing their levels in western blots (Figure 

2.10). This activation of DA regulatory or DPA stress responses may account for time-

dependent reductions in DPA concentrations. 

Additionally, we demonstrated that fluorescently modified DPAs generated using 

DAyne could be mapped cellularly using confocal microscopy. Following treatment with 

DAyne, cells were fixed with paraformaldehyde, and DPAs were conjugated with Alexa 

Fluor 647 azide using an in-cell click reaction. The cell’s nuclei were stained with 4′,6-

diamidino-2-phenylindole (DAPI) and imaged on a confocal microscope. In this manner, 

we verified that DAyne permeates the cell membrane and forms adducts homogeneously 
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throughout the cytosol (Figure 2.9C). The use of DAyne to visualize DPAs subcellularly 

demonstrates the versatility of a DA mimetic with alkyne functionality. 

Next, we wished to determine whether the rate of DAyne oxidation was causing 

low detection limits at 1 μM doses. We treated SH-SY5Y cells with DAyne in the 

presence of TY to generate DQs more rapidly than auto-oxidation. Using TY, 1 h 

exposure of DAyne was sufficient to produce detectable DPAs at doses as low as 10 nM 

(Figure 2.11). Thus, DAyne can be used to improve the sensitivity in DPA visualization 

assays requiring physiologically relevant concentrations of the DA-mimetic. 

To verify that DAyne forms adducts with the same proteins that bind DA, we 

performed a competition binding experiment in which SH-SY5Y cells were pre-

incubated with DA and TY for 30 min prior to the addition of DAyne (Figure 2.12). A 

dose-dependent decrease in DAyne labeling upon increasing concentration of DA pre-

treatment was observed. Incomplete competition at the highest concentration of DA 

competitor (50 μM) suggests that DQs binds to target proteins at low occupancy, which is 

consistent with previous reports of similarly functionalized quinone methides.245 Since 

only a fraction of a particular protein population is modified in the initial DA treatment, 

the subsequent DAyne exposure results in additional partial labeling. Nevertheless, low 

levels of DQ protein modification can still drive robust cellular responses,219 supporting 

the need for biological probes that enhance analytical sensitivity so that DPAs can be 

characterized in cell models treated with physiological levels of DA- mimetic probes. 

To confirm that the levels of DPA formation were similar between DAyne and DA 

treatment, two previously described methods of detecting quinone-protein adducts, nitro 
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blue tetrazolium (NBT) staining and near infrared (nIR) fluorescence, were used to test 

the levels of DPAs produced by DAyne and DA.162, 165 Qualitative comparison of stained 

nitrocellulose membranes between DA and DAyne generated DPAs revealed similar 

amounts of adduct formation (Figure 2.13), providing confidence that our probe is a 

relevant mimetic of DA. However, in our hands, these methods proved less sensitive at 

detecting DPAs compared to our bio-orthogonal visualization strategy using DAyne, 

which may be due to the lower concentration of DQs used in the current study. Despite 

increased protein loading to 50 μg per lane to improve signal, quantitative analysis 

between DA and DAyne produced DPAs could not be performed using these adduct 

detection methods. 

After demonstrating that cellular DPAs formed using DAyne were similar to those 

generated with DA, we performed a chemoproteomic experiment to enrich and 

characterize the proteins that are modified by oxidized metabolites of DAyne. A 12 h 

incubation period with 10 μM DAyne was selected based on our earlier labeling results. 

After exposing SH-SY5Y cells to DAyne, DPAs were immobilized onto azide-

functionalized agarose beads using CuAAC click chemistry. This approach is 

advantageous compared to traditional biotin-streptavidin enrichment as it eliminates the 

need to remove excess biotin and click reagents prior to immobilization. It also precludes 

interference from naturally biotinylated proteins, avoids streptavidin contamination, and 

enables stringent washing steps to remove proteins that nonspecifically bind the 

Sepharose column without removing DPAs. Using this approach, we verified that DPAs 

were captured by the azide beads through Western blot (Figure 2.14). Following capture, 
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the DPA bound beads were washed extensively and subjected to on-bead trypsin 

digestion. The resultant peptides were desalted and analyzed mass spectrometrically and 

quantified using the MaxQuant software package. 

SH-SY5Y cells were treated with DAyne or dimethyl sulfoxide (DMSO) across 

three biological replicates. 38 proteins were significantly enriched by DAyne using the 

methods outlined above (Figure 2.15A, and Table 2.1 for a full listing of proteins). We 

ensured that enrichment with DAyne was consistent between treatment groups by 

correlating the label-free quantitation (LFQ) intensity values of identified proteins 

between different treatment conditions and replicates (Figure 2.16). We observed a 

correlation of 0.91 ± 0.02 in our DAyne-enriched samples, indicating reproducible 

enrichment. Additionally, the correlation within the DMSO treatment group was also 

high, 0.79 ± 0.06; whereas the correlation between DAyne and DMSO groups was low, 

0.38 ± 0.06, verifying that DAyne enrichment was robust.  

Gene ontology (GO) analysis of these enriched proteins 

(http://www.pantherdb.org/) revealed a variety of over- represented molecular functions, 

such as RNA binding, disulfide oxidoreductase activity, and cytoskeleton regulation 

(Figure 2.15B).246 Other notable DPAs found in our proteomic results were pyruvate 

kinase and fatty acid synthase, which play important roles in cellular energy homeostasis. 

The DPA interactome network of enriched proteins was analyzed using the STRING 

(Search Tool for the Retrieve of Interacting Genes) database (https://string-db.org/) to 

visualize the pathways and functions that might be impacted by DPA formation (Figure 

2.15C).247 Notably, cell redox homeostasis and ubiquitin/proteosome pathways were 



 

66 

enriched, suggesting DPAs may interfere with these processes. Enriched proteins featured 

a high prevalence of sulfhydryl-containing active sites, such as those within the 

oxidoreductase pathway. Pathways such as cellular energy homeostasis and clathrin-

mediated processes identified in our STRING analysis were unexpected as proteins 

involved in these processes have not yet been characterized as DPAs. Such protein 

adducts, once validated, would represent novel targets as potential contributors to 

neurotoxicity during PD. 

Our next objective was to validate candidate DPAs from our proteomic analysis. 

We focused on the PDIs because three isoforms of PDIs (PDIA3, PDIA6 and P4BH) 

were significantly enriched by DAyne. PDIs are critical in a variety of cell stress 

responses, including five molecular functions: peptide disulfide oxidoreductase activity, 

PDI activity, transposing S−S bonds, disulfide oxidoreductase activity, and 

intramolecular oxidoreductase activity (shown in Figure 2.15B) that were significantly 

altered upon treatment with DAyne. Notably, there is evidence that PDIs play an important 

role in preventing neurodegeneration.248 

We initially verified that DAyne covalently modifies recombinant PDIA3 using a 

simple binding assay by exposing expressed PDIA3 to DAyne and monitoring the 

appearance of adduct formation by SDS-PAGE analysis. To do so, DAyne was oxidized 

with TY and incubated with recombinant PDIA3 for 1 h, then Alexa Fluor 647 azide was 

conjugated to DAyne in the mixture, and conjugate formation was visualized as a band at 

58 kDa corresponding to the DPA. As shown in Figure 2.17A, DAyne labeled PDIA3, 

and binding was competed upon exposure of PDIA3 to oxidized DA for 30 min prior to 
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DAyne treatment. These data support labeling of PDIA3 by DAyne at sites also occupied 

natively by DA. 

Native PDIA3 in non-transfected SH-SY5Y cells was also captured by DAyne 

following 1 h exposures of the lysates to oxidized DAyne. In these experiments, DPAs 

were modified with biotin azide using click chemistry and captured on streptavidin 

agarose beads. After DPA capture, non-specifically bound proteins were washed off and 

DPAs were eluted at 95 °C in gel-loading buffer. Immunoblots shown in Figure 2.17B 

revealed that DAyne-modified PDIA3 was successfully captured in our pulldown. DA also 

competed with DAyne binding to PDIA3 (Figure 2.17B). Attempts to identify the specific 

site(s) of DA modification on PDIA3 by liquid chromatography (LC)−mass spectrometry 

(MS)/MS) analysis of tryptic peptides were unsuccessful. These results are consistent 

with previous studies that have reported difficulties detecting site specific DA adducted 

peptides.87, 91, 249 

Finally, we explored the influence of DA on PDI enzymatic activity using a 

functional assay that measures the protein folding activity of PDI. We incubated PDI with 

DA and pre- oxidized DA (DQ), both in the presence or absence of NAC, and measured 

enzymatic activity through a fluorescence-based assay as shown in Figure 2.17C. We 

found that treatment with 150 μM DA and 150 μM DQ significantly lowered PDI activity 

to 67 and 29%, respectively, and that NAC and TY treatment alone had no effect on 

activity. However, cotreatment of DA and DQ with 1 mM NAC to intercept DQs, 

significantly rescued PDI activity to 90 and 84%, respectively, suggesting that covalent 

modification of PDI by oxidized DA metabolites inhibits the function of PDI. 
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Collectively, our results validate PDIA3 as an extravesicular target of oxidized DA and 

that DPA formation results in comprised enzymatic activity. 
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Figure 2.3. Chemical biology strategy to visualize and identify DPAs 

A) Workflow of DPA enrichment via DAyne. B) Synthesis of DAyne. (a) Methyl 

trifluoroacetate, triethylamine, CH3OH; 93%. (b) pTSA, 2,2-dimethoxypropane, toluene; 

79%. (c) LiOH, CH3OH; 98%. (d) Nosyl chloride, triethylamine, CH2Cl2; 97%. (e) 

Propargyl bromide, K2CO3, acetone; 96%. (f) Thiophenol, KOH, CH3CN; 50%. (g) 

Trifluoroacetic acid, CHCl3 then HCl, tetrahydrofuran; 96%. 
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Figure 2.4. Spectroscopic characterization of DA and DAyne oxidation 

A) Oxidation products of DA and DAyne. B/C) Absorbance spectra time course of 50 μM 

DA/ DAyne respectively and 50 μM NaIO4 in H2O. D/E) Change in absorbance at 475 nm 

of 50 μM DA/ DAyne and 50 μM NaIO4 in H2O or PBS pH 7.4 respectively. 475 nm 

absorption is characteristic of aminochrome formation. Data are represented as mean ± 

SEM from three replicates. F/G) NMR spectra time course of 1 mM DA/ DAyne, 

respectively, and 1 mM NaIO4 in PBS pH 7.4. Labels above proton resonances denote 

corresponding compounds. Water solvent peak was removed for clarity. 
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Figure 2.5. Auto-oxidation of DA and DAyne 

DA and DAyne (50 µM) were incubated at 37 °C in PBS, pH 7.4 in the presence or 

absence of 1 mM NAC. Absorbance at 475 nm, indicative of aminochrome formation, 

was measured at 30 min intervals over the course of 20 hrs. Data are represented as mean 

± SEM from three replicates. 
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Figure 2.6. Tyrosinase oxidation of DA and DAyne 

TY (300 units) was incubated with 150 µM DA A) or DAyne B) and the reaction was 

monitored via UV-Vis. The increase at 475 nm indicates successful oxidation of the 

substrate by TY to its corresponding aminochrome.  
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Figure 2.7. NMR spectra of reaction time course between 1 mM DA A) or DAyne B) and 

1 mM NaIO4 in PBS pH 7.4 

Labels above proton resonances denote corresponding molecular labels. Water solvent 

peak was removed for clarity. 
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Figure 2.8. DA and DAyne reduce SH-SY5Y cell viability 

Cell viability was determined through an alamarBlue assay. Data are represented as mean 

± SEM from four replicates and normalized to DMSO control. All treatments of DA and 

DAyne at analogous times and concentrations were analyzed via a one-way ANVOA and 

an unpaired t-test (***p < 0.001). Percent viability of cells was determined following 

treatment with A) DA or B) DAyne alone. C) Cells were treated with 100 μM DA or 

DAyne in the presence or absence of 2.5 mM NAC, which showed that cell viability was 

rescued under these conditions. 
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Figure 2.9. Visualization of DPAs by DAyne 

A) Representative nitrocellulose blot following incubation of SH-SY5Y cells with 

DMSO, 2.5 mM NAC, 1 μM, 10 μM, 100 μM, or 100 μM DAyne and 2.5 mM NAC for 12 

h, lysis and ensuing CuAAC click reaction with biotin azide. Top: 800 nm channel 

following incubation with SA800. Bottom: 700 nm channel following REVERT total 

protein stain. B) Quantification of DPAs. Fluorescence intensity (F.I.) of SA800 for each 

treatment was normalized by total protein through the REVERT stain. Data are 

represented as mean ± SEM from three replicates. Data were analyzed via a two-way 

ANOVA and an unpaired t-test. (Comparisons between: DMSO *p < 0.05; 100 μM 

DAyne †p < 0.05 for given treatment duration). C) Confocal imaging of SH-SY5Y cells 
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following treatment with DMSO, 1 μM, 10 μM, 100 μM, or 100 μM DAyne and 2.5 mM 

NAC, respectively for 12 h, fixation with paraformaldehyde, ensuing CuAAC click 

reaction with Alexa Fluor 647 azide and staining with DAPI. Images were acquired at 

60× magnification. 
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Figure 2.10. DA and DAyne treatment induce melanin formation in cellular debris 

Photographed tubes contain cellular debris pellet following lysis. SH-SY5Y cells were 

treated with DMSO, 2.5 mM NAC, 1 µM, 10 µM, 100 µM, or 100 µM DA/DAyne and 2.5 

mM NAC as indicated. Black debris was observed in 100 µM treatments, which 

presumably are melanin polymers and aggregates. 
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Figure 2.11. Visualization of DPAs by pre-oxidized DAyne 

Representative nitrocellulose blot following 1-hour incubation of SH-SY5Y cells with 

respective DAyne concentration in the presence or absence of 600 units of TY, lysis and 

ensuing CuAAC click reaction with biotin azide. Top: 800 nm channel following 

incubation with SA800. Bottom: Coomassie blue stain to confirm equal protein loading. 
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Figure 2.12. Competition of DAyne derived DPAs with DA 

Representative nitrocellulose blot of three independent experiments following 1-hour 

incubation of SH-SY5Y cells with 10 µM DAyne after a 30-min pre-incubation at the 

specified DA concentration in the presence of 600 units of TY, lysis and ensuing CuAAC 

click reaction with biotin azide. Top: 800 nm channel following incubation with SA800. 

Bottom: Coomassie blue stain to confirm equal protein loading. 
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Figure 2.13. Comparison of DA and DAyne derived DPAs 

A)  DPAs detection through NBT staining. Representative nitrocellulose blot following 

1-hour incubation of SH-SY5Y cells with respective concentration of DA or DAyne in the 

presence of 600 units of TY, lysis and NBT staining. Top: NBT stain; purple bands mark 

DPAs. Bottom: 700 nm channel following revert total protein stain. B) DPAs detection 

via nIR florescence. Representative nitrocellulose blot following 1-hour incubation of 

SH-SY5Y cells with respective concentration of DA or DAyne in the presence of 600 

units of TY, lysis, and nIR imaging. Top: 700 nm channel imaging immediately after 

membrane transfer; white bands mark DPAs. Bottom: 700 nm channel following revert 

total protein stain. 
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Figure 2.14. Azide functionalized agarose beads capture DAyne induced DPAs 

A) Nitrocellulose blot following incubation of SH-SY5Y cells with DMSO, 10 µM DAyne 

for 12 hrs, lysis and ensuing Cu click reaction with biotin azide pre or post reaction with 

azide beads. F.T. denotes flowthrough. Top: 800 nm channel following incubation with 

SA800. Bottom: 700 nm channel following revert total protein stain. B) Quantification of 

DPAs. Fluorescence intensity (F.I.) of SA800 for each treatment was normalized by total 

protein through the revert stain. Data are represented as mean ± SEM from three 

replicates. Data were analyzed via a one-way ANVOA and an unpaired t-test to DMSO 

(***p < 0.001). 
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Figure 2.15. Proteomic enrichment and bioinformatic analysis of DPAs 

A) Volcano plot for quantitative analysis of proteins identified following 12 h treatment 

of SH-SY5Y cells with DMSO or 10 μM DAyne and enrichment at a FDR of 0.05 and a 

minimal coefficient of variation (S0) of 2.0. Proteins highlighted in orange or blue were 

significantly enriched in the DMSO or DAyne treatment, respectively. Data are 

representative of 3 biological replicates from each treatment condition. B) Molecular 

function of DAyne enriched proteins. Analysis performed with PANTHER 

overrepresentation test (released 20190711); annotation version: GO Ontology database 

(released 20190703), using Fisher’s exact test with FDR correction. The dashed line 

represents a statistical cutoff of p = 0.05. C) Pathway analysis of DAyne enriched proteins 
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was performed with the STRING (Search Tool for the Retrieve of Interacting Genes, 

version 11) database. Confidence of interaction represented by line thickness. Proteins 

involved in enriched processes are labeled. 
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Figure 2.16. Proteomic enrichment with is DAyne reproducible 

Correlation plots show the intensity of label free quantitation (LFQ) values for a given 

treatment condition on the X and Y axis. Identified proteins are represented as black 

squares. The R2 value for each comparison in written in blue. The Perseus software suite 

(version 1.6.6.0) was used generate this plot. 
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Figure 2.17. PDIA3 is covalently modified and functionally inhibited by DQs 

A) Representative SDS-PAGE gel after incubating PDIA3 for 1 h with DMSO, 10 μM, 

150 μM DAyne preoxidized with TY, or with 150 μM DAyne after a 30 min 150 μM DA 

pre-treatment (both preoxidized with TY), and ensuing CuAAC click reaction with Alexa 

Fluor 647 azide. Top: Alexa Fluor 647 fluorescence intensity. Bottom: Imperial protein 

stain. B) Representative nitrocellulose blot probed for PDIA3 following capture with 

DAyne. SH-SY5Y lysate was incubated with DMSO, 150 μM DAyne, or with 150 μM 

DAyne after a 30 min 150 μM DA pre-treatment lysis and subjected to a CuAAC click 

reaction with biotin azide. Samples were then incubated with streptavidin agarose beads 

to capture DPAs. Top: sample lysate prior to streptavidin enrichment. Bottom: elution of 

DPAs following streptavidin agarose enrichment. C) Percent PDI activity following a 30 

min incubation with the indicated treatment. Final concentrations of DA used were 10 

and 150 μM. TY was used to oxidize DA to DQs. The final NAC concentration was 1 

mM. Data are represented as mean ± SEM from four replicates and normalized to DMSO 

control. Data were analyzed via a two-way ANOVA and a tukey post hoc test. 

(Comparisons between: DMSO ***P < 0.0001; 150 μM DA †††P < 0.0001) for given 

treatment duration. 
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Table 2.1. List of enriched DPAs 

List of enriched DPAs. The third column reports the T-test pValue to assess enrichment 

of DPAs. The fourth column reports the difference between the mean log2 transformed 

LFQ intensity values between DAyne and DMSO treated groups, which is indicative of 

fold change difference in protein abundance. Data is representative of 3 biological 

replicates from each treatment condition. An input of 100 µg of protein lysate was used 

to prepare each sample. 

Protein Gene 

Negative 

Log p   

Difference 

(DAyne - 

DMSO) Description  
Microtubule-associated 

protein 4 
MAP4 5.054 5.001 microtubule binding  

Poly(rC)-binding protein 1 PCBP1 4.645 5.096 

Fe binding, mRNA 

splicing factor, 

ribonucleoprotein, 

serine protease 

Bifunctional 

glutamate/proline--tRNA 

ligase 

EPRS 4.608 3.543 ligase 

Dopamine beta-

hydroxylase 
DBH 4.288 3.2 

conversion of dopamine 

to noradrenaline 

Cofilin-1 CFL1 3.785 4.738 actin filament binding  

E3 SUMO-protein ligase 

RanBP2 
RANBP2 3.552 3.144 G-protein modulator 

Ubiquitin carboxyl-

terminal hydrolase 10 
USP10 3.533 2.734 cysteine protease 

E3 ubiquitin-protein ligase  HUWE1 3.463 3.146 ubiquitin-protein ligase 

Neuromodulin GAP43 3.339 2.286 nerve growth 

Mitochondrial antiviral-

signaling protein 
MAVS 3.197 2.385 

innate immune defense 

against viruses 

Serine/arginine-rich 

splicing factor 2 
SRSF2 3.149 3.149 mRNA splicing factor 

Retrotransposon-like 

protein 1 
RTL1 3.147 2.656 developmental protein 

Src substrate cortactin CTTN 3.112 3.004 

basic helix-loop-helix 

transcription factor, 

non-motor actin binding 

protein 
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Microtubule-associated 

protein 2 
MAP2 3.074 2.793 microtubule binding 

Protein PRRC2C PRRC2C 3.002 2.729 
nuclease, transcription 

factor 

Pyruvate kinase  PKM 2.997 3.488 key role in glycolysis 

Nestin NES 2.913 3.431 brain development 

Dihydropyrimidinase-

related protein 1 
CRMP1 2.821 4.442 metalloprotease 

Prefoldin subunit 3 VBP1 2.812 2.279 chaperone 

Eukaryotic peptide chain 

release factor GTP-

binding subunit  

GSPT1 2.799 3.423 

G-protein, hydrolase, 

translation elongation 

factor, translation 

initiation factor, 

translation release factor 

Uncharacterized protein 

C11orf96 
C11orf96 2.785 2.331 - 

Sarcoplasmic/endoplasmic 

reticulum calcium ATPase 

2 

ATP2A2 2.774 2.549 
cation transporter, 

hydrolase, ion channel 

Immunity-related GTPase 

family Q protein 
IRGQ 2.757 2.087 GTP binding 

Calponin-3 CNN3 2.751 2.6 
non-motor actin binding 

protein 

Fatty acid synthase FASN 2.714 4.811 

acyltransferase, 

dehydrogenase, 

esterase, ligase, 

methyltransferase 

Calcium-regulated heat-

stable protein 1 
CARHSP1 2.65 3.354 RNA binding protein 

La-related protein 1 LARP1 2.639 2.12 ribonucleoprotein 

Tubulin alpha-1A chain TUBA1A 2.334 2.857 tubulin 

Microtubule-associated 

protein 1B 
MAP1B 2.248 4.199 

non-motor microtubule 

binding protein 

Epidermal growth factor 

receptor substrate 15 
EPS15 2.19 2.388 

G-protein modulator, 

calcium-binding 

protein, membrane 

traffic protein 

Alpha-internexin INA 2.014 2.102 
morphogenesis of 

neurons 

Protein disulfide-

isomerase A3 
PDIA3 2.006 4.148 

catalyzes the formation, 

breakage and 

rearrangement of 

disulfide bonds 

Clathrin heavy chain 1 CLTC 1.81 2.258 vesicle coat protein 

Echinoderm microtubule- EML4 1.669 2.021 microtubule 
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associated protein-like 4 cytoskeleton 

Filamin-A FLNA 1.466 2.613 actin filament binding 

Protein disulfide-

isomerase A6 
PDIA6 1.361 3.028 

catalyzes the formation, 

breakage and 

rearrangement of 

disulfide bonds 

Protein disulfide-

isomerase 
P4HB 1.175 2.238 

catalyzes the formation, 

breakage and 

rearrangement of 

disulfide bonds 
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2.4 Discussion 

Therapeutic interventions capable of halting or reversing PD progression will 

require a complete understanding of the initial molecular events that predispose 

dopaminergic neurons to degenerate and the subsequent biochemistry that results in 

clinical symptoms. There is substantial evidence indicating that oxidized dopamine 

metabolites, DQs, are involved in early mechanisms of neurodegeneration during PD, 

including their spatiotemporal tissue distribution and their increased abundance observed 

in tissue samples from patients suffering from more severe forms of PD.15 These studies 

are consistent with a model of PD progression that is highly dependent on or exacerbated 

by DA metabolites in early stages of cellular dysfunction. As these reactive metabolites 

that are measurable before PD symptoms are detected clinically through movement tests, 

they are enticing biomarkers that predict PD.15 DPAs represent surrogates of DQs that 

could be measured in patients in a clinical setting and form the basis for early 

biochemical tests that predict both the probability of developing PD symptoms and their 

severity. Moreover, DQ-modification leads to generation of DPAs that result in 

neurotoxic outcomes and many DPAs are expected to represent novel targets for 

therapeutic design and development. Given the heterogeneity and complexity of PD 

pathogenesis, unbiased screening for DPAs on a proteome-wide scale using mass 

spectrometry technologies is ideal for comprehensively enumerating the DA-modified 

proteome without foreknowledge of disease etiology. Such DPAs can later be validated 

for disease-relevance using standard biochemical assays, which we demonstrated for 

PDIA3. However, owing to the complex reactivity profile of DA, few studies have 
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reported the development of such unbiased techniques for DA.118 Several limitations have 

prevented such technologies from reaching fruition, including the poor sensitivity of 

analytical methods used for the detection of incipient DPAs in cell models. These include 

the low DPA levels expected natively in cell and in vivo models due to low occupancy 

binding of DA and regulatory mechanisms that maintain low DPA and cytosolic DA 

levels, such as neuromelanin formation. 

Given that DPA levels and detection sensitivities in the presence of such 

regulatory mechanisms must be low, we reasoned that DPA detection sensitives might be 

increased by enriching adducts. Thus, a DA-mimetic proteomic probe (DAyne) was 

designed with an alkynyl enrichment handle included to extract DPAs and improve 

proteomic and fluorometric sensitivity. Reduction of ostensible off-targets in these 

enrichment studies could then be reduced by modifying DA exposure to cells without 

compromising analytical sensitivity. These principles led to the design of DAyne.  

Our DA-mimetic reactivity-based probe DAyne, includes an amino-modified 

propargyl enrichment tag on the DA scaffold, which makes it unique among DA-mimetic 

probes. This modification does not prevent our probe from cyclizing into an 

aminochrome-mimetic upon oxidation in a reaction trajectory that mirrors DA oxidation 

both kinetically and thermodynamically. Developing a probe that shares a similar kinetic 

and thermodynamic profile to DA is of paramount importance to ensure DQ metabolite 

lifetimes and protein bindings mirror native DQ metabolite binding when profiling 

representative DPAs in cell models. Indeed, we show this to be the case 

spectroscopically, which demonstrates that the oxidation of DA and DAyne leads to the 
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formation of DQ (1b) and aminochrome species (1d) at similar apparent rates. Similar to 

previous studies, we observed the aminochrome species to be the most 

thermodynamically stable under our in vitro conditions for both DA and DAyne and likely 

the primary DQ metabolites involved in DPA generation. Alkylating the amine did not 

drastically alter DA-induced cytotoxicity at low doses in vitro and enabled visualization 

of DPAs by fluorescent microscopy. These latter studies confirm, at least qualitatively, 

that the functional profile of DA is represented faithfully by DAyne due to kinetic and 

thermodynamic properties among their chief metabolites. Therefore, amino-tagged DA 

offers the potential to comprehensively profile DPAs generated from all DA oxidative 

metabolites. 

Probe molecules designed previously to mimic DA have taken advantage of 

nonreactive functional groups to prevent cyclization of DQ, increasing the abundance of 

DQ-modified DPAs but preventing aminochrome (1d) formation and their DPA 

counterparts. For example, functionalized hydroxydopamine (6-OHDA) quinone-based 

reactivity probes have incorporated enrichment handles via an amide bond at nitrogen.118 

However, these probes rely on aminoacyl installation chemistries for propargyl 

incorporation. Such probes bear polarized amide carbonyls that significantly alter the 

electrostatic potential of the DA scaffold, preventing it from traversing the membrane of 

live cells, limiting its broad utility. Additionally, 6-OHDA based probes can only 

generate DQ-like oxidation products and not cyclic intermediates like 1d, 1e, and 1f, 

limiting the scope of potential DPAs detected to those generated with DA. Given the 

short lifetime of DQ-like metabolites (1b) and the long lifetime of aminochrome (1d) 
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metabolites observed for DA, the biological pathways of these product metabolites may 

be different, and DPAs identified using 6-OHDA probes may not represent PD-specific 

DPAs. The failure of 6-OHDA to cyclize into 1d and 1e might account for differences in 

pathologies observed between 6-OHDA rat models and clinical PD.3 However, DQ-based 

probes should complement the use of probes like DAyne as they can aid in 

characterization efforts that distinguish the relative importance of each class of DPA 

modification in disease etiology. DPA enrichment should serve as a complement to other 

powerful characterization methods that use native DA as a probe, such as 14C 

autoradiography and isotopic tandem orthogonal proteolysis-activity based protein 

profiling (iso-TOP-ABPP) methodology.152, 153, 213 

There are several advantages to using DAyne as a DPA characterization that 

cannot be achieved using state-of-the-art analytical platforms discussed above. For 

example, the use of a DA mimic to identify native DPAs eliminates the use of toxic 

radioactive 14C detection isotopes to visualize low-abundant DPAs. Alkyne−azide pull-

downs also provide higher selectivity than boronic acid resins used previously to enrich 

catechol- containing DPAs, but that are unable to distinguish catechols from other vicinal 

alcohols. Additionally, enrichment chemistries for DAyne are robust, allowing exposures 

at physiological concentrations. Distinct protein bands were observed in our immunoblots 

after exposing SH-SY5Y cells to concentrations as low as 10 nM after oxidation with 

TY. DAyne enrichment also proved advantageous for carrying out studies requiring long-

term exposures. The amount of external DA or, as in the case here, DAyne added to cells 

for the detection of DPAs are more than ten times lower and fall within physiologically 
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relevant concentrations than many previous studies.152, 153 These lower concentrations 

enabled long time- resolved in vitro experiments to be conducted without significant cell 

death or compromising detection of DPAs. Parallel multidimensional analyses, such as 

fluorescence microscopy and proteomic analyses also enhance the utility of this probe 

molecule, enabling reproducible discovery and validation of DPA targets. Collectively, 

DAyne proved to be a versatile probe molecule to generate reproducible adducts that may 

begin to shape our understanding of DA’s contribution to neurodegeneration during the 

entire aging spectrum. 

One of the useful features of DAyne highlighted here is the high sensitivity 

realized in chemoproteomic enrichment experiments, which revealed that DQs form 

adducts with proteins contained within several diverse families that influence myriad 

functions. Proteins that are inactivated or structurally altered within these families and 

pathways have the potential to significantly compromise neuronal integrity and influence 

age-related neurodegeneration or PD progression. Within our collection of candidate 

DPAs are various classes of proteins that have been identified in previous studies, 

including cytoskeletal proteins, ubiquitin proteosome machinery and protein folding.152, 

153, 163 PDIs were among the major classes of enriched DPAs identified in our GO 

analysis. PDIs assist in protein folding and rely on thiol disulfide oxidoreductase activity 

to create S−S bonds. Impairment of that function by DQ modification is expected to 

activate the unfolded protein response, elicit ER stress and perturb cell redox 

homeostasis, which were identified as major pathways affected by DAyne exposure in a 

STRING analysis. We confirmed that both DA and DAyne modify PDIA3 through 
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competitive experiments with recombinant protein and in cellular lysates. We also 

showed that DQs functionally inhibit PDI activity. Collectively, the data presented here 

are consistent with reports from other laboratories that demonstrate the initiation of ER 

stress due to quinone exposure and, specifically, inactivation of PDI family proteins upon 

quinone modification.118, 250 For example, Farzam et al. identified that PDIA1 

oxidoreductase activity was inhibited by 6-OHDA.118 They also show that this inhibition 

is rescued in the presence of cysteine, but not methionine, suggesting that inhibition is a 

direct result of PDI modification and not the generation of ROS. The results from our 

study, therefore, provide conclusive evidence that PDI proteins are modified and 

functionally inactivated by cytosolic DA metabolites.  

PD is a multifactorial and heterogeneous degenerative disease and several 

possible pathways involved in protein folding (e.g., ER stress), oxidative stress, and 

cellular organization (e.g., cytoskeletal and endosomal dysfunction) have been proposed 

as primary mechanisms leading to neurodegeneration.111 Therefore, multiple pathways 

are likely involved in PD pathogenesis and an unbiased proteomics approach for 

identifying protein targets perturbed by the presence of DQs may help elucidate precise 

mechanisms by which DA contributes to neurodegeneration. PDI is upregulated during 

ER stress, for example, which is highly associated with protein misfolding and oxidative 

stress responses. Members of the PDI family are highly expressed during PD and are 

found in Lewy bodies from PD donor SNc.251 Thus, our data suggest that PDI 

inactivation by DA contributes to ER dysfunction that may contribute to protein 

misfolding and Lewy body pathology, however more detailed experiments are needed to 
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confirm this. Interrogating the role of DA and PDI within these specific pathways may 

uncover molecular-level targets for future therapeutic discovery.  

Modification of cytoskeletal proteins by DA has been proposed as another 

molecular mechanism for DPA-induced toxicity,42 and several proteins involved in these 

pathways were identified as DA targets in our study. The microtubule associated proteins 

(MAPs) were identified here as proteomic hits are particularly interesting due to their 

interactions with the tau protein that forms neurofibrillary tangles during Alzheimer’s 

disease pathogenesis. MAPs organize subcellular components, organelles, and synaptic 

vesicles. We also found proteins impacted by DPAs that are involved in proteasomal 

degradation pathways, such as UPS10 and HUWE3. Other studies have postulated that 

DA modification of these proteolytic enzymes contribute to DA derived toxicity, as cells 

exposed to DA lose the ability to break down damaged proteins.134, 234 The identification 

of DPAs here that have been reported elsewhere further validates the utility of our probe 

technology to characterize DPAs. 152, 153, 163  

In addition to the identification of DPAs featured in PD- related pathogeneses, our 

chemo-proteomic experiments also identified novel DPAs that have not been reported 

previously. Notably, we found a significant enrichment of clathrin heavy chain 1 

(CLTC), which affects synaptic vesicle formation.252 This result is notable given recent 

GWAS data associating mutations in CLTC with impaired synaptic vesicle endocytosis 

and PD incidence.253 Our discovery that DA modifies CLTC requires more thorough 

investigation to validate how DA modification specifically influences synaptic vesicle 

endocytosis. 
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It is important to note significant differences between our study and prior works, 

which likely account for the absence of PD-related DPAs enriched in our proteomics data 

set, including the redox sensor protein DJ-1 and the E3 ubiquitin ligase parkin. We 

attribute this difference to our use of undifferentiated SH-SY5Y cells and our dosing of 

cells at lower concentrations for longer exposures. Our cell-based experiments were 

conducted at 10 μM DAyne to reduce the level of nonspecific or off-target adducts, while 

other studies have employed up to 150 μM DA.152, 153 Low probe concentrations also 

enabled us to expose cells for 24 h. We hypothesize that these longer treatment 

conditions allow for study of time- resolved PD models, which should enable 

interrogation of the earliest mechanisms of synaptic density decline during aging and PD. 

Controlling the complex oxidation chemistry of DA has been a major hurdle in 

understanding the consequences of dysregulated DA during normal aging and PD. While 

the development of a chemoproteomic DA-mimetic represents a significant advance in 

characterizing DPAs generated from oxidized DA, the rapid kinetics of AC formation 

under our conditions may limit enriched adducts to those generated with AC and, 

potentially, DHI. It is possible that cellular conditions favoring DA dysregulation may 

enhance DQ levels, in which case probes designed with amido-alkyne linkages or 6- 

substituted catechols may be more suitable to characterize these quinoproteins. The rate 

constant for ortho-quinones modification by thiols is approximately 10,000-fold higher 

than for amines and several studies have demonstrated that cysteine sidechains are the 

most susceptible protein residues towards DQ adduction, so we assume that the proteins 

identified in this current study are generated through cysteine residues.71, 73 We foresee 
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utility in developing conditions that permit DAyne to map specific sites of DQ 

modification on DPAs by enriching DQ-adducted peptides for mass spectrometric 

analyses to validate this and aid in determining motifs with high propensities for DQ-

modification.254-257 Until this problem is solved, future studies could explore a suite of 

DA mimetic probes that each represent a specific DA oxidation state (DQ, AC, DHI) to 

access any differential reactivity between these metabolites. 
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3 Chapter III: Development of Photocaged Dopamine Probes for Controlled 

Release Applications 

 

This chapter is comprised of unpublished results collected by Alexander K. Hurben under 

the supervision of Prof. Tretyakova. 
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3.1 Introduction 

Dopamine (DA) is an important neurotransmitter that plays numerous signaling 

roles. DA also possesses a catechol moiety which is prone to auto oxidation at cellular 

pH. As stated in Chapters I and II, the inherent reactivity of DA complicates analyzing 

its signaling functions in cellular systems. Thus, the development of caged DA delivery 

systems, which block DA signaling and metabolism until desired, would be valuable 

tools to study DA dependent signaling events, both in terms of neurotransmission 

processes as well as protein damage caused by reactive DA metabolites. 

Photocaging represents an attractive strategy for controlling DA release. Light is a 

biocompatible trigger and a non-intrusive stimulus for DA release in cellular models. 

Development and application of photocaged biomolecules and therapeutics is a growing 

field of research.258 Thus far, there are only a few reports of photocaged DA systems, 

which necessitates further exploration in this area.226, 259, 260 Additionally, there are no 

current chemical tools capable of localizing DA release to specific subcellular locations. 

Such tools would enable uncaging DA molecules in specific subcellular locations in order 

to elucidate downstream signaling events in a controlled manner.  

Here, we set out to expand the suite of photoactivatable DA compounds and to 

develop subcellular targeting systems to localize the site of DA release. We found that 

nitro benzene derived photocages enable rapid DA release under 350 nm light irradiation 

and that incorporation of a HaloTag targeting element, paired with the expression of the 

Halo protein in cells allows for subcellular localization of DA photocages in live cells. 
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These new chemical tools should prove useful in the continued study of DA mediated 

biology. 
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3.2 Materials and Methods 

All chemicals and reagents required for the synthesis of DA photocages and 

preparation of buffers were purchased from Sigma Aldrich unless otherwise stated. NMR 

solvents were obtained from Cambridge Isotope Laboratories Inc. HEK 293T cells were 

acquired from ATCC. Cell culture media, additives, and consumables were purchased 

from Corning. DAPI and anti-actin antibody were obtained from ThermoScientific. 

AlamarBlueHS reagent and ProlongGlass were purchased from Invitrogen. The BCA kit 

was bought from Pierce. Mini-protean TGX precast gels, 0.2 µm nitrocellulose and filter 

paper transfer stacks were obtained from BioRad. THPTA and AlexaFlour647 azide were 

purchased from Click Chemistry Tools. Odyssey TBS blocking buffer and secondary 

antibodies were purchased from Licor. TMR Halo-ligand was obtained from Promega. 

The transfection reagent TransIT-2020 was obtained from Mirus Bio LLC. A 0.2-amp 

Spectroline (Model ENF-280C) UV hand lamp was used as the 365 nm light source in all 

experiments. Plasmids were obtained from Addgene. Specifically, Halo-Cyto, was a gift 

from Jin Wang (Addgene plasmid #124314). Licor Image Studio software was used to 

process acquired gel images and statistical analysis was performed with GraphPad. 

Synthetic Procedures:  

General Procedures: 

Chemical reactions were conducted in a fumehood with oven-dried glassware 

under an argon atmosphere unless otherwise stated. Thin-layer chromatography (TLC) 

was performed with analtech silica uniplates and visualized under 254 nm UV light. 

Column chromatography was conducted with 60 mesh silica gel. A Buchi R-200 rotary 
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evaporator and V-100 vacuum pump were used to remove solvent. NMR spectra were 

taken on a 400 MHz Varian spectrometer.  

tert-butyl (3,4-dihydroxyphenethyl)carbamate (1).  

To an Ar purged solution of DA HCl (1.53 g, 10 mmol, 1.0 equiv) in MeOH (100 

mL) was added Boc2O (4.6 mL, 20 mmol, 2.0 equiv) followed by DIPEA (3.4 mL, 20 

mmol, 2.0 equiv). The reaction was stirred for 6 h at 25 °C, and then concentrated in 

vacuo. The resultant mixture was diluted in DCM (100 mL) and washed successively 

with 0.1 N aqueous HCl (2 × 100 mL), brine (100 mL), dried over anhydrous Na2SO4, 

and concentrated in vacuo to afford the title compound 1 (2.5 g, 99%) as an white solid: 

Rf = 0.5 (1:1 hexanes:EtOAc). 1H NMR (400 MHz, METHANOL-d4)  ppm 1.40 (9 H, s) 

2.57 (2 H, t, J=7.43 Hz) 3.16 (2 H, t, J=7.43 Hz) 6.49 (1 H, d, J=8.22 Hz) 6.57 - 6.63 (1 

H, m) 6.65 (1 H, d, J=8.22 Hz) 13C NMR (101 MHz, METHANOL-d4)  ppm 27.3 (3 C, 

s) 35.2 (1 C, s) 41.9 (1 C, s) 78.5 (1 C, s) 114.9 (1 C, s) 115.4 (1 C, s) 119.6 (1 C, s) 

130.7 (1 C, s) 143.3 (1 C, s) 144.8 (1 C, s) 157.0 (1 C, s) LRMS (ESI) m/z [M + H]+ 

calculated for C13H20NO4
+ 245.1, found 245.1. 

General method for photocage installation:  

To a flask charged with 1 (253 mg, 1.0 mmol, 1.0 equiv), K2CO3 (270 mg, 2.0 

mmol, 2.0 equiv), and KI (166 mg, 1.0 mmol, 1.0 equiv) and precursor bromide a-c (1.0 

equiv) was added acetone (10 mL). The reaction was stirred for 48 h at 25 °C, and then 

concentrated in vacuo. The resultant mixture was diluted with EtOAc (20 mL) and 

washed successively with 0.1 N aqueous HCl (2 × 20 mL), brine (20 mL), dried over 

anhydrous Na2SO4, and concentrated in vacuo. Purification by silica gel flash 
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chromatography (gradient of 0 to 50% EtOAc in hexanes) afforded the title compounds 

2a-c (80%, 77%, 50%) as a 1:1 mixture of regioisomers and as orange solids.  

tert-butyl (4-hydroxy-3-((2-nitrobenzyl)oxy)phenethyl)carbamate (2a) 

1H NMR (400 MHz, CHLOROFORM-d)  ppm 1.41 (8 H, s) 2.58 - 2.80 (2 H, m) 3.16 - 

3.40 (2 H, m) 4.50 (1 H, br. s.) 5.49 - 5.58 (2 H, m) 6.57 - 6.85 (2 H, m) 6.86 - 6.94 (1 H, 

m) 7.42 - 7.57 (1 H, m) 7.61 - 7.79 (2 H, m) 7.91 - 8.01 (1 H, m) 8.10 - 8.20 (1 H, m) 

LRMS (ESI) m/z [M + H]+ calculated for C20H25N2O6
+ 389.2, found 389.2. 

tert-butyl (3-((4,5-dimethoxy-2-nitrobenzyl)oxy)-4-hydroxyphenethyl)carbamate (2b) 

1H NMR (400 MHz, CHLOROFORM-d)  ppm 1.24 (2 H, br. s.) 1.41 (8 H, br. s.) 2.56 - 

2.78 (2 H, m) 3.31 (2 H, br. s.) 3.73 - 3.85 (1 H, m) 3.85 - 4.08 (5 H, m) 4.53 (1 H, br. s.) 

5.43 - 5.59 (2 H, m) 6.65 - 6.82 (2 H, m) 6.84 - 6.97 (1 H, m) 7.13 (1 H, br. s.) 7.72 (1 H, 

dd, J=15.26, 3.52 Hz) LRMS (ESI) m/z [M + H]+ calculated for C22H29N2O8
+ 449.2, 

found 449.2. 

tert-butyl (4-hydroxy-3-(1-(3-nitrodibenzo[b,d]furan-2-yl)ethoxy)phenethyl)carbamate 

(2c) 

1H NMR (METHANOL-d4,400MHz):  = 8.54 (s, 1 H), 8.22 (s, 1 H), 8.09 (d, J=7.8 Hz, 

1 H), 7.53 - 7.66 (m, 2 H), 7.42 (t, J=7.4 Hz, 1 H), 6.65 (s, 1 H), 6.58 (d, J=8.2 Hz, 1 H), 

6.43 (d, J=7.0 Hz, 1 H), 6.03 (d, J=6.3 Hz, 1 H), 3.10 (t, J=7.2 Hz, 2 H), 2.52 (t, J=7.2 

Hz, 2 H), 2.13 (s, 12 H), 1.78 ppm (d, J=6.3 Hz, 3 H). LRMS (ESI) m/z [M + H]+ 

calculated for C27H29N2O7
+ 493.2, found 493.2. 

General method for Boc deprotection:  
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To a flask charged with 2a-c (0.05 mmol, 1.0 equiv) was added a mixture of 1:1 

DCM:TFA (2 mL). The reaction was stirred for 48 h at 25 °C, and then concentrated in 

vacuo. Purification by HPLC using a Sunfire C18 column (5 μm, 150 × 2.0 mm, 10.0 

mL/min flow rate, buffer A: H2O), buffer B: ACN) involved a linear gradient of 0-95% B 

(0-25 min), followed by an isocratic hold at 95% B (25-30 min) afforded the title 

compounds 3a-c (95%, 97%, 90%) as a 1:1 mixture of regioisomers and as orange solids. 

4-(2-aminoethyl)-2-((2-nitrobenzyl)oxy)phenol 3a 

1H NMR (400 MHz, METHANOL-d4)  ppm 2.77 - 2.89 (2 H, m) 3.05 - 3.16 (2 H, m) 

5.47 - 5.56 (2 H, m) 6.78 (1 H, m) 6.82 - 6.91 (2 H, m) 7.57 (1 H, t, J=7.43 Hz) 7.73 (1 

H, q, J=7.17 Hz) 7.85 - 7.97 (1 H, m) 8.09 - 8.19 (1 H, m). LRMS (ESI) m/z [M + H]+ 

calculated for C15H17N2O4
+ 289.1, found 289.1. 

4-(2-aminoethyl)-2-((4,5-dimethoxy-2-nitrobenzyl)oxy)phenol (3b) 

1H NMR (400 MHz, METHANOL-d4)  ppm 2.81 (2 H, td, J=7.63, 3.91 Hz) 3.04 - 3.13 

(2 H, m) 3.84 - 3.94 (6 H, m) 5.51 (2 H, d, J=10.56 Hz) 6.66 (1 H, dd, J=8.22, 1.96 Hz) 

6.73 - 6.80 (1 H, m) 6.81 - 6.91 (2 H, m) 7.42 (1 H, s) 7.46 (1 H, s) 7.76 (1 H, d, J=1.57 

Hz) LRMS (ESI) m/z [M + H]+ calculated for C17H21N2O6
+ 349.1, found 349.1. 

4-(2-aminoethyl)-2-(1-(3-nitrodibenzo[b,d]furan-2-yl)ethoxy)phenol (3c) 

1H NMR (700 MHz, METHANOL-d4)  ppm 1.85 (3 H, d, J=6.19 Hz) 2.78 (2 H, t, 

J=7.30 Hz) 3.07 (2 H, t, J=7.30 Hz) 6.12 (1 H, d, J=6.19 Hz) 6.55 (1 H, d, J=8.40 Hz) 

6.70 (1 H, d, J=8.40 Hz) 6.77 (1 H, br. s.) 7.46 - 7.50 (1 H, m) 7.62 - 7.67 (1 H, m) 7.70 
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(1 H, d, J=7.96 Hz) 8.14 (1 H, d, J=7.52 Hz) 8.29 (1 H, s) 8.58 (1 H, s). LRMS (ESI) m/z 

[M + H]+ calculated for C22H21N2O5
+ 393.1, found 393.1. 

ethyl 2-(4-formyl-2-methoxyphenoxy)acetate (5) 

To a solution of ethyl 2-bromoacetate (2.0 g, 13 mmol, 1.0 equiv) in ACN (50 

mL) was added ethyl 2-bromoacetate (1.2 mL, 14 mmol, 1.1 equiv) and K2CO3 (3.6 g, 26 

mmol, 2.0 equiv). The reaction was stirred for 14 h at 25 °C, and then concentrated in 

vacuo. The resultant mixture was diluted in DCM (100 mL) and washed successively 

with H2O (2 × 100 mL), brine (100 mL), dried over anhydrous Na2SO4, and concentrated 

in vacuo to afford the title compound 5 (3.7 g, 99%) as a white solid. 1H NMR 

(CHLOROFORM-d,400MHz):  = 9.84 (s, 1 H), 7.34 - 7.48 (m, 2 H), 6.86 (d, J=8.2 Hz, 

1 H), 4.76 (s, 2 H), 4.18 - 4.32 (m, 2 H), 3.94 (s, 3 H), 1.20 - 1.33 ppm (m, 3 H). LRMS 

(ESI) m/z [M + H]+ calculated for C12H15O5
+ 239.0, found 239.0. 

ethyl 2-(4-formyl-2-methoxy-5-nitrophenoxy)acetate (6) 

Compound 5 (574 mg, 2.4 mmol, 1.0 equiv) was slowly added portion wise to ice 

cooled soln of HNO3 (5 mL). The reaction was stirred for 30 min and allowed to warm to 

25 °C. The reaction was quenched with the addition of 50 mL ice cold water, which 

yielded the final product 6 (479 mg, 60%) as a pale yellow precipitate. 1H NMR 

(CHLOROFORM-d, 400MHz):  = 10.43 (s, 1 H), 7.52 (s, 1 H), 7.35 - 7.47 (m, 1 H), 

4.81 (s, 2 H), 4.28 (q, J=7.0 Hz, 2 H), 4.02 (s, 3 H), 1.30 ppm (t, J=7.2 Hz, 3 H). LRMS 

(ESI) m/z [M + H]+ calculated for C12H13NO7
+ 284.0, found 284.0. 

2-(4-formyl-2-methoxy-5-nitrophenoxy)acetic acid (7) 
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To a solution of 6 (1 g, 3.8 mmol, 1.0 equiv) in MeOH (10 mL) was added a soln 

of LiOH (632 mg, 15.4, 4 equiv) in 2 mL of H2O. The reaction was stirred for 30 min at 

25 °C, and then concentrated in vacuo. The resultant mixture was diluted in 1:1 of 1 N 

HCl:DCM (100 mL) and washed successively with H2O (2 × 100 mL), brine (100 mL), 

dried over anhydrous Na2SO4, and concentrated in vacuo to afford the title compound 7 

(811 mg, 84%) as an white solid. 1H NMR (CHLOROFORM-d,400MHz): = 10.45 (s, 1 

H), 7.59 (s, 1 H), 7.44 (s, 1 H), 4.88 (s, 2 H), 4.03 ppm (s, 3 H) LRMS (ESI) m/z [M + 

H]+ calculated for C10H10NO7
+ 256.0, found 256.0. 

N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-2-(4-formyl-2-methoxy-5-

nitrophenoxy)acetamide (8) 

To a solution of 7 (50 mg, 0.16 mmol, 1.0 equiv), DIPEA (272 uL, 0.64 mmol, 

4.0 equiv), and halo ligand 2-(2-((6-chlorohexyl)oxy)ethoxy)ethan-1-amine261 (70 mg, 

0.17 mmol, 1.05 equiv) in DMF (3 mL) was added EDC HCl (41 mg, 0.17, 1.1 equiv). 

The reaction was stirred for 18 h at 25 °C, and then concentrated in vacuo. The resultant 

mixture was diluted with DCM (20 mL) and washed successively with 0.1 N aqueous 

HCl (2 × 20 mL), brine (20 mL), dried over anhydrous Na2SO4, and concentrated in 

vacuo. Purification by silica gel flash chromatography (gradient of 0 to 100% EtOAc in 

hexanes) afforded the title compound 8 (15 mg, 17%) as yellow oil. 1H NMR 

(CHLOROFORM-d, 400MHz):  = 10.45 (s, 1 H), 7.62 (s, 1 H), 7.43 (s, 1 H), 4.63 (s, 2 

H), 4.02 (s, 3 H), 3.53 - 3.64 (m, 8 H), 3.50 (t, J=6.7 Hz, 2 H), 3.43 (t, J=6.7 Hz, 2 H), 

1.73 (d, J=7.4 Hz, 3 H), 1.53 - 1.61 ppm (m, 3 H) LRMS (ESI) m/z [M + H]+ calculated 

for C20H30ClN2O8
+ 461.2, found 461.2. 
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N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-2-(4-(hydroxymethyl)-2-methoxy-5-

nitrophenoxy)acetamide (9) 

To a solution of 8 (15 mg, 0.03 mmol, 1.0 equiv) in THF (2 mL) was added 

NaBH4 (15 mg, 0.13, 4 equiv). The reaction was stirred for 15 min at 25 °C, and then 

quenched with 5 mL of sat. NH4Cl. The resultant mixture was diluted with EtOAc (10 

mL) and washed successively with H2O (2 × 20 mL), brine (20 mL), dried over 

anhydrous Na2SO4, and concentrated in vacuo. Purification by silica gel flash 

chromatography (gradient of 0 to 100% EtOAc in hexanes) afforded the title compound 9 

(12 mg, 80%) as yellow oil. 1H NMR (CHLOROFORM-d,400MHz):  = 7.73 (s, 1 H), 

7.13 (br. s., 1 H), 4.98 (s, 2 H), 4.56 (s, 2 H), 4.00 (s, 3 H), 3.52 - 3.63 (m, 9 H), 3.50 (t, 

J=6.7 Hz, 2 H), 3.43 (t, J=6.7 Hz, 2 H), 1.69 - 1.79 (m, 3 H), 1.50 - 1.62 (m, 7 H), 1.40 

(br. s., 4 H), 1.34 ppm (d, J=7.0 Hz, 3 H) LRMS (ESI) m/z [M + H]+ calculated for 

C20H32ClN2O8
+ 463.2, found 463.2. 

N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-2-(4-((2-hydroxy-4-(2-(prop-2-yn-1-

ylamino)ethyl)phenoxy)methyl)-2-methoxy-5-nitrophenoxy)acetamide (10, TRDP) 

To a solution of 9 (12 mg, 0.025 mmol, 1 equiv) in 1 ml of THF was added PBr3 

(3.5 uL, 0.038, 1.5 equiv) dropwise. The reaction was stirred for 18 h at 25 °C and then 

BocDAyne (5 mg, 0.025 mmol, 1 equiv) and K2CO3 (6 mg, 0.05 mmol, 2 equiv) were 

added. The reaction was stirred for 3 days at 25 °C, and then concentrated in vacuo. Next, 

2 mL of a 1:1 soln of TFA and DCM were added. The reaction was stirred for 30 min at 

25 °C, and then concentrated in vacuo. Purification by HPLC using a Sunfire C18 

column (5 μm, 150 × 2.0 mm, 10.0 mL/min flow rate, buffer A: H2O), buffer B: ACN) 
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involved a linear gradient of 0-95% B (0-25 min), followed by an isocratic hold at 95% B 

(25-30 min) afforded the title TRDP 10 (0.7 mg, 5%) as a 1:1 mixture of regioisomers 

and an orange solid. 1H NMR (METHANOL-d4, 400MHz):  = 8.10 (s, 1 H), 7.83 (s, 1 

H), 7.56 (s, 1 H), 7.51 (br. s., 1 H), 6.81 - 6.93 (m, 2 H), 6.73 - 6.81 (m, 2 H), 5.48 - 5.56 

(m, 2 H), 4.62 (s, 2 H), 3.94 - 4.01 (m, 2 H), 3.91 (dd, J=5.7, 2.5 Hz, 2 H), 3.52 - 3.62 (m, 

4 H), 3.40 - 3.52 (m, 4 H), 3.11 (br. s., 1 H), 2.81 - 2.90 (m, 2 H), 1.91 (s, 2 H), 1.63 - 

1.75 (m, 3 H), 1.49 - 1.58 (m, 2 H), 1.30 - 1.46 (m, 4 H), 1.27 ppm (s, 1 H). LRMS (ESI) 

m/z [M + H]+ calculated for C31H43ClN3O9
+ 636.3, found 636.3. 

Photolysis of Caged DA Probes Monitored by HPLC: 

Caged DA samples designated for photolysis were prepared by adding 50 µL of a 

solution containing 100 μM in PBS (pH 7.4, 0.15% DMSO) to a 0.6 mL PCR tubes. The 

samples were irradiated at 365 nm via a Spectroline UV hand lamp positioned 1 inch 

above the midpoint of the tube. At 30 s timepoints, 20 μL of the reaction were removed 

and analyzed by HPLC using a Luna C18 column (5 μm, 150 × 2.0 mm, 1.0 mL/min flow 

rate, buffer A: ammonium acetate (pH 4), buffer B: MeOH) involved a linear gradient of 

0-95% B (0-15 min), followed by an isocratic hold at 95% B (15-20 min)). Absorbance 

was monitored at 254 nm and peak areas corresponding to caged compounds were 

integrated and normalized to the peak area at time zero to determine the half-life of under 

365 nm light exposure over three independent replicates. 

Photolysis of Caged DA Probes Monitored by NMR: 

Solutions of caged DA compounds (2 mM, deuterated PBS) were placed into 

quartz NMR and were irradiated at 365 nm via a Spectroline UV hand lamp positioned 1 
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inch above the midpoint of the tube. Samples were analyzed via 1H NMR at the indicated 

timepoints. 

Alamar Blue Cell Viability Assay: 

HEK 293T cells were seeded into a 96 well plate at a density of 20,000 cells per 

well in 100 µL of FBS medium and incubated for 24 h. The FBS medium was removed 

and replaced with the indicated treatment condition in FBS-free MEM media. 

Specifically, following a 3 h TRDP treatment to mimic control released assay conditions, 

the medium was refreshed, and the cells were further incubated for 18 h. After 

incubation, the medium was removed and replaced with 100 µL of a 10% alamar blue 

solution in FBS-free MEM medium. The plates were incubated for 4 h in the dark at 37 

°C and then fluorescence was measured at Ex/Em 560/590 nm on a BioTek Synergy H1 

plate reader. Cell viability for a given treatment condition was calculated by normalizing 

the fluorescence signal to the DMSO treated control. 

Confocal Microscopy: 

HEK 293T cells were cultured on Neuvitro GC-25-1.5-Laminin coverslips to 70% 

confluency with MEM medium containing 10% FBS and Pen/Strep 100 U/mL under a 

5% CO2 atmosphere at 37 °C. Cells were transfected with 2.5 μg Halo plasmids via the 

serum-compatible Mirus TransIT-2020 transfection reagent following the manufacturer’s 

instructions. After 24 h, the medium was removed and replaced with the indicated 

treatment condition in FBS-free medium. For competitive binding experiments, cells 

were treated with DMSO vehicle or 12.5 μM TRDP for 2 h.  Then the cells were washed 

with serum-free medium and then incubated with 5 μM HaloTag TMR for 1 h. Following 
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the allotted incubation time, the cells were washed three times with 2 mL PBS, fixed with 

2 mL of 4% PFA (molecular biology grade) in PBS for 10 min, and washed an additional 

three times with PBS. Next, three washes with PBT were performed. All cells’ nuclei 

were stained with 300 nM of DAPI for 30 min and were further washed an additional 

three times with PBS. A drop of prolong glass anti-photobleaching solution was placed 

on the coverslips, which were mounted to glass slides and allowed to cure for 48 h. The 

slides were then sealed with clear nail polish and stored at 4 °C until they were imaged. 

Images were acquired on an Olympus FluoView FV1000 BX2 upright confocal 

microscope using a PLAPON 60X O NA:1.42 objective. Laser Ex/Em were set at 

405:461, and 557:576 for DAPI, and TMR, and AlexaFlour647, respectively. 

General Protocol for the Controlled Release of DAyne with TRDP in Live Cells: 

HEK 293T cells were cultured in MEM supplemented with 10% v/v FBS in the 

presence of 100 U/mL Pen/Strep antibiotics under a 5% CO2 atmosphere at 37 °C. Cells 

were seeded into 6-well tissue treated plates at 400,000 cells per well. Cells were 

transfected with 2.5 μg Cyto-Halo, via the serum-compatible Mirus TransIT-2020 

transfection reagent (7.5 μL) following the manufacturer’s instructions. After 24 h 

following transfection, cells were washed with PBS and subjected to the desired 

treatment conditions in FBS free medium. Cells treated with TRDP were incubated with 

12.5 μM TRDP for 2 h, then the medium was removed and replaced with fresh FBS-free 

medium and was further incubated for 30 min. Two additional 30-min washes were 

performed to ensure unbound TRDP was removed. For metal treated samples, the cells 

were incubated in PBS containing FeCl3 or CuCl2 (50 μM) in FBS-free medium 10 min 
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prior to irradiation. Samples were irradiated at 365 nm with a handheld UV lamp for 20 

min which was positioned 1 inch above the cell monolayer. Cells were incubated at 37 °C 

for the specified amount of time prior to lysis and downstream analysis. 

Following the allotted incubation time, the cells were collected through 

trypsinization, washed twice with PBS, and lysed in 200 µL of MPER lysis buffer 

supplemented with HALT protease inhibitors. The lysates were centrifuged at 14,000 g 

for 8.5 min to remove debris. The supernatant was collected, and the protein 

concentrations were determined through a BCA assay per manufacturer’s protocol. 

Click reactions were performed in a total volume of 100 µL at a protein 

concentration of 50 µg/mL with 10 µM AlexaFlour647 azide, 1.5 mM THPTA, 1 mM 

CuSO4 and 3 mM sodium ascorbate. The reactions were agitated at 25 °C for 1 h in the 

dark. Proteins were precipitated with 400 µL cold acetone overnight at -20 °C. Following 

a 20 min centrifugation at 21,000 g, the acetone was carefully aspirated, and the protein 

pellets were dissolved into 30 µL of 1× Licor loading buffer with 10% -mercaptoethanol 

and denatured for 5 min at 95 °C, then 13.5 µL of each sample was loaded into 4–20% 

gradient mini-protean TGX precast gels for SDS-PAGE. Gels were fixed overnight in an 

aqueous solution of 30% EtOH and 10% acetic acid to wash out excess fluorophore and 

imaged with a Licor odyssey CLX instrument to visualize protein adducts. The gels were 

then stained with coomassie blue to confirm equivalent loading. 
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3.3 Results 

Our first objective was to synthesize a set of photocaged DA compounds. We 

selected nitro benzene derived photocage scaffolds based on their reported ability to 

release phenols and their synthetic tractability.262 As shown in Figure 3.1 photocaged DA 

3a-c were obtained in three steps which commenced with the Boc protection of DA’s free 

amine. Next the photoprotecting groups were installed via reaction with the 

corresponding brominated precursors of 2-nitrobenzene (Nitro), 4,5-dimethoxy-2-

nitrobenzene (DMN), and nitrodibenzofuran (NDBF). The Nitro and DMN bromides 

were commercially available and the NDBF bromide was synthesized according to 

previous reports.263 Reaction with the bromides yielded a mixture of regioisomers at both 

hydroxyl positions on the catechol. The final compounds were furnished upon acidic 

removal of the Boc group. 

Next, we examined the UV-vis spectra of Nitro, DMN, and NDBF DA. The 

photocaged DA compounds were dissolved in PBS and analyzed in a spectrometer to 

afford the spectra shown in Figure 3.2 Both the DMN and NDBF derivatives produced 

red-shifted local maxima at ~350 nm compared to Nitro DA which had a local maxima at 

~280 nm. This result is expected due to the increased electronic density within the ring 

system. These data also indicate that DMN and NDBF DA photocaged should photolyze 

efficiently at 360 nm irradiation.  

With our DA photocaged compounds in hand, we moved to evaluate their 

photolysis efficiency. DA photocaged compounds were dissolved in phosphate-buffered 

saline (PBS) pH 7.4 and irradiated with 365 nm. Photolysis was tracked via HPLC-UV as 
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shown in Figure 3.3. NDBF DA underwent rapid photolysis with a half-life of ~0.5 min. 

DMA DA had a half-life of ~ 3 min and Nitro DA had a haft-life of ~5 min. These results 

revealed that increased electron density within the nitro benzene based photocage led to 

an increased photolysis rate. Such data is important for the continued development of DA 

and other phenol based photocages as rapid uncaging is desirable in biological 

applications. 

We also confirmed DA release via NMR. As shown in Figure 3.4A, the proton 

resonances corresponding to NDBF DA dimmish in intensity as a function of 365 nm 

irradiation time and give way to peaks corresponding to DA and 1-(3-

nitrosodibenzofuran-2-yl)ethan-1-one. Given the NMR evidence and reported nitro 

benzene photolysis mechanisms, we propose that our photoprotected DA compounds 

uncage through mechanism shown in Figure 3.4B. This mechanism begins with the light 

mediated excitation of the nitro group, which rearranges into a hemiacetal species and 

undergoes hydrolysis to afford DA and the nitroso byproduct.264   

Our next objective was to design and synthesize a caged DA probe which could 

be targeted to different subcellular locations to release DA in a regionally defined area of 

a cell on demand. To do so, we selected the HaloTag technology,265 comprised of a Halo 

protein and chloroalkane targeting ligand, which react to generate a 1 : 1 ligand to protein 

covalent complex. This Halo system provides synthetic tractability, rapid target 

engagement, and documented success in similar applications.224 We initially attempted to 

install the HaloTag targeting element on to the NDBF photocage, but encountered 

synthetic obstacles. Thus we opted to modify the DMN scaffold to yield the targetable 
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releasable dopamine probe, TRDP, (Figure 3.5A), taking inspiration from reports of 

similar photocages immobilized to solid supports.266 

The overall synthetic route to obtain TRPD is shown in Figure 3.5B. Synthesis 

commenced with the alkylation and nitration of 4-hydroxy-3-methoxybenzaldehyde. The 

installed ester was then deprotected to the corresponding acid to enable installation of the 

halotag ligand through EDC mediated amide coupling. Next, the aldehyde was reduced 

and converted to a bromide to allow for DA, or in our case here, the alkynylated DA 

probe, DAyne, to be incorporated. As discussed in Chapter II, the DAyne probe can be 

used to report on DA adducted proteins. Finally, acidic deprotection furnished TRDP. 

With TRDP in hand, we sought to examine its effect on cell viability and ability 

to engage transiently expressed Halo protein within the cell. We found that TRDP had no 

significant effect on HEK 293T cell viability as measured by an alamar blue assay at 

concentrations as high as 12.5 μM (Figure 3.6A). Thus, TRDP is tolerated at low doses. 

We next assessed the cell penetrability and target engagement of TRDP with Halo protein 

in live cells. To do so, we performed a competitive binding experiment with TRDP and a 

tetramethyl rhodamine (TMR) HaloTag ligand. The TMR HaloTag ligand contains a 

chloroalkane moiety which covalently binds Halo protein and can be visualized through 

confocal microscopy. However, this interaction can be blocked by another chloroalkane 

containing compound, in our case TRDP, resulting in the loss of TMR signal. Cells 

transfected with Halo protein and treated with 5 μM TMR HaloTag ligand alone 

displayed a high degree of fluorescence in their cytosol, whereas pre-treatment with 12.5 

μM TRDP prior to TMR HaloTag ligand administration ablated fluorescent signal as 
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shown in Figure 3.6B. These results demonstrate that TRDP penetrates cell membranes 

and can engage cytosolic Halo protein. 

Finally, we explored if our TRDP platform could be used to confer spatiotemporal 

control over DA protein adduct formation in live cells. We implemented a gel-based 

assay to visualize proteins adducted by the released DAyne. Halo transfected HEK 293T 

cells were treated with 12.5 μM TRDP for two hours and then subjected to three washes, 

once every 30 min, to remove any unbound TRDP. The cells were then irradiated with 

365 nm light for 20 min, to release DAyne. After light exposure, the cells were incubated 

for either 1, 16 or 24 hours. Afterwards the cells were collected, washed, lysed, and 

subjected to a CuAAC reaction, which appended the Alexa647 fluorophore to any DAyne 

protein adducts. The lysates were resolved through SDS-PAGE, allowing proteins 

modified by DAyne and remaining Halo–TRDP complex to be visualized via fluorescent 

gel imaging. As shown in Figure 3.7A, 20 min of 365 nm irradiation reduced the 

fluorescent intensity of the Halo–TRDP complex by 80%, indicating that TRDP was 

successfully photolyzed in a cellular setting. However, despite the successful release of 

DAyne, we did not observe any prominent fluorescent bands corresponding to DA protein 

adducts at any of the timepoints the cells were incubated post light exposure. We 

hypothesize that the lack of DA protein adducts generated might be because of the 

relatively low concentration of DAyne released by the TRDP platform. The amount of 

DAyne released is estimated to be ~ 10 μM (see Chapter IV for Halo protein intracellular 

concentration calculations). This amount may be too low to generate a substantial amount 

of reactive DA metabolites responsible for driving adduct formation. As at low 



 

116 

concentrations the released DAyne is likely rapidly detoxified into nonreactive species, 

and thus abundant DA proteins adducts are not observed. This is unlike when the cells 

were treated with 500 μM DAyne for 4 hours, which yielded numerous fluorescently 

labeled DA protein adducts (Figure 3.7A).  

In an effort to improve the yield of intracellular DA protein adducts generated 

under our controlled release platform, we exposed cells to 50 μM Cu2+ or Fe3+ prior to 

light exposure. These treatments were to simulate a pro-oxidative cellular environment by 

increasing levels of redox active metals. Previous reports suggest that altered neuronal 

metal concentrations may be linked to PD progression and induce intracellular DA 

oxidation.267, 268 As shown in Figure 3.7B, pretreatment with Cu2+ prior to DA release 

produced a higher level of  high molecular weight florescent protein bands in comparison 

to Fe3+ or non metal treated cells. This suggests that elevated levels of intracellular Cu2+ 

could induce DA oxidation towards reactive adduct forming metabolites. Collectively, 

these results show that the TRDP platform is capable of releasing DAyne upon light 

exposure, however the levels of DAyne released do not generate abundant DA protein 

adducts.  
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Figure 3.1. Synthesis of photocaged DA compounds 

(a) Boc2O, DIPEA, MeOH; 99%. (b) bromide precursor a-c, K2CO3, KI, acetone; 80-

50%. (c) TFA, DCM; 98-95%. 
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Figure 3.2. UV-vis spectra of photocaged DA compounds 

Compounds were analyzed at 0.1 mM in PBS. Spectra were obtained an a nanodrop 

spectrometer. 
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Figure 3.3. Photolysis of DA photocages 

Solutions of DA photocages (0.1 mM) in PBS (pH 7.4) were irradiated for 0.5, 1-, 5-, 10- 

and 30-min time intervals at which aliquots were removed and analyzed via HPLC. 

Integrated peak areas of indicated compounds were normalized to time zero plotted 

against 365 nm light exposure time. Data are represented as mean  SEM of 3 

independent replicates and fit to a one phase exponential decay function. 
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Figure 3.4. NMR characterization and proposed mechanism of NDBF DA photolysis 

A) NMR spectra time course of 1 mM NDBF DA in a solution of MeOD irradiated with 

360 nm light for the specified times. Water solvent peak was removed for clarity. B) 

Postulated mechanism of NDBF DA photolysis. 
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Figure 3.5. Design and synthesis of TRDP 

A) Schematic of TRDP and photo release of DAyne. B) Synthesis of TRDP: (a) ethyl 2-

bromoacetate and K2CO3; 99% (b) HNO3; 60% (c) LiOH; 84% (d) EDC, Halo ligand, 

and DIPEA; 17%, (e) NaBH4; 60% (f) PBr3 (g) Boc DAyne and K2CO3 60% (h) TFA; 5% 

(over three steps). 
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Figure 3.6. TRDP is nontoxic and engages halo protein 

A) Cell viability of HEK 293T cells as measured by alamar blue following 18 h 

incubation with TRDP. Data are represented as mean  SEM from 4 technical replicates 

and normalized to DMSO control. Statistical analysis was performed by a one-way 

ANOVA (top bar) and Tukey post hoc test (* P < 0.05). B) Confocal imaging of HEK 

293T cells transfected with Halo protein treated with either 5 μM TMR HaloTag only 

(left), or with 12.5 μM TRDP for 1 h prior to treatment with 5 μM TMR HaloTag (right). 

DAPI is shown in blue and TMR is shown in red.  
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Figure 3.7. Controlled release of DAyne by TRDP platform in live HEK 293T cells 

A,B) Representative gels of Halo- transfected cells treated with either the indicated 

conditions: 100 μM DAyne for 4 h, pretreatment with X μM of Cu2+ or Fe3+, 12.5 μM of 

TRDP with or without a 20 min 365 nm light. Following incubation at the specified time, 

the cells were lysed, and lysates were subjected to a CuAAC reaction with Alexa647 

azide to visualize DA protein adducts. Top: Alexa Fluor 647 fluorescence intensity. 

Bottom: Imperial protein stain to confirm equivalent protein loading. 
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3.4 Discussion 

Controlling DA dynamics is important for studying DA signaling pathways and 

DA metabolism. Here, we showed how DA can be photocaged effectively with nitro 

based photoprotecting groups. We also designed a photocage functionalized with a 

Haloligand for targeting DA release to subcellular locations with the Halotag system. 

While releasing DAyne with this targeted release system failed to produce abundant DA 

protein adducts, this tool is expected to have utility in studying other DA dependent 

biological processes that respond to small, localized bursts of released DA. 

In the case of generating DA protein adducts on demand, TRDP could be 

redesigned to release a more reactive quinone species instead of a catechol moiety. 

Controlled release approaches to generated protein adducts on demand have been 

successful when releasing lipid derived electrophiles and dicarbonyls.221, 223 Thus, direct 

release of a more reactive DA quinone metabolite is expected to yield higher levels of 

protein adducts. However, controlled release of DA is still useful in studying DA 

signaling as shown by work with reported photocaged DA molecules.226, 259, 260 We 

envision that the nitro based photocages and the TRDP platform will aid in elucidating 

the precise mechanisms by which DA influences cellular phenotype and signaling events. 
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4 Chapter IV: Photocaged Dicarbonyl Probe Provides Spatiotemporal Control 

Over Protein Glycation 

 

Adapted in part with permission by the Royal Chemistry Society from:  

 

Hurben A.K., Ge P., Bouchard J.L., Doran T.M., Tretyakova N.Y. Controlling Protein 

Glycation in Cells with a Light Activatable Dicarbonyl Probe. Chemical 

Communications, 2022, 58 (6), 855–858. 

 

This chapter is adopted from a manuscript published in Chemical Communications with 

contributions from Alexander K. Hurben (synthesis, photolysis experiments, cellular 

experiments), Peng Ge (transfection protocol optimization) and Jacob Bouchard 

(expression and purification of halo protein) under the supervision of Prof. Tretyakova 

and Prof. Doran, which was supplemented with additional unpublished results obtained 

by Alexander K. Hurben under the supervision of Prof. Tretyakova. 
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4.1 Introduction 

Posttranslational modification (PTM) of proteins greatly expands the number of 

possible proteoforms beyond the number of those explicitly genetically encoded.269-272 

PMTs can alter the structure and function of proteins and add a layer of chemical 

complexity to the proteome.273-277 To date, there are over 700 reported PTMs in the 

UniProt’s PTM Knowledgebase.278 PMTs can be installed and removed through 

enzymatic mechanisms,279 or caused by reactive metabolites which form covalent adducts 

with amino acid side chains.280 The abundance of non-enzymatically derived PMTs 

suggest a link between metabolism and regulation of protein function and link between 

health and disease.273, 281-283 

Protein glycation is an important non-enzymatic PTM that influences cell 

signaling, alters chromatin structure, and is implicated in numerous age- related diseases 

such as cancer, neurodegeneration, diabetes, and cardiovascular disease.284-286 The 

principle metabolic driver of protein glycation is methylglyoxal (MGO), an endogenous 

dicarbonyl reactive electrophile species (RES) generated by the spontaneous degradation 

of glycolytic intermediates.287 The -oxoaldehyde moiety within MGO readily forms 

covalent adducts with proteins and DNA, resulting in advanced glycation end products 

(AGEs) (Figure. 4.1A).288 Arginine and lysine are the primary amino acid residues 

modified by MGO, but cysteine is also susceptible to reversible modifications.289 Of the 

DNA bases, guanine and adenine are prone to glycation by MGO.290 It should be noted 

that MGO can also generate crosslinks between proteins, proteins and DNA and proteins 

and metabolites, this will be further explored in Chapter V of this thesis.291 As shown in 
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Figure 4.1B, glycation modifications are structurally diverse. Currently there are 

unanswered questions about the biological significance of these non-enzymatic PTMs in 

terms of how they affect protein function and influence phenotype. The development of 

technologies capable of identifying proteins susceptible to glycation and understanding 

the functional ramifications of such adducts is critical to elucidating the role dicarbonyl 

metabolites like MGO play in ageing and disease.292 As highlighted in Chapters I and II 

of this thesis, protein modifications caused by reactive electrophile species are important 

events which can drive toxicity and influence phenotypic outcomes. 

Various tools have been developed to study AGEs generated by MGO, including 

MGO specific antibodies and alkyne functionalized MGO probes.293-297 While these 

approaches allow for detection and identification of glycated proteins within cells, they 

often require non-native conditions and employ MGO concentrations of > 100 M, which 

is orders of magnitude higher than physiological levels (1–10 M).298 Such dosing 

regimens, coupled with the innate reactivity of dicarbonyl compounds, exerts extraneous 

influence on the cellular responses being investigated (Figure 4.2A). Thus, novel 

strategies enabling precise release of biologically relevant concentrations of dicarbonyl 

compounds intracellularly are needed in order to comprehensively understand the 

processes that regulate glycated proteins and to elucidate their influence on cellular 

phenotype. 

To address the current gap in methodology, we sought to develop a platform 

capable of releasing an intracellular -oxoaldehyde probe in living cells (Figure 4.2B). 

We drew our inspiration from pioneering work on photocaged lipid derived electrophiles 
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by the Aye laboratory.222, 299, 300 We envisioned that rendering a dicarbonyl precursor 

inert with a photolabile protecting group (photocaging) would be an effective strategy as 

light is a precise and bio-compatible stimulus, allowing for spatiotemporal control over 

cargo release. Additionally, we sought to incorporate a HaloTag-targeting element in our 

design for subcellular localization of our caged electrophilic precursor (akin to Chapter 

III for DA). We hypothesized that this design would allow us to identify proteins that are 

highly susceptible to modification by dicarbonyl species and may act as sensors of 

metabolites like MGO.301 Identification of such proteins would greatly improve our 

understanding of the cellular processes that regulate dicarbonyl stress. Here, we present 

the design and synthesis of T-DiP (targetable dicarbonyl precursor) and demonstrate how 

T-DiP can be utilized to release a dicarbonyl probe with spatiotemporal control within 

live cells. 
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Figure 4.1. Methylglyoxal reacts with biomolecules to form advanced glycation end 

products 

A) Generation of MGO and downstream advanced glycation end products (AGE) 

formation or detoxification. B) Structures of representative MGO adducts. 
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Figure 4.2. Strategies in studying proteins adducted by reactive electrophile species 

(RES) in cellular systems 

A) Bolus dosing of a RES probe, here shown with bio-orthogonal alkyne functionality for 

target enrichment and identification. Treatment modifies numerous targets in a relatively 

uncontrolled fashion, complicating the analysis and elucidation of cellular responses. B) 

Controlled release of RES probe. An inert, targetable RES precursor is initially dosed to 

cells; following incubation and removal of excess unbound probe, cells are irradiated to 

release RES payload with spatiotemporal control. 
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4.2 Materials and Methods 

All chemicals and reagents required for the synthesis of targetable dicarbonyl 

precursor (T-DiP) and preparation of buffers were purchased from Sigma Aldrich unless 

otherwise stated. NMR solvents were obtained from Cambridge Isotope Laboratories Inc. 

HEK 293T cells were acquired from ATCC. Cell culture media, additives, and 

consumables were purchased from Corning. DAPI and anti-actin antibody were obtained 

from ThermoScientific. AlamarBlueHS reagent and ProlongGlass were purchased from 

Invitrogen. The BCA kit was bought from Pierce. Mini-protean TGX precast gels, 0.2 µm 

nitrocellulose and filter paper transfer stacks were obtained from BioRad. THPTA and 

AlexaFlour647 azide were purchased from Click Chemistry Tools. Odyssey TBS 

blocking buffer and secondary antibodies were purchased from Licor. TEV protease was 

purchased from Genscript. Anti-Halo antibody and TMR Halo-ligand were obtained from 

Promega. The transfection reagent TransIT-2020 was obtained from Mirus Bio LLC. A 

0.2-amp Spectroline (Model ENF-280C) UV hand lamp was used as the 365 nm light 

source in all experiments. Plasmids were obtained from Addgene. Specifically, Halo-

Cyto, Halo-Mito, and Halo-ER were gifts from Jin Wang (Addgene plasmid #124314, 

#124315, #124316) and pet28a-His6-Halo-Tev-Keap1 was a gift from Yimon Aye 

(Addgene plasmid #62456). UBA1 was purchased from ABCAM. Licor Image Studio 

software was used to process acquired gel images and statistical analysis was performed 

with GraphPad. 

General Reaction Conditions: 
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Chemical reactions were conducted with oven-dried glassware under argon 

atmosphere unless otherwise stated. Anhydrous solvents were dried with activated 4 Å 

molecular sieves. Thin-layer chromatography (TLC) was performed with Analtech silica 

uniplates and visualized under 254 nm UV light or with KMnO4 staining. Column 

chromatography was conducted with 60 mesh silica gel. NMR spectra were acquired on a 

400 MHz Bruker spectrometer at room temperature. HRMS spectra were obtained on a 

Bruker ESI-BioTOF II instrument and internally calibrated with PEG 300. Schemes of 

reactions are shown in Figures 4.3-4.7. 

Synthetic Procedures: 

2-Allyl-1-[(2-oxohex-5-yn-1-yl)oxy]anthracene-9,10-dione (1, caged DiCyne):  

To a solution of 2-Allyl-1-hydroxyanthra-9,10-quinone (75 mg, 0.33 mmol, 3.0 

equiv), K2CO3 (45 mg, 0.33 mmol, 3.0 equiv), and TBAI (20 mg, 0.050 mmol, 0.50 

equiv) in THF:DMF (1:1 v/v, 2 mL) was added a solution of 6 (30 mg, 0.11 mmol, 1.0 

equiv) in THF (1 mL). The reaction was stirred for 18 h at 25 °C, then diluted with 

EtOAc (20 mL) and washed successively with 0.1 N aqueous HCl (2 × 20 mL), brine (20 

mL), dried over anhydrous Na2SO4, and concentrated in vacuo. Purification by silica gel 

flash chromatography (gradient of 0 to 10% EtOAc in hexanes) afforded the title 

compound 1 (30 mg, 77%) as an orange solid: Rf = 0.5 (9:1 hexanes:EtOAc). 1H NMR 

(400 MHz, CDCl3) δ 2.00 (t, J = 2.4 Hz, 1H), 2.64 (td, J = 7.6 Hz, J = 2.8 Hz, 2H), 3.11 

(t, J = 7.6 Hz, 2H), 3.60 (d, J = 6.4 Hz, 2H), 4.58 (s, 2H), 5.09 (dd, J = 16.8 Hz, J = 1.6 

Hz, 1H), 5.17 (dd, J = 10.2 Hz, J = 1.2 Hz, 1H) 5.94–6.04 (m, 1H), 7.66 (d, J = 8.0 Hz, 

1H), 7.76–7.79 (m, 2H), 8.15 (d, J = 8.0 Hz, 1H), 8.22–8.26 (m, 2H). 13C NMR (101 
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MHz, CDCl3) δ 12.5, 34.3, 38.2, 68.8, 78.0, 83.1, 117.4, 124.2, 125.3, 126.8, 127.3, 

132.6, 133.8, 134.2, 134.3, 134.5, 135.5, 136.2, 142.3, 156.3, 182.6, 182.8, 205.4. HRMS 

(ESI-TOF) m/z [M + Na]+ calculated for C23H18O4Na+ 381.1103, found 381.1117. 

2-Oxohex-5-ynal (2, DiCyne):   

Compound 2 was prepared with slight modification of a previously reported 

protocol.297 Briefly, compound 5 (47 mg, 0.41 mmol, 1.00 equiv) was dissolved into 10 

mL of anhydrous CH2Cl2. Dess-Martin periodinane (181 mg, 0.42 mmol, 1.02 equiv) was 

added and the reaction mixture was stirred for 18 h at 25 °C. The reaction was then 

cooled to 0 °C for 10 min and filtered over celite to remove precipitate. Next, 10 mL of 

aqueous 2.5% Na2S2O3 in saturated NaHCO3 was added to the filtrate and the resultant 

solution was for vigorously stirred for 1 h. The reaction mixture was extracted with 

CH2Cl2 (3 × 20 mL), washed with brine (60 mL), dried over anhydrous Na2SO4, and 

concentrated in vacuo. The title compound was purified via silica gel flash 

chromatography (gradient of 0 to 100% CH2Cl2 in hexanes) to afford DiCyne 2 (11 mg, 

24%) as a pale oil: Rf = 0.8 (3:2 hexanes:EtOAc). Spectral characterization of this 

compound was in agreement with previous reports.296, 297 

2-Oxohex-5-yn-1-yl 4-methylbenzenesulfonate (6):  

Intermediates 4 and 5 were synthesized as previously reported.302 Compound 5 

(170 mg, 1.5 mmol, 1.0 equiv) was dissolved into 3 mL of anhydrous CH2Cl2 and cooled 

to 0 °C. Pyridine (180 μL, 2.3 mmol, 1.5 equiv) and TsCl (430 mg, 2.3 mmol, 1.5 equiv) 

were added and the reaction was allowed to warm to room temperature and stirred for 1 

h. The reaction was diluted with CH2Cl2 (20 mL) and washed with 1 N aqueous HCl (20 
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mL), brine (mL), dried over anhydrous Na2SO4, and concentrated in vacuo. Purification 

by silica gel flash chromatography (gradient of 0 to 50% EtOAc in hexanes) afforded the 

title compound (172 mg, 43%) as a clear oil: Rf = 0.4 (4:1 hexanes:EtOAc). 1H NMR 

(400 MHz, CDCl3) δ ppm 1.94 (t, J = 2.8 Hz, 2H), 2.39–2.52 (m, 4 H, m), 2.78 (t, J = 7.6 

Hz, 1H), 4.52 (s, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.82 (d, J = 8.0 Hz, 2H). 13C NMR (101 

MHz, CDCl3) δ ppm 12.3, 21.7, 38.0, 69.2, 71.8, 82.1, 128.1, 130.1, 132.2, 145.6, 201.4. 

HRMS (ESI-TOF) m/z [M + Na]+ calculated for C13H14O4SNa+ 289.0510, found 

289.0523. 

N-(2-(2-((6-Chlorohexyl)oxy)ethoxy)ethyl)-2-(9,10-dioxo-1-((2-oxohex-5-yn-1-yl)oxy)-

9,10-dihydroanthracen-2-yl)acetamide (8, T-DiP):  

Compound 7 was synthesized according to previous reports.299 To a solution of 7 

(61 mg, 0.125 mmol, 1 equiv), K2CO3 (51 mg, 0.375 mmol, 3 equiv), and TBAI (14 mg, 

0.038 mmol, 0.3 equiv) in THF:DMF (1:1 v/v, 2 mL) was added a solution of 6 (100 mg, 

0.375 mmol, 3 equiv) in THF (1 mL). The reaction was stirred for 18 h at 25 °C, then 

diluted with EtOAc (20 mL) and washed successively with 0.1 N aqueous HCl (2 × 20 

mL), brine (20 mL), dried over anhydrous Na2SO4, and concentrated in vacuo. The crude 

material was purified by silica gel flash chromatography (gradient of 50 to 100 % EtOAc 

in hexanes) to afford T-DiP 8 (37 mg, 51%) as an orange solid: Rf = 0.5 (9:1 

hexanes:EtOAc). T-DiP 8 was subjected to an additional RP-HPLC purification step on a 

Sunfire C18 column (5 μm, 19 × 250 mm) prior to cellular studies (buffer A: H2O, buffer 

B: CH3CN, flow rate; 10 mL/min, gradient: 5% B to 70% B from 0 to 12.5 min, 70% B 

to 95% B from 12.5 to 27 min, 95% B until 35 min; 8 eluted at ~ 90% B). 1H NMR (400 
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MHz, CDCl3) δ ppm 1.31–1.39 (m, 3H), 1.39–1.48 (m, 3H), 1.53–1.63 (m, 5H), 1.71–

1.81 (m, 3H), 2.00 (t, J = 2.4 Hz, 1H), 2.60 (td, J = 7.2 Hz, J = 2.4 Hz, 2H), 2.90 (t, J = 

7.2 Hz,  2H), 3.41–3.47 (m, 4H), 3.49–3.63 (m, 10H), 3.74 (s, 2H), 4.79 (s, 2H), 6.73 (m, 

1H), 7.74–7.84 (m, 3H), 8.16 (d, J = 7.6 Hz, 1H), 8.25 (m, 2H). 13C NMR (101 MHz, 

CDCl3) δ ppm 12.7, 25.4, 26.7, 29.4, 32.5, 37.7, 38.6, 39.5, 45.0, 69.12, 69.6, 70.0, 70.3, 

71.2, 82.7, 124.4, 126.8, 127.3, 133.9, 134.3, 134.4, 134.8, 137.1, 156.7, 169.4, 182.55, 

204.6. HRMS (ESI-TOF) m/z [M + H]+ calculated for C32H37NO7Cl+ 582.2253, found 

582.2265. 

2-allyl-1-(2-oxopropoxy)anthracene-9,10-dione (9, caged MGO):  

To a solution of -Allyl-1-hydroxyanthra-9,10-quinone (75 mg, 0.33 mmol, 3.0 

equiv), K2CO3 (45 mg, 0.33 mmol, 3.0 equiv), and TBAI (20 mg, 0.050 mmol, 0.50 

equiv) in THF:DMF (1:1 v/v, 2 mL) was added a solution of 2-oxopropyl tosylate303 (30 

mg, 0.11 mmol, 1.0 equiv) in THF (1 mL). The reaction was stirred for 18 h at 25 °C, 

then diluted with EtOAc (20 mL) and washed successively with 0.1 N aqueous HCl (2 × 

20 mL), brine (20 mL), dried over anhydrous Na2SO4, and concentrated in vacuo. 

Purification by silica gel flash chromatography (gradient of 0 to 10% EtOAc in hexanes) 

afforded the title compound 1 (27 mg, 26%) as an orange solid: Rf = 0.5 (9:1 

hexanes:EtOAc). 1H NMR (500 MHz, CDCl3) δ 8.22 - 8.28 (m, 2 H), 8.14 (d, J=7.9 Hz, 

1 H), 7.74 - 7.82 (m, 2 H), 7.66 (d, J=7.9 Hz, 1 H), 5.99 (ddt, J=16.9, 10.3, 6.4 Hz, 1 H), 

5.13 - 5.19 (m, 1 H), 5.09 (dq, J=17.1, 1.6 Hz, 1 H), 4.57 (s, 2 H), 3.60 (d, J=6.4 Hz, 2 

H), 2.44 ppm (s, 3 H) 13C NMR (126 MHz, CDCl3) δ 205.3, 182.8, 182.6, 156.4, 142.3, 
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136.1, 135.6, 134.6, 134.3, 134.2, 133.7, 132.6, 127.3, 126.7, 125.4, 124.2, 117.3, 78.2, 

34.3, 26.7 LRMS (ESI-TOF) m/z [M + H]+ calculated for C20H17O4
+ 321.1, found 321.1. 

Photolysis of Caged DiCyne Monitored by HPLC: 

Caged DiCyne 1 samples designated for photolysis were prepared by adding 50 µL 

of a solution containing 150 μM 1 in PBS (pH 7.4, 0.15% DMSO) to a 0.6 mL PCR 

tubes. The samples were irradiated at 365 nm via a Spectroline UV hand lamp positioned 

1 inch above the midpoint of the tube. At 30 s timepoints, 20 μL of the reaction were 

removed and analyzed by HPLC using a Luna C18 column (5 μm, 150 × 2.0 mm). The 

analysis method (1.0 mL/min flow rate, buffer A: H2O, buffer B: CH3CN) involved a 

linear gradient of 5-95% B (0-25 min), followed by an isocratic hold at 95% B (25-30 

min). Absorbance was monitored at 254 nm and peak areas corresponding to caged 

DiCyne were integrated and normalized to the peak area at time zero to determine the half-

life of 1 under 365 nm light exposure over three independent replicates. 

Light Dependent DiCyne-Peptide Adduct Formation: 

A solution of the peptide SGFRY or Ac-LESRHYAG (100 μM) in PBS (pH 7.4) 

was incubated with either DMSO, 150 μM DiCyne, MGO, 150 μM caged DiCyne, or caged 

MGO in a total volume of 30 µL containing 1.6% DMSO. Samples designated for light 

exposure were irradiated with 365 nm light for 5 min. All samples were subsequently 

incubated for 18 h in the dark at 37 °C. The solutions were then prepared for MALDI-MS 

by desalting with Millipore C18 ziptips following the manufacturer’s instructions. 

Desalted samples were either spotted onto a MALDI plate with a saturated solution of α-

cyano-4-hydroxycinnamic acid as the matrix or prepared for LC-MS/MS. MALDI 
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spectra were acquired on an AB-Sciex 5800 MALDI/TOF-MS to monitor DiCyne-peptide 

adduct formation over two independent replicates. LC-MS/MS analysis was performed 

on a Eksigent NanoLC-Ultra 2D HPLC system coupled to a nanospray ESI source and 

the Thermo Scientific Q Exactive Mass Spectrometer. Peptides were resuspended in 16 

uL 0.1% formic acid. 4 µL sample were separated using an in-house packed C-18 column 

(15 cm x 75 um, Luna C18) across a 60 min gradient. Mobile phase A was 0.1% formic 

acid in water and mobile phase B was 0.1% formic acid in acetonitrile. Source parameters 

were set as 3.0 kV spray voltage, capillary temperature of 300C and S-lens RF level of 

50%. MS analysis was performed using a top 12 data-dependent mode. The full scan was 

run using the resolution setting of 70,000 and an AGC target of 1 x 106. The exclusion 

duration was set for 30 s for dynamic exclusion. The 12 most intense precursor ions were 

chosen for HCD fragmentation which was set at 30%. The fragmentation scan was 

acquired with an isolation window of 2.0 m/z, a resolution of 17,500 at an AGC target of 

5 x 104 or a maximum injection time of 50 ms. 

General Protocol for DiCyne Light Mediated Release in Lysates: 

HEK 293T cell lysates (1 mg/mL) in MPER lysis buffer with 1.0% DMSO were 

incubated with the indicated concentration of caged DiCyne for a given experiment in a 

total reaction volume of 50 µL and irradiated with 365 nm light via a Spectroline UV 

hand lamp for the specified amount of time. Following further incubation at 37 °C, a 

click reaction was performed with 10 µM AlexaFlour647 azide, 1.5 mM tris((1-hydroxy-

propyl-1H-1,2,3-triazol-4-yl)methyl)amine (THTPA), 1 mM CuSO4 and 3 mM sodium 

ascorbate. The reactions were agitated with an orbital shaker at 25 °C for 1 h in the dark. 
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Proteins were then precipitated with 400 µL of cold acetone overnight at -20 °C. 

Following centrifugation at 21,000 g for 20 min, the acetone was carefully aspirated, and 

the protein pellets were dissolved into 30 µL of 1× Licor loading buffer (125 mM Tris-

HCl, pH 6.8, 50% glycerol, 4% SDS, 0.2% Orange G dye) containing 10% β-

mercaptoethanol and denatured for 5 min at 95 °C. Next, 13.5 µL of each sample was 

loaded into 4–20% gradient mini-protean TGX precast gels for SDS-PAGE. Gels were 

fixed overnight in an aqueous solution of 30% EtOH and 10% acetic acid to wash out 

excess fluorophore and imaged with a Licor odyssey CLX instrument to quantify DiCyne 

derived AGEs. The gels were then stained with coomassie blue to confirm equivalent 

loading. 

Expression of His6 Halo Protein: 

Recombinant His6-HaloTag protein was expressed in E. coli BL21 cells as a 

His6-Halo-TEV-Keap1 fusion protein as previously described with slight modification.224 

Briefly, expression of the fusion protein was carried out in LB Broth (Miller, 25 g/L) 

containing 50 μg/mL of carbenicillin (LB media). Agar plates containing 50 μg/mL of 

carbenicillin were streaked and allowed to grow overnight. The following day, a single 

colony was selected and used to inoculate 50 mL of LB media and was grown overnight 

at 37 °C. Then 5 mL of the overnight culture was diluted in 500 mL of LB media. The 

flask was placed on a shaker at 37 °C at 225 RPM and allowed to grow for ~4 h (OD = 

~0.45 – 0.6). Expression was induced with 250 μM IPTG over 18 h at 19 °C. The 

resulting suspension was pelleted at 4,500 g for 12 min at 4 °C. The pellet was suspended 

in lysis buffer (50 mM NaH2PO4 (pH 8.0), 10 mM imidazole, 5 mM β-mercaptoethanol, 
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0.5 mM phenylmethylsulfonyl fluoride, and 0.01% Triton X-100) and lysed by sonication 

at 40 W in 30 s intervals for T-DiP min (4 min total sonication). The cellular debris was 

pelleted at 38,000 g for 25 min at 4 °C and the supernatant was collected. The supernatant 

was purified using TALON affinity chromatography and fractions containing the fusion 

protein were confirmed through western blot. The desired fractions were subsequently 

purified via size exclusion chromatography (SEC) by injecting them on a Bio-RAD NGC 

SEC system equipped with a GE Superdex HiLoad 16/60 column equilibrated with SEC 

buffer (50 mM Tris (pH 8.0), 10 mM dithiothreitol, 100 mM NaCl and 5% glycerol) at 4 

°C. The fractions containing the desired fusion protein were characterized by western 

blot. Cleavage of the fusion protein was achieved using TEV protease. TEV (10,000 

U/mL) was incubated with the fusion protein (1.5 mg/mL) in SEC buffer for 18 h to 

generate His6-Halo protein. The resulting cleavage product was purified using TALON 

affinity chromatography and characterized through SDS-PAGE and western blot. The 

protein concentration was determined by A280 (calculated extinction coefficient of 

59930 M-1cm-1). The protein was aliquoted and stored in SEC buffer at -80 °C until 

needed. 

Photolysis of T-DiP-Halo Complex in vitro: 

For photolysis experiments, 1 µg of His6-Halo protein, (66 µM in PBS, pH 7.4, 

3% DMSO) was incubated with 66 µM T-DiP in a total volume of 30 µL per condition. 

The resultant solutions were incubated in the dark at 37 °C for 30 min to allow the 

covalent complex to form between the Halo protein and chloroalkane ligand. Samples 

were then subjected to 365 nm light exposure for 0, 1, 5, or 15 min followed by a click 
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reaction through the addition of 0.1 mM AlexaFlour647 azide, 1.5 mM THPTA, 1 mM 

CuSO4 and 3 mM sodium ascorbate. The reaction was allowed to proceed for 1 h and 

quenched with 7.5 µL 4× gel loading buffer. Samples were boiled at 95 °C for 5 min, 

then 30 µL of each sample was loaded into 4–20% gradient mini-protean TGX precast 

gels for SDS-PAGE. Gels were fixed overnight in an aqueous solution of 30% EtOH and 

10% acetic acid to wash out excess fluorophore and imaged with a Licor odyssey CLX 

instrument to quantify the T-DiP-Halo protein complex. The gels were then stained with 

coomassie blue to confirm equivalent loading. 

Alamar Blue Cell Viability Assay: 

HEK 293T cells were seeded into a 96 well plate at a density of 20,000 cells per 

well in 100 µL of FBS medium and incubated for 24 h. The FBS medium was removed 

and replaced with the indicated treatment condition in FBS-free MEM media. 

Specifically, following a 3 h T-DiP treatment to mimic control released assay conditions, 

the medium was refreshed, and the cells were further incubated for 18 h, or cells were 

subjected to a 20 min light exposure and further incubated for 18 h. After incubation, the 

medium was removed and replaced with 100 µL of a 10% alamar blue solution in FBS-

free MEM medium. The plates were incubated for 4 h in the dark at 37 °C and then 

fluorescence was measured at Ex/Em 560/590 nm on a BioTek Synergy H1 plate reader. 

Cell viability for a given treatment condition was calculated by normalizing the 

fluorescence signal to the DMSO treated control. 

Confocal Microscopy: 
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HEK 293T cells were cultured on Neuvitro GC-25-1.5-Laminin coverslips to 70% 

confluency with MEM medium containing 10% FBS and Pen/Strep 100 U/mL under a 

5% CO2 atmosphere at 37 °C. Cells were transfected with 2.5 μg Halo plasmids via the 

serum-compatible Mirus TransIT-2020 transfection reagent following the manufacturer’s 

instructions. After 24 h, the medium was removed and replaced with the indicated 

treatment condition in FBS-free medium. For competitive binding experiments, cells 

were treated with DMSO vehicle or 12.5 μM T-DiP for 2 h.  Then the cells were washed 

with serum-free medium and then incubated with 5 μM HaloTag TMR for 1 h. Following 

the allotted incubation time, the cells were washed three times with 2 mL PBS, fixed with 

2 mL of 4% PFA (molecular biology grade) in PBS for 10 min, and washed an additional 

three times with PBS. For in-cell click imaging experiments, the cells were treated with 

either DMSO, 500 μM 2 for 4 h, or 12.5 μM T-DiP with a 20-min 365 nm light exposure 

followed by a 15-min incubation prior to fixation as descried above. Following fixation, 

the cells were incubated in a 0.1% Triton X-100 PBS (PBT) solution containing 10 μM 

AlexaFlour647 azide, 1.5 mM THPTA, 1 mM CuSO4, and 50 mM sodium ascorbate for 1 

h to label proteins modified by DiCyne. Next, three washes with PBT were performed. All 

cells’ nuclei were stained with 300 nM of DAPI for 30 min and were further washed an 

additional three times with PBS. A drop of prolong glass anti-photobleaching solution 

was placed on the coverslips, which were mounted to glass slides and allowed to cure for 

48 h. The slides were then sealed with clear nail polish and stored at 4 °C until they were 

imaged. Images were acquired on an Olympus FluoView FV1000 BX2 upright confocal 
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microscope using a PLAPON 60X O NA:1.42 objective. Laser Ex/Em were set at 

405:461, 557:576, and 635:668 nm for DAPI, TMR, and AlexaFlour647, respectively. 

General Protocol for the Controlled Release of DiCyne with T-DiP in Live Cells: 

HEK 293T cells were cultured in MEM supplemented with 10% v/v FBS in the 

presence of 100 U/mL Pen/Strep antibiotics under a 5% CO2 atmosphere at 37 °C. Cells 

were seeded into 6-well tissue treated plates at 400,000 cells per well. Cells were 

transfected with 2.5 μg Cyto-Halo, Mito-Halo, or ER-Halo plasmid via the serum-

compatible Mirus TransIT-2020 transfection reagent (7.5 μL) following the 

manufacturer’s instructions. After 24 h following transfection, cells were washed with 

PBS and subjected to the desired treatment conditions in FBS free medium. Cells treated 

with T-DiP were incubated with 12.5 μM for 2 h, then the medium was removed and 

replaced with fresh FBS-free medium and the cells were further incubated for 30 min. 

Two additional 30-min washes were performed to ensure any unbound T-DiP was 

removed. Samples were irradiated at 365 nm with a handheld UV lamp for 20 min which 

was positioned 1 inch above the cell monolayer. Cells were incubated at 37 °C for the 

specified amount of time prior to lysis and downstream analysis. 

Following the allotted incubation time, the cells were collected through 

trypsinization, washed twice with PBS, and lysed in 200 µL of MPER lysis buffer 

supplemented with HALT protease inhibitors. The lysates were centrifuged at 14,000 g 

for 8.5 min to remove debris. The supernatant was collected, and the protein 

concentrations were determined through a BCA assay per manufacturer’s protocol. 
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Click reactions were performed in a total volume of 100 µL at a protein 

concentration of 50 µg/mL with 10 µM AlexaFlour647 azide, 1.5 mM THPTA, 1 mM 

CuSO4 and 3 mM sodium ascorbate. The reactions were agitated at 25 °C for 1 h in the 

dark. Proteins were precipitated with 400 µL of cold acetone overnight at -20 °C. 

Following a 20 min centrifugation at 21,000 g, the acetone was carefully aspirated, and 

the protein pellets were dissolved into 30 µL of 1× Licor loading buffer with 10% -

mercaptoethanol and denatured for 5 min at 95 °C, then 13.5 µL of each sample was 

loaded into 4–20% gradient mini-protean TGX precast gels for SDS-PAGE. Gels were 

fixed overnight in an aqueous solution of 30% EtOH and 10% acetic acid to wash out 

excess fluorophore and imaged with a Licor odyssey CLX instrument to visualize and 

quantify DiCyne derived protein adducts. The gels were then stained with coomassie blue 

to confirm equivalent loading. 

Proteomic Identification of DiCyne Modified Proteins Under Controlled Release 

Conditions: 

HEK 293T cells were cultured in MEM media supplemented with 10% v/v FBS 

in the presence of 100 U/mL Pen/Strep antibiotics under a 5% CO2 atmosphere at 37 °C. 

Cells were seeded into 10 cm dishes tissue treated plates with 2,000,000. Cells were 

transfected with Cyto-Halo plasmid via the serum-compatible Mirus TransIT-2020 

transfection reagent following the manufacturer’s instructions. After 24 h following 

transfection, cells were washed with PBS and subjected to the desired treatment 

conditions in FBS free medium. Cells treated with T-DiP were incubated with 12.5 μM 

T-DiP for 2 h, then the medium was removed and replaced with fresh FBS-free medium 
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and was further incubated for 30 min. Two additional 30-min washes were performed to 

ensure unbound T-DiP was removed. Samples were irradiated at 365 nm with a handheld 

UV lamp for 20 min which was positioned 1 inch above the cell monolayer. Cells were 

incubated at 37 °C for the 30 mins prior to lysis and downstream analysis. 

Following the allotted incubation time, the cells were collected through 

trypsinization, washed twice with PBS, and lysed in 500 µL of MPER lysis buffer 

supplemented with HALT protease inhibitors. The lysates were centrifuged at 14,000 g 

for 8.5 min to remove debris. The supernatant was collected, and the protein 

concentrations were determined through a BCA assay per manufacturer’s protocol. 

On-Bead Click Reaction: Click Chemistry Tools azide agarose beads (100 μL of 

Cat: 31038-2; Lot: 2333) were washed twice with 1 mL of water. The click reaction was 

conducted by adding a 1 mL solution of 750 μg of protein lysate, 1.5 mM THPTA, 1 mM 

CuSO4, 3 mM Na ascorbate in MPER to the beads. The reaction was allowed to proceed 

for 16 h before the beads were pelleted by centrifugation and the supernatant was 

aspirated.  

Washing of Agarose Beads: The beads were washed once with water and the 

proteins bound to the beads were reduced by addition of 100 mM dithiothreitol (DTT) in 

1 mL of 1% SDS, 5 mM ethylenediaminetetraacetic acid (EDTA), 250 mM NaCl, 100 

mM Tris pH 8.0 and incubation at 70 °C for 15 min. After pelleting the beads and 

removing the supernatant, alkylation was performed with 40 mM iodoacetamide in the 

dark for 30 min in the same buffer as the previous step. Following centrifugation and 

removal of the supernatant, the beads were washed five times with 1 mL of 1% SDS, 5 
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mM EDTA, and 100 mM NaCl in PBS; then, 10 times with 8 M urea in 100 mM Tris pH 

8.0; and finally, 10 times with 20% CH3CN.  

On Bead Digestion: Digestion was performed by suspending the beads in 200 μL 

of 100 mM Tris, 2 mM CaCl2 pH 8.0 and the addition 1 μg of trypsin. The reaction was 

rotated at 37 °C overnight. The supernatant was transferred to a new tube and combined 

with two additional 300 μL water 0.1% formic acid washes. Samples were desalted with 

Pierce C-18 spin columns (Cat: 69725; Lot: TJ276015) per the manufacturer’s instruction 

with MS grade water, CH3CN, and formic acid. The digests were concentrated by 

vacuum evaporation and stored at −20 °C until HPLC-MS/MS analysis. 

HPLC-MS/MS Analysis: Tryptic peptides from each biological replicate were 

analyzed by HPLC-ESI -MS/ MS using a Thermo Scientific Q Exactive Hybrid 

Quadrupole- Orbitrap Mass Spectrometer in line with an Eksigent NanoLC-Ultra 2D 

HPLC system, a nanospray source, and Xcalibur 4.1.31.9 software for instrument control. 

Dried peptide samples were reconstituted in 20 μL of 2% CH3CN; 0.1% formic acid 

Samples (4 μL) were injected onto an in-house packed C18 column (15 cm × 75 μm, 

Luna C18) eluted over 90 min gradient with buffer A (0.1% formic acid) and buffer B 

(CH3CN; 0.1% formic acid). Typical ion source parameters included spray voltage of 4.0 

kV, a capillary temperature of 320 °C, and an S-lens RF level of 55%. MS/MS analysis 

was performed in data-dependent mode using top 12 most abundant ions. The survey 

scan was performed using a resolution setting of 70,000 at 200 m/z with an AGC target 

of 1 × 106. Dynamic exclusion was enabled with an exclusion duration for 30 s. 12 most 

intense precursor ions (excluding singly charged species) were selected for higher-energy 
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C-trap dissociation fragmentation using a collision energy of 30%. The fragmentation 

scan was performed using a resolution of 17,500 with a AGC target of 5 × 104 or 

maximum injection time of 50 ms and an isolation window of 2.0 m/z.  

Data Analysis. MaxQuant (version 1.6.5.0) was used to search the raw mass 

spectrometry data. Default parameters were applied and the human Uniprot database 

(downloaded on 2019/05/15, with 74,349 sequences) was searched against.190 Trypsin 

was selected as the protease with allowance for the maximum of two missing cleavages. 

Variable modifications of methionine oxidation, protein N-terminal acetylation and the 

fixed modification of cysteine carbamidomethylation were included. The precursor ion 

and fragmentation mass tolerance of 4.5 ppm and 0.5 Da were selected, respectively. The 

false discovery rate (FDR) was set to 0.01 at the protein, peptide, and site levels with a 

minimum peptide length of 6 and a minimum Andromeda score of 40. A minimum of 

two peptides were required for protein identification. To obtain label-free protein 

quantification, default LFQ parameters were selected with normalized protein intensities 

as the output. The Perseus software suite (version 1.6.6.0) was used to process the 

resultant LFQ intensities.235 The data were Log2 transformed and filtered following 

previously described methods.236 A two-tailed, two-sample t-test was performed to 

compare protein abundance between groups. Statistically significant enrichment was 

determined with a Benjamini-Hochberg corrected FDR of 0.05 and a minimal coefficient 

of variation (S0) of 2.0. 

MS Analysis of UBA1 MGO Adducts: 
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Solutions of UBA1 (6.7 µM, PBS, pH 7.4) were incubated with MGO (10 mM) in 

25 μL of PBS (pH 7.4) at 37 C. After the allotted reaction time, the reactions were 

quenched upon addition of 6.25 μL of 4x NuPAGE gel loading buffer and 25 μL of 

reaction mixtures were subjected to SDS-PAGE on NuPAGE 4-12% bis tris 1 mm gels. 

Protien bands were excised from the gel. These bands were reduced with TCEP and 

alkylated with iodoacetamide following the instructions of the Thermo In-Gel Tryptic 

Digestion Kit (89871). The gel pieces were dehydrated with acetonitrile for 15 min. The 

solvent was removed and the gel pieces were air dried and then subjected to tryptic 

digestion (1 μg), followed by StageTip desalting, and the resultant peptides were stored at 

-20 °C prior to MS analysis. Prior to MS analysis, samples were resuspended in 12 μL 

0.1% formic acid and 4 μL sample injections were characterized by LC-MS/MS using the 

same liquid chromatography and mass spectrometry settings as described above. The raw 

MS data was searched with proteome discoverer 2.2 against the UBA1 FASTA with the 

additional variable modifications: CEL (+72 Da), CEA (+72 Da), and MG-H1 (+54 Da). 

General Notes: 

For all experiments involving photocaged compounds, care was taken to shield 

samples from stray light to prevent undesired photolysis. Experiments were performed in 

a dimly lit environment and samples were wrapped in foil whenever possible.  
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Figure 4.3. Synthesis of caged DiCyne 
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Figure 4.4. Synthesis of DiCyne 



 

150 

 

Figure 4.5. Synthesis of T-DiP intermediates 
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Figure 4.6. Synthesis of T-DiP 
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Figure 4.7. Synthesis of caged MGO 
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4.3 Results 

Our first objective was to design a photocage for -oxoaldehydes. We selected 

the hydroxy anthraquinone scaffold due to its ability to release aldehydes under 365 nm 

irradiation.304 We synthesized caged MGO and caged DiCyne (dicarbonyl alkyne) to 

release the bioorthogonally functionalized 2-oxohex-5-ynal, DiCyne upon light exposure 

as shown in Figure. 4.8A. The alkyne handle featured in DiCyne facilitates visualization 

and identification of resultant protein adducts through the attachment of an azide linked 

tag via Cu catalyzed azide–alkyne cycloaddition (CuAAC) chemistry. DiCyne has been 

previously reported to be a suitable MGO mimetic.296, 297 However, it must be noted 

DiCyne is significantly larger and more hydrophobic than MGO, which may result in 

differential biological activity. 

Initially, caged DiCyne was subjected to photolysis experiments. Using HPLC-UV, 

we found caged DiCyne to have a half- life of 8  2 s when irradiated with 365 nm light in 

phosphate- buffered saline (PBS) pH 7.4 (Figure 4.8B). We also photolyzed caged 

DiCyne in the presence of an arbitrary arginine containing peptide (SGFRY), which is 

susceptible to modification by the released DiCyne. Through MALDI-MS, we verified the 

formation of the dicarbonyl peptide adduct by observing a 92 Da mass increase in 

irradiated samples, indicative of hydroimidazolone formation at the arginine side chain 

(Figure 4.8C). These results confirm successful light-induced release of DiCyne by our 

photocage. We also performed complementary experiments with caged MGO to release 

MGO in the presence of the peptide Ac-LESRHYAG. Here we monitored adduct 

formation via LC-MS/MS. As shown in Figure 4.9, MGO modification was dependent 
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on light exposure and the site of adduct formation was observed on the Arg residue, 

further indicting release of MGO via the anthraquinone scaffold.  

Next, we investigated if caged DiCyne allowed for on demand protein glycation in 

HEK 293T lysates. Cell lysates were treated with compounds DiCyne or caged DiCyne, 

irradiated for 5 min with 365 nm light, and further incubated for an hour at 37 °C to allow 

for protein adducts to form. We then utilized the alkyne functionality in DiCyne to 

visualize the resultant modified proteins by appending a fluorophore to the alkynylated 

proteins with CuAAC chemistry. This allowed the adducts to be visualized with a 

fluorescent gel imager following SDS-PAGE separation. Caged DiCyne successfully 

glycated proteins following light exposure with a similar banding pattern to DiCyne alone 

(Figure 4.8D). 

We also monitored the stability of our dicarbonyl photocage in lysates. Samples 

treated with caged DiCyne were either kept in the dark or exposed to 365 nm light for 5 

min prior to 18 h incubation at 37 °C (Figure 4.10). The non-irradiated samples 

generated 95  4% less fluorescent signal attributed to DiCyne - protein adducts than their 

illuminated counterparts. This indicates negligible degradation of the caged DiCyne 

precursor and minimal inherit dark reactivity. Collectively, these data show that the 

anthraquinone scaffold is an effective -oxoaldehyde photocage under physiological 

conditions. 

Our subsequent goal was to incorporate a targeting element into our dicarbonyl 

photocage scaffold, so that DiCyne release could be directed intracellularly. We selected 

the HaloTag technology265 comprised of a Halo protein and chloroalkane targeting 
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ligand, which react to generate a 1 : 1 ligand to protein covalent complex. This system 

provides synthetic tractability, rapid target engagement, and documented success in 

similar applications.224 The chloroalkane functionalized T-DiP was prepared in five steps 

(Figure 4.11A).  

We verified that T-DiP covalently engaged recombinant Halo protein and released 

DiCyne upon irradiation with 365 nm light (Figure 4.11B). This was accomplished by 

first incubating recombinant Halo protein and T-DiP in equimolar amounts together to 

form a 1:1 covalent complex. This complex was irradiated for various lengths of time, 0–

15 min, to liberate DiCyne. Next a CuAAC reaction with Alexa647 azide was performed, 

followed by SDS PAGE separation to visualize the remaining Halo : T-DiP complex. 

Fluorescence intensity corresponding to the complex was quantified and normalized to 

the amount of protein loaded to calculate the half-life of the complex under 365 nm light 

exposure, which was found to be 0.9  0.3 min (Figure 4.11C), indicating that DiCyne 

was rapidly released from the Halo bound anthraquinone photocage. 

Upon transitioning to cellular experiments, we ensured that our inert precursor 

molecule was nontoxic. We found that T-DiP had no significant effect on HEK 293T cell 

viability as measured by an alamar blue assay at concentrations as high as 75 M (Figure 

4.12A). Thus, T-DiP is well tolerated at low doses.  

We next generated HEK 293T cells which transiently express Halo protein 

containing targeting sequences towards the cytosol, mitochondria, and endoplasmic 

reticulum (ER) to traffic Halo protein to these areas of the cell.305 We chose these 

locations for targeted release of T-DiP because glycolysis, and thus MGO generation, 
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primarily occurs within the cytosol.306 It is also known that mitochondrial dysfunction, 

along with ER stress, is associated with glycated proteins.307 We estimated the 

concentration of Halo protein expressed within each cell to be ~12, 4, and 8 M, for the 

respective cytosol, mitochondria, and ER targeted Halo variants based off a standard 

curve western blot generated with recombinant Halo protein (Figure 4.13). These 

concentrations are consistent with previous studies.224 

To assess cell penetrability and target engagement of T-DiP with Halo protein in 

live cells, we performed a competitive binding experiment with T-DiP and a tetramethyl 

rhodamine (TMR) HaloTag ligand. The TMR HaloTag ligand contains a chloroalkane 

moiety which covalently binds Halo protein and can be visualized through confocal 

microscopy. However, this interaction can be blocked by another chloroalkane containing 

compound, in our case T-DiP, resulting in the loss of TMR signal. Cells transfected with 

Halo protein and treated with 5 M TMR HaloTag ligand alone displayed a high degree 

of fluorescence in their cytosol, mitochondria, or ER, respectively, whereas pre-treatment 

with 12.5 M T-DiP prior to TMR HaloTag ligand administration ablated fluorescent 

signal as shown in Figure 4.12B. These results demonstrate that compound T-DiP 

penetrates cell membranes and engages proteins at different subcellular locations. 

In order to optimize intracellular DiCyne release with our T-DiP platform in live 

cells, we implemented a gel-based assay to visualize proteins adducted by DiCyne. Halo 

transfected HEK 293T cells were treated with 12.5 M T-DiP for two hours and then 

subjected to three washes, once every 30 min, to remove any unbound T-DiP. The cells 

were then irradiated with 365 nm light for varying amounts of time, 0–20 min, to release 
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DiCyne. After light exposure, the cells were collected, washed, lysed, and subjected to a 

CuAAC reaction, which appended the Alexa647 fluorophore to any DiCyne - protein 

adducts. The lysates were resolved through SDS-PAGE, allowing proteins modified by 

DiCyne and remaining Halo–T-DiP complex to be visualized via fluorescent gel imaging. 

We found the half-life of the Halo : T-DiP complex to be 1.7  0.9 min upon 365 nm 

light exposure in live cells (Figure 4.14) We postulate that interference from the cell 

medium may account for this slower rate of uncaging as compared to in vitro 

experiments. The photolysis of the complex plateaued at 83  9% completion after 20 

min irradiation. This completion percentage was consistent across cytosolic, 

mitochondrial and ER targeted Halo proteins.  

We ensured that 20 min of light exposure did not significantly affect cell viability 

as measured by an alamar blue assay (Figure 4.15). Additionally, this cellular light dose 

falls within reported tolerable ranges.308 Based on these results; we selected a 20 min 

irradiation time for our subsequent experiments. 

We sought to estimate the relative amount of intracellular DiCyne released by T-

DiP following precedent set from similar calculations with caged lipid-derived 

electrophiles.224 Taking the concentration of cytosolic Halo protein per cell to be 

approximately 12 M, a photolysis efficiency of 83%, and assuming complete saturation 

of Halo protein by T-DiP, we estimate that ~10 M DiCyne is liberated in the cytosol 

under our controlled release conditions. Analogously, we surmise ~3 and ~7 M are 

locally released to the mitochondria and ER, respectively. These are physiologically 
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relevant concentrations of dicarbonyl probe as intracellular levels of the metabolite MGO 

have been reported in the range of 1–10 M.298, 309 

Finally, we utilized our T-DiP platform to confer spatiotemporal control over 

protein glycation in live cells. Through our gel-based fluorescence assay, we observed 

that targeting T-DiP to the cytosol, mitochondria, or ER, followed by 20 min light 

exposure to release DiCyne produced unique sets of modified proteins as indicated by the 

differential banding patterns seen in Figure 4.16A. Under dark conditions, T-DiP 

displayed minimal off-target reactivity shown by the selective binding to Halo protein; 

the additional lower molecular weight fluorescent bands below the principal Halo band 

correspond to truncated Halo protein found in western blots (Figure 4.17). We further 

verified the selectivity of T-DiP for Halo protein by treating non-transfected cells with 

our inert T-DiP probe. The fluorescent signal attributed to DiCyne modified proteins was 

93  8% lower in non-transfected cells in comparison to those expressing cytosolic Halo 

protein (Figure 4.16B). 

Additionally, we mapped the cellular localization of proteins modified under 

controlled DiCyne release by an in-cell CuAAC reaction. As shown in Figure 4.16C, 

cytosolic, mitochondrial, and ER targeted DiCyne liberation generated distinctly localized 

areas of protein adducts within the cell. These results highlight the utility of targeted 

electrophile release for studies of reactive metabolites and suggest that there may be 

unique proteins which are particularly susceptible to dicarbonyl modification housed in 

different subcellular locations. These results correlate with the subcellular differences 

seen in glycated proteins via our gel-based assay. 
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Next, we performed proteomic analysis of proteins modified via DiCyne under our 

controlled release conditions. HEK 293T cells were transfected with cytosolic halo 

protein and subjected to the controlled release protocol with T-DiP as described above. 

Three experimental conditions were used, a DMSO control group, cells treated with T-

DiP and exposed to 365 nm irradiation (light), and cells treated with T-DiP with no light 

irradiation (dark). Following cell lysis, DiCyne adducted proteins were captured onto azide 

functionalized beads via CuAAC chemistry akin to the procedure detailed in Chapter I 

of this thesis. After covalent immobilization, the beads were washed to remove 

nonspecific proteins and subjected to tryptic digestion. The resultant peptides were 

desalted and analyzed through LC-MS/MS paired with spectral data search to identify 

proteins within a given sample.  

Label free analysis of enriched proteins through the Maxquant software revealed 

light dependent enrichment of DiCyne modified proteins through our controlled release 

platform. As shown in Figure 4.17A-C, statistically significant enriched proteins were 

only observed in light treated samples. Full list of enriched proteins are provided in 

Table 4.1 and Table 4.2. Additionally, the identity of the enriched proteins were 

consistent between the two control groups with 19 proteins overlapping (Figure 4.17D), 

indicating reliable enrichment.  

Subsequent bioinformatic analysis of the light enriched proteins under controlled 

release conditions was performed through the DAVID biological process over enrichment 

test (Figure 4.17E). Processes such as ubiquitin protein ligase binding, ubiquitin-like 

protein ligase binding, RNA binding, and processes relating to protein folding were the 
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most significantly enriched in our analysis. These results indicate that dicarbonyl 

metabolites could modify and disrupt the activity of proteins involved in these processes 

(eg UBA1, HSP60, HSP70, and EIF4A1). Thus, interference with ubiquitin protein ligase 

binding and protein folding processes be a mechanism of MGO induced stress. However, 

subsequent experiments are needed to confirm this.  

Next, we sought to validate and identify the specific sites of MGO modification 

for the protein UBA1. This protein catalyzes the first step in ubiquitin conjugation to 

mark cellular proteins for degradation.310 Disruption of this process by MGO 

modification may impact ubiquitin dependent process which we found in our 

bioinformatic analysis. We incubated UBA1 with an excess of MGO (10 mM) for 2 or 4 

hours and subjected the reaction mixtures to SDS-PAGE separation to remove excess 

MGO. As shown in Figure 4.18A, prolonged MGO treatment decreased the abundance 

of the UBA1 protein band at the expected MW (117 Da) and produced high molecular 

weight aggregates. These high molecular weight bands were excessed from the gel and 

subjected to tryptic digestion and LC-MS/MS analysis to locate the specific sites of MGO 

modification. We obtained a 48.2% sequence coverage and observed MGO modifications 

in primarily solvent accessible regions of UBA1, namely on Lys89, Lys304, Arg384, 

Lys385, Lys443, Lys465, Lys470, Lys593, Lys671, Agr678, and Lys830 (Figure 4.18B) 

which could be the targets for MGO modification in a cellular context.311 Additionally, 

MS/MS spectra of modified peptides were inspected to ensure high quality MS/MS data. 

A representative MS/MS spectrum the MGO modification at Agr678 for is shown in 
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Figure 4.18C which provide spectral evidence that this sidechain in modified by MGO. 

Collectively, these results suggest that UBA1 is a target for MGO modification. 
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Figure 4.8. Development of an effective dicarbonyl photocage 

A) Schematic of caged DiCyne 1 photolysis to release DiCyne 2. B) Kinetics of caged 

DiCyne 1 photolysis monitored through HPLC-UV. Aliquots of 1 (150 M) were 

irradiated with 365 nm light and subjected to HPLC analysis. Percent compound 

remaining was calculated by integrating the peak area corresponding to 1 and 

normalizing to time zero. Data are represented as mean  SEM of 3 independent 

replicates and fit to a one phase exponential decay function, t1/2:8  2 s. (C) Light induced 

peptide glycation. Overlayed MALDI spectra of peptide (SGFRY) only, peptide 
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incubated with 2, or peptide incubated with 1 with or without 5 min of 365 nm 

irradiation. D) Light controlled protein glycation in lysate. Representative gel of HEK 

293T lysates dosed with 10 M of 2 or 1 and irradiated for 5 min then further incubated 

for 1 h at 37 °C prior to CuAAC reaction with Alexa647 azide. 
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Figure 4.9. Caged MGO releases MGO and generates MGO peptide adducts upon light 

exposure 

A,B,C and D) Extracted ion chromatogram of for Ac-LESRHYAG (top) and MGO 

adducted Ac-LESRHYAG (bottom) masses for peptide only, treatment with MGO, 

treatment with caged MGO with no exposure to 365 nm light, and treatment with 

treatment with caged MGO with exposure to 365 nm light. E) Respective MS/MS spectra 

of MGO adducted Ac-LESRHYAG. 
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Figure 4.10. Stability of DiCyne photocage 

A) Representative agarose gel of HEK293T lysates (1 mg/mL) incubated with 50 M, 25 

M, or 10 M caged DiCyne 1, which were kept in the dark or irradiated for 10 min with 

365 nm light and further incubated for the allotted time at 37 °C prior to CuAAC reaction 

with Alexa647 azide and separation by SDS-PAGE. Top: Fluorescence imaging of 

Alexa647. Bottom: Coomassie stain loading control. B) Integrated fluorescent intensity 

(F.I.) of Alexa647 signal in samples kept in the dark normalized to their irradiated 

counterparts. Data are represented as mean ± SEM from 3 technical replicates. 
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Figure 4.11. T-DiP engages halo protein and releases DiCyne following exposure to light 

A) Synthesis of T-DiP 8: (a) SOCl2; (b) tris(trimethylsiloxy)ethylene and TEA; (c) HCl 

61% (over three steps); (d) TsCl and pyridine 43%, (e) TBAI and K2CO3 60%. B) 

Representative gel of Halo protein incubated with equimolar T-DiP to from a 1:1 

complex followed by 365 nm irradiation and subsequent CuAAC reaction with Alexa647 

azide. C) Normalized fluorescence intensity of Halo : T-DiP complex following light 

exposure. Data are represented as mean  SEM of 3 independent replicates and fit to a 

one phase exponential decay function, t1/2 :0.9  0.3 min. 
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Figure 4.12. T-DiP is nontoxic and targetable to different subcellular areas 

A) Cell viability of HEK 293T cells as measured by alamar blue following 18 h 

incubation with T-DiP. Data are represented as mean  SEM from 4 technical replicates 

and normalized to DMSO control. Statistical analysis was performed by a one-way 

ANOVA (top bar) and Tukey post hoc test (ns: P > 0.05). B) Confocal imaging of HEK 

293T cells transfected with Halo proteins targeted to the cytosol, mitochondria, and ER 

treated with either 5 M TMR HaloTag only (top), or with 12.5 M T-DiP for 1 h prior 

to treatment with 5 M TMR HaloTag (bottom). DAPI is shown in blue and TMR is 

shown in red. Scale bar in bottom left denotes 20 mm. 
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Figure 4.13. Estimation of intracellular halo protein concentration 

A) Representative western blots of HEK 293T cells 24 h post transfection with targeted 

Halo plasmid alongside a standard curve of titrated His6-Halo protein. Top: Anti-Halo. 

Bottom: Anti-Actin B) Standard curve of recombinant His6-Halo protein fluorescence 

intensity as measured through western blot. Data are represented as mean ± SEM from 2 

technical replicates. C) Estimated cellular Halo protein concentration. Halo protein 

concentration was estimated based off the following calculations and assumptions:224, 312 

Following cell lysis, 1% of the sample was loaded into the gel and the cytosolic Halo 

protein concentration in each lane was calculated to be 6 ± 2 ng by the standard curve of 

recombinant protein. The average number of cells collected per well across 6 biological 

replicates was 1 x 106 ± 2 x 104. Thus, ~6 x 10-5 ng (1.7 x 10-8 nmol) of Halo protein is 

expressed in per cell. Using data from Bionumbers 

(http://bionumbers.hms.harvard.edu/bionumber.aspx?id=108893) and the assumption the 

cells are spherical, the radius of an HEK cell is calculated to be 6.5 μm. The approximate 

http://bionumbers.hms.harvard.edu/bionumber.aspx?id=108893


 

169 

volume of each cell (¾ π r3) is estimated to be 1.44 x 10-12 L. Therefore, the average 

concentration of cytosolic Halo protein expressed in each cell is predicted to be ~12 μM. 

Similar calculations were performed for mitochondria and ER targeted Halo protein. 
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Figure 4.14. T-DiP controlled release system rapidly uncages DiCyne in live cells 

Representative agarose gels and western blots of Halo transfected HEK 293T cells treated 

with 12.5 μM T-DiP and irradiated with 365 nm light for the specified time. Lysates were 

subjected to a subsequent CuAAC reaction with Alexa647 azide and separated by SDS-

PAGE. Top: Fluorescence imaging of Alexa647. Second from top: Coomassie stain 

loading control. Second from bottom: anti-Halo. Bottom: anti-Actin. B) Normalized 

fluorescence intensity of Halo:T-DiP complex following light exposure. Data are 

represented as mean ± SEM of two biological replicates and fit to a one phase 

exponential decay function, t1/2: 1.7  0.9 min. C) Normalized fluorescence intensity of 

Halo:T-DiP complex following 20 min light exposure. Data are represented as mean ± 
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SEM of two biological replicates for each cytosol, mitochondria, and ER targeted Halo 

protein. 
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Figure 4.15. 20 minutes of 365 nm light exposure is nontoxic 

Cell viability of HEK 293T cells following 20 min irradiation of 365 nm light as 

measured by alamar blue. Data are represented as mean ± SEM from 12 technical 

replicates and normalized to dark control. Statistical analysis was performed by a t-test. 
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Figure 4.16. Controlled release of DiCyne by T-DiP platform in live HEK 293T cells 

A) Representative gels and western blots of non- or Halo- transfected cells treated with 

either DMSO, 500 M 2 for 4 h, or 12.5 M T-DiP with or without a 20 min 365 nm 

light exposure followed by a 15 min incubation prior to lysis. Lysates were subjected to a 

CuAAC reaction with Alexa647 azide. B) Normalized fluorescent intensity (F.I.) of 

Alexa647 signal in non- transfected cells vs. cells expressing cytosolic Halo protein 

following T-DiP treatment and light exposure. Data are represented as mean  SEM from 

3 biological replicates. Statistical analysis was performed by a t-test (**P < 0.01). C) 

Confocal imaging of non- or Halo- transfected cells and treatment with either DMSO, 

500 M 2 for 4 h, or 12.5 M 8 with a 20 min 365 nm light exposure followed by a 15 
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min incubation prior to fixation. DAPI is shown in blue and Alexa647 is shown in red. 

Scale bar in bottom left denotes 20 mm. 
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Figure 4.17. T-DiP binds to truncated halo protein 

Representative agarose gels and western blots of HEK 293T with or without transfection 

of cytosolic Halo treated with DMSO or 12.5 μM T-DiP, with or without 20 min 

exposure to 365 nm light. Lysates were subjected to a subsequent CuAAC reaction with 

Alexa647 azide and separated by SDS-PAGE. Left: western blots probed for Halo protein 

(top) and actin (bottom). Right: Fluorescence imaging of Alexa647 (top) and Coomassie 

stain loading control (bottom). Red stars (*) denote overlap of Halo protein western 

bands and fluorescent bands observed at the same molecular weight, signifying binding 

of T-DiP to these truncation products. 
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Figure 4.18. Identification and bioinformatic analysis of proteins enriched via T-DiP 

controlled release 

A-C) Volcano plot of proteins identified as DiCyne adducts comparing against Dark vs 

Light, DMSO vs Light, and DMSO vs Dark treatment conditions, respectively. Proteins 

were identified via LC-MS/MS and statistically analyzed for enrichment at an FDR of 

0.01 and a minimal coefficient of variation (S0) of 0.5. Proteins highlighted in blue were 

significantly enriched in the Light conidiations. Data are representative of 3 biological 

replicates from each treatment condition. D) Venn diagram showing overlap in the 
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proteins enriched in the light treatment group between DMSO vs Light and Dark vs Light 

comparisons. E) Biological process analysis of proteins enriched by T-DiP controlled 

release. Analysis was performed with the DAVID overrepresentation test from the 

protein enriched in the DMSO vs Light dataset and results are shown as a Benjamini-

Hochberg adjusted p-value.   
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Figure 4.19. UBA1 is covalently modified by MGO 

A) Representative SDS-PAGE gel after incubating UBA1 for with MGO for 2 or 4 hours. 

The * denotes higher molecular weight aggerates induced by MGO treatment. B) 

Visualization of UBA residues modified by MGO. Modified sidechains are highlighted in 

orange. PDB 6DC6. C) Representative MS/MS spectrum for the peptide containing the 

MGO modification at Agr678. The tabled on the right denotes the expected Y and B ion 

series with the observed ions colored in red and blue. 
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Table 4.1. List of enriched proteins between dark and light treatment groups 

The third column reports the T-test pValue to assess enrichment. The fourth column 

reports the difference between the mean log2 transformed LFQ intensity values between 

Dark and Light treated groups, which is indicative of fold change difference in protein 

abundance. Data is representative of 3 biological replicates from each treatment 

condition. 

Protein Name 
Gene 

name 

Negative 

Log(P) 

Difference 

(Dark - 

Light) 

nucleosome assembly protein 1 like 1  NAP1L1 3.482 1.876 

peroxiredoxin 6  PRDX6 2.625 1.673 

heterogeneous nuclear ribonucleoprotein 

H1  
HNRNPH1 2.539 1.46 

ubiquitin like modifier activating enzyme 

1  
UBA1 5.657 1.382 

heat shock protein family A (Hsp70) 

member 1B  
HSPA1B 3.097 1.239 

X-ray repair cross complementing 5  XRCC5 2.339 1.174 

calnexin  CANX 3.257 1.164 

eukaryotic translation initiation factor 

4A1  
EIF4A1 2.403 1.097 

phosphoglycerate mutase 1  PGAM1 2.863 1.075 

karyopherin subunit beta 1  KPNB1 1.977 1.047 

protein disulfide isomerase family A 

member 6  
PDIA6 1.482 0.887 

leucine rich pentatricopeptide repeat 

containing  
LRPPRC 1.652 0.872 

t-complex 1  TCP1 2.12 0.808 

heat shock protein family D (Hsp60) 

member 1  
HSPD1 2.566 0.807 

tripartite motif containing 28  TRIM28 2.572 0.804 

tubulin beta 4B class IVb  TUBB4B 1.966 0.748 

phosphoribosylglycinamide 

formyltransferase, 

phosphoribosylglycinamide synthetase, 

phosphoribosylaminoimidazole 

GART 2.847 0.719 
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synthetase  

heat shock protein family A (Hsp70) 

member 4  
HSPA4 2.271 0.717 

synaptotagmin binding cytoplasmic RNA 

interacting protein  
SYNCRIP 2.013 0.708 

poly(U) binding splicing factor 60  PUF60 2.018 0.683 

X-ray repair cross complementing 6  XRCC6 2.169 0.676 

clathrin heavy chain  CLTC 2.157 0.663 

heat shock protein family A (Hsp70) 

member 8  
HSPA8 3.594 0.634 

creatine kinase B  CKB 4.064 0.567 
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Table 4.2. List of enriched proteins between DMSO and light treatment groups 

The third column reports the T-test pValue to assess enrichment. The fourth column 

reports the difference between the mean log2 transformed LFQ intensity values between 

DMSO and Light treated groups, which is indicative of fold change difference in protein 

abundance. Data is representative of 3 biological replicates from each treatment 

condition. 

Protein Name 
Gene 

name 

Negative 

Log(P) 

Difference 

(DMSO - 

Light) 

peroxiredoxin 6  PRDX6 1.804 1.618 

heterogeneous nuclear ribonucleoprotein H1  HNRNPH1 2.999 1.486 

nucleosome assembly protein 1 like 1  NAP1L1 1.852 1.477 

eukaryotic translation initiation factor 4A1  EIF4A1 1.578 1.34 

ubiquitin like modifier activating enzyme 1  UBA1 4.61 1.34 

phosphoglycerate mutase 1  PGAM1 2.748 1.25 

poly(U) binding splicing factor 60  PUF60 3.475 1.204 

X-ray repair cross complementing 6  XRCC6 1.948 1.145 

t-complex 1  TCP1 2.362 1.138 

clathrin heavy chain  CLTC 1.756 1.098 

tubulin beta 4B class IVb  TUBB4B 2.442 1.087 

nucleolin  NCL 2.91 1.037 

heat shock protein family A (Hsp70) member 4  HSPA4 2.766 1.026 

leucine rich pentatricopeptide repeat containing  LRPPRC 1.4 1.02 

karyopherin subunit beta 1  KPNB1 2.442 1.001 

tripartite motif containing 28  TRIM28 2.626 0.997 

calnexin  CANX 1.852 0.972 



 

182 

enolase 1  ENO1 2.664 0.903 

nuclear distribution C, dynein complex regulator  NUDC 2.109 0.894 

nucleophosmin 1  NPM1 2.404 0.88 

protein disulfide isomerase family A member 6  PDIA6 1.714 0.88 

importin 9  IPO9 1.74 0.832 

tubulin beta class I  TUBB 3.059 0.831 

lysyl-tRNA synthetase 1  KARS1 3.039 0.807 

ribosomal protein SA  RPSA 2.82 0.77 

TNF receptor associated protein 1  TRAP1 2.441 0.769 

tubulin alpha 1b  TUBA1B 2.188 0.718 

synaptotagmin binding cytoplasmic RNA 

interacting protein  
SYNCRIP 3.184 0.715 

ribosomal protein L4  RPL4 2.514 0.669 

heat shock protein family A (Hsp70) member 8  HSPA8 3.58 0.616 

phosphoribosylaminoimidazole carboxylase and 

phosphoribosylaminoimidazolesuccinocarboxamide 

synthase  

PAICS 3.479 0.608 
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4.4 Discussion 

Dicarbonyl protein adducts are an important class of non-enzymatic 

posttranslational modification. Continued development of methods for studying the 

proteins prone to modification by dicarbonyl metabolites like MGO is an important area 

to improve understanding of the biological role such adducts play in normal cell function 

and under disease conditions. Our T-DiP system described here enables controlled release 

of dicarbonyls upon light exposure, making it a useful chemical biology tool to add the 

collection of other caged electrophile systems.225, 313 However, despite the lack of protein 

adducts observed in the absence of light, we cannot rule out that the exposed redox 

sensitive ketone in T-DiP could potentially react reversibly with cellular components and 

lead to artifacts. Second generation dicarbonyl photocages could explore masking the 

ketone moiety in addition to the reactive aldehyde.258  

Our initial MS based proteomic results suggest that low levels of increased 

intracellular MGO may influence ubiquitin dependent cellular processes. Validating that 

UBA1 is susceptible MGO adduction in an in vitro setting provides additional evidence 

for this. We hypothesize that MGO modification of UBA1 may impede UBA1 activity or 

block UBA1 protein-protein interactions and thereby induce toxicity in a cellular context. 

It has been documented that posttranslational modification to UBA1 via acylation and 

phosphorylation affects activity its activity.314 Interestingly, diminished UBA1 expression 

and activity has been linked to neurodegenerative disorders that MGO is also implicated 

in.315 However, the functional consequences of MGO modification to UBA1 activity 
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remain to be elucidated. Future work exploring how intracellular MGO levels are 

associated with protein ubiquitination is warranted to validate these fundings. 

Collectively, we have developed an effective photocage for -oxoaldehydes in 

biological systems. By installing a HaloTag targeting element in our photolabile 

dicarbonyl precursor, we demonstrated that T-DiP technology can be utilized to rapidly 

release physiologically relevant concentrations of dicarbonyls intracellularly and generate 

glycated proteins under spatiotemporal control in live cells. We envision that this 

chemical tool will aid in elucidating the precise mechanisms by which dicarbonyl stress 

influences cellular fitness and contributes to ageing-related diseases. 



 

185 

5 Chapter V: Proteomic Profiling of DNA-Protein Crosslinks Generated by 

Methylglyoxal 

 

Adapted in part from:  

 

Erber L.,* Hurben A.K.,* Tretyakova N.Y. Proteomic Profiling of DNA-Protein Cross-

Links Generated by Methylglyoxal. manuscript in preparation.  

 

* denotes equal contribution. 

 

This chapter details the work performed by Alexander K. Hurben (conducted cell culture 

and in-vitro generation of DPCs) and Dr. Luke Erber (performed DPC isolation and 

characterization) under the supervision of Prof. Tretyakova. 
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5.1 Introduction 

DNA-protein crosslinks (DPCs) are formed upon covalent trapping of cellular 

proteins to DNA. DPCs are formed upon exposure to both physical and chemical agents, 

including endogenous agents like formaldehyde316 and reactive metabolic 

intermediates,317 exogenous agents such as 1,3-butadiene,318-320 ionizing radiation,321 UV 

light,322 transition metals,323 as well as therapeutic agents; platinum drugs,324 nitrogen 

mustards,325-327 and haloethylnitrosoureas.328 These bulky DNA lesions distort the DNA 

helix, and thereby obstruct essential DNA-protein interactions necessary for DNA 

recombination, transcription, replication, repair, and remodeling of chromatin. 322, 329-331 

If not repaired, DPCs lead to permanent DNA alterations and toxicity.322, 332-334 Such 

DNA damage is observed in individuals suffering from Ruijs-Aalfs syndrome, a genetic 

disorder defined by polymorphisms in the SPRTN gene which encodes a protease 

involved in DPC repair. Patients with Ruijs-Aalfs syndrome exhibit elevated levels of 

DPCs, genomic instability, premature aging and are at high risk for hepatocellular 

carcinomas.335-337 Despite the ubiquitous formation of DPCs, the structural identities and 

repair pathways are not completely understood due to the heterogeneity and challenge of 

studying bulky biomolecular conjugates containing characteristics of proteins and DNA. 

Methylglyoxal (MGO) is an electrophilic -oxoaldehyde byproduct of cellular 

metabolism and is capable of reacting with nucleophilic biomolecules to form covalent 

adducts in a process defined as glycation. MGO is primarily derived through the 

spontaneous hydrolysis of glycolysis intermediates and is present at low micromolar 

levels in eukaryotic cells.338 To maintain low micromolar levels, MGO reacts with 
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glutathione and is further processed by the glyoxalase activity of GLO1 and GLO2 to 

form D-lactate.339 MGO levels are elevated in diabetes, cancer, renal failure, and 

neurodegenerative diseases.339-341 Increased levels of MGO leads to formation of protein 

adducts and elevated inflammation signaling and thereby contributes to disease 

phenotype.342, 343  

As stated in Chapter IV, MGO covalently modifies DNA and proteins.344 MGO 

primarily modifies the nucleophilic sites of arginine and lysine amino acids and guanine 

and adenine bases.290, 345 These adducts are collectively referred to as advanced glycation 

end-products (AGEs). However, MGO has also been shown to generate covalent DNA-

protein crosslinks. In vitro assays have revealed MGO crosslinking of DNA polymerase 1 

with deoxyguanosine.317 More recently, MGO was shown to crosslink deoxyguanosine 

with N-acetyl-lysine and cross link DNA to histones in nucleosome core particles.346, 347 

Additionally, SPRTN deficient cells and Ruijs-Aslfs patient lymphoblastoid cell lines 

with monogenic and biallelic mutations in SPRTN exhibit increased sensitivity to MGO 

exposure.348 Thus, amounting evidence suggests that MGO derived DPCs may play a role 

in disease etiology, warranting deeper exploration into this class of DPCs. 

There is an unmet need to comprehensively profile and identify MGO-derived 

DPCs formed in cells. Earlier in vitro experiments have been limited to synthetic DNA 

duplexes which do not reflect normal DNA–protein interactions observed in cells. The 

purpose of the present study was to characterize DNA–protein cross-linking in human 

cells treated with MGO. We coupled cell culture treatments and DPC purification assays 

to characterize MGO-dependent DPC formation and utilized mass spectrometry-based 
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proteomics to identify proteins trapped to DNA upon MGO exposure. Our efforts 

produced a list of MGO derived DPCs which provides insight into potential DPCs that 

may be relevant in diseases linked to elevated MGO levels. Subsequent bioinformatic 

analysis revealed that these DPCs may play a role in telomere DNA organization, 

prompting us to validate DPC formation between GAPDH and telomere DNA in the 

presence of MGO. Ultimately, this work provides a foundational set of MGO derived 

DPCs to further investigate. 
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5.2 Materials and Methods 

MGO was obtained from Millipore sigma as a 40% solution in water. 

SimplyBlue™ SafeStain was purchased from Invitrogen. Pierce™ color silver stain kit, 

NuPAGE 4-12% bis tris SDS-PAGE gels, cell culture media, reagents, recombinant 

BSA, and other consumables were obtained from Thermo Fisher Scientific. Antibodies 

were purchased from Cell Signaling. Recombinant GAPDH was obtained from Cayman 

Chemical. The FAM labeled DNA template sequence for generation of DNA-protein 

crosslinks FAM-Tel FAM - AGG GTT AGG GTT AGG GTT was purchased from IDT.  

Cell Culture:  

The human fibrosarcoma (HT1080) cells were collected from the American Type 

Cell Culture Collection.349 SPRTN-deficient mouse embryonic fibroblast (MEF7, SPRTN 

f/-) and wild type (MEF5, SPRTN +/+) cells were collected from Dr. Yuichi Machida’s 

laboratory (Mayo Clinic, MN).350 GLO1 and GLO2 knockout HEK293T cells were 

obtained from Dr. James Galligan’s laboratory.309 Wild type HEK293T cells were 

obtained from ATCC. Cells were grown using Dulbecco’s Modified Eagle’s Medium 

containing 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were 

maintained in a humidified incubator with 5% CO2 at 37 C. 

AlamarBlue Cell Viability Assay:  

HEK293T cells were cultured in MEM media containing 10% FBS and Pen/Strep 

100 U/mL under a 5% CO2 atmosphere at 37 °C. Cells were seeded into 96 well plates at 

a density of 20,000 cells per well. 24 h after seeding, the media was removed and 

replaced with the indicated MGO concentration in complete MEM media. Following the 
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allotted incubation time, the media was removed and replaced with 100 μL of a 10% 

alamarBlue solution in complete MEM media. The plates were incubated for 4 h in the 

dark at 37 °C and then fluorescence was measured at Ex/Em 560/590 nm on a BioTek 

Synergy H1 plate reader. Cell viability for a given treatment condition was calculated by 

normalizing the fluorescence signal to the vehicle treated control.  

Isolation of DPC-associated DNA by K-SDS Assay:  

This assay was performed according to the following reference.351 The specified 

cell lines were seeded into 6 well plates at a concentration of 600,000 cells per well. The 

cells were further incubated for 24 h after which the media was removed and replaced 

with the indicated treatment conditions. Following MGO treatment for the allotted time, 

the media was removed, and the cells were washed with PBS. The cells were then lysed 

in 500 μL 20 mM Tris-HCl (pH 7.4), 2% SDS. Lysate was sheared and solubilized using 

a syringe (25G). Cells were treated with 200 μg/mL RNAse for 15 min at 37 C. 10% of 

the sample was removed and set aside as the “input fraction". The input fraction was 

treated with 250 μL 200 M KCl, 10 mM EDTA, 20 mM Tris-HCl (pH 7.5) and 

proteinase K overnight at 37 C. To the remaining sample, an equal volume of 

precipitation buffer was added (200 mM KCl in 20 mM Tris-HCl (pH 7.5). This sample 

represented the “DPC pellet fraction”. Samples were vortex-mixed vigorously. Samples 

were incubated on ice for 5 min and then centrifuged for 5 min at 18,000 x g at 4 C. The 

supernatant was discarded. The pellet was resuspended in 1 mL of wash buffer, 100 mM 

KCl in 20 mM Tris-HCl (pH 7.5) and heated for 10 min at 65 C. Samples were removed 

from the heat block, incubated on ice for 5 min and centrifuged for 5 min at 18,000 x g at 
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4 C. The supernatant was removed, and the sample washing was repeated twice for a 

total of three washes. When the wash steps were completed, the final pellet was 

resuspended in 1 mL digestion buffer, 100 mM KCl, 10 mM EDTA, proteinase K in 20 

mM Tris-HCl (pH 7.5). Samples were incubated overnight at 37 C. Following proteinase 

K digestion, the samples were centrifuged for 10 min at 20,000 x g and the supernatant 

for the input fraction and DPC pellet fraction were collected for DNA quantitation. 

Isolation of DPC-associated Proteins by Phenol-chloroform Assay:  

This protocol was adapted from previous reports with slight modification.320, 326, 

333 Briefly, HT1080 cells were seeded into 15 cm plates and grown to 90% confluency. 

The cells were then treated with MGO at the indicated concentration for 2 hours. 

Following treatment, the media was removed, and the cells were collected via 

trypsinization. Cell pellets were washed, resuspended in 2 mL PBS and lysed in 2 mL 2X 

cell lysis buffer. Lysis buffer contained 20 mM Tris-HCl (pH 7.4), 10 mM MgCl2, 2% 

Triton X-100 and 20% sucrose in water. Lysates were incubated on ice for 5 min and 

centrifuged at 2,000 g for 10 min at 4 C. The supernatant was discarded. Nuclear pellets 

were resuspended in 2 mL saline-EDTA solution and then treated with 10 μL RNAseA 

(10 μg/mL) and 300 μL protease inhibitor cocktail. SDS was added to a final 

concentration of 2%. Samples were mixed well and incubated for 2 h at 37 C with gentle 

shaking in a water bath. 2 mL phenol (Sigma, UltraPure) was added to each sample and 

mixed for 5 min. Samples were centrifuged at 1500 rpm for 10 min at room temperature. 

The aqueous and interface layers were collected. 2 mL phenol:chloroform 1:1 was added 

to pooled aqueous and interface fractions. Samples were mixed for 5 min and centrifuged 
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at 1500 rpm for 10 min at room temperature. The aqueous and interface layers were 

collected and 4 mL 100% cold EtOH was added and mixed with each sample. Samples 

were incubated at -20 C overnight. Samples were centrifuged at 3500 rpm for 15 min. 

The supernatant was discarded, and the DNA pellet was transferred to a new Eppendorf 

tube. The pellets were washed twice with 1 mL 70% ice-cold ethanol with centrifugation 

at 14000 g for 5 min and the supernatant was removed after each wash. After the second 

wash, the pellets were air dried. The DNA pellets were resuspended in 400 μL TE (Tris-

EDTA buffer) and sheared into solution using 19 and 25 gauge needles. The DNA 

concentration was measured with the PicoGreen assay. 

DPC Quantitation by PicoGreen Assay:  

DNA quantitation was performed according to the manufacturer’s instructions as 

summarized here. A 96 well plate was prepared wherein each well contained 100 μL TE 

buffer with 0.5% Picogreen reagent. For each biological sample, two wells were 

prepared. 1 μL DNA from the input fraction was mixed into well one and 1 μL DNA 

from the DPC pellet fraction was mixed into well two. A control sample from a mock 

sample was used as a blank. All samples were mixed and incubated in the dark for two 

minutes. A DNA standard curve was generated using 1 μL from 50, 10, 5, 1, 0.5, and 0.1 

ng/μL DNA stocks.  Fluorescence detection was completed using a Synergy2 plate reader 

(BioTek). The fluorescence excitation and emission wavelengths were 485 nm and 528 

nm respectively. The DNA amount for each sample was calculated by using the standard 

curve generated using the fluorescence comparison with the known DNA stocks. Protein-
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crosslinked DNA μg amounts from DPC pellet fractions are divided by total μg DNA 

amount calculated from the input fractions to obtain percent of protein-crosslinked DNA. 

DPC Quantitation by Dot-blotting:  

For immunodetection, the DPC fraction from the samples isolated by the Phenol-

chloroform assay were diluted in tris buffered saline (TBS), 10 mM Tris-HCl (pH 7.5) in 

150 mM NaCl. Diluted samples were loaded onto a dot blot apparatus containing a 

nitrocellulose membrane. Following sample loading, the membrane was blocked using 

2% BSA in TBS for 1 hour at room temperature and incubated overnight with primary 

antibodies at 4 C. the nitrocellulose membrane was washed with TBS buffer containing 

0.1% tween20 three times, 5 min per wash on a shaker. The membrane was further 

incubated with secondary antibody (LiCor, 1:10,000) for 1 h at room temperature on a 

shaker. The membrane was further washed again in TBS buffer containing 0.1% tween20 

three times, 5 min per wash on a shaker. The membrane was imaged and quantified using 

the LiCor OdysseyFc instrument on the 800 nm channel. 

Mass Spectrometry-based Identification of DPC-Associated Proteins:  

Chromosomal DNA containing DPCs were extracted using the phenol-chloroform 

method described above. 50 μg DNA was adjusted to pH 8 using 20 mM 

triethylammonium bicarbonate (TEAB) and was treated with 5 mM dithiothreitol for 1 h 

at 56 C. Samples were returned to room temperature for 5 min and treated with 10 mM 

iodoacetamide for 30 min at room temperature in the dark. Samples were treated with 2 

μg trypsin overnight at 37 C in a water bath. Samples were desalted with Pierce C-18 

spin columns according to the manufacturer’s instructions. Samples were dried by 
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vacuum evaporation and stored at -20 C. Tryptic peptides from each sample was 

analyzed by liquid chromatography coupled to tandem mass spectrometry using a 

Eksigent NanoLC-Ultra 2D HPLC system coupled to a nanospray ESI source and the 

Thermo Scientific Q Exactive Mass Spectrometer. Peptides were resuspended in 16 μL 

0.1% formic acid. 4 μL sample were separated using an in-house packed C-18 column 

(15 cm x 75 μm, Luna C18) across a 60 min gradient. Mobile phase A was 0.1% formic 

acid in water and mobile phase B was 0.1% formic acid in acetonitrile. Source parameters 

were set as 3.0 kV spray voltage, capillary temperature of 300 C and S-lens RF level of 

50%. MS analysis was performed using a top 12 data-dependent mode. The full scan was 

run using the resolution setting of 70,000 and an AGC target of 1 x 106. The exclusion 

duration was set for 30 s for dynamic exclusion. The 12 most intense precursor ions were 

chosen for HCD fragmentation which was set at 30%. The fragmentation scan was 

acquired with an isolation window of 2.0 m/z, a resolution of 17,500 at an AGC target of 

5 x 104 or a maximum injection time of 50 ms. Raw mass spectrometry data was 

processed using MaxQuant (version 1.6.5.0).190 Data was processed using default 

parameters using the human Uniprot database (downloaded on 2019/05/15, with 74,349 

sequences). Label-free quantification was enabled in MaxQuant using default LFQ 

parameters.  

Bioinformatic Analysis of Mass Spectrometry Results:  

The Perseus software (version 1.6.6.0) was used to process the protein LFQ 

intensities. The LFQ intensities were log2 transformed and processed according to 

previously described methods.235, 236 A two-tailed, two-sample t-test was performed to 



 

195 

compare protein abundance between experimental groups. Statistically significant 

enriched proteins were identified with a Benjamini-Hochberg corrected FDR of 5% and a 

minimal coefficient of variation (S0) of 0.5. Functional gene ontology enrichment was 

performed using the tool DAVID Bioinformatics Resources 2021.352 

Characterization of DNA-Protein Crosslinks Generated with Recombinant Proteins: 

In vitro DPCs were prepared by incubating 1 μg of the specified protein with 

FAM labeled ss-telomeric DNA (TTAGGG)3 (25 μM) in the presence of MGO (10 mM) 

in 25 μL of PBS (pH 7.4) at 37 C. After the allotted reaction time, the reactions were 

quenched upon addition of 6.25 μL of 4x NuPAGE gel loading buffer and 25 μL of 

reaction mixtures were subjected to SDS-PAGE on NuPAGE 4-12% bis tris 1 mm gels. 

Following separation, gels were imaged on a Typhoon7000 fluorescence imager to 

visualize FAM labeled DPCs and subsequently stained with by simply blue or silver stain 

to visualize protein loading. 
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5.3 Results  

Our first objective was to verify that MGO treatment generated DPCs in cell 

models. We assessed MGO toxicity to identify appropriate MGO treatment conditions for 

generating MGO induced DPCs. We treated HEK293T cells across a 50 μM – 10 mM 

MGO treatment range for 2-, 4-, and 24-hour durations and measured their viability using 

an almarblue assay (Figure 5.1A). We observed that escalation of MGO concentration 

led to a dose dependent decrease in cell viability. Additionally, we observed that 

treatment duration significantly impacted cell viability. Treatment with 10 mM MGO for 

2, 4, and 24 hours reduced cell viability to 75 ± 20 %, 35 ± 18 %, and 0.4 ± 1 %, 

respectively. To limit excessive cell death caused by MGO, we selected a 2-hour MGO 

treatment window prior to DPC isolation. Similar studies which generated cellular DPCs 

via treatment of crosslinking agents have also reported using 1 – 3 hour long incubation 

times.326, 353-355 

Next, we performed a K-SDS assay to quantify the relative amounts of DPCs 

generated upon MGO treatment. In the K-SDS assay, treatment with sodium dodecyl 

sulfate (SDS) enables protein-specific precipitation with KCl, permitting separation of 

protein-bound DNA from free DNA. Following multiple rounds of protein precipitation 

and washing, the free DNA is removed, and the remaining DNA is quantified to reveal 

the global DPC level in the sample as a function of percent input.351 As shown in Figure 

5.1B, DPC levels rose in response to increased MGO treatment in HEK293T cells, 

indicating MGO induces DPC formation.  
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MGO is detoxified in the cell by the glycosylase activity of GLO1 and GLO2. We 

obtained cells that contained a knockout of either GLO1 or GLO2, two of the principal 

enzymes responsible for detoxifying MGO.356-360 MGO treatment of these GLO1 or 

GLO2 deficient cells led to significantly increased formation of DPCs by 2.4-fold and 

2.7-fold, respectively, as measured by the K-SDS assay (Figure 5.1C). These results 

suggest that reduced MGO detoxification can lead to increased levels of MGO derived 

DPCs. 

To test whether MGO-dependent DPCs are recognized for proteolytic repair, 

MEF cells exhibiting a deficiency in SPRTN expression, a critical gene required for DPC 

repair were obtained.350, 361 Knockdown of the DPC repair enzyme SPRTN resulted in an 

elevated DPC signal in comparison to the WT cells upon exposure to 2.5 and 5 mM 

MGO when measured by the K-SDS assay (Figure 5.1D). These data indicate that DPCs 

generated by MGO are recognized by the SPRTN repair pathway. 

After verifying that MGO forms DPCs, we sought to isolate these crosslinked 

adducts. To isolate proteins covalently linked to DNA, we performed a 

phenol:chloroform extraction. This extraction methodology enables DPCs to be isolated 

via phase partitioning.326, 362, 363 As shown in Figure 5.1E, HT1080 cells were treated 

with 0.5, 1, 2.5, and 5 mM of MGO and DPCs were successfully isolated using the 

phenol:chloroform method. The samples were normalized by total DNA content, 

separated by SDS-PAGE and visualized via total protein staining. These results verified 

our ability to isolate MGO derived DPCs and enabled us to move forward onto 

identifying these crosslinks through mass spectrometry.   
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Upon establishing that MGO exposure led to the formation of DPCs, we sought to 

identify the proteins prone to crosslinking. We treated HT1080 cells with 0 or 5 mM 

MGO for 2 hours and isolated the DPCs via phenol:chloroform extraction (Figure 5.2). 

The samples were normalized by DNA content and processed for mass spectrometry by 

reducing and alkylating exposed Cys residues, digesting the proteins with trypsin and 

desalting the tryptic peptides. LC-MS/MS was performed and proteins within the samples 

were identified and quantified using the MaxQuant software package. Proteomic analysis 

revealed 265 statistically enriched DPC proteins with pValues lower than 0.01 within the 

MGO treatment group (Figure 5.3A and Table 5.1 for a full listing of proteins). These 

enriched DPC proteins included known notable DNA binders previously identified as 

DPCs like GAPDH, PARP1, histones, XRCC1, and TOP1. Additionally, we verified that 

DPC enrichment was consistent between biological replicates by correlating the label-

free quantitation (LFQ) intensity values of identified proteins between all samples 

(Figure 5.4). We observed a correlation of 0.94 ± 0.02 in our MGO treated samples, 

indicating reproducible DPC isolation. Additionally, the correlation within the vehicle 

treatment group was moderate, 0.81 ± 0.07; whereas the correlation between MGO and 

vehicle groups was low, 0.47 ± 0.03, indicating that DPC enrichment was robust. 

Following proteomic identification of DPCs enriched upon MGO treatment, gene 

ontology analysis was performed.364, 365 As shown in Figure 5.3B, a cellular 

compartment overrepresentation test with the DAVID database found nuclear proteins 

associated with the nucleoplasm, nucleus, nucleolus, and chromatin to be significantly 

enriched. Of the proteins identified, 69.2% of them were annotated with nucleus 
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affiliation. These results are expected as nuclear proteins are in close proximity to DNA 

and thus make likely targets for MGO crosslinking. Enrichment for ribosomal and 

membrane proteins was also observed, which were found in 10.5% and 53.8% of the 

proteins, however it should be noted that many of these proteins participate in multiple 

biological process and can be found in multiple subcellular locations.366 Previous work in 

identifying DPCs induced by the chemical crosslinker cisplatin has also found ribosomal 

proteins to be enriched by phenol:chloroform extraction following treatment.354 

Subsequent bioinformatic analysis of the identified MGO-derived DPCs was performed 

using the DAVID biological process enrichment test (Figure 5.3C). Processes such as 

telomere organization, and nucleosome assembly were found to be significantly enriched. 

These results indicate that MGO derived DPCs could affect nucleosome architecture. 

Interesting RNA dependent processes were also enriched. Given the RNAase digestion 

step was included in the phenol:chloroform extraction, we hypothesis these proteins also 

possess DNA binding activity.  

We also compared the enriched MGO-derived DPC dataset to previously 

identified DPCs discovered in our laboratory. This repository of DPCs was obtained from 

treating HT1080 cells with either diepoxybutane (DEB), cisplatin (Cpt) or 

phosphoramide mustard (PM) and isolating DPCs via phenol:chloroform extraction.320, 

354, 363 As shown in Figure 5.3D, there was a 19.2%, 33.0% and 22.7% overlap in DPC 

identified from DEB, Cpt, and PM treatment, respectively, when compared to DPC 

enriched upon MGO treatment. Notable overlapping proteins with between the dataset 

include DExD-Box Helicase 21, eukaryotic translation termination factor 1, and histone 
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H4. A full list of identified DPCs can be found in Table 5.2. Additionally, MGO derived 

DPCs were compared to those generated by mechlorethamine and no overlap between the 

dataset was found.326 We also compared our MGO DPC data to another study which 

profiled at identified 36 DPCs formed via UV 254 nm irradiation in HeLa cells.367 We 

observed 5 overlapping proteins between the two studies, namely desmoyokin, histone 

H3, histone H4, polypyrimidine tract binding protein 1, and topoisomerase 2A. 

Comparison of these datasets suggest that there are proteins which are highly susceptible 

to promiscuous DPC formation and other covalent protein-DNA interactions that are 

dependent on the species of electrophile or irradiation used. 

To further confirm our proteomic results, isolated MGO induced DPCs were 

subjected to dotblot analysis with commercial antibodies against suspected DPCs. 

HT1080 cells were treated with 0.5, 1, 2.5, and 5 mM of MGO for 2 hours and DPCs 

were extracted via phenol:chloroform as described above. Extracted DPCs were 

normalized based on DNA content and analyzed by dotblot for proteins found in our 

proteomic data (Figure 5.4A). Quantification of the fluorescent intensity signals for 

antibodies against PARP1, histone H3A, XRCC1, TOP1, VINC, and GAPDH, revealed a 

dose dependent increase of protein abundance upon MGO exposure when normalized to 

dsDNA input (Figure 5.4B). Additionally, the protein GSTP1, which was not found in 

our enriched DPC dataset, served as a negative control, and displayed no dose dependent 

increase in signal upon MGO treatment. We also performed a dotblot analysis probing for 

ubiquitin (UBB) and observed an MGO dependent increase in signal (Figure 5.5). While 

we do not expect UBB to be covalently adducted to DNA via MGO, these results suggest 
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that UBB marks are being installed on MGO generated DPCs and may be participating in 

a DNA repair response. Collectively, these dotblot data further confirm our proteomic 

results and indicate that PARP1, histone H3A, XRCC1, TOP1, VINC, and GAPDH are 

susceptible to form DNA protein crosslinks through reaction with MGO. 

Finally, we sought to confirm MGO dependent DPC formation using an in vitro 

system with GAPDH. GAPDH has been reported to bind telomeric DNA sequences with 

a Kd of 45 nM.368 Given bioinformatic analysis of the identified MGO DPCs found 

telomeric organization to be significantly enriched, we sought to validate that GAPDH 

was susceptible to crosslinking to DNA upon MGO treatment. To assess MGO-GAPDH 

DPC formation, recombinant GAPDH was incubated with a 3` FAM labeled single-

stranded oligonucleotide (TTAGGG)3 in the presence or absence of MGO. The reaction 

mixture was then subjected to SDS-PAGE to separate unmodified protein from resultant 

DPCs. Following separation, the DPCs could be visualized via fluorescent imaging and 

protein staining. As shown in Figure 5.6A, a new band visualized by both fluorescent 

imaging and protein staining is observed upon MGO treatment of GAPDH and the FAM 

labeled oligonucleotide, indicating MGO dependent DPC formation. Furthermore, the 

yield of this crosslink is dependent of the duration of MGO treatment (Figure 5.7). To 

test the protein specificity of MGO dependent DPC formation, we preformed the same 

experiment as described above, except with BSA, a non-DNA binding protein. As shown 

in Figure 5.6B, no new DPC band was observed, signifying that DNA-protein pre-

complexation is likely an important factor in DPC formation by MGO. Based off studies 

which have modeled the location of GAPDH DNA interactions, we hypothesize that DPC 
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linkages could be formed at Lys residues 84, 107, 136, 186, 191, 194, or 219 as these 

residues reside in the DNA binding pocket of tetrameric GAPDH (Figure 5.6C).369, 370 

Collectively, these data show that GAPDH is susceptible to DNA protein crosslinking in 

the presence of MGO. 
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Figure 5.1. MGO treatment generates DPCs in cell models 

A) MGO reduces HEK293T cell viability as a function of time and concentration. 

HEK293T cells were treated with MGO at multiple timepoints and concentrations. 

Viability was determined through an alamarBlue assay. Data is represented as mean ± 

SEM from four replicates and normalized to vehicle control. B) MGO treatment 

generates DPCs in HEK293T cells. HEK293T cells were treated with 0, 1, 1.75, 2.5, or 5 

mM MGO for 2 hours and were processed by the K-SDS assay to quantify DPC levels. 

Data are represented as mean ± SEM from three replicates and normalized to DNA input 

and were analyzed via a one-way ANVOA and an unpaired t-test (*p < 0.05). C) 

Knockout of GLO1 or GLO2 leads to increased levels of DPC formation following MGO 

treatment. HEK293T cells with or without GLO1 or GLO2 were treated with 0 or 1 mM 

MGO for 2 hours and were processed by the K-SDS assay to quantify DPC levels. Data 

are represented as mean ± SEM from three replicates and normalized to DNA input and 

were analyzed via a one-way ANVOA and an unpaired t-test (*p < 0.05). D) Knockdown 
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of SPRTN leads to increased levels of DPC formation following MGO treatment. MEF7 

cells with or without SPRTN deficiency were treated with 0, 1, 2.5, or 5 mM MGO for 2 

hours and then processed by the K-SDS assay to quantify DPC levels. Data are 

represented as mean ± SEM from three replicates and normalized to DNA input and were 

analyzed via a one-way ANVOA and an unpaired t-test (*p < 0.05). E) Visualization of 

MGO induced DPCs isolated via phenol-CHCl3 extraction. HT1080 cells were treated 

with 0, 0.5, 1, 2.5, or 5 mM of MGO for 2 hours and were processed by the phenol-

CHCl3 extraction to isolate DPCs. Isolated DPCs were resolved by 4 - 12% SDS−PAGE 

and visualized by SimplyBlue™ SafeStain. 
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Figure 5.2. MGO induced DPCs isolated via phenol-CHCl3 extraction for proteomic 

identification 

HT1080 cells were treated with 0 or 5 mM of MGO for 2 hours and then subjected to a 

phenol-CHCl3 extraction to isolate DPCs. Isolated DPCs were resolved by 4 - 12% 

SDS−PAGE and visualized by SimplyBlue™ SafeStain. 
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Figure 5.3. Identification and bioinformatic analysis of MGO derived DPCs 

A) Volcano plot of proteins identified as potential MGO DPCs. HT1080 cells were 

treated with 0 or 5 mM of MGO for 2 hours and then subjected to a phenol-CHCl3 

extraction to isolate DPCs. DPCs were identified via LC-MS/MS and statistically 

analyzed for enrichment at an FDR of 0.01 and a minimal coefficient of variation (S0) of 



 

207 

0.5. Proteins highlighted in orange or blue were significantly enriched in the MGO or 

vehicle treatment, respectively. Data are representative of 3 biological replicates from 

each treatment condition. B) Cellular compartment analysis of DPCs enriched by MGO 

treatment. Analysis was performed with the DAVID overrepresentation test and results 

are shown as a benjamini-hochberg adjusted p-value. C) Biological process analysis of 

DPCs enriched by MGO treatment. Analysis was performed with the DAVID 

overrepresentation test and results are shown as a benjamini-hochberg adjusted p-value. 

D) Depiction of DPCs identified in HT1080 cells upon exposure to diepoxybutane, 

cisplatin, phosphoramide mustard, and MGO. Venn diagram shows overlap of proteins 

between each condition. Circle size is representative of the total number of DPCs 

identified. The precent listed below each treatment condition is indicative of precent 

similarity to DPCs identified following MGO exposure. 
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Figure 5.4. Proteomic enrichment of MGO generated DPCs is reproducible 

HT1080 cells were treated with 0 or 5 mM of MGO for 2 hours and then subjected to a 

phenol-CHCl3 extraction to isolate DPCs. DPCs were identified via LC-MS/MS. 

Correlation plots show the intensity of label free quantitation (LFQ) values for a given 

treatment condition on the X and Y axis. Identified proteins are represented as black 

squares. The R2 value for each comparison is written in blue. The Perseus software suite 

(version 1.6.6.0) was used generate this plot. 
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Figure 5.5. Dotblot analysis of MGO induced DPCs 

A) Representative dotblots of DPCs isolated via phenol-CHCl3 extraction from HT1080 

cells treated with 0, 0.5, 1, 2.5, or 5 mM of MGO for 2 hours. Samples were normalized 

for DNA content, immobilized on nitrocellulose membranes, and probed with primary 

antibodies specific for PARP1, histone H3A, XRCC1, TOP1, VINC, GAPDH, GSTP1, 
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and dsDNA. B) Fold change in measured dotblot fluorescence intensity for PARP1, 

histone H3A, XRCC1, TOP1, VINC, and GAPDH signal normalized to input dsDNA for 

0, 0.5, 1, 2.5, or 5 mM MGO treatments, shown left to right for each protein respectively. 
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Figure 5.6. Dotblot analysis for ubiquitin in MGO induced DPCs 

A) Representative dotblot of DPCs isolated via phenol-CHCl3 extraction from HT1080 

cells treated with 0, 0.5, 1, 2.5, or 5 mM of MGO for 2 hours. Samples were normalized 

for DNA content, immobilized on nitrocellulose membranes, probed with primary 

antibody specific for UBB. B) Fold change in measured dotblot fluorescence intensity for 

UBB signal normalized to input dsDNA for the given MGO concentration. 
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Figure 5.7. GAPDH forms DPCs in the presence of MGO 

A) Representative gel of GAPDH (1 μg) incubated with or without FAM labeled ss-

telomeric DNA (TTAGGG)3 (25 μM) in the presence or absence of MGO (10 mM) in 25 

μL of PBS (pH 7.4) at 37 C for 1 h; top: FAM fluorescence; bottom: silver stain. B) 

Representative gel of BSA (1 μg) incubated with or without FAM labeled ss-telomeric 

DNA (TTAGGG)3 (25 μM) in the presence or absence of MGO (10 mM) in 25 μL of 

PBS (pH 7.4) at 37 C for 1 h; top: FAM fluorescence; bottom: simply blue stain. C) 

Crystal structure of tetrameric GAPDH with possible sites of MGO DPC formation in 

orange. PBD: 4WNC. 
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Figure 5.8. Time dependence of MGO induced GAPDH DPC formation 

Representative gel of GAPDH (1 μg) incubated with or without FAM labeled ss-

telomeric DNA (TTAGGG)3 (25 μM) in the presence or absence of MGO (10 mM) in 25 

μL of PBS (pH 7.4) at 37 C for the specified times; top: FAM fluorescence; bottom: 

simply blue stain. 
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Table 5.1. List of enriched MGO induced DPCs 

The third column reports the T-test pValue to assess enrichment of DPCs. The fourth 

column reports the difference between the mean log2 transformed LFQ intensity values 

between MGO and vehicle treated groups, which is indicative of fold change difference 

in protein abundance. Data is representative of 3 biological replicates from each 

treatment condition. 

Protein Name Gene name 
Negative 

Log(P) 

Difference 

(Vehicle - 

MGO) 

heterogeneous nuclear ribonucleoprotein M HNRNPM 5.818 7.767 

H4 clustered histone 9 H4C9 3.473 6.664 

H2B clustered histone 14 H2BC14 5.34 6.188 

H2A clustered histone 20 H2AC20 3.733 6.13 

STIP1 homology and U-box containing 

protein 1 
STUB1 4.848 6.123 

H2A.Z variant histone 2 H2AZ2 4.205 5.935 

glutaredoxin 3 GLRX3 5.176 5.833 

small ubiquitin like modifier 2 SUMO2 4.095 5.771 

tripartite motif containing 28 TRIM28 5.678 5.711 

flap structure-specific endonuclease 1 FEN1 3.516 5.563 

programmed cell death 11 PDCD11 2.694 5.525 

cofilin 1 CFL1 2.733 5.41 

tubulin beta 6 class V TUBB6 2.947 5.384 

peptidylprolyl isomerase A PPIA 3.29 5.338 

AHNAK nucleoprotein AHNAK 3.545 5.267 

importin 4 IPO4 4.236 5.265 

poly(ADP-ribose) polymerase 1 PARP1 3.278 5.142 

myosin light chain 12A MYL12A 3.159 5.052 

RAN binding protein 2 RANBP2 4.306 5.018 

GCN1 activator of EIF2AK4 GCN1 3.791 4.981 

general transcription factor IIi GTF2I 3.678 4.955 

eukaryotic translation initiation factor 5A EIF5A 3.252 4.831 

ribosomal protein L27 RPL27 5.255 4.683 
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DEAD-box helicase 5 DDX5 3.436 4.64 

marker of proliferation Ki-67 MKI67 3.445 4.632 

ribosomal protein L26 RPL26 4.206 4.618 

non-POU domain containing octamer 

binding 
NONO 3.976 4.54 

ribosomal protein L23a RPL23A 3.238 4.52 

H2A clustered histone 14 H2AC14 2.28 4.514 

peroxiredoxin 1 PRDX1 4.27 4.495 

ribosomal protein L27a RPL27A 4.881 4.443 

ribosome production factor 2 homolog RPF2 4.596 4.325 

tubulin alpha 1b TUBA1B 2.774 4.272 

poly(rC) binding protein 2 PCBP2 3.152 4.27 

heterogeneous nuclear ribonucleoprotein L HNRNPL 2.787 4.226 

NOP2/Sun RNA methyltransferase 2 NSUN2 2.612 4.22 

proteasome 26S subunit ubiquitin receptor, 

non-ATPase 2 
PSMD2 4.351 4.125 

ribosomal protein S26 RPS26 2.53 4.119 

tubulin beta 4B class IVb TUBB4B 4.104 4.108 

chromosome segregation 1 like CSE1L 4.408 4.081 

Ly1 antibody reactive LYAR 3.058 4.069 

TAR DNA binding protein TARDBP 4.219 4.056 

pre-mRNA processing factor 8 PRPF8 1.904 4.026 

DnaJ heat shock protein family (Hsp40) 

member A1 
DNAJA1 5.212 4.012 

Tubulin beta-3 chain 3.85 3.988 

poly(rC) binding protein 1 PCBP1 3.8 3.957 

ribosomal protein S7 RPS7 2.445 3.925 

eukaryotic translation initiation factor 4A1 EIF4A1 3.621 3.899 

annexin A2 ANXA2 1.88 3.857 

H3 clustered histone 4 H3C4 3.634 3.788 

ribonuclease/angiogenin inhibitor 1 RNH1 4.968 3.779 

profilin 1 PFN1 4.804 3.712 

tubulin beta class I TUBB 4.372 3.71 

BRCA2 and CDKN1A interacting protein BCCIP 3.478 3.707 

EBNA1 binding protein 2 EBNA1BP2 2.703 3.696 
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ribosomal protein L32 RPL32 4.117 3.642 

DExD-box helicase 50 DDX50 2.041 3.593 

exportin 1 XPO1 3.906 3.475 

eukaryotic translation elongation factor 2 EEF2 4.114 3.469 

X-ray repair cross complementing 5 XRCC5 2.357 3.462 

RAN, member RAS oncogene family RAN 2.739 3.457 

adenosine deaminase RNA specific ADAR 3.933 3.43 

macroH2A.1 histone MACROH2A1 2.654 3.428 

chloride intracellular channel 1 CLIC1 3.889 3.4 

tubulin alpha 1c TUBA1C 3.751 3.377 

tubulin beta 2A class IIa TUBB2A 4.477 3.354 

Heterogeneous nuclear ribonucleoprotein M 2.528 3.329 

importin 7 IPO7 1.316 3.328 

karyopherin subunit beta 1 KPNB1 2.988 3.324 

ribosomal protein S24 RPS24 4.25 3.315 

cell cycle and apoptosis regulator 2 CCAR2 4.226 3.305 

ribosomal protein L35 RPL35 3.675 3.303 

acidic nuclear phosphoprotein 32 family 

member E 
ANP32E 1.833 3.294 

polypyrimidine tract binding protein 1 PTBP1 1.432 3.255 

eukaryotic translation elongation factor 1 

gamma 
EEF1G 2.616 3.243 

ribosomal protein L10a RPL10A 3.212 3.239 

heterogeneous nuclear ribonucleoprotein 

A0 
HNRNPA0 2.519 3.229 

DEAD-box helicase 24 DDX24 2.995 3.226 

fatty acid synthase FASN 1.962 3.189 

PDZ and LIM domain 7 PDLIM7 4.174 3.17 

RBM14-RBM4 readthrough 
RBM14-

RBM4 
3.29 3.133 

filamin A FLNA 2.764 3.108 

sequestosome 1 SQSTM1 2.455 3.093 

ribosomal protein L10 RPL10 1.116 3.047 

leucyl-tRNA synthetase 1 LARS1 1.726 3.028 

prostaglandin E synthase 3 PTGES3 1.79 2.994 

ribosomal protein S5 RPS5 2.967 2.985 

HEAT repeat containing 1 HEATR1 1.71 2.981 

ribosomal RNA processing 8 RRP8 4.176 2.973 



 

217 

DNA topoisomerase II beta TOP2B 2.303 2.957 

H1.10 linker histone H1-10 4.445 2.954 

ribosomal protein S13 RPS13 3.78 2.95 

GTP binding protein 4 GTPBP4 3.114 2.944 

mutS homolog 6 MSH6 4.109 2.934 

Histone H3-7 1.741 2.932 

RNA binding motif protein X-linked RBMX 2.84 2.897 

RNA helicase 1.899 2.868 

ribonucleoprotein, PTB binding 1 RAVER1 2.479 2.862 

protein kinase, DNA-activated, catalytic 

subunit 
PRKDC 5.71 2.852 

DEAD-box helicase 47 DDX47 3.026 2.849 

actin alpha 1, skeletal muscle ACTA1 0.872 2.849 

DExD-box helicase 21 DDX21 2.098 2.81 

splicing factor 3b subunit 1 SF3B1 1.677 2.8 

nucleolar protein interacting with the FHA 

domain of MKI67 
NIFK 3.026 2.795 

heterogeneous nuclear ribonucleoprotein 

H2 
HNRNPH2 2.776 2.792 

minichromosome maintenance complex 

component 7 
MCM7 3.548 2.775 

protein phosphatase, Mg2+/Mn2+ 

dependent 1G 
PPM1G 1.708 2.769 

H3.3 histone B H3-3B 3.167 2.741 

U2 small nuclear RNA auxiliary factor 2 U2AF2 2.671 2.74 

spliceosome associated factor 3, U4/U6 

recycling protein 
SART3 2.678 2.709 

ribosomal protein S18 RPS18 2.751 2.703 

peter pan homolog PPAN 2.834 2.681 

high density lipoprotein binding protein HDLBP 3.744 2.678 

thymopoietin TMPO 2.085 2.674 

RecQ like helicase RECQL 3.396 2.656 

DEAD-box helicase 46 DDX46 3.038 2.613 

DEAH-box helicase 15 DHX15 4.121 2.59 

SDA1 domain containing 1 SDAD1 3.549 2.583 

ribosomal protein S3 RPS3 2.904 2.553 

karyopherin subunit alpha 1 KPNA1 2.238 2.546 

ribosomal protein S4 X-linked RPS4X 3.918 2.536 

eukaryotic translation initiation factor 4 EIF4G1 2.664 2.518 
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gamma 1 

vinculin VCL 1.769 2.515 

chaperonin containing TCP1 subunit 6A CCT6A 2.006 2.495 

RuvB like AAA ATPase 1 RUVBL1 1.536 2.493 

ribosomal protein S11 RPS11 2.399 2.484 

heterogeneous nuclear ribonucleoprotein 

H1 
HNRNPH1 0.946 2.482 

nucleolar protein 9 NOL9 1.855 2.479 

ribosomal protein S2 RPS2 2.368 2.439 

DIS3 homolog, exosome endoribonuclease 

and 3'-5' exoribonuclease 
DIS3 2.134 2.432 

small nuclear ribonucleoprotein U1 subunit 

70 
SNRNP70 1.855 2.431 

transglutaminase 2 TGM2 2.956 2.413 

ubiquitin C UBC 3.851 2.412 

FA complementation group I FANCI 1.711 2.407 

interferon gamma inducible protein 16 IFI16 2.108 2.387 

ribosomal protein S25 RPS25 1.053 2.372 

Mtr4 exosome RNA helicase MTREX 3.058 2.329 

Rho/Rac guanine nucleotide exchange 

factor 2 
ARHGEF2 1.557 2.32 

tubulin alpha 1a TUBA1A 1.103 2.307 

N-acetyltransferase 10 NAT10 1.629 2.286 

Heterogeneous nuclear ribonucleoprotein C-like 4 1.285 2.278 

DEAD-box helicase 54 DDX54 1.932 2.258 

Putative heat shock protein HSP 90-beta 2 2.279 2.252 

dynein axonemal assembly factor 5 DNAAF5 3.578 2.23 

talin 1 TLN1 3.751 2.23 

proteasome 26S subunit, ATPase 1 PSMC1 3.223 2.227 

NOP56 ribonucleoprotein NOP56 2.28 2.199 

cell division cycle 73 CDC73 1.846 2.191 

myosin light chain 6 MYL6 3.194 2.19 

U2 small nuclear RNA auxiliary factor 1 U2AF1 1.996 2.168 

tripartite motif containing 25 TRIM25 4.814 2.167 

Putative 60S ribosomal protein L39-like 5 3.331 2.127 

leucine rich repeat containing 59 LRRC59 1.611 2.114 

protein phosphatase 1 catalytic subunit beta PPP1CB 3.463 2.097 

ribosomal protein L18a RPL18A 1.753 2.088 
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small nuclear ribonucleoprotein D1 

polypeptide 
SNRPD1 2.392 2.087 

karyopherin subunit alpha 2 KPNA2 1.968 2.074 

polybromo 1 PBRM1 2.759 2.072 

translocase of outer mitochondrial 

membrane 34 
TOMM34 4.173 2.065 

importin 5 IPO5 3.609 2.063 

heat shock protein family A (Hsp70) 

member 8 
HSPA8 4.845 2.062 

glutamine-fructose-6-phosphate 

transaminase 2 
GFPT2 1.184 2.05 

tubulin alpha 4a TUBA4A 1.674 2.038 

Heterogeneous nuclear ribonucleoprotein A1 3.069 2.032 

symplekin scaffold protein SYMPK 2.218 2.012 

triosephosphate isomerase 1 TPI1 3.528 2 

testis expressed 10 TEX10 1.889 1.994 

unc-45 myosin chaperone A UNC45A 2.465 1.988 

DNA topoisomerase I TOP1 2.711 1.984 

ribosomal protein L13 RPL13 1.275 1.976 

DnaJ heat shock protein family (Hsp40) 

member A2 
DNAJA2 2.63 1.973 

UTP18 small subunit processome 

component 
UTP18 2.287 1.97 

coiled-coil domain containing 47 CCDC47 0.974 1.963 

ubiquitin protein ligase E3 component n-

recognin 5 
UBR5 2.39 1.96 

coilin COIL 2.548 1.96 

SWI/SNF related, matrix associated, actin 

dependent regulator of chromatin, 

subfamily a, member 5 

SMARCA5 1.868 1.956 

Putative elongation factor 1-alpha-like 3 3.715 1.954 

RNA binding motif protein 25 RBM25 1.087 1.935 

A-kinase anchoring protein 8 AKAP8 1.003 1.929 

heterogeneous nuclear ribonucleoprotein 

A3 
HNRNPA3 1.177 1.921 

ribosomal protein S15 RPS15 1.154 1.918 

ribosomal RNA processing 1B RRP1B 2.146 1.91 

ribosomal protein L7 like 1 RPL7L1 2.007 1.875 

exosome component 10 EXOSC10 2.509 1.868 

biogenesis of ribosomes BRX1 BRIX1 2.346 1.864 
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X-ray repair cross complementing 1 XRCC1 2.435 1.841 

DR1 associated protein 1 DRAP1 1.235 1.839 

nuclear cap binding protein subunit 1 NCBP1 1.724 1.804 

glyceraldehyde-3-phosphate 

dehydrogenase 
GAPDH 1.037 1.793 

DEAD-box helicase 10 DDX10 1.93 1.788 

fibrillarin FBL 1.132 1.787 

ribosomal L1 domain containing 1 RSL1D1 2.596 1.783 

PDS5 cohesin associated factor A PDS5A 1.672 1.775 

heat shock protein family A (Hsp70) 

member 1A 
HSPA1A 2.093 1.767 

oxysterol binding protein like 8 OSBPL8 3.657 1.767 

chromodomain helicase DNA binding 

protein 4 
CHD4 1.892 1.759 

tropomyosin 4 TPM4 1.069 1.735 

basic leucine zipper and W2 domains 1 BZW1 2.207 1.731 

DNA topoisomerase II alpha TOP2A 1.341 1.728 

THO complex subunit 2 THOC2 2.625 1.714 

RNA binding motif protein 34 RBM34 1.425 1.708 

dyskerin pseudouridine synthase 1 DKC1 1.731 1.706 

copine 1 CPNE1 4.681 1.69 

uveal autoantigen with coiled-coil domains 

and ankyrin repeats 
UACA 1.991 1.689 

chaperonin containing TCP1 subunit 4 CCT4 1.989 1.681 

DExH-box helicase 9 DHX9 1.496 1.681 

DExD-box helicase 52 DDX52 2.474 1.663 

muscleblind like splicing regulator 1 MBNL1 3.409 1.64 

splicing factor proline and glutamine rich SFPQ 2.558 1.624 

pre-mRNA processing factor 3 PRPF3 1.772 1.623 

nuclear autoantigenic sperm protein NASP 2.53 1.62 

WD repeat domain 1 WDR1 1.454 1.602 

cullin associated and neddylation 

dissociated 1 
CAND1 2.452 1.601 

5'-3' exoribonuclease 2 XRN2 1.448 1.588 

WD repeat domain 3 WDR3 1.293 1.582 

ribosomal RNA processing 12 homolog RRP12 2.708 1.579 

ribosomal protein L12 RPL12 3.118 1.575 

serum amyloid A like 1 SAAL1 2.266 1.571 
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tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein theta 
YWHAQ 3.251 1.57 

H1.0 linker histone H1-0 1.532 1.569 

ribosomal protein L24 RPL24 3.864 1.56 

KRR1 small subunit processome 

component homolog 
KRR1 1.571 1.539 

peptidylprolyl isomerase D PPID 1.404 1.539 

Aly/REF export factor ALYREF 1.661 1.535 

histone deacetylase 2 HDAC2 1.177 1.53 

A-kinase anchoring protein 8 like AKAP8L 1.153 1.503 

dynein cytoplasmic 1 heavy chain 1 DYNC1H1 2.031 1.497 

dpy-30 histone methyltransferase complex 

regulatory subunit 
DPY30 2.56 1.494 

replication protein A1 RPA1 1.234 1.484 

nucleolar protein 10 NOL10 1.516 1.45 

small nuclear ribonucleoprotein 

polypeptide N 
SNRPN 1.573 1.447 

nucleolar complex associated 4 homolog NOC4L 1.615 1.443 

eukaryotic translation initiation factor 5 EIF5 1.209 1.44 

four and a half LIM domains 2 FHL2 3.891 1.422 

jumonji domain containing 6, arginine 

demethylase and lysine hydroxylase 
JMJD6 2.386 1.41 

myosin heavy chain 9 MYH9 3.69 1.376 

lactate dehydrogenase A LDHA 2.077 1.375 

SUMO specific peptidase 3 SENP3 2.999 1.352 

small ubiquitin like modifier 3 SUMO3 1.918 1.336 

ribosomal protein L7a RPL7A 2.583 1.333 

heterogeneous nuclear ribonucleoprotein 

A2/B1 
HNRNPA2B1 2.24 1.293 

heterogeneous nuclear ribonucleoprotein 

H3 
HNRNPH3 1.704 1.289 

nucleolar protein 11 NOL11 1.467 1.286 

ribosomal protein L7 RPL7 2.48 1.282 

mitogen-activated protein kinase kinase 

kinase kinase 4 
MAP4K4 1.667 1.276 

transportin 1 TNPO1 1.442 1.271 

guanine monophosphate synthase GMPS 2.079 1.264 

DEAD-box helicase 18 DDX18 1.491 1.258 

DExH-box helicase 30 DHX30 1.569 1.217 
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general transcription factor IIIC subunit 1 GTF3C1 2.072 1.206 

ribosomal protein L18 RPL18 2.21 1.186 

FMR1 autosomal homolog 1 FXR1 2.073 1.148 

ribosomal protein S17 RPS17 3.132 1.142 

ribosome biogenesis regulator 1 homolog RRS1 2.271 1.138 

CCAAT enhancer binding protein zeta CEBPZ 2.797 1.115 

ribosomal protein S14 RPS14 2.189 1.105 

ribosomal protein L21 RPL21 2.194 1.101 

heat shock protein 90 alpha family class B 

member 1 
HSP90AB1 3.129 1.078 

URB1 ribosome biogenesis homolog URB1 1.742 1.072 

ribosomal protein L8 RPL8 3.334 1.034 

NOP58 ribonucleoprotein NOP58 2.588 1.027 

ribosomal protein L14 RPL14 1.85 1.012 

myosin phosphatase Rho interacting 

protein 
MPRIP 1.98 1.01 

RNA binding motif protein 26 RBM26 2.215 1.005 

ribosomal protein L28 RPL28 2.299 0.918 
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Table 5.2. Comparison of DPCs identified in HT1080 cells upon MGO, cisplatin, 

diepoxybutane (DEB), or phosphoramide mustard (PM) treatment 

Data compiled from the following refs: 320, 354, 363 

 

Uniprot 

accession 

number 

Protein Crosslinker 

B2RPK0 
Putative high mobility group protein B1-like 

1 
Cisplatin 

O00148 ATP-dependent RNA helicase DDX39 Cisplatin 

O00571 ATP-dependent RNA helicase DDX3X Cisplatin 

O00622 Protein CYR61 Cisplatin 

O14979 
Heterogeneous nuclear ribonucleoprotein D-

like 
Cisplatin 

O43707 α-Actinin-4 Cisplatin 

O60506 Heterogeneous nuclear ribonucleoprotein Q Cisplatin 

O60812 
Heterogeneous nuclear ribonucleoprotein C-

like 1 
Cisplatin 

O94880 PHD finger protein 14 Cisplatin 

O95602 
DNA-directed RNA polymerase I subunit 

RPA1 
Cisplatin 

P02545 Prelamin-A/C Cisplatin 

P02751 Fibronectin Cisplatin 

P07910 
Heterogeneous nuclear ribonucleoproteins 

C1/C2 
Cisplatin 

P62888 60S ribosomal protein L30 Cisplatin 

P05783 Keratin, type I cytoskeletal 18 Cisplatin 

P05787 Keratin, type II cytoskeletal 8 Cisplatin 

P06576 ATP synthase subunit β, mitochondrial Cisplatin 

P07237 Protein disulfide-isomerase Cisplatin 

P07437 Tubulin β chain Cisplatin 

P07900 Heat shock protein HSP 90-α Cisplatin 

Q96A08 Histone H2B type 1-A Cisplatin 

P09382 Galectin-1 Cisplatin 
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P09429 High mobility group protein B1 (HMG B1) Cisplatin 

P09661 U2 small nuclear ribonucleoprotein A′ Cisplatin 

P10809 60 kDa heat shock protein, mitochondrial Cisplatin 

P11021 78 kDa glucose-regulated protein OS=Homo Cisplatin 

P12814 α-Actinin-1 Cisplatin 

P13667 Protein disulfide-isomerase A4 Cisplatin 

P13796 Plastin-2 Cisplatin 

P14618 Pyruvate kinase isozymes M1/M2 Cisplatin 

P15311 Ezrin Cisplatin 

P17844 
Probable ATP-dependent RNA helicase 

DDX5 
Cisplatin 

P18085 ADP-ribosylation factor 4 Cisplatin 

P18621 60S ribosomal protein L17 Cisplatin 

P18669 Phosphoglycerate mutase 1 Cisplatin 

P20700 Lamin-B1 Cisplatin 

P21333 Filamin-A Cisplatin 

P27797 Calreticulin Cisplatin 

P27824 Calnexin Cisplatin 

P31943 Heterogeneous nuclear ribonucleoprotein H Cisplatin 

P35580 Myosin-10 Cisplatin 

P36578 60S ribosomal protein L4 Cisplatin 

P37802 Transgelin-2 Cisplatin 

P39023 60S ribosomal protein L3 Cisplatin 

P40429 60S ribosomal protein L13a Cisplatin 

P43307 Translocon-associated protein subunit α Cisplatin 

P46777 60S ribosomal protein L5 Cisplatin 

P46782 40S ribosomal protein S5 Cisplatin 

P49207 60S ribosomal protein L34 Cisplatin 

P51149 Ras-related protein Rab-7a Cisplatin 

P52272 Heterogeneous nuclear ribonucleoprotein M Cisplatin 

P55209 Nucleosome assembly protein 1-like 1 Cisplatin 

P61026 Ras-related protein Rab-10 Cisplatin 

P61247 40S ribosomal protein S3a Cisplatin 

P61313 60S ribosomal protein L15 Cisplatin 

P61513 60S ribosomal protein L37a Cisplatin 
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P61927 60S ribosomal protein L37 Cisplatin 

P62136 
Serine/threonine-protein phosphatase PP1-α 

catalytic subunit 
Cisplatin 

P62495 
Eukaryotic peptide chain release factor 

subunit 1 
Cisplatin 

P62736 Actin, aortic smooth muscle Cisplatin 

P62910 60S ribosomal protein L32 Cisplatin 

P62913 60S ribosomal protein L11 Cisplatin 

P68104 Elongation factor 1-α 1 (EF-1α1) Cisplatin 

P78371 T-complex protein 1 subunit β Cisplatin 

P84077 ADP-ribosylation factor 1 Cisplatin 

Q00839 Heterogeneous nuclear ribonucleoprotein U Cisplatin 

Q01082 Spectrin β chain, brain 1 Cisplatin 

Q01518 Adenylyl cyclase-associated protein 1 Cisplatin 

Q02878 60S ribosomal protein L6 Cisplatin 

Q08170 Splicing factor, arginine/serine-rich 4 Cisplatin 

Q08945 FACT complex subunit SSRP1 Cisplatin 

Q12905 Interleukin enhancer-binding factor 2 Cisplatin 

Q12906 Interleukin enhancer-binding factor 3 Cisplatin 

Q13427 Peptidyl-prolyl cis-trans isomerase G Cisplatin 

Q13813 Spectrin α chain, brain Cisplatin 

Q13823 Nucleolar GTP-binding protein 2 Cisplatin 

Q14137 Ribosome biogenesis protein BOP1 Cisplatin 

Q15185 Prostaglandin E synthase 3 Cisplatin 

Q15287 
RNA-binding protein with serine-rich 

domain 1 
Cisplatin 

Q15424 Scaffold attachment factor B1 Cisplatin 

Q58FF7 Putative heat shock protein HSP 90-β-3 Cisplatin 

Q5SSJ5 Heterochromatin protein 1-binding protein 3 Cisplatin 

Q68CQ4 Digestive organ expansion factor homolog Cisplatin 

Q8IY81 Putative rRNA methyltransferase 3 Cisplatin 

Q8N7H5 
RNA polymerase II-associated factor 1 

homolog 
Cisplatin 

Q8NHW5 60S acidic ribosomal protein P0-like Cisplatin 

Q92841 
Probable ATP-dependent RNA helicase 

DDX17 
Cisplatin 

Q92922 SWI/SNF complex subunit SMARCC1 Cisplatin 

Q96GQ7 
Probable ATP-dependent RNA helicase 

DDX27 
Cisplatin 
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Q96L21 60S ribosomal protein L10-like Cisplatin 

Q96MU7 YTH domain-containing protein 1 Cisplatin 

Q99613 
Eukaryotic translation initiation factor 3 

subunit C 
Cisplatin 

Q99988 Growth/differentiation factor 15 Cisplatin 

Q9BV38 WD repeat-containing protein 18 Cisplatin 

Q9H307 Pinin Cisplatin 

Q9HCG8 Pre-mRNA-splicing factor CWC22 homolog Cisplatin 

Q9NQZ2 Something about silencing protein 10 Cisplatin 

Q9NVI7 
ATPase family AAA domain-containing 

protein 3A 
Cisplatin 

Q9NW13 RNA-binding protein 28 Cisplatin 

Q9UH99 SUN domain-containing protein 2 Cisplatin 

Q9UIG0 Tyrosine-protein kinase BAZ1B Cisplatin 

Q9UKV3 
Apoptotic chromatin condensation inducer in 

the nucleus 
Cisplatin 

Q9Y3U8 60S ribosomal protein L36 Cisplatin 

Q9Y4L1 Hypoxia up-regulated protein 1 Cisplatin 

Q9Y4W2 Protein LAS1 homolog Cisplatin 

P07196 Neurofilament light polypeptide Cisplatin 

P78316 Nucleolar protein 14 Cisplatin 

Q9UQ88 Cell division protein kinase 11A Cisplatin 

P15144 Aminopeptidase N Cisplatin 

O60841 Eukaryotic translation initiation factor 5B Cisplatin, DEB 

O75494 Splicing factor, arginine/serine-rich 10 Cisplatin, DEB 

P09493 Tropomyosin α-1 chain Cisplatin, DEB 

Q14103 Heterogeneous nuclear ribonucleoprotein D0 Cisplatin, DEB 

P14314 Glucosidase 2 subunit β Cisplatin, DEB 

P14625 Endoplasmin Cisplatin, DEB 

P16403 Histone H1D Cisplatin, DEB 

Q96QV6 Histone H2A type 1-A Cisplatin, DEB 

P19338 Nucleolin (C-23) Cisplatin, DEB 

P26583 High mobility group protein B2 (HMG B2) Cisplatin, DEB 

Q9UKM9 RNA-binding protein Raly Cisplatin, DEB 

P51531 
Probable global transcription activator 

SNF2L2 
Cisplatin, DEB 

P61978 Heterogeneous nuclear ribonucleoprotein K Cisplatin, DEB 

P62241 40S ribosomal protein S8 Cisplatin, DEB 
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P84098 60S ribosomal protein L19 Cisplatin, DEB 

Q03252 Lamin-B2 Cisplatin, DEB 

Q13185 Chromobox protein homolog 3 Cisplatin, DEB 

Q13243 Splicing factor, arginine/serine-rich 5 Cisplatin, DEB 

Q13435 Splicing factor 3B subunit 2 Cisplatin, DEB 

Q14978 Nucleolar and coiled-body phosphoprotein 1 Cisplatin, DEB 

Q15061 WD repeat-containing protein 43 Cisplatin, DEB 

Q58FF3 Putative endoplasmin-like protein Cisplatin, DEB 

Q8IYB3 Serine/arginine repetitive matrix protein 1 Cisplatin, DEB 

Q8IZL8 
Proline-, glutamic acid- and leucine-rich 

protein 1 
Cisplatin, DEB 

Q99729 
Heterogeneous nuclear ribonucleoprotein 

A/B 
Cisplatin, DEB 

Q99733 Nucleosome assembly protein 1-like 4 Cisplatin, DEB 

Q9Y2W1 
Thyroid hormone receptor-associated protein 

3 
Cisplatin, DEB 

P06748 Nucleophosmin Cisplatin, DEB 

P12270 Nucleoprotein TPR Cisplatin, DEB 

P17096 
High mobility group protein HMG-I/HMG-

Y 
Cisplatin, DEB 

P17480 Nucleolar transcription factor 1 Cisplatin, DEB 

P35659 Protein DEK Cisplatin, DEB 

P52926 High mobility group protein HMGA2 Cisplatin, DEB 

P62995 Transformer-2 protein homolog beta Cisplatin, DEB 

Q16629 Splicing factor, arginine/serine-rich 7 Cisplatin, DEB 

Q86VM9 
Zinc finger CCCH domain-containing 

protein 18 
Cisplatin, DEB 

Q9Y3B9 RRP15-like protein Cisplatin, DEB 

O00566 
U3 small nucleolar ribonucleoprotein protein 

MPP10 

Cisplatin, DEB, 

PM 

O00541 Pescadillo homolog Cisplatin, PM 

O75643 
U5 small nuclear ribonucleoprotein 200 kDa 

helicase 
Cisplatin, PM 

P05198 
Eukaryotic translation initiation factor 2 

subunit 1 
Cisplatin, PM 

P12956 
X-ray repair cross-complementing protein 6 

(XRCC-6 or Ku70) 
Cisplatin, PM 

P04083 Annexin A1 Cisplatin, PM 

Q9BQG0 Myb-binding protein 1A Cisplatin, PM 

Q9BXP5 Serrate RNA effector molecule homolog Cisplatin, PM 
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Q9BXY0 Protein MAK16 homolog Cisplatin, PM 

Q9Y3T9 Nucleolar complex protein 2 homolog Cisplatin, PM 

Q9Y5B9 FACT complex subunit SPT16 Cisplatin, PM 

P23396 40S ribosomal protein S3 Cisplatin, PM 

P25705 ATP synthase subunit α, mitochondrial Cisplatin, PM 

P31946 14-3-3 protein β/α Cisplatin, PM 

P32969 60S ribosomal protein L9 Cisplatin, PM 

P33778 Histone H2B type 1-B Cisplatin, PM 

P46087 
Putative ribosomal RNA methyltransferase 

NOP2 
Cisplatin, PM 

P51532 Transcription activator BRG1 Cisplatin, PM 

P60709 Actin, cytoplasmic 1 (β-actin) Cisplatin, PM 

P62244 40S ribosomal protein S15a Cisplatin, PM 

P62249 40S ribosomal protein S16 Cisplatin, PM 

P62258 14-3-3 Protein epsilon Cisplatin, PM 

P62266 40S ribosomal protein S23 Cisplatin, PM 

P62847 40S ribosomal protein S24 Cisplatin, PM 

Q02543 60S ribosomal protein L18a Cisplatin, PM 

Q14692 
Ribosome biogenesis protein BMS1 

homolog 
Cisplatin, PM 

Q15029 
116 kDa U5 small nuclear ribonucleoprotein 

component 
Cisplatin, PM 

Q1KMD3 
Heterogeneous nuclear ribonucleoprotein U-

like protein 2 
Cisplatin, PM 

Q32P51 
Heterogeneous nuclear ribonucleoprotein 

A1-like 2 
Cisplatin, PM 

Q5BKZ1 Zinc finger protein 326 Cisplatin, PM 

P08670 Vimentin Cisplatin, PM 

Q969G3 

SWI/SNF-related matrix-associated actin-

dependent regulator of chromatin subfamily 

E member 1 

Cisplatin, PM 

P08865 40S ribosomal protein SA 
Cisplatin, PM, 

DEB 

Q9NY61 Protein AATF 
Cisplatin, PM, 

DEB 

Q9UKD2 mRNA turnover protein 4 homolog 
Cisplatin, PM, 

DEB 

P46781 40S ribosomal protein S9 
Cisplatin, PM, 

DEB 

P55081 Microfibrillar-associated protein 1 Cisplatin, PM, 
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DEB 

P62753 40S ribosomal protein S6 
Cisplatin, PM, 

DEB 

P62829 60S ribosomal protein L23 
Cisplatin, PM, 

DEB 

P84103 Splicing factor, arginine/serine-rich 3 
Cisplatin, PM, 

DEB 

Q07065 Cytoskeleton-associated protein 4 
Cisplatin, PM, 

DEB 

Q13765 
Nascent polypeptide-associated complex 

subunit α 

Cisplatin, PM, 

DEB 

Q16643 Drebrin 
Cisplatin, PM, 

DEB 

P05556 Integrin β-1 
Cisplatin, PM, 

DEB 

P43243 Matrin-3 
Cisplatin, PM, 

DEB 

Q07955 Splicing factor, arginine/serine-rich 1 
Cisplatin, PM, 

DEB 

O00592 Podocalyxin DEB 

O43290 U4/U6.U5 tri-snRNP-associated protein 1 DEB 

O75475 PC4 and SFRS1-interacting protein DEB 

O75526 RNA-binding motif protein, X-linked-like-2 DEB 

O75683 Surfeit locus protein 6 DEB 

P05387 60S acidic ribosomal protein P2 DEB 

P06753 
Isoform TM30nm of Tropomyosin alpha-3 

chain 
DEB 

P07951 Tropomyosin beta chain DEB 

P07996 Thrombospondin-1 DEB 

P12273 Prolactin-inducible protein DEB 

P14923 Junction plakoglobin DEB 

P16070 CD44 antigen DEB 

P17096-2 
Isoform HMGA1b of High mobility group 

protein HMG-I/HMG-Y 
DEB 

P23497 Nuclear autoantigen Sp-100 DEB 

P25440 Bromodomain-containing protein 2 DEB 

P29692 Elongation factor 1-delta DEB 

P35269 General transcription factor IIF subunit 1 DEB 

P35613 Basigin DEB 

P35637 RNA-binding protein FUS DEB 
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P45973 Chromobox protein homolog 5 DEB 

P47914 60S ribosomal protein L29 DEB 

P50502 Hsc70-interacting protein DEB 

P61244 Protein max DEB 

P62807 Histone H2B type 1-C/E/F/G/I DEB 

P62988 Ubiquitin DEB 

P67809 Nuclease-sensitive element-binding protein 1 DEB 

P67936 Tropomyosin alpha-4 chain DEB 

Q13442 28 kDa heat- and acid-stable phosphoprotein DEB 

P83916 Chromobox protein homolog 1 DEB 

Q01105 Protein SET DEB 

Q01130 Splicing factor, arginine/serine-rich 2 DEB 

Q01469 Fatty acid-binding protein, epidermal DEB 

Q02413 Desmoglein-1 DEB 

Q02539 Histone H1.1 DEB 

Q08554 Desmocollin-1 DEB 

Q13242 Splicing factor, arginine/serine-rich 9 DEB 

Q13428 Treacle protein DEB 

Q14011 Cold-inducible RNA-binding protein DEB 

Q14444 Caprin-1 DEB 

Q14919 Dr1-associated corepressor DEB 

Q15059 Bromodomain-containing protein 3 DEB 

Q15149 Plectin-1 DEB 

Q16695 Histone H3.1t DEB 

Q3SYE8 
Putative high mobility group protein B3-

like-1 
DEB 

Q5QJE6 
Deoxynucleotidyltransferase terminal-

interacting protein 2 
DEB 

Q6NZI2 Polymerase I and transcript release factor DEB 

Q7L014 
Probable ATP-dependent RNA helicase 

DDX46 
DEB 

Q86U42 Polyadenylate-binding protein 2 DEB 

Q8IZQ5 Selenoprotein H DEB 

Q8NC51 
Plasminogen activator inhibitor 1 RNA-

binding protein 
DEB 

Q8WXX5 DnaJ homolog subfamily C member 9 DEB 

Q92688 
Acidic leucine-rich nuclear phosphoprotein 

32 family member B 
DEB 

Q96DR8 Mucin-like protein 1 DEB 
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Q96ST2 Protein IWS1 homolog DEB 

Q9BRL6 Splicing factor, arginine/serine-rich 2B DEB 

Q9H1E3 
Nuclear ubiquitous casein and cyclin-

dependent kinases substrate 
DEB 

Q9H930 Nuclear body protein SP140-like protein DEB 

Q9UMY1 Nucleolar protein 7 DEB 

Q9UQ35 Serine/arginine repetitive matrix protein 2 DEB 

Q9Y5S9 RNA-binding protein 8A DEB 

O95218 
Zinc finger Ran-binding domain-containing 

protein 2, Isoform 1 
DEB 

P46821 Microtubule-associated protein 1B DEB 

Q7Z4V5 
Hepatoma-derived growth factor-related 

protein 2, Isoform 1 
DEB 

Q8TF01 
Splicing factor, arginine/serine-rich 18, 

Isoform 1 
DEB 

Q9NYF8 
Bcl-2-associated transcription factor 1, 

Isoform 1 
DEB 

A0A087WTP3 Heterogeneous nuclear ribonucleoprotein M MGO 

A0A087WYT3 prostaglandin E synthase 3 MGO 

A0A087WZ13 ribonucleoprotein, PTB binding 1 MGO 

A0A087X0H9 RNA binding motif protein 26 MGO 

A0A087X0X3 heterogeneous nuclear ribonucleoprotein M MGO 

A0A0B4J269 Tubulin beta-3 chain MGO 

A0A0C4DG89 DEAD-box helicase 46 MGO 

A0A0C4DGG9 
chromodomain helicase DNA binding 

protein 4 
MGO 

A0A0G2JPF8 
Heterogeneous nuclear ribonucleoprotein C-

like 4 
MGO 

A0A1X7SBZ2 RNA helicase MGO 

A0A2R8YGX3 tropomyosin 4 MGO 

A8MV53 peter pan homolog MGO 

B2WTI3 
jumonji domain containing 6, arginine 

demethylase and lysine hydroxylase 
MGO 

C9JP00 muscleblind like splicing regulator 1 MGO 

D3YTB1 ribosomal protein L32 MGO 

E7EMW7 
ubiquitin protein ligase E3 component n-

recognin 5 
MGO 

E7ENQ1 
mitogen-activated protein kinase kinase 

kinase kinase 4 
MGO 

E7ETK0 ribosomal protein S24 MGO 
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E7EU85 FMR1 autosomal homolog 1 MGO 

E9PL09 ribosomal protein S3 MGO 

E9PQX9 DR1 associated protein 1 MGO 

F5H5D3 tubulin alpha 1c MGO 

F5H8D7 X-ray repair cross complementing 1 MGO 

F8VZX2 poly(rC) binding protein 2 MGO 

F8W1R7 myosin light chain 6 MGO 

F8W6I7 Heterogeneous nuclear ribonucleoprotein A1 MGO 

F8W7R3 FA complementation group I MGO 

G3V529 DEAD-box helicase 24 MGO 

G8JLB6 heterogeneous nuclear ribonucleoprotein H1 MGO 

H0Y5B5 polybromo 1 MGO 

H0YNH8 
uveal autoantigen with coiled-coil domains 

and ankyrin repeats 
MGO 

H7BXY3 DExH-box helicase 30 MGO 

J3KTA4 DEAD-box helicase 5 MGO 

J3QLE5 
small nuclear ribonucleoprotein polypeptide 

N 
MGO 

J3QLI9 
small nuclear ribonucleoprotein D1 

polypeptide 
MGO 

J3QRI7 ribosomal protein L26 MGO 

K7EK07 H3.3 histone B MGO 

M0R0F0 ribosomal protein S5 MGO 

M0R3D6 ribosomal protein L18a MGO 

O00299 chloride intracellular channel 1 MGO 

O00410 importin 5 MGO 

O14980 exportin 1 MGO 

O15355 
protein phosphatase, Mg2+/Mn2+ dependent 

1G 
MGO 

O43143 DEAH-box helicase 15 MGO 

O43159 ribosomal RNA processing 8 MGO 

O43395 pre-mRNA processing factor 3 MGO 

O43823 A-kinase anchoring protein 8 MGO 

O60264 

SWI/SNF related, matrix associated, actin 

dependent regulator of chromatin, subfamily 

a, member 5 

MGO 

O60287 URB1 ribosome biogenesis homolog MGO 

O60832 dyskerin pseudouridine synthase 1 MGO 

O60884 DnaJ heat shock protein family (Hsp40) MGO 
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member A2 

O75083 WD repeat domain 1 MGO 

O75533 splicing factor 3b subunit 1 MGO 

O76003 glutaredoxin 3 MGO 

O94808 
glutamine-fructose-6-phosphate 

transaminase 2 
MGO 

P07737 profilin 1 MGO 

P0CG48 ubiquitin C MGO 

P0DMV9 
heat shock protein family A (Hsp70) 

member 1A 
MGO 

P11388 DNA topoisomerase II alpha MGO 

P13489 ribonuclease/angiogenin inhibitor 1 MGO 

P18206 vinculin MGO 

P21980 transglutaminase 2 MGO 

P22087 fibrillarin MGO 

P26368 U2 small nuclear RNA auxiliary factor 2 MGO 

P26641 
eukaryotic translation elongation factor 1 

gamma 
MGO 

P27348 
tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein theta 
MGO 

P27694 replication protein A1 MGO 

P31689 
DnaJ heat shock protein family (Hsp40) 

member A1 
MGO 

P33993 
minichromosome maintenance complex 

component 7 
MGO 

P38432 coilin MGO 

P39748 flap structure-specific endonuclease 1 MGO 

P42166 thymopoietin MGO 

P42285 Mtr4 exosome RNA helicase MGO 

P42696 RNA binding motif protein 34 MGO 

P42766 ribosomal protein L35 MGO 

P46013 marker of proliferation Ki-67 MGO 

P46063 RecQ like helicase MGO 

P49321 nuclear autoantigenic sperm protein MGO 

P49327 fatty acid synthase MGO 

P49792 RAN binding protein 2 MGO 

P49915 guanine monophosphate synthase MGO 

P50991 chaperonin containing TCP1 subunit 4 MGO 

P52292 karyopherin subunit alpha 2 MGO 
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P52294 karyopherin subunit alpha 1 MGO 

P52701 mutS homolog 6 MGO 

P55010 eukaryotic translation initiation factor 5 MGO 

P55060 chromosome segregation 1 like MGO 

P55265 adenosine deaminase RNA specific MGO 

P55795 heterogeneous nuclear ribonucleoprotein H2 MGO 

P55854 small ubiquitin like modifier 3 MGO 

P60174 triosephosphate isomerase 1 MGO 

P61956 small ubiquitin like modifier 2 MGO 

P62140 protein phosphatase 1 catalytic subunit beta MGO 

P62191 proteasome 26S subunit, ATPase 1 MGO 

P62854 ribosomal protein S26 MGO 

P62906 ribosomal protein L10a MGO 

P68133 actin alpha 1, skeletal muscle MGO 

P68366 tubulin alpha 4a MGO 

P68431 H3 clustered histone 4 MGO 

P78347 general transcription factor IIi MGO 

P78527 
protein kinase, DNA-activated, catalytic 

subunit 
MGO 

Q00341 high density lipoprotein binding protein MGO 

Q01081 U2 small nuclear RNA auxiliary factor 1 MGO 

Q01780 exosome component 10 MGO 

Q02880 DNA topoisomerase II beta MGO 

Q08752 peptidylprolyl isomerase D MGO 

Q08J23 NOP2/Sun RNA methyltransferase 2 MGO 

Q09161 nuclear cap binding protein subunit 1 MGO 

Q12789 general transcription factor IIIC subunit 1 MGO 

Q13148 TAR DNA binding protein MGO 

Q13151 heterogeneous nuclear ribonucleoprotein A0 MGO 

Q13200 
proteasome 26S subunit ubiquitin receptor, 

non-ATPase 2 
MGO 

Q13206 DEAD-box helicase 10 MGO 

Q13263 tripartite motif containing 28 MGO 

Q13501 sequestosome 1 MGO 

Q13601 
KRR1 small subunit processome component 

homolog 
MGO 

Q14192 four and a half LIM domains 2 MGO 

Q14204 dynein cytoplasmic 1 heavy chain 1 MGO 
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Q14258 tripartite motif containing 25 MGO 

Q14684 ribosomal RNA processing 1B MGO 

Q14690 programmed cell death 11 MGO 

Q14974 karyopherin subunit beta 1 MGO 

Q15020 
spliceosome associated factor 3, U4/U6 

recycling protein 
MGO 

Q15233 
non-POU domain containing octamer 

binding 
MGO 

Q15785 
translocase of outer mitochondrial membrane 

34 
MGO 

Q16666 interferon gamma inducible protein 16 MGO 

Q16777 H2A clustered histone 20 MGO 

Q29RF7 PDS5 cohesin associated factor A MGO 

Q59GN2 Putative 60S ribosomal protein L39-like 5 MGO 

Q5JP53 tubulin beta class I MGO 

Q5SY16 nucleolar protein 9 MGO 

Q5TEC6 Histone H3-7 MGO 

Q5VTE0 Putative elongation factor 1-alpha-like 3 MGO 

Q60FE5 filamin A MGO 

Q6DKI1 ribosomal protein L7 like 1 MGO 

Q6P1J9 cell division cycle 73 MGO 

Q6P2Q9 pre-mRNA processing factor 8 MGO 

Q6WCQ1 myosin phosphatase Rho interacting protein MGO 

Q71UI9 H2A.Z variant histone 2 MGO 

Q7L1Q6 basic leucine zipper and W2 domains 1 MGO 

Q86V81 Aly/REF export factor MGO 

Q86VP6 
cullin associated and neddylation dissociated 

1 
MGO 

Q86Y56 dynein axonemal assembly factor 5 MGO 

Q8N163 cell cycle and apoptosis regulator 2 MGO 

Q8NI27 THO complex subunit 2 MGO 

Q8TDN6 biogenesis of ribosomes BRX1 MGO 

Q8TEX9 importin 4 MGO 

Q92616 GCN1 activator of EIF2AK4 MGO 

Q92769 histone deacetylase 2 MGO 

Q92797 symplekin scaffold protein MGO 

Q92973 transportin 1 MGO 

Q92974 
Rho/Rac guanine nucleotide exchange factor 

2 
MGO 
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Q96AG4 leucine rich repeat containing 59 MGO 

Q96ER3 serum amyloid A like 1 MGO 

Q96PK6 RBM14-RBM4 readthrough MGO 

Q99829 copine 1 MGO 

Q99878 H2A clustered histone 14 MGO 

Q99879 H2B clustered histone 14 MGO 

Q9BQ39 DExD-box helicase 50 MGO 

Q9BSC4 nucleolar protein 10 MGO 

Q9BTT0 
acidic nuclear phosphoprotein 32 family 

member E 
MGO 

Q9BVI4 nucleolar complex associated 4 homolog MGO 

Q9BYG3 
nucleolar protein interacting with the FHA 

domain of MKI67 
MGO 

Q9BZE4 GTP binding protein 4 MGO 

Q9BZF1 oxysterol binding protein like 8 MGO 

Q9C005 
dpy-30 histone methyltransferase complex 

regulatory subunit 
MGO 

Q9H0A0 N-acetyltransferase 10 MGO 

Q9H0D6 5'-3' exoribonuclease 2 MGO 

Q9H3U1 unc-45 myosin chaperone A MGO 

Q9H4L4 SUMO specific peptidase 3 MGO 

Q9H7B2 ribosome production factor 2 homolog MGO 

Q9H8H0 nucleolar protein 11 MGO 

Q9NR12 PDZ and LIM domain 7 MGO 

Q9NVU7 SDA1 domain containing 1 MGO 

Q9NX58 Ly1 antibody reactive MGO 

Q9NXF1 testis expressed 10 MGO 

Q9P287 BRCA2 and CDKN1A interacting protein MGO 

Q9P2J5 leucyl-tRNA synthetase 1 MGO 

Q9ULX6 A-kinase anchoring protein 8 like MGO 

Q9UNE7 
STIP1 homology and U-box containing 

protein 1 
MGO 

Q9UNX4 WD repeat domain 3 MGO 

Q9Y2L1 
DIS3 homolog, exosome endoribonuclease 

and 3'-5' exoribonuclease 
MGO 

Q9Y2R4 DExD-box helicase 52 MGO 

Q9Y490 talin 1 MGO 

Q9Y5J1 UTP18 small subunit processome component MGO 

X1WI28 ribosomal protein L10 MGO 
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O75367 macroH2A.1 histone MGO, Cisplatin 

O95373 importin 7 MGO, Cisplatin 

P07355 annexin A2 MGO, Cisplatin 

P08238 
heat shock protein 90 alpha family class B 

member 1 
MGO, Cisplatin 

P09874 poly(ADP-ribose) polymerase 1 MGO, Cisplatin 

P11387 DNA topoisomerase I MGO, Cisplatin 

P13010 X-ray repair cross complementing 5 MGO, Cisplatin 

P13639 eukaryotic translation elongation factor 2 MGO, Cisplatin 

P14866 heterogeneous nuclear ribonucleoprotein L MGO, Cisplatin 

P23528 cofilin 1 MGO, Cisplatin 

P26373 ribosomal protein L13 MGO, Cisplatin 

P26599 polypyrimidine tract binding protein 1 MGO, Cisplatin 

P31942 heterogeneous nuclear ribonucleoprotein H3 MGO, Cisplatin 

P38159 RNA binding motif protein X-linked MGO, Cisplatin 

P40227 chaperonin containing TCP1 subunit 6A MGO, Cisplatin 

P46779 ribosomal protein L28 MGO, Cisplatin 

P50914 ribosomal protein L14 MGO, Cisplatin 

P51991 heterogeneous nuclear ribonucleoprotein A3 MGO, Cisplatin 

P61353 ribosomal protein L27 MGO, Cisplatin 

P62269 ribosomal protein S18 MGO, Cisplatin 

P62424 ribosomal protein L7a MGO, Cisplatin 

P62701 ribosomal protein S4 X-linked MGO, Cisplatin 

P62826 RAN, member RAS oncogene family MGO, Cisplatin 

P62917 ribosomal protein L8 MGO, Cisplatin 

P62937 peptidylprolyl isomerase A MGO, Cisplatin 

P63241 eukaryotic translation initiation factor 5A MGO, Cisplatin 

P68371 tubulin beta 4B class IVb MGO, Cisplatin 

Q08211 DExH-box helicase 9 MGO, Cisplatin 

Q15365 poly(rC) binding protein 1 MGO, Cisplatin 

Q58FF8 Putative heat shock protein HSP 90-beta 2 MGO, Cisplatin 

Q5JTH9 ribosomal RNA processing 12 homolog MGO, Cisplatin 

Q9BUF5 tubulin beta 6 class V MGO, Cisplatin 

Q9H0S4 DEAD-box helicase 47 MGO, Cisplatin 

Q9H583 HEAT repeat containing 1 MGO, Cisplatin 

Q9NVP1 DEAD-box helicase 18 MGO, Cisplatin 

Q9Y265 RuvB like AAA ATPase 1 MGO, Cisplatin 
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O00567 NOP56 ribonucleoprotein 
MGO, Cisplatin, 

DEB 

P04406 glyceraldehyde-3-phosphate dehydrogenase 
MGO, Cisplatin, 

DEB 

P23246 splicing factor proline and glutamine rich 
MGO, Cisplatin, 

DEB 

P35579 myosin heavy chain 9 
MGO, Cisplatin, 

DEB 

P62750 ribosomal protein L23a 
MGO, Cisplatin, 

DEB 

P62805 H4 clustered histone 9 
MGO, Cisplatin, 

DEB 

P83731 ribosomal protein L24 
MGO, Cisplatin, 

DEB 

Q06830 peroxiredoxin 1 
MGO, Cisplatin, 

DEB 

Q07020 ribosomal protein L18 
MGO, Cisplatin, 

DEB 

Q13885 tubulin beta 2A class IIa 
MGO, Cisplatin, 

DEB 

Q71U36 tubulin alpha 1a 
MGO, Cisplatin, 

DEB 

Q9Y2X3 NOP58 ribonucleoprotein 
MGO, Cisplatin, 

DEB 

O76021 ribosomal L1 domain containing 1 
MGO, Cisplatin, 

PM 

P08708 ribosomal protein S17 
MGO, Cisplatin, 

PM 

P11142 
heat shock protein family A (Hsp70) 

member 8 

MGO, Cisplatin, 

PM 

P15880 ribosomal protein S2 
MGO, Cisplatin, 

PM 

P30050 ribosomal protein L12 
MGO, Cisplatin, 

PM 

P46776 ribosomal protein L27a 
MGO, Cisplatin, 

PM 

P46778 ribosomal protein L21 
MGO, Cisplatin, 

PM 

P60842 eukaryotic translation initiation factor 4A1 
MGO, Cisplatin, 

PM 

P62081 ribosomal protein S7 
MGO, Cisplatin, 

PM 

P62277 ribosomal protein S13 MGO, Cisplatin, 
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PM 

P62280 ribosomal protein S11 
MGO, Cisplatin, 

PM 

Q03701 CCAAT enhancer binding protein zeta 
MGO, Cisplatin, 

PM 

P18124 ribosomal protein L7 
MGO, Cisplatin, 

PM, DEB 

P22626 
heterogeneous nuclear ribonucleoprotein 

A2/B1 

MGO, Cisplatin, 

PM, DEB 

P62263 ribosomal protein S14 
MGO, Cisplatin, 

PM, DEB 

Q9NR30 DExD-box helicase 21 
MGO, Cisplatin, 

PM, DEB 

P07305 H1.0 linker histone MGO, DEB 

P19105 myosin light chain 12A MGO, DEB 

P49756 RNA binding motif protein 25 MGO, DEB 

P62851 ribosomal protein S25 MGO, DEB 

Q09666 AHNAK nucleoprotein MGO, DEB 

P00338 lactate dehydrogenase A MGO, PM 

P62841 ribosomal protein S15 MGO, PM 

P68363 tubulin alpha 1b MGO, PM 

Q04637 
eukaryotic translation initiation factor 4 

gamma 1 
MGO, PM 

Q15050 ribosome biogenesis regulator 1 homolog MGO, PM 

Q8TDD1 DEAD-box helicase 54 MGO, PM 

Q92522 H1.10 linker histone MGO, PM 

Q96A33 coiled-coil domain containing 47 MGO, PM 

P08621 
small nuclear ribonucleoprotein U1 subunit 

70 
MGO, PM, DEB 

Q99848 EBNA1 binding protein 2 MGO, PM, DEB 

A0LTM5 Cell division protein 11B PM 

O00203 AP-3 complex subunit beta-1 PM 

O14786 Neuropilin-1 PM 

O15371 
Eukaryotic translation initiation factor 3 

subunit D 
PM 

O60216 
Double-strand-break repair protein rad21 

homolog 
PM 

O75400 Pre-mRNA-processing factor 40 homolog A PM 

P11201 78 kDa glucose-regulated protein PM 

P17661 Desmin PM 
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P20042 
Eukaryotic translation initiation factor 2 

subunit 2-like protein 
PM 

P23284 Peptidyl-prolyl cis-trans isomerase B PM 

P25205 DNA replication licensing factor MCM3 PM 

P36776 Lon protease homolog, mitochondrial PM 

P46783 40S ribosomal protein S10 PM 

P51665 
26S proteasome non-ATPase regulatory 

subunit 7 
PM 

P54652 Heat shock-related 70 kDa protein 2 PM 

P55884 
Eukaryotic translation initiation factor 3 

subunit B 
PM 

P63104 14-3-3 protein zeta/delta PM 

P63173 60S ribosomal protein L38 PM 

P66905 Hemoglobin subunit alpha PM 

P83881 60S ribosomal protein L36a PM 

Q00610 Clathrin heavy chain 1 PM 

Q08378 Golgin subfamily A member 3 PM 

Q12873 
Chromodomain-helicase-DNA-binding 

protein 3 
PM 

Q13268 
Dehydrogenase/reductase SDR family 

member 2, mitochondrial 
PM 

Q14152 
Eukaryotic translation initiation factor 3 

subunit A 
PM 

Q14257 Reticulocalbin-2 PM 

Q14320 Protein FAM50A PM 

Q14566 DNA replication licensing factor MCM6 PM 

Q14839 
Chromodomain-helicase-DNA-binding 

protein 4 
PM 

Q14980 Nuclear mitotic apparatus protein 1 PM 

Q15006 Tetratricopeptide repeat protein 35 PM 

Q15393 Splicing factor 3B subunit 3 PM 

Q16352 Alpha-internexin PM 

Q3TIV5 
Zinc finger CCCH domain-containing 

protein 15 
PM 

Q5JNZ5 Putative 40S ribosomal protein S26-like 1 PM 

Q5TAP6 
U3 small nucleolar RNA-associated protein 

14 homolog A 
PM 

Q6NW1 
Putative 60S ribosomal protein L13a-like 

MGC87657 
PM 

Q8WTT2 Nucleolar complex protein 3 homolog PM 
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Q96FZ7 Charged multivesicular body protein 6 PM 

Q99623 Prohibitin-2 PM 

P04083 
26S proteasome non-ATPase regulatory 

subunit 3 
PM 

Q9NQ39 Putative 40S ribosomal protein S10-like PM 

Q9NZM5 
Glioma tumor suppressor candidate region 

gene 2 protein 
PM 

Q9P0M6 Core histone macro-H2A.2 PM 

Q9P2E9 Ribosome-binding protein 1 PM 

Q9UBS4 DnaJ homolog subfamily B member 11 PM 

T1W3K1 60S ribosomal protein L17 PM 

P62979 40S ribosomal protein S27a PM 

O15347 High mobility group protein B3 PM, DEB 

P05109 Protein S100 A8 PM, DEB 

P06702 Protein S100 A9 PM, DEB 

P35268 60S ribosomal protein L22 PM, DEB 

P39687 
Acidic leucine-rich nuclear phosphoprotein 

32 family member A 
PM, DEB 

P41219 Peripherin PM, DEB 

P53999 
Activated RNA polymerase II transcriptional 

coactivator p15 
PM, DEB 

P60866 40S ribosomal protein S20 PM, DEB 

P62899 60S ribosomal protein L31 PM, DEB 

Q13283 
Ras GTPase-activating protein-binding 

protein 1 
PM, DEB 

Q8WVC0 RNA polymerase-associated protein LEO1 PM, DEB 

P16989 DNA-binding protein A PM, DEB 
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5.4 Discussion 

Studying the molecular mechanisms of how reactive small molecules effect 

cellular phenotype is critical for understanding how they contribute to overall health and 

disease susceptibility.371 In this study, we investigated the formation of DNA-protein 

crosslinks formed upon exposure of human cell culture models to MGO. MGO is an 

important electrophile linked to many diseases and can participate in a variety of 

chemical reactions with biomolecules due to its electrophilic oxo-aldehyde moiety.372 

MGO forms both protein and DNA adducts which can lead to inhibition of enzymatic 

activity, confirmational alterations, cell signaling events, depurination, and formation of 

promutagenic abasic sites.290, 373, 374 

Recently, there has been an effort to characterize the complex array of AGE 

adducts elicited by MGO.375 For example, an emerging suite of chemical tools for 

enriching and identifying MGO adducts are being developed, along with strategies to 

profile MGO induced protein-protein crosslinks, reversible MGO-protein modifications, 

and MGO protein-metabolite crosslinks.221, 296, 297, 309, 376-379 Additionally, previous studies 

have shown MGO exposure can form DNA protein crosslink conjugates within in-vitro 

models. These models were constructed using synthetic or recombinant systems to model 

MGO crosslinking potential.285, 317, 346 However, no system-wide investigation of the 

proteins participating in formation of MGO DPCs has been completed in cell culture 

models. We took advantage of the K-SDS assay and the phenol:chloroform methodology 

to quantify and isolate DPCs from MGO treated cells. By coupling DPC isolation 

methods with mass spectrometry, proteins participating in DPC formation could be 
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readily identified and the crosslink sites could be characterized. While it should be noted 

that high 5 mM concentrations of MGO were used in the study, this approach reveals 

candidate DPCs for more detailed functional analysis to assess MGO cellular activity. 

Through the K-SDS assay, we established that MGO produced DPCs in a dose 

dependent manner. It was also observed that knockout of either GLO1 or GLO2, genes 

which detoxify MGO, also significantly increased DPC levels upon MGO exposure. 

These results suggest that MGO derived DPCs may be relevant adducts in aging and 

diseases associated with elevated MGO levels like diabetes, chronic renal disease, cancer, 

and Alzheimer's disease.380-383 Intriguingly, studies investigating differences in cisplatin 

derived DPCs formed between ER- and ER+ breast cancer cells found that the protein 

PRDX1 only formed DPCs in ER- cells, suggesting DPCs may be dependent of cell 

line.384 Notably, we also found PRDX1 to be a MGO DPC. Thus, further investigation 

aimed at quantifying MGO derived DPCs across various disease states and cell types is 

warranted. 

We observed that human fibrosarcoma HT1080 cells exposed to 5 mM MGO led 

to formation of DNA-protein crosslinks that were heterogeneous in size and structure. A 

majority of these 265 cellular proteins that exhibited crosslinking characteristics were 

known to be localized in the nucleus, nuclear chromosomes, telomere DNA regions, 

cellular membranes, and ribosomes. These identified proteins participate in nucleosome 

assembly (eg. Histones, SMARCA5, NASP, START3), telomere organization (eg. 

XRRCC5, PARP1, Histones, RPA1), mRNA processing (eg. Helicase proteins, 

heterogeneous nuclear ribonucleoproteins, pre-mRNA processing factors) and DNA 
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repair. DNA repair proteins over-represented upon MGO exposure include BCCIP, 

FANCI, PDS5A, RECQL, RUVBL1, STUB1, SMARCA5, FEN1, MSH6, NONO, 

PARP1, RPA1, RPS3, TRIM28, UBR5, and ubiquitin. These DNA repair proteins may 

be either directly crosslinked to the DNA or represent the DNA damage response upon 

exposure to elevated levels of MGO. 

Profiling of proteins participating in DNA protein crosslinking have revealed 

differences in activity of crosslinking agents. Previous mass spectrometry-based studies 

of proteins participating in DPC formation upon exposure to cisplatin, diepoxybutane, 

and phosphoramide mustard have revealed many DNA-binding proteins including 

GAPDH, histones, PARP1, TOP1, and XRCC1 to exhibit DNA crosslinking 

characteristics in the presence of electrophilic species. 30% of proteins participating in 

DPC formation in response to MGO treatment were previously observed in HT1080 cells 

exposed to cisplatin, diepoxybutane and phosphoramide mustard. Observed differences in 

proteins involved in DPCs may be due to differences in crosslinking mechanisms and site 

selectivity. This points to the continued need to profile DPCs formed by various 

crosslinking agents. A side by side comparison between DPCs generated by other 

endogenously produced electrophiles such as glyoxal and formaldehyde would provide 

further insight to this area.385, 386 

Although selected proteins such as histone H3A, PARP1, XRCC1, GAPDH, 

VINC and TOP1 exhibit a MGO dose dependent association with DNA via dotblot, this 

approach is limited by a lack of structural characterization of the covalent crosslink site 
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and calls for additional analysis to provide direct evidence for crosslinking, which we 

performed with GAPDH. 

It is well documented that GAPDH plays numerous roles beyond catalyzing the 

conversion of glyceraldehyde-3-phosphate (G3P) to 1,3-biphosphoglycerate in the 

glycolytic pathway.387-389 One of these roles includes GAPDH’s recognition and binding 

of telomeric DNA sequences.368 This GAPDH – DNA interaction protects telomeres 

against rapid degradation in response to chemotherapeutic agents in human lung cancer 

cells, suggesting an important biological role for GAPDH – DNA interactions.370 Our in 

vitro validation of MGO induced GAPDH DNA protein crosslinking provides confidence 

in our DPC extraction methodology and however MS characterization would provide 

additional structural information on the location the crosslinking site. These findings 

suggests that GAPDH MGO derived DPCs effect telomere organization, which was a 

process also found in our bioinformatic analysis. Thus, this crosslinking may play an 

additional role in the association between MGO and ageing processes linked to 

telomeres, however more detailed studies are needed to clarify this hypothesis.344, 390, 391 

It should be noted that MGO also covalently modifies GAPDH, leading to enzymatic 

inhibition and alteration in isoelectric point.392 In neural precursor cells (NPCs), it was 

found that MGO modification of GAPDH impacted Notch signaling which effected NPC 

homeostasis.393 These results, coupled with our discovery that GAPDH is a target for 

MGO mediated DNA-protein crosslinking, points to the complexity of GAPDH biology. 

Elucidating the repair mechanisms of DPCs is an active area of research.394 Our 

results showed that knockdown of the SPRTN gene, which repairs DPCs, leads to 
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elevated DPC levels upon 2.5 and 5 mM MGO treatment. Thus it is likely that SPRTN 

plays a role in recognizing and removing MGO derived DPCs, which is in line with 

previous reports finding SPRTN to be involved in repairing DPCs generated through 

formaldehyde.395 Additionally, the observation that MGO treatment induces a dose 

dependent increase in UBB signal in isolated DPCs, coupled with finding the small 

ubiquitin-like modifier (SUMO) protein to be enriched in our proteomic dataset suggests 

that MGO derived DPCs are activating repair pathways.353 Based on previous studies, 

some of the possible repair mechanisms that could be involved in removing these MGO 

crosslinks include nucleotide excision repair (NER),396 homologous recombination 

(HR),397 and other proteolytic processes.398 Future work will be needed to fully elucidate 

the predominant mechanisms for how MGO derived DPCs are repaired. 

In conclusion, this system-wide study demonstrates DNA protein crosslinks are 

formed in human fibrosarcoma HT1080 cells following exposure to methylglyoxal. In 

these experiments, MGO exposure led to crosslinking of over 260 proteins to 

chromosomal DNA. These proteins were identified using mass spectrometry-based 

proteomics approaches and many crosslinked proteins were confirmed by 

immunoblotting. We identified that GAPDH crosslinks to telomere DNA. Ongoing 

studies in our laboratory include using analytical standards to study the formation and 

repair of methylglyoxal DPCs in the context of diabetes, neurological disorders, and 

cancer as well as interrogate the functional ramifications of MGO-GAPDH DPCs and 

any mutagenetic potential these bulky DNA lesions possess. Ultimately, the work here 
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provides a basis for studying MGO derived DPCs to better understand mechanisms of 

MGO toxicity and MGO cell signaling events relevant in human disease. 
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6 Chapter VI: Small Molecule Inhibitors of TET Dioxygenases: Bobcat339 

Activity is Mediated by Contaminating Copper (II) 

 

Adapted in part with permission by the American Chemical Society from:  

 

Weirath N.A., Hurben A.K., Chao C., Pujari S.S., Cheng T., Liu S., Tretyakova N.Y.* 

Small Molecule Inhibitors of TET Dioxygenases: Bobcat339 Activity is Mediated by 

Contaminating Copper (II). ACS Medicinal Chemistry Letters. 2022, 13 (5), 792–798. 

 

This chapter is adopted form a manuscript published in ACS Medicinal Chemistry Letters 

with contributions from Alexander K. Hurben (in vitro studies and LC-MS experiments), 

Nick A. Weirath (in vitro studies and LC-MS experiments), Chris Chao (synthesis), 

Suresh S. Pujari (synthesis), Tao Cheng (cell assays and dot blotting), and Shujun Liu 

(cell assays and dot blotting), under the supervision of Prof. Tretyakova. 
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6.1 Introduction 

The DNA epigenetic mark 5-methylcytosine (5mC) is required for regulating 

gene expression levels in mammalian cells.399 DNA methylation establishes stable gene 

expression patterns, allows for cell differentiation, and controls cell identity. Methylation 

of CpG islands within gene promotor regions is typically associated with gene silencing, 

while the demethylated state correlates with active transcription.400 DNA 

methyltransferases (DNMTs) are responsible for installing and maintaining cytosine 

methylation marks, while Ten-eleven translocation (TET) methyl-cytosine dioxygenases 

(TET1, TET2, and TET3) are indirectly responsible for their removal through the 

iterative oxidation of the methyl group. TET enzymes are Fe(II) and α-ketoglutarate 

dependent enzymes that convert 5mC to 5-hydroxymethyl-C (hmC) and further to 5-

formyl-C (fC) and 5-carboxy-C (caC) (Figure 6.1).401 The oxidized forms of 5mC block 

maintenance methylation by DNMT1, contributing to passive DNA demethylation.402 

Additionally, these oxidized forms of 5mC are recognized by the DNA repair machinery 

to be replaced with unmodified cytosine, leading to active DNA demethylation.403  Given 

their role in the maintenance of DNA methylation states, TET enzymes are central 

players in transcriptional regulation. 

TET dioxygenases are non-heme Fe(II) enzymes that employ the α-ketoglutarate 

cofactor to split molecular oxygen and insert it between the 5-methyl carbon and 

hydrogen proximal to the Fe center via a concerted two-step reaction wherein the 

hydrogen is abstracted from the target carbon followed by hydroxyl rebound to the 

substrate (Figure 6.2).404, 405 TET enzymes are capable of further oxidizing 5hmC to 5fC 
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and 5caC.7 The TET family of proteins consists of three closely related isoforms: TET1, 

TET2, and TET3. While each of the three TET enzymes has varying substrate 

preferences, expression levels, and catalytic activity, the catalytic domain of all three 

TET family members is highly conserved.406 

While the essential function of TET proteins in cell development and 

differentiation is well established, there is limited consensus regarding their role in 

human disease.407  TET enzymes are often downregulated or mutated in cancer, leading to 

decreased levels of hmC and fC.408, 409 For example, Lemonnier and colleagues 

demonstrated that TET2 mutations are responsible for significantly decreased levels of 

5hmC in Tcell lymphoma.410 Ko and colleagues obtained similar results for TET2 

mutations in myeloid leukemia.411 TET2 knockout mice are more susceptible toward 

myeloid malignancies.412, 413 It was therefore hypothesized that TET enzymes act as 

tumor suppressor genes, and their dysfunction prevents the removal of aberrant DNA 

methylation marks.409, 414-416  

While the above evidence supports a protective role of TET proteins in human 

cancer, increased levels of hmC are found in hepatoblastomas due to elevated TET 

activity.417 TET1 is often overexpressed in cases of mixed lineage leukemias (MLLs) and 

some breast cancers.418, 419 Moreover, clinical studies revealed that TET2 mutations are 

predictive of increased MLL patient survival.420, 421 Therefore, it is possible that in some 

cases, TET enzymes are essential for creating the epigenetic landscape necessary for 

tumor development and growth. In these instances, inhibiting TET could be a viable 

therapeutic strategy. Indeed, TET2 deficient myeloid neoplasms have been selectively 
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targeted with TET inhibitors, leading to synthetic lethality. 422 Such promising results call 

for further exploration in this area. 

The availability of small molecule inhibitors of TET is key to elucidating their 

role in human cell function and may lead to novel therapeutic strategies for cancer. 

However, potent and selective inhibitors remain elusive. Current methods of modulating 

TET activity broadly rely on mimicking the α-ketoglutarate cofactor.423 For example, N-

oxalylglycine, which is capable of displacing α-ketoglutarate from the cofactor site, 

inhibits TET enzymes at low mM concentrations.424 These classes of inhibitors, however, 

are not specific for TET but are instead broad-spectrum inhibitors of many α-

ketoglutarate dependent enzymes. Significant work by C. Schofield and colleagues has 

demonstrated the utility of these class of molecules as inhibitors of hypoxia-inducible 

factor (HIF) prolyl hydroxylases (PHDs), another class of α-ketoglutarate dependent 

enzymes.425-427 These biological probes provide utility for structural investigations and in 

vitro interrogations of TET enzymes, but have limited utility for in vivo studies where 

upward of 60 of these enzymes could be modulated, making it difficult to discern 

physiological changes directly associated with TET modulation.424 

A few structurally distinct TET inhibitors have also been explored. In silico 

screening of natural product libraries against TET identified C35, a catechol containing 

small molecule, as a potential inhibitor.428 However, based on its structure, C35 likely has 

limited utility for future drug design due to its structural classification as a pan-assay 

interfering compound (PAIN) and its metabolic liability.429, 430  
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More recently, additional analogues of α-ketoglutarate with greater complexity 

have shown promising selectivity and potency for TET isoforms.422 Other scaffolds, 

however, aim to incorporate motifs that access the substrate binding pocket within the 

conserved TET catalytic domain. Following this approach, Chua and colleagues reported 

a series of cytosine based inhibitors, so named the Bobcat series, with a lead compound 

exhibiting activity against TET1 and TET2 at 33 and 73 μM, respectively.431 Their series 

of inhibitors were prepared via copper-catalyzed Chan-Lam coupling of various aromatic 

systems to 5-chloro cytosine. 

With the goal of probing the biological role of TET proteins, we synthesized and 

characterized the lead compound (Bobcat339, Figure 6.3) in our laboratory. Using the 

Bobcat339 preparation from our laboratory that was carefully purified by HPLC to 

remove any residual Cu(II), we failed to observe any inhibition of recombinant human 

TET1 or TET2 using a quantitative mass spectrometry-based assay. Further exploration 

of in-house-synthesized (referred to throughout as house-Bobcat339) and commercially 

available (referred to throughout as “manufacturer”-Bobcat339) sources of Bobcat339 

was done to elucidate the reasons underpinning this discrepancy in activity. Herein we 

report that trace Cu(II) greatly enhances Bobcat339’s inhibitory activity, which tells a 

cautionary tale of ensuring that potential small molecule inhibitors are rigorously purified 

and characterized prior to biological evaluation. 
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Figure 6.1. TET-mediated conversion of 5mC to 5hmC, required for regulating gene 

expression levels in 5fC, and 5caCa mammalian cells 
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Figure 6.2. Catalytic cycle of TET dioxygenases 

(a) Decarboxylation of the α-ketoglutarate cofactor, (b) heterolysis of the dioxygen 

bridge, (c) hydrogen abstraction, (d) OH- rebound, and (e) expulsion of succinate and 

regeneration of the active site. 
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Figure 6.3. Characterization of house-synthesized Bobcat339  

A) 1H-NMR of Bobcat339 in DMSO. B) LCMS of Bobcat339 in positive mode. 
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6.2 Materials and Methods 

All chemicals and reagents required for the synthesis, purification, and assaying of 

Bobcat339 were purchased from Sigma Aldrich unless otherwise stated. NMR and LCMS 

solvents were obtained from Fisher Scientific. Hep3B cells used for dot blotting were 

obtained from ATCC. All materials for tissue culture and related experiments were 

obtained from Corning and Gibco. DNA extraction kits used for dot blotting were 

obtained from Qiagen. TET1 (#31417) and TET2 (#31418) enzymes were purchased 

from Active Motif. Synthetic DNA oligomer substrates were ordered from Integrated 

DNA Technologies. Internal standards for LCMS quantitation of 5mC and 5hmC were 

obtained from Toronto Research Chemicals. Nucleotide digestion buffer was supplied by 

New England Biolabs (#M0649S). Filters used for purification of nucleotides were 

acquired from Pall Corporation and the aldehyde reactive probe used in 5fC 

derivatization was sourced from Cayman Chemical. Licor Image Studio was used to 

generate process acquired dot blotting images and all statistical analyses herein were 

performed with GraphPad Prism v9.3.1.  

Synthesis of Bobcat339: 

To a 5-chlorocytosine (200 mg, 1.37 mmol) dissolved in MeOH: H2O (5 mL, 3:1, 

v/v), 3biphenylboronic acid (410 mg, 2.06 mmol), Cu(OAc)2.H2O (275 mg, 1.37 mmol) 

were added. TEMED (320 mg, 413 µL, 2.57 mmol) was added dropwise to the reaction 

mixture and stirred at room temperature for 4 hours. The reaction mixture turned blue in 

color. The solvent was evaporated under high vacuum and applied for flash 

chromatography (FC). The compound was eluted at 20% MeOH in DCM as a dark blue 
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solid. This compound was further washed with water repeatedly to remove the Cu(OAc)2 

from the compound. A pale blue color was still observable in the compound. This 

compound was again purified twice by FC to obtain the colorless compound (70 mg) and 

further purified by HPLC (Synergi Hydro RP 80A, 250x10 mm; Flow: 2.5 mL/min.; 

Buffer A: Water; Buffer B: ACN; 5% – 95% buffer B over 50 minutes). 1H-NMR: 

(DMSO-d6, 500MHz) δ 8.19 (s, 1H), 7.96 (br s, 1H), 7.71-7.73 (d, 2H), 7.68-7.69 (m, 

2H), 7.52-7.55 (m, 1H), 7.47-7.50 (m, 2H), 7.38-7.41 (m, 2H), 7.32 (br s, 1H). LRMS 

(ESI-TOF) m/z [M + H]+ calculated for C16H13 ClN3O Calc. 298.1. Obtained. 298.1.  

ICP-OES Quantitation of Copper:  

A Thermo Scientific iCAP 7600 ICP-OES Duo in conjunction with a CETAC 

ASX-560 Autosampler was used for this analysis. Copper was measured at 324.754 nm 

in the Axial plasma view. Samples were submitted as 100 µM solutions of Bobcat339 in 

1 mL aliquots and diluted 1:8 prior to analysis to remain within the linear range of the 

instrument. Calibration standards were prepared from a multi-element custom standard 

stock (SCP Science, Quebec, Canada). Reported sample concentrations are the result of 

three technical replicate readings.  

In-vitro TET Assay:  

For in vitro TET assays, 10 pmol of 16-mer hemi-methylated synthetic dsDNA 

oligomer designed after the Rassf1a tumor suppressor gene promotor (5’-

AATTAGAA[5meC]GCTCCTT -3’) were incubated with 2xTET reaction buffer (50 

mM HEPES [pH 7.9], 100 mM NaCl, 75 μM Fe(NH4)2(SO4)2, 2 mM ascorbate, 1 mM α-

ketoglutarate, 1 mM DTT), 0.2 µg (2.3 pmol, 115 nM) recombinant human TET1 or 
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TET2 catalytic domain, and 5% DMSO (or inhibitor in DMSO) on a 20 µL scale. Timing 

was achieved by withholding TET1 protein until the ‘start’ of the incubation window. 

Reactions were completed on a dry block at 37 °C for 30 minutes unless otherwise 

indicated. Reactions were terminated at the ‘end’ of the incubation window by 

transferring reaction tubes to dry ice to snap-freeze the reaction until all replicates were 

completed. Upon completion, all samples were heat-inactivated at 90 °C for 10 minutes 

and then dried entirely in SpeedVac concentrator. 

HPLC-ESI-MS/MS Quantitation of 5hmC:  

Quantitation of 5hmC is based on methodology previously described by our group 

in Seiler et al. with modification.432 Dried enzymatic reaction samples were reconstituted 

with mQ-water and spiked with 1 pmol each of 5-Methyl-2’-deoxycytidine-d3 and 5-

(Hydroxymethyl)-2’deoxycytidine-d3. Nucleotide digestion enzyme mix and buffer were 

added per product guidelines on a 20 µL scale. Samples were digested for 60 min at 37 

°C on a dry block. Following digestion, samples were filtered on nanosep 10K Omega 

filters. For samples being assessed for 5fC, fC was derivatized with 4 mM O-

(biotinylcarbazoylmethyl) hydroxylamine in ammonium acetate buffer (pH 4.5) with 100 

mM aniline for 24 hours at room temperature as previously reported. Hydrolysates were 

transferred to MS vials, dried entirely, and resuspended in 100 µL mQ-water for offline 

HPLC cleanup to enrich 5hmC. An Atlantis T3 column (Waters, 4.6 x 150 mm, 3 µm) 

was eluted at a flow of 0.9 mL/min with a linear gradient previously described of 5 mM 

NH4CHO2 buffer, pH 4.0 (A) and MeOH (B). Fractions containing dC, 5meC, and 5hmC 

were collected and pooled before analysis by isotope dilution HPLC-ESI-MS/MS. Pooled 
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samples were dried and reconstituted in 2 mM ammonium formate buffer (NH4CHO2) 

with a Dionex Ultimate 3000UHPLC (Thermo Fisher) interfaced with a Thermo TSQ 

Quantiva mass spectrometer (Thermo Fisher) flowing 2 mM NH4CHO2 (A) and ACN (B) 

at 15 µL/min through a Zorbax SB-C18 column (Agilent, 0.5 x 150 mm, 3 µm) with the 

gradients as previously described. 5meC and 5-d3-meC eluted at 5.1 minutes while 5hmC 

and 5-d3-hmC eluted at 3.5 minutes. Quantitation was completed monitoring MS/MS 

transitions m/z 242.1 [M + H+] → m/z 126.1 [M – deoxyribose + H+] for 5meC, m/z 245.2 

[M + H+] → m/z 129.0 [M – deoxyribose + H+] for 5-d3-meC, m/z 258.1 [M + H+] → m/z 

142.1 [M – deoxyribose + H+] for 5hmC, m/z 261.1 [M + H+] → m/z 145.1 [M – 

deoxyribose + H+] for 5-d3-hmC, m/z 569.1 [M + H+] → m/z 453.3 [M – deoxyribose + 

H+] for biotinyl-5fC, and m/z 581.2 [M + H+] → m/z 460.4 [M – deoxyribose + H+] for 

biotinyl-13C10
15N2-5fC . All mass spectrometry parameters were optimized through direct 

infusion of authentic standards with settings as follows: spray voltage of 2700 V, sheath 

gas of 15 au, source fragmentation voltage of 5 V, and ion transfer tube temperature of 

350°C. Fragmentation was induced with an Argon gas flow of 1 mTorr. 

Cell Culture and Treatment for Immunostaining:  

The Hep3b cell line was obtained from American Type Culture Collection with 

no further authentication or testing for mycoplasma. The Hep3b cells were grown in 

MEM media supplemented with 10% FBS (Gibco by Life Technologies TM, #16140-

071) and AntibioticAntimycotic (Gibco by Life Technologies TM, #15240062) at 37 °C 

under 5% CO2. TET2 inhibitor Bobcat339 was obtained from MedKoo Biosciences 

(#408006) and Sigma-Aldrich (SML2611). Solutions of Bobcat339 were prepared in 
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dimethyl sulfoxide (DMSO) at 100 mM. Bobcat339 from either vendor was incubated 

with cells at either 50 µM for 48 hours prior to collection and extraction of genomic 

DNA.  

DNA Dot Blotting:  

Genomic DNA was extracted using DNA Blood/Tissue Kit, denatured and 

subjected to dot blotting analysis using antibody against 5hmC (Active Motif, #39769) as 

previously described.433 Briefly, 2 µg of purified DNA was denatured at 100 °C and 

mixed 1:1 with 2M NaOAc. DNA was loaded to the membrane, washed, and blocked 

with 5% NFM. Primary antibody for 5-hmC was incubated overnight and detected by 

chemiluminescence. The DNA spotted membrane was then stained with 0.02% 

methylene blue (Sigma) in 0.5 M sodium acetate (pH 5.0) for DNA loading control. 
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6.3 Results  

Bobcat339 was first tested in vitro against the enzymatically active catalytic 

domain of human TET1 using a hemimethylated synthetic oligomer substrate (Figure 

6.4A). Using isotope dilution liquid chromatography coupled with tandem mass 

spectrometry (LC-MS/MS), we accurately quantified the conversion of 5mC to 5hmC 

over time. When houseBobcat339 was tested at 125 μM over three time points, we noted 

no detectable effect of the inhibitor on TET-catalyzed production of 5hmC and 5fC when 

compared to dimethylsulfoxide (DMSO) controls (Figure 6.4B). Upon obtaining these 

results after multiple replicates, we turned our attention to the cited publication in an 

effort to determine why we were observing no inhibition in our assay. We made note that 

during their synthesis of Bobcat339, the authors reported obtaining a “green powder” 

after purification of their product.431 Their synthetic route employed a Chan−Lam 

coupling reaction to join the 5-chlorocytosine and biphenylboronic acid using a copper 

acetate catalyst. This immediately raised a question whether residual copper was present 

in the formulation of Bobcat339, which could be responsible for the observed inhibitory 

effects. 

To examine the potential role of residual Cu(II) in biological activity attributed to 

Bobcat339, we obtained the compound from Sigma-Aldrich for use in comparative tests. 

Upon arrival, the physical appearances of the compounds were strikingly different. The 

sample from MedKoo was colored seafoam-green, while both the compounds prepared 

in-house and from Sigma-Aldrich were off-white in appearance (Figure 6.5). Each of 

these compounds were characterized by 1H NMR and their molecular weights were 
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confirmed by high-performance liquid chromatography/electrospray ionization mass 

spectrometry (HPLC-ESI+ MS), confirming identical chemical structures. Aliquots of 

Bobcat339 obtained from each of the three sources were analyzed for copper content by 

inductively coupled plasma−optical emission spectrometry (ICP-OES). ICP-OES 

analyses confirmed that the sample obtained from MedKoo, which had the green 

coloration, did contain copper at roughly 3 mol % (Table 6.1) while the house- and 

Sigma-Bobcat339 samples had no detectable levels of copper. 

We next tested each of these compounds using the quantitative HPLC-ESI-

MS/MS assay in triplicate using recombinant human TET1 and TET2 catalytic domains 

with a hemimethylated synthetic oligonucleotide substrate. In addition, we included 

incubations with 125 μM copper introduced by way of CuSO4, as well as our house-

Bobcat339 that was spiked with an equimolar concentration of CuSO4 to mimic the 

conditions of copper contamination. All of the Bobcat339 formulations and copper 

solutions were tested at 125 μM and were incubated with the catalytic domain of TET1 or 

TET2 for 30 or 60 min respectively at 37 °C. The levels of 5hmC produced during that 

time were compared to those generated in the presence of DMSO or heat-inactivated 

aliquots of protein (Figure 6.6). We observed no significant reduction of 5hmC 

formation as compared to the DMSO control for our house-synthesized compound or the 

SigmaAldrich compound in either tested isoform of the TET enzyme. There was, 

however, nearly total inhibition of TET1 and TET2 activity in samples incubated with 

MedKooBobcat339, CuSO4, and house-Bobcat339 spiked 1:1 with CuSO4. These data 

strongly suggest that the Cu(II) present in commercial and spiked samples is responsible 
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for the observed inhibition of TET1 and TET2, and that the Bobcat339 molecule alone is 

not capable of inhibiting TET at the concentrations previously reported. 

We next asked whether the inhibitory activity of Cu contaminated Bobcat339 was 

solely due to the presence of copper. We constructed a six-point dose response curve for 

our house-Bobcat339, MedKoo-Bobcat339, and CuSO4 from 0 to 125 μM with 30 min 

incubations and analysis of 5hmC production by HPLC-ESI-MS/MS. We observed no 

inhibition of 5hmC production at any point with our in-house prepared compound. For 

MedKoo sourced Bobcat339 and CuSO4 alone, we noticed an immediate loss of activity 

at the first concentration point of 25 μM, indicating a much stronger inhibitory effect for 

Cu(II) than Bobcat339 (Figure 6.7A). To better understand the relationship between 

Bobcat339 and Cu(II), we assessed the inhibitory effect of Cu(II) on TET1 with and 

without the addition of Bobcat339 at 125 μM. Cu(II) was titrated in from 0.01 to 125 μM 

in both conditions to closer mimic the 3 mol % Cu(II) contamination we observed in the 

MedKoo-Bobcat339 (Figure 6.7B). A two-way ANOVA revealed a significant effect on 

inhibitory activity with respect to the presence of Bobcat339 with two points on the 

curve, 1 and 4 μM Cu(II), showing significant differences in inhibition. These results 

indicate that the Bobcat339−Cu mixture is a more potent inhibitor of TET1 than Cu(II) 

alone. This increased potency could be attributed to an increased number of favorable 

interactions between the TET catalytic domain and the Bobcat339−copper complex as 

opposed to just Bobcat339 or Cu(II) alone, though further studies would be needed to 

elucidate the exact mechanism of this interaction. 



 

264 

To confirm our in vitro results for Bobcat339 activity against recombinant TET 

enzymes, the experiments were repeated using a cell-based assay. Hep3B cells in culture 

were treated with Bobcat339 obtained from either MedKoo or SigmaAldrich for 48 h at 

50 μM. DNA was extracted, and immunoblotting was performed to detect the formation 

of 5hmC compared to DMSO controls. In line with our in vitro results, we observed a 

significant decrease in 5hmC levels within genomic DNA after dosing with Cu(II) 

contaminated MedKoo-Bobcat339 but saw no reduction in genomic 5hmC levels when 

dosed with Sigma-Bobcat339 via a dot blot assay (Figure 6.8A,B). These results were 

further verified via isotope dilution HPLC-ESI-MS/MS (Figure 6.8C). Taken together, 

these data further suggest that the reported TET inhibitory activity of Bobcat339 is due to 

the presence of contaminating copper remaining from the synthesis of the compound and 

that Bobcat339 itself is less active against TET than was initially reported. 
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Figure 6.4. Activity of in-house synthesized Bobcat339 against TET1 

A) Schematic overview of the quantitative HPLC-ESI-MS/MS assay of TET activity. B) 

Structure of Bobcat339. C) Percent conversion of 5mC-containing DNA duplexes to 

5hmC and 5fC by TET1 in the presence or absence of Bobcat339. 5mC containing DNA 

oligomers were incubated with recombinant human TET1 catalytic domain and α-

ketoglutarate cofactor. The formation of 5hmC and 5fC was quantified by isotope 

dilution HPLC-ESI-MS/MS at multiple time points (5, 20, 60 min.). Data shown 

represent experimental triplicates ± SD. 
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Figure 6.5. Visual Comparison of Bobcat339. 50 mM Bobcat339 in DMSO from 

MedKoo (left) and house-synthesized (right) 
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Figure 6.6. Normalized activity of TET1 and TET2 in the presence of Bobcat339 

preparations synthesized in our laboratory or purchased from different vendors 

5mC containing DNA was incubated with the TET1 or TET2 catalytic domain for 30 min 

in the presence or in the absence of Bobcat339 (125 μM) in DMSO. The formation of 

hmC was detected by a quantitative LC-MS assay and is displayed as % activity relative 

to DMSO controls All data are averaged experimental triplicates normalized to DMSO ± 

SD (exception to House + Cu(II) for TET2 where n = 2). Statistical analysis was 

performed by 2-way ANOVA with multiple comparisons and significance reported in 

relation to the DMSO control (***P < 0.001). 
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Figure 6.7. Titration of Cu(II) reveals limited effect of Bobcat339 on Cu(II) inhibition of 

TET1 

A) Inhibition of hmC production by TET1 catalytic domain in the presence of of 

Bobcat339 from MedKoo, Bobcat339 made in house, and Cu(II) alone. Inhibitory 

activity was assessed by ESI-LCMS/MS quantitation of 5hmC formed upon incubation of 

5meC containing DNA duplex with TET1. Experimental duplicates were averaged, 

normalized to DMSO control, and fit with a non-linear curve. B) Dose-dependence of 

Cu(II) inhibition of TET1 in the presence or absence of 125 μM Bobcat339. Activity was 

assessed by HPLC-ESI-MS/MS quantitation of 5hmC formed. Data are normalized to 

DMSO control and shown as average ± SD. Statistical analysis was performed by 2-way 

ANOVA with multiple comparisons and significance reported between the Cu(II) doses 

with and without Bobcat339 (*P < 0.05, **P < 0.01). 
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Figure 6.8. Effects of Bobcat339 on global hmC levels in DNA of cultured human cells 

A) 5hmC quantification in genomic DNA of Hep3B cells via dot blotting after treatment 

with Bobcat339 sourced from MedKoo or Sigma Aldrich (48 hours at 50 μM). B) 

Quantified hmC blotting intensity via densitometry is normalized to maximal intensity. 

Statistical comparison was performed with one-way ANOVA (*P < 0.05). C) HPLC-ESI-

MS/MS quantitation of 5hmC from the same DNA samples confirms the trends observed 

via dot blotting. Data are averaged experimental triplicates normalized to DMSO ± SD. 

Statistical analysis was performed by one-way ANOVA (**P < 0.01). 
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Table 6.1. Copper content of Bobcat339 from different sources 

Source 
[Cu] 

(ppm) 
Mol % Cu 

House 
<0.001 

(n.d.) 
0 

Sigma-

Aldrich 

<0.001 

(n.d.) 
0 

MedKoo 0.198 3.12 
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6.4 Discussion 

In summary, our data suggest that Bobcat339 as a pure compound is not capable 

of inhibiting TET1 or TET2 at the concentrations reported by Chua and colleagues.431 

Using a combination of enzymatic and cellular assays with two independent 

methodologies, we have been able to demonstrate that the inhibitory activity of this 

molecule is a result of Cu(II) contamination. Further, we have been able to show that the 

effect of copper contamination is greater than that of free copper in solution. There is 

significant literature that suggests Cu(II) is capable of displacing Fe within the active site 

of nonheme Fe-dependent enzymes, which would explain why inhibition is observed in 

the presence of copper and copper contaminated Bobcat339.434, 435 Our results 

demonstrate that, depending on the manufacturing process, researchers could expect to 

see significantly different results from their experiments depending on the levels of 

copper contamination, and thus how they source their materials should be a particular 

source of consideration. It appears that the Bobcat339 sample from Sigma-Aldrich was 

purified to the same extent as the compound synthesized in our laboratory, with no 

observable copper contamination or discoloration, but this was not the case for the 

material obtained from MedKoo. 

It should be noted that in our synthetic procedure, Bobcat339 underwent three 

rounds of flash chromatography followed by HPLC purification to fully eliminate the 

copper contamination, which is a more stringent purification process than most 

compounds require. While there are additional methods available to strip transition 

metals from crude synthetic mixtures, the level of quality control of different chemical 
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vendors in their synthesis of compounds will undoubtedly play a large role in the 

perceived performance of Bobcat339. While the capability of Bobcat339 as a standalone 

inhibitor of TET1 and TET2 has been diminished, this now raises questions about the 

biological activity of other compounds within the Bobcat series reported by Chua and 

colleagues.431 An extensive assessment should be done to determine the inhibitory 

activity of those compounds’ ultrapure formulations. Additional studies should also be 

considered assessing the copurification of copper salts with the Bobcat molecules that 

could explain the ease of contamination observed in the MedKoo formulations. 
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7 Chapter VII: Progress Towards the Development of Bifunctional Nucleoside-

based Inhibitors of Ten-eleven Translocation Enzymes to Modulate DNA 

Demethylation 

 

Adapted in part from:  

 

Hurben A.K., Le S., Chao C., Kumar V., Sclanger S., Jha B., Tretyakova N.Y. 

Development of Bifunctional Nucleoside-Based TET Enzyme Inhibitors as Epigenetic 

Modulators. manuscript in preparation 

 

This chapter features contributions from Alexander K. Hurben (synthesis, in vitro studies, 

and LC-MS experiments) Sang Le (docking and synthesis), Vijay Kumar (synthesis), 

Simon Schlanger (cell assays and dot blotting), Babal Jha (cell assays and dot blotting), 

under the supervision of Prof. Tretyakova. 
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7.1 Introduction 

As described in Chapter VI, 5-methylcytosine (mC, Figure 6.1) is an essential 

epigenetic DNA mark which controls the levels of gene expression.400 Proper regulation 

of DNA methylation across the genome is critical for early development, cell 

differentiation, and the maintenance of a healthy phenotype.436 Aberrant DNA 

methylation is linked to a variety of pathologies, including neurological disorders and 

cancer.437 DNA methylation patterns are maintained by the opposing action of two 

classes of enzymes. DNA methylation marks are introduced and maintained by DNA 

methyltransferases (DNMT) and are removed by ten-eleven translocation (TET) 

enzymes, which initiate DNA demethylation via a series of iterative oxidative 

transformations to the 5-methyl group of mC in DNA.438, 439 TET enzymes were 

discovered in 2009 and since then have been shown to be instrumental in cell 

development and differentiation.406, 440 

TET enzymes are FeII dependent dioxygenases which rely on an alpha-

ketoglutarate (KG) cofactor to catalyze the oxidation of methylcytosine (mC) to 

hydroxymethylcytosine (hmC), formylcytosine (fC), and carboxylcytosine (caC).441 

There are three TET encoding genes, TET1, TET2, and TET3, which share a highly 

conserved active site (Figure 7.1). The active site is comprised of a double-stranded β-

helix (DSBH) domain, a cysteine-rich domain, and a FeII and KG binding pocket.439 

TET1 and TET3 both possess a N-terminal CXXC zinc finger DNA binding domain.442 

TET2 lacks this DNA binding domain and relies on the protein IDAX to direct its 

recruitment to DNA.443  
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Given the importance of TET enzymes in normal epigenetic processes and their 

deregulation in disease, selective and potent small molecule inhibitors of TET are 

urgently needed. Such inhibitors would aid our basic understanding of TET-mediated 

biology and also catalyze the development of novel therapeutic strategies for cancer and 

other diseases. Recent studies have suggested that TET enzymes may be viable 

therapeutic targets. For example, TET2 mutations are predictive of increased mixed-

lineage leukemia patient survival and TET2 deficient myeloid neoplasms have been 

selectively targeted with TET inhibitors, leading to synthetic lethality and selective tumor 

cell targeting. 422 420, 421 Therefore, in certain cancer indications, TET enzymes are 

essential for creating the epigenetic landscape necessary for tumor development and 

inhibiting TET mediated DNA demethylation could be a viable therapeutic strategy.  

However, it should be noted that in certain cancers TET enzymes are 

downregulated or mutated, leading to decreased global levels of hmC and fC.408, 409  For 

example, TET2 mutations result in decreased levels of hmC in T cell lymphoma and 

acute myeloid leukemia.410 411 Additionally, TET2 knockout mice are more susceptible 

toward developing myeloid malignancies than their WT conterparts.412, 413 Thus, in some 

cases, TET enzymes may act as tumor suppressor genes, and their dysfunction could 

prevent the removal of aberrant DNA methylation marks, leading to cancer initiation.409, 

414-416 In these instances, TET inhibitors would make valuable tools to probe epigenetic 

mechanisms of cancer etiology. 

Another potential therapeutically relevant area where TET inhibitors could be 

applied is chimeric antigen receptor (CAR) T cell immunotherapy. TET2 knockdown in 
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CAR T cells has been shown to enhance their efficacy and cause leukemia remission.444 

Therefore, ex vivo administration of TET inhibitors to CAR-T cells prior to CAR-T 

patient infusion may improve treatment outcomes. Thus, further development of TET 

inhibitors is warranted to explore this possibility.  

To date, the majority of reported small molecule TET inhibitors have been KG 

cofactor mimics (Figure 7.2). R and S 2-hydroxyglutarate (R-2-HG and S-2-HG) as well 

as itaconic (IVA), a metabolite produced by activated macrophages, have been reported 

to inhibit TET1 and 2 with low mM activity.445, 446 N-oxalylglycine (NOG) has been used 

as a enzymatically inactive cofactor analog that was substituted for KG in TET 

crystallographic studies and NOG has a IC50 of 80 M against TET2.447 Derivatives of 

NOG have been utilized in “bump and hole strategies” aimed at modulating the activity 

of carefully designed mutant TETs.448  

The use of KG inhibitors to inhibit TET is problematic due to the redundant use 

of this co-factor across many biological pathways. In addition to TET, human genome 

codes for 40 other KG dependent enzymes .449 Many of the reported KG mimetics 

aimed to modulate TET activity are likely to have unintended effects on other enzymatic 

processes which use this co-factor.  

Efforts have been made to develop TET inhibitors targeting other parts of the 

protein besides the KG binding site (Figure 7.2). For example, Bobcat339 is mC mimic 

developed to target the substrate binding pocket and reported to have a double digit µM 

IC50 against TET1 and TET2.431 However, we recently showed that residual Cu salts left 
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over as an artifact of synthesis of this molecule via an Ulman coupling was responsible 

for the observed TET inhibition (Chapter VI).450 Virtual screening efforts in have 

identified C35, a dicatechol containing natural product, to be a signal digit µM TET 

inhibitor.428 However, the catechol functionality is a metabolic lability due to its 

propensity to oxidize into reactive quinone species.451 Eltrombopag, an existing drug 

used to treat thrombocytopenia, was identified in focused library screen and found to 

inhibit TET with an IC50 of 1.3 M.452 Lastly, TETi, a 5-carbon long diacid, containing 

alcohol and olefin functionality (Figure 7.2), has been reported to inhibit all 3 TETs with 

an IC50 of 10 µM.453 As mentioned above, this compound displayed efficacy in 

selectively targeting cancer cells in a hematological cancer model that harbored a mutant 

TET2 and thus is an exciting development in the field of TET inhibitor development.422  

Despite the recent progress made thus far in the development of small molecule 

inhibitors of TET, there is still a need for selective and potent small molecule inhibitors 

as such inhibitors could hold therapeutic value. To overcome obstacles impeding the 

development of selective TET inhibitors, we sought to implement bifunctionality in our 

molecular design by designing molecules targeting both the substrate binding site and the 

catalytic site (Figure 7.3). Bifunctional inhibitors have garnered success against other 

epigenetic enzymes, however such a linked cofactor and substrate approach has yet to be 

applied to TET inhibition.454-456 Herein, we disclose a series of first generation 

bifunctional nucleoside-based inhibitors and present preliminary biological activity data 

in both in vitro and human cell models. Given the need for TET inhibitors for use as 

chemical probes to investigate DNA methylation processes and their therapeutic 
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potential, this design provides a novel class of TET inhibitors to be expanded upon in 

future work. 
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Figure 7.1. Sequence alignment of two anti-parallel beta-sheets in the DSBH catalytic 

domains of TET1, TET2, and TET3 

The starred residues indicate residues involved in Fe(II) coordination and cofactor 

binding.457 
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Figure 7.2. Structures of reported TET inhibitors 
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Figure 7.3. Pictorial representation of the design for bifunctional TET inhibitors through 

the linkage of the alpha-ketoglutarate cofactor and mC substrate 
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7.2 Materials and Methods 

All chemicals and reagents required for the synthesis, purification, and assaying of 

TET inhibitors were purchased from Sigma Aldrich unless otherwise stated. NMR and 

LCMS solvents were obtained from Fisher Scientific. K562 cells used for cell-based 

assays were obtained from the Cleveland Clinic. All materials for tissue culture and 

related experiments were obtained from Corning and Gibco. DNA extraction kits were 

obtained from Qiagen. Recombinant TET1 (#31417) enzyme was purchased from Active 

Motif. Synthetic DNA oligomer substrates were ordered from Integrated DNA 

Technologies. Internal standards for LCMS quantitation of 5mC and 5hmC were obtained 

from Toronto Research Chemicals. Nucleotide digestion buffer was supplied by New 

England Biolabs (#M0649S). Filters used for purification of nucleotides were acquired 

from Pall Corporation. Licor Image Studio was used to generate process acquired dot 

blotting images and all statistical analyses herein were performed with GraphPad Prism 

v9.3.1.  

Cell culture and Treatment:  

Cells were grown in MEM media supplemented with 10% FBS (Gibco by Life 

Technologies TM, #16140-071) and AntibioticAntimycotic (Gibco by Life Technologies 

TM, #15240062) at 37°C under 5% CO2. Solutions of inhibitors were prepared in 

dimethyl sulfoxide (DMSO) were incubated with cells at the specific concentration and 

duration prior to collection and extraction of genomic DNA.  

In-vitro TET Assays:  
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For in vitro TET assays, 10 pmol of 16-mer hemi-methylated synthetic dsDNA 

oligomer designed after the Rassf1a tumor suppressor gene promotor (5’-

AATTAGAA[5meC]GCTCCTT3’) were incubated with 2xTET reaction buffer (50 mM 

HEPES [pH 7.9], 100 mM NaCl, 75 μM Fe(NH4)2(SO4)2, 2 mM ascorbate, 20 µM α-

ketoglutarate, 1 mM DTT), recombinant human TET1 (0.2 µg, 2.3 pmol, 115 nM) and 

5% DMSO (or inhibitor in DMSO) on a 20 µL scale. The reaction was initiated by 

adding the protein to the reaction mixture and placing on a dry block at 37 °C for 30 

minutes. Reactions were terminated at by transferring reaction tubes to dry ice to snap-

freeze the reaction until all replicates were completed. Upon completion, all samples 

were heat-inactivated at 90°C for 10 minutes and then dried entirely in SpeedVac 

concentrator. Sample were then prepared for LCMS or dot blot analysis. 

HPLC-ESI-MS/MS quantitation of 5mC and 5hmC:  

Quantitation of 5hmC is based on methodology previously described by our group 

with slight modification.432 Dried enzymatic reaction samples were reconstituted with 

mQ-water and spiked with 1 pmol each of 5-Methyl-2’-deoxycytidine-d3 and 5-

(Hydroxymethyl)-2’deoxycytidine-d3. Nucleotide digestion enzyme mix and buffer were 

added per product guidelines on a 20 µL scale. Samples were digested for 60 min at 37 

°C on a dry block. Following digestion, samples were filtered on nanosep 10K Omega 

filters. The samples were then dried entirely and resuspended in 100 µL mQ-water for 

offline HPLC cleanup to enrich 5hmC. An Atlantis T3 column (Waters, 4.6 x 150 mm, 3 

µm) was eluted at a flow of 0.9 mL/min with a linear gradient previously described of 5 

mM NH4CHO2 buffer, pH 4.0 (A) and MeOH (B). Fractions containing 5meC and 5hmC 
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were collected and pooled before analysis by isotope dilution HPLC-ESI-MS/MS. Pooled 

samples were dried and reconstituted in 2 mM ammonium formate buffer (NH4CHO2) 

with a Dionex Ultimate 3000UHPLC (Thermo Fisher) interfaced with a Thermo TSQ 

Quantis mass spectrometer (Thermo Fisher) flowing 2 mM NH4CHO2 (A) and ACN (B) 

at 15 µL/min through a Zorbax SB-C18 column (Agilent, 0.5 x 150 mm, 3 µm) with the 

gradients as previously described. 5meC and 5-d3-meC eluted at 5.1 minutes while 5hmC 

and 5-d3-hmC eluted at 3.5 minutes. Quantitation was completed monitoring MS/MS 

transitions m/z 242.1 [M + H+] → m/z 126.1 [M – deoxyribose + H+] for 5meC, m/z 245.2 

[M + H+] → m/z 129.0 [M – deoxyribose + H+] for 5-d3-meC, m/z 258.1 [M + H+] → m/z 

142.1 [M – deoxyribose + H+] for 5hmC, m/z 261.1 [M + H+] → m/z 145.1 [M – 

deoxyribose + H+] for 5-d3-hmC. All mass spectrometry parameters were optimized 

through direct infusion of authentic standards with settings as follows: spray voltage of 

2700 V, sheath gas of 15 au, source fragmentation voltage of 5 V, and ion transfer tube 

temperature of 350 °C. Fragmentation was induced with an Argon gas flow of 1 mTorr.   

DNA Dot Blotting:  

For cellular assays, genomic DNA was extracted using DNA Blood/Tissue Kit per 

the manufactures instructions, denatured and subjected to dot blotting analysis using 

antibody against 5hmC (Active Motif, #39769) as previously described.433 Briefly, 2 µg 

DNA was diluted in 8 μL water, and was denatured by adding 2 μL of 2 N NaOH/50 mM 

EDTA, and incubated for 10 min at 95 °C. Samples were quickly moved to ice and were 

neutralized with 10 μL of ice cold 2 M ammonium acetate. Denatured DNA was spotted 

on a nitrocellulose membrane with a Bio-Dot Apparatus Assembly (Bio-Rad). The 
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blotted membranes were air-dried and the DNA was hybridized to the membrane by UV 

cross linking with a Spectrolinker XL-1000 (1200 µJ/cm2). The membranes were 

blocked in 5% milk/TBST for 1 h followed by primary antibody blotting at 4 °C 

overnight. The next day, the blots were washed with TBST followed by incubation with 

secondary antibody for 1 h, washed, and imaged using a Licor imager. The DNA spotted 

membrane was then stained with 0.02% methylene blue in 0.5 M sodium acetate (pH 5.0) 

for DNA loading control. The same protocol was followed for in vitro assays. 

General Reaction Conditions. 

Chemical reactions were conducted with oven-dried glassware under argon 

atmosphere unless otherwise stated. Thin- layer chromatography (TLC) was performed 

with Analtech silica uniplates and visualized under 254 nm UV light or with KMnO4 

staining. Column chromatography was conducted with 60 mesh silica gel. NMR spectra 

were acquired on a 500 MHz Bruker spectrometer at room temperature. MS spectra were 

acquired on a Thermo Scientific LTQ XL Ion Trap. Detailed reaction procedures and 

Figures 7.4 – 10 are found below. 

General method for O-benzoylation reactions: 

To a round-bottomed flask were sequentially added DCM (120 mL), starting 

alkyne 1a or 1b (60 mmol, 1 equiv), and NaHCO3/NaOH aqueous solution (pH 10.5, 60 

mL). After five minutes of vigorous stirring, benzoyl peroxide was added (72 mmol, 1.2 

equiv) and the reaction mixture was allowed to stir for four hours at room temperature. 

The organic layer was collected, then the aqueous layer was extracted with DCM (6 x 20 

mL). The organic layers were pooled, washed with brine, dried with magnesium sulfate, 
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and concentrated in vacuo. Purification via silica gel flash column chromatography (2 

column volumes of 0%, 5 columns volumes from 0% to 10%, 6 column volumes of 10%, 

5 column volumes from 10% to 20%, and 8 column volumes of 20% EtOAc in hexanes) 

afforded compound 2a-b. 

 

O-benzoyl-N-(prop-2-yn-1-yl)hydroxylamine (2a): Orange oil (32% yield). Rf = 0.32 

(20% EtOAc in hexanes). 1H NMR (500 MHz, CDCl3) δ 2.26 (t, J= 2.4 Hz, 1H), 3.92 (d, 

J= 2.5 Hz, 2H), 7.46 (t, J= 7.8 Hz, 2H), 7.56 – 7.62 (m, 1H), 8.03 – 8.07 (m, 2H). 13C 

NMR (126 MHz, CDCl3) δ 41.8, 73.3, 78.6, 128.1, 128.7, 129.6, 133.6, 166.7. MS (ESI-

TOF) m/z [M + H]+ calculated for C10H10NO2
+ 176.1, found 176.1. 

 

O-benzoyl-N-(but-3-yn-1-yl)hydroxylamine (2b): Clear, colorless oil (47% yield). Rf = 

0.32 (20% EtOAc in hexanes). 1H NMR (500 MHz, CDCl3) δ 2.05 (t, J= 2.7 Hz, 1H), 

2.53 (td, J= 6.7, 2.7 Hz, 2H), 3.30 (t, J= 6.7 Hz, 2H), 7.42 (dd, J= 8.7, 7.0 Hz, 1H), 7.51 – 

7.59 (m, 2H), 7.99 (dd, J= 8.4, 1.5 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 17.5, 50.8, 

70.4, 81.0, 128.3, 128.6, 129.4, 133.4, 166.5. MS (ESI-TOF) m/z [M + H]+ calculated for 

C11H12NO2
+ 190.1, found 190.1. 

General method for N-acylation reactions: 

A round-bottomed flask was purged with argon and sequentially added were 

monomethyl succinate or monomethyl fumarate (1-1.8 equiv) and anhydrous DCM. After 

five minutes of stirring, oxalyl chloride (1.05-1.85 equiv) was added dropwise, followed 

by anhydrous DMF (3-8 drops). The acid chloride reaction mixture was allowed to stir 
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for two hours at room temperature. After two hours, a second round-bottomed flask was 

placed in an ice bath, purged with argon and were sequentially added compound 2a-b or 

1a-b (1 equiv), anhydrous THF, and triethylamine (1.85 equiv). After five minutes of 

stirring, the acid chloride reaction mixture was transferred to the second reaction mixture 

via anhydrous transfer and was added dropwise. The reaction mixture was allowed to stir 

for 18 hours at room temperature. Afterwards, DCM (10 mL) and water (10 mL) was 

added to the reaction mixture. The organic layer was collected, then the aqueous layer 

was extracted with DCM (4 x 10 mL). The organic layers were pooled, washed with 

brine, dried with magnesium sulfate, and concentrated in vacuo. Purification via silica gel 

flash column chromatography (2 column volumes of 0%, 5 columns volumes from 0% to 

15%, 4 column volumes of 15%, 5 column volumes from 15% to 20%, and 8 column 

volumes of 20% EtOAc in hexanes) afforded compound 3a-b, 4a-b, and 5a-b. 

 

methyl 4-((benzoyloxy)(prop-2-yn-1-yl)amino)-4-oxobutanoate (3a): Cloudy, colorless 

oil (57% yield). Rf = 0.33 (40% EtOAc in hexanes). 1H NMR (500 MHz, CDCl3) δ 2.25 

(t, J = 2.5 Hz, 1H), 2.64 – 2.72 (m, 4H), 3.68 (s, 3H), 4.61 (d, J = 2.5 Hz, 2H), 7.50 – 

7.56 (m, 2H), 7.67 – 7.72 (m, 1H), 8.13 (dd, J = 8.4, 1.4 Hz, 2H). 13C NMR (126 MHz, 

CDCl3) δ 27.68, 28.32, 38.14, 52.02, 73.06, 76.59, 126.60, 129.09, 130.34, 134.79, 

164.36, 172.99. MS (ESI-TOF) m/z [M + H]+ calculated for C15H16NO5
+ 290.1, found 

290.1. 
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methyl 4-((benzoyloxy)(but-3-yn-1-yl)amino)-4-oxobutanoate (3b): Clear, colorless oil 

(88% yield). Rf = 0.45 (40% EtOAc in hexanes). 1H NMR (500 MHz, CDCl3) δ 1.96 (s, 

1H), 2.58 (td, J = 7.1, 2.7 Hz, 2H), 2.65 (s, 4H), 3.67 (s, 3H), 4.00 (t, J = 7.1 Hz, 2H), 

7.52 (t, J = 7.7 Hz, 2H), 7.68 (t, J = 7.5 Hz, 1H), 8.06 – 8.14 (m, 2H). 13C NMR (126 

MHz, CDCl3) δ 17.5, 27.4, 28.4, 47.3, 52.0, 70.3, 80.8, 126.7, 129.1, 130.6, 134.7, 164.5, 

172.2, 173.1. (ESI-TOF) m/z [M + H]+ calculated for C16H17NO5
+ 304.1, found 304.1. 

 

methyl (E)-4-(but-3-yn-1-ylamino)-4-oxobut-2-enoate (4a): White solid (93% yield). Rf 

= 0.42 (40% EtOAc in hexanes). 1H NMR (CHLOROFORM-d ,400MHz): δ = 8.13 (dd, 

J=8.2, 1.2 Hz, 2 H), 7.71 (s, 1 H), 7.50 - 7.63 (m, 2 H), 7.16 (d, J=15.7 Hz, 1 H), 6.98 (d, 

J=15.3 Hz, 1 H), 4.69 (d, J=2.3 Hz, 2 H), 3.76 ppm (s, 3 H) 13C NMR (126 MHz, CDCl3) 

δ 38.3, 52.4, 73.6, 76.0, 126.1, 129.2, 130.4, 130.7, 133.7, 135.0, 164.4, 164.8, 165.6. MS 

(ESI-TOF) m/z [M + H]+ calculated for C15H14NO5
+ 288.1, found 288.1. 

 

methyl (E)-4-((benzoyloxy)(but-3-yn-1-yl)amino)-4-oxobut-2-enoate (4b): White solid 

(80% yield). Rf = 0.35 (40% EtOAc in hexanes). 1H NMR (METHANOL-d4 ,400MHz): 

δ = 8.02 - 8.19 (m, 2 H), 7.75 (t, J=7.4 Hz, 1 H), 7.59 (t, J=7.6 Hz, 2 H), 7.19 (br. s., 1 

H), 6.84 (d, J=15.7 Hz, 1 H), 4.06 (br. s., 2 H), 3.74 (br. s., 3 H), 2.62 ppm (td, J=6.6, 2.5 

Hz, 2 H). ). 13C NMR (126 MHz, CDCl3) δ 17.4, 47.4, 52.3, 70.5, 80.4, 126.1, 129.0, 

130.3, 130.9, 133.1, 1349, 164.4, 165.5. MS (ESI-TOF) m/z [M + H]+ calculated for 

C16H15NO5
+ 302.1, found 302.1. 
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methyl (E)-4-oxo-4-(prop-2-yn-1-ylamino)but-2-enoate (5a): White solid (97% yield). Rf 

= 0.20 (40% EtOAc in hexanes). 1H NMR (500 MHz, CDCl3) δ 6.94 (d, J = 15.4 Hz, 

1H), 6.65 (d, J = 15.4 Hz, 1H), 4.17 (s, 2H), 3.80 (s, 3H), 2.27 (s, 1H). (ESI-TOF) m/z [M 

+ H]+ calculated for C8H10NO3
+ 168.1, found 168.1. 

 

methyl (E)-4-(but-3-yn-1-ylamino)-4-oxobut-2-enoate (5b): White solid (95% yield). Rf 

= 0.15 (40% EtOAc in hexanes). 1H NMR (500 MHz, CDCl3) δ 6.96 (d, J = 15.4 Hz, 

1H), 6.81 (d, J = 15.4 Hz, 1H), 6.66 (d, J = 7.7 Hz, 1H), 3.77 (s, 3H), 3.49 (q, J = 6.3 Hz, 

2H), 2.44 (td, J = 6.4, 2.6 Hz, 2H), 2.01 (t, J = 2.6 Hz, 1H). 13C NMR (126 MHz, CDCl3) 

δ 19.3, 38.5, 52.3, 70.4, 81.3, 130.2, 136.5, 163.8, 166.2. (ESI-TOF) m/z [M + H]+ 

calculated for C10H12NO3
+ 182.1, found 182.1. 

General method for consecutive debenzoylation-acetylation reactions: 

A round-bottomed flask was purged with argon and sequentially added were 

compound 3a-b (1 equiv), anhydrous methanol, and potassium carbonate (1.2 equiv). The 

reaction mixture was allowed to stir for 30 minutes at room temperature and was 

monitored by TLC (KMnO4 stain). Afterwards, the methanol was removed in vacuo and 

to the reaction mixture was added ethyl acetate (20 mL) and water (20 mL). The reaction 

mixture was brought to a pH of 12 by adding NaOH (1 M) in which the aqueous layer 

was collected. Subsequently, the aqueous layer was acidified to a pH of 4 by adding HCl 

(1 M). The aqueous phase was extracted with ethyl acetate (3 x 15 mL). The organic 

layers were pooled, washed with brine, dried with magnesium sulfate, and concentrated 

in vacuo to afford a crude oil which was used subsequently without additional 
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purification. To another round-bottomed flask were sequentially added the crude oil (1 

equiv), triethylamine (10 equiv), acetic anhydride (10 equiv), and ethyl acetate (minimal 

amount required to dissolve the crude oil into the reaction mixture). The reaction mixture 

was allowed to stir for 30 minutes at room temperature and was monitored by TLC 

(KMnO4 stain). Afterwards, water (10 mL) was added to the reaction mixture. The 

organic layer was collected, then the aqueous layer was extracted with ethyl acetate (3 x 

10 mL). The organic layers were pooled, neutralized with saturated NaHCO3 solution, 

washed with brine, dried with magnesium sulfate, and concentrated in vacuo to afford 

compound 6a-b. 

 

methyl 4-(acetoxy(prop-2-yn-1-yl)amino)-4-oxobutanoate (6a): Orange oil (52% yield). 

Rf = 0.42 (50% EtOAc in hexanes, KMnO4 stain). 1H NMR (500 MHz, CDCl3) δ 2.22 (s, 

3H), 2.25 (t, J = 2.5 Hz, 1H), 2.60 (dq, J = 10.6, 5.9 Hz, 4H), 3.65 (s, 3H), 4.45 (d, J = 

2.6 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 18.4, 27.4, 28.2, 37.9, 51.9, 73.0, 76.4, 

168.2, 172.2, 172.8. (ESI-TOF) m/z [M + H]+ calculated for C10H14NO5
+ 228.1, found 

228.1. 

 

methyl 4-(acetoxy(but-3-yn-1-yl)amino)-4-oxobutanoate (6b): Orange oil (36% yield). Rf 

= 0.37 (50% EtOAc in hexanes, KMnO4 stain). 1H NMR (500 MHz, CDCl3) δ 1.98 (t, J = 

2.8 Hz, 1H), 2.19 (s, 3H), 2.41 – 2.50 (m, 2H), 2.50 – 2.64 (m, 4H), 3.64 (s, 3H), 3.83 (t, 

J = 7.1 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 17.3, 18.5, 27.2, 28.3, 47.0, 51.9, 70.2, 
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80.7, 168.4, 171.8, 173.0. (ESI-TOF) m/z [M + H]+ calculated for C11H16NO5
+ 242.1, 

found 242.1. 

General Method for Sonogashira Cross Coupling Reaction: 

A Schlenk flask was purged with argon and sequentially added were 5-iodo-2’-

deoxycytidine or 5-iodo-2′-deoxyuridine (1 equiv), Pd(PPh3)2Cl2 (0.1 equiv), CuI (0.05 

equiv), half of the anhydrous DMF (1 mL), and anhydrous N, N-diisopropylethylamine (2 

equiv). A separate round-bottomed flask was purged with argon and sequentially added 

compound 4b, 5b, or 6a-b. (1.5 equiv) and half of the anhydrous DMF (1 mL). After 

allowing each reaction mixture to stir and purge for thirty minutes, the reaction mixture 

in the round-bottomed flask was transferred to the reaction mixture in the Schlenk flask 

via anhydrous transfer and was added dropwise. Afterwards, the reaction was heated to 

50 C and was covered in aluminum foil to achieve dark conditions, and the reaction 

mixture was allowed to stir for 24-91 hours, as tracked by TLC. The reaction mixture was 

then concentrated in vacuo to afford a dark crude oil. Purification via silica gel flash 

column chromatography (2 column volumes of 0%, 5 column volumes from 0% to 10%, 

and 20 column volumes of 10% methanol in DCM) afforded compounds 7a-b, 8a-b, and 

9a-b. 

 

methyl (E)-4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-

2-yl)-2-oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(benzoyloxy)amino)-4-oxobut-2-

enoate (7a): Light yellow foam (35% yield). 1H NMR (500 MHz, MeOD) δ = 8.07 (s, 1 

H), 7.97 - 8.05 (m, 2 H), 7.61 - 7.67 (m, 1 H), 7.46 (t, J=7.8 Hz, 2 H), 6.75 (d, J=15.3 Hz, 
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1 H), 6.07 (t, J=6.3 Hz, 1 H), 4.22 - 4.28 (m, 1 H), 4.09 (br. s., 2 H), 3.84 (q, J=3.4 Hz, 1 

H), 3.66 - 3.75 (m, 2 H), 3.57 - 3.66 (m, 3 H), 2.76 (t, J=6.1 Hz, 1 H), 2.24 - 2.31 (m, 1 

H), 2.00 ppm (dt, J=13.4, 6.6 Hz, 1 H). (ESI-TOF) m/z [M + H]+ calculated for 

C25H27N4O9
+ 527.2, found 527.2. 

 

methyl (E)-4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-

2-yl)-2-oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)amino)-4-oxobut-2-enoate (7b): 

This compound was taken forward to the following step crude (crude yield 56%). 

 

methyl 4-(acetoxy(3-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-5-yl)prop-2-yn-1-

yl)amino)-4-oxobutanoate (8a): Light orange solid (10% yield). Rf = 0.23 (15% methanol 

in DCM). 1H NMR (500 MHz, MeOD) δ 2.14 (dt, J = 13.2, 6.4 Hz, 1H), 2.27 (s, 3H), 

2.39 (ddd, J = 13.6, 6.2, 4.1 Hz, 1H), 2.59 – 2.70 (m, 4H), 3.67 (s, 3H), 3.74 (dd, J = 

12.1, 3.7 Hz, 1H), 3.82 (dd, J = 12.1, 3.2 Hz, 1H), 3.95 (q, J = 3.5 Hz, 1H), 4.36 (dt, J = 

6.3, 4.0 Hz, 1H), 4.72 (s, 2H), 6.19 (t, J = 6.3 Hz, 1H), 8.35 (s, 1H). 13C NMR (126 MHz, 

MeOD) δ 18.2, 28.3, 29.0, 42.4, 52.3, 62.4, 71.7, 88.0, 89.1, 89.6, 91.8, 146.4, 156.6, 

166.3, 170.1, 174.7. (ESI-TOF) m/z [M + H]+ calculated for C19H25N4O9
+ 453.2, found 

453.2. 

 

methyl 4-(acetoxy(4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-
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yl)amino)-4-oxobutanoate (8b): Light yellow foam (42% yield). Rf = 0.37 (10% 

methanol in DCM). 1H NMR (500 MHz, MeOD) δ 2.14 (td, J = 13.5, 6.9 Hz, 1H), 2.25 

(s, 3H), 2.38 (ddd, J = 13.5, 6.2, 4.0 Hz, 1H), 2.55 – 2.70 (m, 4H), 2.75 (t, J = 6.4 Hz, 

2H), 3.64 (s, 3H), 3.73 (dd, J = 12.0, 3.6 Hz, 1H), 3.82 (dd, J = 12.0, 3.2 Hz, 1H), 3.92 – 

3.98 (m, 3H), 4.36 (dt, J = 6.3, 3.9 Hz, 1H), 6.20 (t, J = 6.3 Hz, 1H), 8.26 (s, 1H). 13C 

NMR (126 MHz, MeOD) δ 18.2, 19.0, 28.1, 29.1, 42.4, 52.3, 54.8, 62.5, 71.8, 88.0, 89.0, 

93.8, 145.4, 156.7, 166.6, 174.6. (ESI-TOF) m/z [M + H]+ calculated for C20H27N4O9
+ 

467.2, found 467.2. 

 

methyl (E)-4-((benzoyloxy)(4-(1-((2R,4S,5R)-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)but-3-

yn-1-yl)amino)-4-oxobut-2-enoate (9a): 1H NMR (METHANOL-d4 ,400MHz): δ = 8.05 - 

8.20 (m, 3 H), 7.69 - 7.75 (m, 1 H), 7.55 (t, J=7.8 Hz, 2 H), 6.83 (d, J=15.7 Hz, 1 H), 

6.20 (t, J=6.5 Hz, 1 H), 4.38 (dt, J=6.2, 3.4 Hz, 1 H), 4.15 (br. s., 2 H), 3.93 (q, J=3.1 Hz, 

1 H), 3.68 - 3.83 (m, 5 H), 2.82 (t, J=6.3 Hz, 2 H), 2.24 - 2.33 (m, 1 H), 2.12 - 2.23 ppm 

(m, 1 H). (ESI-TOF) m/z [M + H]+ calculated for C25H26N3O10
+ 528.2, found 528.2. 

 

methyl (E)-4-((4-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-

dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)but-3-yn-1-yl)amino)-4-oxobut-2-enoate (9b). 

This compound was taken forward to the following step crude (crude yield 43%). 

General Method for Hydroxyamide Deprotection: 
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A round-bottomed flask was purged with argon and sequentially added were 

compound 7a, 8a-b, or 9a (1 equiv), anhydrous methanol, and potassium carbonate (1.2 

equiv). The reaction mixture was allowed to stir for 30 minutes at room temperature and 

was monitored by TLC (KMnO4 stain). The reaction mixture was then concentrated in 

vacuo to afford a crude oil. Purification via silica gel flash column chromatography (1 

column volume of 0%, 3 column volumes from 0% to 15%, and 30 column volumes of 

15% methanol in DCM) and HPLC purification using a Sunfire C18 column (5 μm, 150 

× 2.0 mm, 10.0 mL/min flow rate, buffer A: H2O), buffer B: ACN) involved a gradient of 

0-30% B (0-30 min), of 30-95% B (30-40 min), followed by an isocratic hold at 95% B 

(40-45 min) afforded compounds 10a-b, 11, or 12. 

 

methyl 4-((3-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-

yl)-2-oxo-1,2-dihydropyrimidin-5-yl)prop-2-yn-1-yl)(hydroxy)amino)-4-oxobutanoate 

(10a): Light yellow solid (61% yield). Rf = 0.24 (15% methanol in DCM, KMnO4 stain). 

1H NMR (500 MHz, MeOD) δ 2.14 (dt, J = 13.3, 6.4 Hz, 1H), 2.39 (ddd, J = 13.6, 6.2, 

4.0 Hz, 1H), 2.61 (t, J = 6.7 Hz, 2H), 2.82 (t, J = 6.6 Hz, 2H), 3.67 (s, 3H), 3.74 (dd, J = 

12.0, 3.7 Hz, 1H), 3.82 (dd, J = 12.1, 3.1 Hz, 1H), 3.95 (q, J = 3.6 Hz, 1H), 4.36 (dt, J = 

7.2, 3.9 Hz, 1H), 4.60 (s, 2H), 6.20 (t, J = 6.3 Hz, 1H), 8.33 (s, 1H). 13C NMR (126 MHz, 

MeOD) δ 28.4, 29.2, 40.2, 42.3, 49.9, 52.2, 62.5, 71.7, 75.4, 88.0, 89.0, 90.8, 92.1, 146.2, 

156.7, 166.4, 175.1. (ESI-TOF) m/z [M - H]- calculated for C17H21N4O8
- 409.1, found 

409.1.  
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methyl 4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-

yl)-2-oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(hydroxy)amino)-4-oxobutanoate 

(10b): White foam (59% yield). Rf = 0.28 (15% methanol in DCM, KMnO4 stain). 1H 

NMR (500 MHz, MeOD) δ 2.13 (dt, J = 13.3, 6.5 Hz, 1H), 2.37 (ddd, J = 13.6, 6.2, 4.0 

Hz, 1H), 2.59 (t, J = 6.7 Hz, 2H), 2.78 (dt, J = 34.3, 6.5 Hz, 4H), 3.64 (s, 3H), 3.70 – 3.88 

(m, 4H), 3.94 (q, J = 3.5 Hz, 1H), 4.36 (dt, J = 6.3, 3.8 Hz, 1H), 6.20 (t, J = 6.4 Hz, 1H), 

8.24 (s, 1H). 13C NMR (126 MHz, MeOD) δ 18.6, 28.3, 29.3, 42.35, 48.0, 52.2, 62.5, 

71.8, 73.3, 87.9, 89.0, 93.1, 94.0, 145.2, 166.6, 175.0, 175.1. (ESI-TOF) m/z [M - H]- 

calculated for C18H23N4O8
- 423.1, found 423.1. 

 

methyl (E)-4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-

2-yl)-2-oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(hydroxy)amino)-4-oxobut-2-

enoate (11): Yellow solid (66% yield). Rf = 0.48 (15% methanol in DCM, KMnO4 stain). 

1H NMR (METHANOL-d4 ,500MHz): δ = 8.13 (s, 1 H), 7.57 (d, J=15.6 Hz, 1 H), 6.68 

(d, J=15.6 Hz, 1 H), 6.09 (t, J=6.3 Hz, 1 H), 4.22 - 4.30 (m, 1 H), 3.81 - 3.93 (m, 3 H), 

3.66 - 3.74 (m, 4 H), 3.57 - 3.66 (m, 2 H), 3.21 (dt, J=3.3, 1.6 Hz, 2 H), 2.71 (t, J=6.4 Hz, 

2 H), 2.23 - 2.32 (m, 1 H), 1.98 - 2.06 ppm (m, 1 H). (ESI-TOF) m/z [M - H]- calculated 

for C18H21N4O8
- 421.1, found 421.1. 

 

methyl (E)-4-(hydroxy(4-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-

2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)but-3-yn-1-yl)amino)-4-oxobut-2-

enoate (12): Yellow solid (34% yield). Rf = 0.32 (15% methanol in DCM, KMnO4 stain). 
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1H NMR (METHANOL-d4 ,400MHz): δ = 8.22 (s, 1 H), 7.67 (d, J=15.3 Hz, 1 H), 6.73 

(d, J=16.0 Hz, 1 H), 6.22 (t, J=6.7 Hz, 1 H), 4.36 - 4.42 (m, 1 H), 3.86 - 3.96 (m, 2 H), 

3.68 - 3.85 (m, 3 H), 2.75 (t, J=6.8 Hz, 2 H), 2.28 (dd, J=6.1, 3.7 Hz, 1 H), 2.14 - 2.24 

ppm (m, 1 H). (ESI-TOF) m/z [M - H]- calculated for C18H20N3O9
- 422.1, found 422.1. 

General Method for Ester Hydrolysis: 

To a round-bottomed flask were sequentially added compounds 7b, 8b, 10a-b, 11, 

or 12 (1 equiv), THF, and water. After five minutes of stirring, lithium hydroxide (3 

equiv) was added and the reaction mixture was allowed to stir for five minutes at room 

temperature. The reaction mixture was then concentrated in vacuo to afford a crude oil. 

Purification via silica gel flash column chromatography (1 column volume of 0%, 3 

column volumes from 0% to 20%, 3 column volumes of 20%, 3 column volumes from 

20% to 40%, and 20 column volumes of 40% methanol in DCM) and HPLC purification 

using a Sunfire C18 column (5 μm, 150 × 2.0 mm, 10.0 mL/min flow rate, buffer A: 

H2O), buffer B: ACN) involved a gradient of 0-30% B (0-30 min), of 30-95% B (30-40 

min), followed by an isocratic hold at 95% B (40-45 min) afforded compounds afforded 

compounds 13a-b, 14, 15, and 16. 

 

4-((3-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-

1,2-dihydropyrimidin-5-yl)prop-2-yn-1-yl)(hydroxy)amino)-4-oxobutanoic acid (13a): 

Light yellow solid (56% yield). Rf = 0.05 (40% methanol in DCM, KMnO4 stain). 1H 

NMR (500 MHz, MeOD) δ 2.13 (dt, J = 13.3, 6.5 Hz, 1H), 2.38 (ddd, J = 13.6, 6.1, 4.0 

Hz, 1H), 2.58 (t, J = 6.8 Hz, 2H), 2.77 (t, J = 6.7 Hz, 2H), 3.73 (dd, J = 12.1, 3.7 Hz, 1H), 
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3.82 (dd, J = 12.0, 3.1 Hz, 1H), 3.94 (q, J = 3.5 Hz, 1H), 4.36 (dt, J = 6.4, 3.9 Hz, 1H), 

4.60 (s, 2H), 6.20 (t, J = 6.3 Hz, 1H), 8.34 (s, 1H). 13C NMR (126 MHz, MeOD) δ 28.7, 

30.3, 31.7, 37.0, 40.1, 42.4, 62.5, 71.7, 75.3, 88.0, 89.0, 90.8, 92.2, 143.8, 146.2, 156.7, 

166.4, 175.5. (ESI-TOF) m/z [M - H]- calculated for C16H19N4O8
- 395.1, found 395.1. 

 

4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-

1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(hydroxy)amino)-4-oxobutanoic acid (13b): 

White solid (58% yield). Rf = 0.05 (40% methanol in DCM, KMnO4 stain). 1H NMR 

(500 MHz, MeOD) δ 2.13 (dt, J = 13.3, 6.5 Hz, 1H), 2.37 (ddd, J = 13.5, 6.1, 4.0 Hz, 

1H), 2.55 (t, J = 7.0 Hz, 2H), 2.75 (q, J = 6.6 Hz, 4H), 3.70 – 3.90 (m, 4H), 3.92 – 3.96 

(m, 1H), 4.36 (dt, J = 6.4, 3.9 Hz, 1H), 6.20 (t, J = 6.3 Hz, 1H), 8.24 (s, 1H). 13C NMR 

(126 MHz, MeOD) δ 18.6, 29.2, 32.0, 42.4, 47.9, 49.9, 62.5, 71.8, 73.2, 87.9, 89.0, 93.19, 

94.2, 145.2, 156.8, 166.6, 175.7. (ESI-TOF) m/z [M - H]- calculated for C17H21N4O8
- 

409.1, found 409.1. 

 

(E)-4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-

oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)amino)-4-oxobut-2-enoic acid (14): White 

solid (48% yield). Rf = 0.04 (40% methanol in DCM, KMnO4 stain). 1H NMR 

(METHANOL-d4 ,500MHz): δ = 8.15 (s, 1 H), 6.77 (d, J=15.6 Hz, 1 H), 6.64 (d, J=15.6 

Hz, 1 H), 6.14 (t, J=6.6 Hz, 1 H), 4.28 - 4.32 (m, 1 H), 3.83 (q, J=3.2 Hz, 1 H), 3.71 (dd, 

J=12.2, 3.1 Hz, 1 H), 3.64 (dd, J=12.1, 3.5 Hz, 1 H), 3.37 (td, J=6.6, 2.6 Hz, 2 H), 2.53 (t, 

J=6.7 Hz, 2 H), 2.19 (dd, J=6.1, 3.7 Hz, 1 H), 2.08 - 2.15 ppm (m, 1 H). 13C NMR (126 
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MHz, MeOD) δ 20.8, 39.7, 41.7, 54.8, 62.6, 72.1, 74.0, 86.9, 89.2, 92.1, 100.7, 135.3, 

144.9, 151.2, 164.8, 167.2. MS (ESI-TOF) m/z [M - H]- calculated for C17H20N4O7
- 

391.1, found 391.1. 

  

(E)-4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-

oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(hydroxy)amino)-4-oxobut-2-enoic acid 

(15): White solid (41% yield). Rf = 0.04 (40% methanol in DCM, KMnO4 stain). 1H 

NMR (METHANOL-d4 ,500MHz): δ = 8.13 (s, 1 H), 7.34 (d, J=15.9 Hz, 1 H), 6.74 (d, 

J=15.6 Hz, 1 H), 6.10 (t, J=6.3 Hz, 1 H), 4.23 - 4.28 (m, 1 H), 3.78 - 3.94 (m, 4 H), 3.71 

(dd, J=12.2, 2.7 Hz, 1 H), 3.63 (dd, J=12.1, 3.5 Hz, 1 H), 2.70 (t, J=6.3 Hz, 2 H), 2.22 - 

2.30 (m, 1 H), 2.02 ppm (dt, J=13.4, 6.6 Hz, 1 H). 13C NMR (METHANOL-d4 

,126MHz): δ = 165.8, 163.4, 149.8, 143.5, 133.9, 99.3, 90.7, 87.7, 85.5, 72.5, 70.7, 61.2, 

40.3, 38.2, 19.4 ppm. (ESI-TOF) m/z [M - H]- calculated for C17H19N4O8
- 407.1, found 

407.1. 

 

(E)-4-((4-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-dioxo-

1,2,3,4-tetrahydropyrimidin-5-yl)but-3-yn-1-yl)amino)-4-oxobut-2-enoic acid (16): 

White solid (40% yield). Rf = 0.04 (40% methanol in DCM, KMnO4 stain). 1H NMR 

(METHANOL-d4 ,500MHz): δ = 8.15 (s, 1 H), 6.70 (d, J=15.6 Hz, 1 H), 6.58 (d, J=15.6 

Hz, 1 H), 6.15 (t, J=6.7 Hz, 1 H), 4.28 - 4.33 (m, 1 H), 3.83 (q, J=3.2 Hz, 1 H), 3.71 (dd, 

J=12.2, 3.1 Hz, 1 H), 3.65 (dd, J=12.1, 3.5 Hz, 1 H), 3.30 - 3.40 (m, 2 H), 2.52 (t, J=6.7 
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Hz, 2 H), 2.18 (dd, J=6.3, 3.5 Hz, 1 H), 2.07 - 2.15 ppm (m, 1 H). (ESI-TOF) m/z [M - 

H]- calculated for C17H18N3O8
- 392.1, found 392.1. 

 

(E)-4-(hydroxy(4-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-

2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)but-3-yn-1-yl)amino)-4-oxobut-2-enoic acid 

(17). 1H NMR (METHANOL-d4 ,400MHz): δ = 8.21 (s, 1 H), 7.34 (d, J=14.1 Hz, 1 H), 

6.85 (d, J=15.7 Hz, 1 H), 6.23 (t, J=6.7 Hz, 1 H), 4.40 (dt, J=6.1, 3.2 Hz, 1 H), 3.87 - 

3.97 (m, 2 H), 3.70 - 3.86 (m, 3 H), 2.74 (br. s., 2 H), 2.25 - 2.32 (m, 1 H), 2.15 - 2.25 

ppm (m, 1 H). (ESI-TOF) m/z [M - H]- calculated for C17H18N3O9
- 408.1, found 408.1. 

General Method for linker reduction: 

To a hydrogenation flask were added 13a (1 equiv), Pd/C (0.01 equiv) and MeOH 

(5 mL). The flask was purged with N2 and was then placed under H2 at a pressure of 45 

bar on a hydrogenator. The reaction was shaken overnight. The reaction was then filtered 

over celite and concentrated in vacuo and subjected to HPLC purification using a Sunfire 

C18 column (5 μm, 150 × 2.0 mm, 10.0 mL/min flow rate, buffer A: H2O), buffer B: 

ACN) involved a gradient of 0-30% B (0-30 min), of 30-95% B (30-40 min), followed by 

an isocratic hold at 95% B (40-45 min) to afford compound 18. 

 

4-((3-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-

1,2-dihydropyrimidin-5-yl)propyl)(hydroxy)amino)-4-oxobutanoic acid (18): White solid 

(51% yield). 1H NMR (METHANOL-d4 ,500MHz): δ = 7.82 (s, 1 H), 6.18 (t, J=6.6 Hz, 1 

H), 4.27 - 4.35 (m, 1 H), 3.81 (q, J=3.7 Hz, 1 H), 3.75 (dd, J=12.1, 3.2 Hz, 1 H), 3.65 
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(dd, J=12.1, 3.8 Hz, 1 H), 3.55 (t, J=6.3 Hz, 2 H), 2.58 - 2.63 (m, 2 H), 2.44 - 2.50 (m, 2 

H), 2.19 - 2.26 (m, 3 H), 2.05 - 2.12 (m, 1 H), 1.69 - 1.78 ppm (m, 2 H). (ESI-TOF) m/z 

[M - H]- calculated for C16H23N4O8
- 399.2, found 399.2. 
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Figure 7.4. O-benzoylation reaction on linker region 
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Figure 7.5. Linker cofactor synthesis 
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Figure 7.6. Linker cofactor O-Ac reprotection synthesis 
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Figure 7.7. Conjunction of substrate and linker-cofactor synthesis 
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Figure 7.8. Selective deprotection of hydroxyamide moiety 
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Figure 7.9. Desertification of bifunctional inhibitors 
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Figure 7.10. Reduction of linker 
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7.3 Results 

Our initial objective was to design a bifunctional pan TET inhibitor by 

incorporating elements of both the substrate mC and alpha-ketoglutarate cofactor into the 

structure. We computationally docked a small library of rationally designed bifunctional 

molecules into the crystal structure of TET2 bound to a mC containing oligonucleotide 

(PDB: 4NM6) with the Schrodinger Maestro Glide program (Figure 7.11).447 We 

explored varying the nucleobase, changing linker length, and installing a metal binding 

hydroxyamide moiety in our molecules. A tabulated list of representative docking scores 

is found in Table 7.1. Our results found that dC-based compounds were preferred over 

dU- and C-based substrate mimics, that incorporation of a hydroxyamide moiety 

improved molecular docking scores, and that a linker length of 4 carbons was optimal. 

We also observed that hydrogen bond interactions with Arg1896 and Arg1261 were 

important for the cofactor portion of the molecule and that pi-pi stacking with Tyr1902 

and hydrogen bond interactions with Asn1397 were important for the substrate portion. 

We used this information to guide our synthetic efforts towards an initial series of 

inhibitors for TET activity screening. 

The synthetic approach to access our bifunctional inhibitors is shown in Figure 

7.12A. We envisioned key retrosynthetic disconnections at the nucleoside-linker and 

linker-cofactor junctions. Our route drew inspiration from bifunctional inhibitors 

targeting the Jumonji C domain-containing histone demethylases, which also use an 

alpha-ketoglutarate cofactor.458 Detailed synthetic information can be found in the 

methodology section of this chapter. Briefly, for analogs containing an hydroxyamide 
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moiety, an O-Bz was installed in the linker section via benzoyl peroxide under basic 

conditions.459 This alkyne linker was then acylated with the cofactor mimetic. Following 

construction of the protected cofactor portion of the molecule, the cofactor was linked to 

the desired iodinated nucleoside through a Sonogashira cross coupling reaction.460 

Through the course of our synthesis, we found that converting the O-Bz group to O-Ac in 

the linker cofactor precursors improved cross coupling yields and minimized side product 

formation when synthesizing compounds with 3 carbon linkers.461, 462 Once the substrate 

and cofactor regions were linked, treatment with the appropriate base enabled isolation of 

the respective acid and methyl ester versions of the inhibitors. Our efforts thus far have 

produced an initial series of candidate TET inhibitors as shown in Figure 7.12B. 

With inhibitors in hand, we moved to screen our molecules’ TET inhibitory 

activity in a cellular assay. As an initial experiment, we treated K562 cells, a TET 

proficient leukemia model, with 5 µM of respective compound for 24 hours. Next, 

genomic DNA was extracted and 5hmC levels were quantified via dot blot (Figure 7.13A 

and B). The most active compounds were, 11, 13b 14, and 15 which lowered the relative 

levels of 5hmC by 30 ± 8%, 55 ± 20%, 26 ± 21%, and 47 ± 45%, respectively. These data 

revealed interesting SAR trends, namely that the substrate mimetic portion of the 

molecule required a deoxycytidine scaffold opposed to deoxyuridine and that a pentyne 

based linker was optimal, which correlated with our docking studies. However, given the 

large variability observed in these experiments we moved to confirm these results by 

mass spectrometry-based measurements. 
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The compounds 13b and 15 were taken forward and evaluated in an in vitro TET 

activity assay with the enzymatically active catalytic domain of human TET1 using a 

hemimethylated synthetic oligomer substrate. Following a 30 minute enzymatic 

incubation time in the presence or absence of inhibitor, the reactions were halted through 

denaturation and levels of 5hmC were quantified via LCMS/MS via direct isotope 

dilution.402 As shown in Figure 7.13, both compounds 13b and 15 displayed dose-

dependent TET inhibition. Of the two, the more potent compound 13b, reduced hmC 

production by 85 ± 3%, 30 ± 4%, 22 ± 5%, at 500 µM, 100 µM, 10 µM, respectively, in 

comparison to DMSO control. These data indicate that this class of bifunctional substrate 

cofactor mimic compounds possess mid µM TET1 inhibitory activity and can serve a 

starting point for continued SAR investigations for the development of more potent TET 

inhibitors. 
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Figure 7.11. Computational docking of potential TET inhibitors  

Visualization of mC and alpha-ketoglutarate docked into the active site of TET2 (PDB: 

4NM6). B) Visualization of compound dC3RHAS (18) docked into the active site of 

TET2 (PDB: 4NM6). Legend defines observed interactions. 
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Figure 7.12. Synthetic approach to bifunctional TET inhibitors 

A) Retrosynthetic disconnections for the substrate, linker, and cofactor portion of the 

molecule. B) Structure of synthesized inhibitors. 
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Figure 7.13. Preliminary screen of TET inhibitors in leukemia cells to assess effects on 

global hmC levels 

A) Representative dot blot for 5hmC following treatment of K562 with 5 μM of specified 

inhibitor for 24 hours and extraction of cells genomic DNA; top: anti 5hmC antibody 

signal; bottom: methylene blue staining for loading control B) Quantified hmC blotting 

intensity via densitometry normalized to DNA loading and DMSO treatment. Data 

represent mean ± SD of two biological replicates. 
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Figure 7.14. Effects of inhibitor treatment on recombinant TET1 activity 

5mC containing DNA was incubated with the TET1 catalytic domain for 30 min in the 

presence or in the absence of inhibitor in DMSO. The formation of hmC was detected by 

a quantitative LC-MS assay and is displayed as % activity relative to DMSO controls. All 

data are averaged experimental triplicates normalized to DMSO ± SD. 
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Table 7.1. Tabulation of docking scores 

Docking score magnitude suggests more favorable ligand interactions. 

Compound Structure 

Docking 

Score 

dC4HAF 

 

-

12.387 

dC4AF 

 

-

8.277 

dC3HAF 

 

-

8.827 

dU4HAF 

 

-

5.913 

dU4AF 

 

-

7.201 

dC4HAS 

 

-

6.251 

dC3RHAS 

 

-

11.625 
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dC3HAS 

 

-

10.591 

C4HAF 

 

-

10.563 

dC5HAS 

 

-

6.872 

C5HAS 

 

-

8.597 

C3HAS 

 

-

7.065 

alpha-

ketoglutarate 
 

-

12.046 
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7.4 Discussion 

DNA methylation is an essential epigenetic process.463 In turn, proper regulation 

of methyl marks is critical for maintaining a healthy phenotype. TET enzymes play key 

roles in controlling DNA demethylation and dictating phenotype, however a complete 

understanding of how TET activity is associated with cancer and other diseases is 

lacking.438, 464 Thus potent and selective small molecule inhibitors of TET are important 

tools for fully elucidating its function. Our bifunctional design strategy outlined here 

provides new chemical space for TET inhibitors and such scaffolds will be the focus of 

future biological evaluation and SAR campaigns in our laboratory. 

Our preliminary screening efforts have shown that our most active molecules 

have promising activity at 5 µM in cell-based assays. Interestingly, one of our most 

active compounds, 13b, possessed the most structural similarity to the native substrate 

and alpha-ketoglutarate cofactor within our inhibitor series, suggesting that the 

bifunctional approach taken here is a viable strategy for this class of enzyme. We also 

found that this compound inhibited TET1 function in an in vitro assay. However, further 

validation of these compounds is needed to confirm they are truly selective TET 

inhibitors and do not inhibit other KG dependent enzymes.   

In terms of in vitro experiments, full TET IC50 values need to be obtained against 

TET 1, 2, and 3 for our set of inhibitors. These experiments will assess any isoform 

selectivity our compounds may possess. We hypothesize that this series of compounds 

will be pan selective due to the high degree of active site homology across all three 

TETs.407 However, the development of isoform selective compounds would provide a 
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valuable set of chemical probes to study the function of different TET enzymes. 

Competition based in vitro experiments with this class of bifunctional inhibitors and 

varying amounts of alpha-ketoglutarate and Cu would also be useful to assess potency. 

The cellular concentration of alpha-ketoglutarate is estimated to be in the range of 10 – 

50 µM, however its levels can fluctuate in tumors and influence phenotype.465, 466 Thus, 

determining the concentrations at which alpha-ketoglutarate can outcompete this class of 

inhibitors may be useful in assessing their efficacy. Additionally, our compounds should 

be screened against a panel of alpha-ketoglutarate enzymes like AlkB and other Jumonji 

C domain-containing demethylases to ensure these molecules are indeed selective for 

TET.467 Furthermore, biophysical assays like isothermal titration calorimetry (ITC), 

surface plasmon resonance (SPR), or microscale thermophoresis (MST) should be 

conducted.468-470 These assays can be used to measure the Kd of these inhibitors, which 

will be critical in understanding and characterizing their affinity for TET. Obtaining an 

X-ray co-crystal structure with our inhibitors bound to TET would also provide additional 

binding site information and insight into the key molecular interactions these compounds 

have with the TET active site. Such information would be valuable for future SAR 

studies aimed at making more potent TET inhibitors.  

Expanding the panel of cell lines used in cellular treatment experiments is also a 

key area to explore in future work. Previous studies focused on hematological cancer 

models have found that TET inhibitor treatment in cell lines harboring a TET2 deficiency 

resulted in selective lethality, suggesting that a particular cell’s basal level of TET 

expression is critical in determining its phenotypic response to inhibitor treatment.471 In 
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lung cancer, aberrant DNA methylation and TET expression has been reported, thus 

assessing the effect of this class of bifunctional inhibitors across a variety of lung cancer 

cell models would provide deeper mechanistic insight into the role that TET plays in 

cancer development and progression.472-477 Quantifying cell viability, assessing 

transcriptional changes via RNA seq, and profiling changes in protein expression through 

global proteomics upon inhibitor treatment would provide useful data on this front. 

Additionally, mapping the locational changes of mC and hmC marks across the genome 

through reduced representation bisulfite sequencing (RRBS) following inhibitor 

treatment would give additional insight into how inhibiting TET function influences gene 

expression beyond measuring global levels of these epigenetic marks.478 

In conclusion, we have detailed the design and synthesis of a novel class of TET 

inhibitors which utilize a bifunctional cofactor substrate mimetic design. This class of 

molecules shows activity in preliminary assays and lays the foundation for future 

evaluation and SAR studies. Ultimately, small molecule TET inhibitors are important 

chemical tools for studying the complex biological roles TET enzymes play and further 

investigation into this area is expected to provide mechanistic insights into cancer 

development and influence the design of potential epigenetic-based therapeutics. 
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8 Chapter VIII: Conclusion 

In Chapter II of this thesis, we designed and a novel DA-mimetic probe (DAyne) 

containing a bio-orthogonal alkyne handle that exhibits a reactivity profile similar to DA 

in aqueous buffers. By linking DPAs formed with DAyne to a fluorescent reporter 

molecule, DPAs were visualized in fixed cells and within lysates. DAyne enabled global 

mapping of cellular proteins affected by DQ modification and their bioactive pathways 

through enrichment. Our proteomic profiling of DPAs in neuronal SH-SY5Y cells 

indicates that proteins susceptible to DPA formation are extant throughout the proteome, 

potentially influencing several diverse biological pathways involved in PD such as 

endoplasmic reticulum stress, cytoskeletal instability, proteotoxicity, and clathrin 

function. We validated that a protein involved in the ER stress pathway, protein disulfide 

isomerase 3 (PDIA3), which was enriched in our chemoproteomic analysis, is 

functionally inhibited by DA, providing evidence that dysregulated cellular DA may 

induce or exacerbate ER stress. Thus, DAyne provided new mechanistic insights into DA 

toxicity that may be observed during PD by enabling characterization of DPAs generated 

reproducibly at physiologically relevant quinone exposures. We anticipate our design and 

application of this reactivity- based probe will be generally applicable for clarifying 

mechanisms of metabolic quinone toxicity.  

In Chapter III, we designed photo releasable DA probes which can be targeted to 

desired subcellular locations to release DA on demand in defined cellular regions. We 

envision that such a controlled release platform will aid in elucidating the precise 

mechanisms by which DA influences cellular phenotype and signaling events. 



 

321 

Chapter IV and V of this thesis focuses on studying the reactive metabolite 

MGO. Currently, there is a lack of chemical tools capable of studying protein adducts 

caused by this class of reactive electrophile species. In Chapter IV of this thesis, we 

report a chemical biology platform, termed T-DiP (targetable-dicarbonyl precursor), that 

releases a physiologically relevant dose of bio-orthogonally functionalized dicarbonyl 

probe upon irradiation with 365 nm light. This approach enables protein glycation to be 

controlled with spatiotemporal precision within live cells. Profiling and bioinformatic 

analysis of proteins adducted by the bio-orthogonally functionalized dicarbonyl probe 

under controlled release conditions suggested that dicarbonyl metabolites like MGO may 

affect ubiquitin ligase protein binding pathways. This led us to find that UBA1 is indeed 

susceptible to MGO modification in vitro, signifying that MGO may exert toxicity 

through inhibiting protein ubiquitin pathways. Collectively, this work expands the 

chemical toolbox needed to elucidate the roles of glycated proteins across various 

pathologies. 

Recently, MGO was shown to crosslink deoxyguanosine with acetyl-lysine, 

thereby covalently crosslinking DNA to DNA-binding proteins. Therefore, in Chapter V 

of this thesis, we characterized DNA–protein cross-linking in human cells exposed to 

elevated levels of MGO. We coupled cell culture treatments and DPC purification assays 

to characterize MGO-dependent DPC formation and utilized mass spectrometry-based 

proteomics to identify and characterize proteins trapped to DNA upon MGO exposure. 

This study revealed 265 proteins participating in MGO derived DPC formation. 

Subsequent bioinformatic analysis revealed that these DPCs may play a role in telomeric 
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organization, prompting us to validate DPC formation between GAPDH and telomeric 

DNA in the presence of MGO. Ultimately, this work provides a foundational set of MGO 

derived DPCs to be followed up on in future studies and provides insight into potential 

DPCs that may be relevant in diseases linked to elevated MGO levels. 

Chapter VI and VII of this thesis details our work studying the TET family of 

enzymes. These dioxygenases catalyze the oxidation of 5-methylcytosine (5mC) in DNA 

to hydroxymethyl-C, formyl-C, and carboxy-C, leading to gene activation and epigenetic 

remodeling. Aberrant TET function is linked to many different cancers, necessitating the 

development of small molecule inhibitors to study TET biology and for use as potential 

therapeutics. Recently, a novel cytosine-based inhibitor of TET, Bobcat339, was reported 

to have mid μM inhibitory activity against TET1 and TET2. The molecule is now sold as 

a TET inhibitor by several vendors. We independently prepared Bobcat339 in our 

laboratory and observed that it had minimal inhibitory activity against human TET1 and 

TET2 via a quantitative LC-ESI-MS/MS assay. Furthermore, the inhibitory activity of 

commercial Bobcat339 preparations was directly correlated with Cu(II) content. We 

therefore conclude that Bobcat339 alone is not capable of inhibiting TET enzymes at the 

reported concentrations, and that its activity is enhanced by contaminating Cu(II) which 

is an important discovery for researchers studying TET activating using this compound. 

In Chapter VII of this thesis, we also disclose our initial efforts towards 

developing potent and selective TET inhibitors. Here we utilized structure-based design 

to construct a set of novel TET-specific inhibitors. We implemented a bifunctional 

strategy to simultaneously engage the enzyme’s substrate and cofactor binding sites. We 
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utilized in silico molecular docking results to guide our synthetic effort, where we 

successfully accessed an initial series of potential inhibitors. These compounds were 

evaluated as TET inhibitors through a cellular based TET activity assay in a leukemia 

model and our most promising compounds lowered 5-hydroxymethylcytosine (5-hmC) 

levels upon 5 µM treatment, indicating that this class of molecules has the potential to 

inhibit TET proteins in cells. Collectively, this work represents a critical first step in 

developing potent and selective TET inhibitors to serve as epigenetic modulators to 

elucidate the role of DNA methylation in human disease. 
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9 Chapter IX: Future Directions 

As described in Chapters I, II, and III, DA dysregulation may play an important 

role in driving PD pathology. Our work presented in Chapter II provides a first 

generation chemoproteomic tool for studying protein adducts caused by reactive DA 

metabolites. Future work could utilize this probe to enrich proteins susceptible to DA 

damage in primary cells or neuronal tissue cross sections. Such systems could provide a 

more representative model of PD pathology and be used in comparative studies which 

assess differences in DA modified proteins between cells derived from healthy and PD 

patients. Additionally, future work could explore the design and synthesis of 

chemoproteomic probes which mimic specific DA oxidation states to determine if there 

are differences in protein adducts derived from specific metabolites. These 

aforementioned studies could also be paired with SILAC or isobaric peptide tag 

proteomic strategies to improve protein quantification between control and treatment 

groups.479, 480  

Chapter III describes our efforts in developing photoactivatable DA probes. 

Future work on this front could include continued design and synthesis of photocaged 

DA molecules with rapid release kinetics and application of our TRDP platform in 

neuronal cell models to study DA signaling. Continued effort in DA probe development 

is expected to yield deeper insights into DA dependent biology.  

As detailed in Chapters IV and V, MGO is an electrophilic -oxoaldehyde 

byproduct of cellular metabolism and can react with nucleophilic biomolecules to form a 

variety of covalent adducts in a process defined as glycation. Increased levels of MGO 
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leads to formation of protein and DNA adducts, which is associated with elevated 

inflammation signaling and the progression of diabetes, cancer, renal failure, and 

neurodegenerative diseases. Our work presented in Chapter IV yielded a novel chemical 

biology platform capable of directing intracellular MGO release with spatiotemporal 

control which we used to identify resultant protein adducts when release was targeted to 

the cytosol. Future work could utilize this platform by expanding profiling efforts to other 

areas of the cell like the nucleus, mitochondria, and ER. Additionally, the photocage in 

our first-generation T-DiP platform could be optimized to improve photolysis efficiency. 

Furthermore, the alkyne portion of the probe could be removed and replaced with an 

isotopically labeled MGO precursor to enable identification by mass spectrometry while 

mimicking the physiochemical properties of MGO more faithfully. 

Chapter V of this thesis presents results gathered from profiling MGO induced 

DPCs in HT1080 cells. Subsequent experiments that could be pursued include, the 

profiling of MGO derived DPCs across various cell lines and disease models at 

physiologically relevant MGO concentrations to determine if cell type impacts MGO 

DPC formation and studying the repair pathways involved for removing MGO induced 

DPCs. Additionally, synthesis of an isotopically labeled MGO-Lys-dG standard for 

accurate quantification of MGO induced DPCs would be a valuable tool to enable the 

measurement of this adduct in human samples by mass spectrometry to establish the 

relevance of this adduct as a potential biomarker. Continued study of the biological 

impact MGO exerts on cells through chemical tools and investigations into MGO derived 
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DPCs will expand our understanding of the molecular mechanisms that underlie the 

abundant disease associations that MGO possesses. 

As discussed in Chapters VI and VII, TET enzymes are important regulators of 

DNA methylation status and are associated with various cancers. Thus, development of 

selective and potent inhibitors against TET enzymes would assist in clarifying TETs’ role 

in disease. One area of future work with our series of TET inhibitors could be continued 

SAR studies. Specifically, designing new molecules which replace the nucleoside portion 

and carboxylic acid region in the current structures through scaffold hopping and 

bioisosteric replacement may prove advantageous in terms of improving any metabolic 

liabilities this initial series may have.481, 482 Additionally, continued in vitro and cellular 

analysis of these inhibitors should be conducted to confirm the selectivity of these 

compounds. One interesting experiment that could assess the selectivity and target 

engagement of these inhibitors in a cellular context is thermal protein profiling, which 

would allow for any proteins that interact with these inhibitors to be identified and 

paneled as off-targets.483, 484  

Also, other approaches beyond occupancy-based-pharmacology methods to 

inhibit cellular TET DNA demethylation could be explored. Such alternative strategies 

could utilize proteolysis-targeting chimera (PROTAC) based technologies to selectively 

degrade TET enzymes and thereby halt any TET mediated DNA demethylation.485, 486 In 

this case, PROTAC ligands could be designed to target unique allosteric sites on TET1 

TET2 and TET3 and thereby gain selectivity for each isoform.487 
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Long term, TET inhibitors could be utilized to explore TETs’ biological role in 

cancer progression through a battery of phenotypic cell based assays across multiple cell 

lines. TET inhibitors could also be applied in xenograft models to assess any potential 

therapeutic value that TET inhibitors may have against particular cancer indications. 

Continued development of TET inhibitors is expected to improve our mechanistic insight 

of how epigenetic dysregulation is linked to cancer initiation and progression as well as 

offer a new class of potential therapeutics. 
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A. Appendix 

 

Table A.1. Abbreviations 

A  Adenosine or adenine 

Ac2O  Acetic anhydride 

ACN Acetonitrile 

AcOH Acetic acid 

AGEs Advanced glycation end- products 

ANOVA  Analysis of variance 

Arg Arginine 

BCA Bicinchoninic acid 

Boc  Tert-butoxy carbonyl 

BSA Bovine serum albumin 

C  Cytidine or cytosine 

CuAAC Copper catalyzed alkyne azide cycloaddition 

Cys  Cysteine 

DA Dopamine 

DAC Dopaminochrome  

DAPI 4′,6-diamidino-2-phenylindole 

DAQ Dopaquinone  

DCM Dichloromethane 

DHI 5,6-dihydroxyindole  

DIPEA N,N-diisopropylethylamine 

DMEM Dulbecco’s modified eagle media 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DPA Dopamine protein adduct 

DPC DNA protein crosslink 

EDCI HCl N-ethyl-Nʹ-carbodiimide hydrochloride 

EDTA Ethylenediaminetetraacetic acid 

ESI-MS Electrospray ionization mass spectrometry 

EtOAc  Ethyl acetate 

EtOH  Ethanol 

FA Formic acid 



 

399 

FAM Fluorescein amidite 

FBS  Fetal bovine serum 

Fmoc Fluorenyl-9-methoxycarbonyl 

G  Guanosine or guanine 

HEK293 Human embryonic kidney cells 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

His Histidine 

hmC 5-Hydroxymethylcytosine 

HPLC  High performance liquid chromatography 

L-DOPA 3,4dihydroxyphenylalanine  

LC-MS Liquid chromatography-mass spectrometry  

LFQ  Label-free quantification 

Lys Lysine  

MALDI- 

TOF/MS 

Matrix-assisted laser desorption/ionization-time of flight mass 

spectrometry 

mC 5-methylcytosine 

MEM Minimum essential media 

MeOH  Methanol 

MGO Methylglyoxal 

MW  Molecular weight 

NBT Nitroblue tetrazolium  

nIRF Near-infrared fluorescence 

NMR  Nuclear magnetic resonance 

PBS Phosphate buffered saline 

PD Parkinson’s Disease 

Pd/C  Palladium (0) over carbon 

PMT Post translational modification 

pTSA p-Toluenesulfonic acid 

RES Reactive electrophile species  

RFU Relative fluorescent unit 

RNA Ribonucleic acid 

RP-HPLC Reverse phase high performance liquid chromatography 

RT  Room temperature 

SAR Structure activity relationship 

SD Standard deviation 

SDS Sodium dodecyl sulfate 

SEM Standard error of the mean 
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SNc Substantia nigra pars compacta  

T  Thymidine or thymine 

TBAF Tetrabutylammonium fluoride 

TBAI Tetrabutylammonium iodide 

TBS  Tris-buffered saline 

TE  Tris EDTA 

TEA  triethylamine 

TET Ten-eleven translocase  

TFA Trifluoroacetic acid 

TH Tyrosine hydroxylase 

THF  Tetrahydrofuran 

THPTA Tris-hydroxypropyltriazolylmethylamine) 

TIPS Triisopropylsilane 

TLC  Thin layer chromatography 

TMR  Tetramethylrhodamine 

Tris Tris(hydroxymethyl)aminomethane 

Tyr Tyrosine 

U  Uridine or uracil 

UV Ultraviolet 

WT Wildtype 
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A.1 NMR Characterization of Synthesized Molecules 

N-(3,4-dihydroxyphenethyl)-2,2,2-trifluoroacetamide 

 

 



 

402 

N-(3,4-dihydroxyphenethyl)-2,2,2-trifluoroacetamide 

 

 



 

403 

N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)-2,2,2-trifluoroacetamide 

 

 



 

404 

 

N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)-2,2,2-trifluoroacetamide 

 

 



 

405 

2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethan-1-amine 

 

 



 

406 

2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethan-1-amine 

 

 



 

407 

N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)-4-nitrobenzenesulfonamide 

 

 



 

408 

N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)-4-nitrobenzenesulfonamide 

 

 



 

409 

N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)-4-nitro-N-(prop-2-yn-1-

yl)benzenesulfonamide 

 

 



 

410 

N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)-4-nitro-N-(prop-2-yn-1-

yl)benzenesulfonamide 
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N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)prop-2-yn-1-amine 

 

 



 

412 

N-(2-(2,2-dimethylbenzo[1,3]dioxol-5-yl)ethyl)prop-2-yn-1-amine 

 

 



 

413 

4-(2-(prop-2-yn-1-ylamino)ethyl)benzene-1,2-diol 

 

 

 



 

414 

4-(2-(prop-2-yn-1-ylamino)ethyl)benzene-1,2-diol 

 

 



 

415 

tert-butyl (3,4-dihydroxyphenethyl)carbamate 

 

 



 

416 

tert-butyl (3,4-dihydroxyphenethyl)carbamate 

 

 



 

417 

tert-butyl (4-hydroxy-3-((2-nitrobenzyl)oxy)phenethyl)carbamate 

 

 



 

418 

tert-butyl (3-((4,5-dimethoxy-2-nitrobenzyl)oxy)-4-hydroxyphenethyl)carbamate 

 

 



 

419 

tert-butyl (4-hydroxy-3-(1-(3-nitrodibenzo[b,d]furan-2-yl)ethoxy)phenethyl)carbamate 

 

 



 

420 

4-(2-aminoethyl)-2-((2-nitrobenzyl)oxy)phenol 

 

 



 

421 

4-(2-aminoethyl)-2-((4,5-dimethoxy-2-nitrobenzyl)oxy)phenol 

 

 



 

422 

4-(2-aminoethyl)-2-(1-(3-nitrodibenzo[b,d]furan-2-yl)ethoxy)phenol 

 

 

 



 

423 

ethyl 2-(4-formyl-2-methoxyphenoxy)acetate 

 

 



 

424 

ethyl 2-(4-formyl-2-methoxy-5-nitrophenoxy)acetate 

 

 



 

425 

2-(4-formyl-2-methoxy-5-nitrophenoxy)acetic acid 

 

 



 

426 

N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-2-(4-formyl-2-methoxy-5-

nitrophenoxy)acetamide 

 

 



 

427 

N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-2-(4-(hydroxymethyl)-2-methoxy-5-

nitrophenoxy)acetamide 

 

 



 

428 

N-(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)-2-(4-((2-hydroxy-4-(2-(prop-2-yn-1-

ylamino)ethyl)phenoxy)methyl)-2-methoxy-5-nitrophenoxy)acetamide 

 

 

 



 

429 

2-Oxohex-5-yn-1-yl 4-methylbenzenesulfonate 

 

 

 



 

430 

2-Oxohex-5-yn-1-yl 4-methylbenzenesulfonate 

 

 



 

431 

2-Allyl-1-[(2-oxohex-5-yn-1-yl)oxy]anthracene-9,10-dione 

 

 



 

432 

2-Allyl-1-[(2-oxohex-5-yn-1-yl)oxy]anthracene-9,10-dione 

 

 

 



 

433 

2-allyl-1-(2-oxopropoxy)anthracene-9,10-dione 

 

 



 

434 

2-allyl-1-(2-oxopropoxy)anthracene-9,10-dione 

 

 



 

435 

N-(2-(2-((6-Chlorohexyl)oxy)ethoxy)ethyl)-2-(9,10-dioxo-1-((2-oxohex-5-yn-1-yl)oxy)-

9,10-dihydroanthracen-2-yl)acetamide 

 

 



 

436 

N-(2-(2-((6-Chlorohexyl)oxy)ethoxy)ethyl)-2-(9,10-dioxo-1-((2-oxohex-5-yn-1-yl)oxy)-

9,10-dihydroanthracen-2-yl)acetamide 

 

 



 

437 

O-benzoyl-N-(prop-2-yn-1-yl)hydroxylamine 

 

 

 



 

438 

O-benzoyl-N-(prop-2-yn-1-yl)hydroxylamine 

 

 



 

439 

O-benzoyl-N-(but-3-yn-1-yl)hydroxylamine 

 

 



 

440 

O-benzoyl-N-(but-3-yn-1-yl)hydroxylamine 

 

 



 

441 

methyl 4-((benzoyloxy)(prop-2-yn-1-yl)amino)-4-oxobutanoate 

 

 

 



 

442 

methyl 4-((benzoyloxy)(prop-2-yn-1-yl)amino)-4-oxobutanoate 

 

 

 



 

443 

methyl 4-((benzoyloxy)(but-3-yn-1-yl)amino)-4-oxobutanoate 

 

 



 

444 

methyl 4-((benzoyloxy)(but-3-yn-1-yl)amino)-4-oxobutanoate 

 



 

445 

methyl (E)-4-(but-3-yn-1-ylamino)-4-oxobut-2-enoate  

 

 

 



 

446 

methyl (E)-4-(but-3-yn-1-ylamino)-4-oxobut-2-enoate 

 

 

 



 

447 

methyl (E)-4-oxo-4-(prop-2-yn-1-ylamino)but-2-enoate 

 

 



 

448 

methyl (E)-4-oxo-4-(prop-2-yn-1-ylamino)but-2-enoate 

 

 



 

449 

methyl (E)-4-(but-3-yn-1-ylamino)-4-oxobut-2-enoate 

 

 



 

450 

methyl (E)-4-(but-3-yn-1-ylamino)-4-oxobut-2-enoate 

 

 

 

 



 

451 

methyl 4-(acetoxy(prop-2-yn-1-yl)amino)-4-oxobutanoate 

 

 

 



 

452 

methyl 4-(acetoxy(prop-2-yn-1-yl)amino)-4-oxobutanoate 

 

 

 



 

453 

methyl 4-(acetoxy(but-3-yn-1-yl)amino)-4-oxobutanoate 

 

 

 

 



 

454 

methyl 4-(acetoxy(but-3-yn-1-yl)amino)-4-oxobutanoate 

 

 

 



 

455 

methyl (E)-4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-

2-yl)-2-oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(benzoyloxy)amino)-4-oxobut-2-

enoate 

 

 



 

456 

methyl 4-(acetoxy(3-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-5-yl)prop-2-yn-1-

yl)amino)-4-oxobutanoate 

 

 



 

457 

methyl 4-(acetoxy(3-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-5-yl)prop-2-yn-1-

yl)amino)-4-oxobutanoate 

 

 

 



 

458 

methyl 4-(acetoxy(4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-

yl)amino)-4-oxobutanoate 

 

 

 



 

459 

methyl 4-(acetoxy(4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-

yl)amino)-4-oxobutanoate 

 

 



 

460 

methyl (E)-4-((benzoyloxy)(4-(1-((2R,4S,5R)-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)but-3-

yn-1-yl)amino)-4-oxobut-2-enoate 

 

 



 

461 

methyl 4-((3-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-

yl)-2-oxo-1,2-dihydropyrimidin-5-yl)prop-2-yn-1-yl)(hydroxy)amino)-4-oxobutanoate 

 

 

 



 

462 

methyl 4-((3-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-

yl)-2-oxo-1,2-dihydropyrimidin-5-yl)prop-2-yn-1-yl)(hydroxy)amino)-4-oxobutanoate 

 

 



 

463 

methyl 4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-

yl)-2-oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(hydroxy)amino)-4-oxobutanoate 

 

 



 

464 

methyl 4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-

yl)-2-oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(hydroxy)amino)-4-oxobutanoate 

 

 



 

465 

  

methyl (E)-4-(hydroxy(4-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-

2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)but-3-yn-1-yl)amino)-4-oxobut-2-

enoate 

 

 



 

466 

methyl (E)-4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-

2-yl)-2-oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(hydroxy)amino)-4-oxobut-2-

enoate 

 

 



 

467 

4-((3-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-

1,2-dihydropyrimidin-5-yl)prop-2-yn-1-yl)(hydroxy)amino)-4-oxobutanoic acid 

 

 

 



 

468 

4-((3-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-

1,2-dihydropyrimidin-5-yl)prop-2-yn-1-yl)(hydroxy)amino)-4-oxobutanoic acid  

 

 



 

469 

4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-

1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(hydroxy)amino)-4-oxobutanoic acid 

 

 



 

470 

4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-

1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(hydroxy)amino)-4-oxobutanoic acid 

 

 

 



 

471 

E)-4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-

oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)amino)-4-oxobut-2-enoic acid 

 

 



 

472 

E)-4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-

oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)amino)-4-oxobut-2-enoic acid 

 

 

 



 

473 

(E)-4-((4-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-dioxo-

1,2,3,4-tetrahydropyrimidin-5-yl)but-3-yn-1-yl)amino)-4-oxobut-2-enoic acid 

 

 



 

474 

(E)-4-((4-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-

oxo-1,2-dihydropyrimidin-5-yl)but-3-yn-1-yl)(hydroxy)amino)-4-oxobut-2-enoic acid 

 

 

 

 



 

475 

(E)-4-(hydroxy(4-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-

2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)but-3-yn-1-yl)amino)-4-oxobut-2-enoic acid 

 

 

 

 

 



 

476 

4-((3-(4-amino-1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-

1,2-dihydropyrimidin-5-yl)propyl)(hydroxy)amino)-4-oxobutanoic acid  
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