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SUMMARY 

 Neurodegenerative diseases are characterized by the progressive loss of neuronal 

function, a key characteristic of several diseases including: Alzheimer’s disease (AD), 

Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and Huntington’s disease (HD).  

More than five million people in the United States suffer from AD today and it is currently the 

fifth leading cause of death in individuals over 65. The number of individuals diagnosed with 

AD is projected to increase dramatically in the coming decades as the size of the population over 

65 continues to grow. This will place significant strains on the healthcare system which is 

expected to spend $259 billion in 2017 caring for individuals with some form of 

neurodegenerative disease. The only drugs currently approved by the FDA for use in AD provide 

only weak symptomatic relief to patients leaving millions of people without any effective 

treatment options. A clearer understanding of the mechanisms underlying the development and 

progression of these diseases is required in order to discover alternative and more effective drug 

targets.  

The cellular mechanisms that drive the development and progression of 

neurodegenerative disease are not well understood, and a variety of mouse models have been 

used to further our understanding of these diseases. These transgenic models develop many of the 

phenotypic markers seen in AD; however, all of these models rely on the expression of genetic risk 

factors associated with familial AD and do not serve as reliable models for the study of sporadic AD. 

This is problematic because while there are genetic mutations that lead to the development of 

familial versions of AD, a majority of cases (>99%) are caused by the development of a sporadic 

form of disease. For this work we have used an ALDH2-/- mouse model as the starting point for 
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SUMMARY (continued) 

this research in order to better understand the molecular mechanisms underlying the development 

of sporadic rather than familial AD. 

Oxidative stress occurs when the production of reactive oxygen species (ROS) exceeds 

the capacity of antioxidants in a cell. The CNS is particularly sensitive to oxidative stress and 

increased oxidative stress is implicated in the development and progression of neurodegenerative 

diseases. One of the results of increased oxidative stress is the peroxidation of polyunsaturated 

fatty acids (PUFAs). Lipid peroxides then undergo degradation and produce electrophilic lipid 

peroxidation products (LPx) which include 4-hydroxynonenal (HNE) and 4-oxononenal (ONE). 

These LPx contain two reactive functionalities that result in the formation of proteins adducts 

through different mechanisms. The aldehyde is capable of reacting with the terminal amino  

group of Lys residues to produce reversible Schiff base protein adducts. Additionally, the 

reaction of Cys, His, or Lys residues with the α,β-unsaturated aldehyde results in the formation 

of an irreversible Michael addition adduct. This bivalent reactivity has been shown to promote 

the formation of protein oligomers, implicated in neurodegenerative diseases, including: Aβ, tau, 

and α-synuclein. The methods commonly used to detect these protein adducts are chemical 

derivatization, immunoblotting, or LC-MS/MS analysis. These methods suffer from different 

limitations; therefore, we have developed a dual color near-IR imaging method that allows for 

the visualization and quantitation of the Schiff base adducts, Michael addition adducts, and 

protein crosslinking induced by these LPx. By adapting this method we were also able to enrich 

these modified proteins and use LC-MS/MS to identify HNE protein adducts in the lysates of 

neuronal SHSY-5Y cells. 
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SUMMARY (continued) 

Several nucleophilic small molecules have been reported to protect tissues and cells from 

conditions of increased oxidative stress by behaving as chemical traps of LPx. It has also been 

reported that the trapping of LPx by these small molecules results in a decreased level of LPx 

protein adduct formation. We have shown that these trapping agents react with LPx in vitro and 

protect against the death of SHSY-5Y cells induced by the treatment of exogenous LPx. Our 

imaging method demonstrates that trapping agents containing a free thiol (glutathione, N-acetyl-

cysteine) significantly decrease the formation of protein adducts.  However, this method shows 

that the neuroprotective activity observed from certain aldehyde reactive scavengers (histidyl-

hydrazide, hydralazine) is a caused by a prevention of protein cross-linking, not an overall 

decrease in protein adduct formation. 

Glutathione (GSH) is the major source of free thiols in biological systems. GSH is 

necessary for the enzymatic detoxification of electrophiles by glutathione-S- transferases (GSTs) 

as well as post-translational modification via protein S-glutathionylation. Protein S-

glutathionylation is post-translational modification (PTM) that results in the formation of a 

mixed disulfide bond between a protein cysteine and the cysteine of glutathione (GSH). This 

PTM is reversible and increases under conditions of oxidation stress. Reversible thiol 

modifications serve either a protective function, by preventing irreversible oxidative damage, or 

by modulating protein structure and activity. In order to develop a chemical probe to identify the 

subset of the proteome that regulate protein S-glutathionylation we evaluated two GSH based 

photoprobes containing either a diazirine or tetrafluoroazide photophore. Both of these probes 

were shown to bind to GST-P1 by enzyme activity assays and molecular docking. Proteomic 

analysis determined that the tetrafluoroazide probe yields selective covalent modification of the  
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SUMMARY (continued) 

residue Tyr108 within the active site of GSTP1. The diazirine probe however yields no protein 

modification. We also used a fluorescently tagged analog of the tetrafluoroazide probe that 

allowed for the visualization of the several modified proteins in cell lysates.   

This work presents two different types of chemical probes that were used to further our 

understanding of cell signaling and neurodegenerative disease.  The first two chapters discuss the 

use of LPx analogs to visualize, quantify, and identify protein adducts in tissue and cells. The 

last chapter covers our work to develop a photoprobe that would identify the subset of the 

proteins within the proteome that regulate S-glutathionylation.



1 

 

 
 

CHAPTER 1. CHEMOPROTEOMIC ANALYSIS OF PROTEIN 

CARBONYLATION BY LIPID PEROXIDATION PRODUCTS 

 

1. Introduction 

1.1 Neurodegenerative Diseases 

At the beginning of the 20th century the average life span was less than 50 years. Today, 

the average life expectancy exceeds 80 years in several countries.1 This increase in life 

expectancy has resulted in a dramatic increase in the size of the population of individuals over 

the age of 65. In 2010 approximately 500 million people worldwide were over the age of 65 and 

composed 8% of the world’s population. By 2050 this number is projected to exceed two 

billion.2 This dramatic increase in life expectancy can be attributed to improved living standards 

and developments in modern medicine. These developments have caused a shift in the primary 

causes of death worldwide from communicable diseases to chronic, non-communicable diseases 

associated with aging, such as cancer, heart disease, and neurodegenerative diseases.3 

 Neurodegenerative disorders encompass a variety of disease including Alzheimer’s 

disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and Huntington’s 

disease (HD). AD is the most common neurodegenerative disease and is estimated to effect 5.5 

million American in 2017. The number of individuals diagnosed with AD is projected to increase 

to 13-16 million by 2050. This large increase in the number of individuals diagnosed with AD 

and other neurodegenerative disease places a substantial burden on the healthcare system. In 

2017 the cost of caring for individuals over 65 with AD and other forms of dementia is expected 

to cost $259 billion in the US alone.4 This includes not only healthcare costs borne by Medicare 

and Medicaid, but $56 billion of these costs are out of pocket with an average individual paying 
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$10,000 out of pocket each year to cover their medical needs. Additionally, these estimates of 

healthcare costs do not account for the more than 15 million people in the United States who are 

unpaid caregivers to someone suffering from AD. The estimated contribution of these unpaid 

caregivers is approximately $230 billion annually.4 Currently the only therapies available 

provide weak symptomatic relief and there are currently no treatments available that halt or 

reverse the progression of these diseases. In order to better understand the progression of these 

diseases we will study the role of oxidative stress, specifically the role of lipid peroxidation 

products (LPx) in the progression of neurodegeneration using a mouse model of increased 

oxidative stress. 

 Neurodegenerative diseases are characterized by the progressive loss of neuronal 

function, including the death of neurons. The most common neurodegenerative diseases are AD 

and PD. Nearly all cases (>99%) of these diseases are caused by the development of a sporadic 

form of disease associated with aging rather than heritable genetic mutations associated with 

familial versions of these diseases. A few neurodegenerative disease however, such as HD, are 

known to be caused by inherited genetic mutations. Despite different underlying causes a 

majority of neurodegenerative diseases are characterized by protein misfolding and the 

accumulation of insoluble protein aggregates in the central nervous system (CNS). (Table 1) 

These diseases can be distinguished by the cellular and regional location of accumulated 

aggregates and the primary protein involved in the formation of these protein aggregates.5  

Senile plaques and neurofibrillary tangles (NFTs) are the traditional hallmarks of AD and 

were first described by Alois Alzheimer in 1906.6  The senile plaques are composed of amyloid-

β (Aβ) peptides produced from the proteolytic cleavage of amyloid precursor protein (APP) by 

β-secretase and γ-secretase. The most abundant Aβ peptides are Aβ40 and Aβ42. NFTs are 
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primarily made up of the microtubule-associated protein Tau that has been hyperphosphorylated. 

Since the description of the two original hallmarks of AD it has also been found that >50% of 

AD patients also develop Lewy bodies which are commonly associated with PD and are 

primarily composed of α-synuclein. ALS and HD are also characterized by protein aggregates of 

polyglutatmine-rich huntingtin protein or super-oxide dismutase (SOD1) respectively.7 

TABLE I. CHARACTERISTICS OF PROTEIN AGGREGATES IN COMMON 

NEURODEGENERATIVE DISEASES 

Disease 
Aggregated 

Protein 
Lesion 

Affected Region 

of brain 
References 

Alzheimer’s 

Disease 

Amyloid-β, 

Tau, and α-

Synuclein 

Amyloid plaques, 

neurofibrillary 

tangles and Lewy 

bodies 

Hippocampus, 

cerebral cortex 

8, 9 

Parkinson’s 

Disease 

α-Synuclein Lewy bodies Substantia nigra, 

hypothalamus  

10, 11 

Amyotrophic 

lateral sclerosis 

Superoxide 

dismutase 

Hyaline inclusions Motor cortex, 

brain stem 

12, 13 

Huntington’s 

Disease 

Huntington Neuronal 

inclusions 

Striatum, 

cerebral cortex 

14 

 

1.2 Mouse Models for the Study of Neurodegeneration 

There are a variety of mouse models used to study Alzheimer’s disease and other 

neurodegenerative disorders. The classical hallmarks of AD are Aβ plaques and NFTs. Several 

known mutations in APP and the components of the γ-secretase protease complex, presenilin 1 

(PSEN1) and presenilin 2 (PSEN2), are implicated in the development of familial Alzheimer’s 

disease (FAD). While this form of the disease accounts for about 1% of the total patients these 

gene mutations have been used universally to develop transgenic mouse models of the familial 

and sporadic diseases.15 In addition to WT APP, the following pathogenic APP mutations have 
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been expressed in transgenic mice: Swedish mutation (K670D/M671L), Arctic mutation 

(E693G), London mutation (V717I), and Indiana mutation (V717F).16-20 All of the transgenic 

mouse models that express mutant APP develop memory deficits and Aβ plaques. Transgenic 

models expressing mutant human PSEN1 (M146L or A246E) also have increased Aβ plaques.21-

22 The APP(SL)PS1K1 model expresses both mutant APP and PSEN1 leading to increased 

production of Aβ and neuronal loss at 10 months.23 

The expression of wild type human tau in mice does not result in the formation NFTs in 

the brains of these animals, however they do exhibit tau pathology (pre-tangle formaton, hyper-

phosphorylation).24-25 The first transgenic model to express mutant (P301L) tau protein was 

reported by Lewis, et al in 2000.26 Since this report, additional transgenic mouse models have 

been developed that express other tau mutations including, N279K, P301S, and V337M. All of 

these transgenic mice developed tau pathology, NFTs, and loss of synapses.27-29 Additionally, the 

expression of the P301L and P301S tau protein in separate transgenic mouse models resulted in 

premature lethality. The 3xTg-AD model expresses mutant human tau protein (P301L), APP 

(Swedish mutation), and PSEN1 (M146V). While this model exhibits amyloid and tau 

pathology, NFTs, and memory loss, no neuronal loss was reported.30 

One of the major genetic risk factors for AD is the APOE4 allele. Apolipoprotein E 

(APOE) is a polymorphic gene with three alleles: ε2, ε3, and ε4. The risk of developing AD in 

individuals carrying one ε4 allele is increased by 2-3 fold while in carriers of two ε4 alleles this 

risk is increased 12-fold. On the other hand the ε2 allele puts carriers at a lower risk for AD.31 

Transgenic APP mice that express APOE4 have increased levels of Aβ production compared to 

transgenic mice expressing APOE3 or APOE2.32  
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All of the transgenic mouse models described above replicate the hallmark pathology 

associated with both familial AD and sporadic AD; however, the drivers of disease progression 

are the genetic mutations only associated with FAD. In an effort to develop an animal model of 

sporadic AD, an ALDH2-/- mouse model was evaluated by Bennett et al. in 2015. This report 

showed that these ALDH2-/- mice develop significant memory deficits at 3.5-4 months when 

compared to WT mice.33  The ALDH2 loss of function mutations (E504K), prevalent in East 

Asian populations, is associated with increased risk of AD in males.34 This loss of function 

mutation is also found to result in increased levels of HNE protein adducts, age-dependent 

neurodegeneration and the development of memory deficits.35 As a potential model of sporadic 

AD, or mild cognitive impairment (MCI), the Aldh2-/- mouse may allow for a better 

understanding of the role of HNE and other LPx adducts in the development of memory deficits. 

This could provide a better understanding of the mechanism driving disease progression and lead 

to the development new therapeutic approaches. 

1.3 Neurodegeneration: The Role of Oxidative Stress 

Oxidative stress occurs when the production of reactive molecules derived from 

molecular oxygen exceeds the capacity of antioxidants within a cell.36 For several reasons the 

brain is particularly sensitive to the increased production of reactive oxygen species (ROS). First, 

the brain consumes a high proportion of O2 (20%) relative to its overall mass (~2%).37-38 The 

brain also contains a higher concentration of transition metals and polyunsaturated fatty acids 

(PUFAs) as well as a lower level of antioxidants compared to other tissues.39 A majority of 

neurodegenerative diseases are progressive diseases, commonly associated with aging, affecting 

CNS and resulting in decreased neuronal function and neuronal loss.5 The most common of these 

diseases are Alzheimer’s (AD), Parkinson’s (PD), and Huntington’s disease (HD). However, 
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neuronal loss can also be caused by more acute injuries such as ischemic stroke or traumatic 

brain injury (TBI).40 While the underlying causes of these diseases are multifactorial, oxidative 

stress is implicated in the development and progression of neurodegenerative diseases.38 

ROS are primarily generated in the mitochondria and include both free radicals 

(superoxide, hydroxyl radicals) and other nonradical byproducts of oxygen metabolism such as 

hydrogen peroxide.41-42 Superoxide (O2
•-) is produced from the one electron reduction of 

molecular oxygen. Superoxide can then be converted to hydrogen peroxide (H2O2) by SODs.43 

The most reactive ROS is the hydroxyl radical (OH•) which is primarily produced from 

hydrogen peroxide via the Fenton reaction.42, 44   

An increase in the concentration of these ROS results in oxidative damage to other 

components of the cells including: nucleic acids, amino acids, and lipids.42 Guanine is the 

nucleic acid most susceptible to oxidation and this reaction results in the formation of 8-

oxoguanine.45 There is a significant increase in the levels of oxidative damage to nuclear and 

mitochondrial DNA in the AD brain compared to age matched controls.46 For proteins, the 

oxidation of amino acid side chains results in both reversible and irreversible modifications that 

impact protein function and cell signaling. Cysteine residues are particularly sensitive to 

oxidation and several oxidation products (disulfides, sulfenic, sulfinic, or sulfonic acids) are 

produced from the oxidation of Cys.47 Although Cys residues are the major site of protein 

oxidation, oxidative damage can also occur at other amino acid residues.48 Markesbery et. al. 

report that increased levels of protein oxidation can be detected in the hippocampal region of 

post mortem brains from AD patients.49 Finally, the peroxidation of PUFAs results in the 

degradation of these lipid peroxides to electrophilic LPx such as 4-hydroxynonenal (HNE) and 

malondialdehyde (MDA). Damage to other macromolecules can also result from the production 
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of these secondary reactive species which have their own chemical reactivity and downstream 

effects. These different forms of oxidative damage to important biomolecules can result in the 

disruption and alteration of important signaling pathways.50 As a result, oxidative stress is 

implicated in several diseases including: cancer, neurodegeneration, and inflammation.51-52  

 

 

 

 

 

Figure 1. Downstream effects of ROS and lipid peroxidation. 

 

Figure 1. The increased production of ROS results in DNA oxidation, protein oxidation, and 

lipid peroxidation. The downstream effects of lipid peroxidation leads to the production of lipid 

peroxidation products that are also capable of forming protein, DNA adducts and causinging in 

the depletion of cellular GSH. 



8 

 

 
 

LPx display a range of reactivity in the presence of nucleophiles; however, they are more 

stable than the initial ROS that initiated the production of these LPx.53 The reactions of LPx with 

different biomolecules are also often reversible which allows for the diffusion of these reactive 

aldehydes far from the site of production allowing for the formation of various covalent DNA, 

RNA and protein adducts.54 The formation of LPx protein adducts has been shown to affect key 

signaling pathways such as Keap1-Nrf2, the unfolded protein response (UPR) and the heat shock 

response.55-58 The production of LPx during oxidative stress may be implicated in 

neurodegenerative disease because the concentration of LPx is increased in the CSF and the 

postmortem brains of AD patients.59 The bivalent reactivity of several LPx has also been shown 

to play a role in the formation of protein oligomers implicated in neurodegenerative disease such 

as Aβ, tau, and α-synuclein.60-62 An increase in the level of oxidative DNA and RNA damage is 

also reported in individuals with early AD.39, 63 

Oxidative damage to DNA or RNA is primarily measured by HPLC with electrochemical 

detection, LC-MS/MS, or immunodetection. These methods were used to analyze samples from 

brain tissues obtained at autopsy from confirmed cases of AD or from age matched control 

patients. The results from these studies show that oxidative damage to DNA and RNA occurs 

early in disease progression and that in AD patients there is significantly more oxidative damage 

to mitochondrial DNA rather than nuclear DNA in regions of the cortex and the cerebellum.46, 64 

The levels of free HNE in the CSF and postmortem brains of AD and control patients were 

measured by 1,3-cyclohexanedione derivatization and HPLC detection. These results show a 

two-fold increase in the amount of HNE in the CSF of AD patients and a significant increase in 

the level of HNE in the amygdala and hippocampal regions of AD subjects.65-66 Early analysis of 

HNE protein adducts in AD brains was conducted by Markesbery et. al. by derivatizing HNE 
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protein adducts with 2,4-dinitrophenylhydrazine (DNPH) followed by immunohistochemistry or 

2D western blot detection of adducts using an anti-DNPH antibody. These results show a 

significant increase in HNE proteins adducts in the cortex and hippocampus of AD samples 

compared to control samples.49 

1.4 Lipid Peroxidation Products 

LPx are divided into primary and secondary LPx. Primary LPx include lipid 

hydroperoxides that result from the peroxidation of unsaturated fatty acids, phospholipids, and 

glycolipids.67 This oxidation occurs via both enzymatic and non-enzymatic mechanisms. This 

oxidation can be catalyzed by lipoxygenases, cyclooxygenases, or cytochrome P450s.68 The 

PUFAs most readily oxidized to lipid peroxides are the n-3 (α-linolenic acid, docosahexaenoic 

acid) and n-6 PUFAs (linoleic acid and arachidonic acid). The formation of lipid peroxides 

occurs via a three step chemical mechanism: initiation, propagation, and termination (Figure 2). 

This reaction is initiated by the abstraction the allylic hydrogen in the PUFAs by a radical 

species, generating a radical in the PUFA. This lipid radical then reacts with molecular oxygen 

resulting in the formation of a lipid peroxy radical. This lipid peroxy radical is then capable of 

generating new lipid radicals via hydrogen abstraction of a neighboring PUFA generating a lipid 

peroxide and a new lipid radical. This cycle, a free radical reaction, is then repeated until the 

termination step.69 

Secondary LPx products are also produced by both enzymatic and non-enzymatic 

mechanisms.  The enzymes responsible for the generation of specific LPx are detailed below but 

the general non-enzymatic mechanism occurs from the breakdown of lipid peroxides producing a 

wide variety of compounds.70 The structure of the product is dictated both by the structure of the 

original lipid peroxide as well as the mechanism following the reduction of the peroxide. This 
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reduction occurs in the presence of transition metals, such as iron, followed by a secondary 

mechanism such as β-scission.71 Several different classes of compounds are produced from the 

breakdown of lipid peroxides, including alkanes, ketones and alcohols, however the aldehyde 

secondary products have been the focus of the most study because of the chemical activity and 

toxicity observed by this class of LPx. Some of the most well studied aldehyde LPx are 4-

hydroxynonenal (HNE), 4-oxononenal (ONE), malondialdehyde (MDA), and acrolein (Figure 

3).72 
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Figure 2. Mechanism of arachidonic acid peroxidation 

 

Figure 2. The production of lipid peroxides are initiated by the allylic hydrogen abstraction and 

this radical is propagated by repeated hydrogen abstraction from other PUFAs. This mechanism 

is repeated until the termination step. 
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Figure 3. Secondary lipid peroxidation products 

 

Figure 3. Chemical structures of the secondary lipid peroxidation products: 4-hydroxynonenal, 

malondialdehyde, 3-oxononenal, and acrolein. 
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1.4.1 Secondary LPx Production and Metabolism 

MDA is a secondary LPx that exists in a pH-dependent equilibrium. This equilibrium is 

shifted towards the enolate ion at neutral pH resulting in a decrease in the chemical reactivity of 

MDA. As the pH decreases the concentration of the more reactive species β-hydroxyacrolein 

increases (Figure 4).73  

 

 

 

 

Figure 4. Equilibrium of MDA at acidic pH 

 

 

 

 

 

 

This LPx is generated by enzymatic and non-enzymatic mechanisms. MDA produced during 

thromboxane A2 biosynthesis as a byproduct of thromboxane A2 synthase.74 MDA is also 

produced from the non-enzymatic degradation of ω3 and ω6 PUFAs.73 The primary mechanisms 

of MDA metabolism are oxidation by aldehyde dehydrogenase (ALDH) or the ultimate 

conversion to D-lactate by multiple enzymes in the glyoxalase system initiated by the conversion 

of MDA to methylglyoxal by phosphoglycose isomerase (Figure 5).69 Acrolein (acrylaldehyde, 

ACR) is produced from PUFA peroxidation or the enzymatic oxidation of polyamine 

metabolites. ACR is the most reactive of the α,β-unsaturated aldehyde LPx produced from the 

degradation of PUFAs and the oxidation of polyamines. It is metabolized by ALDH2 in the liver 

or glutathione (GSH) conjugation (Figure 6).73 
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Figure 5. MDA production and metabolism. 

 

Figure 5. Malondialdehyde (MDA) is produced from the degradation of PUFAs and during 

thromboxane A2 biosynthesis. The pathways of MDA metabolism are oxidation of ALDH to 

malonic semialdehyde or the production of D-lactate where one of the steps is the conversion of 

MDA to methylglyoxal by phosphoglucose isomerase. 
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Figure 6. Acrolein production and metabolism 

 

Figure 6. Acrolein (ACR) is produced from the degradation of PUFAs and the oxidation of 

polyamines. This LPx is metabolized by ALDH2 to acrylic acid or via conjugation to 

glutathione. 

 

 

 

 

 

 

HNE is perhaps the most well studied α,β-unsaturated aldehyde and is produced from the 

peroxidation of the n-6 PUFAs linoleic acid and arachidonic acid.75-76 It can also be generated 

enzymatically by 15-lipoxygenases that catalyze the oxidation of n-6 PUFAs. At low 

physiological concentrations of HNE the primary mechanism of HNE metabolism is GSH 

conjugation. With increasing concentrations of HNE, ALDH2 catalyzes the oxidation of HNE to 

4-hydroxynonenoic acid and the reduction of HNE to 1,4 dihydroxy-2-nonene is catalyzed by 

alcohol dehydrogenase (ADH).69 ONE is also produced from the peroxidation of n-6 PUFAs. 
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The metabolism of ONE occurs via reduction at the C-1 position by aldo-keto reductase to 4-

oxo-2-nonen-1-ol or oxidation by ALDH2 to 4-oxo-2-nonenoic acid (Figure 7).77 

 

 

 

 

 

 

Figure 7. HNE and ONE production and metabolism 

 

Figure 7. Both HNE and ONE are produced from the degradation of n-6 lipid peroxides. HNE 

and ONE are metabolized by conjugation to GSH and oxidation by ALDH2. Alcohol 

dehydrogenase and aldo-keto reductase catalyze the reduction of HNE and ONE respectively. 

 

 

 

 

 

1.4.2 Biomolecule Adduction by LPx 

All of these aldehyde LPx contain two reactive functional groups: the α,β-unsaturated 

aldehyde and the free aldehyde. These reactive functionalities account for the formation of both 

LPx-DNA and LPx-protein adducts that have been implicated in the observed toxicity of these 

compounds. The modification of these biomolecules can occur far from the site of production 
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due to the decreased reactivity of these molecules relative to the original ROS.78 LPx have been 

reported to react with nucleosides that result in DNA damage. The most common site of 

nucleoside adduct formation is deoxyguanosine (dG). However some LPx form DNA adducts at 

deoxycytidine (dC) and deoxyadenosine (dA) nucleosides. For MDA the most abundant adduct 

occurs from the reaction of MDA with the N2 of dG producing a cyclic adduct, N2-

deoxyguanosine pyrimidopurinone (M1dG). The adduction of dA and dC by MDA forms the 

non-cyclic adducts M1dC and M1dA.79-80 Acrolein adducts occur most commonly from the 

reaction of acrolein with dG in CpG islands. The reaction of acrolein with dG occurs through a 

multistep mechanism producing regioisomeric cyclic adducts or causing crosslinking with a 

second DNA stand or proteins.80-81 These adducts have been shown to be mutagenic.82 The 

primary HNE-nucleic acid adducts are four cyclic guanine diastereomers.83 Finally, ONE forms 

adducts with dG, dC, and  dA that have been characterized in human tissues.84 

The modification of proteins by LPx occurs primarily at cysteine, histidine, and lysine 

residues. LPx adducts can form via two different chemical mechanisms. 1,4-conjugates or 

Michael addition adducts are produced by the attack of a nucleophilic amino acid at the 3-carbon 

of the α,β-unsaturated aldehyde. The formation of this adduct is irreversible and occurs primarily 

at Cys residues but these adducts can also form at reactive Lys or His residues.  The second 

mechanism of adduct formation occurs via Schiff base formation. This type of adduct forms 

from the reaction of the terminal amino group of a lysine residue with the free aldehyde 

ultimately resulting in the loss of a water molecule. This type of adduct differs from the Michael 

addition in that the formation of the Schiff base is reversible. The bifunctionality of many LPx 

also implicates these α,β-unsaturated aldehydes in the promotion of protein crosslinking and the 

formation of cross-linked protein adducts (Figure 8).72 The order of reactivity for the other LPx 
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is acrolein> ONE > HNE > MDA. Acrolein is the most reactive LPx with Cys, His, and Lys 

residues while ONE is the LPx most likely to form cross-linked protein adducts and cause 

protein crosslinking.85-86 

 

 

 

 

 

Figure 8. Mechanisms of LPx protein adduct formation 

 

Figure 8. LPx contain two reactive functionalities: an aldehyde capable of forming a Schiff base 

protein adduct, and an α,β-unsaturated aldehyde that reacts primarily with Cys residues to form 

Michael Addition protein adduct. Due to the presence of two reactive functionalities, LPx can 

promote the formation of intra- or inter-molecular protein crosslinked adducts. 
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1.4.3 Methods for LPx Adduct Detection 

LPx products have an absorbance in the UV range of approximately 220nm; however, the 

direct detection of LPx in complex biological samples requires the use of a chemical 

derivatization method due to the limited selectivity or sensitivity of methods that directly 

measure free LPx. A variety of chemical derivatization methods have been reported to increase 

the sensitivity to LPx detection (Figure 9).  Thiobarbituric acid (TBA) has been used for the 

derivatization of MDA. The reaction of two TBA molecules with the free aldehyde groups of 

MDA forms a conjugate with an absorbance at 535 nm.87 Other chemical derivatization methods 

for LPx also require the presence of a free aldehyde. For example the reaction of an LPx with 

two molecules 1,3-cyclohexanedione (CHD) and an ammonium ion produces a fluorescent cyclic 

molecule with excitation and emission wavelengths at 395 nm and 460 nm.88 2,4-

dinitrophenylhydrazine (DNPH) undergoes a Schiff base reaction with the free aldehyde under 

acidic conditions resulting in a product with an absorbance of 360 nm. Because the formation of 

a Schiff base is reversible, this reaction can be made irreversible by reduction with sodium 

cyanoborohydride.89 These chemical derivatization methods suffer from the limitation of being 

unable to detect any Schiff base or cross-linked adducts due to the absence of a free aldehyde 

group and therefore provide a method for the detection of Michael adducts only. 
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Figure 9. Chemical derivatization of LPx 

 

Figure 9. Chemical reactions for the derivatization of LPx. The thiobarbituric acid derivatization 

is specific for the derivatization of MDA and produces a product with an absorbance at 535 nm. 

The 1,3-cyclohexanedione and 2,4-dinitrophenylhydrazine derivatization methods are 

nonspecific methods that react with any free aldehyde. The CHD derivatization results in the 

formation of a fluorescent product with excitation and emission wavelength at 395 and 460 nm. 

The use of DNPH produces an aldehyde derivative with an absorbance at 360 nm. 
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These chemical derivatization methods can be applied to the detection of LPx protein 

adducts provided that the protein adduct occurs via Michael addition and a free aldehyde remains 

present. Following the chemical derivatization of the protein adducts both 1D or 2D gel 

electrophoresis can be used to separate a complex protein mixture followed by western blot 

analysis using an anti-DNPH antibody.49 Commercial antibodies for certain LPx are also 

available and antibodies have been used for both Western blot and ELISA analysis.90 However, 

these antibodies also have limitations; for example, the HNE antibodies currently available were 

raised against reduced HNE-lysine adducts or HNE-histidine adducts.91 Due to the fact that a 

majority of HNE-protein adducts are formed at Cys residues these antibodies have limited 

applications for the measurement of HNE-protein adducts. 

There are also several methods that allow for the enrichment of LPx protein adducts 

followed by LC-MS/MS proteomic analysis in order to identify and quantify LPx adducts (Table 

2). These methods commonly use chemical derivatization, with similar chemistry as the methods 

described above, but biotin derivatives (biotin hydrazide) are primarily used because the use of 

biotin allows for the enrichment of LPx protein adducts using solid phase streptavidin beads.92 

Other research groups have used solid phase hydrazide beads, which react directly with the free 

aldehyde groups of the LPx-protein adducts therefore bypassing the need for an initial chemical 

derivatization step.93-94 Both of these methods also rely on the presence of a free aldehyde in the 

LPx adduct meaning that these methods suffer from the same limitations as the chemical 

derivatization methods. Finally, the utilization of exogenous alkyne-LPx analogs, such as alkyne-

HNE or alkyne-ONE have been used and these analogs allow for the addition of azide tags to the 

resulting adducts using click chemistry.  These azide containing tags can either contain biotin for 

affinity enrichment followed by LC-MS/MS analysis, or the tag may contain a fluorescent or UV 



22 

 

 
 

active functional group for quantitation and visualization.95-96 This method allows for the 

quantitation of all three types of adducts formed by this exogenous LPx analog but this method is 

not applicable to the study of LPx adducts formed from endogenous LPx. 
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TABLE II. ENRICHMENT AND LC-MS/MS METHODS FOR IDENTIFICATION OF 

LPX PROTEIN ADDUCTS 

Cell or Tissue 

Type 

Treatments Enrichment 

Method 

MS 

Instrument 

# of Proteins 

Identified 

Ref. 

RKO cells 1-50 µM 

alkynyl-HNE or 

azido-HNE 

Streptavidin bead 

enrichment after 

click reaction 

LTQ linear 

ion trap 

41-118 95 

MDA-MB-231 

and Ramos cells 

5-500 µM HNE 

followed by 

alkynyl-

iodoacetamide 

Streptavidin bead 

enrichment after 

click reaction 

LTQ-

Orbitrap 

~700 

cysteines 

115 

HEK293T cells 25-100 µM 

HNE followed 

by aminooxy-

alkyne 

Streptavidin bead 

enrichment after 

click reaction 

LTQ-

Orbitrap 

398 116 

THP-1 and RKO 

cells 

10-50 µM 

alkynyl-HNE or 

alkynyl-ONE 

Streptavidin bead 

enrichment after 

click reaction 

LTQ linear 

ion trap 

847-1396 97 

Rat liver 

mitochondria 

10-2000 µM 

HNE followed 

by aldehyde 

reactive biotin 

Streptavidin bead 

enrichment 

LTQ-FT 217 98 

Rat heart 

mitochondria 

None Affi-Gel 

hydrazide beads 

MALDI 54 93 

Liver from liver 

disease mouse 

model 

None Streptavidin bead 

enrichment after 

biotin hydrazide 

derivatization 

Ion trap 414 92 

Brain 

homogenates 

from EAD 

subjects and age 

matched controls 

None Excision of 

protein from 2D 

gels 

MALDI-

Tof 

6 99 

Frontal Cortex  

from subjects 

with Down 

syndrome, Down 

syndrome with 

AD, and age 

matched controls 

None Excision of 

proteinss from 2D 

gels 

MALDI-

ToF 

24 90 
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2. Results 

2.1 Validation of ALDH2(-/-) Mouse Model 

The ALDH2(-/-) mice were previously reported to develop memory deficits at the age of 

3.5-4 months.33 To replicate these data the novel object recognition (NOR) behavioral test was 

conducted using WT and ALDH2-/- mice, ages 3 to 9.5 months. This test measures an animal’s 

ability to recognize and distinguish a familiar object from a novel one. The NOR test has two 

phases: exposure and testing. During the exposure phase a mouse is placed in an enclosure with 

two identical objects. The mouse is then removed from the enclosure and one of the objects 

replaced with a novel object.100 The mouse is then returned to the enclosure and the time each 

animal spends with the novel object (TN) and the familiar object (TF) is recorded and used to 

calculate the discrimination index for each animal (DI, DI (%) = [(TN - TF)/( TN + TF) x 100]).101 

This behavioral test showed that there was no significant decline in the ability of the WT mice to 

discriminate between the novel and familiar objects from 3-9.5 months. However, as early as 

3.5-4 months the ALDH2 knockout mice began losing the ability to differentiate between the 

novel and familiar object and this decline plateaued after 4.5 months (Figure 10). 

The brain homogenates from both WT and ALDH2(-/-) mice, ages 3 and 6 months, were 

prepared after the animals were sacrificed and half of the brain from each animal was 

homogenized. In order to determine the level of LPx protein adducts in these homogenates, these 

samples were subjected to chemical derivatization using a hydrazide fluorescent tag (Alexa 

Flur488 hydrazide, Figure 11) or a near-IR hydrazide tag (Cyanine7.0 hydrazide, Figure 12) . 

After incubating the brain homogenates with one of the hydrazide tags for two hours in 

phosphate buffer (pH 5.5), SDS-PAGE gel electrophoresis was used to resolve the LPx protein 

adducts and the incorporation of the hydrazide tag was measured by in-gel imaging using a 
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Typhoon Fluorescent Imager or the LICOR Sa imaging system.  The images collected using both 

methods show that there is increased incorporation of the fluorescent or near-IR hydrazide tags 

in the brain homogenates of the knockout animals compared to the WT animals. This indicates 

that there is a higher level of LPx protein adducts in the ALDH2 knockout animals; however, in 

the brains of the knockout mice there is no significant increase in the level of LPx protein 

adducts from 3 to 6 months. The Alexa Flur488 hydrazide was primarily incorporated into 

proteins with a molecular weight below 70 kDa while the Cyanine7.0 hydrazide showed greater 

reactivity with LPx protein adducts over 70 kDa. This difference can be explained by the 

presence of the sulfate and amine groups in the Alexa Flur488 dye which makes this dye much 

more hydrophilic than the Cyanine7.0 hydrazide dye. 

 

 

 

 

 

Figure 10. NOR behavioral test of ALDH2(-/-) and WT mice 

 

Figure 10. The discrimination index for WT and ALDH2(-/-) mice were measured by NOR. A 

decrease in the ability of  ALDH2(-/-) to distinguish a novel object from a familiar object 

developed at 3.5-4 months. 
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Figure 11. Detection of LPx Adducts in Mouse Brain using Alexa488 Hydrazide 

 

Figure 11. Top: Structure of Alexa Fluor488 hydrazide and the resulting LPx protein adduct 

after the derivatization reaction. Bottom: The proteins from whole brain homogenates from 

ALDH2(-/-) and WT mice at ages 3 and 6 months were derivatized by adding 500 µM Alexa 488 

hydrazide to each sample ([protein] = 2 µg/µL) in 0.1 M phosphate buffer (pH=5.5). After 

incubating these samples at room temperature for 2 hours the proteins were separated by SDS-

PAGE gel electrophoresis (30 µg/lane) and imaged by a Typhoon Trio Fluorescent Imager 

(Ex/Em, 488/520 nm). This image is representative of two independent experiments. 
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Figure 12. Detection of LPx adducts in mouse brain homogenates using cyanine7.0 

hydrazide 

 

Figure 12. Left: The proteins from whole brain homogenates from ALDH2(-/-) and WT mice at 

ages 3 and 6 months were derivatized by adding 50 µM Alexa 488 hydrazide to each sample 

([protein] = 0.5 µg/µL) in 0.1 M phosphate buffer (pH=5.5). After incubating these samples at 

room temperature for 2 hours the proteins were separated by SDS-PAGE gel electrophoresis 

(3.75 µg/lane) and imaged using a LICOR Sa imaging system. Top Right: Structure of 

Cyanine7.0 hydrazide and the resulting LPx protein adduct after the derivatization reaction. 

Bottom Right: The signals from the hydrazide dye were quantified for all samples. This data 

represents the results of three separate experiments (mean ± SEM) and significant difference 

from WT and KO samples was determined by one-way ANOVA with Tukey’s post-test. 

(*P<0.05). 
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2.3 LPx Toxicity and the Role of ALDH2 in LPx Metabolism 

SHSY-5Y cells are a neuronal cell line that originate from a human neuroblastoma. In 

order to evaluate if LPx are neurotoxic SHSY-5Y cells were treated with EtOH, 1 or 5 µM ONE, 

and 5 or 10 µM HNE for 24 hours prior to measuring cell viability (Figure 13). The treatment of 

SHSY-5Y cells with 10 µM HNE or 5 µM ONE induces ~50% cell death after 24 hours. These 

results are consistent with previous publications which report that ONE is more toxic than 

HNE.102 

 

 

 

 

 

Figure 13. Treatment of SHSY-5Y cells with LPx 

 

Figure 13. Left: The treatment of SHSY-5Y cells with EtOH, 5 µM HNE, or 10 µM HNE for 24 

hours prior to measuring cell viability by MTT. Right: The treatment of SHSY-5Y cells with 

EtOH, 1 µM ONE, or 5 µM ONE for 24 hours prior to measuring cell viability by MTT. Data 

represents the mean ± SEM of at least ten independent readings. The data was analyzed by one-

way ANOVA with Tukey’s post-test (**P<0.01, ***P<0.001). 
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HNE and ONE have been reported to act both as substrates and inhibitors of ALDH2. 

Human ALDH2 demonstrated enzyme activity with 5-100 µM ONE but the preincubation of 

ALDH2 with 50 µM ONE also prevented the oxidation of propionaldehyde by ALDH2.103 This 

enzyme inhibition was not observed when the same experiment was conducted with 50 µM 

HNE. The treatment of ALDH2 with 50 µM ONE results in the modification of Cys302, located 

within the active site of ALDH2.103 HNE has been reported as a substrate of rat ALDH with a 

KM of 14 µM  and an inhibitor of acetaldehyde oxidation with a KI of 0.5 µM.104 We measured 

ALDH2 activity by monitoring the reduction of NADPH by recombinant human ALDH2 in the 

presence of HNE and ONE with or without the addition of acetaldehyde. (Figure 14).  

These reactions were initiated by the addition of substrate, and the reactions were 

monitored for 10 minutes. The activity of ALDH2 was monitored in the presence and absence of 

the substrate acetaldehyde (1 mM) and a range of HNE and ONE concentrations (0-100 µM). 

This data are reported as the percent of ALDH2 activity normalized to 1 mM acetaldehyde alone 

as 100%. The incubation of 10 µM HNE alone with ALDH2 produced 10% of the enzyme 

activity observed with 1 mM acetaldehyde. However, the coincubation of 10 µM HNE and 1 

mM acetaldehyde resulted in a 55% inhibition of ALDH2 turnover of acetaldehyde. Enzyme 

activity towards acetaldehyde was entirely inhibited in the presence of 100 µM HNE. In both the 

presence and absence of acetaldehyde, 1 µM ONE resulted in nearly complete inhibition of 

ALDH2 activity showing that ONE is more reactive with the cysteine residue within the active 

site of ALDH2 than HNE. 
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Figure 14. ALDH2 enzyme activity assay with acetaldehyde, HNE and ONE 

 

Figure 14. Top: Enzyme reaction mechanism of ALDH2. Bottom: ALDH2 activity measured 

using recombinant human ALDH2 (180 nM) which was preincubated with EtOH, 1 µM ONE or 

1, 10 or 100 µM HNE and 500 µM NADP+ in an assay buffer (50 mM sodium pyrophosphate, 

pH = 8.8) for 5 min at 25°C. 1 mM of acetaldehyde was then added and the production of 

NADPH (340 nm) was monitored for 10 minutes. The rate of the reaction was then normalized 

to the rate of the reaction without HNE or ONE. Data represents the mean ± SEM of at least four 

independent readings. Significant difference from the enzyme activity measure without HNE and 

ONE, unless indicated, was analyzed by one-way ANOVA with Tukey’s post-test. (*P<0.05, 

***P<0.001). 
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PC12 cells are a neuronal cell line that originates from a pheochromocytoma in the rat 

adrenal medulla. This cell line was used to evaluate the role of ALDH2 in the protection of these 

cells from LPx-induced cell death and the prevention of LPx protein adduct formation. Both WT 

and ALDH2-/-  PC12 cells were treated with 100 µM HNE for 2 hours before measuring cell 

viability. These results show that the treatment of ALDH2-/-  PC12 cells with HNE results in 50% 

cell death while the treatment of WT PC12 cells results in only 20% cell death (Figure 15). The 

role of ALDH2 in regulating the formation of LPx protein adducts was also investigated using 

WT and ALDH2-/- PC12 cells. Both variants of PC12 cells were treated with HNE (0 or 5 µM) 

for 24 hours, lysed, and the LPx protein adducts were derivatized using cyanine7.0 hydrazide. 

This derivatization reaction was carried out by adding 5 µM cyanine7.0 hydrazide to a sample of 

these cell lysates ([protein] = 2 mg/mL) in 0.1 M phosphate buffer (pH 5.5) and these samples 

were incubated at room temperature for two hours. Half of each sample was then subjected to 

reduction by 50 µM sodium cyanoborohydride (NaCNBH3) in order to optimize the in gel 

visualization for the HNE adducts. NaCNBH3 selectively reduces the Schiff base formed from 

the derivatization of LPx protein adducts by cyanine7.0 hydrazide and this reduction prevents the 

reversal of the Schiff base reaction. The HNE protein adducts were then separated by SDS-

PAGE gel electrophoresis and the gels were then visualized using a LICOR Sa imaging system. 

Figure 16 shows that the treatment of WT PC12 cells with HNE does not result in any 

increase in the level of HNE protein adducts. On the other hand the treatment of ALDH2-/- PC12 

cells with HNE resulted in a significant increase in the formation of HNE protein adducts. 

Finally, the addition of NaCNBH3 following the incubation of these samples with the hydrazide 

dye resulted in the decrease of the background signal in each lane. 
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Figure 15. Toxicity of HNE in native and ALDH2(-/-) PC12 cells 

 

Figure 15. ALDH2(-/-) PC12 cells were generated by infection of PC12 cells with ALDH2 

shRNA. These cells were then treated with EtOH or 100 µM HNE for 2 hours before measuring 

cell viability by MTT. The treatment of native PC12 cells resulted in 20% cells death and the 

treatment of the ALDH2(-/-) PC12 cells resulted in 50% cell death. 
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Figure 16. Detection of LPx protein adducts in WT and ALDH2(-/-) PC12 cells 

 

Figure 16. Cell lysates were collected from native PC12 or ALDH2(-/-) PC12 cells treated with 

25 µM HNE for 8 hours. The lysates were collected, and LPx protein adducts were derivatized 

with 50 µM cyanine7.0 hydrazide in 0.1 M phosphate buffer (pH=5.5). After incubating these 

samples at 37 °C for 2 hours, 25 mM NaCNBH3 was added to half of the samples to evaluate the 

effect of reducing any Schiff bases on the in-gel imaging. This image represents the results of 

three independent experiments. The HNE treated ALDH2(-/-) PC12 cells contained significantly 

more LPx protein adducts than the HNE treated native PC12 cells. 
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2.3 Development of In-gel Imaging Method 

2.3.1 Method Development 

Due to the limitations of previously reported methods for the detection of LPx proteins 

adducts, we have developed a new imaging technique that would allow for the detection and 

quantitation of Michael addition, Schiff base, and cross-linked protein adducts. For this method 

we utilized the alkyne-containing analogs of HNE (aHNE) and ONE (aONE) along with two 

near-IR dyes. A cyanine5.5 azide dye can react with the terminal alkyne of aHNE and aONE 

using ‘click’ chemistry and the cyanine7.0 hydrazide dye forms a Schiff base with the free 

aldehyde of any Michael addition LPx protein adduct. In order to optimize this method 

glutathione S-transferase P1 (GST-P1) that contains reactive Cys residue was used as a model 

protein. A low concentration of aONE was also used for this initial method development because 

it had previously been reported that ONE is more reactive than HNE.105  

GSTs are a family of enzymes that catalyze the conjugation of glutathione (GSH) with 

endogenous and xenobiotic electrophiles.106 Glutathione-S-transferase P1 (hGST-P1) is a 23 kDa 

protein that is ubiquitously expressed in human tissues. GST-P1 was used as a model protein for 

the development of this method because this enzyme contains four cysteine residues (Cys14, 

Cys47, Cys101, Cys169), none of which are required for the catalytic activity of GST-P1.107 

GST-P1 has been previously used to develop methods for the measurement of protein oxidation, 

nitrosation, and electrophilic modification by electrophilic quinones.108-111 These studies of 

cysteine oxidation, nitrosation, and carbonylation show that Cys47 is the most reactive cysteine 

residue in GST-P1 with C101 being the second most reactive thiol group.108, 110 In addition to 

direct modification of cysteine residues, the incubation of GST-P1 with 4-hydroxy-equilenin (4-

OHEN) caused intramolecular and intermolecular disulfide bond formation induced by the redox 
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cycling of 4-OHEN.111 GST-P1 is a redox sensitive protein that also plays a role in the 

metabolism of HNE making it a useful model protein for the development of this in-gel imaging 

method.112 

To validate the use of both dyes, aONE (0, or 1 µM) was added to GST-P1 (0.1 µg/µL) in 

phosphate buffer (0.1 M, pH=7.4), and these samples were incubated at 37 °C for one hour. 

These samples were then divided in half and subjected to two different chemical reactions for 

derivatization. To the first half of the reaction the Cyanine5.5 azide (5 µM) was added with the 

components required for the copper-catalyzed click reaction (1 mM CuSO4, 1 mM TCEP).  The 

buffer of the second half of the GST-P1 and aONE incubations was then exchanged for a 

phosphate buffer (pH 5.5) prior to the addition of the Cyanine7.0 hydrazide (5 µM).  These 

samples were then incubated at 37 °C for two hours prior to subjecting these samples to SDS-

PAGE gel electrophoresis. These gels were then immediately imaged using a LICOR Sa imaging 

instrument.  

Figure 17A shows that the incubation of GST-P1 with 1 µM aONE results in the 

increased incorporation of both the Cyanine5.5 azide (red) and Cyanine7.0 hydrazide (green) 

dyes compared to the control treated samples. This image shows a high level of background from 

the untreated GST-P1 samples at the 25 kDa region of the gel, indicating the need for further 

method optimization in order to decrease this background. The increased incorporation of both 

dyes at 50 kDa results from the formation of GST-P1 dimer caused by aONE induced 

crosslinking. This image also shows that a greater amount of azide dye (red) is incorporated into 

the cross-linked adduct because many of the free aldehyde groups from aONE, required for 

reaction with the hydrazide dye (green), are occupied in the formation of the cross-linked adduct.   
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In order to optimized these reaction conditions reported catalysts for the click reaction 

and the formation of the Schiff base, required for the addition of the hydrazide dye, were 

evaluated during the method development. Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine 

(TBTA) is a reported catalyst for the click reaction and after incubation of GST-P1 with 1 µM 

aONE, the click reaction was carried out in the presence and absence of 100 µM TBTA.113 The 

results show that in the presence of TBTA the signal from the azide dye is greater than the signal 

from the samples without TBTA. This triazole improves the incorporation of the azide dye by 

stabilizing the Cu(I) required for the catalysis of the azide-alkyne cycloaddition (Figure 17B), 

therefore TBTA was added as a component of the click reaction in all future experiments.114  

Aniline is a reported catalyst of the aldehyde-hydrazide reaction, and, following the incubation 

of GST-P1 with aONE, the hydrazide dye was added with or without 1 mM aniline. However, 

Figure 17C shows that the use of aniline with the hydrazide dye does not result in an increased 

incorporation of the hydrazide dye. Therefore, aniline was not utilized in any further 

experiments. 
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Figure 17. Method development for near-IR imaging technique 

 

Figure 17. A: Recombinant hGST-P1 (0.1 µg/µL) was incubated with EtOH or 1 µM aONE for 

1 hour. These samples were then divided in half and 50 µM cyanine5.5 azide and other click 

reaction components (1 mM TCEP, 1 mM CuSO4) were added to one half of the sample. The 

buffer of the second half of the sample was then exchanged for 0.1 M phosphate buffer (pH=5.5) 

followed by the addition 50 µM cyanine7.0 hydrazide. After incubating these samples at 37°C 

for two hours the samples were subjected to SDS-PAGE gel electrophoresis (1 µg protein/lane) 

and imaged using LICOR Sa imaging system. B: The reported click reaction catalyst TBTA was 

evaluated by detecting the encorporatin of the cyanine5.5 azide dye in samples subjected to the 

click reaction with or without the addition of 100 µM TBTA. C: The reported catalyst of Schiff 

base formation, aniline (1 mM), was added to the samples in order to evaluate the effect of the 

reported catalyst on the incorporation of cyanine7.0 hydrazide to the samples. 
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2.3.2 Method Validation 

Here we demonstrate that after further optimization this method is capable of detecting 

Michael addition adducts, Schiff base adducts, and both inter- or intra-molecular cross-linked 

LPx protein adducts. This was demonstrated using dose dependent treatment of the recombinant 

proteins, GST-P1 and Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (Pin1), with aHNE 

and aONE. Pin1 is an enzyme with a role in regulating the dephosphorylation of p-Ser/p-Thr 

residues by catalyzing the isomerization of these p-Ser/p-Thr-Pro residues from the cis to trans 

conformation (Figure 18).115  

 

 

 

 

 

Figure 18. Pin1 isomerization reaction 

 

Figure 18. Pin1 catalyzes the isomerization of pSer-Pro from the cis to trans conformations. 

 

 

 

 

 

This enzyme has been implicated in the regulation of Tau phosphorylation and the inhibition of 

this enzyme upon HNE modification could play a role in the buildup of hyperphosphorylated 

Tau in Alzheimer’s disease.116 Pin1-/- transgenic mice have been shown to develop Aβ plaques, 

NFTs, memory deficits, and neuronal loss.117-118 The active site of this enzyme also contains both 
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a Cys and Lys residue. The Cys residue is modified by HNE to form a Michael addition adduct, 

and ONE produces a cross-linked adduct within the active site reacting with the Cys and Lys 

residues in the active site.119-120 

These recombinant enzymes (0.1 µg/µL) were incubated with aHNE and aONE (0, 1, 5, 

10, 25 µM) for one hour. These samples were then divided in half. The components for the click 

reaction (1 mM CuSO4, 1 mM TCEP, 100 µM TBTA, 250 µM Cy5.5 azide) were added to the 

first half of the reaction. HCl was used to adjust the pH of the second half of these sample from 

7.4 to 5.5 before adding the Cy7.0 hydrazide dye (2.5 mM). After incubating both sets of 

samples at 37 °C for two hours, NaBH3CN (25 mM) was added to all the samples and the 

reduction reaction which was carried out for one hour at 37 °C. These samples were then 

recombined, separated by SDS-PAGE gel electrophoresis, and imaged using the LICOR Sa 

imaging system (Figure 19).  
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Figure 19. Optimized sample preparation protocol for near-IR imaging method 

 

Figure 19. Samples containing recombinant protein or SHSY-5Y cell lysates were treated with 

EtOH or 1-25 µM of aHNE or aONE. After incubating these samples at 37 °C for 1 hour these 

samples were divided in half. The components for the click reaction (CuSO4, TCEP, TBTA, and 

N3-Cy5.5) were added to the first half of each sample and the second half of the reaction was 

derivatized using Cy7.0 hydrazide. These samples were then reduced, recombined and subjected 

to SDS-PAGE gel electrophoresis prior to in-gel imaging. 
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Figure 20 shows that for GST-P1 the addition of aHNE results in a concentration 

dependent increase in the signals for both the Cy5.5 azide and Cy 7.0 hydrazide dyes at the 25 

kDa region of the gel, indicating that the addition of aHNE to GST-P1 results primarily in the 

formation of Michael addition adducts with the GST-P1 monomer. The incubation of GST-P1 

with aHNE causes only a slight increase in the azide dye signal at 50 kDa indicating that only a 

small amount of cross-linking is caused by the addition of aHNE to GST-P1. The incubation of 

aONE with GST-P1 results in the formation of cross-linked protein adducts even at the lowest 

concentration of 1 µM aONE (Figure 21). A significant increase in the signal from the azide dye 

above 25 kDa is observed for all concentrations of aONE. At the 50 kDa region there is still 

signal from the hydrazide dye because GST-P1 contains multiple reactive Cys residues allowing 

for the addition of multiple aONE molecules to a single GST-P1 monomer. However, in the 

region of the gel above 50 kDa there is an increase in the azide dye signal but no appearance of 

the hydrazide dye because all the free aldehyde groups from the LPx are occupied by the 

formation of the intermolecular cross-linked aONE adducts. The addition of increasing 

concentrations of aONE also results small decrease in the molecular weight and broadening of 

the GST-P1 dimer band at ~50 kDa. This decrease in the molecular weight and the broadening of 

the dimer band indicates that the GST-P1 dimer becomes more disordered and is composed of 

multiple conformations dimer  that move through the gel at different rates. Some of these 

conformations may be more compact due to the formation additional cross-linked adducts within 

the original GST-P1 dimer causing these adducts to move through the gel more quickly than the 

dimer formed at lower concentrations of aONE. 

The results from the incubation of Pin1 with 1-25 µM of aHNE and aONE are shown in 

Figure 22. When comparing the reactivity of aHNE and aONE with Pin1, 25 µM aONE results 
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in an eight fold increase in the signal from the azide dye and a twofold signal increase from the 

same dye from the incubation of Pin1 with 25 µM aHNE. Indicating that ONE is more reactive 

than HNE with the Cys residue with the active site of Pin1. When Pin1 was incubated with 

increasing concentrations of aONE there is a significant increase in the signal from the azide dye 

(red) but a decrease in the hydrazide dye signal (green) without a significant increase in the 

formation of dimer adducts. This indicates that the incubation of aONE with Pin1 results in the 

formation of an intramolecular cross-linked protein adduct (Figure 23). This accounts for the 

observed increased incorporation of the azide dye and the decrease in hydrazide dye signal. 
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Figure 20. Method validation using GST-P1 

 

Figure 20. GST-P1 (0.1 µg/µL in 0.1 M phosphate buffer, pH =7.4) was incubated with 1-25 

µM alkyne-HNE or alkyne-ONE for 1 hour before adding the click reaction components (1mM 

TCEP, 1 mM CuSO4, 100 µM TBTA, 250 µM N3-cyanine5.5) to half of the sample. The second 

half of the samples were derivatized with 2.5 mM cyanine7.0 hydrazide after adjust the pH of the 

samples to 5.5 with 1 M HCl. To reduce all Schiff bases 25 mM NaCNBH3 was added. These 

samples were then separated by SDS-PAGE gel electrophoresis (1.5 µg protein/lane) and imaged 

using the LICOR Sa imaging system. The signals from the azide dye (red) and hydrazide dye 

(green) were then quantified. These results show that there is a dose dependent increase in the 

signals from both dyes with the aHNE treatments. However with the treatment of aONE there a 

significant increase in the signal from the azide dye was observed without an equal increase in 
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the fold signal from the hydrazide dye. The images are representative of at least four independent 

experiments and data represents the mean ± SEM of these replicates 

 

 

 

 

 

Figure 21. Measurement of GST-P1 cross-linking induced by LPx 

 

Figure 21. Left: The overlay of the two dye channels from the incubation of GST-P1 with 1-25 

µM aHNE and aONE. Right: The total signal for both dyes from each lane was quantified. The 

red signal (azide dye) measures all GST-P1 aHNE or aONE protein adducts while the green 

signal (hydrazide dye) measures all Michael addition protein adducts. When the singal from the 

hydrazide dye was subtracted from the azide dye, the remaining signal from the azide dye is 

attributed to intermolecular crosslinking inducted by aHNE or aONE. The images are 

representative of at least four independent experiments and data represents the mean ± SEM of 

these replicates. 
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Figure 22. Method validation using Pin-1 

 

Figure 22. Pin1 (0.1 µg/µL in 0.1 M phosphate buffer, pH =7.4) was incubated with 1-25 µM 

alkyne-HNE or alkyne-ONE for 1 hour before adding the click reaction components (1mM 

TCEP, 1 mM CuSO4, 100 µM TBTA, 250 µM N3-cyanine5.5) to half of the sample. The second 

half of the samples were derivatized with 2.5 mM cyanine7.0 hydrazide after adjust the pH of the 

samples to 5.5 with 1 M HCl. To reduce all Schiff bases 25 mM NaCNBH3 was added. These 

samples were then separated by SDS-PAGE gel electrophoresis (1.5 µg protein/lane) and imaged 

using the LICOR Sa imaging system. The signals from the azide dye (red) and hydrazide dye 

(green) were then quantified. The treatment of Pin1 with increasing concentrations of aHNE 

results in low level of adduct formation. However aONE results in dose dependent increase in 

the signal from that azide dye only. Because this increase in the red signal is observed at the 15 

kDa can be attributed to the formation of an intramolecular crosslinked adduct. The images are 

representative of four independent experiments and data represents the mean ± SEM of these 

replicates. 
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Figure 23. Measurement of Pin-1 cross-linking induced by LPx 

 

Figure 23. Top: Image overlay of 700 nm (red, azide dye) and 800 nm (green, hydrazide dye) 

from Pin1 incubated with 1-25 µM aHNE or aONE. Bottom: The total signal for both dyes from 

each lane was quantified. The red signal (azide dye) measures all GST-P1 aHNE or aONE 

protein adducts while the green signal (hydrazide dye) measures all Michael addition protein 

adducts. When the singal from the hydrazide dye was subtracted from the azide dye, the 

remaining signal from the azide dye is attributed to intramolecular crosslinking inducted by 

aHNE or aONE. The images are representative of four independent experiments and data 

represents the mean ± SEM of these replicates. 
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The same in-gel imaging method was then used to visualize alkyne-LPx protein adducts 

across the whole proteome from SHSY-5Y cell lysates (Figure 24). For these experiments 1-25 

µM of each alkyne-LPx was added to whole cell SHSY-5Y cell lysates. The images resulting 

from these experiments show that in whole cell lysates there is a high background from the 

Cy7.0 hydrazide dye (green) in the control samples due to the fact that this dye is not selective 

for the LPx adducts formed from the exogenously added alkyne-LPx, but this dye reacts with all 

proteins containing a free aldehyde or a hydrazide reactive group. The azide dye in these 

experiments reacts selectively with alkyne-LPx adducts. When SHSY-5Y cell lysates were 

incubated with increasing concentrations of the alkyne-LPx there is a dose dependent increase in 

the Cy5.5 azide signal for both alkyne-LPx.  At the highest concentration of aHNE clear and 

distinct bands still appear in the 700 nm channel (red). This indicates that the amount of protein 

crosslinking is limited and does not interfere with the resolution of aHNE-protein adducts. 

However, when the same lysates are treated with 25 µM aONE the clear resolution of proteins 

adducts into distinct bands by SDS-PAGE gel is lost indicating a high level of protein 

crosslinking catalyzed by aONE.  

LPx protein adducts can also be evaluated in isolated protein fractions. Histones are an 

important group of proteins with a role in the organization of DNA into chromatin and histone 

PTMs are involved in the epigenetic regulation of gene expression. This group of proteins can be 

enriched by the isolation of nuclei from tissues or cell followed by acid extraction. ONE was 

previously reported to induce intramolecular crosslinking in histone H4 by modifying His75 and 

Lys77.121 The nuclei of SHSY-5Y cells were isolated and the histones were then extracted using 

trichloroacetic acid. Isolated histones were then treated with the alkyne analogs of HNE and 

ONE and subjected to the same sample preparation described above. This imaging method was 
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used to visualize the LPx histone adducts (Figure 25). The results show that aHNE causes dose 

dependent increase in both dye signals suggesting that the primary adducts are formed via 

Michael addition. However the treatment of isolated histones with aONE resulted in a significant 

loss in the hydrazide dye at all concentrations of aONE treatment.  Therefore the dose dependent 

increase of the signal resulting from the incorporation of the azide dye caused by the formation 

of intramolecular crosslinked ONE histone adducts. The broadening of the histone band in 

samples treated with higher concentrations of aONE indicates that the histone adducts become 

more disordered and is composed of multiple conformations that move through the gel at 

different rates. Some of these conformations may be more compact due to the formation 

additional intra-molecular cross-linked adducts causing these adducts to move through the gel 

more quickly than the adducts formed at lower concentrations of aONE. 
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Figure 24. Imaging of LPx protein adducts in SHSY-5Y cell lysates. 

 

Figure 24. SHSY-5Y lysates (0.5 µg/µL) were treated with EtOH, 1-25 µM aHNE or aONE. 

Each lane of the gel contains 30 µg of protein. Top: Image from 700 nm channel (azide dye). 

Middle: Image from 800 nm channel (hydrazide dye). Bottom: Image overlay of both channel. 

The images are representative of four independent experiments and data represents the mean ± 

SEM of these replicates. 
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Figure 25. Detection of histone LPx adducts 

 

Figure 25. Isolated histones (0.1 µg/µL) were treated with 1-25 µM aHNE or aONE. Sample 

preparation was conducted using identical conditions as outlined previously. Top: Image from 

800 nm channel (hydrazide dye) shows that aHNE causes slight increase in signal with 

increasing concentrations but with aONE the 800 nm signal is lost. Middle: Image from 700 nm 

channel (azide dye) shows increase in the signal from this dye with increasing concentrations of 

both aHNE and aONE. However, aONE is more reactive towards histones than aHNE. Bottom: 

Overlay of both 700 nm and 800 nm channels. Yellow signal indicates that theses adducts are 

Michael addition adducts while the signals from the aONE treatment that remain red in the 

overlay indicate the formation of intramolecular crosslinked adducts. The images are 

representative of three independent experiments. 
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2.4 Proteomic Analysis of LPx Modified Proteins 

Whole cell SHSY-5Y lysates were treated with EtOH vehicle, 1 µM or 25 µM aHNE in 

order to develop a method for the enrichment of LPx protein adducts. After incubating the cell 

lysates (1 mg/mL) with aHNE, azido-biotin and the other components of the click reaction were 

added to these lysates in order to conjugate the azido-biotin to the LPx protein adducts. Affinity 

enrichment using magnetic streptavidin beads was then conducted to wash out unmodified 

proteins and isolate aHNE adducts. The work flow for this method is depicted in Figure 25. The 

elution fractions from the affinity enrichment were subjected to SDS-PAGE gel electrophoresis 

and any proteins were visualized by Coomassie Blue stain. The elution fraction from the control 

(EtOH, lane 1) treatment of the SHSY-5Y cells contains a low molecular weight band resulting 

from the loss of streptavidin from the magnetic beads during the elution step. The other proteins 

seen from the Coomassie Blue staining in the elution fractions from 1 µM aHNE (lane 2) and 25 

µM aHNE (lane 3) treatments are the result of the biotin-streptavidin enrichment of aHNE 

protein adducts. 

This method was then used to enrich aHNE protein adducts for protein identification by 

LC-MS/MS. SHSY-5Y cell lysates were treated with 25 µM aHNE and subjected to the sample 

work flow described above. The elution fractions collected from the biotin-streptavidin 

enrichment were reduced using TCEP (25 mM), and all cysteine residues were capped using 

iodoacetamide (20 mM). These samples were then loaded on the stacking gel of an SDS-PAGE 

gel, and that stacking gel was stained with Coomassie blue dye. The resulting band was excised 

from the gel, and subjected to in-gel trypsin digestion overnight. The peptides were collected 

after overnight digestion, desalted, dried, and analyzed by LC-MS/MS. The data were collected 
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using an OrbiTrap Velos MS and analyzed by the Mascot search engine against the Uniprot-

human database. 
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Figure 26. Biotin-streptavidin enrichment of aHNE protein adducts in SHSY-5Y cell 

lysates 

 

Figure 26. SHSY-5Y cell lysates (1 mg/mL) were treated with EtOH, 5 µM aHNE, or 25 µM 

aHNE. The aHNE modified proteins were then conjugated to biotin using click chemistry. The 

proteins collected from this enrichment step were separated by SDS-PAGE gel electrophoresis 

and the resulting gels were stained with Comassie Blue dye. 
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 The proteomic analysis from duplicate samples identified 403 proteins from the 

enrichment of aHNE treated SHSY-5Y lysates (Appendix A). Some of the proteins identified 

include several heat shock proteins, cysteine proteases such as calpain-1, epigenetic regulators 

such as HDAC2, and histone H2B, important protein involved in cell redox homeostasis 

including protein disulfide-isomerase. These results were compared to previously reported 

proteomic analyses that were conducted in order to identify LPx protein adducts in the brain 

homogenates from subjects diagnosed with AD. One report utilized frontal cortex homogenates 

taken from subjects with Down syndrome, Down syndrome with AD pathology, or age matched 

controls. This analysis identified 24 HNE modified proteins, including α-enolase, fructose-

bisphosphate aldolase A, and glyceraldehyde-3-phosphate dehydrogenase. The level of HNE 

modification for several of these proteins was also increased in the subjects with Down 

syndrome and Down syndrome with AD pathology relative to the age matched controls.90 A 

similar analysis was conducted using brain homogenates form subjects with early AD and the 

results were compared to age matched controls. This analysis identified six proteins (MnSOD, α-

enolase, F1 ATPase α-subunit, dihydropyrimidinase-related protein 2, triose phosphate 

isomerase, and malate dehydrogenase) that were modified by HNE in these samples. There was a 

significant increase in the HNE modification of dihydropyrimidinase-related protein 2, triose 

phosphate isomerase, and malate dehydrogenase in early AD samples compared to the age 

matched controls.99 Our analysis identified 15 out of the 28 unique proteins identified in these 

previous reports as aHNE modified proteins in SHSY-5Y cell lysates. 

 The proteins identified from our LC-MS/MS analysis were further analyzed by Gene 

Ontology which classifies the functions of gene products into three categories: molecular 

function, cellular component, and biological process. The molecular function classification is 
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used to describe the general biochemical activity of a specific gene product (Figure 27). The 

cellular component classification describes where a gene product is located within a specific 

organelle or gene product group (proteasome, ribosome) (Figure 29). Finally, the biological 

process refers to a specific biological process to which a gene product contributes and is broader 

than the molecular function classification (Figure 28).122  

 

 

 

 

 

Figure 27. Molecular Functions of aHNE modified proteins 

 

Figure 27. The molecular function classifies the identified aHNE modified proteins by the 

biochemical activity of the gene products. This analysis shows that 331 of the identified proteins 

are involved in catalytic activity or binding. The remainder of the proteins are classified by 

transporter, structural molecule, signal transducer, or receptor activity. 
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Figure 28. Biological Processes of aHNE modified proteins 

 

Figure 28. The biological process of aHNE modified proteins classifies the biological function 

of the gene product. A majority of the proteins identified contribute to metabolic or cellular 

processes. The processes of localization, development, biological regulation, cellular component 

organization, and response to stimulus all contain more than 40 proteins. Finally the processes of 

reproduction, biological adhesion, multicellular organismal, locomotion, and immune system 

contain less than 25 aHNE modified proteins 
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Figure 29. Cellular components of aHNE modified proteins 

 

Figure 29. The cellular components of the aHNE classifies these proteins based on the cell 

location where the protein is active. Nearly all of the identified proteins are active in the 

cytoplasm, a macromolecular complex, or an organelle. A small number of the identified 

proteins are active in the membrane, extracellular matrix, extracellular region, or at a cell 

junction. 
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3. Discussion 

3.1 Near-IR In-gel Imaging Method 

 The current methods for the detection and quantitation of LPx protein adducts include 

chemical derivatization (DNPH, CHD, TBA) and the use of anti-HNE antibodies, however, both 

of these methods suffer from limitations that prevent the detection of all LPx protein adducts 

(Figure 30). A free aldehyde group is required for all chemical derivatization methods and is 

therefore only capable of detecting Michael addition protein adducts. The reported anti-HNE 

antibodies were raised against reduced Lys, non-reduced Lys, or His HNE adducts and have 

demonstrated limited cross reactivity with adducts at other amino acids.91 

 

 

 

 

 

Figure 30. Methods for the detection of HNE protein adducts 

 

Figure 30. The chemical derivatization methods are capable of detecting Michael addition 

adducts, but are incapable of detecting Schiff base and cross-linked adducts due to the lack of a 

free aldehyde group. Certain commercially available anti-HNE antibodies can detect Schiff base 

adducts and show limited reactivity against Michael addition and cross-linked LPx protein 

adducts. 

 



59 

 

 
 

Two near-IR chemical tags and alkyne derivatives of HNE and ONE were used for the 

development of an in-gel imaging method for the detection of aHNE and aONE protein adducts 

(Figure 31). The use of these components allows for the detection of all Michael addition, Schiff 

base, and cross-linked protein adducts. The azide dye (cyanine5.5 azide, red) used in this method 

reacts with the terminal alkyne of the aHNE and aONE and is therefore capable of detecting all 

possible protein adducts formed by the addition of exogenous alkyne-LPx. The hydrazide dye 

(cyanine7 hydrazide, green) is only able to detect Michael addition protein adducts. These 

adducts can then be distinguished from the other types of adducts because the incorporation of 

both the hydrazide and alkyne dyes will result in the appearance of a yellow signal in the overlay 

image of the two near-IR channels while the other types of adducts will only appear in the red 

channel. Additionally, the use of SDS-PAGE gel electrophoresis allows for the separation of 

monomeric LPx protein adducts, from dimers and high molecular weight oligomers formed as a 

result of LPx cross-linked protein adducts for recombinant protein experiments. 
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Figure 31. The use of two near-IR dyes for the detection of alkyne-LPx protein adducts. 

 

 

Figure 31. Cyanine5.5 azide reacts with the terminal alkyne of aHNE or aONE that is present in 

all types of adducts. Cyanine7 hydrazide however only reacts with the Michael addition adducts 

where a free aldehyde is available for reaction with the hydrazide dye. 
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3.2 Detection of Intra- and Inter-molecular Cross-linked Adducts 

The Pin1 intramolecular cross-linked adducts has previously been detected by LC-

MS/MS analysis of recombinant Pin1 and RKO cells treated with ONE.120 The active site of Pin1 

contains both Cys113 and Lys117 that both react with a single ONE molecule (Figure 32). 

When recombinant Pin1 was treated with increasing concentrations of aONE, the resulting in-gel 

images in Figure 22 show a concentration-dependent increase in the signal from the azide dye 

but a decrease in the hydrazide signal. These results are consistent with the formation of an intra-

molecular cross-linked adduct and demonstrate that this method is capable of detecting both 

Michael addition adducts and intramolecular cross-linked adducts.  

GST-P1 contains multiple reactive Cys residues (Cys47 and Cys101) allowing for the 

formation of multiple HNE or ONE Michael addition adducts in a single GST-P1 monomer. The 

formation of intermolecular cross-linked adducts can then result not only in the formation of 

covalently linked dimers, but also the formation of high molecular weight oligomers. The results 

from the in-gel imaging method (Figure 21) demonstrated that the use of SDS-PAGE gel 

electrophoresis allows for the separation of intermolecular cross-linked protein adducts with 

different molecular weights. Although a majority of the cross-linked adducts were dimers, with a 

molecular weight of 50 kDa, the treatment of recombinant GST-P1 with aHNE and aONE also 

caused the formation of larger oligomers with a molecular weight greater than 50 kDa (Figure 

33). 
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Figure 32. Formation of an intra-molecular cross-linked ONE adduct in Pin1 active site. 

 

Figure 32. The α,β-unsaturated aldehyde of ONE reacts with the thiol of Cys113 via a Michael 

addition reaction. The remaining free aldehyde then reacts with the terminal amino group of the 

Lys117 residue to form a Schiff base and resulting in the formation of an intra-molecular cross-

linked adduct. 
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Figure 33. Formation of inter-molecular cross-linked adducts by treating GST-P1 with 

ONE 

 

Figure 33. The treatment of GST-P1 with ONE can result in the formation of single ONE 

adducts (blue) or multiple ONE adducts (red) in a single GST-P1 monomer. This results in the 

formation of cross-linked dimers and oligomers that can be separated during the in-gel imaging 

method by SDS-PAGE gel electrophoresis. 

 

 

 

 

 

The increase in the level of protein cross-linking induced by aONE compared to aHNE 

can be explained by the chemical reactivity of the aHNE and aONE protein adducts. (Figure 34) 

Upon the formation of a Michael addition protein adduct by aHNE the LPx no longer retains its 

original cis-trans stereochemistry. This allows the hydroxyl group at the C4 position to undergo 

an intramolecular reaction with the carbon in the aldehyde resulting in the formation of a five-

membered ring acetal product. The acetal formed reversibly from HNE is unreactive to Schiff 

base formation and is unable to cross-link, in contrast to ONE; resulting in relatively low 

amounts of protein crosslinking even at higher concentration of HNE. Two other factors also 

contribute to the increased reactivity of ONE: 1) statistically, there are double the number of 



64 

 

 
 

electrophilic carbon; and 2) the second keto group is electron-withdrawing and enhances the 

reactivity of ONE.  

 

 

 

 

 

Figure 34. Mechanism of HNE and ONE Michael addition reaction 

 

Figure 34. Top: The formation of a HNE Michael addition adduct can result in the formation of 

a five-membered ring aldol product. Bottom: The lack of an alcohol group at the 4 position of 

ONE prevents the formation of a cyclic aldol product. 

 

 

 

 

 

4. Conclusion 

ALDH2 is a key enzyme in the metabolism of LPx. We have validated that knocking out 

this enzyme in mice results in the development of age-dependent memory deficits that were not 

observed in the age matched WT mice. When the brain homogenates from WT and ALDH2 KO 

mice were subjected to chemical derivatization by hydrazide dyes, a significant increase in 
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protein carbonylation was observed in the brains of KO compared to the WT animals. Similar 

results were observed when WT and ALDH2-/- PC12 cells were treated with exogenous HNE. 

Additionally, enzyme activity assay showed that both HNE and ONE are inhibitors of ALDH2. 

These results demonstrate the fact that ALDH2 is a key enzyme in the metabolism of LPx, 

including HNE, and protects tissues or cells from the toxic effects of these molecules by 

reducing the modification of biomolecules by LPx.  

 The use of HNE and ONE alkyne derivatives, along with two near-IR dyes, 

allowed for the development of an in-gel imaging technique that allows for the detection and 

quantitation of all aHNE and aONE protein adducts.  This method was optimized using 

recombinant GST-P1 and the most abundant protein adducts this method detected were Michael 

addition and inter-molecular cross-linked adducts. However, when this method was used to 

analyze the protein adducts formed in the presence of recombinant Pin1 or isolated histones 

treatment with aHNE resulted in the formation of Michael addition adducts while aONE 

primarily caused the formation of intra-molecular cross-linked adducts. Finally, LC-MS/MS 

analysis of aHNE treated SHSY-5Y cell lysates resulted in the identification of 403 proteins that 

were modified by aHNE. This method does suffer from certain limitations including that it relies 

on the addition of exogenous aHNE or aONE to cells or a protein samples. Our method cannot 

be used to measure adducts formed by endogenous LPx. However, this method can be 

particularly useful when investigating LPx protein adducts to a specific protein or subset of 

proteins. One example of this was shown above in the use of this method to detect histone aHNE 

and aONE adducts.   
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5. Methods 

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO), ThermoFisher 

Scientific or Cayman Chemicals (Ann Arbor, MI) unless stated otherwise.  

5.1 Animal Behavioral Test: Novel Object Recognition 

The two phases to the NOR are habituation and testing. During habituation, the mice are 

exposed to two identical objects for 5 min and returned back to their home cage for 1 min. 

During testing, mice are exposed to a familiar object and a novel object and the time spent with 

each object is measured and the percentage of discrimination index is calculated (% 

discrimination index = (time spent with novel object/total time spent with objects)*100).  

5.2 General hydrazide derivatization method 

Alexa488 hydrazide: Whole brain homogenates (2 mg/mL) were incubated with 500 µM 

Alexa488 hydrazide (ThermoFisher) in 0.1 M phosphate buffer (pH=5.5) for 2 hours at room 

temperature. These proteins were then separated on a 4-12% Bis-Tris, 10 well, 1.5 mm SDS-

PAGE gel with 30 µg of protein loaded in each lane with NuPAGE LDS sample buffer (1x, 10% 

β-mercaptoethanol). These gels were run at 150V with 1x MOPS buffer and the gels were 

immediately imaged using a GE Typhoon Trio imager. 

Cy7 hydrazide: Whole brain homogenates (0.5 mg/mL) or PC12 cell lysates (0.5 mg/mL) 

were incubated with 50 µM Cy7.0 hydrazide (Lumirobe) in 0.1 M phosphate buffer (pH=5.5) for 

2 hours at room temperature. Half of the PC12 cells lysate samples were then reduced by 

incubated 25 mM NaCNBH3 at 37°C for 2 hours. These proteins were then separated on a 4-12% 

Bis-Tris, 12 well, 1.0 mm SDS-PAGE gel with 3.75 µg of protein loaded in each lane. These 

gels were run at 150V with 1x MOPS buffer and gels were immediately imaged using a LICOR 

Sa Imaging System. 
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5.3 ALDH2 enzyme kinetics 

Recombinant human ALDH2 (180 nM, Abnova) was preincubated with EtOH or 1, 10 or 

100 µM ONE or HNE and 500 µM NAD+ in an assay buffer (50 mM sodium pyrophosphate, pH 

= 8.8) for 5 min at 25°C. 1 mM of acetaldehyde was then added and the production of NADPH 

(340 nm) was monitored for 10 minutes. The rate of the reaction was then normalized to the rate 

of the reaction without ONE or HNE.  

5.4 Histone Isolation 

Histones were isolated from SHSY-5Y cells according to a previously published protocol 

Garcia, et, al.123 The SHSY-5Y cell pellet were was resuspended in nuclei isolation buffer (15 

mM Tris-HCl, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 250 mM sucrose, 1 mM DTT, pH=7.5) 

with 10% NP-40 and incubated on ice for 5 minutes. This cell suspension was then centrifuged 

for 5 minutes at 1000x g and 4°C. This resulting supernatant was then removed and the 

remaining cell pellet was washed three times by repeating this process using nuclei isolation 

buffer without NP-40. A solution of 0.4N H2SO4 was then slowly added to the washed pellet 

until five times the volume of the cell pellet was added. After gentle vortexing the cell pellets 

were incubated at 4°C with rotation for 4 hours. These pellets were then centrifuged at 3400x g 

for 5 minutes and the resulting supernatant was collected. TCA was gently added to the collected 

supernatant until the final concentration of TCA reached 20% and incubated on ice overnight. 

After centrifugation at 3400x g for 5 minutes the resulting supernatant was removed and the 

protein washed with acetone + 0.1% HCl. The centrifugation was repeated and the protein was 

washed with acetone two more times. After the acetone was evaporated, the resulting film was 

resuspended in dH2O. 
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5.5 In-gel imaging method 

The recombinant enzymes GST-P1 and Pin1 (0.1 µg/µL), in 0.1 M sodium phosphate 

buffer, pH = 7.4), isolated histones (0.1 µg/µL) or SHSY-5Y cell lysates (0.5 µg/µL) were 

incubated with EtOH, aHNE, and aONE (1, 5, 10, 25 µM) for one hour at 37°C. These samples 

were then divided in half. The components for the click reaction (1 mM CuSO4, 1 mM TCEP, 

100 µM TBTA, 250 µM Cy5.5 azide) were added to the first half of the reaction. 1 M HCl was 

used to adjust the pH of the second half of these sample from 7.4 to 5.5 before adding the Cy7.0 

hydrazide dye (2.5 mM). After incubating both sets of samples at 37 °C for two hours the 

reduction reaction was carried out for one hour after the addition of NaBH3CN (25 mM) to all 

samples. These samples were then recombined and NuPAGE LDS loading buffer with 10% β-

mercaptoethanol was added to each sample and heated to 70 °C for 15 min. These samples were 

on a 12% Bis-Tris, 12 well, 1.0 mm SDS-PAGE gel. For the recombinant enzymes and histones 

1.5 µg of protein was loaded in each land and 7.5 µg of protein from SHSY-5Y lysates. These 

gels were run at 150V with 1x MOPS buffer and gels were immediately imaged using the 

LICOR Sa imager. 

5.6 Biotin-streptavidin enrichment of LPx protein adducts 

SHSY-5Y cell lysates (1 mg/mL) in 0.1 M phosphate buffer (pH=7.4) were treated with 

EtOH, 5 µM, or 25 µM aHNE and these samples were incubated at 37°C for 1 hour. The 

components for the click reaction were then added: 1 mM CuSO4, 1 mM TCEP, 100 µM TBTA, 

500 µM N3-biotin and incubated for another hour at 37°C. The excess N3-biotin was then 

removed using molecular weight cutoff filters (10 kDa) and the samples were diluted 3x the 

original sample volume with 0.1 mM phosphate buffer (pH=7.4) and incubated with washed 

Pierce streptavidin magnetic beads (1/10th of sample volume) at room temperature with rotation. 
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The supernatant was then removed and the magnetic beads were washed sequentially using, 0.1 

M phosphate buffer (10x original sample volume), 1 M NaCl (2x original sample volume), twice 

with 0.1 M phosphate buffer (2x original sample volume). Finally the elution was conducted 

using 1% SDS and heating the samples to 90°C for 15 minutes. The resulting elution fractions 

were either separated by SDS-PAGE gel or prepared for LC-MS/MS analysis. The SDS-PAGE 

gel separation was done using a 4-12% Bis-Tris, 10 well, 1.5 mm SDS-PAGE gel with 30 µg of 

protein loaded in each lane. 

For the LC-MS/MS analysis the protein concentration of the elution fractions was 

determined using a PierceTM BCA protein assay kit (Thermo Scientific). The cysteines were 

alkylated by adding 50 mM TCEP that was incubated at 60°C for 10 minutes followed by the 

addition of 50 mM IAA. After a 1 hour incubation at room temperature the whole sample was 

loaded into an SDS-PAGE gel, however the gel was only run for ~10 minutes to run the samples 

into the stacking gel. After staining the gel with Coommassie Blue dye the resulting band was 

excised was subjected to in-gel trypsin digestion using the Pierce in-gel trypsin digestion kit 

(Thermo Scientific). The resulting peptides from the protein digests were desalted using Amika 

(Harvard Apparatus), Nest Part # SS18V, UltraMicroSpin Columns, 2-100µl (3-30µg) and dried 

using a SpeedVac. 

5.7 LC-MS/ MS Analysis 

The protein digests with 1% formic acid were analyzed using LTQ Velos Pro-Orbitrap 

high resolution mass spectrometer (Thermo Electron Corp., Bremen, Germany) equipped with a 

nanospray ESI source and nano-HPLC system (Agilent Technologies, Inc., Santa Clara, CA). 

The trapping cartridge and the capillary column used for separation were Zorbax 300 SB-C18 (5 

x 0.3 mm, 5 μm, Agilent Technologies) and Zorbax 300 SB-C18  (150 mm x 75 μm , 3.5 μm, 
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Agilent Technologies), respectively. Peptides were loaded onto the column with mobile phase A 

(5% acetonitrile, 0.1% formic acid) and separated at a flow rate of 250 nL/min through a 60 min 

gradient where mobile phase B (95% acetonitrile, 0.1% formic acid) increases from 5% to 

40%.  Higher energy collisional dissociation fragmentation was performed for the top-10 peaks 

in each MS scan. Resolution of the MS scans was 30,000 and 7500 for the MS/MS scans. The 

raw MS/MS data files were converted to MGF files and searched in Mascot search engine 

(Matrix Science, London, UK; version 2.2.07 http://www.matrixscience.com) against the 

Uniprot-human_20170926 database with the appropriate (deamidation, oxidation) variable 

modifications. Mascot was searched with a fragment ion mass tolerance of 0.60 Da and a parent 

ion tolerance of 15.0 ppm. For protein identification (ID) Scaffold (version Scaffold_4.8.4, 

Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein 

identifications. Peptide identifications were accepted if they could be established at greater than 

95.0% probability by the Peptide Prophet algorithm. Protein identifications were accepted if they 

could be established at greater than 99.0% probability and contained at least 2 identified 

peptides.  Protein probabilities were assigned by the Protein Prophet algorithm. For gene 

ontology (GO) interpretations, UniProt IDs of the identified proteins submitted to GORetriever 

were categorized using CateGOrizer. 
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CHAPTER 2. CHEMICAL SCAVENGERS OF REACTIVE 

ALDEHYDES PREVENT PROTEIN CROSS-LINKING 

 

1. Introduction 

1.1 Chemical Scavengers of LPx 

Different classes of nucleophilic small molecules have been explored as small molecule 

scavengers of LPx. The bifunctional reactivity of LPx allows for small molecule scavengers to 

react with LPx by two different mechanisms. Thiol containing small molecules such as 

glutathione (GSH), and N-acetylcysteine (NAC) react with LPx via Michael addition. A second 

class of small molecule scavengers react primarily via the Schiff base reaction and include 

carnosine, histidyl-hydrazide, and hydralazine.124 

 

 

 

 

Figure 35. Structures of LPx scavengers. 

 

Figure 35. Top: Chemical structures of the thiol containing scavengers NAC and GSH. Bottom: 

Chemical structure of aldehyde reactive scavengers LCS, HYD, and HH. 



72 

 

 
 

1.1.1 Glutathione 

 Glutathione (GSH) is an endogenous tripeptide composed of γ-glutamate, cysteine, and 

glycine residues. GSH is the most abundant non-protein thiol found in cells, with intracellular 

concentrations in the millimolar range, that has important antioxidant activity and a role in 

xenobiotic metabolism.125 The conjugation of HNE and GSH accounts for 20%-50% of HNE 

metabolism in rat hepatocytes treated with 50- 250 µM HNE.126 The reaction of LPx with GSH 

occurs spontaneously but the rate of this conjugation reaction is accelerated by glutathione-S-

transferases (GSTs).127-128 There are 22 human isoforms of GSTs and the A4-4 isoform of GST 

has the highest specific activity for the conjugation of HNE with GSH.128-129 The treatment of rat 

hepatoma or PC12 cells with LPx has also been shown to induce the expression of GSTA1-1 and 

GSTA4-4.130-131 The crystal structure of GSH-HNE bound to mGSTA4-4 has also been 

reported.132 

1.1.2 N-Acetylcysteine 

N-acetylcysteine (NAC) is a precursor of L-cysteine required for glutathione synthesis.133 

NAC has been shown to decrease levels of protein carbonylation in the hepatic tissue of 

acetaminophen treated mice, methamphetamine treated N27 cells, the muscle tissue of a mouse 

model of Duchenne muscular dystrophy, and spermine treated human aortic smooth muscle 

cells.134-137 

1.1.3 L-Carnosine 

L-Carnosine (β-alanyl-L-hystidine) is an endogenous dipeptide synthesized by carnosine 

synthase from β-alanine and histidine.138 L-Carnosine contains two nucleophilic sites, an 

imidazole ring and an amino group, both of which are capable of forming conjugates with LPx 

although the terminal amino group from β-alanine is not reactive at physiological pH. Carnosine 
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was first demonstrated to have potential scavenging activity by Hipkiss, et al. in 1997 when they 

reported that carnosine (20 mM) reduced cell death in rat brain endothelial cells treated with 

MDA (4 mM).139 The addition of L-carnosine to liposomes was reported to trap 40% of the free 

MDA produced from the lipid peroxidation induced by FeSO4 and ascorbic acid.140 The 

incubation of α-crystallin (1 mg/mL) with MDA (100 mM) for 1-8 hours produced inter-

molecular protein cross-linking that was observed when these samples were separated by SDS-

PAGE gel electrophoresis and stained by Coomassie blue dye. This crosslinking was decreased 

when carnosine (200 mM) was added to the incubation of MDA and α-crystallin.141  

The structure of carnosine-acrolein adducts have been identified by LC-MS/MS, and this 

analysis reported that a single carnosine molecule is also capable of reacting with one to three 

acrolein molecules (Figure 36).142 The most abundant carnosine-acrolein adduct identified from 

human urine samples is produced from the sequential reaction of the amino group from the β-

alanine with two acrolein molecules followed by the cyclization and dehydration of the two 

acrolein molecules to form a β-picolinium ring (Figure 37).143  However, other reports that 

monitored free acrolein by HPLC showed that after 30 minutes only ~40% of 0.5 mM acrolein 

was scavenged by 0.5 mM carnosine, classifying carnosine a poor scavenger of acrolein.124 The 

incubation of RNase (1 mM) with HNE (7.5 mM) for 72 hours in pH 7.4 phosphate buffer 

resulted in the intermolecular cross-linking of RNase that was visualized after these samples 

were separated by SDS-PAGE gel electrophoresis and stained by GelCode Blue Stain. The 

coincubation of RNase, HNE and carnosine (1-200 mM) was shown to prevent the HNE induced 

cross-linking of RNase in vitro at concentrations greater than 10 mM.144 However, carnosine is 

not effective at preventing protein crosslinking caused by ONE when similar experiments were 

conducted using β-lactoglobulin, ONE (0.5-2 mM), and carnosine (1 mM).145  
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L-Carnosine was evaluated as a scavenger of HNE by Guiotto, et. al., by monitoring the 

loss of the L-carnosine and other scavengers (28 mM) in the presence of HNE (1.4 mM). The 

results from these experiments report that 80% of L-carnosine is lost after a two hour incubation 

with HNE.146 It has been shown that L-carnosine is nearly five time more effective at trapping 

HNE than N-acetyl-carnosine in phosphate buffer (pH 7.4) over 24 hours. This indicates that the 

mechanism of HNE scavenging by carnosine is faster when both nucleophilic sites are available. 

These results are supported by both NMR and LC-MS/MS analysis that reported the formation of 

a cyclic conjugate upon the reaction of carnosine with HNE.147-148 
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Figure 36. Chemical structures of carnosine acrolein adducts 

 

Figure 36. The chemical structures of carnosine-acrolein adducts formed in vitro and identified 

by LC-MS/MS analysis. The atoms colored in red are from one, two, or three acrolein molecules. 
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Figure 37. Structure and mechanism of carnosine acrolein adduct detected in human 

urine. 

 

Figure 37. The proposed mechanism for the formation of carnosine-acrolein adduct containing 

two acrolein molecules resulting in the formation of a β-picolinium ring. These carnosine-

acrolein adducts were detected in human urine samples. The atoms colored in red are from two 

acrolein molecules. 

 

 

 

 

 

1.1.4 Histidyl-Hydrazide 

The exploration of histidyl-hydrazide as a scavenger of HNE was first reported by 

Guiotto, et al. when evaluating analogs of carnosine.146 The reactivity of these analogs was 

measured in vitro by incubating HNE (28 mM) with each carnosine analog (1.4 mM) in 

phosphate buffer (pH=7.4) for 1-24 hours. The amount of free scavenger was then determined by 

HPLC. This experiment reported that histidyl-hydrazide was the most effective scavenger of 

HNE with only 10% of histidyl-hydrazide remaining after one hour. In this same report histidyl-

hydrazide demonstrated concentration dependent (20-600 µM) protection of SHSY-5Y cells 

from HNE induced cell death (10 or 20 µM).146 In a second report Guiotto, et al. evaluated a 
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second generation group of analogs which were shown to be effective scavengers of MDA.140 

HH was reported to protect primary neurons from cell death induced by HNE (10 µM) or 

glucose deprivation (12 hr). In the same report HH was also evaluated in a mouse model of 

ischemic stroke to determine if the ability of histidyl-hydrazide to scavenge LPx produced 

neuroprotective activity in vivo. This study showed that both the pre-treatment and post-

treatment (1 or 3 hr) of these mice with histidyl-hydrazide (20 mg/kg) reduced the volume of 

infarct resulting from ischemic stroke. Histidyl-hydrazide was also suggested to penetrate the 

blood-brain barrier, based on one LC-MS trace, without pharmacokinetics.149 

1.1.5 Hydralazine 

Hydrazine protects PC12 cells from cell death induced by acrolein and has been reported 

to prevent RNase A crosslinking induced by acrolein, demonstrated by incubating RNase A (2.1 

mg/mL) with acrolein (3.2 mM) and hydralazine (0.3-3 mM) prior to separating these sample by 

SDS-PAGE gel electrophoresis and staining by Coomassie blue dye.150-151 Hydralazine was 

evaluated in a rat model of spinal cord injury and was shown to decrease the level of acrolein 

protein adducts in the spinal cord compared to the untreated animals. The treatment of these 

animals with hydrazide immediately following the delivery of the spinal cord injury resulted in 

significant protection from tissue damage caused by this injury, which was evaluated by 

measuring acrolein protein adducts using immunoblotting and an anti-acrolein antibody.152-154 

Similar results were observed in animal models of diabetic neuropathy, neuroinflammation, and 

hepatotoxicity.154-156 Hydralazine was reported to prevent the formation of amyloid β (Aβ) fibrils 

caused by the incubation of Aβ with HNE in vitro and measured by western blot using anti-Aβ 

and anti-HNE antibodies.157  
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A small library of hydrazine derivatives were evaluated as LPx scavengers and for 

antiatherogenic activity. In this small library all the derivatives, with the exception of isoniazid 

and pargyline, were shown to decrease the production of thiobarbituric acid reactive substances 

(TBARS), and protected HMEC-1 cells from the cell death induced by oxidized LDL. 

Compounds from this library also prevented the formation of atherosclerosis lesions in apoE-/- 

mice, and as shown by Western Blot analysis (anti-HNE and anti-acrolein antibodies), to prevent 

the formation of HNE protein adducts and acrolein protein adducts.158 

2. Results 

2.1 Chemical Reactivity of LPx Scavengers 

The reactivity of hydralazine, histidyl-hydrazide, L-carnosine, N-acetylcysteine, and 

glutathione with equimolar 4-hydroxynonenal and 4-oxononenal was monitored using UV-

HPLC analysis. HNE or ONE (500 µM) were incubated at room temperature with each 

scavenger (500 µM) in 0.1 M phosphate buffer (pH=7.4) for 0-6 hours. The reaction of HNE or 

ONE with each scavenger was monitored by measuring the area under the curve corresponding 

to free HNE or ONE. These measurements were taken every 1.25 hours in order to determine the 

amount of free LPx remaining in the presence of each scavenger. Control samples, without any 

scavenger, were also monitored over time and showed that there was no significant change in the 

level of free HNE or ONE in the control samples. 

The most effective scavengers of HNE were the thiol containing scavengers: GSH and 

NAC. The level of free HNE reached a steady state of 100 µM and 125 µM of the free HNE 

remaining after 2.5 hours in the presence of GSH or NAC respectively. Of the aldehyde reactive 

scavengers, HYD was the most efficient aldehyde reactive scavenger of HNE with 250 µM of 
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the HNE remaining after two hours, and decreasing to 125 µM after six hours. At neutral pH 

more than 350 µM of HNE remained after incubation with HH and LCS (Figure 38).  

These scavengers all showed greater reactivity with ONE than HNE. The incubation of 

ONE with GSH, NAC, and HYD resulted in nearly complete loss of free ONE within a few 

minutes of initiating the reaction. After 2.5 hours of incubation with HH, 200 µM ONE 

remained, decreasing to 100 µM after six hours. In the presence of L-carnosine the concentration 

of ONE decreased linearly, with 220 µM of ONE remaining after six hours (Figure 39). 

 

 

 

 

 

Figure 38. Reactivity of HNE with aldehyde reactive and thiol containing scavengers. 

 

Figure 38. The concentration of free HNE was monitored by UV-HPLC. 500 µM HNE was 

incubated in 0.1 M phosphate buffer (pH=7.4) with 500 µM of each scavenger: glutathione 

(GSH), N-acetylcysteine (NAC), histidyl-hydrazide (HH), hydralazine (HYD), and L-carnosine 

(LCS). These reactions were incubated at room temperature and monitored at six time points 

from 0-6 hours. Each data point represents the mean ± SEM of triplicate experiments. 
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Figure 39. Reactivity of ONE with aldehyde reactive and thiol containing scavengers. 

 

Figure 39. The concentration of free ONE was monitored by UV-HPLC. 500 µM HNE was 

incubated in 0.1 M phosphate buffer (pH=7.4) with 500 µM of each scavenger: glutathione 

(GSH), N-acetylcysteine (NAC), histidyl-hydrazide (HH), hydralazine (HYD), and L-carnosine 

(LCS). These reactions were incubated at room temperature and monitored at six time points 

from 0-6 hours. Each data point represents the mean ± SEM of duplicate experiments. 
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 The effect of increasing concentrations of HH and acidic pH on the reaction of HH with 

HNE and ONE was evaluated in order to better understand the reactivity of HNE and ONE with 

HH. The reaction of 500 µM HNE or ONE was monitored in the presence of 0.5-5 mM HH. 

After 2.5 hours, and at the lowest concentration of HH, 375 µM of free HNE remained in the 

sample. With increasing concentrations of HH the level of free HNE decreased to 280 µM, 160 

µM, and 30 µM at the same time point in the samples with 1, 2, and 5 mM HH (Figure 40). The 

increased reactivity of ONE with HH resulted in the rapid scavenging of ONE at higher 

concentrations of HH with the amount of free ONE decreasing to less than 100 µM in the 

presence of 1 mM HH after 2.5 hours and nearly complete scavenging of ONE after the same 

period time when the concentration of HH was increased to 2 and 5 mM (Figure 41). 
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Figure 40. Concentration dependent reactivity of HNE with histidyl-hydrazide 

 

Figure 40. The concentration of free HNE was monitored by UV-HPLC. 500 µM HNE was 

incubated in 0.1 M phosphate buffer (pH=7.4) with 0.5, 1, 2, 5 mM of histidyl-hydrazide (HH). 

These reactions were incubated at room temperature and monitored at six time points from 0-6 

hours. Each data point represents the mean ± SEM of duplicate experiments. 
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Figure 41. Concentration dependent reactivity of ONE with histidyl-hydrazide 

 

Figure 41. The concentration of free ONE was monitored by UV-HPLC. 500 µM HNE was 

incubated in 0.1 M phosphate buffer (pH=7.4) with 0.5, 1, 2, 5 mM of histidyl-hydrazide (HH). 

These reactions were incubated at room temperature and monitored at six time points from 0-6 

hours. Each data point represents the mean ± SEM of duplicate experiments. 
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Decreasing the pH of the phosphate buffer from pH=7.4 to pH=5.5 resulted in an 

increased rate of reactivity with HNE at higher concentrations of HH (Figure 42). When 500 µM 

HNE was incubated with equimolar HH no significant change in the scavenging of HNE by HH 

was observed with a change in the pH. A five-fold increase in the concentration of HH to 2.5 

mM resulted in a significant increase in the rate of the reaction of HH with HNE in the pH 5.5 

phosphate buffer compared to when the reaction conducted at neutral pH. 

 

 

 

 

 

Figure 42. Reactivity of HNE with histidyl-hydrazide at pH 7.4 and pH 5.5 

 

Figure 42. The concentration of free HNE was monitored by UV-HPLC. 500 µM HNE was 

incubated in 0.1 M phosphate buffer (pH=7.4 or pH=5.5) with 500 µM or 2.5 mM of histidyl-

hydrazide (HH). These reactions were incubated at room temperature and monitored at six time 

points from 0-6 hours. Each data point represents the mean ± SEM of duplicate experiments. 
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2.2 Neuroprotection 

The treatment of SHSY-5Y cells with 10 µM HNE resulted in 50% cell death after 24 

hours. When these cells were co-treated with 10 µM HNE and 50-500 µM LCS, HYD, HH, and 

NAC all of the scavengers were shown to be protective. NAC prevented any HNE induced cell 

death at 50 µM but showed slight cell toxicity at the highest concentrations. The co-treatment of 

SHSY-5Y with HYD resulted in only ~25% cell death at all the concentrations tested. Finally, 

both LCS and HH showed dose dependent neuroprotective activity with HH being the more 

neuroprotective scavenger of HNE at the highest concentration tested in this cell line. 

 

 

 

 

 

Figure 43. Cell viability of SHSY-5Y cells treated with HNE and LPx scavengers. 

 

Figure 43. SHSY-5Y cells were treated with EtOH, 10 µM HNE, or cotreated with 10 µM HNE 

and 50-500 µM of L-carnosine, hydralazine, histidyl-hydrazide, or N-acetylcysteine for 24 hours 

prior to measuring cell viability by MTT. 
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SHSY-5Y cells were also treated with 5 µM ONE resulting in 50% cell death after 24 

hours. Only the cotreatment of these cells with 50-500 µM NAC and 500 µM HH were observed 

to completely protect SHSY-5Y cells from the cell toxicity induced by 5 µM ONE. Similar to the 

results reported with the treatment of HNE, NAC was the most neuroprotective scavenger, 

preventing any significant cell death at 50 µM. The co-treatment of SHSY-5Y cells with 50-500 

µM HH showed concentration dependent neuroprotective activity. However, the cotreatment of 

these cells with both LCS and HYD resulted in only low levels of neuroprotective activity at all 

tested concentrations with the treatment with 5 µM ONE. 

2.3 Prevention of LPx protein adducts by GSH and NAC 

The thiol containing scavengers GSH or NAC (25-250 µM) were pre-incubated with 

aHNE (25 µM) for one hour at 37°C prior to adding this mixture to SHSY cell lysates (0.5 

µg/µL). After a second one hour incubation was completed the sample preparation for the dual 

color nearIR imaging technique was then used in order to measure the ability of these scavengers 

to prevent the formation of aHNE-protein adducts. Figures 44 and 45 show that the addition of 

increasing concentrations of GSH and NAC resulted in the concentration dependent decrease in 

the formation of aHNE protein adducts in the SHSY cell lysates. An equal decrease in both the 

red and green dye signals indicates that both of these thiol containing scavengers prevent the 

formation of Michael addition aHNE-protein adducts. The level of aHNE protein adducts in 

SHSY-5Y cell lysates was quantified by selecting two protein bands (40 and 55 kDa) in the 250 

µM NAC or GSH samples and the signals for both dyes were normalized to the intensities of 

each signal from the same bands of the aHNE treated sample alone. The treatment of cell lysates 

with 250 µM GSH or NAC resulted in ~50% or ~40% decrease in the signals from both dyes, 

respectively.  
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GST-P1 was used as a model system in order to further investigate and quantify the 

ability of the thiol-containing scavengers to inhibit the formation of aHNE protein adducts. 

However, only NAC could be evaluated in this model system, because GSH is a substrate for 

GST-P1 which complicated the interpretation of the results of these experiments. The pre-

incubation of NAC (25-250 µM) with aHNE (25 µM) prior to the addition of GST-P1 resulted in 

a dose dependent decrease in the signals from both the azide and hydrazide dyes in the presence 

of 50-250 µM NAC and a ~50% decrease in the signal from both dyes was observed at the 

highest concentration of NAC (Figure 46). 
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Figure 44. Co-treatment of SHSY-5Y cells with aHNE and GSH. 

 

Figure 44. Left: SHSY-5Y lysates (0.5 µg/µL) were treated with EtOH, 25 µM aHNE, or 

cotreated with 25 µM aHNE and 25-250 µM GSH. Each lane of the gel contains 30 µg of 

protein. The white rectangles in the image overlay indicate the two regions of the gel that were 

quantified in order to measure the aHNE-protein adducts. Right: The signals from the azide dye 

(red) and hydrazide dye (green) in the aHNE only and aHNE plus 250 µM GSH samples were 

quantified at the 40 and 55 kDa gel regions, and the data were normalized to the aHNE only 

treated samples. Each image is representative of two independent experiments and the data 

represents the mean ± SEM of these experiments. 
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Figure 45. Co-treatment of SHSY-5Y cells with aHNE and NAC. 

 

Figure 45. Left: SHSY-5Y lysates (0.5 µg/µL) were treated with EtOH, 25 µM aHNE, or 

cotreated with 25 µM aHNE and 25-250 µM NAC. Each lane of the gel contains 30 µg of 

protein. The white rectangles in the image overlay indicate the two regions of the gel that were 

quantified in order to measure the aHNE-protein adducts. Right: The signals from the azide dye 

(red) and hydrazide dye (green) in the aHNE only and aHNE plus 250 µM NAC samples were 

quantified at the 40 and 55 kDa gel regions, and the data were normalized to the aHNE only 

treated samples. Each image is representative of two independent experiments and the data 

represents the mean ± SEM of these experiments. 
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Figure 46. NAC prevents formation of aHNE GST-P1 WT protein adducts. 

 

Figure 46. Top: GST-P1 WT (0.1 µg/µL) was treated with EtOH, 25 µM aHNE, or cotreated 

with 25 µM aHNE and 25-250 µM NAC. Each lane of the gel contains 1.5 µg of protein. 

Bottom: The signals from the azide dye (red) and hydrazide dye (green) were then quantified. 

These results show that there is a dose dependent decrease in the signals from both dyes with an 

increasing concentration of NAC. Each image is representative of three independent experiments 

and the data represents the mean ± SEM of these experiments. 

 

 



91 

 

 
 

In order to address if these thiol containing scavengers prevent protein crosslinking, 

aONE (25 µM) was pre-incubated with NAC (25-250 µM) for one hour prior to the addition of 

GST-P1. These samples were then incubated for one hour prior to the addition of the cyanine5.5-

azide dye and other click reaction components. These samples were then separated by SDS-

PAGE gel electrophoresis and imaged using the LICOR Sa imager. The results from this 

experiment show that the preincubation of NAC with ONE causes a concentration dependent 

increase of the signal from azide dye at the 25 kDa molecular weight region of the gel, the 

molecular weight of the GST-P1 monomer. There is also a significant decrease in the signal from 

the azide dye at the 50 kDa region of the gel with increasing concentrations of NAC (Figure 47). 

This indicates that this thiol-containing scavenger prevents the formation of aONE 

intermolecular cross-linked GST-P1 adducts. 
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Figure 47. Prevention of aONE inducted GST-P1 crosslinking by NAC 

 

Figure 47. Top: GST-P1 WT (0.1 µg/µL) was treated with EtOH, 25 µM aONE, or cotreated 

with 25 µM aONE and 25-250 µM NAC. Each lane of the gel contains 1.5 µg of protein. 

Bottom: The signals from the azide dye (red) at the 25 and 50 kDa region of the gel were then 

quantified. These results show that there is a dose dependent increase in the 700 nm signal at the 

monomer (25 kDa) region of the gel and a decrease at the dimer (50 kDa) region of the gel with 

an increasing concentration of NAC. Each image is representative of three independent 

experiments and the data represents the mean ± SEM of these experiments. 
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2.4 Aldehyde Reactive Scavengers Prevent LPx Induced Protein Cross-linking 

The aldehyde reactive scavengers HH and HYD (25-250 µM) were pre-incubated with 

aHNE (25 µM) prior to adding this mixture to SHSY cell lysates (0.5 µg/µL) and completing the 

sample preparation for our in-gel imaging method. The final images show that with an increasing 

concentration of these scavengers there was a significant increase in the incorporation of the 

azide dye (red) without any significant increase in the signal from the hydrazide dye (green). 

This indicates that these scavengers actually result in the increased formation of aHNE protein 

adducts in SHSY-5Y cell lysates. However there is no observable increase in the green (800 nm) 

signal from the hydrazide dye because the aldehyde of aHNE has formed a Schiff base with the 

aldehyde reactive scavengers preventing any reaction with the hydrazide dye (Figures 48 and 

50).  

The GST-P1 model system was then used in order to validate and more accurately 

quantify this observed increase of aHNE protein adducts in SHSY-5Y cells. Using this model 

system the preincubation of aHNE with HH and HYD resulted in an increase in the signal of the 

700 nm channel (red) without any change or a decrease in the signal from the 800 nm signal 

(green) for both HYD and HH. At 250 µM HYD there is a 40% increase in the 700 nm signal 

and a >50% decrease in the 800 nm channel. Although HYD was the most effective scavenger of 

HNE in the HPLC experiments, the lack of significant signal increase in the 700 nm channel 

from 250 µM HYD compared to 100 µM HYD may be attributed to the limited solubility of 

HYD-HNE conjugates that was also observed during the HPLC reactivity experiments (Figure 

51). For HH there is a dose dependent increase in the signal from the azide dye with a 75% 

increase in this signal at the highest concentration of histidyl-hydrazide. However there is no 

significant change in the 800 nm channel with the increased concentration of HH (Figure 49). 
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This observed increase in signal from the azide dye in the sample treated with higher 

concentrations of HYD and HH is due to the increase in the signal from the monomer band. We 

hypothesize that this increase in the signal from the treatment with the aldehyde-reactive dyes 

occurs due to the prevention of protein cross-linking induced by the treatment of aHNE resulting 

in an increase in the amount of Michael addition monomer adducts. 
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Figure 48. Co-treatment of SHSY-5Y cells with aHNE and HH. 

 

Figure 48. Left: SHSY-5Y lysates (0.5 µg/µL) was treated with EtOH, 25 µM aHNE, or 

cotreated with 25 µM aHNE and 25-250 µM HH. Each lane of the gel contains 30 µg of protein. 

The white rectangles in the image overlay indicate the two regions of the gel that were quantified 

in order to measure the aHNE-protein adducts. Right: The signals from the azide dye (red) and 

hydrazide dye (green) in the aHNE only and aHNE plus 250 µM HH samples were quantified at 

the 40 and 55 kDa gel regions and the data was normalized to the aHNE only treated samples. 

Each image is representative of two independent experiments and the data represents the mean ± 

SEM of these experiments. 
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Figure 49. HH increases the formation of aHNE GST-P1 WT protein adducts. 

 

Figure 49. Top: GST-P1 WT (0.1 µg/µL) was treated with EtOH, 25 µM aHNE, or cotreated 

with 25 µM aHNE and 25-250 µM HH. Each lane of the gel contains 1.5 µg of protein. Bottom: 

The signals from the azide dye (red) and hydrazide dye (green) were then quantified. These 

results show that there is a dose dependent increase in the signals from the hydrazide dye, but no 

significant increase in the signal from the hydrazide dye with the increasing concentration of 

HH. Each image is representative of four independent experiments and the data represents the 

mean ± SEM of these experiments. 
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Figure 50. Co-treatment of SHSY-5Y cells with aHNE and HYD. 

 

Figure 50. Left: SHSY-5Y lysates (0.5 µg/µL) was treated with EtOH, 25 µM aHNE, or 

cotreated with 25 µM aHNE and 25-250 µM HYD. Each lane of the gel contains 30 µg of 

protein. The white rectangles in the image overlay indicate the two regions of the gel that were 

quantified in order to measure the aHNE-protein adducts. Right: The signals from the azide dye 

(red) and hydrazide dye (green) in the aHNE only and aHNE plus 250 µM HYD samples were 

quantified at the 40 and 55 kDa gel regions and the data was normalized to the aHNE only 

treated samples. Each image is representative of two independent experiments and the data 

represents the mean ± SEM of these experiments. 
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Figure 51. HYD increases the formation of aHNE GST-P1 WT protein adducts. 

 

Figure 51. Top: GST-P1 WT (0.1 µg/µL) was treated with EtOH, 25 µM aHNE, or cotreated 

with 25 µM aHNE and 25-250 µM HYD. Each lane of the gel contains 1.5 µg of protein. 

Bottom: The signals from the azide dye (red) and hydrazide dye (green) were then quantified. 

These results show that there is a dose dependent increase in the signals from the hydrazide dye, 

but a significant decrease in the signal from the hydrazide dye with the increasing concentration 

of HYD. Each image is representative of four independent experiments and the data represents 

the mean ± SEM of these experiments. 

 

 



99 

 

 
 

In order to validate this prevention of protein cross-linking by the aldehyde reactive 

scavengers we also investigated if these aldehyde reactive scavengers prevent the formation of 

cross-linked LPx adducts induced by the treatment of GST-P1 with aONE. GST-P1 was 

incubated with 25 µM aONE in the presence or absence of the aldehyde-reactive scavengers. 

When HYD (25-250 µM) was pre-incubated with aONE for one hours the cross-linking caused 

by 25 µM aONE was inhibited by 50 uM HYD. This can be seen in the quantitation of the 25 

kDa region of the gel which contains the GST-P1-aONE adducts that have incorporated a 

hydralazine molecule at the aldehyde position of aONE and therefore preventing the formation 

of protein crosslinked adducts. The protein adducts quantified at the 50 kDa region on the other 

hand consist primarily of aONE adducts where the aldehyde group is involved to the formation 

of a protein cross-linked adduct (Figure 52). Therefore the efficient scavenge of aONE by HYD, 

as observed in the HPLC data reported above, prevent GST-P1 cross-linking induced by aONE 

and results in a significant increase in the signal from the azide dye at the monomer region (25 

kDa) of the gel and nearly a complete loss of the azide dye signal at the dimer (50 kDa) region of 

the gel. 

The conditions for the preincubation of HH with aONE were adjusted slightly due to the 

lower reactivity of HH with aONE seen in the HPLC reactivity data reported in Figure 41. The 

same conditions as the concentration dependent HPLC reactivity analysis were used; therefore 

HH (0.5-5 mM) was incubated with aONE (0.5 mM) for two hours at room temperature in 0.1 M 

phosphate buffer (pH=7.4). These samples were then diluted to a final concentration of 25-250 

µM HH and 25 µM aONE and incubationed with GST-P1 (0.1 µg/µL) at 37°C for one hour. The 

gel images from this experiment show that HH prevents GST-P1 crosslinking at 100 µM HH 

(Figure 53). This can be seen by the increase in the signal at the monomer region (25 kDa) of the 
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gel, however there is also an increase in the dye signal from the dimer region (50 kDa) which can 

be attributed to HH preventing of the formation of high molecular weight GST-P1 oligomers. 

The same experimental conditions were used to detect aONE induced cross-linking in SHSY-5Y 

cell lysates. The results from this experiment shows that the treatment of SHSY-5Y (0.5 µg/µL) 

with 25 µM aONE caused a high level of protein cross-linking whith explains the lack of clearly 

resolved proteins adducts into distinct bands by SDS-PAGE gel electrophoresis. The pre-

incubation of aONE with increasing concentrations of HH (25-250 µM) resulted in the 

reappearance of distinctive bands in the 38-70 kDa region of the gel indicating that HH prevents 

aONE induced cross-linking in SHSY-5Y cell lysates (Figure 55). 
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Figure 52. HYD prevents aONE induced GST-P1 cross-linking 

 

Figure 52. Top: GST-P1 WT (0.1 µg/µL) was treated with EtOH, 25 µM aONE, or cotreated with 

25 µM aONE and 25-250 µM HYD. Each lane of the gel contains 1.5 µg of protein. Bottom: The 

signals from the azide dye (red) at the 25 and 50 kDa region of the gel was then quantified. These 

results show that there is a dose dependent increase in the 700 nm signal at the monomer (25 kDa) 

region of the gel and a decrease at the dimer (50 kDa) region of the gel with the increasing 

concentration of HYD. Each image is representative of four independent experiments and the data 

represents the mean ± SEM of these experiments. 
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Figure 53. HH prevents aONE induced GST-P1 cross-linking 

 

Figure 53. Top: GST-P1 WT (0.1 µg/µL) was treated with EtOH, 25 µM aONE, or cotreated with 

25 µM aONE and 25-250 µM HH. Each lane of the gel contains 1.5 µg of protein. Bottom: The 

signals from the azide dye (red) at the 25 and 50 kDa region of the gel was then quantified. These 

results show that there is a dose dependent increase in the 700 nm signal at the monomer (25 kDa) 

region of the gel and an increase at the dimer (50 kDa) region of the gel with the increasing 

concentration of HH. Each image is representative of four independent experiments and the data 

represents the mean ± SEM of these experiments. 
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Figure 54. HH prevents aONE induced cross-linking in SHSY-5Y cells lysates. 

 

Figure 54. SHSY-5Y cell lysates (0.5 µg/µL) was treated with EtOH, 25 µM aONE, or co-

treated with 25 µM aONE and 25-250 µM HH. Each lane of the gel contains 3.75 µg of protein. 

All distinct bands are lost in the sample treated with 25 µM aONE indicating a high level of 

protein crosslinking. The addition of increasing concentrations of HH causes the reappearance of 

distinct bands due to a blocking of aONE induced cross-linking. 
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2.5 Alkyne-histidyl-hydrazide Validates HH Prevention of Protein Cross-linking 

 In order to validate that HH is incorporated into the LPx protein adducts and accounts for 

both the increase in aHNE protein adducts and the prevention of aONE induced crosslinking an 

alkyne containing histidyl-hydrazide probe (aHH) was synthesized. The same HPLC method used 

to evaluate the reactivity of the LPx scavengers with HNE and ONE was used to validate that this 

aHH probe has the same reactivity with LPx as HH. This aHH probe (5 mM) was then preincubated 

with HNE or ONE (0.5 mM) for two hours prior to dilution of these samples with the GST-P1 (0.1 

µg/µL) containing buffer. After incubating these samples at 37°C for one hour all of the 

components of the click reaction were added. After the click reaction the samples were reduced 

with NaCNBH3 in order to prevent any loss of the aHH by the reversal of the Schiff base reaction. 

These protein adducts were than separated by SDS-PAGE gel electrophoresis and the resulting 

gels were imaged using the LICOR Sa imaging system. In these imagines any signal detected in 

the 700 nm channel is due to the incorporation the cyanine5.5-azide dye clicked to alkyne 

functional group within the aHH. The results from these experiments show an increased 

incorporation of the azide dye when GST-P1 was incubated with HNE or ONE and increasing 

concentrations of aHH (Figure 56). There is also a significant increase in the signal from the azide 

dye at the 25 kDa region of the gel in the ONE treated samples indicating that the incorporation of 

the aHH probe accounts for the prevention of GST-P1 induced protein crosslinking by ONE. 
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Figure 55. Reactive of aHH with HNE and ONE. 

 

Figure 55. The concentration of free HNE or ONE was monitored by UV-HPLC. 500 µM HNE 

or ONE was incubated in 0.1 M phosphate buffer (pH=7.4) with 500 µM of alkyne-histidyl-

hydrazide (aHH). These reactions were incubated at room temperature and monitored at six time 

points from 0-6 hours. Each data point represents the mean ± SEM of duplicate experiments. 
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Figure 56. Alkyne-HH validates that HH prevents GST-P1 cross-linking. 

 

Figure 56. Top: GST-P1 WT (0.1 µg/µL) was treated with 25 µM HNE, or cotreated with 25 

µM HNE and 25-250 µM alkyne-HH. Each lane of the gel contains 1.5 µg of protein. Bottom: 

GST-P1 WT (0.1 µg/µL) were treated with 25 µM ONE, or cotreated with 25 µM ONE and 25-

250 µM alkyne-HH. Each lane of the gel contains 1.5 µg of protein. Each image is representative 

of three independent experiments and the data represents the mean ± SEM of these experiments. 
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3. Discussion 

Aldehyde reactive scavengers have been reported to protect against the formation of protein 

adducts with LPx.158-163 These reports utilized anti-HNE or anti-ACR antibodies to measure 

HNE or ACR protein adducts or chemical derivatization by DNPH to measure total protein 

carbonylation. The results from all of these studies report that the formation of LPx protein 

adducts is reduced by the treatment of HH, carnosine derivatives, and hydralazine analogs in a 

variety of tissues including: isolated mitochondria, mesangial cells, arterial smooth muscle cells, 

and mouse or rat aorta homogenates.158-163 It was previously hypothesized that the reported 

ability of scavengers to prevent the formation of LPx protein adducts can be linked to the 

observed protective activity of these compounds to in cells or tissues against LPx induced cell 

death.159, 161-162 However, using our dual color near-IR imaging methodwe have shown that the 

more reactive aldehyde reactive scavengers, HYD and HH, caused an increase in the formation 

of LPx protein adducts in both SHSY-5Y whole cell lysates and in the model GST-P1 system. 

This can be explained by the fact that the LPx-scavenger conjugates, resulting from the 

preincubation of HYD and HH with aONE or aHNE, still contain a functional group which can 

serve as a Michael acceptor (Figure 57). The previous reports cited above could have reported 

the decrease in LPx protein adduct formation by these aldehyde reactive scavengers because the 

formation of the scavenger-LPx conjugate results in the masking of the resulting scavenger-LPx-

protein adduct from the commonly used methods for the detection LPx protein adducts (Figure 

58). 

 Even though the aldehyde scavengers HH and HYD do not decrease the level of total 

aHNE or aONE adducts, the formation of a Schiff base conjugate by HYD or HH does prevent 

the protein crosslinking caused by the addition of aONE to GST-P1 and SHSY-5Y cell lysates. 
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The prevention of protein cross-linking by the aldehyde reactive scavengers could account for 

the observed neuroprotective activity of these scavengers in SHSY-5Y cells. The aggregation of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been reported to form protein 

aggregates under conditions of oxidative stress. GAPDH contains three Cys residues (Cys152, 

Cys156, Cys 247) but only the mutation of Cys152 to Ala152 prevented the aggregation of 

GAPDH after treatment with the nitric oxide donors 1-(±)-4-ethyl-2[(E)-hydroxyimino]-5-nitro-

2-hexenamide or 2,2’-(hydroxynitrosohydrazino)bis-ethanamine (NOC-18). The doxcycline-

induced expression of C152A GAPDH in SHSY-5Y cells protected these cells against dopamine 

or NOC-18 toxicity.164-165 Proteomic LC-MS/MS analysis has shown that HNE and acrolein 

covalently modify GAPDH, with acrolein specifically forming an adduct at Cys152.166-167 Our 

own proteomic analysis identified GAPDH as one of the proteins modified by aHNE in SHSY-

5Y cell lysates. Therefore, the prevention of GAPDH cross-linking by HNE or ONE is one 

potential mechanism that accounts for the neuroprotective activity of these aldehyde reactive 

scavengers (Figure 59). 

The mechanism by which HH and HYD prevent protein cross-linking is also relevant to 

neurodegenerative diseases due to the fact that immunohistochemical analysis of post mortem 

brain slices from patients with AD has shown that HNE and other forms of protein carbonylation 

are co-localized with NFTs and amyloid plaques.168-170 HNE is also reported to directly modify 

Aβ1-40 and promote the aggregation of Aβ1-40, Aβ1-42, and phosphorylated tau in vitro.170-173 

Additionally, GAPDH was identified as a protein associated NFTs by proteomic analysis of 

NFTs from the hippocampus of AD patients.174 An additional report shows that GAPDH 

aggregates were also shown to increase the rate of Aβ1-40 aggregation.175 
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Figure 57. Mechanism of protein modification by HH or HYD-LPx conjugates 

 

Figure 57. The formation of a Schiff base conjugate between HNE or ONE and aldehyde 

reactive scavengers maintains a functional group that is still capable of forming a Michael 

addition protein adduct.  
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Figure 58. Aldehyde reactive scavengers mask LPx protein adducts 

 

Figure 58. The aldehyde reactive scavenger conjugates with HNE prevents the detection of the 

HNE protein adducts by replacing the free aldehyde group required for chemical derivatization 

methods (Top) and interfere with the epitope required for the recognition of these adducts by 

anti-HNE antibodies (Bottom). 
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Figure 59. A proposed mechanism of HH neuroprotective activity. 

 

Figure 59. GAPDH aggregation causes mitochondrial dysfuncion, the release of cytochrome c, 

and the nuclear translocation of apoptosis-inducting factor in SHSY-5Y cells.165 HH blocks 

protein cross-linking and therefore preventing LPx neurotoxicity. 

 

 

 

 

 

4. Conclusion 

In order to evaluate thiol containing and aldehyde reactive scavengers of LPx we 

measured the chemical reactivity of GSH, NAC, HH, HYD and LCS with HNE and ONE by 

HPLC. The near-IR in-gel imaging method was also modified to determine if each of these 

scavengers prevent LPx protein adduct formation or protein cross-linking. We showed that the 

thiol containing scavengers reacted readily with both HNE and ONE and prevented the 

formation of aHNE protein adducts in the GST-P1 model system and in SHSY-5Y cell lysates. 

HH and HYD were effective scavengers of ONE while only HYD reacted with >50% of HNE 

after 6 hours. Both of these aldehyde reactive scavengers increased the level of aHNE protein 

adducts detected by our in-gel imaging technique but were shown to prevent aONE induced 
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protein cross-linking. Finally, an alkyne-histidyl hydrazide probe was synthesized and used to 

validate that this scavenger is responsible for the decrease in ONE protein cross-linking.  

This alkyne-histidyl hydrazide probe can now be used to treat the ALDH2(-/-) mouse 

model and evaluated for its neuroprotective activity. The presence of this alkyne tag will then 

allow for the enrichment of proteins modified by this probe in the brain homogenates of the 

treated animals. These proteins can then be identified by LC-MS/MS analysis and may provide 

insights into the mechanisms that account for the neuroprotective activity of these aldehyde-

reactive scavengers. 

5. Methods 

5.1 HPLC Measurement of HNE and ONE 

HNE and ONE reactivity with the LPx scavengers was monitored by HPLC. 500 µM 

HNE or ONE was incubated with 500 µM of each scavenger or 0.5-5 mM of HH in 0.1 M 

phosphate buffer (pH=7.4) at room temperature and reaction progress monitored via 10 μL 

injections every hour for 6 hours. This method utilized a Phenomenex Aqua C18 reverse phase 

column (3 μm, 150 mm, 2.00 mm); mobile phase ACN/water. 

5.2 Modification to Near-IR Imaging Technique 

 For the experiments using GSH, NAC, or HYD 25 µM aHNE or aONE was preincubated 

with 25-250 µM of each scavenger for 1 hour prior to that addition of GST-P1 (0.1 µg/µL) or 

SHSY-5Y cell lysates (0.5 µg/µL) in 0.1 M sodium phosphate buffer, pH = 7.4). The procedure 

was modified for HH where 0.5-5 mM of HH or aHH was preincuated for 2 hours at room 

temperature with aHNE and aONE or HNE and ONE respectively. This mixture was then diluted 

with 0.1 M phosphate buffer (pH=7.4) containing GST-P1 (0.1 µg/µL) or SHSY-5Y cell lysates 

(0.5 µg/µL) to a final concentration of 25-250 µM for HH and aHH and 25 µM of the LPx. 
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CHAPTER 3. EVALUATION OF GLUTATHIONE BASED 

PHOTOPROBES FOR THE STUDY OF PROTEIN 

GLUTATHIONYLATION 

 

1. Introduction 

1.1 Protein S-Glutathionylation 

 Cysteine residues make up 3% of the human proteome and have an important role in the 

regulation of protein conformation and enzyme catalysis due to the chemical reactivity of the 

free thiol group.176-177 This thiol group is also a target for oxidative modification.178-179 A variety 

of products result from oxidative modifications of cysteine thiols, some of which are 

reversible/labile (sulfenic acid, intra- or intermolecular disulfide formation, S-nitrosation, S-

glutathionylation) while other modifications are irreversible (sulfinic and sulfonic acids).180-181 

Reversible thiol modifications serve either a protective function, by preventing irreversible 

oxidative damage, or modulate protein structure and activity.182-186 In addition to playing a role 

in redox signaling, irreversible oxidative Cys modifications can result in the loss of protein 

function and can lead to protein misfolding and aggregation.187-188  

The concentration of GSH within many mammalian cells is in the low millimolar range 

and is a major source of non-protein thiols.180, 189 Under normoxic conditions the intracellular 

GSH/GSSG ratio is high (>99% reduced GSH) and this ratio is maintained by glutathione 

reductase.190 Glutathione disulfide (GSSG) is produced by the spontaneous reaction of 

glutathione with ROS or is catalyzed by glutathione peroxidases.191-192 Under conditions of 

oxidative stress protein S-glutathionylation is also increased.193 Protein S-glutathionylation is a 

form of S-thiolation that results in the formation of a mixed disulfide bond between a protein 

cysteine and the cysteine of glutathione (GSH). The formation of S-glutathionylation PTMs 
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occurs via two different mechanisms. The first mechanism is the reaction of GSH with activated 

thiol intermediates (sulfenic acid, thiyl radical) and the second occurs through thiol/disulfide 

exchange.194  

(1) PSH + GSH + H2O2  PSSG + 2 H2O 

(2) PSH + GSSG ↔ PSSG + GSH 

Several enzymes also play a role in the regulation of protein glutathionylation by 

catalyzing glutathionylation or deglutathionylation. Glutathione S-transferase P (GST-P) is 

proposed to catalyze S-glutathionylation by lowing the pKa of the GSH thiol with in the active 

site of the enzyme to produce a thiolate anion.195 Proteins such as glutaredoxin (Grx) and 

thioredoxin (Trx) have been shown to catalyze both glutathionylation and deglutathionylation 

depending on if there are local reducing or oxidative conditions.196-197 Other enzymes including 

flavoprotein sulfhydryl oxidase, sulfiredoxin, protein disulfide isomerase, and other GST 

isoforms are also implicated in the regulation of protein glutathionylation.198 

 The most commonly reported result of protein S-glutathionylation is loss of enzyme 

activity.197 However, there are reports of S-glutathionylation causing increased enzyme activity, 

altereing DNA binding by transcription factors and protein stabilization. Glutathionylation has 

been reported to regulate actin polymerization, increase Ras activity, activate Hsp70, and to 

inhibit a variety of proteins including, caspase 3, GAPDH, PTP1B, and Na+-K+ pumps.199-205  

1.2 Photoactivatable Probes 

Photoactivatable probes (PAPs) were first developed in 1962 and describe small 

molecules that contain a functional group which generates a highly reactive intermediate upon 

the absorption of photonic energy.206 In an ideal scenario this reactive intermediate then reacts 

with amino acid residues of target proteins to form a covalent bond with the target proteins. 
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Many PAPs also include a functional group that allows for the detection and/or identification of 

a PAPs protein targets, such as biorthogonal tags or a flurophore.207 PAPs are categorized by the 

photoactivatable group incorporated in the small molecule of interest: phenylazides, diazirines, 

and benzophenones. 

1.2.1 Phenylazide 

Phenylazide PAPs are the most commonly used class of PAPs. Upon photo-irradiaiton 

the phenylazide group generates a highly reactive singlet nitrene generated by the loss of N2. 

Phenylazides are also relatively stable and the azide group is often easily incorporated into small 

molecules with an existing phenyl group. Some of the disadvantages of phenylazides include the 

wavelength that is required for photoactivation (<300 nm), which can damage biomolecule and 

cell compnents.208 Additionally, the generated nitrene can undergo rearrangement resulting in the 

expansion of the phenyl ring, loss of specific photolabeling and variable photoligated product 

structures. A common strategy used to prevent this nitrene rearrangement is to utilize a 

substituted tetrafluorophenylazide group rather that an unsubstituted phenylazide.209 

 

 

 

 

 

Figure 60. Nitrene production from photoactivation of phenylazides. 
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1.2.2 Diazirine 

Diazirine PAPs can include either an aryl- or alkyl-diazirine and produce a carbene 

following photoirradiation at 350-380nm. This higher wavelength range required for 

photoactivation reduces any protein damage caused by UV irradiation. A majority of diazirine 

PAPs contain a trifluoromethylaryldiazirine functional group which exhibits favorable 

photochemical properties and is chemically stable. The main disadvantage of the diazirine PAPs 

is the rapid quenching of the carbene intermediate by water molecules.210 

 

 

 

 

 

Figure 61. Carbene production from photoactivation of dizirines. 

 

 

 

 

 

 

1.2.3 Benzophenone 

Benzophenones are activated by photoirradiation at 350-360 nm and generate a triplet 

diradical at the carbonyl position. In addition to the higher wavelength for photoactivation the 

diradical intermediate is able to regenerate the benzophenone if the diradical species does not 

react with an adjacent molecule. This can result in increased labeling efficiency by these PAPs. 

The major drawback of benzophenones is size of the photoactivatable group which can prevent 



117 

 

 
 

high affinity binding of the probe to its protein targets or cause binding to off-target proteins.209, 

211 

 

 

 

 

 

Figure 62. Diradical formation from photoactivation of benzophenones. 
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2. Results 

2.1. Evaluation of Glutathione Photoprobes 

In order to develop a glutathione based photoprobe three glutathione based compounds 

were evaluated as inhibitors of human GST-P1. Initially two different photoactivatable groups 

were evaluated: a tetrafluoroazide photoactivatable group (KB-1-013) and a 

trifluoromethylaryldiazirine photoprobe (KB-1-022). Additionally, KB-1-010 which contains no 

photoactivatable group was evaluated as a control compound. The initial evaluation was done 

using molecular docking and a GST-P1 enzyme activity assay to determine the IC50 and KI of 

these compounds. 

 

 

 

 

 

Figure 63. Structures of glutathione based photoprobes. 
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The IC50 values of these compounds was measured by monitoring the conjugation of 1-

chloro-2,4-dinitrobenzne (CDNB) to glutathione (GSH) by recombinant human GST-P1. Each 

compound (1-100 µM) was incubated with rhGST-P1 (4 µg/mL) for five minutes prior to the 

addition of 1 mM GSH and 1 mM CDNB. The production of GS-DNB conjugate was monitored 

spectrophotometrically (340 nm) for 3.6 minutes. The IC50 values for these compounds ranged 

from 13-58 µM with KB-1-022 being the most potent inhibitor of GST-P1.  

The KI values for these compounds were also determined using the same assay as 

described above. For the KI determination 10-100 µM of each compound was used, depending on 

the potency of each compound and the concentrations of GSH (0.1-2 mM) were varied while the 

concentration of CDNB (1 mM) remained constant. KB-1-022 was the most potent inhibitor of 

GST-P1 with a KI value of 3 µM. The other compounds, KB-1-013 and KB-1-010, produced KI 

values of 7.5 µM and 35 µM respectively. 

The crystal structure of human GST-P1 (3GSS), co-crystalized with the glutathione 

conjugate of ethacrynic acid, was used for the docking analysis of the glutathione photoprobes. 

The active site of this crystal structure was defined as all protein atoms within 6 Å of the ligand. 

The docking analysis was conducted using GOLD and the scoring function used to rank the 

dockings was Chem-PLP. The binding modes for all the probes were influenced by the pi-pi 

stacking interactions of the aromatic ring on the probes and one of the three aromatic residues in 

the active site of GST-P1 (Phe8, Tyr108, Trp38). The best docking pose generated for KB-1-022 

shows that the diazirine group is oriented towards the solvent while for KB-1-013 the azide 

group is oriented toward Tyr108. 
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Figure 64. IC50 values for KB-1-010, KB-1-013, and KB-1-022 

 

Figure 64. Top: Enzyme reaction mechanism of GST-P1. Bottom: GST-P1 activity measured 

using recombinant human GST-P1 (4 µg/mL) which was preincubated with EtOH or 1-100 µM 

of each compound in an assay buffer (0.1 M potassium phosphate, 1 mM EDTA, pH = 6.5) for 5 

min at 25°C. 1 mM GSH and 1 mM CDNB was then added and the production of GS-DNB (340 

nm) was monitored for 3.6 minutes. The rate of the reaction was then normalized to the rate of 

the reaction without any inhibitor and the data is represented as the log[inhibitor] vs % enzyme 

activity. Table: IC50 values for KB-1-010, KB-1-013, and KB-1-022. Each data point represents 

the mean ± SEM of triplicate experiments. 
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Figure 65. KI determination for KB-1-010, KB-1-013, and KB-1-022 

 

Figure 65. GST-P1 activity measured using recombinant human GST-P1 (4 µg/mL) which was 

preincubated with EtOH or 10-100 µM of each compound in an assay buffer (0.1 M potassium 

phosphate, 1 mM EDTA, pH = 6.5) for 5 min at 25°C. 0.1-2 mM GSH and 1 mM CDNB was 

then added and the production of GS-DNB (340 nm) was monitored for 3.6 minutes. The data is 

represented as the initial enzyme rate (V0) vs [GSH] and fit to nonlinear regression for 

competitive inhibition. Table: KI values for KB-1-010, KB-1-013, and KB-1-022. Each data 

point represents the mean ± SEM of triplicate experiments. 
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Figure 66. Docking scores for KB-1-010, KB-1-022, KB-1-013 

 

Figure 66. Top: Images for the highest scoring docking poses of KB-1-013 and KB-1-022. 

Table: Docking scores for KB-1-010, KB-1-013, and KB-1-022. 
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2.2 Proteomic Analysis of Photoprobes 

Recombinant GST-P1 (10 µM) was incubated with DMSO or 50 µM of each photoprobe 

for five minutes at room temperature. Samples containing the azide probe (KB-1-013) were 

irradiated at 302 nm for four minutes at room temperature. After photoirradiation, TCEP (50 

mM) and 0.1% formic acid was added to each sample and these samples were analyzed using a 

hybrid LTQ-FT linear ion trap mass spectrometer (LTQ-FT). The intact protein analysis of GST-

P1 resulted in a signal with a molecular weight of 25,629 Da. The photoirradation of GST-P1 in 

the presence of KB-1-013 resulted in the addition of 482 Da. This addition corresponds the 

molecular weight of KB-1-013 (510 Da) after the loss of N2 (482 Da) that results from 

photoactivation. 
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Figure 65. Intact protein analysis of GST-P1. 

 

Figure 67. Intact analysis of recombinant human GST-P1 (10 µM) by a hybrid LTQ-FT linear 

ion trap mass spectrometer (LTQ-FT).  

 

 

 

 

 

 

 

 

 

 

 

 



125 

 

 
 

Figure 68. Intact protein analysis of detect the modification of GST-P1 by KB-1-013 

 

Figure 68. Intact analysis of recombinant human GST-P1 (10 µM) after photoirradiation (302 

nm) in the presence of 50 µM KB-1-013. The protein analysis was done using a hybrid LTQ-FT 

linear ion trap mass spectrometer (LTQ-FT). 

  

 

 

 

 

The same analysis was done in the presence of KB-1-022, with the photoirradiation 

conducted at 365 nm; however both LTQ-FT and MALDI analysis showed that no incorporation 

of KB-1-022 was observed. In order to validate that the diazirine group was activated by 

photoirradation, KB-1-022 was photo-irradiated for five minutes in methanol and LC-MS/MS 

analysis was used to measure the incorporation of a –OCH3 at the site of carbene formation. This 

analysis shows that the carbene intermediate is generated upon photoirradiation at 365 nm even 

though no protein modification of GST-P1 was observed by KB-1-022. Due to the lack of 

protein modification by KB-1-022 no further analysis was conducted using this photoprobe. 
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Figure 69. Validate the photoactivation of KB-1-022 in methanol. 

 

Figure 69. KB-1-022 was irradiated 365 nm for five minutes in methanol. LC-MS/MS analysis 

was used to measure the incorporation of –OCH3 at the site of carbene formation after 

photoactivation. 

 

 

 

 

 

In order to identify the site of GST-P1 modification by KB-1-013, bottom up proteomic 

analysis was conducted. GST-P1 (10 µM) was incubated with DMSO or 50 µM KB-1-013 for 

five minutes prior to photo-irradiation of the samples at 302 nm for three minutes. The protein 

was then reduced by the addition of TCEP and all cysteines were alkylated by the addition of 

NEM. These samples were then separated by SDS-PAGE gel and the 25 kDa region was excised 

and subjected to in-gel trypsin digestion. These samples were then analyzed using LC-MS/MS 

(Agilent Ion Trap). The mass peptide containing Tyr108 is 719.023+ and after the incorporation 

of KB-1-013 the mass of the modified peptide is 8803+ or 6604+ ([719 + (510.1 - 28) + 3H+]/3 = 

880). The MS/MS spectra for these peptides were then matched to the predicted masses of the b 

and y ions for this modified peptide. We were able to determine that Tyr108 was the site of GST-

P1 modification by KB-1-13 
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Figure 70. Identified the modification of Tyr108 by KB-1-013. 

 

Figure 70. GST-P1 (10 µM) was incubated with 50 µM KB-1-013 at room temperature for 5 

minutes prior to photoirradiation at 302 nm for 3 minutes. The protein was then reduced and all 

cysteine residues were alkylated by the addition of TCEP (10 mM) and NEM (10 mM). After 

SDS-PAGE gel electrophoresis the 25 kDa region of the gel was excised and subjected to trypsin 

digestion. The digested protein samples were analyzed with an Agilent 6310 ion trap mass 

spectrometer (Agilent Technologies, Santa Clara, CA) coupled to Agilent 1100 series high-

performance liquid chromatography (HPLC) system with electrospray ionization (ESI). The 

predicted b and y ions of the modified peptide was matched to the MS2 spectra of the MS1 

corresponding the predicted mass of the modified peptide. The matching b and y ions are labeled 

in the MS2 and highlighted in red in the representative peptide above. 
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2.3 Evaluation of Fluorescent Derivative of KB-1-013 

A fluorescent derivative of the tetrafluoroazide probe was synthesized by conjugating 

tetramethylrhodamine-5-(and-6)-isothiocyanate (5(6)-TRITC) to KB-1-013. The activity of this 

fluorescent probe (KB-1-090) as an inhibitor of GST-P1 was evaluated by HPLC analysis in 

order to determine if this probe had similar activity to KB-1-013. GST-P1 (160 nm) was 

preincubated with DMSO, or KB-1-090 (50 µM, or 100 µM) for 5 minutes at room temperature 

prior to the addition of 1 mM CDNB and 0.1-2 mM GSH. These samples were then incubated at 

25 °C for 0.5-2 min. The reaction were stopped at 0.5, 1, 1.5, and 2 minutes by the addition of 

cold MeCN containing 50 µM p-NO2-phenol which is used as an internal standard for the HPLC 

analysis. After centrifugation, used to remove GST-P1 from the samples, the supernatant was 

removed and this fraction was analyzed by HPLC. 

The peak area for the GS-DNB at each time point and reaction condition was normalized 

to the peak are of p-NO2-phenol within the same spectra. For each reaction condition the rate of 

GS-DNB formation was determined by graphing the change in peak area vs. time. The slope of 

these linear plots were then graphed against the concentration of GSH and fit to nonlinear 

regression for competitive inhibition. This method resulted in a KI value of 46 µM for KB-1-090. 
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Figure 71. KI determination for KB-1-090 

 

Figure 71. Top: Structure of KB-1-090. Bottom: GST-P1 activity measured using recombinant 

human GST-P1 (160 nm) which was preincubated with DMSO, 50 µM, or 100 µM of KB-1-090 

in an assay buffer (0.1 M potassium phosphate, 1 mM EDTA, pH = 6.5) for 5 min at room 

temperature. 0.1-2 mM GSH and 1 mM CDNB was then added and the reactions were incubated 

for 0.5-2 min at 25°C. GST-P1 removed from the samples by precipitation and centrifugation 

after the addition of ACN. The supernatant was then removed and analyzed by HPLC where 

production of GS-DNB was measure. The data is represented as the initial enzyme rate (peak 
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area/min) vs [GSH] and fit to nonlinear regression for competitive inhibition. Each data point 

represents the mean ± SEM of duplicate experiments. 

 The fluorescent photoprobe was then used to visualize the modification of recombinant 

GST-P1 and of proteins in SHSY-5Y cell lysates. GST-P1 was incubated with 1-100 µM of KB-

1-090 for 5 minutes prior to photoirradiation at 302 nm for 5 minutes. These samples were then 

separated by SDS-PAGE gel electrophoresis and the resulting gels were immediately visualized 

by in-gel fluorescence using the GE Typhoon Trio imager (Ex/Em, 532/582 nm). The same gel 

was then stained with Coomasie Brilliant Blue to measure the total protein in each well. These 

results show a dose dependent increase in the intensity of the fluorescent signal with increasing 

concentrations of KB-1-090, indicating an increased modification of GST-P1 by this fluorescent 

photoprobe. 

The same method described above was used to visualize proteins modified in SHSY-5Y 

cell lysates. The samples contained 1 µg/µL of protein and were incubated with DMSO or 1-25 

µM KB-1-090. A concentration dependent increase in the fluorescence signal was observed with 

an increased concentration of KB-1-090. The region from 10-70 kDa show the most significant 

increase in the amount of protein modification by KB-1-090. In order to validate that the 

modification of these proteins was due to specific interactions of KB-1-090 with these proteins 5 

µM KB-1-090 was incubated with SHSY-5Y cell lysates in the presence of 50 or 500 µM GSH 

or 50 µM KB-1-013. These resulting gel shows that the protein modification observed on by the 

incubation of KB-1-090 alone was decreased by the competition of 500 µM GSH and 50 µM 

KB-1-013. Although KB-1-013 is a more effective inhibitor of protein modification by KB-1-

090 than GSH. This can most likely be attributed to the covalent modification of proteins by KB-

1-013 resulting in irreversible competitive inhibition of KB-1-090 binding. 
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Figure 72. Concentration dependent modification of GST-P1 by KB-1-090 

 

Figure 72. GST-P1 (2 µg/µL) was incubated with 1-100 µM KB-1-090 in 0.5 M sodium 

phosphate buffer (pH=7.4) for 5 minutes at room temperature before irradiating samples at 302 

nm for 5 minutes. These samples were then separated by SDS-PAGE gel electrophoresis (30 µg 

protein/lane) and gel were immediately imaged using the GE Typhoon Trio imager (Ex/Em, 

532/582 nm). The same gels were then stained with Coomasie Brilliant Blue and destained in 

order to measure the total amount of protein in each well. This image represents the results of 

two independent experiments. 
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Figure 73. Modification of proteins from SHSY-5Y cell lysates by KB-1-090. 

 

Figure 73. SHSY-5Y cell lysates (1 µg/µL) was incubated with 1-25 µM KB-1-090 in 0.5 M 

sodium phosphate buffer (pH=7.4) for 5 minutes at room temperature before irradiating samples 

at 302 nm for 5 minutes. These samples were then separated by SDS-PAGE gel electrophoresis 

(30 µg protein/lane) and gel were immediately imaged using the GE Typhoon Trio imager 

(Ex/Em, 532/582 nm). The same gels were then stained with Coomasie Brilliant Blue and 

destained in order to measure the total amount of protein in each well. This image represents the 

results of three independent experiments. 
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Figure 74. Decreased protein modification by KB-1-090 by GSH and KB-1-013 

 

Figure 74. SHSY-5Y cell lysates (1 µg/µL) was incubated with 5 µM KB-1-090 and 50 µM, 500 

µM GSH or 50 µM KB-1-013 in 0.5 M sodium phosphate buffer (pH=7.4) for 5 minutes at room 

temperature before irradiating samples at 302 nm for 5 minutes. These samples were then 

separated by SDS-PAGE gel electrophoresis (30 µg protein/lane) and gel were immediately 

imaged using the GE Typhoon Trio imager (Ex/Em, 532/582 nm). The same gels were then 

stained with Coomasie Brilliant Blue and destained in order to measure the total amount of 

protein in each well. This image represents the results of three independent experiments. 
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2.4 Identification of KB-1-013 Modified Proteins in SHSY-5Y Cell Lysates 

SHSY-5Y cell lysates were treated with 50 µM, 100 µM or 200 µM KB-1-013 and after 

photoirradiation, reduction and cysteine alkylation, the proteins were separated by SDS-PAGE 

gel electrophoresis. After staining these gels with Coomasie Brilliant Blue dye, the regions for 

each sample from 25-50 kDa were excised and divided into approximately 5 kDa sections. These 

sections were subjected to trypsin digestion and the resulting peptides were analyzed using a 

hybrid LTQ-FT linear ion trap mass spectrometer (LTQ-FT). The resulting data files were 

searched by the MassMatrix search engine with NEM as fixed modification and KB-1-013 (-N2) 

as a variable modification.  

This data analysis resulted in the identification of modified GST-P1 by KB-1-013 and the 

site of this modification occurs within the peptide containing Tyr108. The modification of GST-

P1 was observed in the samples treated with all of the concentration of KB-1-013. From this 

analysis a short list of seven additional proteins with sequence coverage >40% were also 

reportedly modified by KB-1-013. A list protein crystal structures from the RCSB Protein Data 

Bank with GSH or GSH conjugate ligands was compiled (Appendix B), however there was no 

overlap between this list of proteins and the proteins identified by our own LC-MS/MS analysis. 

TABLE III. PROTEINS MODIFIED BY KB-1-013 IN SHSY-5Y CELLS 

# Identified Protein Site of Modification Sequence Coverage (%) 

1 GST-P1 Y108 70% 

2 Adenine Phosphoribosyltransferase R88, I87 72% 

3 Rab-1b K154 52% 

4 Rab-1a K157 51% 

5 Crk-like protein K181 59% 

6 Kcrb Human B-Ck H297, H306 67% 

7 Brain acyl-Coa hydrolase R13 40% 

8 Multicatalytic endopeptidase 

complex subunit C3 

I233 44% 
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3. Discussion 

3.1 Orientation of Photoactivatable Group Determines Effectiveness of Photoprobe 

GST-P1 contains two different ligand binding sites, the GSH binding site (G-site) and the 

hydrophobic substrate binding site (H-site).212-213 Two tyrosine residue are located within the 

active sites of GST-P1. Tyr7, located between the G-site and the H-site, is required for the 

abstraction of the proton from the thiol group of GSH to produce a thiolate ion.214 Tyr108 is 

located within the H-site and the mutation of this residue to a phenylalanine has different effects 

depending on the electrophilic substrate.215 This residue is also the site of modification for 

multiple covalent inhibitors of GST-P1.213, 216 The orientation of the phenylazide group of KB-1-

013 toward this Try108 residue accounts for the effective modification of GST-P1 by this 

photoprobe. The orientation of the diazirine group in KB-1-022 toward the solvent accounts for 

the lack of protein modification by the photoprobe despite this compound being a more potent 

inhibitor of GST-P1 and a carbene being generated after photoactivation. 

3.2 Further Improvements of GSH Photoprobes 

The proteomic analysis of proteins modified by KB-1-013 resulted in the identification of 

very few proteins modified by the photoprobe. The current analysis requires the direct detection 

of the modified peptide, therefore the due to the low efficiency of photoprobe incorporation, low 

expression levels of target proteins, and the modified peptides may have poor characteristics for 

LC-MS/MS detections. This limitation could be addressed through the addition of an alkyne or 

azide handle that would allow for conjugation and enrichment of all proteins modified by this 

photoprobe.  
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4. Conclusion 

We have evaluated two glutathione based PAPs using an enzyme activity assay and 

molecular docking analysis. The results from both of these methods showed that the diazirine 

photoprobe (KB-1-022) had higher binding affinity and was a more potent inhibitor of GST-P1 

compared to the tetrafluoroazide probe (KB-1-013). Despite this higher binding affinity both 

intact and bottom up proteomic analysis was unable to identify the formation of any protein 

adducts after irradiation KB-1-022 in the presence of rhGST-P1. We were able to identify the 

modification of Tyr108 in GST-P1 by KB-1-013 using recombinant protein and after treating 

SHSY-5Y cell lysates with this photoprobe. 
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5. Methods 

5.1 Expression and purification of GST-P1 

GST-P1 was expressed from Esherichia coli and purified as previously described.111, 217 

5.2 Enzyme Activity Assays 

For the 96 well plate assay the initial rates of GST-catalyzed conjugation of 

chlorodinitrobenzene (CDNB) and reduced glutathione (GSH) was measured using a previously 

described method.218 Reactions were conducted using a Falcon black/clear 96-well plate with 

each well containing GST-P1 (4 μg/mL), GSH (0.1-2 mM), CDNB (1 mM) in a total volume of 

200 μL of assay buffer (0.1 M KH2PO4/K2HPO4, 1 mM EDTA, pH 6.5).  Change in absorbance 

was measure by Synergy H4 Hybrid Reader UV/Vis spectrophotometer (BioTek, VT) at 340 nm 

at 25 oC.  The reaction was initiated by the addition of GST-P1.  Data was collected at 11 second 

intervals with a lag time of 15 seconds for a total period of 3 min 40 sec. 

 For the HPLC analysis GST-P1 activity measured using recombinant human GST-P1 

(160 nm) which was preincubated with DMSO, 50 µM, or 100 µM of KB-1-090 in an assay 

buffer (0.1 M KH2PO4/K2HPO4, 1 mM EDTA, pH = 6.5) for 5 min at room temperature. The 

reactions were initiated by the addition of 0.1-2 mM GSH and 1 mM CDNB and the samples 

were incubated for 0.5-2 min at 25°C. GST-P1 removed from the samples by the addition cold 

ACN with 50 µM p-nitrophenol followed by centrifugation at 14000 rpm and 4°C for 15 

minutes. The supernatant was then removed and analyzed by HPLC-UV absorbance where the 

production of GS-DNB was measured. The data is represented as the initial enzyme rate (peak 

area/min) vs [GSH] and fit to nonlinear regression for competitive inhibition. 
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5.3 Determination of IC50 and KI 

The IC50 and KI values for all compounds were determined using the assay described 

above.  For the determination of IC50 values the reactions contained the inhibitor (1-100 μM), 

CDNB (1 mM), and GSH (1 mM).  The reactions for the determination of KI contained the 

inhibitor (10, 25, 50 μM), CDNB (1 mM), and GSH (0.1-2 mM).  GST-P1 was incubated with 

the inhibitor for 5 min. at 25oC prior to initiation of the reaction.  All collected data was analyzed 

using GraphPad Prism.  The IC50 data was fit with the log[inhibitor] vs. normalized response 

nonlinear regression, and KI data was fit with the competitive inhibition nonlinear regression. 

5.4 Photo-affinity labeling of GST-P1 and SHSY-5Y cell lysates 

GST-P1 (10 μg/mL) was incubated with KB-1-013 (50 or 500 μM) in phosphate buffer 

(0.1 mM, 1 mM EDTA, pH 6.5) and this mixture was irradiated at 254 nm or 302 nm using a 

Ultra-Violet Products 3-UV-38 UV Lamp for various amounts of time ranging from 3-10 min at 

room temperature or on ice.  The reaction was then quenched by the addition of TCEP (800 μM).  

Cys residues were then blocked by incubation with N-ethylmaleimide (NEM) (20 mM) for 1 hr 

at 30 °C.  Prepared samples were then run on SDS-PAGE gel and the protein bands were stained 

with Coomasie Brilliant Blue.  Finally, bands containing GST-P1 were excised, destained, and 

digested using trypsin or chymotrypsin according to the manufacturer’s (Thermo, Pierce, IL) 

instructions. 

 For the intact proteomic analysis recombinant GST-P1 (10 µM) was incubated with 

DMSO or 50 µM of each photoprobe for five minutes at room temperature. Samples containing 

the azide probe (KB-1-013) were irradiated at 302 nm for four minutes at room temperature. 

Samples containing the diazirine probe were irradiation as 365 nm After photoirradiation, TCEP 
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(50 mM) and 0.1% formic acid was added to each sample and these samples were analyzed using 

a hybrid LTQ-FT linear ion trap mass spectrometer (LTQ-FT). 

5.5 In-gel fluorescence imaging 

GST-P1 (2 µg/µL) or SHSY-5Y cell lysates (1 µg/µL) was incubated with 1-100 µM 

KB-1-090 in 0.5 M sodium phosphate buffer (pH=7.4) for 5 minutes at room temperature before 

irradiating samples at 302 nm for 5 minutes. Additional experiments using SHSY-5Y cell lysates 

that were incubated with 5 µM KB-1-090 and 50 µM, 500 µM GSH or 50 µM KB-1-013. These 

samples were then separated by SDS-PAGE gel electrophoresis (30 µg protein/lane) and gel 

were immediately imaged using the GE Typhoon Trio imager (Ex/Em, 532/582 nm). The same 

gels were then stained with Coomasie Brilliant Blue and destained in order to measure the total 

amount of protein in each well.  

5.6 Proteomic analysis  

The digested recombinant protein samples were analyzed with an Agilent 6310 ion trap 

mass spectrometer (Agilent Technologies, Santa Clara, CA) coupled to Agilent 1100 series high-

performance liquid chromatography (HPLC) system with electrospray ionization (ESI).  The 

samples were separated using a Hypersil BSD reverse-phase C18 column (30 mm x 2.1 mm, 3 

μm, Thermo Scientific) with a gradient of 90/10 (v/v) water/methanol, 0.1% formic acid and 

acetronitrile and 0.1% formic acid mobile phase at 300 μL/min flow rate.  The positive mode ESI 

method was utilized for all of the LC-tandem mass spectrometry (MS/MS) analysis. 

For the proteomic analysis of KB-1-013 treated SHSY-5Y cell lysates the protein digests 

with 1% formic acid were analyzed using the hybrid LTQ-FT linear ion trap mass spectrometer 

(LTQ FT, Thermo Electron Corp., Bremen, Germany) equipped with a nanospray ESI source 

and nano-HPLC with autosampler (Dionex, Sunnyvale, CA). The trapping cartridge and the 
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nano-column used for separation were Zorbax 300 SB-C18 (5 x 0.3 mm, 5 μm, Agilent 

Technologies) and Zorbax 300 SB-C18  (150 mm x 75 μm , 3.5 μm, Agilent Technologies), 

respectively. The separations were carried out at 250 nL/min flow rate at a gradient with the 

mobile phase containing 95/5 (v/v) water/acetonitrile, 0.1 % formic acid and 95/5 (v/v) 

acetonitrile/water, 0.1% formic acid. The RAW files from LTQ-FT-ICR mass spectrometer  

were  converted  to  mzXML  files  and  they  were  searched  by  the  MassMatrix 

(http://www.massmatrix.net) search engine against the IPI human v3.65 database with KB-1-013 

as the variable  modification.   

For the intact protein analysis recombinant GST-P1 (10 µM) was incubated with DMSO 

or 50 µM of each photoprobe for five minutes at room temperature. Samples containing the azide 

probe (KB-1-013) were irradiated at 302 nm for four minutes at room temperature. After 

photoirradiation, TCEP (50 mM) and 0.1% formic acid was added to each sample and these 

samples were analyzed using a hybrid LTQ-FT linear ion trap mass spectrometer (LTQ-FT). 
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APPENDICES 

APPENDIX A. IDENTIFIED PROTEINS FROM LC-MS/MS 

ANALSYS OF HNE TREATED SHSY-5Y CELL LYSATES 

TABLE IV. LIST OF PROTEINS IDENTIFIED FROM THE ENRICHMENT OF AHNE 

MODIFIED PROTEINS    
Protein 

Identification 

Probability 

# Identified Proteins (403 total) Accession 

Number 

S1 S2 

1 Cytoplasmic dynein 1 heavy chain 1 OS=Homo sapiens 

GN=DYNC1H1 PE=1 SV=5 

DYHC1_HUMAN 100% 100% 

2 Clathrin heavy chain 1 OS=Homo sapiens GN=CLTC PE=1 

SV=5 

CLH1_HUMAN 100% 100% 

3 Myosin-9 OS=Homo sapiens GN=MYH9 PE=1 SV=4 MYH9_HUMAN 100% 100% 

4 Filamin-A OS=Homo sapiens GN=FLNA PE=1 SV=4 FLNA_HUMAN 100% 100% 

5 Heat shock cognate 71 kDa protein OS=Homo sapiens 

GN=HSPA8 PE=1 SV=1 

HSP7C_HUMAN 100% 100% 

6 Transitional endoplasmic reticulum ATPase OS=Homo sapiens 

GN=VCP PE=1 SV=4 

TERA_HUMAN 100% 100% 

7 Pyruvate kinase PKM OS=Homo sapiens GN=PKM PE=1 

SV=4 

KPYM_HUMAN 100% 100% 

8 Elongation factor 2 OS=Homo sapiens GN=EEF2 PE=1 SV=4 EF2_HUMAN 100% 100% 

9 Endoplasmin OS=Homo sapiens GN=HSP90B1 PE=1 SV=1 ENPL_HUMAN 100% 100% 

10 Neutral alpha-glucosidase AB OS=Homo sapiens GN=GANAB 

PE=1 SV=3 

GANAB_HUMAN 100% 100% 

11 78 kDa glucose-regulated protein OS=Homo sapiens 

GN=HSPA5 PE=1 SV=2 

GRP78_HUMAN 100% 100% 

12 Ubiquitin-like modifier-activating enzyme 1 OS=Homo sapiens 

GN=UBA1 PE=1 SV=3 

UBA1_HUMAN 100% 100% 

13 60 kDa heat shock protein, mitochondrial OS=Homo sapiens 

GN=HSPD1 PE=1 SV=2 

CH60_HUMAN 100% 100% 

14 Heterogeneous nuclear ribonucleoprotein U OS=Homo sapiens 

GN=HNRNPU PE=1 SV=6 

HNRPU_HUMAN 100% 100% 

15 Tubulin alpha-1A chain OS=Homo sapiens GN=TUBA1A 

PE=1 SV=1 

TBA1A_HUMAN 100% 100% 

16 Heat shock protein HSP 90-alpha OS=Homo sapiens 

GN=HSP90AA1 PE=1 SV=5 

HS90A_HUMAN 100% 100% 

17 Heat shock protein HSP 90-beta OS=Homo sapiens 

GN=HSP90AB1 PE=1 SV=4 

HS90B_HUMAN 100% 100% 

18 Vimentin OS=Homo sapiens GN=VIM PE=1 SV=4 VIME_HUMAN 100% 100% 

19 Fatty acid synthase OS=Homo sapiens GN=FASN PE=1 SV=3 FAS_HUMAN 100% 100% 

20 Interleukin enhancer-binding factor 3 OS=Homo sapiens 

GN=ILF3 PE=1 SV=3 

ILF3_HUMAN 100% 100% 

21 Keratin, type II cytoskeletal 1 OS=Homo sapiens GN=KRT1 

PE=1 SV=6 

K2C1_HUMAN 100% 100% 

22 Leucine-rich PPR motif-containing protein, mitochondrial 

OS=Homo sapiens GN=LRPPRC PE=1 SV=3 

LPPRC_HUMAN 100% 100% 
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  APPENDIX A (continued) 
23 Talin-1 OS=Homo sapiens GN=TLN1 PE=1 SV=3 TLN1_HUMAN 100% 100% 

24 Puromycin-sensitive aminopeptidase OS=Homo sapiens 

GN=NPEPPS PE=1 SV=2 

PSA_HUMAN 100% 100% 

25 Heat shock 70 kDa protein 1A OS=Homo sapiens 

GN=HSPA1A PE=1 SV=1 

HS71A_HUMAN 

(+1) 

100% 100% 

26 ATP-citrate synthase OS=Homo sapiens GN=ACLY PE=1 

SV=3 

ACLY_HUMAN 100% 100% 

27 Dihydropyrimidinase-related protein 2 OS=Homo sapiens 

GN=DPYSL2 PE=1 SV=1 

DPYL2_HUMAN 100% 100% 

28 Filamin-B OS=Homo sapiens GN=FLNB PE=1 SV=2 FLNB_HUMAN 100% 100% 

29 Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 

SV=1 

ACTB_HUMAN 

(+2) 

100% 100% 

30 Transcription intermediary factor 1-beta OS=Homo sapiens 

GN=TRIM28 PE=1 SV=5 

TIF1B_HUMAN 100% 100% 

31 Tubulin beta-3 chain OS=Homo sapiens GN=TUBB3 PE=1 

SV=2 

TBB3_HUMAN 100% 100% 

32 Annexin A6 OS=Homo sapiens GN=ANXA6 PE=1 SV=3 ANXA6_HUMAN 100% 100% 

33 Dihydropyrimidinase-related protein 3 OS=Homo sapiens 

GN=DPYSL3 PE=1 SV=1 

DPYL3_HUMAN 100% 100% 

34 T-complex protein 1 subunit gamma OS=Homo sapiens 

GN=CCT3 PE=1 SV=4 

TCPG_HUMAN 100% 100% 

35 Alpha-actinin-1 OS=Homo sapiens GN=ACTN1 PE=1 SV=2 ACTN1_HUMAN 100% 100% 

36 Stress-70 protein, mitochondrial OS=Homo sapiens 

GN=HSPA9 PE=1 SV=2 

GRP75_HUMAN 100% 100% 

37 Alpha-enolase OS=Homo sapiens GN=ENO1 PE=1 SV=2 ENOA_HUMAN 100% 100% 

38 Hypoxia up-regulated protein 1 OS=Homo sapiens 

GN=HYOU1 PE=1 SV=1 

HYOU1_HUMAN 100% 100% 

39 ATP synthase subunit beta, mitochondrial OS=Homo sapiens 

GN=ATP5B PE=1 SV=3 

ATPB_HUMAN 100% 100% 

40 Kinesin-1 heavy chain OS=Homo sapiens GN=KIF5B PE=1 

SV=1 

KINH_HUMAN 100% 100% 

41 Tubulin beta chain OS=Homo sapiens GN=TUBB PE=1 SV=2 TBB5_HUMAN 100% 100% 

42 Protein disulfide-isomerase A3 OS=Homo sapiens GN=PDIA3 

PE=1 SV=4 

PDIA3_HUMAN 100% 100% 

43 Importin subunit beta-1 OS=Homo sapiens GN=KPNB1 PE=1 

SV=2 

IMB1_HUMAN 100% 100% 

44 Alpha-actinin-4 OS=Homo sapiens GN=ACTN4 PE=1 SV=2 ACTN4_HUMAN 100% 100% 

45 26S proteasome non-ATPase regulatory subunit 2 OS=Homo 

sapiens GN=PSMD2 PE=1 SV=3 

PSMD2_HUMAN 100% 100% 

46 Spectrin beta chain, non-erythrocytic 1 OS=Homo sapiens 

GN=SPTBN1 PE=1 SV=2 

SPTB2_HUMAN 100% 100% 

47 Transketolase OS=Homo sapiens GN=TKT PE=1 SV=3 TKT_HUMAN 100% 100% 

48 Heterogeneous nuclear ribonucleoprotein K OS=Homo sapiens 

GN=HNRNPK PE=1 SV=1 

HNRPK_HUMAN 100% 100% 

49 Myosin-10 OS=Homo sapiens GN=MYH10 PE=1 SV=3 MYH10_HUMAN 100% 100% 

50 Eukaryotic translation initiation factor 3 subunit A OS=Homo 

sapiens GN=EIF3A PE=1 SV=1 

EIF3A_HUMAN 100% 100% 

51 Hexokinase-1 OS=Homo sapiens GN=HK1 PE=1 SV=3 HXK1_HUMAN 100% 100% 

52 Staphylococcal nuclease domain-containing protein 1 

OS=Homo sapiens GN=SND1 PE=1 SV=1 

SND1_HUMAN 100% 100% 
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  APPENDIX A (continued) 
53 Spectrin alpha chain, non-erythrocytic 1 OS=Homo sapiens 

GN=SPTAN1 PE=1 SV=3 

SPTN1_HUMAN 100% 100% 

54 Ras GTPase-activating-like protein IQGAP1 OS=Homo sapiens 

GN=IQGAP1 PE=1 SV=1 

IQGA1_HUMAN 100% 100% 

55 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 

subunit 1 OS=Homo sapiens GN=RPN1 PE=1 SV=1 

RPN1_HUMAN 100% 100% 

56 ATP synthase subunit alpha, mitochondrial OS=Homo sapiens 

GN=ATP5A1 PE=1 SV=1 

ATPA_HUMAN 100% 100% 

57 Heat shock 70 kDa protein 4 OS=Homo sapiens GN=HSPA4 

PE=1 SV=4 

HSP74_HUMAN 100% 100% 

58 Keratin, type I cytoskeletal 9 OS=Homo sapiens GN=KRT9 

PE=1 SV=3 

K1C9_HUMAN 100% 100% 

59 Microtubule-associated protein 1B OS=Homo sapiens 

GN=MAP1B PE=1 SV=2 

MAP1B_HUMAN 100% 100% 

60 DNA-dependent protein kinase catalytic subunit OS=Homo 

sapiens GN=PRKDC PE=1 SV=3 

PRKDC_HUMAN 100% 100% 

61 T-complex protein 1 subunit beta OS=Homo sapiens GN=CCT2 

PE=1 SV=4 

TCPB_HUMAN 100% 100% 

62 T-complex protein 1 subunit theta OS=Homo sapiens 

GN=CCT8 PE=1 SV=4 

TCPQ_HUMAN 100% 100% 

63 Peptidyl-prolyl cis-trans isomerase A OS=Homo sapiens 

GN=PPIA PE=1 SV=2 

PPIA_HUMAN 100% 100% 

64 Glycine--tRNA ligase OS=Homo sapiens GN=GARS PE=1 

SV=3 

GARS_HUMAN 100% 100% 

65 T-complex protein 1 subunit epsilon OS=Homo sapiens 

GN=CCT5 PE=1 SV=1 

TCPE_HUMAN 100% 100% 

66 Bifunctional glutamate/proline--tRNA ligase OS=Homo sapiens 

GN=EPRS PE=1 SV=5 

SYEP_HUMAN 100% 100% 

67 MICOS complex subunit MIC60 OS=Homo sapiens 

GN=IMMT PE=1 SV=1 

MIC60_HUMAN 100% 100% 

68 T-complex protein 1 subunit alpha OS=Homo sapiens 

GN=TCP1 PE=1 SV=1 

TCPA_HUMAN 100% 100% 

69 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 

OS=Homo sapiens GN=ATP2A2 PE=1 SV=1 

AT2A2_HUMAN 100% 100% 

70 Trifunctional enzyme subunit alpha, mitochondrial OS=Homo 

sapiens GN=HADHA PE=1 SV=2 

ECHA_HUMAN 100% 100% 

71 Retrotransposon-like protein 1 OS=Homo sapiens GN=RTL1 

PE=3 SV=3 

RTL1_HUMAN 100% 100% 

72 T-complex protein 1 subunit delta OS=Homo sapiens 

GN=CCT4 PE=1 SV=4 

TCPD_HUMAN 100% 100% 

73 Calcium-binding mitochondrial carrier protein Aralar2 

OS=Homo sapiens GN=SLC25A13 PE=1 SV=2 

CMC2_HUMAN 100% 100% 

74 Heterogeneous nuclear ribonucleoprotein M OS=Homo sapiens 

GN=HNRNPM PE=1 SV=3 

HNRPM_HUMAN 100% 100% 

75 Keratin, type II cytoskeletal 2 epidermal OS=Homo sapiens 

GN=KRT2 PE=1 SV=2 

K22E_HUMAN 100% 100% 

76 Exportin-2 OS=Homo sapiens GN=CSE1L PE=1 SV=3 XPO2_HUMAN 100% 100% 

77 Cullin-associated NEDD8-dissociated protein 1 OS=Homo 

sapiens GN=CAND1 PE=1 SV=2 

CAND1_HUMAN 100% 100% 

78 Keratin, type I cytoskeletal 10 OS=Homo sapiens GN=KRT10 

PE=1 SV=6 

K1C10_HUMAN 100% 100% 

79 T-complex protein 1 subunit zeta OS=Homo sapiens 

GN=CCT6A PE=1 SV=3 

TCPZ_HUMAN 100% 100% 
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  APPENDIX A (continued) 
80 DNA replication licensing factor MCM7 OS=Homo sapiens 

GN=MCM7 PE=1 SV=4 

MCM7_HUMAN 100% 100% 

81 Programmed cell death 6-interacting protein OS=Homo sapiens 

GN=PDCD6IP PE=1 SV=1 

PDC6I_HUMAN 100% 100% 

82 Lon protease homolog, mitochondrial OS=Homo sapiens 

GN=LONP1 PE=1 SV=2 

LONM_HUMAN 100% 100% 

83 T-complex protein 1 subunit eta OS=Homo sapiens GN=CCT7 

PE=1 SV=2 

TCPH_HUMAN 100% 100% 

84 Nucleolin OS=Homo sapiens GN=NCL PE=1 SV=3 NUCL_HUMAN 100% 100% 

85 General vesicular transport factor p115 OS=Homo sapiens 

GN=USO1 PE=1 SV=2 

USO1_HUMAN 100% 100% 

86 Calpain-1 catalytic subunit OS=Homo sapiens GN=CAPN1 

PE=1 SV=1 

CAN1_HUMAN 100% 100% 

87 Fascin OS=Homo sapiens GN=FSCN1 PE=1 SV=3 FSCN1_HUMAN 100% 100% 

88 Putative tubulin-like protein alpha-4B OS=Homo sapiens 

GN=TUBA4B PE=5 SV=2 

TBA4B_HUMAN 98% 100% 

89 C-1-tetrahydrofolate synthase, cytoplasmic OS=Homo sapiens 

GN=MTHFD1 PE=1 SV=3 

C1TC_HUMAN 100% 100% 

90 Ubiquitin carboxyl-terminal hydrolase 5 OS=Homo sapiens 

GN=USP5 PE=1 SV=2 

UBP5_HUMAN 100% 100% 

91 Extended synaptotagmin-1 OS=Homo sapiens GN=ESYT1 

PE=1 SV=1 

ESYT1_HUMAN 100% 100% 

92 Filamin-C OS=Homo sapiens GN=FLNC PE=1 SV=3 FLNC_HUMAN 100% 100% 

93 Glucose-6-phosphate 1-dehydrogenase OS=Homo sapiens 

GN=G6PD PE=1 SV=4 

G6PD_HUMAN 100% 100% 

94 Phosphoglycerate kinase 1 OS=Homo sapiens GN=PGK1 PE=1 

SV=3 

PGK1_HUMAN 100% 100% 

95 Isoleucine--tRNA ligase, cytoplasmic OS=Homo sapiens 

GN=IARS PE=1 SV=2 

SYIC_HUMAN 100% 100% 

96 Methionine--tRNA ligase, cytoplasmic OS=Homo sapiens 

GN=MARS PE=1 SV=2 

SYMC_HUMAN 100% 100% 

97 Protein-glutamine gamma-glutamyltransferase 2 OS=Homo 

sapiens GN=TGM2 PE=1 SV=2 

TGM2_HUMAN 100% 100% 

98 Calnexin OS=Homo sapiens GN=CANX PE=1 SV=2 CALX_HUMAN 100% 100% 

99 V-type proton ATPase catalytic subunit A OS=Homo sapiens 

GN=ATP6V1A PE=1 SV=2 

VATA_HUMAN 100% 100% 

100 Cytoskeleton-associated protein 4 OS=Homo sapiens 

GN=CKAP4 PE=1 SV=2 

CKAP4_HUMAN 100% 100% 

101 Dihydropyrimidinase-related protein 1 OS=Homo sapiens 

GN=CRMP1 PE=1 SV=1 

DPYL1_HUMAN 100% 100% 

102 26S proteasome non-ATPase regulatory subunit 1 OS=Homo 

sapiens GN=PSMD1 PE=1 SV=2 

PSMD1_HUMAN 100% 100% 

103 Ubiquitin-60S ribosomal protein L40 OS=Homo sapiens 

GN=UBA52 PE=1 SV=2 

RL40_HUMAN 

(+3) 

100% 100% 

104 Valine--tRNA ligase OS=Homo sapiens GN=VARS PE=1 

SV=4 

SYVC_HUMAN 100% 100% 

105 X-ray repair cross-complementing protein 6 OS=Homo sapiens 

GN=XRCC6 PE=1 SV=2 

XRCC6_HUMAN 100% 100% 

106 Septin-9 OS=Homo sapiens GN=SEPT9 PE=1 SV=2 SEPT9_HUMAN 100% 100% 

107 Plectin OS=Homo sapiens GN=PLEC PE=1 SV=3 PLEC_HUMAN 0% 100% 
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  APPENDIX A (continued) 
108 Serine/threonine-protein phosphatase 2A 65 kDa regulatory 

subunit A alpha isoform OS=Homo sapiens GN=PPP2R1A 

PE=1 SV=4 

2AAA_HUMAN 100% 100% 

109 Kinesin-like protein KIF21A OS=Homo sapiens GN=KIF21A 

PE=1 SV=2 

KI21A_HUMAN 100% 100% 

110 Poly [ADP-ribose] polymerase 1 OS=Homo sapiens 

GN=PARP1 PE=1 SV=4 

PARP1_HUMAN 100% 100% 

111 Phosphoribosylformylglycinamidine synthase OS=Homo 

sapiens GN=PFAS PE=1 SV=4 

PUR4_HUMAN 100% 100% 

112 Bifunctional purine biosynthesis protein PURH OS=Homo 

sapiens GN=ATIC PE=1 SV=3 

PUR9_HUMAN 100% 100% 

113 Lysine--tRNA ligase OS=Homo sapiens GN=KARS PE=1 

SV=3 

SYK_HUMAN 100% 100% 

114 Vacuolar protein sorting-associated protein 35 OS=Homo 

sapiens GN=VPS35 PE=1 SV=2 

VPS35_HUMAN 100% 100% 

115 GMP synthase [glutamine-hydrolyzing] OS=Homo sapiens 

GN=GMPS PE=1 SV=1 

GUAA_HUMAN 100% 100% 

116 eIF-2-alpha kinase activator GCN1 OS=Homo sapiens 

GN=GCN1 PE=1 SV=6 

GCN1_HUMAN 100% 100% 

117 Importin-5 OS=Homo sapiens GN=IPO5 PE=1 SV=4 IPO5_HUMAN 100% 100% 

118 Far upstream element-binding protein 2 OS=Homo sapiens 

GN=KHSRP PE=1 SV=4 

FUBP2_HUMAN 100% 100% 

119 Glucose-6-phosphate isomerase OS=Homo sapiens GN=GPI 

PE=1 SV=4 

G6PI_HUMAN 100% 100% 

120 Eukaryotic translation initiation factor 4 gamma 1 OS=Homo 

sapiens GN=EIF4G1 PE=1 SV=4 

IF4G1_HUMAN 100% 100% 

121 Vesicle-fusing ATPase OS=Homo sapiens GN=NSF PE=1 

SV=3 

NSF_HUMAN 100% 100% 

122 ATP-dependent 6-phosphofructokinase, muscle type OS=Homo 

sapiens GN=PFKM PE=1 SV=2 

PFKAM_HUMAN 100% 100% 

123 Isoleucine--tRNA ligase, mitochondrial OS=Homo sapiens 

GN=IARS2 PE=1 SV=2 

SYIM_HUMAN 100% 100% 

124 Arginine--tRNA ligase, cytoplasmic OS=Homo sapiens 

GN=RARS PE=1 SV=2 

SYRC_HUMAN 100% 100% 

125 Dynactin subunit 1 OS=Homo sapiens GN=DCTN1 PE=1 

SV=3 

DCTN1_HUMAN 100% 100% 

126 Protein disulfide-isomerase A4 OS=Homo sapiens GN=PDIA4 

PE=1 SV=2 

PDIA4_HUMAN 100% 100% 

127 Dynamin-1-like protein OS=Homo sapiens GN=DNM1L PE=1 

SV=2 

DNM1L_HUMAN 98% 100% 

128 Probable ATP-dependent RNA helicase DDX5 OS=Homo 

sapiens GN=DDX5 PE=1 SV=1 

DDX5_HUMAN 100% 100% 

129 Eukaryotic translation initiation factor 3 subunit C OS=Homo 

sapiens GN=EIF3C PE=1 SV=1 

EIF3C_HUMAN 

(+1) 

100% 100% 

130 Fermitin family homolog 2 OS=Homo sapiens GN=FERMT2 

PE=1 SV=1 

FERM2_HUMAN 100% 100% 

131 Gelsolin OS=Homo sapiens GN=GSN PE=1 SV=1 GELS_HUMAN 100% 100% 

132 NAD(P) transhydrogenase, mitochondrial OS=Homo sapiens 

GN=NNT PE=1 SV=3 

NNTM_HUMAN 100% 100% 

133 Profilin-1 OS=Homo sapiens GN=PFN1 PE=1 SV=2 PROF1_HUMAN 100% 100% 

134 Coatomer subunit beta' OS=Homo sapiens GN=COPB2 PE=1 

SV=2 

COPB2_HUMAN 100% 100% 
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  APPENDIX A (continued) 
135 Coatomer subunit alpha OS=Homo sapiens GN=COPA PE=1 

SV=2 

COPA_HUMAN 100% 100% 

136 Calreticulin OS=Homo sapiens GN=CALR PE=1 SV=1 CALR_HUMAN 98% 100% 

137 Acylamino-acid-releasing enzyme OS=Homo sapiens 

GN=APEH PE=1 SV=4 

ACPH_HUMAN 100% 100% 

138 Aminopeptidase B OS=Homo sapiens GN=RNPEP PE=1 SV=2 AMPB_HUMAN 100% 100% 

139 26S proteasome non-ATPase regulatory subunit 3 OS=Homo 

sapiens GN=PSMD3 PE=1 SV=2 

PSMD3_HUMAN 100% 100% 

140 Lysosomal alpha-glucosidase OS=Homo sapiens GN=GAA 

PE=1 SV=4 

LYAG_HUMAN 100% 100% 

141 Leucine-rich repeat-containing protein 47 OS=Homo sapiens 

GN=LRRC47 PE=1 SV=1 

LRC47_HUMAN 100% 100% 

142 40S ribosomal protein SA OS=Homo sapiens GN=RPSA PE=1 

SV=4 

RSSA_HUMAN 100% 100% 

143 Signal transducer and activator of transcription 1-alpha/beta 

OS=Homo sapiens GN=STAT1 PE=1 SV=2 

STAT1_HUMAN 100% 100% 

144 Insulin-like growth factor 2 mRNA-binding protein 3 

OS=Homo sapiens GN=IGF2BP3 PE=1 SV=2 

IF2B3_HUMAN 100% 100% 

145 Nuclear mitotic apparatus protein 1 OS=Homo sapiens 

GN=NUMA1 PE=1 SV=2 

NUMA1_HUMAN 99% 100% 

146 ATP-dependent RNA helicase A OS=Homo sapiens 

GN=DHX9 PE=1 SV=4 

DHX9_HUMAN 98% 100% 

147 Trifunctional purine biosynthetic protein adenosine-3 

OS=Homo sapiens GN=GART PE=1 SV=1 

PUR2_HUMAN 85% 100% 

148 Nestin OS=Homo sapiens GN=NES PE=1 SV=2 NEST_HUMAN 0% 100% 

149 Far upstream element-binding protein 1 OS=Homo sapiens 

GN=FUBP1 PE=1 SV=3 

FUBP1_HUMAN 100% 100% 

150 Eukaryotic translation initiation factor 3 subunit B OS=Homo 

sapiens GN=EIF3B PE=1 SV=3 

EIF3B_HUMAN 100% 100% 

151 Eukaryotic initiation factor 4A-I OS=Homo sapiens 

GN=EIF4A1 PE=1 SV=1 

IF4A1_HUMAN 100% 100% 

152 Leucine--tRNA ligase, cytoplasmic OS=Homo sapiens 

GN=LARS PE=1 SV=2 

SYLC_HUMAN 100% 100% 

153 Vigilin OS=Homo sapiens GN=HDLBP PE=1 SV=2 VIGLN_HUMAN 98% 100% 

154 Glutamine--tRNA ligase OS=Homo sapiens GN=QARS PE=1 

SV=1 

SYQ_HUMAN 0% 100% 

155 Aconitate hydratase, mitochondrial OS=Homo sapiens 

GN=ACO2 PE=1 SV=2 

ACON_HUMAN 100% 100% 

156 Coatomer subunit beta OS=Homo sapiens GN=COPB1 PE=1 

SV=3 

COPB_HUMAN 100% 100% 

157 Ezrin OS=Homo sapiens GN=EZR PE=1 SV=4 EZRI_HUMAN 100% 100% 

158 L-lactate dehydrogenase B chain OS=Homo sapiens 

GN=LDHB PE=1 SV=2 

LDHB_HUMAN 100% 100% 

159 Glutathione S-transferase P OS=Homo sapiens GN=GSTP1 

PE=1 SV=2 

GSTP1_HUMAN 100% 100% 

160 Cell cycle and apoptosis regulator protein 2 OS=Homo sapiens 

GN=CCAR2 PE=1 SV=2 

CCAR2_HUMAN 100% 100% 

161 Phospholipase A-2-activating protein OS=Homo sapiens 

GN=PLAA PE=1 SV=2 

PLAP_HUMAN 100% 100% 

162 CAD protein OS=Homo sapiens GN=CAD PE=1 SV=3 PYR1_HUMAN 100% 100% 
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  APPENDIX A (continued) 
163 Coatomer subunit gamma-1 OS=Homo sapiens GN=COPG1 

PE=1 SV=1 

COPG1_HUMAN 100% 100% 

164 14-3-3 protein gamma OS=Homo sapiens GN=YWHAG PE=1 

SV=2 

1433G_HUMAN 100% 100% 

165 Stress-induced-phosphoprotein 1 OS=Homo sapiens GN=STIP1 

PE=1 SV=1 

STIP1_HUMAN 100% 100% 

166 Catenin alpha-1 OS=Homo sapiens GN=CTNNA1 PE=1 SV=1 CTNA1_HUMAN 100% 100% 

167 Echinoderm microtubule-associated protein-like 4 OS=Homo 

sapiens GN=EML4 PE=1 SV=3 

EMAL4_HUMAN 100% 100% 

168 Fructose-bisphosphate aldolase A OS=Homo sapiens 

GN=ALDOA PE=1 SV=2 

ALDOA_HUMAN 100% 100% 

169 Sodium/potassium-transporting ATPase subunit alpha-1 

OS=Homo sapiens GN=ATP1A1 PE=1 SV=1 

AT1A1_HUMAN 100% 100% 

170 L-lactate dehydrogenase A chain OS=Homo sapiens 

GN=LDHA PE=1 SV=2 

LDHA_HUMAN 100% 100% 

171 Dihydropyrimidinase-related protein 5 OS=Homo sapiens 

GN=DPYSL5 PE=1 SV=1 

DPYL5_HUMAN 100% 100% 

172 Importin-9 OS=Homo sapiens GN=IPO9 PE=1 SV=3 IPO9_HUMAN 100% 100% 

173 Glyceraldehyde-3-phosphate dehydrogenase OS=Homo sapiens 

GN=GAPDH PE=1 SV=3 

G3P_HUMAN 100% 100% 

174 Malate dehydrogenase, mitochondrial OS=Homo sapiens 

GN=MDH2 PE=1 SV=3 

MDHM_HUMAN 100% 100% 

175 Serpin H1 OS=Homo sapiens GN=SERPINH1 PE=1 SV=2 SERPH_HUMAN 100% 100% 

176 Heat shock protein 75 kDa, mitochondrial OS=Homo sapiens 

GN=TRAP1 PE=1 SV=3 

TRAP1_HUMAN 100% 100% 

177 DNA replication licensing factor MCM6 OS=Homo sapiens 

GN=MCM6 PE=1 SV=1 

MCM6_HUMAN 100% 100% 

178 Polypyrimidine tract-binding protein 1 OS=Homo sapiens 

GN=PTBP1 PE=1 SV=1 

PTBP1_HUMAN 100% 100% 

179 Protein disulfide-isomerase A6 OS=Homo sapiens GN=PDIA6 

PE=1 SV=1 

PDIA6_HUMAN 100% 100% 

180 Sec1 family domain-containing protein 1 OS=Homo sapiens 

GN=SCFD1 PE=1 SV=4 

SCFD1_HUMAN 100% 100% 

181 Kinesin heavy chain isoform 5C OS=Homo sapiens GN=KIF5C 

PE=1 SV=1 

KIF5C_HUMAN 100% 100% 

182 Protein transport protein Sec31A OS=Homo sapiens 

GN=SEC31A PE=1 SV=3 

SC31A_HUMAN 99% 100% 

183 Importin-7 OS=Homo sapiens GN=IPO7 PE=1 SV=1 IPO7_HUMAN 98% 100% 

184 Multidrug resistance protein 1 OS=Homo sapiens GN=ABCB1 

PE=1 SV=3 

MDR1_HUMAN 98% 100% 

185 Major vault protein OS=Homo sapiens GN=MVP PE=1 SV=4 MVP_HUMAN 98% 100% 

186 NADPH--cytochrome P450 reductase OS=Homo sapiens 

GN=POR PE=1 SV=2 

NCPR_HUMAN 98% 100% 

187 Elongation factor Tu, mitochondrial OS=Homo sapiens 

GN=TUFM PE=1 SV=2 

EFTU_HUMAN 91% 100% 

188 60S ribosomal protein L5 OS=Homo sapiens GN=RPL5 PE=1 

SV=3 

RL5_HUMAN 23% 100% 

189 Rab GDP dissociation inhibitor alpha OS=Homo sapiens 

GN=GDI1 PE=1 SV=2 

GDIA_HUMAN 100% 100% 

190 Nicotinamide phosphoribosyltransferase OS=Homo sapiens 

GN=NAMPT PE=1 SV=1 

NAMPT_HUMAN 100% 100% 
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  APPENDIX A (continued) 
191 Adenylyl cyclase-associated protein 1 OS=Homo sapiens 

GN=CAP1 PE=1 SV=5 

CAP1_HUMAN 100% 100% 

192 Synaptic vesicle membrane protein VAT-1 homolog OS=Homo 

sapiens GN=VAT1 PE=1 SV=2 

VAT1_HUMAN 100% 100% 

193 Asparagine--tRNA ligase, cytoplasmic OS=Homo sapiens 

GN=NARS PE=1 SV=1 

SYNC_HUMAN 100% 100% 

194 X-ray repair cross-complementing protein 5 OS=Homo sapiens 

GN=XRCC5 PE=1 SV=3 

XRCC5_HUMAN 100% 100% 

195 Melanoma-associated antigen D2 OS=Homo sapiens 

GN=MAGED2 PE=1 SV=2 

MAGD2_HUMAN 100% 100% 

196 Very long-chain specific acyl-CoA dehydrogenase, 

mitochondrial OS=Homo sapiens GN=ACADVL PE=1 SV=1 

ACADV_HUMAN 100% 100% 

197 DNA replication licensing factor MCM5 OS=Homo sapiens 

GN=MCM5 PE=1 SV=5 

MCM5_HUMAN 100% 100% 

198 Eukaryotic translation initiation factor 3 subunit L OS=Homo 

sapiens GN=EIF3L PE=1 SV=1 

EIF3L_HUMAN 100% 100% 

199 Protein disulfide-isomerase OS=Homo sapiens GN=P4HB 

PE=1 SV=3 

PDIA1_HUMAN 100% 100% 

200 Dipeptidyl peptidase 3 OS=Homo sapiens GN=DPP3 PE=1 

SV=2 

DPP3_HUMAN 100% 100% 

201 Sorting nexin-2 OS=Homo sapiens GN=SNX2 PE=1 SV=2 SNX2_HUMAN 100% 100% 

202 Unconventional myosin-Ib OS=Homo sapiens GN=MYO1B 

PE=1 SV=3 

MYO1B_HUMAN 100% 100% 

203 Heat shock protein 105 kDa OS=Homo sapiens GN=HSPH1 

PE=1 SV=1 

HS105_HUMAN 100% 100% 

204 DNA replication licensing factor MCM4 OS=Homo sapiens 

GN=MCM4 PE=1 SV=5 

MCM4_HUMAN 100% 100% 

205 Heterogeneous nuclear ribonucleoprotein Q OS=Homo sapiens 

GN=SYNCRIP PE=1 SV=2 

HNRPQ_HUMAN 100% 100% 

206 Copine-1 OS=Homo sapiens GN=CPNE1 PE=1 SV=1 CPNE1_HUMAN 100% 100% 

207 Exportin-1 OS=Homo sapiens GN=XPO1 PE=1 SV=1 XPO1_HUMAN 100% 100% 

208 Alanine--tRNA ligase, cytoplasmic OS=Homo sapiens 

GN=AARS PE=1 SV=2 

SYAC_HUMAN 100% 100% 

209 ATP-dependent 6-phosphofructokinase, liver type OS=Homo 

sapiens GN=PFKL PE=1 SV=6 

PFKAL_HUMAN 100% 100% 

210 Catenin beta-1 OS=Homo sapiens GN=CTNNB1 PE=1 SV=1 CTNB1_HUMAN 98% 100% 

211 SUMO-activating enzyme subunit 2 OS=Homo sapiens 

GN=UBA2 PE=1 SV=2 

SAE2_HUMAN 97% 100% 

212 Aspartate--tRNA ligase, cytoplasmic OS=Homo sapiens 

GN=DARS PE=1 SV=2 

SYDC_HUMAN 100% 97% 

213 AP-2 complex subunit beta OS=Homo sapiens GN=AP2B1 

PE=1 SV=1 

AP2B1_HUMAN 21% 100% 

214 ATP-dependent RNA helicase DDX1 OS=Homo sapiens 

GN=DDX1 PE=1 SV=2 

DDX1_HUMAN 0% 100% 

215 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 OS=Homo 

sapiens GN=PLOD3 PE=1 SV=1 

PLOD3_HUMAN 100% 100% 

216 DNA replication licensing factor MCM2 OS=Homo sapiens 

GN=MCM2 PE=1 SV=4 

MCM2_HUMAN 100% 100% 

217 Secretory carrier-associated membrane protein 3 OS=Homo 

sapiens GN=SCAMP3 PE=1 SV=3 

SCAM3_HUMAN 100% 100% 

218 Prolyl 4-hydroxylase subunit alpha-1 OS=Homo sapiens 

GN=P4HA1 PE=1 SV=2 

P4HA1_HUMAN 100% 100% 
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  APPENDIX A (continued) 
219 Annexin A2 OS=Homo sapiens GN=ANXA2 PE=1 SV=2 ANXA2_HUMAN 100% 100% 

220 Elongation factor 1-gamma OS=Homo sapiens GN=EEF1G 

PE=1 SV=3 

EF1G_HUMAN 100% 100% 

221 Actin-related protein 3 OS=Homo sapiens GN=ACTR3 PE=1 

SV=3 

ARP3_HUMAN 100% 100% 

222 Elongation factor 1-alpha 1 OS=Homo sapiens GN=EEF1A1 

PE=1 SV=1 

EF1A1_HUMAN 

(+1) 

100% 100% 

223 Heterogeneous nuclear ribonucleoprotein L OS=Homo sapiens 

GN=HNRNPL PE=1 SV=2 

HNRPL_HUMAN 100% 100% 

224 Mitochondrial import receptor subunit TOM70 OS=Homo 

sapiens GN=TOMM70 PE=1 SV=1 

TOM70_HUMAN 100% 100% 

225 Squamous cell carcinoma antigen recognized by T-cells 3 

OS=Homo sapiens GN=SART3 PE=1 SV=1 

SART3_HUMAN 100% 100% 

226 26S proteasome regulatory subunit 4 OS=Homo sapiens 

GN=PSMC1 PE=1 SV=1 

PRS4_HUMAN 100% 100% 

227 Histone H2B type 1-B OS=Homo sapiens GN=HIST1H2BB 

PE=1 SV=2 

H2B1B_HUMAN 

(+12) 

100% 100% 

228 40S ribosomal protein S3 OS=Homo sapiens GN=RPS3 PE=1 

SV=2 

RS3_HUMAN 100% 100% 

229 Coatomer subunit delta OS=Homo sapiens GN=ARCN1 PE=1 

SV=1 

COPD_HUMAN 100% 100% 

230 DNA replication licensing factor MCM3 OS=Homo sapiens 

GN=MCM3 PE=1 SV=3 

MCM3_HUMAN 99% 100% 

231 Neuroblast differentiation-associated protein AHNAK 

OS=Homo sapiens GN=AHNAK PE=1 SV=2 

AHNK_HUMAN 100% 99% 

232 AP-2 complex subunit alpha-2 OS=Homo sapiens GN=AP2A2 

PE=1 SV=2 

AP2A2_HUMAN 98% 100% 

233 DNA mismatch repair protein Msh2 OS=Homo sapiens 

GN=MSH2 PE=1 SV=1 

MSH2_HUMAN 98% 100% 

234 Catenin delta-1 OS=Homo sapiens GN=CTNND1 PE=1 SV=1 CTND1_HUMAN 98% 100% 

235 Protein enabled homolog OS=Homo sapiens GN=ENAH PE=1 

SV=2 

ENAH_HUMAN 98% 100% 

236 Peptidyl-prolyl cis-trans isomerase FKBP4 OS=Homo sapiens 

GN=FKBP4 PE=1 SV=3 

FKBP4_HUMAN 100% 97% 

237 [F-actin]-methionine sulfoxide oxidase MICAL1 OS=Homo 

sapiens GN=MICAL1 PE=1 SV=2 

MICA1_HUMAN 96% 99% 

238 Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5 

OS=Homo sapiens GN=MACF1 PE=1 SV=4 

MACF1_HUMAN 80% 100% 

239 Protein transport protein Sec23B OS=Homo sapiens 

GN=SEC23B PE=1 SV=2 

SC23B_HUMAN 0% 100% 

240 Heterogeneous nuclear ribonucleoprotein R OS=Homo sapiens 

GN=HNRNPR PE=1 SV=1 

HNRPR_HUMAN 100% 100% 

241 Golgi resident protein GCP60 OS=Homo sapiens GN=ACBD3 

PE=1 SV=4 

GCP60_HUMAN 100% 100% 

242 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase 

gamma-1 OS=Homo sapiens GN=PLCG1 PE=1 SV=1 

PLCG1_HUMAN 100% 100% 

243 6-phosphogluconate dehydrogenase, decarboxylating 

OS=Homo sapiens GN=PGD PE=1 SV=3 

6PGD_HUMAN 100% 100% 

244 Creatine kinase B-type OS=Homo sapiens GN=CKB PE=1 

SV=1 

KCRB_HUMAN 100% 100% 

245 Pre-mRNA-splicing factor ATP-dependent RNA helicase 

DHX15 OS=Homo sapiens GN=DHX15 PE=1 SV=2 

DHX15_HUMAN 100% 100% 
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  APPENDIX A (continued) 
246 Heat shock protein beta-1 OS=Homo sapiens GN=HSPB1 PE=1 

SV=2 

HSPB1_HUMAN 100% 100% 

247 Nucleosome assembly protein 1-like 1 OS=Homo sapiens 

GN=NAP1L1 PE=1 SV=1 

NP1L1_HUMAN 100% 100% 

248 D-3-phosphoglycerate dehydrogenase OS=Homo sapiens 

GN=PHGDH PE=1 SV=4 

SERA_HUMAN 100% 100% 

249 Rab GDP dissociation inhibitor beta OS=Homo sapiens 

GN=GDI2 PE=1 SV=2 

GDIB_HUMAN 100% 100% 

250 Heterogeneous nuclear ribonucleoprotein H OS=Homo sapiens 

GN=HNRNPH1 PE=1 SV=4 

HNRH1_HUMAN 100% 100% 

251 WD repeat-containing protein 1 OS=Homo sapiens GN=WDR1 

PE=1 SV=4 

WDR1_HUMAN 100% 100% 

252 Nuclear protein localization protein 4 homolog OS=Homo 

sapiens GN=NPLOC4 PE=1 SV=3 

NPL4_HUMAN 100% 100% 

253 tRNA (cytosine(34)-C(5))-methyltransferase OS=Homo sapiens 

GN=NSUN2 PE=1 SV=2 

NSUN2_HUMAN 100% 100% 

254 Septin-7 OS=Homo sapiens GN=SEPT7 PE=1 SV=2 SEPT7_HUMAN 100% 100% 

255 SEC23-interacting protein OS=Homo sapiens GN=SEC23IP 

PE=1 SV=1 

S23IP_HUMAN 99% 100% 

256 Nodal modulator 1 OS=Homo sapiens GN=NOMO1 PE=1 

SV=5 

NOMO1_HUMAN 99% 100% 

257 Unconventional myosin-Ic OS=Homo sapiens GN=MYO1C 

PE=1 SV=4 

MYO1C_HUMAN 100% 98% 

258 Nuclear factor NF-kappa-B p100 subunit OS=Homo sapiens 

GN=NFKB2 PE=1 SV=4 

NFKB2_HUMAN 98% 100% 

259 Prolyl endopeptidase OS=Homo sapiens GN=PREP PE=1 

SV=2 

PPCE_HUMAN 98% 100% 

260 Regulator of nonsense transcripts 1 OS=Homo sapiens 

GN=UPF1 PE=1 SV=2 

RENT1_HUMAN 98% 100% 

261 DNA damage-binding protein 1 OS=Homo sapiens GN=DDB1 

PE=1 SV=1 

DDB1_HUMAN 98% 100% 

262 Tubulin--tyrosine ligase-like protein 12 OS=Homo sapiens 

GN=TTLL12 PE=1 SV=2 

TTL12_HUMAN 98% 100% 

263 Importin-4 OS=Homo sapiens GN=IPO4 PE=1 SV=2 IPO4_HUMAN 98% 100% 

264 Tryptophan--tRNA ligase, cytoplasmic OS=Homo sapiens 

GN=WARS PE=1 SV=2 

SYWC_HUMAN 100% 94% 

265 Polyadenylate-binding protein 1 OS=Homo sapiens 

GN=PABPC1 PE=1 SV=2 

PABP1_HUMAN 94% 100% 

266 NAD-dependent malic enzyme, mitochondrial OS=Homo 

sapiens GN=ME2 PE=1 SV=1 

MAOM_HUMAN 100% 89% 

267 Cytoplasmic dynein 1 intermediate chain 2 OS=Homo sapiens 

GN=DYNC1I2 PE=1 SV=3 

DC1I2_HUMAN 44% 100% 

268 Zyxin OS=Homo sapiens GN=ZYX PE=1 SV=1 ZYX_HUMAN 40% 100% 

269 Tubulin-specific chaperone D OS=Homo sapiens GN=TBCD 

PE=1 SV=2 

TBCD_HUMAN 0% 100% 

270 Coronin-7 OS=Homo sapiens GN=CORO7 PE=1 SV=2 CORO7_HUMAN 0% 100% 

271 Tubulin beta-2B chain OS=Homo sapiens GN=TUBB2B PE=1 

SV=1 

TBB2B_HUMAN 100% 100% 

272 NADH-ubiquinone oxidoreductase 75 kDa subunit, 

mitochondrial OS=Homo sapiens GN=NDUFS1 PE=1 SV=3 

NDUS1_HUMAN 100% 100% 

273 Cytoplasmic FMR1-interacting protein 1 OS=Homo sapiens 

GN=CYFIP1 PE=1 SV=1 

CYFP1_HUMAN 100% 100% 
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  APPENDIX A (continued) 
274 Heterogeneous nuclear ribonucleoprotein U-like protein 2 

OS=Homo sapiens GN=HNRNPUL2 PE=1 SV=1 

HNRL2_HUMAN 100% 100% 

275 Tubulin beta-6 chain OS=Homo sapiens GN=TUBB6 PE=1 

SV=1 

TBB6_HUMAN 100% 100% 

276 Manganese-transporting ATPase 13A1 OS=Homo sapiens 

GN=ATP13A1 PE=1 SV=2 

AT131_HUMAN 100% 100% 

277 Neurosecretory protein VGF OS=Homo sapiens GN=VGF 

PE=1 SV=2 

VGF_HUMAN 98% 100% 

278 Peroxisomal multifunctional enzyme type 2 OS=Homo sapiens 

GN=HSD17B4 PE=1 SV=3 

DHB4_HUMAN 98% 100% 

279 Carnitine O-palmitoyltransferase 2, mitochondrial OS=Homo 

sapiens GN=CPT2 PE=1 SV=2 

CPT2_HUMAN 98% 100% 

280 Adenosylhomocysteinase OS=Homo sapiens GN=AHCY PE=1 

SV=4 

SAHH_HUMAN 100% 97% 

281 Histone deacetylase 2 OS=Homo sapiens GN=HDAC2 PE=1 

SV=2 

HDAC2_HUMAN 97% 100% 

282 E3 ubiquitin-protein ligase HUWE1 OS=Homo sapiens 

GN=HUWE1 PE=1 SV=3 

HUWE1_HUMAN 98% 99% 

283 Cold shock domain-containing protein E1 OS=Homo sapiens 

GN=CSDE1 PE=1 SV=2 

CSDE1_HUMAN 96% 100% 

284 Nucleoside diphosphate kinase A OS=Homo sapiens 

GN=NME1 PE=1 SV=1 

NDKA_HUMAN 99% 97% 

285 ATP-dependent 6-phosphofructokinase, platelet type OS=Homo 

sapiens GN=PFKP PE=1 SV=2 

PFKAP_HUMAN 90% 100% 

286 Carnitine O-palmitoyltransferase 1, liver isoform OS=Homo 

sapiens GN=CPT1A PE=1 SV=2 

CPT1A_HUMAN 89% 100% 

287 Matrin-3 OS=Homo sapiens GN=MATR3 PE=1 SV=2 MATR3_HUMAN 88% 100% 

288 Citrate synthase, mitochondrial OS=Homo sapiens GN=CS 

PE=1 SV=2 

CISY_HUMAN 99% 86% 

289 Exportin-T OS=Homo sapiens GN=XPOT PE=1 SV=2 XPOT_HUMAN 80% 100% 

290 SH3 and PX domain-containing protein 2B OS=Homo sapiens 

GN=SH3PXD2B PE=1 SV=3 

SPD2B_HUMAN 71% 100% 

291 Ubiquitin carboxyl-terminal hydrolase 14 OS=Homo sapiens 

GN=USP14 PE=1 SV=3 

UBP14_HUMAN 99% 50% 

292 B-cell receptor-associated protein 31 OS=Homo sapiens 

GN=BCAP31 PE=1 SV=3 

BAP31_HUMAN 39% 100% 

293 CCR4-NOT transcription complex subunit 1 OS=Homo sapiens 

GN=CNOT1 PE=1 SV=2 

CNOT1_HUMAN 25% 99% 

294 Exportin-5 OS=Homo sapiens GN=XPO5 PE=1 SV=1 XPO5_HUMAN 100% 19% 

295 Bifunctional 3'-phosphoadenosine 5'-phosphosulfate synthase 1 

OS=Homo sapiens GN=PAPSS1 PE=1 SV=2 

PAPS1_HUMAN 13% 100% 

296 Dynamin-2 OS=Homo sapiens GN=DNM2 PE=1 SV=2 DYN2_HUMAN 7% 99% 

297 Dihydropyrimidinase-related protein 4 OS=Homo sapiens 

GN=DPYSL4 PE=1 SV=2 

DPYL4_HUMAN 100% 5% 

298 Glutamine--fructose-6-phosphate aminotransferase 

[isomerizing] 1 OS=Homo sapiens GN=GFPT1 PE=1 SV=3 

GFPT1_HUMAN 0% 100% 

299 Succinate dehydrogenase [ubiquinone] flavoprotein subunit, 

mitochondrial OS=Homo sapiens GN=SDHA PE=1 SV=2 

SDHA_HUMAN 0% 100% 

300 14-3-3 protein epsilon OS=Homo sapiens GN=YWHAE PE=1 

SV=1 

1433E_HUMAN 0% 100% 

301 ATP-dependent RNA helicase DDX42 OS=Homo sapiens 

GN=DDX42 PE=1 SV=1 

DDX42_HUMAN 0% 100% 
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  APPENDIX A (continued) 
302 Splicing factor 3B subunit 3 OS=Homo sapiens GN=SF3B3 

PE=1 SV=4 

SF3B3_HUMAN 0% 100% 

303 N-alpha-acetyltransferase 15, NatA auxiliary subunit OS=Homo 

sapiens GN=NAA15 PE=1 SV=1 

NAA15_HUMAN 0% 100% 

304 DNA-directed RNA polymerase II subunit RPB2 OS=Homo 

sapiens GN=POLR2B PE=1 SV=1 

RPB2_HUMAN 0% 100% 

305 Kinectin OS=Homo sapiens GN=KTN1 PE=1 SV=1 KTN1_HUMAN 0% 100% 

306 CTP synthase 1 OS=Homo sapiens GN=CTPS1 PE=1 SV=2 PYRG1_HUMAN 0% 100% 

307 Cytoplasmic aconitate hydratase OS=Homo sapiens GN=ACO1 

PE=1 SV=3 

ACOC_HUMAN 0% 100% 

308 26S proteasome regulatory subunit 10B OS=Homo sapiens 

GN=PSMC6 PE=1 SV=1 

PRS10_HUMAN 100% 0% 

309 Host cell factor 1 OS=Homo sapiens GN=HCFC1 PE=1 SV=2 HCFC1_HUMAN 0% 100% 

310 ATP-dependent RNA helicase DDX3X OS=Homo sapiens 

GN=DDX3X PE=1 SV=3 

DDX3X_HUMAN 100% 100% 

311 Guanine nucleotide-binding protein G(i) subunit alpha-2 

OS=Homo sapiens GN=GNAI2 PE=1 SV=3 

GNAI2_HUMAN 100% 100% 

312 Tubulin beta-4B chain OS=Homo sapiens GN=TUBB4B PE=1 

SV=1 

TBB4B_HUMAN 100% 100% 

313 Alkyldihydroxyacetonephosphate synthase, peroxisomal 

OS=Homo sapiens GN=AGPS PE=1 SV=1 

ADAS_HUMAN 98% 100% 

314 5'-3' exoribonuclease 2 OS=Homo sapiens GN=XRN2 PE=1 

SV=1 

XRN2_HUMAN 98% 100% 

315 Src substrate cortactin OS=Homo sapiens GN=CTTN PE=1 

SV=2 

SRC8_HUMAN 98% 100% 

316 Threonine--tRNA ligase, cytoplasmic OS=Homo sapiens 

GN=TARS PE=1 SV=3 

SYTC_HUMAN 98% 100% 

317 Transportin-1 OS=Homo sapiens GN=TNPO1 PE=1 SV=2 TNPO1_HUMAN 98% 100% 

318 Sideroflexin-1 OS=Homo sapiens GN=SFXN1 PE=1 SV=4 SFXN1_HUMAN 98% 100% 

319 Actin, aortic smooth muscle OS=Homo sapiens GN=ACTA2 

PE=1 SV=1 

ACTA_HUMAN 

(+3) 

97% 100% 

320 Gamma-enolase OS=Homo sapiens GN=ENO2 PE=1 SV=3 ENOG_HUMAN 100% 97% 

321 Dopamine beta-hydroxylase OS=Homo sapiens GN=DBH 

PE=1 SV=3 

DOPO_HUMAN 100% 97% 

322 Heterogeneous nuclear ribonucleoproteins A2/B1 OS=Homo 

sapiens GN=HNRNPA2B1 PE=1 SV=2 

ROA2_HUMAN 100% 97% 

323 26S proteasome regulatory subunit 6A OS=Homo sapiens 

GN=PSMC3 PE=1 SV=3 

PRS6A_HUMAN 100% 97% 

324 Protein unc-13 homolog D OS=Homo sapiens GN=UNC13D 

PE=1 SV=1 

UN13D_HUMAN 98% 99% 

325 Sorting nexin-1 OS=Homo sapiens GN=SNX1 PE=1 SV=3 SNX1_HUMAN 98% 99% 

326 Neutral amino acid transporter B(0) OS=Homo sapiens 

GN=SLC1A5 PE=1 SV=2 

AAAT_HUMAN 99% 97% 

327 Elongation factor 1-alpha 2 OS=Homo sapiens GN=EEF1A2 

PE=1 SV=1 

EF1A2_HUMAN 95% 100% 

328 Far upstream element-binding protein 3 OS=Homo sapiens 

GN=FUBP3 PE=1 SV=2 

FUBP3_HUMAN 100% 88% 

329 GTP-binding nuclear protein Ran OS=Homo sapiens GN=RAN 

PE=1 SV=3 

RAN_HUMAN 83% 100% 

330 Dynamin-1 OS=Homo sapiens GN=DNM1 PE=1 SV=2 DYN1_HUMAN 77% 100% 
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  APPENDIX A (continued) 
331 V-type proton ATPase subunit B, kidney isoform OS=Homo 

sapiens GN=ATP6V1B1 PE=1 SV=3 

VATB1_HUMAN 62% 100% 

332 FRAS1-related extracellular matrix protein 3 OS=Homo sapiens 

GN=FREM3 PE=3 SV=2 

FREM3_HUMAN 60% 100% 

333 Radixin OS=Homo sapiens GN=RDX PE=1 SV=1 RADI_HUMAN 34% 94% 

334 E3 ubiquitin-protein ligase UBR4 OS=Homo sapiens 

GN=UBR4 PE=1 SV=1 

UBR4_HUMAN 99% 23% 

335 Kinesin-like protein KIF3A OS=Homo sapiens GN=KIF3A 

PE=1 SV=4 

KIF3A_HUMAN 21% 100% 

336 Plastin-3 OS=Homo sapiens GN=PLS3 PE=1 SV=4 PLST_HUMAN 99% 16% 

337 Serine/threonine-protein kinase PAK 2 OS=Homo sapiens 

GN=PAK2 PE=1 SV=3 

PAK2_HUMAN 100% 11% 

338 Coatomer subunit gamma-2 OS=Homo sapiens GN=COPG2 

PE=1 SV=1 

COPG2_HUMAN 8% 100% 

339 Polyadenylate-binding protein 4 OS=Homo sapiens 

GN=PABPC4 PE=1 SV=1 

PABP4_HUMAN 7% 100% 

340 Probable ATP-dependent RNA helicase DDX17 OS=Homo 

sapiens GN=DDX17 PE=1 SV=2 

DDX17_HUMAN 0% 100% 

341 ER membrane protein complex subunit 1 OS=Homo sapiens 

GN=EMC1 PE=1 SV=1 

EMC1_HUMAN 0% 100% 

342 Drebrin OS=Homo sapiens GN=DBN1 PE=1 SV=4 DREB_HUMAN 0% 100% 

343 LisH domain-containing protein ARMC9 OS=Homo sapiens 

GN=ARMC9 PE=1 SV=2 

ARMC9_HUMAN 100% 0% 

344 26S proteasome regulatory subunit 7 OS=Homo sapiens 

GN=PSMC2 PE=1 SV=3 

PRS7_HUMAN 100% 0% 

345 Constitutive coactivator of PPAR-gamma-like protein 1 

OS=Homo sapiens GN=FAM120A PE=1 SV=2 

F120A_HUMAN 0% 100% 

346 Glycogen phosphorylase, muscle form OS=Homo sapiens 

GN=PYGM PE=1 SV=6 

PYGM_HUMAN 0% 100% 

347 Cysteine--tRNA ligase, cytoplasmic OS=Homo sapiens 

GN=CARS PE=1 SV=3 

SYCC_HUMAN 0% 100% 

348 Exosome complex exonuclease RRP44 OS=Homo sapiens 

GN=DIS3 PE=1 SV=2 

RRP44_HUMAN 0% 100% 

349 AP-1 complex subunit beta-1 OS=Homo sapiens GN=AP1B1 

PE=1 SV=2 

AP1B1_HUMAN 0% 100% 

350 ATP-binding cassette sub-family E member 1 OS=Homo 

sapiens GN=ABCE1 PE=1 SV=1 

ABCE1_HUMAN 0% 100% 

351 Serine/threonine-protein phosphatase 2B catalytic subunit alpha 

isoform OS=Homo sapiens GN=PPP3CA PE=1 SV=1 

PP2BA_HUMAN 100% 0% 

352 Protein transport protein Sec24C OS=Homo sapiens 

GN=SEC24C PE=1 SV=3 

SC24C_HUMAN 0% 100% 

353 Protein phosphatase 1F OS=Homo sapiens GN=PPM1F PE=1 

SV=3 

PPM1F_HUMAN 99% 0% 

354 Ras GTPase-activating-like protein IQGAP2 OS=Homo sapiens 

GN=IQGAP2 PE=1 SV=4 

IQGA2_HUMAN 54% 0% 

355 Tubulin beta-2A chain OS=Homo sapiens GN=TUBB2A PE=1 

SV=1 

TBB2A_HUMAN 100% 100% 

356 Guanine nucleotide-binding protein G(o) subunit alpha 

OS=Homo sapiens GN=GNAO1 PE=1 SV=4 

GNAO_HUMAN 100% 100% 

357 Kinesin light chain 1 OS=Homo sapiens GN=KLC1 PE=1 

SV=2 

KLC1_HUMAN 98% 100% 
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  APPENDIX A (continued) 
358 Tubulin alpha-3C/D chain OS=Homo sapiens GN=TUBA3C 

PE=1 SV=3 

TBA3C_HUMAN 69% 74% 

359 Sodium/potassium-transporting ATPase subunit alpha-3 

OS=Homo sapiens GN=ATP1A3 PE=1 SV=3 

AT1A3_HUMAN 53% 76% 

360 14-3-3 protein eta OS=Homo sapiens GN=YWHAH PE=1 

SV=4 

1433F_HUMAN 43% 66% 

361 ATP-binding cassette sub-family F member 1 OS=Homo 

sapiens GN=ABCF1 PE=1 SV=2 

ABCF1_HUMAN 0% 100% 

362 Non-syndromic hearing impairment protein 5 OS=Homo 

sapiens GN=DFNA5 PE=1 SV=2 

DFNA5_HUMAN 100% 0% 

363 Ras GTPase-activating protein-binding protein 2 OS=Homo 

sapiens GN=G3BP2 PE=1 SV=2 

G3BP2_HUMAN 0% 100% 

364 Dihydrolipoyllysine-residue acetyltransferase component of 

pyruvate dehydrogenase complex, mitochondrial OS=Homo 

sapiens GN=DLAT PE=1 SV=3 

ODP2_HUMAN 0% 100% 

365 2',5'-phosphodiesterase 12 OS=Homo sapiens GN=PDE12 

PE=1 SV=2 

PDE12_HUMAN 100% 0% 

366 4F2 cell-surface antigen heavy chain OS=Homo sapiens 

GN=SLC3A2 PE=1 SV=3 

4F2_HUMAN 0% 100% 

367 Intercellular adhesion molecule 1 OS=Homo sapiens 

GN=ICAM1 PE=1 SV=2 

ICAM1_HUMAN 0% 100% 

368 Rab3 GTPase-activating protein catalytic subunit OS=Homo 

sapiens GN=RAB3GAP1 PE=1 SV=3 

RB3GP_HUMAN 0% 100% 

369 60S ribosomal protein L8 OS=Homo sapiens GN=RPL8 PE=1 

SV=2 

RL8_HUMAN 0% 100% 

370 Eukaryotic translation initiation factor 3 subunit F OS=Homo 

sapiens GN=EIF3F PE=1 SV=1 

EIF3F_HUMAN 100% 0% 

371 Proto-oncogene tyrosine-protein kinase receptor Ret OS=Homo 

sapiens GN=RET PE=1 SV=3 

RET_HUMAN 0% 100% 

372 Transgelin-2 OS=Homo sapiens GN=TAGLN2 PE=1 SV=3 TAGL2_HUMAN 100% 0% 

373 Eukaryotic translation initiation factor 4 gamma 2 OS=Homo 

sapiens GN=EIF4G2 PE=1 SV=1 

IF4G2_HUMAN 0% 100% 

374 14-3-3 protein theta OS=Homo sapiens GN=YWHAQ PE=1 

SV=1 

1433T_HUMAN 97% 0% 

375 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 

subunit 2 OS=Homo sapiens GN=RPN2 PE=1 SV=3 

RPN2_HUMAN 0% 100% 

376 Nck-associated protein 1 OS=Homo sapiens GN=NCKAP1 

PE=1 SV=1 

NCKP1_HUMAN 0% 100% 

377 Receptor of activated protein C kinase 1 OS=Homo sapiens 

GN=RACK1 PE=1 SV=3 

RACK1_HUMAN 99% 0% 

378 Cytoplasmic dynein 1 light intermediate chain 2 OS=Homo 

sapiens GN=DYNC1LI2 PE=1 SV=1 

DC1L2_HUMAN 99% 0% 

379 Signal recognition particle subunit SRP68 OS=Homo sapiens 

GN=SRP68 PE=1 SV=2 

SRP68_HUMAN 0% 99% 

380 Nuclear pore complex protein Nup155 OS=Homo sapiens 

GN=NUP155 PE=1 SV=1 

NU155_HUMAN 99% 0% 

381 Niban-like protein 1 OS=Homo sapiens GN=FAM129B PE=1 

SV=3 

NIBL1_HUMAN 99% 0% 

382 Kinesin-like protein KIF7 OS=Homo sapiens GN=KIF7 PE=1 

SV=2 

KIF7_HUMAN 99% 0% 

383 Annexin A7 OS=Homo sapiens GN=ANXA7 PE=1 SV=3 ANXA7_HUMAN 99% 0% 
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  APPENDIX A (continued) 
384 Prolow-density lipoprotein receptor-related protein 1 OS=Homo 

sapiens GN=LRP1 PE=1 SV=2 

LRP1_HUMAN 0% 99% 

385 Prolyl 3-hydroxylase 3 OS=Homo sapiens GN=P3H3 PE=1 

SV=1 

P3H3_HUMAN 0% 99% 

386 Phosphate carrier protein, mitochondrial OS=Homo sapiens 

GN=SLC25A3 PE=1 SV=2 

MPCP_HUMAN 0% 99% 

387 Signal recognition particle receptor subunit alpha OS=Homo 

sapiens GN=SRPRA PE=1 SV=2 

SRPRA_HUMAN 0% 99% 

388 Potassium-transporting ATPase alpha chain 2 OS=Homo 

sapiens GN=ATP12A PE=1 SV=3 

AT12A_HUMAN 0% 64% 

389 Tubulin beta-4A chain OS=Homo sapiens GN=TUBB4A PE=1 

SV=2 

TBB4A_HUMAN 88% 100% 

390 Heterogeneous nuclear ribonucleoprotein F OS=Homo sapiens 

GN=HNRNPF PE=1 SV=3 

HNRPF_HUMAN 56% 100% 

391 Heat shock-related 70 kDa protein 2 OS=Homo sapiens 

GN=HSPA2 PE=1 SV=1 

HSP72_HUMAN 28% 100% 

392 Tubulin beta-8 chain OS=Homo sapiens GN=TUBB8 PE=1 

SV=2 

TBB8_HUMAN 40% 80% 

393 14-3-3 protein beta/alpha OS=Homo sapiens GN=YWHAB 

PE=1 SV=3 

1433B_HUMAN 100% 0% 

394 Guanine nucleotide-binding protein G(s) subunit alpha isoforms 

XLas OS=Homo sapiens GN=GNAS PE=1 SV=2 

GNAS1_HUMAN 

(+1) 

100% 0% 

395 Plasma membrane calcium-transporting ATPase 4 OS=Homo 

sapiens GN=ATP2B4 PE=1 SV=2 

AT2B4_HUMAN 0% 100% 

396 Heat shock protein HSP 90-alpha A2 OS=Homo sapiens 

GN=HSP90AA2P PE=1 SV=2 

HS902_HUMAN 0% 95% 

397 T-complex protein 1 subunit zeta-2 OS=Homo sapiens 

GN=CCT6B PE=1 SV=5 

TCPW_HUMAN 91% 0% 

398 ATP-dependent RNA helicase DDX3Y OS=Homo sapiens 

GN=DDX3Y PE=1 SV=2 

DDX3Y_HUMAN 0% 68% 

399 Putative heat shock protein HSP 90-alpha A4 OS=Homo 

sapiens GN=HSP90AA4P PE=5 SV=1 

HS904_HUMAN 70% 0% 

400 Plasma membrane calcium-transporting ATPase 3 OS=Homo 

sapiens GN=ATP2B3 PE=1 SV=3 

AT2B3_HUMAN 0% 67% 

401 Putative heat shock protein HSP 90-alpha A5 OS=Homo 

sapiens GN=HSP90AA5P PE=2 SV=1 

HS905_HUMAN 0% 54% 

402 POTE ankyrin domain family member E OS=Homo sapiens 

GN=POTEE PE=2 SV=3 

POTEE_HUMAN 

(+1) 

35% 0% 

403 Neurofilament light polypeptide OS=Homo sapiens GN=NEFL 

PE=1 SV=3 

NFL_HUMAN 0% 29% 
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APPENDIX B. PROTEIN CRYSTAL STRUCTRUES FROM RCSB 

PROTEIN DATA BANK WITH GSH OR GSH-CONJUGATE LINGANDS 

TABLE V.  LIST OF CRYSTAL STRUCTURES WITH GSH OR GSH-CONJUGATE 

LIGANDS IN THE RCBS PDB 

PDB ID Ligand Protein Resolution 

10GS Phenyl GSH GST P1-1 2.2 

18GS Dinitrobezene GSH GST P1-1 1.9 

1AQV Bromobenzene GSH GST P1-1 1.94 

1AQW GSH GST P1-1 1.8 

1AQX Trinitrobenzene GSH GST P1-1 2 

1EEM GSH GST O1-1 2 

1FRO Phenyl GSH Glyoxalase I 2.2 

1FW1 GSH Maleylacetoacetate Isomerase/GST Z 1.9 

1GRA GSH Glutathione Reductase 2 

1GUH Phenyl GSH GST A1-1 2.6 

1HNB Dinitrobezene GSH GST M2-2 3.5 

1HNL GSH Lysozyme 1.8 

1K0N GSH Chloride Intracellular Channel Protein I 1.8 

1KCG GSH NKG2D 2.6 

1LJR GSH GST T2-2 3.2 

1MC5 Hydroxymethyl GSH Formaldehyde Dehydrogenase 2.6 

1PL1 Methoxybenzyl GSH GST A1-1 1.75 

1Q8M GSH TREM-1 2.6 

1QH5 N-Hydroxyl-N-

bromophenylcarbamoyl GSH 

Glyoxalase II 1.45 

1QIN N-Hydroxyl-N-

bromophenylcarbamoyl GSH 

Glyoxalase I 2 

1TDI GSH GST A3-3 2.4 

1XWK Dinitrobezene GSH GST M1-1 2.3 

1Y1A GSH Calcium and Integrin Binding I 2.3 

1YZX Sulfino GSH GST K 1.93 

2A2R Nitro GSH GST P1-1 1.4 

2A2S Nitro GSH GST P1-1 1.7 

2BRQ GSH Filamin A and Intefrin B 7-subunit 2.1 

2F3M Trinitrobenzene GSH GST M1-1 2.7 

2FLS GSH Glutaredoxin 2 2.05 

2GRT Oxidized GSH Glutatione Reductase 2.7 

2HGS GSH Glutathione Synthase 2.1 

2HT9 GSH Glutaredoxin 2 1.9 

2PGT Dihydrophenanthrene GSH GST P1-1 1.9 
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  APPENDIX B (continued) 
2PNO GSH Leukotriene C4 Synthase 3.3 

2R4V GSH Chloride Intracellular Channel Protein 2 1.85 

2UUH GSH Leukotriene C4 Synthase 2.15 

2VCQ GSH Prostaglandin D Synthase 1.95 

2VCV GSH GST A3 1.8 

2WJU GSH GST A2-2 2.3 

2WUL GSH Glutaredoxin Related Protein 5 2.4 

2XPY GSH Leukotriene A-4 Hydrolase 2.73 

2ZK2 GSH PPAR gamma 2.26 

3B29 GSH Leukotriene C4 Synthase 3.2 

3BHJ GSH Carbonyl Reductase I 1.77 

3BHM Methoxy GSH Carbonyl Reductase I 1.8 

3 E73 GSH LanC-like Protein I 2.8 

3EE2 GSH Prostaglandin D Synthase 1.91 

3GUR GSH GST Mu2 2.5 

3HKK GSH Sulfonic Acid Leukotriene C4 Synthase 2.9 

3KMO GSH GST P 2.6 

3KXO GSH Prostaglandin D Synthase 2.1 

3LEO GSH Leukotriene C4 Synthase 2.1 

3LJR Menaphthyl GSH GST T2-2 3.3 

3LFL GSH GST O1 1.8 

3OB7 GSH GST 1-1 2 

3P8F GSH Matriptase 1.2 

3P8G GSH Matriptase 1.9 

3PCV GSH Leukotriene C4 Synthase 1.9 

3Q19 GSH GST O2 1.9 

3RPN S-Hexyl GSH GST K1 2 

3VI7 GSH Prostaglandin D Synthase 2.1 

4ACS GSH GST A2-2 1.16 

4AL0 GSH Prostaglandin E Synthase 1.72 

4EDY GSH Prostaglandin D Synthase 2 

4EE0 Solfino GSH Prostaglandin D Synthase 1.75 

1QIP Nitrobenzyloxycarbonyl GSH Lactoylglutathione Lyase 1.72 

1HNA Dinitrobezene GSH GST M2-2 1.85 
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APPENDIX C. SELECT REPLICATES OF IN-GEL IMAGES 

Figure 75. Replicate of GST-P1 treated with aHNE and aONE. 

 

Figure 76. Replicate of Pin1 treated with aHNE and aONE 
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APPENDIX C (continued) 

Figure 77. Replicate of SHSY-5Y cell lysates treated with aHNE and aONE 
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APPENDIX C (continued) 

Figure 78. Replicate of ALDH2(-/-) and WT brain samples 

 

Figure 79. Replicate of PC12 WT and ALDH2(-/-) cells treated with HNE 
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APPENDIX C (continued) 

Figure 80. Replicate of SHSY-5Y lysates treated with GSH, NAC, and aHNE 

 

 

 

Figure 81. Replicate of SHSY-5Y lysates treated with HH, HYD, and aHNE 
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APPENDIX C (continued) 

Figure 82. Replicate of GST-P1 treated with NAC and aHNE 

 

Figure 83. Replicate of GST-P1 treated with HH, HYD, and aHNE 
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