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Redox signaling has developed into a burgeoning field underpinning cellular 

signaling pathways important for health; the dysfunction of these pathways contributes 

to various diseases including cancers, neurodegenerative diseases, and diabetes, 

among others.  These unique signaling processes are also shown to underlie 

development and aging pathways but the molecular mechanisms through which redox 

signals elicit their effects are largely unknown.  Here we showcase the development, 

elaboration, and application of T-REX
TM

 toward (1) characterizing Nrf2-AR signaling 

activation against a diverse array of physiologically relevant electrophiles, (2) 

development of an orthogonal LapTag based targeting strategy, (3) development of a 

T-REX
TM

 delivery method for H2O2, and (4) the discovery of novel redox sensor 

proteins in the model organism C. elegans.  Subsequent to the successful coupling of 

T-REX
TM

 with C. elegans SILAC, we discovered S-adenosyolhomocysteine hydrolase 

(SAHH) as a novel sensor of 4-hydroxynonenal (HNE).  Furthermore, we show that 

sensing of HNE by SAHH leads to a suppression of enzyme activity, highlighting a 

unique mode of endogenous regulation by this redox signal. 
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Abstract 

 

Redox signaling has developed into a burgeoning field underpinning cellular 

signaling pathways important for health; the dysfunction of these pathways contributes 

to various diseases including cancers, neurodegenerative diseases, and diabetes, 

among others.  These unique signaling processes are also shown to underlie 

development and aging pathways but the molecular mechanisms through which redox 

signals elicit their effects are largely unknown.  Here we showcase the development 

and application of T-REX
TM

 toward the discovery of novel redox sensor proteins in 

the model organism C. elegans.  Subsequent to the successful coupling of T-REX
TM

 

with C. elegans SILAC, we discovered S-adenosyolhomocysteine hydrolase (SAHH) 

as a novel sensor of 4-hydroxynonenal (HNE).  Furthermore, we show that sensing of 

HNE by SAHH leads to a suppression of enzyme activity, highlighting a unique mode 

of endogenous regulation by this redox signal.  We also developed a method for 

evaluation of the on-target delivery of a variety of electrophiles onto WDR-23 and 

their effects on SKN-1, a key regulator of C. elegans antioxidant response pathway 

activation. 
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1.1 Introduction 

Caenorhabditis elegans (C. elegans) has long been used as a model organism 

to explore mechanisms of oxidative stress and aging [1,2].  In response to both 

endogenous and exogenous oxidative and electrophilic stress, Nature employs a set of 

redox-responsive proteins that orchestrate many cytoprotective functions [3].  While 

less well understood, redox-responsive proteins are also thought to play an important 

role throughout development and aging.  For example, redox changes have been 

correlated with development and lifespan regulation in several model organisms, 

including C. elegans [4].  However, the identity of specific signaling pathways that are 

selectively activated by discrete reactive signals at a precise developmental stage 

remains unclear.  Emerging data point to the conserved transcription factor protein 

skinhead-1 (SKN-1) as a master regulator, essential in both nematode development 

and longevity assurance pathways [5–10].  The precise regulation of endogenous 

bioactive stress signals on these multi-component signaling pathways is thought to 

play a critical role.  Nevertheless, the molecular mechanisms underlying their effect on 

SKN-1 activation are largely unsolved (Figure 1-1).   

 

1.1.1 Importance of SKN-1 for Development and Longevity 

 While SKN-1 has long been known to play critical roles in development, it has 

become increasingly appreciated as a key mediator of longevity [11].  During 

embryonic development, SKN-1 is expressed from maternally derived mRNA and 

triggers development of various tissue types [12,13].  Not long after these seminal 

studies, the post-embryonic roles of SKN-1 were further explored, where it was shown 

to have similar functions to the mammalian ortholog nuclear eurythroid 2-related 

factor 2 (Nrf2); specifically, in regulating oxidative stress resistance [14].  Many 

Phase II detoxification enzymes have been found to be under transcriptional control by 
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SKN-1, highlighting its central role in xenobiotic defense [14].  Through these 

mechanisms and others, SKN-1 was also found to contribute to longevity-associated 

pathways [11].  Given the central role SKN-1 plays in all of these cellular programs, 

the importance of understanding the molecular mechanisms regulating SKN-1 activity 

could not be more obvious. 

 

Figure 1-1.  Key development and aging signaling paradigms in C. elegans [9]; 

outcomes of SKN-1 activation are listed [10].  SKN-1 is known to be activated in a 

redox-dependent manner, but it remains unclear how redox signals elicit 

spatiotemporally resolved effects.  

 

1.1.2 Regulation of SKN-1 by WDR-23 

 Similar to Nrf2, proteasome-mediated degradation represents one of the major 

roles of regulation for protein levels of SKN-1 [15].  Through genetic screens, three 

proteins were found to mediate the degradation of SKN-1; WD40 repeat-containing 
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protein (WDR-23), damaged DNA binding protein 1 (DDB-1), and cullin-4 (CUL-4) 

[16].  WDR-23 interacts with the CUL-4/DDB-1 ubiquitin ligase complex and 

therefore targets SKN-1 for degradation through direct binding [16]. This regulation is 

largely thought to occur in the nucleus, as WDR-23 has been shown to be mainly 

expressed in the nuclei of various tissues in C. elegans [16].  However, there is also 

evidence that cellular localization of WDR-23 is isoform-dependent; WDR-23a 

localizing to mitochondria and WDR-23b exclusively nuclear, though both isoforms 

are thought to regulate SKN-1 similarly [17].  Other signaling pathways are also 

known to intersect at SKN-1 to mediate various stress and longevity-associated 

programs, including the C. elegans insulin/IGF-1-like signaling (IIS) pathway [18], 

target of rapamycin (TOR) pathway [19], and the p38 mitogen-activated protein 

kinase (MAPK) cascade [20,21].  While it has been shown that oxidative stress, as 

induced with chemical agents including arsenite, paraquat, and t-butyl peroxide, 

activates the MAPK cascade resulting in nuclear accumulation and activation of SKN-

1, it remains unknown which proteins are responsible for sensing these agents [20].  

Furthermore, though it’s shown that phosphorylation of SKN-1 via this cascade is 

important for its activation, the functional impact of phosphorylation on SKN-1 is not 

clear.   

It has been postulated that WDR-23 may serve as a sensor of electrophilic and 

oxidative compounds, in part due to the seventeen cysteine residues; four of which are 

in close proximity to basic amino acids [16].  However, to date, there is no direct 

evidence for this.  Treatment of WDR-23 deletion mutant worms with oxidative agents 

peroxide, paraquat, or juglone does not result in any additional induction of SKN-1 

activity, relative to the WDR-23 deletion mutant alone [16].  In these studies the 

relative activity of SKN-1 was assayed using either (1) glutathione-S-transferase 4 

(gst-4) mRNA levels or (2) Pgst-4::GFP reporter strains that utilize the gst-4 promoter 
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genetically fused to GFP.  Given that in these WDR-23 deletion mutants levels of 

SKN-1 activity, as measured by the above methods, are 50–80 fold higher than wild-

type, it is not surprising that further activation by the compounds used, which typically 

yield 1.5–10 fold increases in SKN-1 activity, is not seen due to the lack of regulation 

by WDR-23 [16].  Knockdown or loss of function mutants, such as these, result in 

complete perturbation of the signaling pathways the gene regulates.  While these 

genetic techniques are undoubtedly useful, this example underscores the importance of 

developing modernized chemical biology tools in order to dissect complex, finely-

tuned redox-signaling pathways.    

 

1.1.3 Contemporary Techniques for Evaluating Redox-Mediated Signaling 

Pathways 

 Pharmacological approaches to evaluating redox-mediated signaling pathways 

have a long history of use, especially in mammalian systems.  Both reactive oxygen 

species (“ROS”, e.g., H2O2) and reactive electrophilic species (“RES”, e.g., 4-

hydroxynonenal, “HNE”) have been studied in this fashion.  The Kelch-like ECH-

associated protein 1 (Keap1)/Nrf2 signaling axis represents an excellent example 

where numerous studies have relied on these approaches for defining the regulatory 

mechanisms of Keap1 with Nrf2 [22].  While Keap1 is a rather promiscuous sensor for 

various electrophilic compounds, it becomes difficult to characterize off-target (e.g., 

not Keap1) events elicited by other proteins that may also be sensitive to the 

electrophilic compounds under study.  Under these conditions, using genetic 

knockdowns to support specificity toward Keap1 results in similar issues as those 

described for SKN-1/WDR-23 above; where finely-tuned, dynamic activation of Nrf2 

is shifted to a state of hyper-activation due to loss of regulation by Keap1.  While this 

represents a significant disadvantage, the flipside is that the timing and dosage of the 
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compounds can be specifically controlled, albeit at a whole cell or animal level, as 

summarized in Table 1-1.  This allows transient perturbation of cell signaling 

pathways, more akin to endogenous regulation. 
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Table 1-1. Summary of advantages and limitations of various contemporary 

techniques for evaluating redox-mediated signaling pathways. 
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9 

 Genetic approaches for studying redox-linked signal transduction pathways 

vary widely but, in considering only those that modulate expression of the target gene 

(i.e., knockout, overexpression, etc.), their value is limited by the extent to which the 

technique collapses the expression dynamics of the signaling pathway to a state of 

maximal expression or silencing of one or multiple proteins; examples for this 

provided in the preceding section.  However, the specificity engendered by these 

techniques is exceptional, allowing organelle and tissue-specific expression.  In 

addition to modulating expression alone, mutagenesis studies have been frequently 

used to define residue-specific sensitivity toward electrophilic compounds.  However, 

for similar reasons, these mutations can disrupt endogenous function significantly and 

may be wholly inaccessible in the case of active-site cysteines responsible for 

catalysis.  For promiscuous sensors, like Keap1, functional redundancy of cysteine 

residues eliciting the downstream signaling response precludes the ability to define 

specific residues as the sole sensor [23].  In such systems it becomes difficult to 

determine the primary residue acting to sense electrophilic modification 

endogenously.  Nevertheless, mutation studies can be important in defining cases 

where one residue is indeed acting as the sole sensor; for example, C151 in Keap1, 

which is responsible for intermolecular disulfide bond formation between two Keap1 

monomers in response to oxidation by H2O2 or NO, via spermine NONOate [29]. 

Proteomic-based methods relying on capturing redox-sensitive proteins via 

either their modification or labile residue(s) has been a more recently applied 

technique, which generally seeks to characterize a redox-sensitive population of the 

proteome at a (sub)cellular level.  These methods largely rely on the reactivity of 

protein cysteines, which have a relatively broad pKa range of 2.5 to 12 [30] indicative 

of the varying protein microenvironments these residues are found in.  A variety of 
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methods have been developed, tailored to the nature of the redox modification, 

typically relying on electrophilic probes with an affinity tag/chemical handle.  

Reversible oxidation of cysteines (e.g., for sulfenic acid) have been detected by 

an initial alkylation step that caps free cysteines and subsequent reduction and 

alkylation with an electrophilic probe with affinity handle [31].  Similar methods have 

been employed to profile cysteines based on their inherent reactivity toward 

iodoacetamide based probes, both in mammalian cell and nematode lysates [24,25].  In 

these studies, these probes serve as simple models for endogenous bioactive 

electrophiles such as 4-hydroxynonenal (HNE), 15-Deoxy-Δ12,14-prostaglandin J2 

(15d-PGJ2), and 2-trans-hexadecenal (2-HD).  However, these models disregard both 

the distinct structural and electronic differences between each compound, both of 

which may contribute significantly to their affinity and specificity for biological 

targets.  Other studies have employed using closer analogs of the electrophile under 

study; for example, alkyne-modified HNE [32].  Again, these methods typically only 

provide a picture of global reactivity and may not reflect endogenous levels of the 

electrophile that are capable of eliciting signal transduction.  An additional layer of 

complexity which is lost in lysate-based methods is compartmentalization; once cells 

or nematodes are lysed, any cellular compartment-specific reactivities become null.  

However, overall these methods have obvious importance for (1) high-throughput 

identification of redox-sensitive proteins as a whole and (2) scoring reactivity in 

relation to electrophilic compound or by protein.   

Isotope-base methodologies have also been exploited to refine the methods 

described above or in novel methods, as in detection of disulfide bond formation 

subsequent to H2O2 oxidation of whole nematode models.  In this case, differential 

labeling of reduced versus oxidized cysteines is accomplished with an isotopically 

labeled iodoacetamide-based probe; alkylation first with a 
12

C probe is followed by 
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reduction of disulfide bonds with Tris(2-carboxyethyl)phosphine (TCEP) and 

subsequent labeling of cysteines with a similar 
13

C probe [33].  Subsequently, these 

proteins are enzymatically digested and the relative abundances are analyzed by liquid 

chromatography-mass spectrometry (LC-MS).   

While these capture-based methods are excellent for identifying redox-linked 

modifications en masse, they can only provide a snapshot of the organism at one time 

point.  However, a variety of methods have also been developed that allow direct 

observation of redox events with the live model.  These methods take one of two 

forms: (1) genetically encoded sensors, which have the benefit of also serving as 

potential cell-type or organelle specific redox sensors and (2) small-molecule-based 

sensors.  These platforms have largely been dominated by techniques that monitor 

H2O2, with relatively few examples of measuring intracellular RES.  Mutagenesis of 

various fluorescent proteins has been reported, resulting in sensors that are capable of 

either directly (affects on the fluorescent protein) or indirectly (affects on a proximal 

protein transmitted to the fluorescent protein) measuring H2O2.  Redox-sensitive GFP 

(roGFP), an example of direct detection, was developed by insertion of two surface 

exposed cysteines on neighboring strands of the GFP β-barrel that function to detect 

oxidation via disulfide bond formation [26].  This change in oxidation status results in 

a conformational change that affects the proximity of key residues contacting the 

chromophore, thereby altering the excitation/emission profile of the chromophore in 

an oxidation-dependent manner [26].  RoGFP2 (a roGFP variant)-fused peroxidases 

have also been utilized, whereby the Orp1 (the peroxidase, also known as Gpx3, or 

glutathione peroxidase 3) first senses H2O2 through disulfide bond formation; 

subsequently, this disulfide is transferred via a “redox relay” to the nearby RoGFP2 in 

a nearly quantitative manner [27]. 
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Small-molecule-based probes provide an alternative method for detection of 

ROS; typically, these H2O2-sensing probes are directly oxidized, going from non-

fluorescent to fluorescent.  An early example is 2,7-dichlorodihydrofluorescein 

diacetate (DCFH), which can be oxidized by numerous different ROS species [28].  

While considerable work has been done to optimize these compounds for their 

specificity in detecting H2O2, such as peroxyfluor-1 (PF-1) [28], all of these methods 

face similar drawbacks.  The vast majority of these compounds are oxidized 

irreversibly, limiting the information they are able to provide.  Furthermore, 

localization or metabolism of the probe within a cell or, especially, within model 

organisms is largely uncontrollable and can affect the efficacy of detection [34].   

Beyond detection of ROS/RES, various platforms have been developed to 

deliver reactive species to specific subcellular locations.  Multiple platforms have been 

demonstrated for purposes including: (1) targeted death of cells, (2) inactivation of 

specific proteins, (3) spatially controlled generation of various ROS species, and (4) 

spatially and temporally controlled release of RES species [35].  Of these methods, T-

REX
TM

 stands out as the sole, unique, method to generate (sub)stoichiometric, relative 

to the protein of interest it is targeted to, amounts of numerous lipid-derived 

electrophiles.  In this way, the redox stimulus resulting from T-REX
TM

 better mimics 

endogenous redox signaling events, unlike global dosing pharmacological-type 

strategies that can affect numerous signaling pathways at once. 

 

1.1.4 T-REX
TM

 synthetic platform 

The T-REX
TM

 platform relies on a bi-functional molecule; (1) a caged reactive 

electrophile that can be released upon photoactivation and (2) a terminal hexylchloride 

moiety that allows for covalent conjugation of the T-REX
TM

 probe to a HaloTag 

domain.  The design of the caged electrophile is based on a derivatized anthraquinone 
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core that is capable of releasing trans-4-hydroxy-2-nonenal (4-HNE) upon activation 

by 365 nm light [36].  The high yield (91%) of 4-HNE after photolysis coupled with 

the stability of the caged precursor provide are both required for the development of 

the compound into a suitable tool for chemical biology [36].  The novelty of T-REX
TM

 

is derived from the coupling of this caged precursor to a terminal n-hexyl chloride, 

which provides the ability to target the precursor to any protein fused to HaloTag [37]. 

HaloTag was originally developed from a bacterial haloalkane dehalogenase, 

DhaA, in which H272 was mutated to phenylalanine (F) [37].  Normally, an aspartate 

residue, D106, acts as a nucleophile responsible for a SN2 reaction with the terminal 

haloalkane of the enzyme substrate.  Subsequent hydrolysis by water, catalyzed by the 

nearby acid-base donor H272, results in release of the dehalogenated substrate.  

However, for the mutant Halo (H272F), or HaloTag, this hydrolysis is unable to 

proceed, resulting in stable covalent modification of the protein.  Given the high 

stability of this covalent bond (denaturing conditions, in 0.1% sodium dodecyl sulfate 

– SDS – for 20 minutes at 95°C), this genetically encoded chemical tagging method 

was amenable for designing the T-REX
TM

 strategy around [37]; a method in which 

such harsh denaturing conditions are necessary for downstream SDS-PAGE analysis. 

Further elaboration on the structural derivatives of various T-REX
TM

 

precursors are given in Chapter 2, which focuses on targeted delivery of model 

electrophiles to various redox responsive proteins.    

This Chapter focused on the development and application of T-REX
TM

 toward 

studies in C. elegans focused on outstanding questions discussed in the introduction.  

Specifically, the following two methods are developed: (1) a method uniting T-REX
TM

 

with existing SILAC methodology in C. elegans for the discovery of novel redox 

sensor proteins in live animals, and (2) a method for evaluation of the WDR-23 
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specific effects on SKN-1 elicited by on-target delivery of a variety of electrophiles on 

WDR-23.  

 

1.2 Experimental 

1.2.1 C. elegans microinjection (performed by Dr. Marcus Long) 

 Healthy L4 animals were picked and placed on OP50 seeded NGM plates and 

allowed to propagate for 5-7 days prior to injection, enough time to produce a second 

generation with a high number of young adults.  Fresh agarose pads were made 1-3 

days prior to injection by depositing 2-3 drops of 1% agarose onto coverslip slides and 

drying for at least 24 hours.  On the day of injection, young adults were moved to a 

NGM plate without OP50 and allowed to crawl around to dry.  Two drops of mineral 

oil were deposited onto the desiccated agarose pad, used to moisten the animal pick, 

which was then used to pick 3-4 animals, deposited on the pad and aligned such that 

there gonads were  clearly visible.  150 ng/µL of DNA mix (1:1 of expression plasmid 

and dominant marker plasmid, centrifuged at 18 kg for 20 minutes prior to injection) 

were injected into 20–60 animals, typically via single gonad injection.  After injection, 

animals were recovered from the pad in recovery buffer (5 mM HEPES, pH 7.6, 3 mM 

MgCl2, 3 mM CaCl2, 2.4 mM KCl, 66 mM NaCl, 4% glucose (w/v)) and 3-4 animals 

were placed onto a fresh NGM plate with OP50.  After incubation at 16 °C for 3 days, 

the animals were screened for expression dominant phenotypic markers every day for 

the following 5 days at 20 °C.  Transgenic animals were transferred to separate NGM 

OP50 screening plates and progeny were scored for transmission.  Transmission 

efficiency, the percentage of transgenic animals produced by the parent, for all 

transgenic lines obtained were >30%.  This procedure was written and performed by 

Dr. Marcus Long.  
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1.2.2 Expression validation of hsp-16.41p transgenic C. elegans strains 

 The animals were maintained and propagated at 17–20 °C on NGM OP50 

plates unless otherwise noted.  Approximately 5–6 or 15–16 transgenic animals were 

picked and deposited onto either 60 mm or 100 mm NGM plates, seeded with either 

350 µL or 1000 µL, respectively, of OP50 bacteria with an O.D.600 of 2.5 or greater.  

After propagation for approximately 4–5 days at 17–20 °C, enough time to yield a 

large heterogenous population of L1–L4 and adult animals without starving, the plates 

of animals were placed into a 37 °C incubator for 1 hour, unless otherwise noted.  The 

plates were then transferred back to a 17 °C incubator and incubated for the noted 

times.  The animals were then harvested and rinsed free of bacteria, using S-complete 

media (5.7 mM K2HPO4, 44 mM KH2PO4, 10 mM potassium citrate, 3 mM CaCl2, 3 

mM MgSO4, 100 mM NaCl, 64 µM EDTA, 25 µM FeSO4·7H2O, 10 µM 

MnCl2·4H2O, 10 µM ZnSO4·7H2O, 1 µM CuSO4·5H2O, 5 mg/L cholesterol) using a 

glass Pasteur pipette.  Plastic transfer pipettes or tips were avoided as animals tended 

to stick to the sidewalls.  A final rinse in 50 mM HEPES buffer, pH 7.6, was 

performed and the animals were placed on ice for approximately 1-2 minutes to allow 

the animals to settle, whereupon residual buffer was aspirated out and the animals 

were flash frozen in liquid nitrogen and stored at -80 °C until lysis.  For lysis, the 

pellet was thawed and lysis buffer (50 mM HEPES, pH 7.6, 1% NP-40) was added at a 

ratio of 3:1 to estimated pellet volume.  Biospec Zirconia-silicate beads were added, at 

a ratio of 2:1 to pellet volume, the mixture was vortexed for 1 minute, and then flash 

frozen in liquid nitrogen.  Two subsequent thaw, vortex, and flash freeze cycles were 

performed prior to clarification of the lysate at 21 kg for 10 minutes at 4 °C.  The 

protein content of the lysate was then measured using Bradford assay and samples 

were normalized to a universal protein concentration, as noted, prior to carrying out 

further assays/analysis.  For western blot analysis, samples were quenched with 4X 
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Laemmli loading buffer supplemented with 6% βME, boiled at 98 °C for 5 minutes, 

centrifuged at 6 kg for 5 minutes, and loaded on a 10% SDS-PAGE gel.  SDS-PAGE 

was performed for 10 minutes at 120 V followed by approximately 70 minutes at 170 

V.  Transfer of the gel to a PVDF membrane was then performed for 85 minutes at 95 

V.  For in-gel fluorescence analysis, lysates were incubated with 5 µM HaloTag-

targetable tetramethylrhodamine dye (Ht-TMR), or DMSO, for 20 minutes at 37 °C.  

They were subsequently quenched with 4X Laemmli loading buffer supplemented 

with 6% βME, heated for an additional 5 minutes at 37 °C, and loaded onto a 10% 

SDS-PAGE gel and run as described above.  After electrophoresis, the gel was rinsed 

twice with ddH2O on an orbital shaker and subsequently imaged on a Bio-Rad Chemi-

Doc-MP Imager.  All steps in this procedure were performed either in the dark or 

under red light.  For western blot analysis, the gel was transferred to a PVDF 

membrane at 95 V for 1 hour and 30 minutes at 4 °C.  The membrane was blocked at 

5% non-fat milk and probed with various antibodies at the indicated dilutions. 

 

1.2.3 Live animal labeling of HaloTag-fusion proteins 

Animal picking, propagation, and induction of gene expression were 

performed as described in experimental section 1.2.2. After transferring the plates to 

ambient temperature (approximately 19–21 °C), the animals were harvested, and 

rinsed free of OP50 bacteria, in S-complete media.  Rinses were accomplished by 

pulsing the suspension of animals in S-complete media in a centrifuge at speeds under 

1 kg for approximately 10 seconds.  Freshly pelleted OP50 was re-introduced to the 

animals, which were treated with the compounds over the time as noted, at ambient 

temperature rotating end over end.  Subsequent to treatment, animals were rinsed 

twice with S-complete media and once with 50 mM HEPES, pH 7.6.  After chilling 

for 1-2 minutes on ice, lysis buffer (50 mM HEPES, pH 7.6, 1% Triton-X-100, 1% 
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SDS, 2 mM TCEP) was added and animals were lysed as described in experimental 

section 1.2.2. 

 

1.2.4 Validation of T-REX
TM

 electrophile release in live animals 

 All steps were performed under red or dim light unless otherwise noted.  

Animals were labeled with HaloTag-targetable precursor to HNE-alkyne (Ht-PreHNE) 

as described in experimental section 1.2.3.  After 6 hours of incubation with 25 µM 

Ht-PreHNE at ambient temperature, the animals were rinsed three times over 30 

minutes in S-complete media to remove OP50.  The animals were then transferred to a 

single well in a 12-well plate, suspended in 2 mL of S-complete media.  The plate was 

rotated at 100 rpm on an orbital shaker while irradiated with UV light (4.4 mW/cm
2
).  

A second population was kept in S-complete media rotating end over end as a control 

for the zero time point, or no irradiation.  At the times indicated, fractions of the 

population were removed, rinsed once with 50 mM HEPES, pH 7.6, pelleted, frozen in 

liquid nitrogen, and stored at -80 °C until lysis.  Lysis and Bradford assay was 

performed as described in experimental section 1.2.2.   

 

1.2.5 Click chemistry in C. elegans lysate 

An aliquot of the lysate was made up to 21.4 µL final volume containing 50 

mM HEPES (pH 7.6) and 0.6 mg/mL lysate protein (final concentrations).  To 

conjugate the Cy5-azide dye, in a final volume of 25 µL, the final concentrations of 

the reaction mix were: 2 mM TCEP, 5% t-BuOH, 1% SDS, 1 mM Cu(II)SO4, 0.1 mM 

Cu(TBTA), 10 µM Cy5-azide, and 0.5 mg/mL lysate protein; t-BuOH was first added 

to each of the lysate samples.  Master stocks of the remaining compounds were made 

with the exception of TCEP and Cy5-azide.  Right before addition, TCEP and then 

Cy5-azide were added to the master stock, vortexed, and immediately aliquoted to 
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each lysate sample.  The samples were incubated at 37 °C for 30 minutes, after which 

it was quenched with 5 µL of 4X Laemmeli loading buffer containing 6% βME and 

incubated for another 5 minutes at 37 °C; 28 µL of each sample was resolved by SDS-

PAGE.  After electrophoresis, the gel was rinsed twice with ddH2O on an orbital 

shaker and subsequently imaged on a Bio-Rad Chemi-Doc-MP Imager.  All steps in 

this procedure were performed either in the dark or under red light.  For western blot 

analysis, the gel was transferred to a PVDF membrane at 95 V for 1 hour and 30 

minutes at 4 °C.  The membrane was blocked at 5% non-fat milk and probed with 

various antibodies at the indicated dilutions. 

 

1.2.6 Synchronization of C. elegans 

 Animals were propagated on OP50 NGM plates at 17 °C and subsequently 

harvested in M9 media before starving.  Synchronization was carried out as described 

[38], with the following modifications.  A 100 µL animal pellet, rinsed free of OP50, 

was incubated, with vigorous shaking, in 500 mM sodium hydroxide and 0.8% sodium 

hypochlorite, in 5 mL water, for approximately 5–8 minutes, until all adult animals 

were dissolved and only eggs remained suspended in solution.  This process was 

monitored under ~10x magnification using a simple compound microscope.  When 

only eggs remained, approximately 10 mL of M9 media was added to the suspension 

and centrifuged at 4 °C for 1 minute at 500 g.  After aspirating the supernatant, the 

eggs were rinsed for a total of two more times with 15 mL M9 media each.  The eggs 

were finally suspended in 1 mL M9 media and rotated end over end for 24–36 hours at 

16–17 °C until a homogenous L1 population hatched.  Animals were subsequently 

plated onto OP50 NGM plates and incubated at 17 °C for growth. 
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1.2.7 Fluorescence microscopy of live C. elegans 

 Animals were treated as noted and subsequently rinsed three times in S-

complete media to remove residual OP50 bacteria and resuspended in S-complete 

media.  Levamisole was added, from a fresh 50 mM stock in S-complete media, to a 

final concentration 1 mM and animals were rotated end over end for at least 5 minutes 

prior to transferring to a glass slide or onto a 2% dried agarose pad on a glass slide.  

After depositing the animals using a glass pipette, a cover slip was applied and 

animals were imaged.   

 

1.2.8 Preparation of NGM-N plates containing heavy and light SLE1 containing 

orn-1 siRNA for SILAC G-REX 

 NGM-N plates for orn-1 RNAi and SILAC feeding was adapted from a 

previously described protocol with the following modifications [39].  NGM-N plates 

were prepared as follows: for 1 L, 3 g NaCl and 12 g agarose were added to 970 mL 

deionized water and autoclaved (120C for 20 min). When the solution cooled to 55– 

60 C, 1 mL 1 M CaCl2, 1 mL 1 M MgSO4, 25 mL 1 M KPO4 buffer, pH 6.0, 1 mL 5 

mg/mL cholesterol (in ethanol), and 1 mL 10,000 units/mL nystatin were added.  After 

mixing, 10 mL was poured into 10 cm plates.   The lysine-arginine auxotroph E. coli 

HT115 strain SLE1 containing plasmid pAG608 for orn-1 RNAi was obtained from 

Caenorhabditis Genetics Center at the University of Minnesota. Feeding of animals for 

RNAi, SILAC, or egg laying experiments, the strain was grown in M9 minimal media 

as described below. The media was obtained by mixing 780 mL freshly autoclave-

sterilized deionized water with 200 mL 5X M9 salts solution (Na2HPO4·7H2O 64 g, 

KH2PO4 15 g, NaCl 5 g, NH4Cl 5.0 g dissolved to 1 L deionized water followed by 

autoclave-sterilizing for 15 min on liquid cycle). Upon cooling to 55–60 C, 20 mL 20 

% glucose (filter sterilized), 2 mL 1 M MgSO4 (autoclave-sterilized) and 100 L 1 M 
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CaCl2 (autoclave-sterilized) were added. The M9 for SLE1 growth was supplemented 

with 40 g/mL light or heavy lysine and arginine (both added from a frozen 1000X 

stock in PBS) and 100 g/mL carbenicilin (added from a frozen 1000X stock). The 

SLE1 containing pAG608 was freshly streaked on a carbenicilin (100 g/mL) LB agar 

plate, from which a single colony was used for a 50 mL M9 overnight culture 

incubated at 37 C containing either the heavy or light amino acids. The overnight 

culture was used to start a 1 L M9 culture containing the amino acids that was grown 

to OD600 = 0.7, and induced with 1 mM IPTG until the OD600 reached 1.1–1.2 . The 

bacteria was pelleted by centrifugation (8000 g, 20 min), resuspended to OD600 = 50 in 

M9, carbenicilin added (to final concentration 1 g/mL), IPTG added (to final 

concentration 1 mM), and 1 mL was placed on 10 cm NGM-N plates. After drying, 

the plates were stored at 4 C and used within 7 days.  This procedure was written and 

performed by Dr. Souradyuti Ghosh.  

 

1.2.9 C. elegans growth conditions for SILAC G-REX 

Approximately 3000 day 2 adults (either hsp-16.41p-His6Halo or hsp-16.41p-

TOM70::mCherry::Halo) were bleach-synchronized and starved until a synchronized 

L1 population hatched, in M9 media supplemented with 1 µg/mL carbenicillin and 5 

µg/mL cholesterol at 20 °C in an aerated 50 mL tube for 12 hours; approximately 800 

animals were then placed onto 10 cm NGM-N (NGM plates that do not contain any 

nitrogen source) holding either light, or heavy, lysine and arginine SLE1 bacteria 

expressing orn-1 siRNA.  All subsequent steps with M9 media contained the noted 

concentrations of carbenicillin and cholesterol.  Animals were grown until day 1 adult 

and then heat shocked at 37 °C for 1 hour.  They were then harvested in M9, rinsed, 

replenished with either light, or heavy, SLE1 bacteria expressing orn-1 siRNA, and 

incubated with 25 µM Ht-PreHNE at ambient temperature rotating end over end for 6 
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hours in dark, in a total volume of 1 mL.  After incubation, animals were stripped of 

bacteria by sucrose float, rinsed with M9, replenished with 1 mL M9 and transferred 

into 500 µL aliquots into single wells of a 12-well plate using siliconized pipette tips.  

Animals were either irradiated (4.4 mW/cm
2
) or kept in the dark for 5 minutes and 

subsequently rinsed with M9, pelleted, and stored at -80 °C.  This procedure was 

written and performed by Dr. Souradyuti Ghosh. 

 

1.2.10 HaloTag-gene expression and T-REX
TM

 in mammalian cells for validation of 

redox-sensitive C. elegans proteins 

HEK-293T cells were cultured in MEM (1X) + GlutaMAX
TM

-I, supplemented 

with 10% FBS), Sodium Pyruvate, MEM NEAA, and Pen Strep.  Cells were 

maintained in a 5% CO2, humidified, incubator at 37 °C.  For T-REX delivery 

experiments (including in-gel fluorescence, western blot, and SAHH enzyme assays), 

cells were seeded at either ~0.4 x 10
6
 or ~2.6 x 10

6 
in 35 mm or 100 mm tissue culture 

dishes, respectively.  24–36 hours later, cells were replenished with fresh media and 

transfected using PEI, ~5.8 or ~34 µg for 35 mm or 100 mm dishes, respectively.  

After 24 hours of transfection, cells were treated with 25 µM Ht-PreHNE in serum-

free media and incubated for 2.5 hours, kept under red light.  Cells were then carefully 

rinsed with serum-free media three times every 30 minutes over 1.5 hours.  UV lamps 

were turned on 10 minutes before irradiation, to allow the lamp to warm up.  For light-

exposed samples, the dish lids were removed and the dishes were placed under 365 nm 

UV light (~9 mW/cm
2
, 5 cm above cells) for 10 minutes.  Following UV irradiation 

cells were incubated an additional 5 minutes at 37 °C and then harvested, rinsed twice 

with 1x PBS, and pellets frozen in liquid nitrogen. 
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1.2.11 Click chemistry in mammalian cell lysate for T-REX
TM

  

Cells from 35 mm dishes were lysed in 50 µL buffer containing 50 mM 

HEPES (pH 7.6) and 1% Nonidet P-40 by 3x rapid freeze-thaw in liquid nitrogen.  

Lysate was clarified by centrifugation at 21,100 x g for 8 minutes at 4°C.  Protein 

concentration was determined using Bradford assay (QuickStart
TM

 Bradford 1x Dye 

Reagent, Bio-Rad).  An aliquot of the lysate was made up to 21.2 µL final volume 

containing 50 mM HEPES (pH 7.6), 1.3 mg/mL lysate protein, and 0.3 mg/mL TEV 

protease (final concentrations).  The samples were incubated at 37 °C for 45 minutes, 

after which it was subjected to the following click reaction.  In a final volume of 25 

µL, the final concentrations of the reaction mix were: 2 mM, 5% t-BuOH, 1% SDS, 1 

mM CuSO4, 0.1 mM Cu(TBTA), 10 µM Cy5-azide, 1 mg/mL lysate protein, and 0.25 

mg/mL TEV protease.  The samples were incubated at 37 °C for 30 minutes, after 

which it was quenched with 5 µL of 4x Laemmeli Dye containing 6% βME, incubated 

for another 5 minutes at 37 °C; 28 uL of each sample was resolved by SDS-PAGE.  

After electrophoresis, the gel was rinsed twice with ddH2O on an orbital shaker and 

subsequently imaged on a Bio-Rad Chemi-Doc-MP Imager.  All steps in this 

procedure were performed either in the dark or under red light.  For western blot 

analysis, the gel was transferred to a PVDF membrane at 95 V for 1 hour and 30 

minutes at 4°C.  The membrane was blocked at 5% non-fat milk and probed with 

various antibodies at the indicated dilutions. 

 

1.2.12 Enrichment of HaloTag-FLAG-SAHH constructs from mammalian cells 

HEK-293T cells expressing Halo-FLAG-SAHH were harvested 24–36 hours 

after transfection with PEI and lysed in 50 mM HEPES, pH 7.6, 100 mM NaCl, 1% 

Nonidet P-40, and cOmplete Mini, protease inhibitor cocktail.  All subsequent steps 

were performed at 4 °C.  After adjusting the clarified lysate to a protein concentration 
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of 4 mg/mL with Bradford assay, the lysate was diluted with lysis buffer to a final 

concentration of 2 mg/mL and 0.05% Tween-20.  Lysate was then incubated with 

Anti-Flag M2 Affinity Agarose Gel, according to manufacturer’s recommendations, 

for 30 minutes rotating end-over-end.  The resin was subsequently rinsed twice over 

10 minutes and Halo-FLAG-SAHH was eluted in 50 mM HEPES, pH 7.6, containing 

0.15 mg/mL 3x Flag Peptide for 30 minutes.  Eluted protein was diluted 1:1 with 50 

mM HEPES, pH 7.6, before being used for activity assays.    Prior to the activity 

assay, the protein concentration was determined using the theoretical molar extinction 

coefficient, by molecular weight, of 117,520 M
-1

cm
-1

 at 280 nm (ExPASy ProtParam). 

 

1.2.13 Enzymatic activity assays for SAHH 

For lysate-based enzyme assays, cultured cells as described above were lysed 

in 50 mM HEPES (pH 7.6) and 1% Nonidet P-40 by 3x rapid freeze-thaw in liquid 

nitrogen.  Lysate was clarified by centrifugation at 21,100 x g for 8 minutes at 4 °C.  

Protein concentration was determined using Bradford and normalized to 12 mg/mL; 

50 µL of this lysate was used for initiation of subsequent enzyme assays by dilution 

into 150 µL of pre-warmed (37 °C) assay buffer in a clear 96-well plate on a BioTek 

Cytation 3 Cell Imaging Multi-Mode reader.  For FLAG pull-down samples, 50 µL of 

the diluted elution was used for initiation.  After initiation, the absorbance at 412 nm 

was read for up to 15 minutes at 37 °C.  Assay buffer (200 µL, after initiation) 

contained: 50 mM HEPES, pH 7.6, 1 mM DTNB, 1 mM EDTA, 12 U/mL AdoD, 1 

mM S-adenosyl-L-homocysteine.  For enzyme assays from lysate, the initial linear 

rate from 200–400 seconds after initiation with lysate was used for calculating rates.  

For enzyme assays from anti-FLAG enriched samples, the initial liner rate from 0–120 

seconds after initiations with eluted protein was used for calculating rates. 
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1.2.14 qRT-PCR in C. elegans. 

The extraction of RNA using TRIzol® was performed in accordance with the 

manufacturer protocol with following modifications. An approximate 100 µL animal 

pellet in 1 mL TRIzol® was homogenized by vortexing gently for 30 seconds.  200 L 

chloroform was added and the tube was mixed by inverting for 15 seconds, incubated 

for 3 minutes at ambient temperature to permit phase separation, and centrifuged 

(12,000 g, 4 C) for 15 minutes. Approximately 80% of the aqueous layer (~300 µL) 

was carefully transferred to a new centrifuge tube and precipitated with 500 µL 

isopronanol, mixed by inversion for 30 seconds, and incubated at ambient temperature 

for 10 minutes.  After spinning at 12000 g for 10 minutes at 4 C, the supernatant was 

carefully removed without disturbing the RNA pellet. The pellet was rinsed with 75% 

ethanol by pipetting up and down briefly, centrifuged (7500  g, 4 C for 5 minutes), 

and air dried for 5 minutes after removal of supernatant. The pellet was resuspended in 

50 L RNase-free water by gently pipetting up and down and the quantity and purity 

was assessed initially with a BioTek Cytation 3 plate reader, using Take3 attachment. 

After assessing the RNA quality by 1% agarose-PAGE, 1000 ng was 

transferred to a 0.2 mL strip tube and 1 L DNaseI (ThermoFisher) 1 L 10x DNase 

buffer and DEPC treated water was added, up to 10 L.  The mixture was incubated at 

ambient temperature for 15 minutes, after which 1 L 25 mM EDTA was added and 

the mixture was transferred to 65 C for 10 minutes.  Subsequently, 1 L 50 M 

oligo(dT)20 and 1 L 10 mM dNTP was added and incubated at  65 C for 10 minutes. 

After cooling on ice for 1 minute, the cDNA synthesis mix was prepared by adding the 

following components in the specified order; 4 L 5x RT buffer, 1 L 0.1 M DTT, 1 

L RNaseOUT (40 U/L,), and 1 L SuperScript III RT (200 U/L,). The 

mixture was pipette up and down to mix and incubated at 50 C for 60 minutes, 

followed by termination at 80 C for 20 minutes.  For qRT-PCR, samples were 
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prepared as follows: for each gene, a master mix was prepared with the forward primer 

(0.3 M final concentration), reverse primer (0.3 M final concentration), and iQ 

SYBR Green Supermix (2x containing dNTPS, 50 U/mL iTaq DNA polymerase, 6 

mM MgCl2, SYBR Green I, 20 nM fluorescein).  To 8 L aliquots of this mixture 2 

L of 50 ng/L cDNA was added for amplification in a Roche LightCycler 480 

instrument. 

 

1.3 Results and Discussion 

1.3.1 Design and construction of plasmids for expression of HaloTag-fused proteins 

in C. elegans 

We chose to design constructs that utilize promoters driving either inducible or 

tissue-specific expression of the HaloTag protein of interest.  These were chosen in 

order to combat earlier unsuccessful attempts at expressing HaloTag-fused proteins 

constitutively (data not shown, performed by Dr. Marcus Long).  For tissue-specific 

expression, we used the pJKL502 plasmid, a gift from Dr. Jun Liu at Cornell 

University.  This plasmid contains an hlh-8 promoter that is active during development 

of the mesodermal (or “M”) lineage cells, which upon maturity become 16 sex 

muscles, required for egg laying in hermaphrodite animals [40].  For inducible, whole 

animal, expression of HaloTag proteins, we used the Lig778 plasmid, which encodes 

the hsp-16.41 promoter that drives expression when the animals are subjected to heat 

[41].  Both of these plasmids also encode the unc-54 3′ UTR, which is commonly used 

for transgenes in C. elegans since 3′ UTRs are key mediators for expression 

regulation, at the transcript level, in C. elegans [42,43]. For subcloning of all 

constructs, ligase-free cloning methods were used.  The full gene sequences for all 

constructs, shown in Table 1-2 below, that were cloned are provided in Appendix B.  

Transgenic animal strains were created using standard microinjection techniques, as 
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described in the experimental section 1.2.1, by Dr. Marcus Long.  Along with the 

desired transgene, a separate dominant phenotypic marker plasmid was co-injected in 

order to screen animals for their successful incorporation of the plasmids.  The rol-6 

marker is commonly used as its successful incorporation causes animals to roll and 

move in circles, compared with their regular sinusoidal movement, easily screened for 

with a simple compound microscope.  This plasmid encodes a mutant collagen gene, 

rol-6(su1006), responsible for the phenotype [44].  The other dominant marker used 

was a plasmid encoding mRFP protein, whose expression is driven by the mec-7 

promoter that is active primarily in the C. elegans touch neurons [45].  Utilization of 

the mec-7::mRFP dominant marker provides a more rapid and robust way of screening 

animals for transgene incorporation, compared with physical phenotypes like rolling. 

 

Table 1-2.  Summary of transgenic C. elegans strains that were created, including 

promoter, open reading frame with transgene, 3′ UTR, and co-injected dominant 

marker.  Injections performed by Dr. Marcus Long. 

Transgene Constructs 

GFP::Halo 
1. Hsp-16.41p, GFP::Halo, unc-54 3′ UTR + rol-6 

2. Hlh-8p, GFP::Halo, unc-54 3′ UTR + rol-6 

His6::Halo Hsp-16.41p, His6Halo, unc-54 3′ UTR + mec-7p::mRFP 

His6::Halo::Keap1 Hsp-16.41p, Halo::Keap1, unc-54 3′ UTR + rol-6 

TOM70::MCherry::Halo Hsp-16.41p, TOM70::mCherry::Halo + mec-7p::mRFP 

WDR-23::Halo Hsp-16.41p, WDR-23::Halo + mec-7p::mRFP 

 

 Two different C. elegans strains were used for injection of the constructs 

above, including Bristol N2 and a gst-4p::GFP reporter strain.  The gst-4p::GFP 

reporter strain provides a model on which we are able to monitor induction of the 
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antioxidant response, as a variety of oxidant compounds are known to induce gst-4 

expression, mediated by SKN-1, in C. elegans [16]. 

 

1.3.2. Expression validation of transgenic C. elegans 

 Once transgenic progeny were isolated (the F2 generation, relative to the 

injected population), the animals were assayed for expression of the transgene.  For 

the animals carrying the heat shock promoter, hsp-16.41p, driven genes, expression 

was characterized by fluorescence microscopy, chemical labeling of the HaloTag 

fusion protein with a fluorescent probe in lysates, or western blot subsequent to heat 

shock, as described in section 1.2.2.   

Expression of the hsp-16.41p-TOM70::mCherry::Halo + mec-7p::mRFP 

transgenic line is shown below in Figure 1-2.  In the RFP channel of the no heat shock 

set (“No HS”), the visualization of red fluorescence in the animals is largely due to 

mRFP that is expressed under the mec-7 promoter used as a dominant marker of the 

transgenic animals.  Expression of TOM70::mCherry::Halo is shown to increase 

substantially by 22 hours, relative to 4 hours.   

 

 

 

 

 

 

 

 

Figure 1-2.  Fluorescence imaging of anesthetized adult C. elegans.  “HS” refers to 

heat shock, and “RFP” refers to the red fluorescence channel.  Animals were either 
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heat shocked at 37 °C or maintained at 17 °C for 1 hour and subsequently incubated at 

17 °C for the indicated time post heat shock.  Scale bar = 500 µm. 

 

Figure 1-3.  SDS-PAGE in-gel fluorescence of various HaloTag-fusion protein 

constructs, using Ht-TMR labeling in animal lysate for visualization.  “TMR” 

corresponds to the TMR fluorescence channel and “Coomassie” is the Coomassie 

stained gel showing overall protein loading.  (A) Representative gel showing 

TOM70::mCherry::Halo, His6Halo, Halo::Keap1 (2 different transgenic lines), 

compared to non-transgenic N2 animal lysate that yields no detectable background 
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TMR fluorescence.  (B) Representative gel showing comparison of WDR-23::Halo 

expression with TOM70::mCherry::Halo.  (C) Quantification for transgenic lines 

shown, normalized to His6Halo.  Error bars designate s.e.m. with n ≥ 3 independent 

biological replicates and n ≥ 2 technical replicates for each biological replicate.  ns, 

not significant; **P < 0.01, ****P < 0.0001, two-tailed unpaired t-test. 

 

In addition to fluorescence microscopy, expression was quantified by labeling 

the hsp-16.41p driven HaloTag-fusion protein transgenic animals with Ht-TMR in 

lysates after induction, as shown in Figure 1-3.  For Ht-TMR in-gel fluorescence 

experiments, animals were heat shocked for 1 hour at 37 °C and transferred to 17 °C 

for 6 hours before harvesting.  Expression of His6Halo (~36 kDa) and 

TOM70::mCherry:Halo (~50 kDa) were similar, while expression of Halo::Keap1 

(~107 kDa) and WDR-23::Halo (~100 kDa) were significantly lower, at 

approximately 30% and 14% relative to His6Halo.  Keap1 is not an endogenous gene 

in C. elegans and therefore its lower expression may be in part due to issues with 

protein stability since the promoters and 3′ UTR for the plasmids used for all 

constructs are the same.  While WDR-23::Halo expression is also low, it is still shown 

to be functional, as discussed later in section 1.4.0.  We did evaluate various induction 

conditions for this transgenic line in an attempt to optimize the yield of full length 

protein, as shown in Figure 1-4.  However, even for varied induction times at 37 °C, 1 

hour was still found to be the most efficient for expression of WDR-23::Halo, whose 

expression peaks around 4–6 hours after 37 °C induction.  Expression of the hsp-

16.41p-GFP::Halo transgenic line was also verified as shown in Figure 1-5; 

fluorescence microscopy of this line was performed by Shivansh Chawla.   
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Figure 1-4.  Expression analysis of hsp-16.41p-WDR-23::Halo using Ht-TMR in 

lysate, showing full length WDR-23::Halo at approximately 100 kDa.  Anti-GAPDH 

was used as a housekeeping gene for overall protein loading.    

   

Figure 1-5.  Expression analysis of hsp-16.41p-GFP::Halo.  (A) SDS-PAGE in-gel 

fluorescence showing expression of GFP::Halo, by both in lysate labeling with Ht-
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TMR and western blot of GFP and β-actin, used as a housekeeping gene for total 

protein loading.  (B) Fluorescence imaging of anesthetized adult C. elegans.  Shown is 

one transgenic hsp-16.41p-GFP::Halo line next to two wild type N2 animals, which do 

not express any transgene upon heat shock induction.  Animals were heat shocked at 

37 °C and subsequently incubated at 17 °C for the indicated time post heat shock on 

NGM plates.  Scale bar = 100 µm.  Fluorescence imaging was performed by Shivansh 

Chawla. 

 

1.3.3 Validation of HaloTag enzyme activity in live C. elegans 

 Though expression of the various HaloTag-fusion constructs was confirmed, 

further evaluation of whether the HaloTag enzyme was active in live animals was 

necessary to successfully implement T-REX
TM

 in C. elegans.  Toward this end, we 

labeled live animals with either Ht-TMR or Ht-PreHNE as described in experimental 

section 1.2.3.  In order to ensure that labeling did not occur after lysis, a denaturing 

lysis buffer containing 1% SDS was used to quench the labeling assays.  Labeling the 

hs-16.41p-His6Halo transgenic line with Ht-FL showed that time-dependent labeling 

of His6Halo was largely dependent on expression of His6Halo alone, since the 

quantified fluorescein fluorescence, normalized to anti-Halo, is similar from 20 

minutes to 4 hours (Figure 1-6).  We moved on to evaluate Ht-PreHNE analogously, 

albeit at a slightly extended time frame since uptake of Ht-PreHNE by the animals was 

apparently slower than for that of Ht-TMR (data not shown).  However, considerable 

labeling of His6Halo by Ht-PreHNE is seen between 6–10 hours of incubation at 

ambient temperature. 
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Figure 1-6.  Live animal labeling of His6Halo (~36 kDa) with 25 µM Ht-TMR in S-

complete media supplemented with OP50.  Western blot shows both anti-Halo, 

reporting on His6Halo expression, and anti-β-actin for protein loading. 

 

 

 

 

 

 

 

 

 

 

Figure 1-7.  Live animal labeling of His6Halo (~36 kDa) with 25 µM Ht-PreHNE in 

S-complete media supplemented with OP50.  Subsequent Click reaction, in lysate, 
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with fluorescein-azide (Fl-azide) allows visualization of the labeled His6Halo via in-

gel fluorescence SDS-PAGE.  Western blot shows both anti-Halo, reporting on 

His6Halo expression, and anti-β-actin for protein loading.   

 

As complimentary validation to the above and for assessment of saturation of 

the HaloTag-fusion proteins with Ht-PreHNE, we performed a blocking assay in 

which live animals are first labeled with varying concentrations of Ht-PreHNE for 6 

hours, rinsed, lysed, and finally labeled with 5 µM Ht-TMR.  For these assays we used 

hsp-16.41p-Halo::Keap1 and rinsed the animals over 1 hour, as opposed to 30 

minutes, in order to maximize removal of residual Ht-PreHNE.  From these 

experiments, we concluded that 25 µM Ht-PreHNE was the optimal concentration to 

utilize for live animal labeling, as additional labeling in the lysate by Ht-TMR is 

largely blocked at this concentration in a dose-dependent manner (Figure 1-8).  

Increasing the concentration to 125 µM does not substantially change either the 

blocking of Ht-TMR labeling or the amount of fluorescence visualized by clicking 

Cy5-azide onto Halo::Keap1 labeled by Ht-PreHNE.  Presence of an additional 

fluorescent band in the TMR channel at approximately 40 kDa corresponds to the 

mRFP that is expressed under the mec-7 promoter used as a dominant marker of the 

transgenic animals. 
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Figure 1-8.  Live animal labeling of Halo::Keap1 (~107 kDa) with Ht-PreHNE in S-

complete media supplemented with OP50 for 6 hours after 1 hour of 37 °C induction.  

Samples were either incubated with 5 µM Ht-TMR in lysate for 20 minutes at 37 °C 

or were clicked with Cy5-azide, as described in section 1.2.5, labeled as “Ht-TMR” or 

“Cy5 Click”, respectively.  Either the (A) Cy5 or (B) TMR channels of the same gel 

are shown, along with the Coomassie stained gel. 

 

1.3.4 Validation of Ht-PreHNE release of HNE-alkyne in live C. elegans 

 After confirming that HaloTag is active and able to be efficiently labeled by 

Ht-PreHNE, we moved on to confirming release of HNE-alkyne in live animals.  For 

these experiments, hsp-16.41p-GFP::Halo transgenic animals were labeled with Ht-

PreHNE as described in section 1.2.4.  Time-dependent release of HNE-alkyne from 
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Ht-PreHNE labeled GFP::Halo (~60 kDa) is efficient, with approximately 90% 

released within 1 minute (Figure 1-9, A-B).  Furthermore, under these conditions no 

toxicity is observed, as measured by the reproductive capacity of the animals (Figure 

1-9C, performed by Dr. Souradyuti Ghosh), in eggs laid per hour per adult. 

 

Figure 1-9.  Time-dependent release of HNE-alkyne from animals expressing 

GFP::Halo.  (A) Representative in-gel fluorescence showing decreasing Cy5 

fluorescence on GFP::Halo (from 0 to 5 minutes).  (B) Quantification of the Cy5 

signal on GFP::Halo, normalized to 0 minutes (no light) and by anti-Halo.  

Approximately 90% of the reduction is seen within 1 minute.  (C) Quantification of 

the reproductive capacity of animals when treated with Ht-PreHNE alone or with Ht-

PreHNE and light (global reactive electrophiles and oxidants, “G-REX”).  This was 

performed both in N2 wild type and hs-16.41p-His6Halo transgenic animals by Dr. 
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Souradyuti Ghosh.  Error bars designate s.e.m. with n ≥ 3 independent biological 

replicates.  ns, not significant, two-tailed unpaired t-test.     

 

1.3.5 Validation of C. elegans G-REX SILAC hits 

 Targeted delivery of lipid derived electrophiles in a spatiotemporally 

controlled manner (e.g., subcellular-specific, tissue-specific, or developmental stage-

specific) was previously impossible.  With the development of G-REX, a platform that 

engenders this level of specificity, we were able to couple the methodology to 

previously described stable isotope labeling with amino acids in cell culture (SILAC) 

in C. elegans [39].  The methodology is schematically shown in Figure 1-10, with the 

full experimental protocol described in sections 1.2.8 and 1.2.9.  

Figure 1-10.  Methodology for labeling worms with Ht-PreHNE under C. elegans 

SILAC conditions and subsequently enriching proteins modified with HNE-alkyne for 

mass spectrometric target identification (performed by Dr. Souradyuti Ghosh and Dr. 

Marcus Long). 
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Validation of hits from these G-REX SILAC studies was performed by expression of 

human HaloTag-fused orthologs, commercially available via the HaloTag-ORFeome 

libaray.  For these studies, we chose genes with high conservation, both at the level of 

primary amino acid sequence and degree of cysteine conservation, between human 

and C. elegans and prioritized those with previously described redox sensitivity.  From 

this list, we screened the following three proteins with T-REX using Ht-PreHNE: (1) 

S-adenosylhomocysteine hydrolase (SAHH), (2) carnosine dipeptidase 2 (CNDP2), 

and (3) actin gamma 1 (ACTG1), shown in Figure 1-11. 

 

Figure 1-11.  Assessment of T-REX-targeted HNEylation of human orthologs of C. 

elegans SILAC hits.  (A) A schematic showing T-REX-mediated delivery of the 

photocaged precursor in live cells overexpressing the HaloTag-fusion POI.  (B) T-

REX screen with Ht-PreHNE of S-adenosylhomocysteine (SAHH), carnosine 

dipeptidase 2 (CNDP2), and actin gamma 1 (ACTG1) in HEK-293T cells; in-gel 
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fluorescence (via Click coupling with Cy5-azide) allows tracking of proteins 

covalently labeled with Ht-PreHNE and of the released HNE-alkyne.  The red arrows 

indicate approximate position of predicted molecular weights for the tobaccho etch 

virus protease (TEV protease) cleaved proteins SAHH, CNDP2, and ACTG1, which 

are 49 kDa, 53 kDa, and 42 kDa, respectively.  Anti-Halo western blot is also shown 

for overall protein loading.  T-REX
TM

 experiments performed as described in section 

1.2.10 and 1.2.11. 

While very little is known in general about redox-linked regulation of CNDP2 

or ACTG1, ACTG1 has been shown to be increasingly oxidized, via disulfide bond 

formation, in age-related diseases [46].  While SAHH is known to be labile toward 

electrophilic modification in vitro, there is no evidence implicating SAHH as a redox 

sensor endogenously [47].  As shown in Figure 1-11, all three hits are shown to be 

potentially modified by HNE-alkyne, indicated by the fluorescent bands located at the 

red arrows, which are absent in both control lanes (no light, with or without TEV 

cleavage).  While these data alone are not enough to prove modification by HNE, 

these screening experiments provide a method to focus on those hits that potentially 

harbor a stable covalent modification by HNE-alkyne [48].   

 

1.3.6 Functional analysis of on-target HNE-modification on S-

adenosylhomocysteine hydrolase (SAHH) 

Ahcy-1 encodes the C. elegans S-adenosylhomocysteine hydrolase (SAHH) 

ortholog of human SAHH, a highly conserved (>70% amino acid identity) 

homotetrameric enzyme from bacteria to humans [49].  While the C. elegans enzyme 

likely performs similarly to the human form (Figure 1-12), little is known about the 

endogenous regulation of the C. elegans enzyme.  We focused on SAHH, as it plays 

an important role in the metabolic cycle of S-adenosylmethionine synthesis and its 
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utilization as a methyl donor for a variety of methyltransferase dependent reactions, as 

shown in Figure 1-12.  As SAHH is the only known enzyme capable of catalyzing the 

hydrolysis of S-adenosylhomocysteine (SAH) to homocysteine and adenosine, it plays 

a critical role in maintaining the concentration of SAH, a potent inhibitor of S-

adenosylmethionine (SAM)-dependent methyltransferases [49].  These 

methyltransferases regulate varied essential cell-signaling processes through their 

methylation of proteins, DNA, RNA, and other signaling molecules [49].  

Consequently, SAHH is the target of various anticancer and antiviral agents [49].  To 

underscore the importance of this enzyme for life, several reports have highlighted this 

enzyme as essential for development; loss of this gene is embryonic lethal in mice and 

larval lethal in worms, and various developmental-linked pathologies have been 

identified in humans with dysfunction of SAH levels [50,51]. 

Figure 1-12.  S-adenosylhomocysteine (SAH) metabolic cycle; “MAT” is methionine 

adenosyltransferase, “SAHH” (known as Ahcy) is S-adenosylhomocysteine hydrolase, 
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“BHMT” is Betaine-homocysteine methyltransferase, “SAM” is S-

adenosylmethionine. 

Human and C. elegans SAHH share a total of six conserved, by alignment, 

cysteine residues; human SAHH contains an additional four cysteine residues that, 

while not conserved in C. elegans, are highly conserved, by sequence and structure, in 

other eukaryotes.  As shown in Figure 1-13, comparison of human SAHH with rat 

SAHH reveals a high degree of structural conservation of the nine cysteines found in 

both species, with the tenth cysteine, C421, only conserved in species that are 

evolutionarily closely linked with humans, such as chimpanzees.   

Figure 1-13.  Overlaid monomers of SAHH, from either human (PDB: 3NJ4) or rat 

(PDB: 2H5L), in magenta or turquoise, respectively [52,53].  Cysteines are colored 

yellow and conserved cysteines are shown with those found in rat labeled with an 

asterisk (*).   
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Compared with humans, C. elegans SAHH lacks C195, C228, C266, and C421.  

Consistent with SAHH performing an electrophile-sensing function, three of the ten 

cysteine residues within human SAHH are susceptible to electrophilic modification in 

vitro
 

[49]. However, little is known about their susceptibility to regulation by 

physiologically-relevant lipid-derived signaling electrophiles, such as HNE, in a 

cellular context. This information, coupled with the high conservation of the human 

enzyme with C. elegans, motivated us to further characterize the effect of HNE 

modification on human SAHH. 

We first genetically encoded a FLAG-tag epitope into the HaloTag-fused 

SAHH enzyme, at the N-terminal position of SAHH, after the TEV cleavage site.  

After confirming T-REX
TM

 mediated labeling of this construct with Ht-PreHNE, we 

moved onto enrich SAHH from cells subsequent to T-REX in an attempt to identify 

residues modified by HNE using protease digestion and LC/MS-MS (Figure 1-14).  

Enrichment of HaloTag-FLAG-SAHH was performed as described in section 1.2.11, 

with the following modifications: binding was performed for 2 hours, rinsing for 30 

minutes, and elution for 1 hour, all at 4 °C.  While consistent modification, as 

visualized by in-gel fluorescence subsequent to lysis, TEV, and Cy5-azide click 

chemistry, was seen with HaloTag-FLAG-SAHH, analogous analysis subsequent to 

enrichment using anti-FLAG affinity resin failed to yield corroborative evidence for 

the modification, when comparing T-REX
TM

 (+light) to a no light control (Figure 1-

14B). 
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Figure 1-14.  Assessment of T-REX
TM

 mediated HNEylation of HaloTag-FLAG-

SAHH.  (A)  In-gel fluorescence showing modified FLAG-SAHH, labeled with a red 

arrow.  Anti-FLAG shows amount of FLAG-SAHH present along with its molecular 

weight at approximately 48 kDa, corresponding to the red arrow.  Anti-β-actin shows 

overall protein loading.  (B)  Coomassie gel shows enrichment of HaloTag-FLAG-

SAHH using anti-FLAG affinity resin.  In-gel fluorescence gel labeled “Cy5” shows 

labeling of the eluted protein as indicated by the red arrow.  “ON” corresponds to the 

lysate loaded onto the anti-FLAG affinity resin and “FT” corresponds to the flow-

through; proteins that did not bind the resin. 

 

Nevertheless, we sought to characterize the potential site(s) for HNE modification; we 

digested the anti-FLAG affinity resin enriched full-length HaloTag-FLAG-SAHH, 

under T-REX
TM

 targeting conditions, with either GluC or chymotrypsin, allowing for 

full coverage of SAHH.  Limitations associated with the likely instability of HNE 

Michael adducts yielded weak MS data –very low abundance of HNE modified 

peptides– but nonetheless pointed toward C195 and C266 as potential HNE-modified 

residues.  We moved onto characterize the mutants C195S and C266S by in-gel 

fluorescence experiments (Figure 1-15) as described in section 1.2.10 and 1.2.11.  The 

C195S mutant ablated HNE-sensing efficiency by approximately 50%, compared to 
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both WT- and C266S-SAHH, while expression levels were comparable (Figure 1-

15A-B).  These observations support a significant functional sensing role of C195. 

Figure 1-15.  Assessment of T-REX
TM

 mediated HNEylation of HaloTag-FLAG-

SAHH mutants.  (A) T-REX
TM

 showing comparison of HaloTag-FLAG-SAHH 

mutants C266S and C195S, compared to WT.  Red arrow highlights SAHH 

fluorescence band, at approximately 48 kDa, indicative of labeling by HNE.  (B)  

Comparison of targeting efficiencies between WT, C195S, and C266S SAHH, 

showing 4.0%, 2.0%, and 4.3%, respectively [48].  Error bars designate s.e.m. with n 

≥ 3 biological replicates and n ≥ 3 technical replicates for each biological replicate.  

ns, not significant; *P < 0.05, **P < 0.01, two-tailed unpaired t-test.  

 

 While C195 and C266 are both not found in the C. elegans SAHH ortholog, 

though it was enriched in our G-REX SILAC studies, we sought to characterize the 

extent of labeling by expression of the C. elegans enzyme in HEK-293T cells.  As 

shown in Figure 1-16, while expression of C. elegans HaloTag-FLAG-SAHH is 

lower, compared to human, quantified targeting efficiency for the C. elegans ortholog 
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is approximately three fold higher (Figure 1-16B).  However, given the extent of 

background fluorescence in this region, further validation of this difference is 

warranted by, for example, enriching for HNE-alkyne modified SAHH and subsequent 

anti-FLAG immunoblot for quantification. 

 

Figure 1-16.  Comparison of T-REX
TM

 delivery of HNE to human vs. C. elegans 

SAHH.  (A) T-REX
TM

 showing comparison of human HaloTag-FLAG-SAHH 

(indicated by the green arrow, at approximately 48 kDa) with C. elegans HaloTag-

FLAG-SAHH (indicated by the blue arrow, at approximately 50 kDa).  (B)  

Quantification of Ht-PreHNE targeting efficiency for the human and C. elegans 

HaloTag-FLAG-SAHH, showing 4.1% and 13.8%, respectively.  Error bars designate 

s.e.m. with n = 3 biological replicates and n = 2 technical replicates for each biological 

replicate.  ns, not significant; **P < 0.01, two-tailed unpaired t-test. 
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To further evaluate the ability of C. elegans SAHH to sense HNE, we utilized 

a computational method to model C. elegans SAHH based on known crystal structures 

of human SAHH.  SWISS-MODEL was used for modeling based on an 

experimentally calculated crystal structure of SAHH (PDB: 3NJ4) [52,54].  Chimera 

was used to overlay both models, shown in Figure 1-17.  Overall structural 

conservation is high between both, with 6 out of 7 cysteines found in C. elegans 

structurally conserved in human SAHH.  Interestingly, C306* is directed into the 

substrate binding pocket of the enzyme, as compared with C195 in human SAHH 

which is behind the NAD cofactor, through which it is known to aid in the reduction-

oxidation cycle of NAD required for catalytic turnover of the enzyme [47].  This could 

imply a heightened sensitivity of C306 toward HNE given its closer proximity to the 

substrate binding pocket which provides a solvent channel.  Furthermore, it is the only 

cysteine residue in C. elegans SAHH that is not conserved in humans.  The limitations 

associated with this computational method, however, necessitate experimental 

validation; this could be addressed through C306 mutagenesis and subsequent T-

REX
TM

 in-gel fluorescence targeting experiments and enzyme assays. 
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Figure 1-17.  Overlaid structures of Human SAHH (PDB: 3NJ4) and C. elegans 

SAHH (calculated using SWISS-MODEL with 3NJ4 as a template), showing one 

monomer.  (A)  Overall structural homology between both proteins.  (B) Close-up of 

the NAD cofactor binding region, highlighting C195 (human SAHH) and C306 (“*” 

indicates C. elegans SAHH, not conserved in human). 

 

1.3.7 HNE modification of SAHH inhibits its hydrolase activity 

 

 In order to evaluate the functional significance of HNE modification of SAHH, 

we adapted an established continuous coupled enzyme assay for monitoring SAHH 

activity, as depicted in Figure 1-18 [47].  In brief, the hydrolysis of S-(5′-Adenosyl)-

L-homocysteine is monitored by the conjugation of the product, L-homocysteine, to 

5,5’-Dithio-bis(2-nitrobenzoic acid (DTNB).  Continuous monitoring, absorbance at 

412 nm, of the reaction is based on release of 5-thio-2-nitrobenzoate (TNB), Λmax = 

412 nm, from DTNB.  Adenosine deaminase (AdoD) is utilized to drive the hydrolytic 

direction through prevention of product inhibition of SAHH by adenosine. 
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Figure 1-18.  SAHH activity is measured using a continuous coupled assay, 

employing the use of 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) for detection of 

released L-homocysteine via its free thiol. Activity is measured from HEK-293T 

lysates overexpressing the noted proteins or from enriched HaloTag-FLAG-SAHH 

fusion proteins (WT or mutants).  The second product in the hydrolytic direction is 

adenosine, which is converted to inosine by the inclusion of adenosine deaminase 

(AdoD) in the reaction mixture. 

 

We first evaluated the effect of overexpression of HaloTag-SAHH, relative to 

HaloTag expression alone, which showed an approximate 3-fold increase in activity 

(Figure 1-19A).  We went onto further validate these measured activities to ensure 

they are specific to SAHH activity.  Using half of the lysate resulted in an approximate 

55% decrease in measured activity, and transfection with half the amount of HaloTag-

SAHH plasmid results in an approximate 26% decrease in measured activity, in line 

with the amount of SAHH present (Figure 1-19B).  We further calculated the Km of 

the substrate, S-(5’-Adenosyl)-L-homocysteine (SAH), after anti-FLAG enrichment of 

HaloTag-FLAG-SAHH to be 126 ± 15 µM, compared with literature reported values 

ranging from ~1 to 63 µM, depending on species (Figure 1-19C) [55]. 
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3-Deazaadenosine (3-DZA), an established competitive inhibitor of SAHH 

provides secondary, independent, validation of this activity assay’s specificity [56].  

Cells treated with 3-DZA resulted in a dose-dependent drop in measured activity from 

approximately 13–25% (1–100 µM 3-DZA, Figure 1-19D).  Treatment of the lysate 

with 3-DZA resulted in a dose-dependent drop in measured activity from 46–60% 

(50–800 µM 3-DZA, Figure 1-19E).  To further strengthen these data, we assayed 

SAHH activity subsequent to FLAG-tag immunoprecipitation using anti-FLAG 

affinity resin.  Under these condition, treatment of the lysate with 3-DZA resulted in 

inhibition of the measured activity from 10–75% (12.5–400 µM 3-DZA), with an IC50 

of 84 ± 12 µM (Figure 1-19F). 

We then moved on to characterize the effects of T-REX
TM

 mediated 

HNEylation of SAHH.  T-REX
TM

 delivery of HNE-alkyne resulted in an approximate 

20% reduction in measured activity, where DMSO, light alone, or Ht-PreHNE alone 

did not significantly affect enzymatic activity, by whole lysate enzyme assay (Figure 

1-20B).  For these conditions, expression of HaloTag and HaloTag-SAHH is 

unchanged (Figure 1-20C).  Under these conditions, release of HNE-alkyne from 

HaloTag alone does not significantly change measured background activity (Figure 1-

20A).  Mostly consistent with the whole lysate assay, T-REX
TM

 delivery of HNE-

alkyne results in an approximate 30% reduction in activity after enrichment of 

HaloTag-FLAG-SAHH with anti-FLAG affinity resin (Figure 1-20D).  Importantly, 

inhibition of either Ht-PreHNE alone or Ht-PreHNE T-REX with a saturating 

concentration of 3-DZA results in similar baseline activity (Figure 1-20D); 400 µM 

was chosen based on the 3-DZA inhibition curve shown (Figure 1-19F). 
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Figure 1-19.  Validation of lysate and affinity purified HaloTag-SAHH enzyme 

assays.  (A) Comparison of HaloTag alone with HaloTag-SAHH, showing a 3-fold 

increase in the measured rate for HaloTag-SAHH.  (B)  HEK-293T cells transfected 

with HaloTag and treated as shown.  (C) Michaelis-Menten plot showing initial 

reaction velocity (arbitrary units, as defined by the change in absorbance at 412 nm 

per second) from 0–1000 µM SAH, 1:2 from 1000 µM M to 7.8 µM.  Calculated Km = 

126 ± 15 µM.  (D) HEK-293T cells transfected with HaloTag-SAHH and treated as 

shown.  (E)  3-Deazaadenosine (3-DZA), pre-treated for 2 minutes in lysate at ambient 

temperature prior to SAHH activity assay.  (F)  Inhibition assay with 3-DZA, from 

400 µM to 12.5 µM, in 2-fold dilution.  Briefly, after enrichment of HaloTag-FLAG-

SAHH, eluted protein was incubated with various concentrations of 3-DZA for 5 

minutes at room temperature, after which it was diluted into the activity assay buffer 

to yield the final concentrations of 3-DZA plotted.  The IC50 was determined to be 84 

± 12 µM. 
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For HaloTag-FLAG-SAHH-C266S, T-REX delivery of HNE-alkyne results in an 

approximate 16% reduction in measured activity (Figure 1-20F).  However, HaloTag-

SAHH-C195S is largely insensitive to T-REX-mediated inhibition, as T-REX
TM

 

results in a non-significant reduction in activity, relative to Ht-PreHNE alone.  T-

REX
TM

-mediated inhibition, compared with DMSO alone or light alone, is significant, 

resulting in an approximate 17% drop (Figure 1-20E)  When compared with WT-

SAHH, whose T-REX
TM

-mediated inhibition is approximately 30% under enriched 

conditions, this represents a nearly 50% ablation of HNE-mediated inhibition, which is 

commensurate with the 50% reduction of targeting efficiency we see with the C195 

mutant (Figure 1-15B). 

 Altogether, these data provide strong evidence that a stable HNE modification 

of SAHH directly affects the activity of the enzyme.  Furthermore, the targeting 

efficiency and enzyme assay data support C195 as a critical residue in sensing this 

modification.  Indeed, C195 is reported to be important for SAHH catalytic activity 

and labile toward electrophilic DTNB
 
[47].  As modification with DTNB was shown 

to be largely protected by its substrate
 
[47], adenosine, our ability to delivery HNE-

alkyne to this residue endogenously highlights the potential role of physiologically 

relevant redox-mediated regulation of SAHH.  The exceptional inhibition we’re able 

to measure (20–30%) in light of the relatively weak Ht-PreHNE T-REX
TM

 targeting 

efficiency of 4% (Figure 1-15B) may be partially explained through the importance of 

C195 as a residue implicated in an allosteric signaling network that plays a role in the 

dynamics of SAHH enzyme activity, which is a functional homotetramer [57].  While 

there is no significant change in labeling efficiency with the C266S mutant (Figure 1-
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15B), this residue is likely important in mediating the inhibition we see upon T-

REX
TM

 delivery of HNE to the WT enzyme, as indicated by partial ablation of 

inhibition compared with WT (Figure 1-20F).   

Figure 1-20.  Assessment of human SAHH activity from HEK-293T cells and 

inhibition mediated by T-REX
TM

 delivery of HNE.  (A) HEK-293T cells transfected 

with HaloTag and treated as shown.  (B)  T-REX mediated delivery of HNE-alkyne in 

cells overexpressing HaloTag-SAHH results in an approximate 20% reduction in 

measured activity of the whole cell lysate.  (C)  Western blot analysis of HaloTag and 

HaloTag-SAHH. The samples originated from lysate assays in (A)–(B).  (D) Activity 

assay of FLAG-tag pull down of HaloTag-SAHH subsequent to T-REX
TM

 mediated 

delivery of HNE-alkyne in cells, showing approximately 30% inhibition; in 

comparison to a saturating concentration of 3-DZA, incubated with the eluted 
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HaloTag-SAHH for 5 minutes before assay.  (E)  T-REX
TM

 mediated delivery of 

HNE-alkyne in cells overexpressing HaloTag-SAHH-C195S results in a non-

significant reduction in measured activity, when compared to Ht-PreHNE alone.  (F)  

T-REX
TM

 mediated delivery of HNE-alkyne in cells overexpressing HaloTag-SAHH-

C266S results in an approximate 20% reduction in measured activity, when compared 

to Ht-PreHNE alone.  Error bars designate s.e.m. with n ≥ 3 independent biological 

replicates and n ≥ 2 technical replicates for each biological replicate.  ns, not 

significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-tailed unpaired 

t-test.   

 

In an attempt to further understand the apparent sensitivity of C195 toward 

HNE, we carried out in vitro inhibition studies, using HNE-alkyne, for both the 

wildtype and C195S subsequent to enrichment from HEK-293T cells (Figure 1-21).  

After incubation of the enriched protein with varying concentrations of HNE-alkyne 

for 20 minutes at 37 °C, both WT- and C195S-HaloTag-FLAG-SAHH are inhibited in 

a dose-dependent manner, albeit at comparatively high concentrations of HNE-alkyne 

(estimated concentration of enzyme in this assay is below 50 µM) (Figure 1-21A).  

We took these samples on for TEV protease cleavage and Cy5-azide click labeling of 

HNE-alkyne modified SAHH, which shows dose-dependent labeling of both WT- and 

C195S-HaloTag-FLAG-SAHH (Figure 1-21C).  When considering the degree of 

inhibition in concert with extent of HNE modification, there is no discernible 

difference between WT- and C195S-HaloTag-FLAG-SAHH (Figure 1-21B).  Given 

the high concentration of HNE required under these conditions to detect inhibition in 

vitro, the modest modification we see with T-REX
TM

, resulting in statistically 

significant inhibition of the enzyme, implies that the ability of SAHH to sense HNE 
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may be intrinsic to its environment in the cell.  These data highlight an advantage of 

on-target delivery of HNE to SAHH endogenously, only possible via T-REX
TM

. 

 

Figure 1-21.  In-vitro inhibition of WT- and C195S-HaloTag-FLAG-SAHH with 

HNE.  (A)  Normalized SAHH activity of WT and C195S in response to 22, 66, 200, 

600, 1800, and 5400 µM HNE-alkyne.  Fluorescence band at ~25 kDa is TEV 

protease used for cleaving SAHH from HaloTag, which is not labile toward HNE.  (B)  

Plot of normalized SAHH activity, from (A), with the corresponding fold increase in 

HNE-alkyne clicked Cy5-azide, from (B) and normalized to 1 corresponding to 22 µM 

for WT or C195S.  Quantification from n = 3 for both enzyme assays and Cy5 gels.  

For (B), samples were passed through Centri-Sep columns (Princeton Separations) to 

purify WT- and C195S-HaloTag-FLAG-SAHH from excess HNE-alkyne, TEV 
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protease cleaved (0.3 mg/mL) for 45 minutes at 37 C, and clicked with Cy5-azide as 

described in section 1.2.11. 

 

1.3.8 Development of a WDR-23::Halo transgenic animal model to evaluate on-

target delivery of electrophiles to WDR-23 

As discussed in the section 1.12, WDR-23 is thought to be the primary 

negative regulator of SKN-1.  However, the underlying molecular mechanism(s) 

through which WDR-23 regulates SKN-1 in response to electrophilic stress is 

generally unknown.  We sought to utilize previously developed SKN-1 activity 

reporter strains in concert with a HaloTag-fused WDR-23 (hsp-16.41p-WDR-

23::Halo) in order to characterize the on-target effects of electrophiles delivered to 

WDR-23.  The two C. elegans strains used for this endeavor were: (1) pGst-4::GFP 

reporter strain that utilizes the Gst-4 promoter genetically fused to GFP [16] and (2) 

pGcs-1::GFP reporter strain that utilizes the Gcs-1 promoter genetically fused to GFP 

[14].  Both strains drive GFP expression upon activation of SKN-1 regulated pGst-4 or 

pGcs-1, respectively. 

We first screened whether HNE activates SKN-1 by treating pGst-4::GFP or 

pGcs-1::GFP animals with HNE in S-complete media.  Shown in Figure 1-22 are 

adult pGcs-1::GFP animals that were treated as noted for 30 minutes at ambient 

temperature and imaged for GFP fluorescence 16 hours after treatment.      
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Figure 1-22.  Representative fluorescence imaging of anesthetized adult pGcs-1::GFP  

C. elegans.  Animals harvested in M9 media, rinsed free of OP50, and treated with 

concentrations of HNE as noted for 30 minutes at ambient temperature, rotating end 

over end in M9 media.  Light alone animals were instead irradiated with UV light (4.4 

mW/cm
2
) as described in section 1.2.4.  Animals were subsequently rinsed three times 

and deposited onto OP50 seeded NGM plates for incubation at 17 °C for 16 hours.  

For imaging, animals were treated as described in section 1.2.7.  Scale bar = 500 µm.     
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Figure 1-23. Representative fluorescence imaging of anesthetized adult pGst-4::GFP  

C. elegans.  Animals harvested in M9 media, rinsed free of OP50, and treated with 

concentrations of HNE as noted for 30 minutes at ambient temperature, rotating end 

over end in M9 media.  Animals were subsequently rinsed three times and deposited 

onto OP50 seeded NGM plates for incubation at 17 °C for 28 hours.  For imaging, 

animals were treated as described in section 1.2.7.  Scale bar = 500 µm.     

 

Analogously, adult pGst-4::GFP  animals were treated with HNE as noted for 30 

minutes at ambient temperature and imaged for GFP fluorescence 28 hours after 

treatment (Figure 1-23).  In both transgenic lines, activation of SKN-1 is observed at 

higher concentrations of HNE, compared to DMSO alone.  We chose to continue with 

the pGst-4::GFP transgenic line for generation of WDR-23::Halo transgenic worms 

since pGst-4::GFP construct is integrated into the chromosome of the animal, such 

that progeny all carry the construct [44].  In comparison, the pGcs-1::GFP transgenic 

line carries the pGcs-1::GFP construct as a stable extrachromosomal array, which 

requires constant selection (i.e., via picking) of animals harboring the construct during 

maintenance.  We further characterized the time frame of SKN-1 activation in the 
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pGst-4::GFP line by HNE as shown in Figure 1-24.      SKN-1 activation peaks 

between 4–8 hours after treatment with 5 mM HNE for 20 minutes at ambient 

temperature.  For these experiments we chose to use a developmentally synchronized 

animal population due to changing levels in SKN-1 activation of pGst-4::GFP over the 

course of the animals’ life (data not shown). 

Figure 1-24.  For these experiments, we modeled HNE treatment according to the 

timeframe required for T-REX
TM

 experiments in C. elegans.  pGst-4::GFP animals 

were bleach synchronized to generate a developmentally homogenous L1 population, 

which were then plated onto OP50 NGM plates and allowed to feed for  45–48 hours.  

Animals were then heat shocked at 37 °C for 1 hour, harvested in S-complete media, 

and incubated for 6 hours at ambient temperature rotating end over end.  After 3 rinses 

for approximately 30 minutes total, animals were treated with DMSO or 5 mM HNE 

for 20 minutes and subsequently rinsed 3 more times, for approximately 15 minutes, 
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before being plated onto OP50 NGM plates and incubated at 17 °C for the noted times 

prior to imaging.  (A) Representative fluorescence imaging of anesthetized adult pGst-

4::GFP animals at the noted time points post-treatment with HNE.  For imaging, 

animals were treated as described in section 1.2.7.  Scale bar = 500 µm.  (B) 

Quantification of animals shown in (A), with n = 48, 58, 49, and 26 for 4, 8, 18, and 

24 hours, respectively.  ns, not significant; ****P < 0.0001, two-tailed unpaired t-test. 

 

After validating the pGst-4::GFP reporter strains sensitivity to global HNE treatment, 

we moved onto evaluate the effect of induction of WDR-23::Halo in this line using the 

hsp-16.41p-WDR-23::Halo transgenic line described in section 1.3.1-1.3.2.  Modeling 

on the experiment in Figure 1-24, we found that overexpression of WDR-23::Halo 

suppresses SKN-1 activation in the pGst-4::GFP transgenic line, peaking at 8–18 

hours post-induction (Figure 1-25).  At early time points of 4 and 8 hours, heat shock 

dependent reduction in GFP fluorescence is 13% and 33%, respectively, for the WDR-

23::Halo transgenic line, compared with 14% and 15%, respectively, for the N2 line 

(pGst-4::GFP alone).  At 18 hours, this reduction increased to 40% for WDR-23::Halo 

and 24% for the N2 line.  The stronger suppression of SKN-1 activation at both 8 and 

18 hours in the WDR-23::Halo line implies the overexpressed WDR-23::Halo is 

functional, performing its known role as a negative regulator of SKN-1.  By 24 hours, 

however, SKN-1 activation rebounds in the WDR-23::Halo line and GFP fluorescence 

increases by 173%, compared with N2, which remains suppressed by 19%.  This 

rebound in SKN-1 activation may result from an autoregulation loop, as the 5′ 

flanking region of the wdr-23 gene contains SKN-1 binding elements [16,58].  SKN-1 

suppression may result in a concomitant decrease in endogenous WDR-23 expression, 

whereupon degradation of the overexpressed WDR-23::Halo SKN-1 protein levels 

rebound triggering strong activation of pGst-4::GFP.  To provide further validation of 
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this phenotype, we also evaluated GFP expression by western blot under the same 

experimental conditions.  Corroborating the live animal fluorescence data, GFP 

expression drops at the 8 and 18 hours time points, relative to 4 hours, and rebounds at 

24 hours (Figure 1-26).  Additionally, the full-length WDR-23::Halo fusion protein is 

undetectable by western blot, presumably degraded, by 18 hours, precipitating the 

rebound in SKN-1 activation.  

 

Figure 1-25.  Overexpression of WDR-23::Halo results in suppression of SKN-1 

activity.  (A) Representative fluorescence imaging showing pGst-4::GFP + 

(hsp16.41p-WDR-23::Halo + mec-7p::mRFP) transgenic animals.  These animals were 

treated analogously to those in Figure 1-24, with the following modification.  After 

heat shock, animals were kept on OP-50 NGM plates and incubated at 17 °C for the 

noted times prior to fluorescence imaging.  Fluorescence images are overlays of GFP 

(pGst-4::GFP) and RFP (mec-7p::mRFP – dominant marker for hsp16.41p-WDR-
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23::Halo transgenic line).   Only WDR-23::Halo animals are shown. (B) 

Quantification of both the pGst-4::GFP line (“N2”) and pGst-4::GFP + (hsp16.41p-

WDR-23::Halo + mec-7p::mRFP) line (“WDR-23::Halo”), with n ≥ 37 animals for each 

condition. 

Figure 1-26.  Western blot validation of SKN-1 activation suppression under WDR-

23::Halo overexpression.  “HS” indicates heat shock.  (A)  Representative western blot 

showing WDR-23::Halo expression (anti-Halo), pGst-4 driven GFP expression (anti-

GFP), and loading control (anti-β-actin).  (B)  Quantification showing ratio of +HS to 

–HS anti-GFP band intensity, all normalized to anti-β-actin, with n = 6 western blots.  

ns, not significant; ****P < 0.0001, ***P < 0.001, **P < 0.01, two-tailed unpaired t-

test. 

 

 After establishing these initial readouts for perturbation of SKN-1 activity, we 

sought to characterize the ability of WDR-23 to sense electrophiles.  Toward this end, 

we evaluated T-REX
TM

 mediated delivery of HNE and other electrophiles to WDR-

23::Halo in live animals, followed by in-gel fluorescence characterization of 

modification efficiency, as described in sections 1.2.3–1.2.5.  Shown in Figure 1-27 is 

a representative Cy5 in-gel fluorescence SDS-PAGE of T-REX
TM

 delivered HNE to 

WDR-23.  Overall high background fluorescence, as evidenced by the numerous 
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fluorescence bands visible in the DMSO treated and no light (-/+ TEV) samples 

precluded our ability to visualize specific modification of WDR-23, which should be 

resolved between 60-75 kDa (“Region for cleaved WDR-23”) (Figure 1-27).  

However, we are able to visualize the labeling of full-length WDR-23::Halo with Ht-

PreHNE at ~100 kDa, as noted (“WDR-23::Halo).  Additionally, release of HNE is 

evidenced under these conditions by the concomitant decrease in fluorescence at the 

cleaved Halo position (“Halo”). 

Figure 1-27.  In-gel fluorescence assessment of T-REX
TM

 delivery of HNE to WDR-

23 in live C. elegans.  Under T-REX
TM

 conditions, noted by “T-REX
TM

”, we are 

unable to visualize targeting on cleaved WDR-23.  Shown on the left is the coomassie 

stained gel sowing overall protein loading.  “WDR-23::Halo” indicates the full—

length WDR-23::Halo protein that is labeled by Ht-PreHNE and cleaved upon TEV 

protease treatment.  “Region for cleaved WDR-23” indicates approximate area for 

visualizing HNE-alkyne modified WDR-23.  “Halo” indicates position of cleaved 

Halo, allowing for validation of HNE release from Ht-PreHNE. 
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We further evaluated a series of other electrophiles covering a range of 

structurally and electronically diverse Michael acceptors, shown in Figure 1-28A.  

Similarly to HNE, all three of these electrophiles failed to yield discernible 

modification of WDR-23 (Figure 1-28B-C).     

 

Figure 1-28.  In-gel fluorescence assessment of T-REX
TM

 delivery of DE, dHNE, and 

CPE-2 to WDR-23 in live C. elegans.  (A) Structures of released electrophiles DE, 

dHNE, and CPE-2.  (B) In-gel fluorescence, highlighting full length WDR-23::Halo at 

the red arrow, and coomassie stained gel showing overall protein loading for T-

REX
TM

 delivery of dHNE.  (C) In-gel fluorescence, highlighting full length WDR-

23::Halo at the red arrow, and coomassie stained gel showing overall protein loading 

for T-REX
TM

 delivery of CPE-2 and DE. 
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Lack of in-gel fluorescence detection of electrophile labeled WDR-23 may be 

due to many factors including: (1) low expression of WDR-23::Halo (see Figure 1-4), 

(2) lack of redox sensitivity of WDR-23 to the screened electrophiles, or (3) low 

occupancy of the electrophile (e.g., low targeting efficiency) that precludes 

fluorescence-based visualization.  Given that HNE does lead to SKN-1 activation, we 

continued on to evaluate potential phenotypic responses from T-REX
TM

 delivery of 

HNE to WDR-23, based on either live animal fluorescence imaging of pGst-4 driven 

GFP expression or qRT-PCR of various genes regulated by SKN-1.  We chose the 

genes shown in Figure 1-29 based on literature precedent for SKN-1 regulated genes 

in response to various oxidative and electrophilic stimuli [19,59–61].  For these 

studies, hsp-16.41p-WDR-23::Halo animals were bleach synchronized and fed for 45–

48 hours prior to heat shock and subsequent incubation with Ht-PreHNE, as described 

in Figure 1-24.  Animals were harvested at the noted times in Figure 1-30 and Figure 

1-31, and qRT-PCR was performed as described in section 1.2.13.  At 2–4 hours post 

T-REX
TM

 delivery of HNE, none of the genes surveyed yielded statistically significant 

changes, relative to the controls Ht-PreHNE alone or light alone (Figure 1-30).  

Similarly at 8–9 hours, all genes show non-significant changes with respect to controls 

(Figure 1-31).   
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Figure 1-29.  Primer efficiencies and sequences for C. elegans qRT-PCR primer sets. 

(A) qRT-PCR of cDNA serial dilutions from 100 ng to 0.63 ng for primer sets shown.  

(B) Table of primer set name, forward and reverse sequence, and calculated primer 

efficiency from linear regression in (A). 
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Figure 1-30.  Relative mRNA abundance, normalized to act-1, of surveyed genes at 

2–4 hours post T-REX
TM

 delivery of HNE to WDR-23::Halo.  (A) “WDR-23” is WD 

repeat-containing protein 23.  (B) “SKN-1” is protein skinhead-1.  (C) “GST-4” is 

glutathione S-transferase 4.  (D) “GST-10” is glutathione S-transferase 10.  (E) “GST-

30” is glutathione S-transferase 30.  (F)  “GCS-1” is glutamate-cysteine ligase 1.  (G)  

“NIT-1” is nitrilase 1.  Quantification from 3 independent biological experiments, with 

n = 3 technical replicates for each set.  All combinations are non-significant to each 
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other unless otherwise shown.  ns, not significant; ****P < 0.0001, ***P < 0.001, **P 

< 0.01, *P < 0.05, two-tailed unpaired t-test. 

Figure 1-31.  Relative mRNA abundance, normalized to act-1, of surveyed genes at 

8–9 hours post T-REX
TM

 delivery of HNE to WDR-23::Halo.  Quantification from 

three independent biological experiments, with n = 3 technical replicates for each set.  

All combinations are non-significant to each other unless otherwise shown.  ns, not 
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significant; ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, two-tailed unpaired 

t-test. 

 

 Under these same conditions used for qRT-PCR, we also evaluated SKN-1 

mediated pGst-4::GFP expression by fluorescence imaging subsequent to T-REX
TM

 

delivery of HNE to WDR-23::Halo, shown in Figure 1-32.  Similar to qRT-PCR data, 

we were unable to identify any significant changes of SKN-1 activation when 

comparing T-REX
TM

 to all relevant controls (Figure 1-32B).  Also, under these 

conditions, the rebound in SKN-1 activation we previously saw at 24 hours (Figure 1-

25 and Figure 1-26) is still present (Figure 1-32C) with an approximate 3 fold 

increase at 24 hours, relative to 18 hours across all conditions. 
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Figure 1-32.  T-REX
TM

 delivery of HNE to WDR-23::Halo does not lead to 

statistically significant changes in SKN-1 activation, as measured by expression of  

pGst-4::GFP.  (A)  Representative fluorescence imaging of anesthetized pGst-4::GFP 

+ hsp-16.41p-WDR-23::Halo animals at the noted time points post-treatment.  For 

imaging, animals were treated as described in section 1.2.7.  Scale bar = 250 µm.  (B) 

Quantification of animals shown in (A), over two independent biological experiments 

with n ≥ 200 animals for each condition.  ns, not significant; **P < 0.01, two-tailed 

unpaired t-test. 

 

1.4 Conclusion 

 In conclusion, we successfully adapted T-REX
TM

 for use in C. elegans, 

developing numerous transgenic HaloTag-fusion protein lines for G-REX SILAC 
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studies and validating their expression and activity.  This allowed, for the first time, 

the discovery of novel, conserved, electrophile-sensor proteins in live C. elegans.  

From this initial work, SAHH was identified as a highly conserved HNE sensor, 

whose role in regulating SAM-dependent methyltransferase (MAT) activity makes it 

an important target for continued work; both in defining the mechanisms underlying 

HNE-dependent activity inhibition as well as its potential coupling to SAM-dependent 

MAT activity in mammals. 

 We also developed WDR-23::Halo transgenic animal model system for 

evaluating the on-target effects elicited by various electrophiles.  Hitherto, we were 

unable to detect modification of WDR-23 by the methods used in this thesis and 

unable to link potential modification by HNE to any statistically significant 

phenotypic effects connected to SKN-1 regulation.  Nevertheless, the platforms 

developed herein lay the foundation for future studies on these complex redox 

signaling pathways in C. elegans. 
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CHAPTER 2 

 

Development and Application of a Generalizable Platform (T-REX
TM

) for 

Interrogating Target- and Signal-Specific Effects of Electrophilic Modifications in 

Redox-Linked Cell Signaling 
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Abstract 

 

The structural and electronic properties of reactive electrophilic species are 

important signatures that define their reactivity with redox sensor proteins.  Here we 

showcase the development and application of a “toolbox” of precursors to a diverse set 

of electrophiles that serve as simple models for a variety of endogenous electrophiles.  

Through characterization of their T-REX
TM

 delivered reactivity with Keap1, a 

principal negative regulator of the master antioxidant response regulator Nrf2, we 

show that Keap1 acts as a promiscuous sensor for a variety of diverse electrophiles.  

Furthermore, quantification of the subsequence Nrf2 activation for these electrophiles 

is evaluated and compared with non-targeted conditions. 
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2.1 Introduction 

As discussed in Chapter 1, the importance of understanding small-molecule 

chemical redox signals, and the signal transduction pathways they modulate, has 

grown due to their linkage to organism health.  Until now, there has been a lack of 

chemical biology tools capable of evaluating these redox events at a level of resolution 

necessary to pinpoint the key proteins required for sensing these electrophiles.  Many 

of the current approaches, summarized in Chapter 1, to explore specific redox 

signaling pathways involve treatment of the entire living system with biologically 

relevant reactive species such as H2O2 and 4-hydroxy-2-nonenal (HNE) [1].  These 

global flooding approaches inevitably hit many proteins thereby perturbing numerous 

signaling pathways, the deconvolution of which can be difficult.  For example, the 

lipid-derived electrophile HNE has more than 800 protein targets in the human 

proteome [2].  Evaluation of the specific mechanisms underpinning redox-mediated 

signaling events utilizing these methods is consequently very challenging.   

Described in this chapter is the continued development of the “Targetable 

Reactive Electrophiles and Oxidants” (T-REX
TM

) technique, with which redox-

relevant chemical signals can be delivered to specific target proteins in cells on 

demand.  This strategy presents a new way to directly interrogate the target-specific 

consequences of redox-linked modifications without perturbing the rest of the 

proteome.  This work focuses on establishing a generalizable T-REX
TM

 chemical 

toolbox with which we can interrogate the ‘on-target’ impacts of HNE and other 

bioactive Michael electrophiles on mammalian antioxidant response (AR) signaling, a 

major cytoprotective pathway of validated pharmacological relevance. The 

transcription factor “nuclear factor-erythroid 2 p-45-related factor 2” (Nrf2) is the 

principle transcription factor that modulates AR element (“ARE”)-driven genes 

(Figure 2-1A). Nrf2–AR pathway activation is widely considered to be the major 
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mode of action of FDA-approved Tecfidera®, and Phase II/III drugs curcumin, 

bardoxolone methyl, and sulforaphane (Figure 2-1B). Many of these small molecules 

are thought to mimic endogenous signaling actions of bioactive lipid-derived 

electrophiles (LDEs) such as HNE
 
[3]. One major unresolved issue in developing 

redox-activator drugs has been that with global approaches we had no way to pinpoint 

an upstream regulator, whose modification is sufficient to activate AR. For highly 

reactive drugs like Tecfidera®, as with HNE, hundreds of protein targets may be 

modified, some of which unavoidably leads to undesirable effects, reducing clinical 

efficacy. Indeed, such off-target effects are becoming increasingly appreciated for 

their impact on a drug’s overall therapeutic effect, warranting new strategies to 

overcome this issue [4].  

Figure 2-1.  (A)  Keap1, as a homodimer, negatively regulates Nrf2 by acting as a 

Cul3 adaptor protein, which results in constitutive Nrf2 degradation.  Upon activation 

by various types of electrophiles, the interaction between Nrf2 and Keap1 is disrupted 
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resulting in Nrf2 protein stabilization and subsequent Nrf2 transcription activation.  

(B)  Examples of therapeutically beneficial electrophiles. 

 

 We have already shown it is possible to selectively deliver HNE to individual 

electrophile-responsive proteins of therapeutic relevance [5], namely, Keap1 and 

PTEN in live mammalian cells.  This chapter describes the elaboration of the T-

REX
TM

 platform to an array of bioactive linear alkenals and cyclic enones that serve 

as simple models of prostaglandins
 
[6] and CDDO-based pharmacophores

 
[7].  These 

studies considered both in vitro and in cell delivery of these redox signals, 

characterizing modification efficiency of Keap1, alkylation stability, and downstream 

functional consequences on Nrf2 stabilization and activation.        

 

2.2 Experimental 

2.2.1 General method for recombinant protein expression in E. coli 

 The plasmid for the gene of interest was transformed into either BL21 or BL21 

codon plus competent cells, as indicated, and selected for on the appropriate antibiotic 

containing LB agar plate, grown overnight at 37 °C.  A fresh colony was selected for 

initial overnight culture, inoculated into 5 mL LB for growth at 37 °C for 16– 20 

hours.  For dilution, approximately 1 mL of the overnight culture was used for each 

1.2 L LB media, containing the appropriate antibiotic, for inoculation.  Flasks were 

shaken on an orbital shaker, approximately 200 rpm, at 37 °C until the OD600 reached 

0.6–0.8.  Samples were taken before induction as controls for induction gels.  IPTG 

was added, as noted, and the temperature was shifted from 37 °C to the noted 

temperatures to induce expression.  Table 2-1 below lists specific induction conditions 

for each recombinant protein expressed.  For liquid cultures, either 100 µg/mL 

ampicillin or 50 µg/mL kanamycin was used.  After induction, the bacteria were 
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harvested at 6 kg for 10 minutes at 4 °C, and expression was characterized via SDS-

PAGE before subsequent purification.  The pellet was stored at -80 °C and used for 

purification within 2 weeks.    

 

Table 2-1.  Induction conditions for expression of recombinant proteins. 

Recombinant 

Protein 
Antibiotic IPTG 

Induction 

Temperature 
Induction Length 

TEV protease Ampicillin 1 mM 37 °C 6 hours 

HaloTevKeap1 Kanamycin 0.25 mM 19 °C 18 hours 

 

2.2.2 General method for purification of recombinant proteins with His6 tags 

 All steps were performed at 4 °C or on ice unless otherwise noted.  Talon resin 

was prepared fresh on the day of use by rinsing the resin with 10 bed volumes of 

water, followed by 5 bed volumes of lysis buffer.  Bacteria pellet was resuspended 

completely in lysis buffer at an approximate ratio of 5 mL/gram bacteria pellet and 

then passed through a cell disruptor (at approximately 13 kPsi) for two complete 

passes.  Centrifugation of the lysed bacteria was performed at 20 kg for 30 minutes.  

The supernatant was then treated, while being stirred gently, with streptomycin sulfate 

(approximately 2–2.5 % (w/v)) by drop-wise addition of an approximate 20% (w/v) 

solution of streptomycin sulfate in water over 15 minutes.  After an additional 15 

minutes stirring, suspension was centrifuged at 20 kg for 30 minutes.  The supernatant 

was then stirred with previously equilibrated Talon resin for 1 hour, after which the 

suspension was applied to a fritted glass column to collect the resin.  The resin was 

subsequently rinsed from 2–4 times (1 bed volume each time) with wash buffer.  After 

rinsing, elution buffer was added to the resin carefully and approximately 1.5 mL 

fractions were collected over 40–50 mL.  The A280 and A260 were monitored from 

flow-through to elution and fractions were pooled based on A280 and A280/260 profiles.  
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For TEV protease, dialysis, using a pre-equilibrated 20 kDa membrane packet, was 

performed for buffer exchange into storage buffer.  For approximately 20 mL of eluted 

protein, 2 L of storage buffer was used, with the membrane rotating in storage buffer 

for at least 4 hours per cycle, for a total of 3 cycles, at 4 °C.  If precipitation was 

observed, protein elution was spun down and added to a new 20 kDa membrane 

packet.  After dialysis, protein elution was concentrated using spin columns with 10 

kDa cut-off membranes at 5 kg for 20 minutes at 4 °C, aliquoted, and frozen in liquid 

nitrogen for storage at -80 °C.  For all other recombinant proteins, a pre-equilibrated 

(overnight, approximately 1.5 L storage buffer) G-25 desalting column was used.  

Subsequent to protein elution, the fractions containing the recombinant protein were 

pooled, concentrated using the appropriate size spin column at 5 kg for 20 minute 

cycles at 4 °C, aliquoted, and frozen in liquid nitrogen for storage at -80 °C. 

 

2.2.3 Enzyme activity assay of Recombinant TEV protease 

 An aliquot of recombinantly purified TEV protease was thawed on ice along 

with a HaloTag-TEV-fusion protein.  A master stock of the assay mixture without 

TEV protease was made (with final concentrations at 100 µL of: 2 µM HaloTag-TEV-

fusion protein, 20 mM HEPES, pH 7.6, and 0.3 mM TCEP), to which TEV protease 

(or buffer as a negative control) was added to a final concentration of 0.2 mg/mL into 

0.2 mL PCR strip tubes.  After initiation with TEV protease, samples were heated at 

37 °C for up to 60 minutes, during which 20 µL aliquots were quenched in 5 µL 4x 

Laemmli loading buffer containing 6% βME at the noted times and resolved by SDS-

PAGE. 

 

2.2.4 Labeling of Recombinant HaloTevKeap1 with Ht-PreHNE in vitro 
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 An aliquot of recombinantly purified HaloTevKeap1 was thawed on ice.  A 

master stock of the assay mixture without Ht-PreHNE was made (with final 

concentrations at 60 µL of: 2 µM HaloTevKeap1, 20 mM HEPES, pH 7.6, 0.3 mM 

TCEP, and 4 µM Ht-PreHNE) and incubated at 37 °C for 30 minutes.  After this 

incubation period, Click assay was performed by addition of the following, with final 

concentrations at 60 µL of: 1.7 mM TCEP, 5% (v/v) t-BuOH, 10 µM Cy5-azide, 0.1 

mM Cu(TBTA), and 1 mM Cu(II)SO4.  This mixture was incubated at 37 °C for an 

additional 30 minutes and then quenched by addition of 10 µL 4x Laemmli loading 

buffer, containing 3% βME.  After 5 more minutes at 37 °C, samples were resolved by 

SDS-PAGE and in-gel fluorescence was visualized on a Bio-Rad Chemi-Doc-MP 

Imager.  All steps in this procedure were performed either in the dark or under red 

light. 

 

2.2.5 HaloTag-gene expression and T-REX
TM

 in mammalian cells 

HEK-293T cells were cultured in MEM (1X) + GlutaMAX
TM

-I, supplemented 

with 10% FBS), Sodium Pyruvate, MEM NEAA, and Pen Strep.  Cells were 

maintained in a 5% CO2, humidified, incubator at 37 °C.  For T-REX
TM

 delivery 

experiments, cells were seeded at either ~0.4 x 10
6
 or ~2.6 x 10

6 
cells in 35 mm or 100 

mm tissue culture dishes, respectively.  24–36 hours later, cells were replenished with 

fresh media and transfected using PEI, ~5.8 or ~34 µg for 35 mm or 100 mm dishes, 

respectively.  After 24 hours of transfection, cells were treated with 25 µM Ht-

PreHNE in serum-free media and incubated for 2.5 hours, kept under red light.  Cells 

were then carefully rinsed with serum-free media three times every 30 minutes over 

1.5 hours.  UV lamps were turned on 10 minutes before irradiation, to allow the lamp 

to warm up.  For light-exposed samples, the dish lids were removed and the dishes 

were placed under 365 nm UV light (~9 mW/cm
2
, 5 cm above cells) for 10 minutes.  
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Following UV irradiation cells were incubated an additional 5 minutes at 37 °C and 

then harvested, rinsed twice with 1x PBS, and pellets frozen in liquid nitrogen.  See 

Appendix B for list of plasmids used for mammalian cell transfection. 

 

2.2.6 Click chemistry in mammalian cell lysate for T-REX
TM

  

Cells from 35 mm dishes were lysed in 50 µL buffer containing 50 mM 

HEPES (pH 7.6) and 1% Nonidet P-40 by 3x rapid freeze-thaw in liquid nitrogen.  

Lysate was clarified by centrifugation at 21,100 x g for 8 minutes at 4°C.  Protein 

concentration was determined using Bradford assay (QuickStart
TM

 Bradford 1x Dye 

Reagent, Bio-Rad).  An aliquot of the lysate was made up to 21.2 µL final volume 

containing 50 mM HEPES (pH 7.6), 1.3 mg/mL lysate protein, and 0.3 mg/mL TEV 

protease (final concentrations).  The samples were incubated at 37 °C for 45 minutes, 

after which it was subjected to the following click reaction.  In a final volume of 25 

µL, the final concentrations of the reaction mix were: 2 mM, 5% t-BuOH, 1% SDS, 1 

mM CuSO4, 0.1 mM Cu(TBTA), 10 µM Cy5-azide, 1 mg/mL lysate protein, and 0.25 

mg/mL TEV protease.  The samples were incubated at 37 °C for 30 minutes, after 

which it was quenched with 5 µL of 4x Laemmeli loading buffer containing 6% βME, 

incubated for another 5 minutes at 37 °C; 28 µL of each sample was resolved by SDS-

PAGE.  After electrophoresis, the gel was rinsed twice with ddH2O on an orbital 

shaker and subsequently imaged on a Bio-Rad Chemi-Doc-MP Imager.  All steps in 

this procedure were performed either in the dark or under red light.  For western blot 

analysis, the gel was transferred to a PVDF membrane at 95 V for 1 hour and 30 

minutes at 4°C.  The membrane was blocked at 5% non-fat milk and probed with 

various antibodies at the indicated dilutions. 

 

2.2.7 Measurement of Nrf2 transcriptional activity with ARE-firefly luciferase 
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 HEK-293T cells were cultured and transfected as described in section 2.2.5 

with the following modifications.  Cells were seeded in a 48-well plate and transfected 

with myc-Nrf2 and the HaloTag-fused POI along with pARE-Firefly luciferase and 

pCMV-Renilla luciferase (at a ratio of 1:40 for pARE:pCMV) for 24–36 hours.  

Subsequent to T-REX
TM

, cells were incubated in serum-free media for 18 hours prior 

to assay.  After aspirating media and rinsing each well with 150 µL PBS, 65 µL of 

passive lysis buffer (125 mM Tris, pH 7.8, 10 mM 1,2-CDTA, 10 mM DTT, 5 mg/ml 

BSA, 5% (v/v) Triton X-100 and 50% (v/v) glycerol in water) was added and plate 

was shaken on an orbital shaker for 20 minutes at ambient temperature.  To read 

firefly luciferase activity, 20 µL of the lysate was added to a well of an opaque white 

96-well plate and 50 µL of firefly luciferase substrate buffer (75 mM HEPES, pH 8.0, 

4 mM MgSO4, 20 mM DTT, 0.1 mM EDTA, 0.53 mM ATP, 0.27 mM coenzyme A 

and 0.47 mM d-luciferin firefly in water) was added and luminescence read in a 

BioTek Cytation 3-cell imaging multimode microplate reader.  50 µL of renilla 

luciferase substrate buffer (7.5 mM sodium acetate, pH 5.0, 400 mM sodium sulfate, 

10 mM CDTA, 15 mM sodium pyrophosphate and 0.025 mM APMBT in water; to 

which is added 0.55 mM coelenterazine in methanol 1:100) was then added to each 

well and the subsequent renilla luciferase activity was read. 

 

2.3 Results & Discussion 

2.3.1 In vitro characterization of labeled HaloTevKeap1 with Ht-PreHNE 

 We first expressed and purified recombinant HaloTag-fused Keap1 protein 

(HaloTevKeap1) using BL21 E. coli cells, as described in section 2.2.1, with buffers 

listed in Table 2-2.  Appendix B contains the full gene sequence of the expressed 

protein, along with vector information.  Shown below in Figure 2-2 is the induction 
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gel for HaloTevKeap1, showing the full length protein, as well as the purification gel 

showing purified HaloTevKeap1. 

 

Table 2-2.  Buffers used for purification of HaloTevKeap1. 

Buffer Components 

Lysis Buffer 

50 mM sodium phosphate (pH 8.0), 100 mM NaCl, 10 mM 

imidazole, 0.5 mM PMSF, 0.01% Triton-X-100, 5mM βME (added 

fresh) 

Wash Buffer 
50 mM sodium phosphate (pH 8.0), 500 mM NaCl, 50 mM 

imidazole, 0.01% Triton X-100, 5mM βME (added fresh) 

Elution Buffer 
50 mM sodium phosphate (pH 8.0), 100 mM NaCl, 125 mM 

imidazole, 5mM βME (added fresh) 

Storage Buffer 
50 mM Tris (pH 7.5), 100 mM NaCl, 10 mM EDTA, 5% (v/v) 

glycerol, 10 mM DTT (added fresh) 

Figure 2-2.  Purification of HaloTevKeap1.  (A) Induction gel showing induction of 

HaloTevKeap1 (~100 kDa), dependent on IPTG induction from BL21 codon plus E. 

coli cells.  (B) Purification gel showing various stages.  “P” indicates pellet, 

solubilized with 2x Laemmli loading buffer.  “S” indicates supernatant. “Pre-SS” 

indicates samples before streptomycin sulfate precipitation of DNA, while “Post-SS” 
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indicates samples after.  “FT” indicates flow-through, proteins not binding to the 

Talon resin.  “W1”, “W2”, and “W4” indicate samples from rinsing the resin with 

wash buffer.  “HaloTevKeap1” indicates a sample of purified HaloTevKeap1, 

subsequent to gel filtration into storage buffer. 

 

We next sought to validate labeling of the HaloTevKeap1 in vitro with Ht-

PreHNE, as described in section 2.2.4.  Shown in Figure 2-3, compared with either no 

Ht-PreHNE (DMSO alone) or no Cy5-azide (“Cy5-N3”), Ht-PreHNE labeled and 

clicked HaloTevKeap1 shows labeling of the HaloTag domain with Ht-PreHNE for 

both the full length protein (~100 kDa) and cleaved Halo domain (~40 kDa), which 

was co-purified with HaloTevKeap1 (see Figure 2-2).  Differential amounts of each 

sample were loaded, or approximately 10%, 30%, or 60% of the total volume. 

 

Figure 2-3.  In vitro labeling of recombinant HaloTevKeap1 with Ht-PreHNE.  

HaloTevKeap1 was incubated for 30 minutes at 37 °C with Ht-PreHNE and 

subsequently clicked with Cy5-azide, as described in section 2.2.4.  “No Ht-PreHNE” 

indicates samples treated with DMSO instead of Ht-PreHNE.  “No Cy5-N3” indicates 

DMSO was used in lieu of Cy5-azide during the click reaction. 
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2.3.2 In vitro and in cell characterization of T-REX
TM

 delivered electrophiles to 

Keap1 

 In order to characterize the electrophile delivery efficiency for a given POI 

using T-REX
TM

, TEV protease is required to cleave the HaloTag domain from the 

POI.  Toward this end, we first recombinantly expressed and purified TEV protease 

using BL21 E. coli cells, as described in section 2.2.2, with buffers listed in Table 2-3.  

Shown below in Figure 2-4 is the induction gel for TEV protease, showing the full 

length protein, as well as the purification gel showing the final purified protein. 

 

Table 2-3.  Buffers used for purification of TEV protease. 

Buffer Components 

Lysis Buffer 
50 mM sodium phosphate (pH 8.0), 100 mM NaCl, 10 mM 

imidazole, 5% (v/v) glycerol, 5mM βME (added fresh) 

Wash Buffer 
50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 25 mM 

imidazole, 5% (v/v) glycerol, 5mM βME (added fresh) 

Elution Buffer 
50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 125 mM 

imidazole, 5mM βME (added fresh) 

Storage Buffer 
50 mM Tris (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 10% (v/v) 

glycerol, 5mM DTT (added fresh) 
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Figure 2-4.  Purification of TEV protease.  (A) Induction gel showing induction of 

TEV protease (~29 kDa), dependent on IPTG induction from BL21 E. coli cells.  The 

construct is a maltose binding protein (MBP)-fused TEV protease, engineered with a 

TEV protease recognition sequence between the MBP domain and TEV protease.  

Induction of the protein results in autocatalytic cleavage of the MBP domain (~40 

kDa) from TEV protease, as seen in the coomassie stained gel.  (B) Purification gel 

showing various stages.  “P” indicates pellet, solubilized with 2x Laemmli loading 

buffer.  “S” indicates supernatant. “Pre-SS” indicates samples before streptomycin 

sulfate precipitation of DNA, while “Post-SS” indicates samples after.  “FT” indicates 

flow-through, proteins not binding to the Talon resin.  “W1”, “W2”, and “W4” 

indicate samples from rinsing the resin with wash buffer.  “TEV” indicates a sample of 

purified TEV protease, subsequent to dialysis into storage buffer. 

 

For each batch of TEV protease purified, we also characterized the activity of the 

enzyme using recombinant proteins with genetically engineered TEV protease 

recognition sequences.  As shown in Figure 2-5 with recombinantly purified 

HaloTevKeap1 (Figure 2-2), batch to batch recombinant purification of TEV protease 

results in high purity and active TEV protease enzyme, efficiently cleaving the 
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HaloTag domain from Keap1 within 15 minutes at 37 °C (note disappearance of 

HaloTevKeap1 band in TEV treated samples). 

 

Figure 2-5.  Enzyme activity assay for recombinantly purified TEV protease.  “Batch 

1” and “Batch 2” indicates two independently purified TEV protease batches, with 

similar purity and efficiency under these enzyme assay conditions. 

 

 We sought to characterize the labeling efficiency on Keap1 for a diverse set of 

caged precursors to an array of bioactive linear alkenals and cyclic enones that serve 

as simple models of lipid-derived electrophiles, prostaglandins
 
[6] and CDDO-based 

pharmacophores
 

[7], as shown in Figure 2-6 below.  The light-driven release 

mechanism for each of these reactive species is shown in Figure 2-7.  We first 

evaluated T-REX
TM

 delivery of HNE to Keap1 in vitro, shown in Figure 2-8, as 

described in section 2.2.4 and 2.2.6.  For these studies we evaluated the reversibility of 

HNE modification by assaying delivery at 20, 40, and 60 minutes and 21 hours after 

photo-uncaging, incubated at 37 °C during this timeframe.  Subsequent to incubation, 

TEV protease cleavage and Cy5-azide Click chemistry was performed (Figure 2-8).  
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Under these conditions, we saw an overall decline in delivery efficiency from 20 

minutes to 21 hours, implying HNE modification is at least in part reversible (Figure 

2-8B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-6.  Linear alkenals and cyclic enone electrophiles released upon photo-

uncaging of the respective Ht-Precursors. 
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Figure 2-7.  Scheme of light-driven release mechanism for anthraquinone caged 

electrophiles [8].  Inset shows R4 group responsible for covalent modification of a 

HaloTag domain.  Other R groups are as described in Appendix C.  “SET” indicates 

single electron transfer.  Appendix  
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Figure 2-8.  Evaluation of T-REX
TM

 delivery of HNE to Keap1 in vitro.  (A)  In-gel 

fluorescence showing Cy5-azide monitored delivery of HNE to Keap1 (~67 kDa), at 

time points 20 minutes, 40 minutes, 60 minutes, and 21 hours post photo-uncaging and 

coomassie stained blot.  (B)  Quantification of the gels in (A) showing HNE targeting 

efficiency on Keap1.  Error bars show standard deviation with n = 2. 

 

Analogous evaluation of T-REX
TM

 delivery of HNE to Keap1 in vitro with the 

addition of HEK-293T lysate yielded largely similar results, albeit with increased 

variability due to the Cy5-azide Click reaction (Figure 2-9).  While these data were 

not sufficient to determine a quantitative measure of reversibility, it demonstrated the 

ability to visualize and quantify HNE modification of Keap1 in vitro, irrespective of 

the presence of HEK-293T lysate proteins. 
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Figure 2-9.  Evaluation of T-REX
TM

 delivery of HNE to Keap1 in vitro, with 0.3 

mg/mL HEK-293T lysate.  (A)  In-gel fluorescence showing Cy5-azide monitored 

delivery of HNE to Keap1 (~67 kDa), at time points 20 minutes, 40 minutes, 60 

minutes, and 21 hours post photo-uncaging and coomassie stained blot.  (B)  

Quantification of the gels in (A) showing HNE targeting efficiency on Keap1.  Error 

bars show standard deviation with n = 2. 

 

We moved onto express HaloTevKeap1 in HEK-293T cells and evaluated the 

targeting efficiency for each compound shown in Figure 2-6, as described in sections 

2.2.5 and 2.2.6.  Both the linear alkenal electrophiles (HNE, HHE, dHNE, and HDE, 

Figure 2-10) and cyclic enones (CPE and CHE, Figure 2-11) resulted in similar 

modification efficiencies for Keap1 [9]. 
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Figure 2-10.  T-REX
TM

 delivery of linear alkenal electrophiles to Keap1 in HEK-

293T cells.  Representative in-gel fluorescence data (top) and anti-Keap1 western 

blots are shown.  In-gel fluorescence band indicated by the arrow corresponds to the 

electrophile modified Keap1.  T-REX
TM

 delivery lanes are indicated by + Light, + 

TEV.  “HNE” indicates 4-hydroxynonenal, “HHE” indicates 4-hydroxyhexenal, 

“dHNE” indicates 2-nonenal, and “HDE” indicates 4-hydroxydodecenal, as shown in 

Figure 2-6. 

 

 

 

 

 

 

 

 

 

Figure 2-11.  T-REX
TM

 delivery of cyclic enone electrophiles to Keap1 in HEK-293T 

cells.  Representative in-gel fluorescence data (top) and anti-Keap1 western blots are 

shown.  In-gel fluorescence band indicated by the arrow corresponds to the 
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electrophile modified Keap1.  T-REX
TM

 delivery lanes are indicated by + Light, + 

TEV.  “CPE” indicates cyclopentenone, “CHE” indicates cyclohexenone, as shown in 

Figure 2-6. 

 

While there was not sufficient data for quantification of modification efficiencies from 

Figure 2-10 and Figure 2-11. Table 2-4 below summarizes T-REX
TM

 delivery 

efficiencies, performed together with Dr. Hong-Yu Lin, for both linear alkenals and 

cyclic enone electrophiles [9].  

 

Table 2-4.  TREX
TM

 delivery efficiency in live HEK-293T cells using in-gel 

fluorescence SDS-PAGE.  Percent delivery efficiency is calculated by: [(Cy5x / WBx) 

/ ((Cy5y – Cy5Halo) / WBy)] x 100%, where Cy5x is the Cy5 signal from the target 

protein in the sample exposed to light; WBx is the western blot signal on the target 

protein in the sample exposed to light; Cy5y is the Cy5 signal on the Halo-fusion 

protein in the sample not exposed to light; Cy5Halo is the Cy5 signal on the Halo 

protein in the sample exposed to light; WBy is the western blot signal on the Halo-

fusion protein in the sample not exposed to light.  Error range is standard deviation (n 

= 6).  Performed with Dr. Hong-Yu Lin [9]. 

Delivered electrophile Percent Delivery Efficiency 

HNE 33 ± 2 

dHNE 21 ± 2 

HHE 30 ± 1 

HDE 29 ± 1 

DE 22 ± 2 

CPE 25 ± 2 

CHE 19 ± 2 
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 For linear alkenals HNE and HHE, we also evaluated the reversibility of the 

modification on Keap1 in cells by harvesting cells at 15 minutes, 6 hours, and 18 

hours post photo-uncaging.  While these studies qualitatively show modification of 

Keap1 by HNE or HHE may be partially reversible, evidenced by the overall trend 

visualized by both in-gel fluorescence and quantification thereof, there are an 

insufficient number of replicates to provide statistical significance (Figure 2-12).  

However, given the discernible time-dependent increase in expression of 

HaloTevKeap1, relative to GAPDH, the trend in quantification as shown in Figure 2-

12B is overestimated, supporting the overall stability, and irreversibility, of these 

alkylations on Keap1.  Indeed, HNE alkylation adducts of proteins are readily 

detectable by mass spectrometric techniques, underscoring the stability of these 

modifications [10]. 
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Figure 2-12.  Evaluation of HNE and HHE reversibility after T-REX
TM

 mediated 

delivery in cells.  (A)  In-gel fluorescence showing Cy5-azide monitored delivery of 

HNE and HHE to Keap1 (~67 kDa), at time points 15 minutes, 6 hours, and 18 hours 

post photo-uncaging, anti-Keap1, and anti-GAPDH (housekeeping gene) western 

blots.  “GAPDH” indicates glyceraldehyde 3-phosphate dehydrogenase.  (B)  

Quantification of the gels in (A) showing quantification of Cy5 signal on Keap1 

normalized to anti-Keap1 western blot.  Error bars show s.e.m. with n ≥ 3. 

 

2.3.3 Functional consequences of Keap1 modification by T-REX
TM

 delivered 

electrophiles 

 After confirming sensitivity of Keap1 toward various structurally and 

electronically diverse electrophiles, we moved onto evaluate the functional 

consequences of these modifications.  These studies were performed by monitoring 
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the stabilization of Nrf2, either by western blot or by a luminescence assay using an 

antioxidant response element (ARE)-regulated firefly luciferase (Figure 2-13). 

Figure 2-13.  Schematic highlighting conceptual design of functional validation 

assays for electrophile sensing ability of Keap1 and subsequent stabilization and 

increase in Nrf2 transcriptional activity.  Nrf2 stabilization is quantified by western 

blot analysis of Nrf2, while Nrf2 transcriptional activity is assayed by transfection of a 

plasmid encoding an antioxidant response element (ARE)-driven firefly luciferase.  

Upon activation of Nrf2, expression of firefly luciferase is quantified by cell lysis and 

subsequent enzymatic assay, where firefly luciferase oxidizes luciferin to oxyluciferin 

generating light. 

 

 Evaluation of Nrf2 protein levels by western blot proved challenging for T-

REX
TM

 targeted delivery of HNE to Keap1, as the primary controls used (light alone 

and Ht-PreHNE alone) typically had a non trivial impact on stabilization of Nrf2 

(Figure 2-14).  These studies were performed in HEK-293T cells transfected with 

both HaloTevKeap1 and myc-Nrf2 and cells were harvested 1 hour post T-REX
TM

.  
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Though delivery of HNE did have an apparent stabilizing effect, these data were not 

sufficient to provide statistical significance for T-REX
TM

 mediated Nrf2 stabilization.  

This was in part due to lack of sufficient time for stabilization to occur (~1 hour, 37 

°C).  Nevertheless, Nrf2 stabilization was shown at extended time points of 18 hours 

by Dr. Hong-Yu Lin [9]. 

Figure 2-14.  Nrf2 protein stabilization in response to T-REX
TM

 delivered HNE.  (A) 

Representative western blots showing anti-myc (Nrf2), anti-Keap1, and anti-GAPDH 

for cells harvested 1 hour after T-REX
TM

. Cells were treated as described in section 

2.2.5.  (B) Quantification of relative Nrf2 levels normalized to anti-GAPDH, with 

s.e.m. and n = 6 over 3 independent biological experiments. 

 

 We moved onto evaluate Nrf2 transcriptional activity utilizing the pARE-

firefly luciferase (expressed upon activation of Nrf2) assay described in Figure 2-13 
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and section 2.2.7.  For these studies an internal control, pCMV-renilla luciferase 

(constitutively expressed), was used to normalize for protein loading when performing 

the firefly luciferase assay.  T-REX
TM

 delivery of HNE to Keap1 resulted in a 

statistically significant, approximate 3 fold increase in Nrf2 ARE activation, compared 

to global treatment with 15 µM HNE, yielding an approximate 5 fold increase in Nrf2 

ARE activation, when measured at 18 hours post T-REX
TM

 delivery (Figure 2-15A).  

Motivated by mass spectrometric data implicating modification sits C489 and C613 of 

Keap1 by CHE (Figure 2-6, [9]), as well as literature precedent for the redox 

sensitivity of these residues [11–14], we sought to characterize the functional impacts 

of these cysteines through mutagenesis studies.  All three mutants of HaloTevKeap1 

(C489S, C613S, and C489S-C613S double mutant) displayed heightened suppression 

of Nrf2-ARE activation (Figure 2-15B) and all remained similarly sensitive 

(approximately 3–4 fold increase) to T-REX
TM

 mediated activation of Nrf2-ARE with 

HNE (Figure 2-15C-E).  These data imply that, while able to sense electrophiles (as 

shown with mass spectrometric data), these cysteines perform functionally redundant 

roles in mediating downstream Nrf2-ARE activation.  Indeed, a variety of other 

cysteines on Keap1 are known to be similarly redundant with respect to their HNE 

sensing ability [15], highlighting the promiscuity of Keap1 toward these reactive 

electrophiles; such data underscore the ability of the Nrf2/Keap1 signaling axis to 

mount robust antioxidant responses. 
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Figure 2-15.  Activation of Nrf2 transcriptional activity by T-REX
TM

 delivered HNE 

to WT Keap1 along with C489S, C613S, and S489S-C613S mutants.  For these 

experiments, pMIR-HaloTevKeap1 was co-transfected with myc-Nrf2, ARE-firefly 

luciferase, and pCMV-renilla lucierase plasmids.  Activity was measured 18 hours 

post-TREX
TM

 after treatment as described in sections 2.2.5 and 2.2.7.  (A) Nrf2 ARE 

activation in response to TREX
TM

 delivered HNE to WT HaloTevKeap1.  (B) Basal 

Nrf2 ARE levels comparing WT HaloTevKeap1 with noted HaloTevKeap1 mutants.  

(C)–(E) Nrf2 ARE activation in response to TREX
TM

 delivered HNE to the noted 

HaloTevKeap1 mutants.  Error bars indicate s.e.m. with n ≥ 3.  ns, not significant; **P 

< 0.01, ***P < 0.001, ****P < 0.0001 two-tailed unpaired t-test. 
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In addition to HNE, the cyclopentenone electrophile CPE was shown to have a 

similar, yet distinct, impact on Nrf2-ARE activation.  Titration of CPE with cells 

expressing HaloTevKeap1 and myc-Nrf2 shows dose-dependent activation of Nrf2-

ARE at both 4 and 18 hours post treatment (Figure 2-16A–B).  However, these effects 

are not elicited until comparatively high concentrations of CPE are used, compared 

with HNE (Figure 2-16A).  Given the cytotoxicity of CPE (EC50 ~103 µM) compared 

with HNE (EC50 ~31 µM), the activation of Nrf2-ARE seen with CPE, under global 

conditions, is only seen when significant cytotoxicity also occurs, unlike HNE for 

which a similar response is achieved at 15 µM [9].  Furthermore, CPE does not lead to 

stabilization of Nrf2 protein levels, assayed by western blot [9].   However, with T-

REX
TM

 delivery of CPE to HaloTevKeap1, we see significant activation at 18 hours 

post-T-REX
TM

, albeit at lower levels when compared to T-REX
TM

 delivered HNE 

(Figure 2-16C-D).  These data highlight our ability to deliver electrophiles and 

achieve functional impact, where global based methods largely are unable to provide 

meaningful conclusions on their own. 
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Figure 2-16.  Activation of Nrf2 transcriptional activity by T-REX
TM

 delivered CPE 

to HaloTevKeap1.  For these experiments, pMIR-HaloTevKeap1 was co-transfected 

with myc-Nrf2, ARE-firefly luciferase, and pCMV-renilla lucierase plasmids.  

Activity was measured at the noted times post-TREX
TM

 or treatment, as described in 

sections 2.2.5 and 2.2.7.  (A)–(B)  Global treatment with CPE leads to Nrf2-ARE 

activation only at cytotoxic levels of CPE.  (C)–(D)  T-REX
TM

 delivery of CPE to 

HaloTevKeap1 results in significant activation of Nrf2-ARE at 18 hours post-delivery.  

Error bars indicate s.e.m. with n ≥ 12.  ns, not significant; **P < 0.01, ***P < 0.001, 

****P < 0.0001 two-tailed unpaired t-test. 
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2.4 Conclusion 

In conclusion, we successfully developed an ‘electrophile toolbox’ of T-

REX
TM

 precursors for a wide array of structurally distinct, therapeutically relevant, 

electrophiles.  Evaluation of their modification efficiency of Keap1 highlights the 

promiscuity of Keap1’s electrophile sensing ability.  Through our ability to precisely 

quantify the extent of Keap1 alkylation and couple that to a quantitative measure of 

downstream Nrf2 stabilization and transcription activation, we have developed the 

basic methodology to define the landscape of redox-mediated chemical signaling on a 

given POI; Keap1 serving as a redox sensor model, crucial for mounting the 

antioxidant response (AR) pathway in mammals.   

For this system, in comparing T-REX
TM

 delivery to the global, or “flood”, 

dosing approach many of the electrophiles evaluated (HNE, DE, CHE) activated the 

AR, through both Nrf2 stabilization and transcription activation, while some of the 

electrophiles under global dosing conditions did not.  This is specifically highlighted 

by CPE, where under global dosing conditions we are unable to see significant 

activation of Nrf2-AR at non-cytotoxic concentrations.  These data highlight the 

robustness of T-REX
TM

, which uses a generic precursor scaffold to deliver 

electrophiles with diverse structural and/or electronic properties.  While each 

electrophile may have a distinct off-target spectrum, the T-REX
TM

 platform helps 

normalize this spectrum by caging the reactivity of the electrophile. 
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CHAPTER 3 

 

Development of a LapTag-based Platform for Interrogating Target-Specific Effects of 

Electrophilic Modifications in Redox-Linked Cell Signaling 
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Abstract 

 

 The utilization of large protein domains, such as HaloTag, can lead to protein 

function perturbation and other deleterious effects on the native protein of interest’s 

function within the cell.  Here we showcase the development and application of a 

LapTag based strategy for T-REX
TM

 delivery of electrophiles to Pten, a tumor 

suppressor and known redox sensor, and Keap1, principal negative regulator of the 

Nrf2-AR signaling axis.  Utilizing LapTag, we show the successful targeted delivery 

of HNE to Keap1, demonstrating proof-of-concept.  
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3.1 Introduction 

 After our initial proof-of-concept work with Keap1 and Pten (phosphatase and 

tensin homolog) using a HaloTag based methodology to delivery HNE to these redox-

sensitive proteins [1], we sought to develop an orthogonal strategy for conjugating 

PreHNE to a POI.  We chose LapTag, which utilized a short 13-mer peptide as a 

genetically encoded sequence to site-specifically tag a POI [2], shown in Figure 3-1.  

Utilization of a peptide-based tag, as compared to a large protein domain like HaloTag 

(~34 kDa) is beneficial because steric interference (i.e., altered catalytic activity and 

regulatory functions, localization, trafficking, etc.) that is often associated with the use 

of bulky tagging domains can be mitigated.  HNE precursors (PreHNE) we designed 

include a terminal dibenzocyclooctyne and alkyne functionality to provide both the 

affinity toward the Lap-tagged (Lt) POI and a handle for Cy5-azide conjugation via 

Click chemistry
 
[3], respectively.  The dibenzocyclooctyne moiety is utilized to 

perform copper free [3+2] cycloaddition, in mammalian cells.   

We began these studies focused on Pten due to its known redox sensitivity, 

including the catalytic residue C124, and clear biological importance.  While studies 

have shown Pten is sensitive to HNE, and leads to downstream cell signaling effects of 

biological importance, the specific molecular mechanisms and residue(s) involved are 

unknown [4].  Understanding the specific residue(s) which are important for sensing 

HNE may provide further insights on the endogenous regulation of this enzyme.  We 

also evaluated Keap1, largely as a model and proof-of-concept given its well 

characterized ability to sense various types of electrophiles [5]. 

 

3.1.1 Pten – importance for cellular function and redox sensitivity 

 Pten emerged as a potential tumor suppressor gene in the late 1990s and 

dysfunction of this protein was soon thereafter linked to increased risk of cancers [6].  
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Pten functions as a phosphatase whose substrates are lipids (phosphatidylinositol 

3,4,5-triphosphate, “PtdIns(3,4,5)P3”) or proteins (Pten) [7].  It’s tumor suppressor 

activity arises largely from this phosphatidyl 3-phosphatase activity, 

dephosphorylating PtdIns(3,4,5)P3 to PtdIns(4,5)P2, in antagonizing the PI3K 

(phosphoinositide 3-kinase)/Akt (protein kinase B) signaling pathway [6].  Specificity 

of phosphatase activity is largely determine by position of the phosphate group at the 3 

positions of phosphatidylinositol [8].  Other cellular functions including cell 

polarity/migration, cell growth, and metabolism are also mediated through Pten 

phosphatase activity on phosphatidylinositols [6].  Outside of these roles, Pten is also 

known to play an important role within the nucleus, where it aids in DNA repair, cell-

cycle arrest, and chromosome stability [6]. 

 The regulation of Pten is broad, from posttranslational mechanisms including 

phosphorylation, SUMOylation, acetylation, ubiquitylation, and oxidation to 

transcriptional regulation and various RNA-mediated regulatory mechanisms [6,9].  

For the purposes of this discussion, however, we will focus on redox-linked 

regulation.  Furthermore, for this chapter, only lipid-derived electrophiles will be 

considered; in Chapter 4, oxidation of Pten by oxygen species will be discussed.  In 

vitro studies have shown Pten can be modified at residues C71, C136, K147, K223, 

C250, K254, K313, K327, and K344 by HNE but under these conditions it’s 

impossible to conclusively determine the active sensor residue endogenously [10]. It’s 

also known that HNE mediated inhibition of Pten leads to downstream Akt and β-

Catenin activation [4,11].  However, the exact molecular mechanisms underlying HNE 

mediated Pten inhibition are largely unknown, an important question that T-REX
TM

 

can begin to solve. 
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3.2 Experimental  

3.2.1 LapTag-gene expression in mammalian cells 

HEK-293T cells were cultured in MEM (1X) + GlutaMAX
TM

-I, supplemented 

with 10% FBS), Sodium Pyruvate, MEM NEAA, and Pen Strep.  Cells were 

maintained in a 5% CO2, humidified, incubator at 37 °C.  For conjugation and delivery 

experiments, cells were seeded at either ~0.4 x 10
6
 or ~2.6 x 10

6 
cells

 
in 35 mm or 100 

mm tissue culture dishes, respectively.  24–36 hours later, cells were replenished with 

fresh media and transfected using PEI, ~5.8 or ~34 µg for 35 mm or 100 mm dishes, 

respectively.  Cells were transfected with the LapTag-gene of interest and pcDNA-

LplA-W37V.  See Appendix B for a list of plasmids used for mammalian cell 

transfection. 

 

3.2.2 LapTag-targetable precursor to HNE (Lt-PreHNE) conjugation to LapTag-

proteins in mammalian cells 

After 24–36 hours of transfection, cells were treated with 200 µM 10-

azidodecanoic acid in serum-free media and incubated for 2 hours, kept under red 

light.  Cells were then carefully rinsed with serum-free media three times every 30 

minutes over 1.5 hours at 37 °C, after which LapTag-targetable (“Lt”) probes at the 

noted concentrations was incubated at 37 °C over 2 hours.  Cells were then carefully 

rinsed with serum-free media three times every 30 minutes over 1.5 hours at 37 °C, 

after which cells were irradiated with UV light or harvested. Prior to use, UV lamps 

were turned on for 10 minutes, to allow the lamps to warm up.  For light-exposed 

samples, the dish lids were removed and the dishes were placed under 365 nm UV 

light (~9 mW/cm
2
, 5 cm above cells) for 10 minutes.  Following UV irradiation cells 

were incubated an additional 5 minutes at 37 °C and then harvested, rinsed twice with 

1x PBS, and pellets frozen in liquid nitrogen. 



112 

3.2.3 Click chemistry in mammalian cell lysates 

Cells from 35 mm dishes were lysed in 50 µL buffer containing 50 mM 

HEPES (pH 7.6) and 1% Nonidet P-40 by 3x rapid freeze-thaw in liquid nitrogen.  

Lysate was clarified by centrifugation at 21,100 x g for 8 minutes at 4°C.  Protein 

concentration was determined using Bradford assay (QuickStart
TM

 Bradford 1x Dye 

Reagent, Bio-Rad).  An aliquot of the lysate was made up to 21.2 µL final volume 

containing 50 mM HEPES (pH 7.6), 1.3 mg/mL lysate protein, and 0.3 mg/mL TEV 

protease (final concentrations).  The samples were incubated at 37 °C for 45 minutes, 

after which it was subjected to the following Click reaction.  In a final volume of 25 

µL, the final concentrations of the reaction mix were: 2 mM TCEP, 5% t-BuOH, 1% 

SDS, 1 mM CuSO4, 0.1 mM Cu(TBTA), 10 µM Cy5-azide, 1 mg/mL lysate protein, 

and 0.25 mg/mL TEV protease.  The samples were incubated at 37 °C for 30 minutes, 

after which it was quenched with 5 µL of 4x Laemmeli loading buffer containing 6% 

βME, incubated for another 5 minutes at 37 °C; 28 µL of each sample was resolved by 

SDS-PAGE.  After electrophoresis, the gel was rinsed twice with ddH2O on an orbital 

shaker and subsequently imaged on a Bio-Rad Chemi-Doc-MP Imager.  All steps in 

this procedure were performed either in the dark or under red light.  For western blot 

analysis, the gel was transferred to a PVDF membrane at 95 V for 1 hour and 30 

minutes at 4°C.  The membrane was blocked at 5% non-fat milk and probed with 

various antibodies as listed in Appendix A. 

 

3.2.4 Mammalian cell fractionation of cytosolic and nuclear fractions 

 Cells from 60 mm dishes were harvested and resuspended in 5 volumes (5x 

pellet volume) of cytosolic fractionation buffer (20 mM Tris, pH 7.6, 0.1 mM EDTA, 

2 mM MgCl2, 0.5 mM NaF, 0.5 mM Na3VO4, 1 mM PMSF, and cOmplete™ Mini 

Protease Inhibitor Cocktail (Roche)).  After 2 minutes incubation at ambient 
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temperature, suspension was shifted to 4 °C, gently mixed with a pipet.  After 10 

minutes, NP-40 is added to a final concentration of 1% (v/v), the mixture was gently 

vortexed, and homogenized with a 200 µL pipet over 3 cycles.  Samples were then 

centrifuged at 500 g for 3 minutes at 4 °C.  Supernatant (cytosolic fraction) was 

removed and protein concentration was determined using Bradford assay 

(QuickStart
TM

 Bradford 1x Dye Reagent, Bio-Rad).  Pellet was then resuspended in 5 

volumes cytosolic fractionation buffer with 1% NP-40 and centrifuged at 500 x g for 3 

minutes at 4 °C; supernatant was discarded.  This rinse step was repeated once more to 

remove residual cytosolic proteins.  The pellet was then resuspended in 1-2 volumes  

nuclear fractionation buffer (20 mM HEPES, pH 7.9, 400 mM NaCl, 25% (v/v) 

glycerol, 1 mM EDTA, 0.5 mM NaF, 0.5 mM Na3VO4, 0.5 mM DTT, 1 mM PMSF, 

and cOmplete™ Mini Protease Inhibitor Cocktail (Roche)) and vortexed vigorously 

for 1 minute at ambient temperature.  Samples were flash frozen in liquid nitrogen, 

thawed, and vortexed over 2 cycles.  Samples were then incubated for 20 minutes at 4 

°C and subsequently centrifuged at 20,000 x g for 20 minutes at 4 °C.  Supernatant 

(nuclear fraction) was removed and protein concentration was determined using 

Bradford assay (QuickStart
TM

 Bradford 1x Dye Reagent, Bio-Rad).  For western blot 

analysis approximately 30 µg of each sample was used for SDS-PAGE analysis. 

 

3.2.5 General method for recombinant protein expression in E. coli 

 The plasmid for the gene of interest was transformed into either BL21 or BL21 

codon plus competent cells, as noted, and selected for on the appropriate antibiotic 

containing LB agar plate, grown overnight at 37 °C.  A fresh colony was selected for 

initial overnight culture, inoculated into 5 mL LB for growth at 37 °C for 16–20 hours.  

For dilution, approximately 1 mL of the overnight culture was used for each 1.2 L LB 

media, containing the appropriate antibiotic, for inoculation.  Flasks were shaken on 
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an orbital shaker, approximately 200 rpm, at 37 °C until the OD600 reached 0.6–0.8.  

Samples were taken before induction as controls for induction gels.  IPTG was added, 

as noted, and the temperature was shifted from 37 °C to the noted temperatures to 

induce expression.  For all Pten proteins expressed, induction was performed at 19 °C 

for approximately 18 hours using 100 µM IPTG.  For liquid cultures, either 100 

µg/mL ampicillin or 50 µg/mL kanamycin was used.  After induction, the bacteria 

were harvested at 6,000 x g for 10 minutes at 4 °C, and expression was characterized 

via SDS-PAGE before subsequent purification.  The pellet was stored at -80 °C and 

used for purification within 2 weeks.    

 

3.2.6 General method for purification of recombinant protein with His6 tags 

 All steps were performed at 4 °C or on ice unless otherwise noted.  Talon resin 

was prepared fresh on the day of use by rinsing the resin with 10 bed volumes of 

water, followed by 5 bed volumes of lysis buffer.  Bacteria pellet was resuspended 

completely in lysis buffer at an approximate ratio of 5 mL/gram bacteria pellet and 

then passed through a cell disruptor (at approximately 13 kPsi) for two complete 

passes.  Centrifugation of the lysed bacteria was performed at 20,000 x g for 30 

minutes.  The supernatant was then treated, while being stirred gently, with 

streptomycin sulfate (approximately 2–2.5 % (w/v)) by drop-wise addition of an 

approximate 20% (w/v) solution of streptomycin sulfate in water over 15 minutes.  

After an additional 15 minutes stirring, suspension was centrifuged at 20,000 x g for 

30 minutes.  The supernatant was then stirred with previously equilibrated Talon resin 

for 1 hour, after which the suspension was applied to a fritted glass column to collect 

the resin.  The resin was subsequently rinsed from 2–4 times (1 bed volume each time) 

with wash buffer.  After rinsing, elution buffer was added to the resin carefully and 

approximately 1.5 mL fractions were collected over 40–50 mL.  The A280 and A260 
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were monitored from flow-through to elution and fractions were pooled based on A280 

and A280/260 profiles. For all recombinant proteins, a pre-equilibrated (overnight, 

approximately 1.5 L storage buffer) G-25 desalting column was used.  Subsequent to 

protein elution, the fractions containing the recombinant protein were pooled, 

concentrated using the appropriate size spin column at 5,000 x g for 20 minute cycles 

at 4 °C, aliquoted, and frozen in liquid nitrogen for storage at -80 °C. 

 

3.2.7 In vitro Pten/Keap1 competitive labeling assay with Lt-PreHNE 

 All steps in this procedure were performed either in the dark or under red light.  

An aliquot of recombinantly purified POI was thawed on ice.  A master stock of the 

assay mixture without Keap1 was made (with final concentrations at 100 µL of: 2 µM 

Pten, 50 mM HEPES, pH 7.6, 0.3 mM TCEP, and 15 µM Lt-PreHNE).  Keap1 was 

then added to yield aliquots containing 0, 1, 2, or 4 µM Keap1.  Samples were 

incubated at 37 °C for 10 minutes, after which they were subjected to light irradiation 

(or kept in the dark).  30 minutes after light irradiation, Click assay was performed by 

addition of the following, with final concentrations at 60 µL of: 1.7 mM TCEP, 5% 

(v/v) t-BuOH, 10 µM Cy5-azide, 0.1 mM Cu(TBTA) and 1 mM Cu(II)SO4.  This 

mixture was incubated at 37 °C for an additional 30 minutes and then quenched by 

addition of 4x Laemmli loading buffer, containing 3% βME.  After 5 more minutes at 

37 °C, samples were resolved by SDS-PAGE and in-gel fluorescence was visualized 

on a Bio-Rad Chemi-Doc-MP Imager.   

 

3.2.8 In vitro Pten enzyme activity assay  

 Enzyme assay was performed as previously described with the following 

modifications [12,13].  Enzyme assays were carried out in the following buffer: 100 

mM Tris, pH 8.0, 10 mM DTT, 100 µM PIP3, and 0.36 nM Pten.  A master stock of 
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the enzyme assay buffer was prepared, pre-incubated at 37 °C for 2 minutes and each 

assay was initiated by addition of Pten from a freshly thawed aliquot stored at -80 °C.  

Samples were incubated for 30 minutes at 37 °C before being quenched (1:2) with the 

following solution: 1 M HCl, 6.8% (v/v) ethanol, 8.2 mM malachite green.  After an 

additional 2 minutes at 37 °C, the following was added (2:1): 12.5 mM ammonium 

molybdate tetrahydrate, and 1 M HCl, and incubated for a further 5 minutes at 37 °C.  

The samples were subsequently shifted to ambient temperature and allowed to 

equilibrate for 20 minutes before the absorbance at 630 nm was measured.  Specific 

activity was calculated using a standard curve of free phosphate (from KH2PO4), 

whose absorbance was measured by analogous incubation with the two quenching 

solutions described above. 

 

3.3 Results & Discussion 

3.3.1 Validation of LapTag-targetable HNE in mammalian cells 

 We first sought to validate the ability to conjugate a LapTag-targetable 

precursor to HNE (Lt-PreHNE) to a LapTag-POI (Lt-POI) in HEK-239T mammalian 

cells, also expressing the required Lpla enzyme (Figure 3-1).  We successfully 

showed labeling of Lt-H1 (LapTag-targetable human ribonucleotide reductase α 

subunit) by clicking on Cy5-alkyne (in lysate) subsequent to in cell treatment with 10-

azidodecanoic acid (Figure 3-2).  In the absence of 10-azidodecanoic acid, no labeling 

is seen (Figure 3-2).  We further validated these data with Lt-Pten (LapTag-targetable 

human phosphatase and tensin homolog) through blocking experiments.  HEK-293T 

cells expressing Lt-Pten and LplA were treated with 10-azidodecanoic acid and either 

DMSO or Lt-PreHNE (no alkyne on the precursor to HNE).  After rinsing, they were 

treated with Lt-PreHNE.  We showed successful labeling of Lt-Pten with Lt-PreHNE, 

as when we blocked the conjugated 10-azidodecanoic acid on Lt-Pten with Lt-PreHNE 
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(no alkyne), minimal Cy5 signal is visible; if treated with DMSO instead, we can still 

click on Cy5-azide to visualize fluorescence on Lt-Pten (Figure 3-3). 

 

Figure 3-1.  In cell labeling of Lt-POI with Lt-PreHNE.  Cells expressing a Lt-POI 

and LplA are incubated with 10-azidodecanoic acid, which is enzymatically 

conjugated to a specific ε-amino group in the LapTag peptide.  After rinsing excess 

10-azidodecanoic acid away, cells are subsequently treated with Lt-PreHNE, which 

labels the azide of the conjugated 10-azidodecanoic acid via copper free [3+2] 

cycloaddition (mechanism shown in blue, inset).  After rinsing excess Lt-PreHNE, UV 

light is used to drive release of HNE-alkyne, as described in Chapter 1. 
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Figure 3-2.  In cell labeling of Lt-H1(~90 kDa) with 10-azidodecanoic acid.  Shown 

on the left is the Cy5 channel, showing labeling of 10-azidodecanoic acid labeled Lt-

H1 with Cy5-alkyne only when cells are treated with 10-azidodecanoic acid.  On the 

right is the coomassie stained gel showing overall protein loading. 

Figure 3-3.  In cell labeling of Lt-Pten (~60 kDa) with Lt-PreHNE and T-REX
TM

 

delivery of HNE to Pten.  (A) Blocking experiment in which HEK-293T cells 
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expressing LplA and Lt-Pten were labeled first with 10-azidodecanoic acid and 

subsequently with either Lt-PreHNE (no alkyne) or DMSO.  After lysis all were 

clicked with Cy5-azide and TEV cleaved.  In-gel Cy5 fluorescence shows successful 

blocking of Lt-PreHNE by Lt-PreHNE (no alkyne).  Western blot shows anti-Pten and 

anti-GAPDH (overall protein loading).  (B)  T-REX
TM

 delivery of HNE to Pten.  

Successful labeling of Lt-Pten with Lt-PreHNE is shown, with light-driven release not 

yielding any discernible modification of Pten (note band shift when TEV protease is 

used to cleave Pten from LapTag); no shifted Cy5 fluorescent bands are visible.  

Western blot shows anti-Pten for expression analysis and to highlight gel shift upon 

TEV cleavage. 

 

Unfortunately, we were unable to detect modification of Pten by HNE-alkyne using 

this methodology via in-gel Cy5-fluorescence (Figure 3-3B).  Nevertheless, we 

further characterized modification of Lt-Pten by Lt-PreHNE in vitro, as discussed in 

section 3.3.2.  However, we also characterized modification of Keap1 using Lt-

PreHNE, as Keap1 is known to be especially sensitive to electrophilic modification 

(see Chapter 2).  LapTag mediated T-REX
TM

 delivery of HNE to Lt-Keap1 in HEK-

293T cells was successful, with a calculated delivery efficiency of 21.7 ± 7.9 % 

(Figure 3-4), which is comparable to HaloTag mediated delivery of HNE (Chapter 2) 

since this calculation is unable to take into account any unreleased HNE-alkyne on the 

cleaved Lap peptide, which is too small to be detected by in-gel fluorescence.   
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Figure 3-4.  LapTag mediated T-REX
TM

 delivery of HNE to Keap1.  In-gel Cy5 

fluorescence shows labeling of Keap1 in the TEV protease cleaved lanes.  Western 

blot shows anti-Keap1 and anti-GAPDH for overall protein loading.  LapTag mediated 

T-REX
TM

 of HNE modification efficiency was calculated to be 21.7 ± 7.9 %; the 

equation used: [(Cy5Keap1/WBKeap1) / (Cy5LapTevKeap1/WBLapTevKeap1)] x 100.  “Cy5X” 

indicates the Cy5 fluorescence signal on the indicated protein and “WBX” indicates 

the western blot density of the indicated protein.  Quantification is from n = 5 

independent click reactions from two independent experiments. 

 

We moved onto characterize the downstream effects on Nrf2 stabilization elicited by 

modification of Keap1 with HNE, as introduced in Chapter 2.  We first characterized 

the function of LapTevKeap1 by evaluating expression of myc-Nrf2 in HEK-293T 

cells by cell fractionation; both nuclear and cytoplasmic fractions of cells expressing 

myc-Nrf2 ± LapTevKeap1 are shown in Figure 3-5A.  These data imply 
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LapTevKeap1 is functional, able to suppress myc-Nrf2 protein levels in both the 

nucleus and cytoplasm, while remaining cytosolic (Figure 3-5A).  However, we were 

unable to link HNE modified Keap1 with Nrf2 stabilization (Figure 3-5B), as was 

shown for HaloTevKeap1 modified with HNE (Chapter 2).  For these data, a time 

series was not performed so further optimization may still reveal Nrf2 stabilization 

using LapTag-mediated T-REX
TM

 delivery of HNE to Keap1. 

 

Figure 3-5.  Evaluation of LapTevKeap1 function and LapTag mediated delivery of 

HNE on Keap1 by downstream Nrf2 stabilization.  (A) Cell fractionation study 

characterizing the overall protein levels of myc-Nrf2 with or without LapTevKeap1 

co-expressed in HEK-293T cells.  Western blots of anti-myc (Nrf2), anti-Keap1 

(LapTevKeap1), anti Lamin-B, and anti-GAPDH are shown.  Lamin-B is a nuclear 

lamin used as a marker for the nuclear fraction.  (B)  LapTag mediated T-REX
TM

 

delivery of HNE to Keap1 at 1 hour post delivery is unable to elevate myc-Nrf2 levels 
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to an appreciable extent, relative to controls shown.  Quantification shows s.e.m. with 

n = 4.  ns, not significant, two-tailed unpaired t-test. 

 

3.3.2 Characterization of Lt-Pten with Lt-PreHNE in vitro 

 We first expressed and purified recombinant LapTag-fused Pten protein using 

BL21 codon plus E. coli cells, as described in experimental section 3.2.5 and 3.2.6.  

Appendix B contains the full gene sequence of the expressed protein, along with 

vector information.  Shown below in Figure 3-6 is the induction gel for LapTevPten, 

showing the full length protein, as well as the purification gel showing purified 

LapTevPten.  Table 3-1 lists the buffers used for purification. 

 

Table 3-1.  Buffers used for purification of LapTevPten and HaloTevPten. 

Buffer Components 

Lysis Buffer 
50 mM sodium phosphate (pH 7.0), 10 mM imidazole, 0.5 mM 

PMSF, 0.1% Triton-X-100, 9 mM βME (added fresh) 

Wash Buffer 
50 mM sodium phosphate (pH 7.0), 800 mM NaCl, 50 mM 

imidazole, 0.1% Triton X-100, 9 mM βME (added fresh) 

Elution Buffer 
50 mM sodium phosphate (pH 7.0), 300 mM NaCl, 125 mM 

imidazole, 9 mM βME (added fresh) 

Storage Buffer 
50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 10% (v/v) 

glycerol, 5 mM DTT (added fresh) 
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Figure 3-6.  Purification of LapTevPten.  (A) Induction gel showing induction of 

LapTevPten (~60 kDa), dependent on IPTG induction from BL21 codon plus E. coli 

cells.  (B) Purification gel showing various stages.  “P” indicates pellet, solubilized 

with 2x Laemmli loading buffer.  “S” indicates supernatant. “Pre-SS” indicates 

samples before streptomycin sulfate precipitation of DNA, while “Post-SS” indicates 

samples after.  “FT” indicates flow-through, proteins not binding to the Talon resin.  

“W1”, “W2”, and “W3” indicate samples from rinsing the resin with wash buffer.  

“LapTevPten” indicates a sample of purified LapTevPten, subsequent to gel filtration 

into storage buffer. 

 

We also expressed and purified recombinant HaloTevPten protein using BL21 codon 

plus E. coli cells, as described in section 3.2.5 and 3.2.6.  Shown below in Figure 3-7 

is the induction gel for HaloTevPten, showing the full length protein, as well as the 

purification gel showing purified HaloTevPten.  Table 3-1 lists the buffers used for 

purification. 
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Figure 3-7.  Purification of HaloTevPten.  (A) Induction gel showing induction of 

HaloTevPten (~90 kDa), dependent on IPTG induction from BL21 codon plus E. coli 

cells.  (B) Purification gel showing various stages.  “P” indicates pellet, solubilized 

with 2x Laemmli loading buffer.  “S” indicates supernatant. “Pre-SS” indicates 

samples before streptomycin sulfate precipitation of DNA, while “Post-SS” indicates 

samples after.  “FT” indicates flow-through, proteins not binding to the Talon resin.  

“W1”, “W2”, and “W4” indicate samples from rinsing the resin with wash buffer.  

“HaloTevPten” indicates a sample of purified HaloTevPten, subsequent to gel 

filtration into storage buffer. 

 

 Initial experiments attempting to conjugate 10-azidodecanoic acid (using 

recombinant LplA) and Lt-PreHNE were problematic (data not shown) and implied 

Pten may be reactive toward Lt-PreHNE itself.  We characterized these issues through 

a competitive assay where Keap1 and either Ht-Pten or Lt-Pten were incubated with 

Lt-PreHNE or PreHNE backbone alone and either kept in the dark or irradiated with 

light (Figure 3-8).  Under these conditions, PreHNE cannot be targeted to the protein 

since LplA and a HaloTag reactive n-hexyl chloride linker are absent for Lt-Pten and 
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Ht-Pten, respectively.  Keap1 acts as an internal control, as a general electrophile 

sensor with over 27 cysteines.  For all competitive assays, Keap1 senses released 

HNE-alkyne when samples containing Lt-PreHNE are irradiated with light, compared 

with the respective no light controls in which Keap1 is largely undetected by Cy5-

azide (Figure 3-8A–C).  However, for Lt-Pten and Ht-Pten, when incubated with Lt-

PreHNE we can visualize a substantial amount of Cy5 fluorescence on the respective 

proteins in the no light samples, implying there is stable modification of Pten, 

irrespective of the targeting tag (Lt vs Ht), by the probe (Figure 3-8A, C).  

Furthermore, upon irradiation of these samples, the Cy5 fluorescence signal actually 

decreases, implying HNE-alkyne is released under these conditions and is able to 

modify Keap1 (Figure 3-8A, C).  Using PreHNE backbone alone, which lacks the 

cyclooctyne moiety necessary to target the probe to a 10-azidodecanoic acid labeled 

POI, the background fluorescence seen on Pten is abolished (Figure 3-B); upon 

irradiation, however, we’re able to see labeling of both Pten and Keap1 by liberated 

HNE-alkyne from PreHNE backbone alone (Figure 3-B).  These data imply the non-

specific covalent interaction between Pten and Lt-PreHNE may in large part be due to 

the labile cyclooctyne moiety (Figure 3-8).   
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Figure 3-8.  In vitro Pten/Keap1 competitive assays showcasing Pten’s inherent 

reactivity with Lt-PreHNE.  Coomassie gels show overall protein loading.  (A)  When 

treated with Lt-PreHNE, LapTevPten is covalently labeled with Lt-PreHNE, while 

Keap1 is not.  Light irradiation liberates HNE-alkyne, which modifies Keap1, while 

the Cy5 fluorescence signal on LapTevPten decreases.  (B) When treated with 

PreHNE backbone alone, LapTevPten is not covalently labeled with Lt-PreHNE, 

similar to Keap1.  Light irradiation liberates HNE-alkyne, which modifies both Keap1 
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and Pten.  (C)  When treated with Lt-PreHNE, HaloTevPten is covalently labeled with 

Lt-PreHNE, while Keap1 is not.  Light irradiation liberates HNE-alkyne, which 

modifies Keap1, while the Cy5 fluorescence signal on HaloTevPten decreases.  (D) 

Chemical structures of Lt-PreHNE and PreHNE backbone alone used in these studies.  

Red overlay highlights potential site of reactivity with Pten. 

 

While Pten’s inherent reactivity toward Lt-PreHNE made further evaluation of 

T-REX
TM

 delivered HNE impossible we moved on to characterize which residue is 

responsible for this non-specific modification, as Pten harbors a catalytically active 

cysteine, C124.  We expressed the C124S mutant, recombinant LapTevPten-C124S 

(performed by Vanha Pham), with expression and purification analogous to 

LapTevPten, as described in sections 3.2.5 and 3.2.6.  Incubation of WT and C124S 

LapTevPten with Lt-PreHNE resulted in similar levels of non-specific modification, 

under both no light and light irradiated conditions (Figure 3-9A).  We also confirmed 

the depressed activity of the C124S mutant using a malachite green coupled assay, 

which showed 60% suppression compared with WT (Figure 3-9B).  Together these 

data imply that C124 may not be the sole residue reacting with Lt-PreHNE, as both 

WT and C124S LapTevPten are modified by Lt-PreHNE.  While no further work was 

done toward these ends, it may still be possible to target LapTevPten with Lt-PreHNE 

if the residue responsible is identified and mutagenesis is possible.   
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 Figure 3-9.  Characterization of WT and C124S LapTevPten for reactivity toward Lt-

PreHNE.  (A) When treated with Lt-PreHNE, both WT and C124S LapTevPten are 

modified.  Upon irradiation, both release HNE-alkyne to a similar level.  Labeling 

assay performed as described in section 3.2.7.  (B)  WT and C124S LapTevPten 

enzyme activity levels in the presence or absence of Pten substrate, PIP3, 

phosphatidylinositol 3,4,5-triphosphate diC8 (PI(3,4,5)P3 diC8).  C124S is shown to 

be catalytically defective, with only 40% of the activity compared with WT.  

Quantification shows s. e. m. with n = 4.  ns, not significant; ****P < 0.0001, ***P < 
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0.001, **P < 0.01, two-tailed unpaired t-test.  Enzyme assays performed as described 

in section 3.2.8.   

 

3.4 Conclusion 

 In conclusion, we were able to successfully adapt T-REX
TM

 for use with 

LapTag, showcasing the on-target modification of Lt-Keap with HNE.  While Lt-

Keap1 was shown to be functional, we were unable to validate the known Nrf2-

stabilizing effect HNE delivery to Keap1 is known to have, as discussed in Chapter 2, 

under the conditions evaluated in these experiments.  While LapTag mediated T-

REX
TM

 delivery of HNE is hitherto not compatible with evaluation of Pten, due to 

inherent chemical reactivity of the probe with Pten, further characterization of this 

non-specific interaction may provide a means to optimize the platform for Pten.  These 

studies also provide the framework for application of this strategy to proteins or 

signaling pathways that may not tolerate HaloTag based T-REX
TM

 due to its size. 
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CHAPTER 4 

 

Development of a Platform for Interrogating Target-Specific Effects of  

Oxidative Modifications in Redox-Linked Cell Signaling 
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Abstract 

 

 Reactive oxygen species such as H2O2 are implicated in the oxidation of a 

variety of redox sensor proteins important for human health.  Both Pten and Keap1 are 

known to sense H2O2, whereby the generation of a disulfide bond has a functional 

impact on both redox sensors.  Here, we showcase a T-REX
TM

 method by which we 

can stimulate the production of H2O2 in a spatiotemportally controlled manner 

proximal to a protein of interest.  Utilizing this method we show oxidation of Keap1 

through local generation of H2O2.  Furthermore, we show that this delivery 

successfully stabilizes Nrf2 protein levels     
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4.1 Introduction 

 In addition to lipid-derived electrophiles and similar reactive Michael 

acceptors, reactive oxygen species constitute another group of chemically distinct 

reactive molecules that play a critical role in redox-linked cell signaling pathways.  

The majority of these species are produced endogenously as a consequence of 

mitochondrial respiration through the electron transport chain [1].  Production of 

superoxide (O2
·-
), mainly by complexes I and III, can be converted to hydrogen 

peroxide (H2O2), catalyzed by superoxide dismutase (SOD), or react with other 

biological signaling molecules such as nitric oxide [1,2].  A variety of other enzyme 

are also capable of producing superoxide, including NADPH oxidase, lipoxygenase, 

cytochrome p450s, xanthine oxidase, and others [1].  A variety of cellular mechanisms 

have been developed to combat build up of these reactive species, including 

detoxification enzymes such as SOD and catalase (which catalyzes the decomposition 

of H2O2 to H2O and O2) or direct chemical reduction with glutathione, for example 

[1].  Furthermore, the Nrf2-ARE signaling axis acts to guard against such reactive 

species through Keap1’s electrophile and oxidant sensing ability, as discussed in 

previous chapters. 

 Oxidation of Keap1 by reactive species such as H2O2 has largely been 

characterized through pharmacological approaches using H2O2.  Oxidation, and 

subsequent disulfide bond formation, of specific Keap1 residues is postulated to be 

one of the main molecular mechanisms leading to Nrf2 stabilization and 

transcriptional activate of the AR [3].  In addition to H2O2, nitrogen based oxidants 

such as nitric oxide and S-nitrocysteine have been shown to active Nrf-AR, via 

oxidation of Keap1 [4]. 
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4.1.1 T-REX
TM

 platform for on-demand production of H2O2 

 Conceptually, targeting H2O2 to a POI is similar to those techniques for 

targeting a POI with electrophiles, as shown for HaloTag and LapTag mediated 

strategies in Chapters 1–3.  Ht-PreH2O2 or Lt-PreH2O2 rely on the respective 

conjugation strategies, shown in Figure 4-1, for localizing the probe to a POI.  

However, the caged precursor to H2O2 is based on a photolabile nitrobenzyl protecting 

group caging a hydroquinone that’s covalently tethered to the POI via either HaloTag 

or LapTag.  On-demand release of the nitrobenzyl protecting group liberates the 

hydroquinone, which can be oxidized to the semiquinone and subsequent quinone 

generating H2O2 through reduction of O2.  As shown in Figure 4-1B, H2O2 production 

is possible using this probe in pH 7.6 buffered aqueous solution; with reductants GSH 

or DTT, H2O2 production is higher.   

Figure 4-1.  PreH2O2 compound capable of generating H2O2 in situ.  (A) Light-driven 

release of the nitrobenzyl protecting group liberates the 1,4-hyroquinone, which can 

undergo reversible oxidation to the corresponding 1,4-quinone as shown in the inset.  

(B) Validation of H2O2 generation by incubation of PreH2O2 with the following 
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compounds after exposure to 365 nm light; 10 mM GSH (★) or DTT (), vs. no 

reductant () upon photolysis of Ht-PreH2O2 (pH 7.6). Controls with no Ht-PreH2O2, 

with (/) or without () GSH/DTT. These experiments were performed by Dr. 

Yuan Fu and the compounds were synthesized by Dr. Xinqiang Fang. 

 

4.2 Experimental 

4.2.1 HaloTag- and LapTag-gene expression and T-REX
TM

-PreH2O2 in mammalian 

cells 

Mammalian cells (HEK-293T, Cos, or HeLa) were cultured in MEM (1X) + 

GlutaMAX
TM

-I, supplemented with 10% FBS), Sodium Pyruvate, MEM NEAA, and 

Pen Strep.  Cells were maintained in a 5% CO2, humidified, incubator at 37 °C.  For 

T-REX
TM

 delivery experiments, cells were seeded at either ~0.4 x 10
6
 or ~2.6 x 10

6 
in 

35 mm or 100 mm tissue culture dishes, respectively.  24–36 hours later, cells were 

replenished with fresh media and transfected using PEI or the indicated transfection 

reagent, ~5.8 or ~34 µg for 35 mm or 100 mm dishes, respectively.  After 24 hours of 

transfection, cells were treated as described in sections 2.2.5 and 3.2.2 for HaloTag- 

and LapTag-targetable probes, respectively.  UV lamps were turned on 10 minutes 

before irradiation, to allow the lamp to warm up.  For light-exposed samples, the dish 

lids were removed and the dishes were placed under 365 nm UV light (~9 mW/cm
2
, 5 

cm above cells) for 10 minutes.  Following UV irradiation cells were incubated an 

additional 5 minutes at 37 °C and then harvested, rinsed twice with 1x PBS, and 

pellets frozen in liquid nitrogen.  See Appendix B for list of plasmids used for 

mammalian cell transfection. 
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4.2.2 In cell blocking evaluation for Lt-PreH2O2 and Ht-PreH2O2 

HEK-293T cells were transfected and treated as described in sections 2.2.5 and 

3.2.2 for HaloTag- and LapTag-targetable probes, respectively; cells were lysed as 

described in section 2.2.6.  For Lt-Pten, lysate Click chemistry was performed with 

Cy5-alkyne as described in section 3.2.3.  For Ht-Pten, 1 mg/mL lysate samples were 

treated with 5 µM Ht-TMR for 20 minutes at 37 °C prior to being resolved by SDS-

PAGE.  After electrophoresis, the gel was rinsed twice with ddH2O on an orbital 

shaker and subsequently imaged on a Bio-Rad Chemi-Doc-MP Imager.  All steps in 

this procedure were performed either in the dark or under red light.  For western blot 

analysis, the gel was transferred to a PVDF membrane at 95 V for 1 hour and 30 

minutes at 4°C.  The membrane was blocked at 5% non-fat milk and probed with 

various antibodies, as listed in Appendix A. 

 

4.2.3 Cytotoxicity evaluation for 10-azidodecanoic acid and Lt-PreH2O2 compounds 

Cos cells were seeded into a 96-well plate and after 24 hours were treated with 

either 10-azidodecanoic acid or Lt-PreH2O2 in serum-free media for 2.5 hours at 37 °C 

at the indicated concentrations.  After incubation, 20 µL trypsin was added to each 

well and the plate was incubated for 5 minutes at 37 °C.  80 µL of complete media 

was added and each sample was mixed 1:1 with Trypan Blue for evaluation of cell 

death.  For each condition, a total of n = 3 independent trials were evaluated, with at 

least 100 cells counted for each trial.  Quantification shows the percent viability 

relative to DMSO alone, and calculated by dividing the number of cells unstained by 

Trypan Blue by the total cells (both stained and unstained by Trypan blue). 
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4.2.4 Non-reducing gel analysis of oxidized Keap1 

HeLa cells were transfected with the indicated constructs for 24–36 hours with 

Lipofectamine LTX, according to manufacturer’s instructions. HeLa cells from 60 mm 

dishes were harvested and resuspended in 5 volumes (5x pellet volume) of lysis buffer 

(100 mM Tris, pH 8, 0.2 mM EGTA, 120 mM NaCl, 0.2% (w/v) deoxycholic acid, 

5% (v/v) NP-40,  0.2 mM NaF, 0.1 mM PMSF, 40 mM NEM, and cOmplete™ Mini 

Protease Inhibitor Cocktail (Roche)).  Lysis was performed by 3x rapid freeze-thaw in 

liquid nitrogen.  Lysate was clarified by centrifugation at 21,100 x g for 8 minutes at 

4°C.  Protein concentration was determined using Bradford assay (QuickStart
TM

 

Bradford 1x Dye Reagent, Bio-Rad).  10 µg of protein was then quenched in Laemmli 

loading buffer and resolved by 8% acrylamide SDS-PAGE; with 3% βME for 

“reducing” labeled samples, and without βME for “non-reducing” labeled samples. 

For western blot analysis, the gel was transferred to a PVDF membrane at 95 V for 1 

hour and 30 minutes at 4°C.  The membrane was blocked at 5% non-fat milk and 

probed with various antibodies, as listed in Appendix A. 

 

4.3 Results & Discussion  

4.3.1 Validation of in cell labeling of Lt- and Ht-genes with the respective PreH2O2 

compound 

 We first sought to evaluate the efficiency of labeling either LapTag or 

HaloTag-targeted proteins with the respective PreH2O2 compounds.  For Lt-Pten, 

HEK-293T cells expressing Lt-Pten and LplA were treated as described in sections 

3.2.1 and 3.2.2 and harvested.  After lysis, samples were Clicked with Cy5-alkyne, as 

described in sections 4.2.1 and 4.2.2, which would label any free 10-azidodecanoic 

acid conjugated to Lt-Pten; this reaction would be blocked in those samples treated 

with Lt-PreH2O2 in cells.  As shown in Figure 4-2A, Lt-PreH2O2 successfully blocks 
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conjugation with Cy5-alkyne.  For Ht-Pten, HEK-293T cells expressing Ht-Pten were 

treated as described in sections 4.2.2 and harvested.  After lysis, samples were treated 

with Ht-TMR (TMR dye with an n-hexyl chloride linker), as described in 4.2.2, which 

would covalently label any HaloTag domain (of Ht-Pten); this reaction would be 

blocked in those samples treated with Ht-PreH2O2 in cell.  As shown in Figure 4-2B, 

Ht-PreH2O2 successfully blocks conjugation with Ht-TMR. 

Figure 4-2.  Conjugation of either Lt-PreH2O2 or Ht-PreH2O2 to Lt-Pten or Ht-Pten, 

respectively.  (A) Lt-Pten (indicated by the black arrow) conjugated to 10-

azidodecanoic acid is blocked from Cy5-alkyne Click in lanes treated with Lt-

PreH2O2.  Anti-Pten western blot shows overall expression levels of Pten are similar 

across transfected samples.  (B) Ht-Pten (indicated by the black arrow) conjugated 

with HtPreH2O2 is blocked from further in lysate labeling with Ht-TMR.  Coomassie 

stained gel shows overall protein loading is equal among samples. 
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We further characterized the cytotoxicity of 10-azidodecanoic acid and Lt-

PreH2O2, as described in section 4.2.3.  Figure 4-3 below shows that both of these 

compounds are well tolerated by Cos cells up to concentrations that are considerably 

higher than what is used for T-REX
TM

 experiments. 

 

Figure 4-3.  Cell viability of Cos cells treated with either 10-azidodecanoic acid or Lt-

PreH2O2.  (A) Cell viability in response to treatment with the indicated concentrations 

of 10-azidodecanoic acid for 2.5 hours at 37 °C.  (B) Cell viability in response to 

treatment with the indicated concentrations of Lt-PreH2O2 for 2.5 hours at 37 °C.  

Quantification shows s.e.m. with n = 3, as described in section 4.2.3.  ns, not 

significant; *P < 0.05, two-tailed unpaired t-test. 

 

4.3.2 Characterization of on-demand oxidation of Keap1 with Ht-PreH2O2 

 We moved onto evaluate T-REX
TM

 mediated delivery of H2O2 to Ht-Keap1 in 

HEK-293T cells, as described in section 4.2.1, using the same Nrf2 stabilization 

downstream assays discussed in Chapters 2 and 3.  Upon light-driven activation of Ht-

PreH2O2, we successfully confirmed stabilization of myc-Nrf2, compared to the 

controls DMSO alone, light alone, or Ht-PreH2O2 alone (Figure 4-4A–B).  
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Furthermore, only under T-REX
TM

 delivery of H2O2 do we see accumulation of higher 

molecular weight Keap1 species, which is consistent with generation of an 

intramolecular disulfide bond seen upon H2O2 dependent Keap1 oxidation [3] (Figure 

4-4A–B).  We also evaluated a non-Halo-targeted form of PreH2O2 (Figure 4-4C, 

inset) to confirm specificity of the T-REX
TM

 dependent myc-Nrf2 stabilization.  

Unfortunately for these studies, PreH2O2 alone resulted in stabilization of myc-Nrf2 to 

levels that were similar with T-REX
TM

 delivered H2O2 (Figure 4-4C).  However, as 

there was no further stabilization when PreH2O2 was activated by light, these data may 

imply the stabilization effect seen is due to an alternative mechanism and may not be 

Keap1 dependent.  From an alternative perspective, these data altogether imply that 

stabilization of myc-Nrf2 through light-driven release of H2O2 is due to specific 

localization of PreH2O2 to Keap1, overall supporting successful application of this 

methodology. 
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Figure 4-4.  T-REX
TM

-H2O2 stabilization of myc-Nrf2.  (A) HaloTag mediated T-

REX
TM

 delivery of H2O2 to Keap1 at 1 hour post delivery is able to elevate myc-Nrf2 

levels to an appreciable extent, relative to controls shown.  (B)  Quantification of (A), 

with s.e.m. and n ≥ 10 over 3 biological repeats.  ns, not significant; **P < 0.01, *P < 

0.05, two-tailed unpaired t-test.  (C) Comparison of targeted versus global PreH2O2 

light-driven H2O2 production.  Inset: structure of PreH2O2. 

  

To further characterize Keap1’s sensitivity toward oxidation by T-REX
TM

 

delivery of H2O2, we relied on non-reducing SDS-PAGE of Ht-Keap1; a technique in 

which visualization of Keap1 oxidation is observed by a shift in the apparent 

molecular weight by western blot of Keap1 [3].  We first confirmed sensitivity of 

Keap1 to H2O2 by incubation of HeLa cells expressing either Lt-Keap1 or Ht-Keap1 
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with 250 µM H2O2 for 30 minutes at 37 °C (Figure 4-5).  The shift in mobility upon 

oxidation by H2O2 is seen for both constructs, albeit more obvious for Lt-Keap1 likely 

due to the greater percent change in gel shift.  The reducing blot shows the overall 

protein levels of Keap1 for each condition, as well as confirming the reduction of 

oxidized Keap1 by βME.  Under T-REX
TM

 delivery conditions, we were unable to see 

appreciable formation of the oxidized Ht-Keap1 monomer (Figure 4-6A).  However, 

inspection of the higher molecular weight Ht-Keap1, near ~200 kDa, species reveals 

gel shifts for the T-REX
TM

 delivered H2O2 samples, similar to the shift observed for 

global H2O2 treatment (Figure 4-6B).  This provides evidence for the formation of 

distinct oxidized Ht-Keap1 species, at a molecular weight that implies formation of a 

Ht-Keap1 dimer, potentially via a previously reported intermolecular disulfide bond 

[3].  Upon reduction using βME, these species collapse to one uniform band (Figure 

4-6B), further supporting this gel shift as reductant-sensitive modification. 

 

Figure 4-5.  Non-reducing SDS-PAGE analysis of H2O2 oxidized Lt- and Ht-Keap1, 

in HeLa cells.  Non-reducing and reducing blots are from the same samples treated 

without or with βME, respectively.  H2O2 treatment was performed for 30 minutes at 

37 °C. 
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Figure 4-6.  Non-reducing SDS-PAGE analysis of H2O2 and Ht-PreH2O2 oxidized Ht-

Keap1, in HeLa cells.  (A) Oxidation of Ht-Keap1 monomer, near 100 kDa.  (B) 

Oxidation of higher molecular weight Ht-Keap1 species, presumably dimers, near 

~200 kDa.  Blue arrow indicates Ht-Keap1 species under non-oxidative conditions and 

the green arrow indicates the shift under either H2O2 or Ht-PreH2O2 oxidized 

conditions.  Reducing blots shows overall Keap1 protein levels and validates the 

sensitivity of these species toward βME. 

 

4.3.3 Characterization of on-demand oxidation of Pten with Ht-PreH2O2 

 We also sought to briefly validate T-REX
TM

-H2O2 on another model system of 

therapeutic relevance, the Pten/PI3K/Akt signaling pathway, as introduced in Chapter 
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3.  As Pten is known to be specifically susceptible to reversible H2O2 mediated 

oxidation of its catalytic cysteine C124 [5], we characterized delivery of H2O2 to Ht-

Pten by monitoring activation of the Akt signaling pathway, via phosphorylation of 

S473 on Akt1 [6].  Unfortunately, we were unable to visualize increased 

phosphorylation of this residue (Figure 4-7). 

 

 

 

 

 

 

 

 

Figure 4-7.  T-REX
TM

 mediated delivery of H2O2 to Ht-Pten.  HEK-293T cells 

transfected with Ht-Pten and HA-Akt1 were treated as described in section 4.2.1 and 

harvested 1 hour after light shining.  Western blot shows phosphorylation of Akt at 

S473 (α-pAkt-S473), ovall Akt levels–both endogenous and over-expressed–(α-Akt) 

and overall protein loading (α-GAPDH). 

 

4.4 Conclusion 

 In conclusion, we were able to shows successful delivery of PreH2O2 to both 

Ht- and Lt-POIs and furhermore provide evidence for the on-target oxidation of Ht-

Keap1 in HeLa cells.  This oxidation was shown to have downstream consequences in 

stabilizing myc-Nrf2 in HEK-293T cells, highlighting the success of these proof-of-

concept studies with PreH2O2.  While we were unable to further validate this 

technology on the Pten/PI3K/Akt signaling pathway, further refinement of the 
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downstream analyses to validate on-target oxidation of Pten are warranted given the 

success of the technique with the Keap1/Nrf2-AR signaling pathway. 
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APPENDIX A 

 

List of General Materials 

 

Table A-1.  Table of selected reagents used and source. 

Manufacturer Reagent 

Sigma Copper sulfate pentahydrate 

Fisher 

DMSO 

t-Butanol 

HEPES 

EDTA 

Tris base 

2-mercaptoethanol (βME) 

BSA 

Triton X-100 

NP-40 

Glycerol 

ATP disodium salt hydrate 

Bio-Rad 
Quickstart Bradford 1× dye 

iQTM SYBR® Green Supermix 

Goldbio 

TCEP-HCl 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

Kanamycin monosulfate 

Ampicillin (sodium) 

Streptomycin sulphate 
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Manufacturer Reagent 

Goldbio 
Coelenterazine 

d-Luciferin Firefly 

Lumiprobe Sulfo-Cy5 azide 

 
Copper Tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (Cu-TBTA) 

Teknova SDS 

Avanti Coenzyme A 

Alfa Aesar CDTA 

Roche cOmplete™, Mini Protease Inhibitor Cocktail 

 Adenosine deaminase (AdoD) 

Stratagene BL21-CodonPlus(DE3)-RIL competent cells 

New England 

Biolabs 
Orthovanadate 

 All restriction enzymes used 

Life 

Technologies 
TRIzol® 

 DNase I 

 SuperScript III Reverse Transcriptase 

Clontech TALON metal affinity resin 

GE Healthcare Sephadex G-25 resin 

Millipore 
Ultrafiltration Membrane Amicon Ultra centrifugal 

devices 

Invitrogen 
PBS 

1X TrypLETM Express  
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Manufacturer Reagent 

Invitrogen 

1X DMEM 

5% NEAA 

5% pyruvate 

100X penicillin-streptomycin 

Hyclone 
Fetal bovine serum (FBS) 

(100 nm-triple filtered, SH30071.03) 

Mirus 
TransIT-2020 transfection reagent 

Lipofectamine LTX 

Polysciences PEI 

Echelon 

Biosciences 

Phosphatidylinositol 3,4,5-triphosphate diC8 

(PI(3,4,5)P3 diC8) 

(“PIP3”) 

 

Table A-2.  Table of antibodies used and source. 

Manufacturer Antibody 

Abcam 

Keap1, Ab119403 

Pten, Ab32199 

Akt, Ab124341 

pAkt (S473), Ab81283 

FLAG, Ab1257 

GFP, ab66180 

Donkey anti-mouse, Ab150107 

Rabbit anti-goat, Ab175707 

Goat anti-rabbit, Ab150083 
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Manufacturer Antibody 

Cell Signaling Alpha-tubulin, 2125S 

Sigma 
Beta-actin, A3863 

GAPDH, G9295 

Promega Halo, G9281 or G921A 

BioLegend Myc, MMS-150P-500 
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APPENDIX B 

 

Plasmid Construction, Design, and Gene Sequences 

 

Plasmid Construction & Design 

 

Ligase-free cloning was used to clone all plasmids for expression in 

mammalian cells and in C. elegans, using reagents from NEB.  PCR was performed 

using an Applied Biosystems Thermal Cycler.  Halo ORFeome gene clones in 

pFN21a vector were purchased from Promega and all other plasmids were sourced as 

listed in Table A-3.  All cloned plasmid sequences were verified by sequencing the 

entire gene at the genomics facility of Cornell Institute of Biotechnology. Plasmids 

were purified using EZ-10 spin column plasmid DNA miniprep kits (Bio Basic, 

BS614). 

 

Table A-3.  Table of all plasmids used.  Source indicates either commercial source or 

the individual responsible for cloning the plasmid.  “M.J.C.L.” indicates Dr. Marcus 

J.C. Long, “J.A.H.” indicates Joseph A. Haegele, “S.P.” indicates Steve Pisano. 

 

Plasmid Promoter Gene Insert Source 

Pet28a T7 

His6HaloTevKeap1 M.J.C.L. 

His6HaloTevPten M.J.C.L. 

His6HaloTevPten-C124S J.A.H. 

His6LapTevPten J.A.H. 

pMal-C2, 

pRK793 
Tac MBP- His6TEV protease 

Addgene 

#8827 
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Plasmid Promoter Gene Insert Source 

pMIR (dsRed-

IRES) 
CMV 

HaloTevp53 M.J.C.L. 

LapPten M.J.C.L. 

His6LapTevPten J.A.H. 

His6LapTevH1 J.A.H. 

His6HaloTevKeap1-C489S S.P., J.A.H. 

His6HaloTevKeap1-C613S S.P., J.A.H. 

His6HaloTevKeap1-C489S-

C613S 

S.P., J.A.H. 

pFN21a CMV 

Halo J.A.H. 

Halo-Flag-SAHH (Human) J.A.H. 

Halo-Flag-SAHH-C195S J.A.H. 

Halo-Flag-SAHH-C266S J.A.H. 

Halo-Flag-SAHH (C. elegans) J.A.H. 

Lig778 Hsp-16.41 

His6Halo J.A.H. 

His6HaloTevKeap1 J.A.H. 

GFP::Halo 
M.J.C.L., 

J.A.H. 

Wdr23-TevHalo J.A.H. 

TOM70-mCherry-HA-Halo M.J.C.L. 

pJKL-502 
Hlh-8 

GFP::Halo 
M.J.C.L., 

J.A.H. 

pcDNA CMV LplA-W37V MIT 
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Gene Sequences 

 

1. His6HaloTevKeap1 

 

MGSSHHHHHHSSGLVPRGSHMAEIGTGFPFDPHYVEVLGERMHYVDV

GPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPD

LGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERV

KGIAFMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTL

PMGVVRPLTEVEMDHYREPFLNPVDREPLWRFPNELPIAGEPANIVAL

VEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGP

GLNLLQEDNPDLIGSEIARWLSTLEISGSGENLYFQGSGMQPDPRPSGA

GACCRFLPLQSQCPEGAGDAVMYASTECKAEVTPSQHGNRTFSYTLED

HTKQAFGIMNELRLSQQLCDVTLQVKYQDAPAAQFMAHKVVLASSSP

VFKAMFTNGLREQGMEVVSIEGIHPKVMERLIEFAYTASISMGEKCVL

HVMNGAVMYQIDSVVRACSDFLVQQLDPSNAIGIANFAEQIGCVELHQ

RAREYIYMHFGEVAKQEEFFNLSHCQLVTLISRDDLNVRCESEVFHACI

NWVKYDCEQRRFYVQALLRAVRCHSLTPNFLQMQLQKCEILQSDSRC

KDYLVKIFEELTLHKPTQVMPCRAPKVGRLIYTAGGYFRQSLSYLEAY

NPSDGTWLRLADLQVPRSGLAGCVVGGLLYAVGGRNNSPDGNTDSSA

LDCYNPMTNQWSPCAPMSVPRNRIGVGVIDGHIYAVGGSHGCIHHNS

VERYEPERDEWHLVAPMLTRRIGVGVAVLNRLLYAVGGFDGTNRLNS

AECYYPERNEWRMITAMNTIRSGAGVCVLHNCIYAAGGYDGQDQLNS

VERYDVETETWTFVAPMKHRRSALGITVHQGRIYVLGGYDGHTFLDS

VECYDPDTDTWSEVTRMTSGRSGVGVAVTMEPCRKQIDQQNCTC 

 

2. His6HaloTevPten 

 

MGSSHHHHHHSSMAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPV

LFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYFFDDH

VRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFI

RPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPL

TEVEMDHYREPFLNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWL

HQSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQED

NPDLIGSEIARWLSTLEISGSGENLYFQGSGMTAIIKEIVSRNKRRYQED

GFDLDLTYIYPNIIAMGFPAERLEGVYRNNIDDVVRFLDSKHKNHYKIY

NLCAERHYDTAKFNCRVAQYPFEDHNPPQLELIKPFCEDLDQWLSEDD

NHVAAIHCKAGKGRTGVMICAYLLHRGKFLKAQEALDFYGEVRTRDK

KGVTIPSQRRYVYYYSYLLKNHLDYRPVALLFHKMMFETIPMFSGGTC

NPQFVVCQLKVKIYSSNSGPTRREDKFMYFEFPQPLPVCGDIKVEFFHK

QNKMLKKDKMFHFWVNTFFIPGPEETSEKVENGSLCDQEIDSICSIERA

DNDKEYLVLTLTKNDLDKANKDKANRYFSPNFKVKLYFTKTVEEPSN

PEASSSTSVTPDVSDNEPDHYRYSDTTDSDPENEPFDEDQHTQITKV 

 

3. His6LapTevPten 
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MGSSHHHHHHSSGLVPRGSHGFEIDKVWHDFPASGENLYFQGSGMTA

IIKEIVSRNKRRYQEDGFDLDLTYIYPNIIAMGFPAERLEGVYRNNIDDV

VRFLDSKHKNHYKIYNLCAERHYDTAKFNCRVAQYPFEDHNPPQLELI

KPFCEDLDQWLSEDDNHVAAIHCKAGKGRTGVMICAYLLHRGKFLKA

QEALDFYGEVRTRDKKGVTIPSQRRYVYYYSYLLKNHLDYRPVALLF

HKMMFETIPMFSGGTCNPQFVVCQLKVKIYSSNSGPTRREDKFMYFEF

PQPLPVCGDIKVEFFHKQNKMLKKDKMFHFWVNTFFIPGPEETSEKVE

NGSLCDQEIDSICSIERADNDKEYLVLTLTKNDLDKANKDKANRYFSP

NFKVKLYFTKTVEEPSNPEASSSTSVTPDVSDNEPDHYRYSDTTDSDPE

NEPFDEDQHTQITKV 

 

4. His6LapTevH1 

 

MGSSHHHHHHSSGLVPRGSHGFEIDKVWHDFPASGENLYFQGSGMHV

IKRDGRQERVMFDKITSRIQKLCYGLNMDFVDPAQITMKVIQGLYSGV

TTVELDTLAAETAATLTTKHPDYAILAARIAVSNLHKETKKVFSDVME

DLYNYINPHNGKHSPMVAKSTLDIVLANKDRLNSAIIYDRDFSYNYFG

FKTLERSYLLKINGKVAERPQHMLMRVSVGIHKEDIDAAIETYNLLSER

WFTHASPTLFNAGTNRPQLSSCFLLSMKDDSIEGIYDTLKQCALISKSA

GGIGVAVSCIRATGSYIAGTNGNSNGLVPMLRVYNNTARYVDQGGNK

RPGAFAIYLEPWHLDIFEFLDLKKNTGKEEQRARDLFFALWIPDLFMKR

VETNQDWSLMCPNECPGLDEVWGEEFEKLYASYEKQGRVRKVVKAQ

QLWYAIIESQTETGTPYMLYKDSCNRKSNQQNLGTIKCSNLCTEIVEYT

SKDEVAVCNLASLALNMYVTSEHTYDFKKLAEVTKVVVRNLNKIIDIN

YYPVPEACLSNKRHRPIGIGVQGLADAFILMRYPFESAEAQLLNKQIFE

TIYYGALEASCDLAKEQGPYETYEGSPVSKGILQYDMWNVTPTDLWD

WKVLKEKIAKYGIRNSLLIAPMPTASTAQILGNNESIEPYTSNIYTRRVL

SGEFQIVNPHLLKDLTERGLWHEEMKNQIIACNGSIQSIPEIPDDLKQLY

KTVWEISQKTVLKMAAERGAFIDQSQSLNIHIAEPNYGKLTSMHFYGW

KQGLKTGMYYLRTRPAANPIQFTLNKEKLKDKEKVSKEEEEKERNTA

AMVCSLENRDECLMCGS 

 

5. Halo 
 

MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYV

WRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALG

LEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEF

ARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYREPF

LNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWG

TPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLS

TLEISG 

 

6. Wdr23-HA-Tev-Halo 

 

YPYDVPDYAMGNWITSTFLRFDLFQRHQPNRFLEYTRVQHSNQSPAYS

VRTAAEIVAHQRMKPNHSNDSDTDFSSDDEGCPKMTPHEEQQMFERE
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QHIAFSGRCHIGDPESCTQLRNEINSRCGPRPSTSNNMEFILNRDLQKRG

TSISNPRTVARVLNSHLPNQKRRVDRVATKSFCTQYIQNGTKIVVASQD

EKIRFYQRNPDKSKYRSKYMKSDELRVDQCGWSILDTAISLNGDLIAY

GTWKDAVFVGKLDFTERQNITWFPIDLNGEPGRDHCAVFCVKFSDSSE

QIVCGTSQYSIHVFDVEQRRRIRTIVNAHEDDVNSVCFADLGSNLIYSA

GDDGLVKVWDKRAWSDGDVEPVGVFAGHRDGVTHVDSRQDERYLL

SNSKDQTIKVWDLRKFSNMSGVEATRACVQSQHWDYRWQPAPPGLC

QPVAGDTSVMTLRGHSVLHTLVRANFSPESTGRRYIYTGCARGEVVV

YDIMSGTVSRRLKGHTAVVRECDWHPTENEIVSSAWDGVTTVWTWD

ERQEGVIAPYDHPNISQFGDEDSCDELFQPVKKQCRRQRKTMSSRGHP

CSSSSISQNSGENLYFQGSGMAEIGTGFPFDPHYVEVLGERMHYVDVG

PRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGMGKSDKPDL

GYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVK

GIAFMEFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLP

MGVVRPLTEVEMDHYREPFLNPVDREPLWRFPNELPIAGEPANIVALV

EEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPG

LNLLQEDNPDLIGSEIARWLSTLEISG 

 

7. Halo-Flag-SAHH (Human) 

 

MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYV

WRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALG

LEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEF

ARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYREPF

LNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWG

TPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLS

TLEISGEPTTEDLYFQSDNDYKDDDDKMSDKLPYKVADIGLAAWGRK

ALDIAENEMPGLMRMRERYSASKPLKGARIAGCLHMTVETAVLIETLV

TLGAEVQWSSCNIFSTQDHAAAAIAKAGIPVYAWKGETDEEYLWCIEQ

TLYFKDGPLNMILDDGGDLTNLIHTKYPQLLPGIRGISEETTTGVHNLY

KMMANGILKVPAINVNDSVTKSKFDNLYGCRESLIDGIKRATDVMIAG

KVAVVAGYGDVGKGCAQALRGFGARVIITEIDPINALQAAMEGYEVT

TMDEACQEGNIFVTTTGCIDIILGRHFEQMKDDAIVCNIGHFDVEIDVK

WLNENAVEKVNIKPQVDRYRLKNGRRIILLAEGRLVNLGCAMGHPSF

VMSNSFTNQVMAQIELWTHPDKYPVGVHFLPKKLDEAVAEAHLGKL

NVKLTKLTEKQAQYLGMSCDGPFKPDHYRY 

 

8. Halo-Flag-SAHH (C. elegans) 

 

MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYV

WRNIIPHVAPTHRCIAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALG

LEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTWDEWPEF

ARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYREPF

LNPVDREPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWG

TPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQEDNPDLIGSEIARWLS
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TLEISGEPTTEDLYFQSDNDYKDDDDKMAQSKPAYKVADIKLADFGR

KEIILAENEMPGLMAMRSKYGPSQPLKGARIAGCLHMTIQTAVLIETLT

ALGAEVQWSSCNIFSTQDHAAAAIAQTGVPVYAWKGETDEEYEWCIE

QTIVFKDGQPLNMILDDGGDLTNLVHAKYPQYLAGIRGLSEETTTGVH

NLAKMLAKGDLKVPAINVNDSVTKSKFDNLYGIRESLPDGIKRATDV

MLAGKVAVVAGYGDVGKGSAASLKAFGSRVIVTEIDPINALQAAMEG

YEVTTLEEAAPKANIIVTTTGCKDIVTGKHFELLPNDAIVCNVGHFDCEI

DVKWLNTNATKKDTIKPQVDRYTLKNGRHVILLAEGRLVNLGCATGH

PSFVMSNSFTNQVLAQVELWTKFGTPQEYKLGLYVLPKTLDEEVAYL

HLAQLGVKLTKLSDEQASYLGVPVAGPYKPDHYRY 
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APPENDIX C 

 

Compounds, Selected Syntheses, and NMR Spectra 

Compounds 

 The following compounds were used for the work presented in this thesis, 

sourced as indicated. 

 

Table A-4.  Table of all compounds used.  Source indicates either commercial source 

or the individual responsible for synthesis.  “X.F.” indicates Dr. Xinqiang Fang, 

“H.L.” indicates Dr. Hong-Yu Lin, “Y.Z.” indicates Dr. Yi Zhao, “S.G.” indicates Dr. 

Souradyuti Ghosh, “J.A.H.” indicates Joseph A. Haegele, “M.T.D.” indicates Michael 

T. Disare, “P.H.” indicates Paul Huang, “S.C.” indicates Shivansh Chawla, and 

“Y.W.” indicates Yiran Wang. 

Compound Structure Compound Source(s) 

 

 

 

HNE-alkyne (“HNE”) 
X.F., H.L., Y.Z., 

Y.W., J.A.H. 

 
HHE-alkyne (“HHE”) H.L. 

 

 

HDE-alkyne (“HDE”) H.L. 

 

 
dHNE-alkyne (“dHNE”) H.L. 

 

 
DE-alkyne (“DE”) H.L. 
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Compound Structure Compound Source(s) 

 

 

 

CPE-alkyne (“CPE”) H.L. 

 

 

 

CHE-alkyne (“CHE”) H.L. 

 R1: H, R2: OH, R3: 

(CH2)3C≡CH, 

“Ht-PreHNE” 

X.F., Y.Z., H.L., 

J.A.H., M.T.D., 

P.H. 

R1: H, R2: OH, R3: 

C≡CH, 

“Ht-PreHHE” 

H.L. 

R1: H, R2: OH, R3: 

(CH2)6C≡CH, 

“Ht-PreHDE” 

H.L. 

R1: H, R2: H, R3: 

(CH2)3C≡CH, 

“Ht-PredHNE” 

H.L. 

R1: CH3, R2: H, R3: 

(CH2)3C≡CH, 

“Ht-PreDE” 

H.L. 
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Compound Structure Compound Source(s) 

 

“Ht-PreCPE” H.L. 

 

“Ht-PreCHE” H.L. 

 

10-azidodecanoic acid X.F., J.A.H. 

 

Lt-PreHNE X.F. 

 

Ht-PreH2O2 X.F. 
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Compound Structure Compound Source(s) 

 

HaloTag-targetable 

tetramethylrhodamine 

“Ht-TMR" 

Y.Z., S.C., S.G., 

Promega 

 

HaloTag-targetable 

fluorescein 

“Ht-Fl” 

Promega 

 

Selected Syntheses and NMR Spectra 

All reactions were conducted in oven-dried glassware. The phrase 

"concentrated" refers to removal of solvents by means of a rotary-evaporator attached 

to a diaphragm pump (15-60 Torr) followed by removal of residual solvents at < 1 

Torr with a vacuum pump using a Schlenk line.  Thin layer chromatography (TLC) 

was performed using silica gel 60 F-254 precoated glass plates (0.25 mm).  TLC 

Plates were analyzed by short wave UV illumination, or by permanganate stain (5 g 

KMnO4 in 495 mL water). 
1
H spectra were obtained on a Varian INOVA 400 MHz 

spectrometer in CDCl3 using solvent as an internal standard (CDCl3 at 7.26 ppm for 

1
H). Chemical shifts are reported in δ (ppm). Coupling constants (J) are reported in Hz 
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with multiplicities denoted as s (singlet), d (doublet), t (triplet), q (quartet), and m 

(multiplet). 

 

Scheme A-1.  Synthesis of 10-azidodecanoic acid [1]. 

 

To a solution of 10-bromodecanoic acid (0.5 g, 2 mmol) in 10 mL dry 

N,Ndimethylformamide (DMF) was added sodium azide (0.4 g, 6 mmol). The mixture 

was allowed to stir at 60 °C for 45 minutes.  After allowing the mixture to cool to 

ambient temperature 100 mL ethyl acetate and 50 mL of 1 M HCl was added.  Rinses 

with 1 M HCl and brine were performed and the organic layer was dried over sodium 

sulfate then filtered. After removal of ethyl acetate in vacuo, the product was rinsed 

with hexanes and dried in vacuo to afford 10-azidodecanoic acid 1 as a pale yellow oil 

at an 85% yield: 
1
H NMR (CDCl3, 400 MHz) δ 3.2–3.29 (2H, t, J = 7.1), 2.29–2.38, 

(2H, t, J = 7.5), 1.52–1.67 (5H, m), 1.24–1.39 (11H, m). 
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Figure A-1.  
1
H-NMR spectrum of 10-azidodecanoic acid 1 (400 MHz, CDCl3). 
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Scheme A-2.  Partial synthesis of HNE-alkyne [2]. 

 

NaH (8.3 g, 0.35 mol) was added to ethylenediamine (80 mL, 1.2 mol) at 0 °C 

under an atmosphere of argon. Subsequent to stirring at room temperature for 1 hour, 

the reaction was heated at 60 °C for another hour. The reaction was then cooled to 45 

°C and 3-heptyn-1-ol (6 mL, 49 mmol) was added. The mixture was heated to 60 °C 

for 1 hour then cooled to 0 °C, and 1N HCl (30 mL) was added. The reaction was 

extracted with Et2O, washed with HCl then brine and the combined organic layers 

were dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo, 

yielding alcohol 2 as a yellow oil (7.78 g): 
1
H-NMR (CDCl3, 400 MHz) δ 1.47–1.64 

(6H, m), 1.95 (1H, t, J = 2.7 Hz), 2.18–2.24 (2H, m), 3.64–3.68 (2H, t, J = 6.3 Hz). To 

a mixture of Celite (1:1 with PCC by volume) and PCC (17.3 g, 80 mmol) stirring in 

CH2Cl2 (40 mL) for 30 minutes at ambient temperature, alcohol 2 (7.78 g) was 

dissolved in CH2Cl2 (40 mL) and added, and the reaction was stirred at room 

temperature for 3 hours at ambient temperature. The mixture was then filtered through 

Celite and the filtrate was concentrated to afford aldehyde 3 as a colorless (13.7 g): 
1
H 

NMR (CDCl3, 400 MHz) δ 1.55–1.63 (2H, m), 1.73–1.83 (2H, m), 1.94 (1H, t, J = 2.4 

Hz), 2.22 (2H, dt, J = 2.4, 7.2 Hz), 2.45 (2H, dt, J = 1.8, 6.9 Hz), 9.78 (1H, t, J = 1.8 

Hz).  Aldehyde 3 (6.9 g) and piperidine (1.8 mL, 18 mmol) was added to a solution of 

ethyl-2-[(4-chlorophenyl)sulfonyl]acetate (1.93 g, 7.3 mmol) in CH3CN (60 mL). The 

reaction was stirred overnight at ambient temperature at which point aqueous NH4Cl 
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solution (60 mL) was added and the mixture extracted with CH2Cl2. The organic layer 

was collected, dried and concentrated in vacuo. The residue was purified via flash 

chromatography using Hexanes:EtOAc (10:1 v/v) as eluent to afford ester 4 as a 

yellow oil (1.5 g):
 1

H NMR (CDCl3, 400 MHz) δ 1.59–1.8 (6H, m), 1.96–1.99 (1H, t, J 

= 2.7 Hz), 2.22–2.28 (2H, m), 4.09–4.15 (1H, q, J = 7.1), 4.17–4.24 (2H, q, J = 7.1 

Hz), 4.33–4.39 (1H, m), 6.02–6.07 (1H, dd, J = 1.6, 15.6 Hz), 6.91–6.98 (1H, dd, J = 

4.9, 15.7 Hz).  Ester 4 (1.35 g) was dissolved in CH2Cl2 (40 mL), to which PPTS (0.35 

g, 1.4 mmol) and dihydropyran (3.6 mL, 39 mmol) were added.  The reaction was 

allowed to stir overnight at ambient temperature which point aqueous NaHCO3 

solution (60 mL) was added and the mixture extracted with CH2Cl2, washed with 1 N 

HCl and brine, dried with sodium sulfate, and concentrated in vacuo to yield ester 5 as 

a yellow oil (2.2 g): 1.96 (q, J = 2.5 Hz, 1H), 2.28 – 2.17 (m, 4H), 4.00 – 3.95 (m, 

2H), 4.20 (qt, J = 7.1, 1.2 Hz, 4H), 4.32 (dt, J = 6.3, 5.0 Hz, 2H), 4.57 (t, J = 3.6 Hz, 

1H), 4.73 (t, J = 3.6 Hz, 1H), 5.95 (dd, J = 15.8, 1.2 Hz, 1H), 6.07 (dd, J = 15.7, 1.6 

Hz, 1H), 6.36 (dt, J = 6.3, 2.0 Hz, 1H) 6.78 (1H, dd, J = 15.8, 6.5 Hz), 6.95 (1H, dd, J 

= 15.7, 5.3 Hz). 

 

 

 

 

 

 

 

 

 

 



166 

Figure A-2.  
1
H-NMR spectrum of 6-heptyn-1-ol 2 (400 MHz, CDCl3). 
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Figure A-3.  
1
H-NMR spectrum of 6-heptyn-1-al 3 (400 MHz, CDCl3). 
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Figure A-4.  
1
H-NMR spectrum of ester 4 (400 MHz, CDCl3). 
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Figure A-5.  
1
H-NMR spectrum of ester 5 (400 MHz, CDCl3). 
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APPENDIX D 

 

T-REX
TM

 Delivery of HNE to HSPB7 

 

 In addition to the proteins discussed in Chapters 1–4, we also evaluated the 

purportedly redox-linked protein heat shock protein B (small) member 7 (HSPB7 

using Ht-PreHNE.  HSPB7 is an important small heat shock protein important in 

cardiac tissue development that may be important in various cardiomyopathies [1,2].  

We were able to show HSPB7 is sensitive to HNE, through T-REX
TM

 mediated 

delivery, shown in Figure A-6. 

 

 

 

 

 

 

 

 

 

 

Figure A-6.  T-REX
TM

 delivery of HNE to HSPB7 (~17 kDa).  Arrow indicates 

position of cleaved HSPB7.  Western blot shows anti-Halo, showing comparable 

expression among all samples. 

 

 

 

 

 



172 

REFERENCE 

 

1. Rosenfeld GE, Mercer EJ, Mason CE, Evans T. Small heat shock proteins Hspb7 

and Hspb12 regulate early steps of cardiac morphogenesis. Dev. Biol. 2013;381:389–

400.  

2. Christians ES, Ishiwata T, Benjamin IJ. Small heat shock proteins in redox 

metabolism: implications for cardiovascular diseases. Int. J. Biochem. Cell Biol. 

2012;44:1632–45.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



173 

APPENDIX E 

 

The Development and Application of Computational Methods to  

Characterize Redox Sensor Proteins 

 

 In collaboration with Dr. Lisa Tucker-Kellogg and Dr. Narendra Suhas 

Jagannathan, we investigated computational methods to characterize redox sensor 

proteins.  Multiple sequence alignment analysis of proteins has been an important tool 

for both the classification of conserved domains and evaluation of key residues 

conserved evolutionarily.  Amino acid substitution matrices play an important role in 

protein alignment methods, largely dictating the constraints of the alignment [1].  

Matrices such as BLOSUM and PAM have been developed through the alignment of a 

large set of proteins whose sequences, structures, and functions are highly diverse [1].  

As a result, their application as a first-pass alignment tool is useful in finding general 

spans of conservation among any collection of proteins.  However, in evaluation of a 

specific class of proteins, or domains, studies have shown that developing tailored 

substitution matrices for these classes reveals further insight into the importance of 

specific residues within the chosen class.  For example, GPCRtm is a tailored amino 

acid substitution matrix developed for the evaluation of the transmembrane region of 

class A G Protein-Coupled Receptors [2].  This study highlighted the importance of 

charged and polar residues, which seemed to evolve at rates different from other 

amino acids in this class, as compared to other matrices including BLOUSM62 [2].  

Similar approaches have also been applied for other transmembrane-specific proteins, 

with analogous significance when compared with the standard matrices mentioned 

above [3,4]. 
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 Utilizing the same methodology as described above, we sought to develop a 

substitution matrix for the characterization of redox sensor domains found within 

redox sensor proteins.  The basic hypothesis underlying this method focuses on the 

conserved microenvironments surrounding redox sensor residues, which provide a 

framework that is capable of sensing specific redox signals.  These microenvironments 

are thought to be important in dictating the electrostatic properties of redox sensing 

residues, such as cysteine [5].   

 

Development of a Substitution Matrix for S-adenosylhomocysteine hydrolase 

(SAHH) 

As proof-of-concept, we first developed a substitution matrix for S-

adenosylhomocysteine hydrolase, a novel redox sensor protein as described in Chapter 

1.  Human SAHH contains 10 cysteine residues, the majority of which are structurally 

conserved among many species from prokaryotes to eukaryotes.  Toward this end, we 

first utilized ExPASy PROSITE to define a signature domain for SAHH used for the 

generation of a list of SAHH or SAHH-like proteins among multiple species.  Two 

signature domains were identified by PROSITE including “SCNiFSTQDhAAAAI” 

(#1), found within the substrate binding domain, and “GKvavVaGYGdVGKGc.A” 

(#2), found within the NAD cofactor binding domain.  These correspond to the 

following two patterns defined by PROSITE “[GSAP]-[CS]-N-x-[FYLM]-S-[ST]-

[QALKHD]-[DENG]-x-[AV]-[AVTS]-[ADERQ]-[ACSG]-[LIVMCG]” and “[GA]-

[KSR]-x(3)-[LIV]-x-G-[FY]-G-x-[VC]-G-[KRL]-[GA]-x(1,2)-[ASC]”, respectively 

[6].  We used the second signature (#2) to define a pool of 250 proteins containing this 

domain.  We then utilized CD-HIT software to decrease the redundancy of the final 

alignment [7]. We defined a sequence identity cut-off of 80%, such that those 

sequences with above 80% identity to each other are binned together and only one 
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representative sequence is used for alignment with other (<80% identity) sequences.  

This resulted in 66 unique clusters which contained no more than 80% sequence 

identity to each other.  These 66 sequences were then aligned with Clustal Omega [8] 

and a block of conservation was defined manually that spanned from residue 195 to 

313, relative to the human SAHH.  This block was chosen as representative domain 

spanning the NAD cofactor binding site, also including 5 out of the 10 cysteines found 

in human SAHH.   

To calculate the substitution matrix, MATLAB was used to run the code 

shown on pages 176–177, which was written by Dr. Narendra Suhas Jagannathan.  

Briefly, the Word alignment file with curated sequences as described was parsed and a 

frequency matrix was calculated from the composition of the sequences 

(“INITIALIZE FREQUENCY MATRIX” and “GET FREQUENCY COUNTS”).  The 

algorithm then calculates an observed probability matrix (“GET OBSERVED 

PROBABILITIES MATRIX”) which defines the observed probabilities for each given 

amino acid transition pair across all sequences.  The single amino acid probabilities 

(“GET SINGLE AMINO ACID PROBABILITIES”) are then calculated based on the 

observed probability matrix.  The expected probability matrix, the expectation of a 

given amino acid pair due to chance alone, (“GET EXPECTED PROBABILITIES 

MATRIX”) is calculated, and finally the substitution matrix is calculated (“GET 

SUBSTITUTION MATRIX”).  Utilizing this method, the substitution matrix for the 

conserved domain in SAHH as defined above was calculated and is shown in Figure 

A-7. 
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Code for Calculation of a Substitution Matrix in MATLAB 
 

%% 

% LISTING ALL AMINO ACIDS IN ALPHABETICAL ORDER 

aminoAcids = {'A','R','N','D','C','Q','E','G','H','I','L','K','M','F','P','S','T','W','Y','V'}; 

 

% PARSE ALIGNMENT FILE 

fileToOpen = 'testq.txt';   

fileID = fopen(fileToOpen); 

d = textscan(fileID,'%s %s'); 

fclose(fileID); 

seqs = d(:,2); seqs = seqs{1,1}; 

seq_lengths = cellfun('length',seqs); 

 

% INITIALIZE FREQUENCY MATRIX 

frequencyMat = zeros(20,20,max(seq_lengths)); 

 

% GET FREQUENCY COUNTS 

for i = 1:max(seq_lengths) 

    colAA = cellfun(@(x)x(i:i),seqs,'un',0); 

    tmpAACounts = zeros(20,1); 

    for j= 1:20 

        tmpAACounts(j) = length(find(strcmp(colAA,aminoAcids{j}))); 

    end 

     

    for k = 1:20 

        for l = 1:k 

            if k == l && tmpAACounts(l) > 1 

                frequencyMat(k,l,i) =  nchoosek(tmpAACounts(l),2); 

            else 

                frequencyMat(k,l,i) =  tmpAACounts(l)*tmpAACounts(k); 

            end 

        end 

    end 

end 

 

 

% GET OBSERVED PROBABILITIES MATRIX 

sum_frequencyMat = sum(frequencyMat,3); 

scalingFactor = sum(sum(sum_frequencyMat)); 

obsMat = sum_frequencyMat/scalingFactor; 

obsMat = obsMat + obsMat'; 

 

% GET SINGLE AMINO ACID PROBABILITIES 

probVect = zeros(20,1); 
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for i = 1:20 

    %probVect(i,1) = (obsMat(i,i)/2) + sum(obsMat(i,:)/2); 

    for j = 1:20 

        if i == j 

            probVect(i,1) = probVect(i,1) + obsMat(i,i); 

        else 

            probVect(i,1) = probVect(i,1) + obsMat(i,j)/2; 

        end 

    end 

end 

 

% GET EXPECTED PROBABILITIES MATRIX 

expMat = zeros(20,20); 

for i = 1:20 

    for j = 1:20 

        if i == j 

            expMat(i,j) = probVect(i)^2; 

        else 

            expMat(i,j) = probVect(i)*probVect(j)*2; 

        end 

    end 

end 

 

% GET SUBSTITUTION MATRIX 

subMat = round(2*log2(obsMat./expMat)); 
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Figure A-7.  Calculated substitution matrix for SAHH domain 195–313, relative to 

human species, using MATLAB.  Microsoft Excel was used to color the table with a 

heat map highlighting the range of values from -15 (red) to 11 (green); “Inf” refers to 

an infinite value, for which no transition was observed in the 66 sequence alignment. 

 

 The substitution matrix shown in Figure A-7 highlights the general high 

conservation seen with this domain, but implies further importance for conservation of 

cysteine, aspartic acid, glutamic acid, and glycine.  Interestingly, there is a high 

penalty for substitutions of cysteine to negatively charged residues aspartic acid and 

glutamic acid or for hydrogen-bond donors glutamine and histidine, which are either 

considerably more bulky than cysteine.  It is also interesting to note that aspartic acid 

and glutamic acid have generally stronger penalties for hydrophobic residues such as 

isoleucine and leucine when compared to substitutions that result in a charge change, 

such as lysine.  The nature of the penalties of this substitution matrix are unsurprising 
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given the high conservation across species of SAHH as well as the high structural 

conservation of cysteines described in Chapter 1. 

 While the substitution matrix shown in Figure A-7 is of limited value, given 

the high conservation of this domain among the SAHH family of proteins, the 

methodology developed here provides the framework for the development of a 

substitution matrix for a set of proteins with potentially conserved redox sensing 

domains.  This matrix could be developed by simply starting with a manually curated 

alignment of proteins of validated redox sensitivity –defining domains containing the 

redox sensing residues– as opposed to starting with a single protein over a range of 

species.  Importantly, this method could potentially define key residues within the 

redox sensing domain which have differing rates of evolution, compared to non-redox 

sensing domains, that are evolutionarily conserved for redox sensitivity.  Ultimately, 

this method could be applied as a discovery method to define domains in previously 

uncharacterized redox sensor proteins. 
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