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Abstract

The concept of cell signaling in the context of non-enzyme-assisted protein modifications by
reactive electrophilic and oxidative species—broadly known as redox signaling—is a uniquely
complex topic that has been approached from numerous different and multidisciplinary angles.
Our Review reflects on 5 aspects critical for understanding how Nature harnesses these non-
canonical post-translational modifications to coordinate distinct cellular activities: (1) specific
players and their generation; (2) physicochemical properties; (3) mechanisms of action; (4)
methods of interrogation; and (5) functional roles in health and disease. Emphasis is primarily
placed on the latest progress in the field, but several aspects of classical work likely forgotten/lost
are also recollected. For researchers with interests in getting into the field, our Review is
anticipated to function as a primer. For the expert, we aim to stimulate thought and discussion
about fundamentals of redox signaling mechanisms, and nuances of specificity/selectivity and
timing in this sophisticated yet fascinating arena at the crossroads of chemistry and biology.
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1. INTRODUCTION

The cell is a microcosm of the global compartmentalized multimedia information
superhighway. Signals constantly flow hither and thither mediating information interchange
between proteins/pathways/organelles as well as translating coded extracellular information
to chemical signals that form the language of the cell. Unsurprisingly, a complex series of
signaling mechanisms have evolved: these are big business for the cell in terms of the
resources they use and the benefits they can bring. Since these signaling processes control
specific decision making, they are intrinsically linked to both etiology and treatment of
disease. They have thus also become cornerstones of drug discovery and design.

Chemical signals are typically considered to be relayed by specific enzymes. The two
principal enzyme-orchestrated signaling codes are phosphate and ubiquitin/ubiquitin-like
modifiers. Enzymes catalyzing these information interchanges/relays account for around

10 % of the genome [roughly 1000 genes for each pathway; a number similar to the number
of genes required by mitochondria(1)]. This conjugation machinery faithfully and efficiently
identifies specific upstream signals, writes appropriate coded information that downstream
proteins can interpret and hence ultimately ensures a specific response occurs to a particular
stimulus at a specific time. This guild of writers, readers, and erasers is required because a
single chemical signal, depending on context can usher a huge number of different
downstream signaling processes. Thus, the key to these pathways is the specificity and
precision ensured by the enzymes that orchestrate them and the regulation that these
processes impart.

However, there is a second signaling mode lacking the polished syntax and structure of
enzymatic signaling cascades. This vernacular is conveyed through inherently reactive
chemical signals that modify their specific target proteins largely without enzyme mediation.
This is the focus of our review. We focus specifically on reactive oxidants and electrophiles.
Reactive chemical signals are similar to classical methyl/acetyl/malonyl/phosphate/ubiquitin
signals in that they modulate signaling pathways in a context specific manner. However,
their chemical AND functional promiscuity renders them a potential source of
misinformation rather than a means to precisely coordinate responses to promote fitness.
Thus, at first glance, signaling by reactive chemicals is distinct from traditional ordered,
logical signaling pathways. It seems the cell would have no need for chemically inefficient
and promiscuous modifications. Nonetheless, there is growing evidence that many reactive
oxidative and electrophilic species (ROS/RES) possess the ability to act as cellular signals.
Consistent with this argument, many proteins have evolved to be sensitive to specific forms
of these signals, and to further resist overreaction once a specific signaling pathway has been
modified. Moreover, such protein-specific non-enzymatic modifications at low occupancy
elicit specific signaling outputs just like in enzyme-orchestrated signaling pathways.

In this review, we will introduce the main players in ROS/RES signaling in eukaryotic cells.
We will then set out the physicochemical properties of biological signals and sensor proteins
that allow them to act as specific sensor/signal pairs in the backdrop of the cellular milieu.
Because these signals must find their target in the cell ostensibly unaided, we will discuss
important dimensions and varied local/regional concentrations of reactive species within the
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cell and organelles. Based on these properties, we will then critically review and evaluate
specific examples of these signal sensors and the pathways they modulate in the context of
physiologically-relevant biological signaling processes. We will next discuss methods to
interrogate redox signaling and evaluate relevance of redox signaling as a new paradigm in
therapeutic interventions through the discussions of key druggable proteins and how these
proteins can be harvested for therapies. Our two-pronged goal is to provide a new lens to
understand both redox signaling as a physiological signaling prototype, and its emerging
translational impacts on human medicine.

2. KEY PLAYERS IN NON-ENZYME-MEDIATED CELL SIGNALING

A large number of reactive intermediates are generated during normal physiological and
pathological conditions;(2) for instance there are ~70,000 DNA lesions formed by chemical
modification of DNA per cell per day in humans.(3) However, recent research indicates the
nuanced ability of biological systems to harness ROS/RES—once considered only to play
damaging roles—as small-molecule signaling mediators essential for fitness.

ROS and RES are two major categories of reactive redox-linked signals. Other reactive
species exist in the cell, including reactive nitrogen and sulfur species (RNS/RSS). Many of
the conditions that generate ROS/RES can also generate RNS/RSS, so these species are
often present together. However, physical properties of individual subtypes, identity of
specific sensor protein targets, and/or downstream signaling elicited by these species are
likely different. Accordingly, reactive species can be reasonably subcategorized and
considered separately. We will only discuss RES and ROS; we direct readers to
complementary reviews on RNS(4-6) and RSS.(5,7-9)

Most ROS are generated as a result of reduction of molecular oxygen.(10) ROS react with
various proteins and other small molecules, resulting in the generation of a wide variety of
secondary redox signals including RES. RES are also generated by the action of enzymatic
pathways such as cyclooxygenases (COXs)(11,12) and lipoxygenases (LOXs)(13-15) and as
byproducts of some metabolic processes.(16) This section describes the biogenesis of ROS
and RES and highlights the key cellular compartments and processes responsible for their
generation.

2.1 Reactive oxygen species (ROS)-mediated signal transduction

2.1.1 Physiologically-relevant oxidants—E? is the most common parameter to
characterize the “power” of an oxidant (AG = -nFE?, where n and F are number of electrons
transferred and the Faraday constant, respectively). Thus, for a molecule that is prone to
behave as an oxidant, reduction potential is positive. However, it is worth noting that redox
exchange requires two players, and so long as there is a significant difference between redox
potentials, redox exchange can occur [regardless of the sign(s) of the respective E’s]. It is
worth remembering that E? defines thermodynamic behavior. Thus, the effective reduction

potential has to be scaled to account for the relative concentrations of each component of the

equilibrium: £ = £0 — BT 1 (reduced; "pyrthermore, in the absence of enzymatic assistance,

nF oxidized
chemoselectivity may be dictated more by kinetics/frontier-molecular-orbital (FMO)
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interactions than thermodynamics. One interesting example of this phenomenon is
nucleophilic vs. electrophilic oxidants. Substrates bearing both thioether and sulfoxide
functional groups, such as thianthrene-5-oxide, are regioselectively oxidized by electrophilic
oxidants like m-CPBA at the thioether, the more electron-rich moiety. On the other hand,
thianthrene-5-oxide is oxidized by anionic oxidants, such as m-CPBA/NaOH, at the
sulfoxide, the more electron-deficient moiety, to give the sulfone (Figure S1).
Regiodivergence can be explained by the fact that the higher HOMO (S lone pair of
thioether) is best matched to overlap with the o*(0O-0) orbital in the protonated peracid.
However, once the peracid is deprotonated, the thiol lone pair is repelled suppressing
nucleophilic attack at the o*(O-0). However, the negatively-charged peracid O lone pairs
are raised in energy due to electron pair repulsion, allowing good overlap with the sulfoxide
rt* orbital. Instances where these phenomena may impact biology are discussed below.

Principal cellular ROS include radicals [e.g., superoxide (O» *7) and hydroxyl radical
(*OH)], and non-radical species [e.g., hydrogen peroxide (H,05) and singlet oxygen (10)].
(17) O, *[E%(O, *~/H,0,) = 0.9 \V/(18)] is produced by the single electron reduction of
molecular oxygen with reductants such as NADPH and FADH5 acting as the electron donors
(see section 2.1.2). O, *~is the primary oxidant generated within many organelles. Enzymes
responsible for this process include NADPH oxidases (NOX) that are located at the plasma
membrane and the electron transport chain (ETC) in the mitochondria. Nevertheless, O,
“~steady-state concentration is maintained at picomolar levels due to its enzyme-catalyzed
dismutation [by superoxide dismutase (SOD)] to H,O, and oxygen.(19) In addition to SOD,
an emerging class of membrane-bound enzymes termed superoxide oxidases (SOOs) oxidize
O, ""to oxygen at diffusion-limited rates.(20) Despite its low abundance in mammalian cells,
05 *7is important in the regulation of various cell signaling pathways. For instance,
Angiotensin Il-induced O, *~generation activates the p38-MAPK pathway resulting in
altered gene expression in endothelial cells.(21) Generation of O, "~is also required for
Angiotensin I1-mediated regulation of vasopressin secretion in the central nervous system,
thirst and salt appetite, and modulation of the sympathetic nervous system.(22)
Mitochondrial O, *~signal is critical in lifespan regulation in C. elegans, although the exact
molecular mechanisms are unclear.(23)

H,05 [EO(H,0,/H,0) = 1.35 V(18)] is the most abundant ROS in eukaryotes.(24)
Dismutation of O, *~is a significant source of intracellular H,O,. Direct production of H,O,
by oxidases such as NOX4 [for which 90% of ROS produced is H,O, and O, *~accounts for
only 10%(25,26)], xanthine(27) and monoamine oxidases has also been reported.(27,28)
The steady-state concentration of H,O, ranges between 1-10 nM in cells (Table 1).(24)
Deviations from this steady-state concentration trigger biological responses.(29) Typically,
small and controlled changes are associated with signaling responses. The signaling role of
H,0, came to light with the discovery that treatment of human T cells with H,O, activated
NF-xB transcription factor.(30) N-acetyl cysteine (NAC) and other thiol compounds
mitigated the effect of H,O, induced NF-xB activation. NAC also blocked the activation of
NF-xB upon stimulation with a diverse range of different stimuli including TNF-a., phorbol
esters, lipopolysaccharides, calcium ionophores, and double-stranded RNA, suggesting that
NF-xB activation is mediated by a common reactive signaling species.(30) Endogenously-
generated H,O, modulates a wide-range of signaling pathways mainly by oxidizing cysteine
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residues on protein targets such as kinases and phosphatases.(31,32) On the other hand, large
perturbations in H,O, concentrations induce stress response. Concentrations >100 nM can
cause oxidative damage of biomolecules resulting in cell cycle arrest and eventual apoptosis.
(24)

10, {formally, O5(*Ag); [EO(*02/0, *7) = 0.65 V(18)], excitation energy from ground state
95 kJ mol~1(33)}is generated by the electronic excitation of triplet oxygen {305, more
formally O,(3%4 7); [EO(02/2H,0) = 0.82 V/(34)]}. In biological systems, 10, can be
generated by (1) a light-induced excitation called the ‘light reaction’ and (2) a chemical
excitation termed the “dark reaction’.(35,36) In the light reaction, aromatic cellular
constituents such as cytochromes and flavins as well as FAs(37) absorb light generating an
excited triplet state [T1(rm*)] of the photosensitizer by intersystem crossing. The excited
sensitizer forms an encounter complex with 30, allowing the sensitizer to relax to a singlet
state, generating reactive 10, at the same time, in an overall spin-conserved process.(38)
The dark reaction involves a chemical reaction, such as thermal decomposition of
peroxynitrite [ONOO™; EQ(ONOO~/NO,, H,0) = 1.4V(39)] in the presence of peroxide(40)
and enzymatic reactions catalyzed by myeloperoxidase, LOXs, and prostaglandin
synthetases to generate 10,.(36) O, formed in these processes is in the singlet state, due to
spin conservation, since the starting materials are also singlet states (e.g., HONO).(41)
Because of the unique chemistry of 10, it is able to perform two-electron oxidation
chemistry— typically via ene and Diels—Alder reactions—and it is thus an effective oxidant
of unsaturated lipids. In biological systems, generation of 10, needs to be controlled
because 10, can oxidize several amino acid residues including cysteine, histidine, tyrosine,
methionine and tryptophan.(42) Unsurprisingly, biology typically employs enzymes to
generate highly localized bursts of 10, at source that ultimately form less reactive signaling
molecules, such as prostaglandins.(43) Uncontrolled release of 10, induces oxidative
damage. Oxidative damage to the eye and skin of animals has been attributed to UV-
mediated generation of 10,.(44) In fact, the ability of 10, to cause excessive oxidative
damage and apoptosis has led to its use as a photodynamic therapy for treating cancer.(42)

Another common biological oxidant is HOCI (E? = 1.6 V), a molecule with a short (approx.
1 min, although it is likely closer to seconds) half-life in cells.(45,46) This molecule is
involved in immune response as it is formed by the “myeloperoxidase-H,O,-CI™” system in
phagocytes (principally neutrophils and monocytes). The importance of HOCI formation is
perhaps best illustrated by the fact that 5% of total neutrophil protein is myeloperoxidase.
(47) Although not fully understood, HOCI has interesting biological properties that are
distinct from peroxide.(48) HOCI reacts rapidly with glutathione (GSH) (107 M~1s71)(47)
and NAC (108 M~1s71),(49) Intriguingly, the rate of reaction of HOCI with methionine is
similar to the rate of HOCI oxidation of thiols (107-108 M~1s71).(49)This observation likely
reflects the fact that HOCI is appreciably deprotonated at neutral pH (pK; HOCI: 7.5;(50)
pK; H20,: 11.7 in water), meaning that thiolate formation does not accelerate the reaction as
efficiently as for the analogous oxidation by H,0 (that is greatly accelerated by thiolate
formation).(51)

HOCI affects cellular glutathione pools differently to treatment with standard oxidants that
form glutathione disulfide. The product of human vascular epithelial cells (HUVEC) treated
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with HOCI is glutathione sulfonamide (GSA), a molecule that is rapidly excreted from cells.
(52) (Figure S2) One explanation for this discrepancy is that a sulfenyl chloride is the initial
product of the reaction between RSH and HOCI. This intermediate may support an
alternative reaction trajectory to the pathway that occurs when the sulfenic acid is formed.
GSA formation may also reflect the fact that “OCI can behave as a nucleophilic oxidant,(53)
meaning it has a higher propensity to oxidize electron-deficient sulfur than peroxide (whose
rate of oxidation of sulfur decreases as sulfur oxidation state increases).

HOCI can react with amines to form chloramines. This process is around 100-fold slower
than with thiols. Chloramines can also oxidize sulfur-containing amino acids, although the
rates are relatively slow (GSH = 115 M~1s71; methionine 39 M~1s71).(51) In addition to
amine chlorination, HOCI is also believed to chlorinate tyrosine,(54) likely through
chloramine intermediates. The latter transfer chlorine in a fold-specific manner.(55)
Chlorinated tyrosine modification is believed to be indicative of myeloperoxidase activity.
(56) Although approximately 7-fold less potent than extracellular H,O, treatment,
extracellular HOCI treatment can also initiate tyrosine phosphorylation and TNF-a.
production, meaning that HOCI can elicit biologically relevant signaling.(57)

2.1.2 ROS generation in mammalian cells: location, location, location?—An
important feature of signaling networks is the high level of protein target specificity
demonstrated by cellular messengers. This is most readily exemplified by canonical,
enzyme-assisted signaling processes, wherein a relatively unreactive precursor is activated
and shepherded to a target protein by (an) enzymes(s). Many of these pathways—such as
ubiquitination, SUMOylation, acetylation, methylation, phosphorylation and farnesylation—
use inert precursors (Ub/SUMO/acetylCoA/S-adenosyl methionine or folate/ATP/
farnesylCoA) that are widely [although not necessarily uniformly(113,114)] distributed
within the cell, with mediator enzyme’s localization/expression/activity controlling signaling
dynamics. Unlike these canonical systems, ROS (and RES) are highly reactive, short-lived
and can modify many targets, largely in the absence of enzyme assistance.(17,115-117) It is
thus likely that ROS/RES signals will not distribute evenly through the cell, meaning that
location of generation will be a significant factor determining which signaling pathways are
triggered. It must further be stressed that reactive molecules can have different fates due to
context/location-specific regulation even within specific organelles.(118) We thus first focus
on synthesis pathways (Figure 1).

2.1.2.1 Superoxide generation at biological membranes by NADPH oxidase: ROS
generation by NOX is highly regulated, making NOX enzymes uniquely suited for redox
signaling.(119) NOX proteins transfer electrons across biological membranes (Figure 2A) to
reduce O, to either O, *7, or as discussed above H,05 in the case of NOX4. ROS generation
by NOX is initiated by NADPH as the 2-electron donor, and its subsequent transfer through
FAD and heme cofactors to 05.(119)

NOX were first identified in phagocytic cells such as macrophages and neutrophils. These
cells generate a ‘respiratory burst’, a sudden generation of ROS that is used to combat
invading microorganisms. The respiratory burst was attributed to the presence of gp91Phox
(also known as NOX2), the transmembrane catalytic subunit of phagocytic NADPH oxidase,
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located on the cell membrane.(120) The discovery of other components of the phagocytic
NOX enzyme system including the transmembrane protein p22P"°X and cytosolic subunits
p40Phox  p47PhoX and pe7PhoX followed.(119) The amino terminal region of NOX2 forms six
transmembrane helices.(121) The region also contains five histidine residues, four of which
are required for coordinating two hemes. The cytoplasmic C-terminus of the enzyme houses
the binding sites for NADPH and FAD. Activation of NOX by exposure to microorganisms
and inflammatory stimuli requires the recruitment of various cytosolic regulatory elements
p40PNOX p47phox KE7PNOX and Racl to the membrane where they form a complex with
cytochrome bssg (gp91PNX and p22PoX) (Figure 2A). The activation domain of p67Phox
initiates the rate-limiting electron transfer step from NADPH to FAD. The electrons are
subsequently passed through two heme cofactors in the transmembrane domain to O that
acts as the terminal electron acceptor, generating two O, *“per NADPH used.

NOX enzymes are present in other cell types including fibroblasts, and vascular smooth
muscle cells.(121) NOX1—a homolog of phagocytic gp91Ph*—was isolated from colon
epithelial cells.(122) Subsequently, NOX3(123) and NOX4(124) were identified in fetal
tissues as well as in kidney, placenta, and glioblastoma cells. NOX5—expressed in the
spleen, testis, and the lymph nodes—has an additional cytosolic calmodulin-like domain
containing four calcium binding sites.(125) Unsurprisingly, NOX5 is stimulated by the
calcium ionophore, ionomycin. In addition, a number of external signals such as growth
factors, cytokines, and mechanical and elastic stress of epithelial cells trigger O,
“~generation by NOX enzymes. Two other NOX homologs—DUOX1 and DUOX2(126)—
contain an additional extracellular peroxidase-homology domain at the N-terminus.(121)
This functional coupling of ROS generation with its breakdown by the peroxidase-homology
domain on a single gene underscores the importance of regulated ROS homeostasis.

In addition to plasma membrane-bound isoforms, NOX isoforms localize to subcellular
organelles such as the endoplasmic reticulum (ER),(127) the nucleus,(128,129) and the
mitochondria.(130) NOX isoforms adopt different localizations in different cell types,
indicating a complex context-dependent network controlling redox signal origin in cells.
(131) NOX4, for example, was identified in the nucleus of HUVECSs.(128) Nuclear fraction
of HUVECSs showed NADPH-dependent O, *~generation upon stimulation with phorbol
ester, a positive regulator of protein kinase C that stimulates NOX activity. Nuclear NOX4
stimulation facilitates transactivation of the antioxidant response element (ARE) and siRNA
knockdown of NOX4 abrogates this response. Certain isoforms of NOX, such as NOX5, also
show variable localization. In the case of NOX5, P1(4,5)P, stimulates recruitment of the
enzyme to the cell membrane via an N-terminal polybasic region, leading to upregulation in
extracellular ROS generation upon ionomycin stimulation of cells co-expressing NOX5 and
P14P kinase a.(132)

2.1.2.2 Mitochondrial generation of O, *"and H,O,: Mitochondria are an important
source of O, *~ and H,05 (generated from O, *~dismutation) in eukaryotic cells.(133)
Mitochondrial O, *“production is estimated to be up to 2% of total O, consumed by the
isolated organelle.(134) /n vivo O, *~flux under physiological conditions, however, is
estimated to be significantly less (< 0.2% of total O, consumed by the organelle).(135) The
steady-state O, “~concentration in mitochondrial matrix is estimated to be 10-200 pM (Table
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1).(24,134) These low levels are maintained by the action of manganese superoxide
dismutase (Mn-SOD)—an important O, *~scavenger in mitochondria—present in
micromolar concentrations in the matrix (Table 2).(101,133) Mitochondria-specific
peroxiredoxins (Prx3 and Prx5) and glutathione peroxidase 1 (Gpx1) can further reduce the
H,0, generated to keep ROS levels in check.(136,137) The significance of O, *~generation
and clearance is perhaps best demonstrated by the fact that mice lacking mitochondrial Mn-
SOD display postnatal lethality.(138) Heterozygotes are apparently normal, although mild
elevation of some oxidative markers has been reported.(139) On the other hand, mice
lacking extracellular SOD are normal.(140)

The production of O, ““primarily occurs at two points in the ETC, Complex | (NADH
dehydrogenase) and Complex 111 (ubiquinone-cytochrome ¢ reductase). Complex Il also
generates O, ““under certain conditions.(133,141,142) (Figure 2B) Complex | and Complex
Il funnel electrons from reduced metabolites such as NADH and FADH, to the coenzyme Q
(CoQ) reduction site through a chain of iron-sulfur (FeS) centers. The electrons are then
further transported to Cytochrome C (Cyt C) via Complex 111 that consists of 11
polypeptides, three hemes, and one FeS. From Cyt C, ultimately, the electrons are
transferred to Complex IV where they reduce 30, to water. Flux through the ETC is also
coupled with an ATP synthase that harnesses the energy of a transmembrane proton gradient
to generate ATP.(143)

O, *~is produced in the mitochondria when electrons passing through ETC leak into the
intermembrane region (Complex I11) or the matrix of the mitochondria (Complex I and
Complex I1) (Figure 2B).(135) Experiments using isolated mitochondria show that
Complex | generates superoxide in the mitochondrial matrix mainly by two mechanisms.
(147,148) In the first mechanism, O, *~is generated by the reaction of O, with reduced
FMN.(148,149) Since the fraction of reduced FMN is determined by the NADH/NAD*
ratio, high NADH/NAD™ favors O, *~generation. The second mechanism involves reverse
electron transfer (RET).(133) RET occurs when CoQ is reduced. Under high proton motive
force, an electron is shuttled back from reduced CoQ (CoQHy) to Complex I, resulting in O,
*~generation.(150,151) Complex Il generates O, *~by the reaction of O, with
ubisemiquinone bound to the complex.(152) The superoxide generated at Complex Il is
released both in the mitochondrial matrix and the inner mitochondrial membrane space.
(153) In principle, O, *~formed at either site can have signaling roles. However, considering
the short half-life of O, *~, generation at Complex Ill—requiring traversing the membrane
just once for cytosolic entry—may be more likely to elicit ROS signaling.(154)

Other O, *~generation sites in mitochondria include a-ketoglutarate and pyruvate
dehydrogenase complexes.(155) Both enzymes house a flavin cofactor, the reduced form of
which can reduce 30, to O, *~. Similar to Complex I, this reaction is enhanced when the
mitochondrial electron acceptor NAD™ is in short supply.(151) Additionally, p66shc, a
mitochondrial intermembrane protein, enhances O, *~production in response to apoptotic
signals such as UV-irradiation and growth-signal deprivation in mammalian cells.(156) An
inactive dimer, p66shc, upon stimulation with pro-apoptotic signals, converts to an active
tetramer, which interacts with complex 111 to channel electrons away from cytochrome C.
The oxidation of cytochrome C is coupled with the reduction of 30, to generate O, *~. H,0,
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resulting from O, *~dismutation induces swelling of the mitochondria and opening of the
permeability transition pore, key events in apoptosis.(156)

2.1.2.3 ER-mediated O, *"and H,0O, generation: The ER lumen is one of the most
oxidizing environments in the cell. The ER redox potential is estimated to be =189 mV,
considerably higher than mitochondria (=280 mV) and cytosol (=220 mV).(157) The
oxidative environment of ER facilitates oxidative folding of proteins and disulfide bond
formation.(158,159) Protein disulfide bond formation is a redox process and in eukaryotic
cells is catalyzed by several oxidoreductases including protein disulfide isomerase (PDI),
(160) ERp61,(161) and ERp72.(161,162) Around 20 distinct oxidoreductases are found in
the ER, each with unique redox potential and substrate specificity.(163) In PDI-catalyzed
protein disulfide bond formation, cysteine residues in PDI serve as the acceptors of 2
electrons from cysteine residues of the substrate protein.(164) The reduced PDI is
regenerated via multiple pathways.(159,165) The flavoenzyme ER oxidoreductase (Erol)
acts an important re-oxidizing protein for PDI.(166) This reoxidation step must be coupled
to concomitant reduction of another substrate. In the ER lumen, 30, serves as the ultimate
oxidant, which is reduced to H»O> in the process.(167,168) ~25% of all H,O, produced in
yeast cells is generated by the action of Erolp-mediated disulfide bond formation.
(158,168,169) Additionally, ER-resident Prx4 and Gpx7/8 also reoxidize PDI, consuming
H»0, in the process. Furthermore, non-enzymatic routes of PDI re-oxidation including those
mediated by GSSG, dehydroascorbate, and H,0, have also been described.(165) Finally,
members of the quiescin-sulfhydryl oxidase (QSOX) family of flavoenzymes can directly
catalyze the oxidation of peptide/protein thiols into disulfides with the accompanying
reduction of molecular oxygen to H,0,. (170)

Microsomal monooxygenases (MMOs) are another important source of O,° ~ and H,O5 in
the ER. MMOs are a multi-enzyme system comprising of a terminal cytochrome P450
(CYP450), which receives electrons from a FAD/FMN-containing NADPH cytochrome
P450 reductase (CPR).(171,172) The primary function of MMO is the oxidation of external
xenobiotics, small-molecule inhibitors/drugs, and endogenous metabolites. During
monooxygenase reaction, a two-electron transfer is initiated by CPR using NADPH.(172)
The electrons are relayed through CPR via FAD/FMN. One electron is accepted by the ferric
iron (111) of the heme cofactor in CYP450 resulting in the ferrous (1) intermediate(172)
(Figure 2C). This intermediate then binds to oxygen generating an oxycomplex, followed by
a peroxy intermediate eventually forming a Compound I [Fe(I1V)=0; iron(IV)oxo] species
that catalyzes the oxidation of substrates. In eukaryotes, a significant fraction of the
activated oxygen in oxy- and peroxy-complex is released via multiple mechanisms without
being used for substrate oxidation. One such mechanism involves the decay of the
oxycomplex to generate O,° ~. Another mechanism involves protonation and subsequent
uncoupling of the peroxy intermediate to generate H,0, (Figure 2C).(149,172) MMOs have
relatively poor second-order oxidation kinetics. For instance, Flavin-containing
monooxygenase 3 has et/ Ky, = 6700 M~1s~1for the Aurora kinase inhibitor, Tozasertib,
(173) and 3200 M~1s~1for Danusertib,(174) another Aurora kinase inhibitor. There is also a
low coupling efficiency (substrate turnover per molecule of NADPH used) of ~60%.(172)
For many substrates, the coupling efficiencies are <10% suggesting that a large fraction of
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activated oxygen leaks out as ROS.(175) Cytochrome b5, another membrane hemoprotein,
was found to protect against ROS generation by increasing MMO activity and coupling
efficiency.(175)

ER-localized NOX enzymes are yet another source of ROS. NOX4 generates O,° ~ and
H»0, in the ER lumen thus maintaining the oxidative environment.(25,26,168) Unfolded
protein response (UPR) activation in peripheral vasculature cells is a means to activate
NOX4 that results in increased ER ROS generation.(176)

2.1.2.4 Redox regulation of GSH in the ER versus the mitochondrion: Like other cellular
compartments such as the mitochondria, redox status of the ER is also kept in check by
various reducing agents.(177) GSH transported from the cytosol acts as the major reducing
agent both in the ER and the mitochondria. Selective transport of GSH across the ER, a
process that in yeast occurs through the ER channel Sec 61,(178) has been demonstrated in
rat liver microsomal vesicles.(179) GSH transport into the sarcoplasmic reticulum of skeletal
muscles occurs via ryanodine receptor calcium channel typel.(180) Additionally, the ER
membrane is also permeable to small molecules,(181) perhaps allowing passive diffusion of
GSH across the gradient from cytosol to the ER.(178) Despite the report of both active and
passive diffusion into the ER, GSH concentration in the ER is kept low by multiple
mechanisms. GSH is actively consumed in the ER to reduce incorrectly oxidized proteins.
(182) Unsurprisingly, a significant amount of GSH forms mixed disulfides with ER proteins.
(183) Additionally, H,O, generated during oxidative folding of proteins mediated by PDI/
Erol oxidizes GSH.(167) The high concentration of H,O, generated in the ER may help
offset the low reactivity of GSH with H,0, (second order rate constant of ~1 M~1s71 at pH
7.5 and at 37 °C).(66) Additionally, ER-localized glutathione peroxidases such as Gpx7 and
Gpx8 may accelerate the reaction(184) although recent reports suggest that neither have
significant Gpx activity, instead preferring oxidized PDI as a substrate.(185)

GSH cannot cross the inner mitochondrial membrane due to its anionic nature at
physiological pH and the negative membrane potential of the mitochondrial matrix.(186)
Despite the physical barrier to GSH entry, mitochondria maintain a more reductive
environment compared to the ER. For example, the GSH:GSSG ratio in ER is maintained
around 3:1-1:1.(187) The ratio in cytosol and mitochonrdia ranges from 30:1-100:1.(187)
The GSH concentration in mitochondria is around 10-14 mM.(188) Dicarboxylate and the
a-ketoglutarate carrier proteins were suggested to mediate this transport; however, recent
studies have disputed these findings(189) suggesting the existence of a yet unknown
transport mechanism. Additionally, mitochondrial GSSG is reduced in the matrix by
glutathione reductases using NADPH as the reductant thus maintaining high levels of
mitochondrial GSH.(186)

2.1.2.5 Peroxisomal generation of ROS: Peroxisomes are multi-purpose organelles
important for processes such as oxidation of fatty acids, catabolism of purines, and
biosynthesis of glycerol-lipids and bile acids.(190) The central role of peroxisomes in the
maintenance of redox homeostasis is exemplified by the fact that peroxisomes consume as
much as 20% of cellular oxygen taken up by a cell and as they release 20-60% of the
peroxide they generate(191) (likely through a specific porin-like channel).(192) Ultimately,
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this organelle generates approximately 35% of cellular peroxide.(190,191) Peroxisome and
mitochondria share the ability for cooperative p-oxidation of long chain fatty acids. These
two organelles coordinate the generation and/or scavenging of ROS based on cellular needs.
Peroxisomes house a battery of antioxidant enzymes including catalase, SODs, etc. to
maintain redox balance.(193) Peroxisomes also contain various oxidases including D-amino
acid oxidase, D-aspartate oxidase, urate oxidase, palmityl-CoA oxidase, etc., for the
oxidation of various metabolites. Many of these oxidases are FAD/FMN-dependent oxidases
that generate O,° ~ and H»05 as byproducts.(118,149) Additionally, xanthine oxidase and
nitric oxide synthase generate O," ~ and nitric oxide (*"NO), respectively.(193)
Unsurprisingly, peroxisomes likely play important roles in redox signaling, although the ins
and outs of these processes still need to be clarified.(194) Indeed, overexpression of fatty
acyl CoA oxidase (a protein that generates peroxide in the peroxisome) in the presence of an
H,0,-generating substrate stimulates NF-xB (a redox-controlled transcription factor)
signaling.(195) Conversely, compromised activity of catalase, an antioxidant enzyme
localized in peroxisomes, is associated with a number of human pathologies including
hypertension, type 2-diabetes, and neurodegenerative diseases.(193)

2.1.2.6 Other sources of ROS: In addition to endogenous sources, a variety of exogenous
stimuli also generate ROS in cells. Environmental sources such as UV light,(196) ionizing
radiation,(59) and xenobiotics(172) can generate a variety of ROS. 1,2 and 1,4-benzenediols
(such as catechol, resorcinol, and hydrogquinone) and endogenously-generated
catecholamines (dopamine, adrenaline, etc.) that are metabolized to quinone and
semiquinone derivatives in cells also enable ROS generation in presence of trace metals.
(197-199) Quinones and similar species can also behave as RES (see section 2.2.1.4).
Whether the ROS modulating properties of RES are linked to disease and signaling is an
ongoing area of debate.(200)

2.1.2.7 Interconversion of ROS: O,° ~ generated by NOX enzymes can undergo chemical
reactions to generate secondary oxidative species (Figure 3). O,° ~ can rapidly dismutate,
either spontaneously or enzymatically, to H,O, and O». The rate constant for the
spontaneous dismutation of 0" ~ is ~10° M~1s1 at neutral pH in aqueous solution.(201)
However, this reaction is bimolecular, and accordingly, the half-life of O,° ~ depends on the
O,* ~ concentration. SODs are highly abundant in eukaryotic cells (e.g. [Cu/Zn-SOD] in the
cytosol of rat hepatocytes ~1.36 mg/mL, 24 pM), and thus help maintain a low steady-state
concentration of O,® 7.(19,202) SODs increase the O,* ~ dismutation rate by four orders of
magnitude to the diffusion limit (~10° M~1s™1). Unlike spontaneous dismutation, the
reaction between O,* ~ and SOD is of first order, rendering half-life independent of O," ~
concentration.(202)

0O5* 7, although not very reactive with amino acids,(204) reacts with *NO at diffusion-
controlled rates (approximately 1010 M~1s71) to generate ONOO™.(205) Indeed in some
cases this reaction may proceed faster than SOD-catalyzed dismutation.(72) ONOO~
intrinsically decays to *OH and *NO, (k approximately 1 s~1) around neutral pH.(73,206)
ONOO™ can also modify proteins, oxidize thiols, and react with fatty acids to generate RES
(see Section 2.2.1.3).(207) These modification processes occur with rate constants on the
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order of 102 to 10 M~1s~1 and are believed to dominate over the intrinsic decomposition
reaction (at least at neutral pH, although this is not necessarily true in acidic vesicles).(208-
210). The most favored reaction for ONOO™ is the one-electron reaction with CO5 to
generate carbonate radical [(CO3° ~, EY = 1.8V; diffusion distance 152 nm) and *NO, (E? =
1.0V, diffusion distance 188 nm);(116,211,212) (a process that occurs through a transient
species that forms with a rate constant of 3x104 M~1s71)]. CO3" -, although less oxidizing
than *OH (E? = 2.3V), (211) reacts with various amino acids with high second-order rate
constants [106-108 M~1s71,(213) Cf. 109-1010 M~1s~1 for *OH(214)]. CO3" ~ shows some
kinetic selectivity for tryptophan oxidation, a process that produces proteins linked through
tryptophan dimers.(215) This may be a means to identify carbonate radical chemistry in
cells, although this idea has not been fully expanded,(216) and likely is not fully diagnostic
as multiple oxidative processes can lead to this product.

*OH is also generated from O,° ~ and H,0, in the presence of trace metals through the
Fenton/Haber-Weiss reactions. H,05 can oxidize Fe?* to generate *OH and the hydroxide
anion.(217,218) The rate constant for this reaction carried out by the iron hexa-aquo
complex is reported to be ~100 M~1s71 at room temperature.(219,220) The reaction rate
varies significantly depending on the nature of ligands bound to iron (and their relative
concentrations), the presence of reducing agents(221) and pH.(220) The rate constants
quoted for different liganded iron species range at least between 104 and 1074 M~1s71,(221)
For instance, ATP and pyrophosphate [hard, anionic donor ligands that stabilize the (hard)
Fe(I11) form] suppress the Fenton reaction,(222) although this relationship is likely
concentration dependent. Given the uncertain nature of the cellular labile iron pool,(223) it
is thus hard to predict the rate of Fenton reaction in cells and hence the contribution of
Fenton chemistry to ROS generation is likely to be context dependent.

The diverse chemistry undertaken by iron highlights the complexity of the interplay of ROS.
For instance, SOD catalyzes the formation of 0.5 equivalents of H,O, from each O,° ~.
Thus, one could propose that SOD promotes peroxide formation in cells. Evidence has been
provided that agrees with this hypothesis.(224) However, this argument ignores that O,° ~
has pleotropic effects on cells; it can disrupt many 4Fe—A4S centers, affecting the
concentration of reduced iron in cells. The free iron generated can ultimately generate
peroxide catalytically, and may actually upregulate peroxide generation over that in the
presence of SOD. Indeed, overexpression of SOD leads to lower peroxide levels in Chinese
hamster cells than parental cells.(225)

HOCI, generated by myeloperoxidase, can react with peroxide anion to yield 10, (199)
Using diphenyl anthracene, a 10, trap, it was estimated that ~20% of the O, consumed by
neutrophils is used to generate 10,,(226) although subsequent studies have downplayed the
importance of this process.(83,227,228)

Ultimately, the rapid interconversions of ROS, which often occur in a context-dependent
manner, make it difficult to parse the most biologically-relevant ROS in cells. H,O,—
because of its relatively long half-life and resulting diffusion distance (see section 3.1)
compared to O," ~, *OH and 10,—is thought to be the most important ROS in signaling.
However, this notion could perhaps be a consequence of lack of tools to measure short-lived
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and more reactive ROS such as *OH and 10,. Indeed, the high reactivity of species like *OH
and ONOO™can be harnessed to engender specificity in target modification. A two-step
hypothesis has been proposed for the signaling roles of highly reactive radicals.(229) The
first step involves a diffusion-controlled reaction of proteins with reactive radicals such as
*OH to generate a stable protein radical. In the second step, the stable protein radical can
react with ROS of relatively longer half-life such as O,* ~. This mechanism is exemplified in
the oxidation/nitration of tyrosine residues where a more stable phenoxy-radical is generated
by the reaction of tyrosine with *OH. This stable radical then reacts with other less-reactive
radicals including O," ~ and *NO, yielding oxidized/nitrated tyrosine.(229)

2.1.3 Inter-organelle and inter-cellular redox information exchange—Organelles
frequently crosstalk. As was discussed in 2.1.2.4, mitochondria and peroxisomes share
numerous common pathways and can crosstalk.(230) Additionally, peroxisomal tethering to
the ER may enable transport of lipids from the ER to peroxisome and plasminogen and
cholesterol precursors from peroxisome to the ER.(231) The de novo synthesis of
peroxisomes was recently shown to require fusion of pre-peroxisomes derived from both ER
and mitochondria, thus establishing a functional coupling between these organelles.(232)
Accumulating evidence demonstrates that deregulation in lipid metabolism and ROS
generation in peroxisomes perturbs mitochondrial redox balance.(233) For example,
inhibition of peroxisomal catalase activity in human fibroblast Hs27 cells treated with
aminotriazole (an irreversible inhibitor of catalase), upregulates mROS generation and
inhibits mitochondrial aconitase [a protein known to be highly ROS sensitive(234)].(235)
Additionally, knockdown of ABCD1—a peroxisomal very long chain fatty acid transporter
—causes oxidative damage to mitochondrial proteins and plays a causative role in X-linked
adrenoleukodystrophy, a metabolic disorder of the spinal cord. Spinal cords of abcdl™~
mice feature increased ROS generation in the mitochondria upon treatment with very long
chain fatty acids resulting in oxidation of mitochondrial proteins, including proteins in the
mitochondrial ETC and those involved in the TCA cycle.(236) The exact mechanisms of
how treatment with very long chain fatty acids generate mitochondrial ROS in cells deficient
for abcd1 is still unclear.

ER and mitochondrial ROS generation are also interconnected. Menadione-induced ER
stress resulting in Ca2* release in the cytosol of pancreatic acinar cells increases
mitochondrial ROS generation leading to apoptosis by induction of the mitochondrial
permeability transition pore complex.(237) Additionally, mitochondrial dysfunction elicits
increased ROS generation in the ER. During glucose starvation in yeast (which activates
oxidative phosphorylation that occurs in the mitochondria), inactivation or loss of
cytochrome-C oxidase (CCO) of the mitochondrial ETC results in upregulation of ROS
generation from the surface of the ER.(238) CCO-deficient mitochondria recruit and activate
Ras upon their outer membrane by an unknown mechanism. Activated Ras suppresses ER-
associated protein degradation (ERAD), stabilizing ER-localized NOX, Ynop1, enabling the
generation of O,° ~.(238,239)

There are also examples in which ROS mediates /intercellular communication. This is most
notably demonstrated in the case of H,O,. The low reactivity of H,O5 and its long half-life
enable large diffusion-distances (~0.5 um) (Table 1)(59) more-suited for intercellular
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communication. It is worth noting that plasma membrane-bound NOX-dependent H,O5 is
generated in the extracellular matrix, which is then transported into the cell. There is
evidence that some of the H,O, generated extracellularly may act as /ntercellular redox
signals.(240) ROS generated in the mitochondria and activated myofibroblasts can act as
signaling molecules inducing apoptosis in bystander cells.(241) Additionally, DUOX-
generated H,0O5 is indispensable for rapid recruitment of leukocytes and efficient wound
healing in zebrafish.(242) Lyn, a Src family kinase, functions as a H,O, sensor mediating
neutrophil recruitment to wound site in zebrafish larvae. Specific mutation of C466 from
seven total cysteines on the neutrophilic Lyn abolishes its redox sensing ability and
consequent recruitment of neutrophils.(243)

2.2 Reactive electrophilic species (RES)-mediated signal transduction

RES are now acknowledged to be important cellular signals.(115) A wide range of
electrophiles have been shown to modulate several critical signaling pathways including
antioxidant response (AR), apoptosis, DNA damage response, and cell growth. Biological
electrophiles come in a variety of shapes and sizes ranging from formaldehyde to 12-nitro-
arachidonic acid (12-NO,-AA), and epoxides to steroidal a,f-unsaturated carbonyls that are
found in prostaglandins (Figure 4).(115) Given the broad range of functionality but
overlapping chemical reactivity within RES, study of biological RES is a challenge.

Considerable effort has been made to understand the chemical principles underlying the
reaction between electrophiles and nucleophiles. One of the more widely-used models is the
hard/soft acid-base model (HSAB).(244,245) HSAB depicts two extremes of nucleophiles/
electrophiles. Hard nucleophiles/electrophiles are often charged and non-polarizable. Soft
nucleophiles/electrophiles typically have a delocalized charge density and are polarizable.
According to HSAB, hard electrophiles prefer to react with hard bases and soft electrophiles
with soft bases. The basis for this observation is typically ascribed to domination of charge/
charge interactions for “hard” and domination of HOMO-LUMO overlap for “soft”
interactions.(244) One consequence of these differences is that Hard interactions tend to
proceed through an early transition state, whereas soft interactions tend to go through later
transition states.(246) Thus, there is a significant difference in charge distribution and bond
formation in the different adduction transition states. The most signaling-relevant
electrophiles are typically ‘soft” Michael acceptors that react with ‘soft’ nucleophiles,
principally thiols. There is evidence that amine-based nucleophiles [from proteins or other
small molecules(247,248)] may be able to adduct to soft electrophiles, especially if exposure
time is increased. Most adducts to RES are stable under mild conditions (neutral pH, and
ambient temperatures) regardless of the nature of the bond formed between the electrophile
and the nucleophile. However, most adducts are detected either by SDS-PAGE gel, or
through direct mass spectrometry (MS). There is good evidence to show that many amine
adducts are more stable than adducts to thiols, possibly explaining why histidine/lysine
adducts have been reported by many researchers.

2.2.1 Lipid peroxidation products and RES generation—L.ipid-derived
electrophiles (LDEs) are made endogenously via both enzymatic and non-enzymatic
pathways.(115,249) Polyunsaturated fatty acids (PUFAS) are an important source of
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endogenous LDEs. Peroxidation of PUFASs, either through enzymatic(250) or non-enzymatic
pathways,(115) results in the generation of a variety of electrophilic compounds capable of
signaling roles.(251) a,p-unsaturated carbonyls are present in micromolar quantities in the
resting state in cells(84) but can rise much higher during stress.(85) (Table 1) These
electrophiles modulate numerous processes in human biology—from development(252,253)
and aging(254) to cellular homeostasis events such as apoptosis,(255) immune response,
(115,256) and heat shock response.(115) For instance, 15d-PGJ, is a potent immune-
modulator that downregulates NF-xB pathway.(256) HNE inhibits 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced Jurkat T-cell activation by regulating NF-xB
signaling. (257) HNE also activates the Keap1-Nrf2 antioxidant signaling response.
(258,259)

2.2.1.1 Enzymatic lipid peroxidation pathways: Three classes of enzymes, working in
concert or alone generate RES.(250) These enzymes consist of LOXs,(13,249,260) COXs,
(11,261,262) and CYP450.(263) LDEs are primarily generated from two substrates: -3 and
w-6 fatty acid. An important substrate in the -6 fatty acid pathway is arachidonic acid
(AA). COX-and LOX-mediated oxidation of AA generates numerous secondary metabolites
[only a fraction of which are electrophilic(264,265)] with diverse biological activities/roles
including regulating inflammation,(266) vasodilation,(265,266) and platelet aggregation.
(265,266)

COXs are non-heme-iron-containing proteins that catalyze AA oxidation. Among the two
mammalian COX isoforms, COX-1 is expressed in all tissues whereas COX-2 is limited to
several tissues including kidney and brain (267,268) and only induced in other tissues during
inflammation.(269) Both COX-1 and COX-2 generate prostaglandin H, (PGH5) from AA-
oxidation (Figure 5).(265) PGHj is then further oxidized to other prostaglandins mediated
by CYP450 prostaglandin synthetases.(265) Several prostaglandins (15d-PGJ,, PGA, and
PGJ,) contain a,B-unsaturated carbonyls making them electrophilic. In the case of 15d-
PGJ,, PGH; is first oxidized by the action of prostaglandin D (PGD) synthetase into an
unstable intermediate (PGD>), which readily dehydrates to yield PGJ,.(270) PGJ, can
undergo spontaneous isomerization to generate 12-PGJ,, which dehydrates to yield 15d-
PGJ, (Figure 5). In addition to AA, COX-2 also uses w-3 PUFA as a substrate to generate
electrophilic lipid signals. COX-2 in activated macrophages stimulates the production of
electrophilic oxo-derivatives from the w-3 fatty acids docosahexenoic acid (DHA) and
eicosapentenoic acid. The process involves COX-2-catalyzed hydroxylation followed by
dehydrogenases-assisted oxidation.(249)

2.2.1.2 Non-enzymatic lipid peroxidation: Non-enzymatic generation of LDESs is mediated
by reactive intermediates, many of which can be formed by the interaction of redox active
metals with more stable oxidants, such as peroxide.(115,271-274) ROS such as *OH(69) and
RNS like *NO5(205) react rapidly with immediately-accessible biological molecules. One of
the key sites of reactive species generation is at the plasma membrane and membranes of
other organelles (see section 2.1.2.1). PUFA-rich cell membranes undergo rapid hydrogen
abstraction by radical oxidants. PUFA oxidation is favored due to the formation of stabilized
carbon radicals and because O, can concentrate in biological membranes.(275) Lipid

Chem Rev. Author manuscript; available in PMC 2019 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parvez et al.

Page 16

oxidation is typically triggered by the kinetically-favored abstraction of the activated
bisallylic hydrogen(276) by a radical oxidant such as O,* ~ or *OH (Figure 6).(277) The
resulting doubly-allylic radical reacts with 30, to generate a lipid peroxide radical which
abstracts hydrogen from another PUFA, forming a lipid hydroperoxide and a new lipid
radical in a propagation step.(278) Lipid hydroperoxides generated during the reaction may
undergo Hock cleavage (a process of 1,2-carbon migration in a peroxide to form a carbony!l
and an alcohol) to generate LDESs such as HNE and 4-hydroxyhexenal (HHE), from w-6 and
w-3 PUFAs, respectively (Figure 6).(277,279) LDEs may also undergo further oxidation to
form the corresponding epoxy adducts either chemically or enzymatically.(280) Little is
known about their specific chemistry 7n vivo. However, it is likely that their metabolic
stability is different from canonical LDEs.(281) Aside from Hock cleavage, the lipid
peroxide generated by ROS can cyclize, react with an additional 305, and further rearrange
to form various prostaglandin-like signaling molecules called isoprostanes (Figure 6). AA-
derived Ex-and D,-isoprostanes dehydrate to generate electrophilic Ap- and Jo-isoprostanes.

2.2.1.3 Nitro-fatty acids (NO»-FA) generation: Nitroalkenes are relatively abundant in
organisms. There is ~1 nM of nitro-conjugated linoleic acid in human plasma,(91) and 10’s
of nM in heart tissue under stress.(94) Biosynthesis of nitroalkenes is complex. *NO is
mainly enzymatically generated by nitric oxide synthetases.(282) Although *NO is
unreactive towards proteins,(5) it rapidly reacts with O,* ~ to generate ONOO™ (Figure 3).
These peroxynitrites generate *NO, through processes discussed in 2.2.1.6.(283,284) *NO,
can abstract bisallylic hydrogen from PUFAs at diffusion controlled limits to initiate lipid
peroxidation. This process forms a mesomerically stabilized carbon-centered radical (Figure
7).(115) When 30, levels are high, this radical can be trapped by 30, to form a peroxide. In
low 30, conditions, *NO reacts with PUFAs to generate NO,-FA.(285) The reaction can
occur through direct addition to an olefin by *NO, or with abstraction of a hydrogen radical
from the doubly allylic methylene group within the PUFA by *NO, radical. The latter
proceeds through a similar doubly allylic radical. Under low 30,, another *NO, reacts with
the carbon-centered radical generating a short-lived intermediate nitroso ester that either
hydrolyses or loses NO,H via Elcg to form an a,p-unsaturated nitro-FA. NO»-FA are
important for cellular maintenance and act as ligands to receptors such as PPARy.(286)
NO,-FA also inhibit tumor necrosis factor a (TNFa)-induced macrophage activation by
regulating NF-xB signaling.(287) These molecules also activate the Keap1l-Nrf2 antioxidant
signaling response.(258,259) Exogenous addition of nitro-oleic acid to mice was protected
against myocardial ischemia reperfusion injury.(94) This was in part mediated through the
downregulation of NF-xB pathway by inactivating the p65 subunit.(94)

In addition to nitrating lipids, ONOO™ can also generate other electrophilic species, such as
nitrated nucleotides. 8-nitro-cGMP is formed by the addition of ONOO™ to cGMP.(288) 8-
nitro-cGMP can guanylate protein thiols.(289) For example, S-guanylation of Keap1 results
in loss of its ability to bind Nrf2 and subsequently upregulates of a battery of AR genes.
(289,290) S-guanylation of proteins also releases nitrite (NO,™), which can act as signaling
molecule.(291,292)
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2.2.1.4 Other metabolic processes that produce RES: Other RES can be formed by
metabolic processes in cells, or are part of critical metabolic pathways. Fumarate is part of
the citric acid cycle and is also a postulated oncometabolite(293) that can deplete glutathione
and NADPH in cells.(294) Fumarate can also adduct to protein thiols(295) and amines.(295)
Mutations in fumarate hydratase, a protein that is immediately downstream of fumarate in
the citric acid cycle, can cause hereditary leiomyomatosis and renal cell cancer.(296) Protein
succinylation (products of protein lysine adduction to fumaric acid) is elevated in cells from
these patients. Fumarate is also believed to activate Keap1-Nrf2 pathway.(297) Another
reactive electrophile derived from the citric acid cycle that has signaling roles(298) is
itaconate, an enone synthesized in activated macrophages.(299,300) Methylglyoxal, a
reactive dicarbonyl compound, can be formed from sugar oxidation. Interestingly, this
compound builds ups in plant chloroplasts during photosynthesis.(301) In mammals, this
species is formed both enzymatically and non-enzymatically through spontaneous hydrolysis
of glyceraldehyde-3-phosphate or dihydroxyacetone phosphate (intermediates of glycolysis).
(302-304).

Acrolein is also generated endogenously by the myeloperoxidase-mediated degradation of
threonine(305) as well as various other metabolic processes.(306) While small
concentrations may be beneficial,(306) acrolein can covalently conjugate with proteins and
DNA resulting in electrophilic stress and cell death at higher concentrations.(307) Quinones
can also be formed through normal metabolic processes. Two regioisomers of quinones can
be made: 1,4-quinones (p-quinones, e.g., ubiquinone) are typically more stable than their
1,2-quinone regioisomers (o-quinones), although this difference is functional group
dependent. Tyrosinase is an enzyme that catalyzes the two-step oxidation of tyrosine to the
corresponding o-quinone, a process that is important in the production of melanin.
Tyrosinase generates o-quinones from L-DOPA and dopamine both of which can deplete
glutathione and inhibit reverse transcriptase.(308) The action of tyrosinase on skin-
whitening agents may also be responsible for leukoderma (vitiligo). (309) Critically, some
tyrosinases can oxidize protein tyrosines leading to protein fragmentation, cross linking, or
functionalization of tyrosine, depending on conditions.(310) Phenols, such as tyrosine,
require enzymatic oxidation to form the o-quinone. However, 1,2-benzene diols are
inherently prone to oxidation or can be oxidized enzymatically (by tyrosinase, CYP450, or
peroxidases) to generate o-quinones. Various endogenous 1,2-benzene diols spontaneously
generate o-quinones that can adduct to various biological molecules, including DNA. For
instance, oxidized estrogen metabolites are linked to breast cancer(311,312) by upregulating
DNA damage through direct modification of DNA.(313)

Unlike most RES that are formed following ROS-initiated lipid-peroxidation events and
carry messages downstream through protein modification, o-quinone-derived RES can
additionally assist interconversion between different ROS forms. How the ROS-modulating
properties of both o- and p-quinones and their alkylating properties are linked to cancer is an
ongoing area of debate.(200)

2.2.2 Regulation of RES generation—Non-enzymatic generation of RES by ROS
acting on lipids (see section 2.2.1.2) can be considered as a means to preserve ROS signals,
as RES tend to have longer diffusion distances than ROS (Table 1). The basal levels of
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various RES are maintained at low concentrations (Table 1). Oxidative stress as well as a
number of pathological conditions promote RES generation.(91) Interestingly, HNE
elevation can be caused by several stimuli, including cholesterol consumption.(314)
Myocardial ischemia/reperfusion (I/R) injury significantly upregulates ROS generation.
Analysis of myocardial tissue from mice following 30 min of ischemia and 30 min of
reperfusion showed a >15-fold increase in levels of nitro-linoleic acid compared to sham-
operated mice or mice that underwent only ischemia.(94) Pathological conditions associated
with Alzheimer’s and Parkinson’s diseases (AD and PD) are also linked to increase in
generation/accumulation of RES and RES-conjugated proteins. Brain tissues from patients
with mild cognitive impairment and early AD show an increase (~3-fold) in HNE and
acrolein levels.(315) Furthermore, proteomic analysis of brain tissue reveals significant
increase in carbonylated protein in AD and PD patients compared to age-matched controls.
(316,317)

2.2.3 External sources of electrophiles—In addition to endogenous sources, cells are
also continually exposed to non-native electrophiles. Exogenous sources include dietary
electrophiles(318,319) and environmental pollutants. Isothiocyanates are a family of dietary
electrophiles produced by cruciferous vegetables such as broccoli and cabbage.
Isothiocyanates like sulforaphane and PEITC are activators of cytoprotective pathways(320)
and have anticancer properties.(321,322) a.,p-unsaturated carbonyls like curcumin from
turmeric(323) and cinnamaldehyde from cinnamon (324) also have protective effects on
cells. Cells are also exposed to electrophiles from pollutants.(325) Acrolein is generated by
heating oils at high temperature(306) and is also a major constituent of smoke from
cigarettes(325) and exhaust fumes.(326)

3. PHYSICOCHEMICAL PROPERTIES OF BIOLOGICAL RES AND ROS AND
THEIR SENSORS IN TERMS OF INTRINSIC PROPERTIES AND
REACTIVITIES

In enzyme-assisted signaling/metabolic processes, enzyme participation can lead to
reactions that are not expected based upon simple chemical principles. This can extend to
exquisite and/or totally unexpected stereoselectivity, regioselectivity, and chemoselectivity
(chemical-functional-group selectivity). Accordingly, the outcomes of these enzyme-
mediated signaling processes are determined to a significant extent by enzymes. In enzyme-
independent signaling modes, one may expect the stereoselection, regioselection, and
chemoselection to be determined by the physiochemical properties of the signaling
messengers. Consistent with this line of thought, cysteine is the primary target of both RES
and ROS (high level of expected chemoselectivity), meaning that Kinetic reactivity is
certainly an important factor in this equation. However, we will also present several lines of
evidence that shows that unexpected regio-/stereospecificity can be achieved by RES/ROS
signaling, indicating that physicochemical properties of both the signaling small molecules
AND target protein are important in redox signaling. The following sections will thus
discuss the key physical characteristics of redox signals and what we know about the
proteins that sense these reactive small molecules. In terms of the RES/ROS signal, we will
discuss various physiochemical aspects that can favor reactivity. Although less is known

Chem Rev. Author manuscript; available in PMC 2019 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parvez et al.

Page 19

about parameters/elements that render proteins susceptible to RES/ROS signals, we will
address this key component at the end of the section.

The cell is unique because it is a strongly-reducing environment and hence finely tuned to
respond to redox signals. Plasma is generally more oxidizing than the cell [redox couple is
60-90 mV more oxidizing than the cytosol; couple for cysteine/cysteine—cysteine—the
major redox couple in plasma(157)—is —80 mV/(327)]. This redox couple becomes
increasingly oxidative (0.2 mV per year) as organisms age or upon disease.(328)
Unsurprisingly, oxidative damage to proteins has been reported to occur in plasma. For
instance, oxidative modification of serum albumin (around 50-60% total plasma protein
content) occurs upon stroke in humans and rats.(329) However, the downstream
ramifications of plasma oxidation are not as well-established as intracellular or direct contact
cell-to-cell communications.

It is commonly assumed that a compound administered to the outside of a cell will quickly
yield the same concentration within cells. This is not necessarily the case and even if equal
distribution does eventually occur, establishment of equilibrium could take some time.
Clearly, for reactive small molecules, equilibrium may be established particularly slowly
because the cell will metabolize/react at a defined rate that may be similar to, or exceed, rate
of import, leading to a lower intracellular concentration than the extracellular concentration.
For oxidants that are actively metabolized by the cell, it is acknowledged that there is a
gradient across the membrane. This was initially estimated to be 7-10 fold;(330) i.e.,
administration of 0.1 mM H,0, will lead to a concentration of around 0.01 mM in cells.
More recent revisions have estimated that this value is closer to 700 fold.(331,332) Clearly,
care must be taken to define the range over which the specific gradient across the membrane
is measured, as compensation factors may be saturated if extracellular H,O, exceeds the
detoxification capability of the cell, or apoptosis occurs. Finally, for reactive small
molecules, especially RES and ROS, it is possible that reaction with serum proteins/buffers/
exogenous reactive molecules, such as thiols can occur prior to entry. This lowers the
effective concentration of the small molecule, possibly in a time dependent manner.

Conversely, several reactive small signaling mediators, such as RES, can form long-lived
(irreversible) adducts to various proteins, rendering diffusion across the membrane quasi-
irreversible. Thus, cellular “concentrative effects” have been established for numerous
electrophiles, such as 1TCs.(333) Thus: assume intracellular concentration of reactive small
molecules or xenobiotics is the same as that in the media at your peril.

3.1 Universal yardsticks with which to gauge concentrations, stabilities, and diffusion

distances

3.1.1 Concentrations and stabilities of canonical signaling particles in cells
vary significantly and bear little relationship to intrinsic thermodynamic
stability or concentration—ATP—the cellular energy storage device that is present at 1—
10 mM in cells— has a half-life of less than 60 minutes in the extracellular space(334) and
this can drop to 0.2 s in the lung vasculature.(335) In cells, the half-life of ATP is on the
order of seconds.(336) dATP on the other hand—a molecule with similar thermodynamic
stability to ATP present in the cell at around one tenth of ATP concentration(337)—has a
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half-life of minutes in asynchronous cells.(338) Acyl phosphates (molecules that release
similar energy to ATP upon hydrolysis) of murine prothymosin have a half-life of around 1
h.(339) Thioesters also have similar enthalpies of hydrolysis to ATP. However, half-lives of
thioesters vary in cells significantly. For instance, the Ubc9-SUMO-1 thioester has a half-life
of 3.6 h (Khydrolysis 5-33%107° M~1s71). On the other hand, S-palmitoylated Ras has a half-
life between 20 min and 2 h. (340)

Proteins also exhibit varied concentrations and half-lives, both of which are only weakly
affected by protein size.(341) Most short-lived proteins in eukaryotes are degraded by the
26S proteasome, a complex molecular machine consisting of a protease complex (20S) and a
quality control/unfolding complex (19S). Ornithine decarboxylase is a classic short-lived
protein with a half-life of around 20 min that is involved in various signaling pathways.(342)
Ribonucleotide reductase (RNR) small subunit, a cell cycle regulated 45 kDa protein
important in DNA synthesis, has a half-life of ~3 h in cells.(343) Ubiquitin—the small
signaling polypeptide (8 kDa) that ushers protein degradation through the ubiquitin
proteasome pathway—has a half-life of approximately 10 h.(344) Longer-lived proteins
[that are often degraded by autophagy(345)], such as RNR large subunit (90 kDa), purine
biosynthesis enzyme, IMPDH (55 kDa), and Bcr-Abl (300 kDa; the oncogenic fusion
protein responsible for various leukemias) have half-lives on the order of a cell cycle (20 h).
(346) Stabilities of proteins with post-translationally-modified residues can also vary widely.
Phosphorylation has been recorded on histidine, serine/threonine and tyrosine.
Phosphohistidine has a half-life on proteins between seconds(347) and 12 days.(348)
Phosphate monoesters on the other hand have half-lives of 1012 years at room temperature.
(349) Phosphatases can shorten the half-life of phosphorylated enzymes considerably.(350)

3.1.2 Half-lives are critical components determining RES and ROS signaling
properties—Thus, half-lives vary significantly in the cell in a context-dependent manner.
Half-lives do not particularly depend on the thermodynamic stability of the molecules in
question, indicating that enzymatic regulation is the key determining factor. To some extent,
the half-life of a molecule controls that molecule’s ability to change concentration rapidly
and dynamic range of response. This means that both magnitude of response as well as
latency can be controlled by the ratio of synthesis: degradation rates. Rapidly-synthesized
and rapidly-degraded particles can elevate concentration much more significantly for a given
fold change in synthesis than a particle that is maintained at a similar concentration but is
made and degraded slowly.(351) Similarly, a faster degradation rate will lead to a more rapid
relaxation to basal levels once stimulation of production has decreased. Thus ultimately,
rapid-response signaling particles tend to have rapid synthesis and turnovers. As we will see
below, redox signals certainly fit into such a category.

3.1.3 Enzyme-assisted reaction rates—Standard Michaelis-Menten enzyme kinetics
affords a second order rate constant (Aqat/ Kiy) for reaction of enzyme with substrate. This
value can be compared to the uncatalyzed second-order rate constant to show rate
enhancements. For enzymes that have two substrates, such as glutathione-S-transferase
(GST), we will use A4t/ Ky, for the limiting reagent (such as HNE in the case of GST),
provided the other substrate is close to saturation. GST has KigsnH) much lower than
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cellular glutathione concentration,(352) meaning that the conditions for calculation of A.q/
Kmnneg) (i.e., saturating GSH) is similar to conditions in a cell, at least in this respect. In
general, for an average enzyme g/ K, is on the order of 105 M~1s71. Approximately 60%
of all enzymes known fall within 2 orders of magnitude of this value.(353) Acat/ Km’s on the
order of 100 M~1s71 have been reported, although these are relatively rare.(354) Many
enzymes with “low” ke Ky, (<1000 M~1s71) are secondary metabolic enzymes from plants,
making relevance/identification of precise substrate somewhat questionable. Furthermore,
low stability/misfolding of enzymes and potentially loss of positive regulators—parameters
that are hard to assess experimentally—can reduce Ag4t, rendering these values prone to
underestimation; K, tends to be a more reliable figure, as it is more or less independent of
enzyme concentration, unless very high concentrations of enzyme are used, or the Kj, is
very low. The maximum theoretical At/ K, is 108-10° M~1s71 although in practice this may
not always be obtainable.

3.1.4 Diffusion distances—The diffusion distance for most redox signals is far below
the length of the cell. However, since canonical signaling pathways can propagate the length
of the whole cell and beyond, ultimately these “short range” signals can exert influence over
a much longer range than their intrinsic diffusability suggests. However, for signaling to
occur, the signal and primary sensor must lie within a suitably accessible distance, and so
this section is concerned with signaling processes that occur when a native RES or ROS
interacts with a specific sensor protein (first response signaling). The root mean square
distance travelled by a diffusive reactive signal in 1D space is linked to half-life by the
Einstein equation(355): xgms = (2D %3, wherein D and t designate diffusion coefficient
(also see section 3.3.2) and time, respectively. Thus, as one would intuitively expect, longer-
lived or faster-moving reactive signals can cover more distance than shorter-lived, slower
moving species. To promote “on-target” signaling, it is likely that the “choice” of signaling
molecule in a specific pathway will be influenced by diffusion coefficient/stability. It is
worth stressing that the values we discuss represent a threshold, i.e., a molecule of half-life
0.5 s, with diffusion coefficient D = 0.00001 cm~2s~1, will travel 30 em in one half-life.
Thus “sphere of influence” is a function of size of the burst of signal produced, the threshold
labeling required for signaling, and duration of the signal (i.e., length of time over which the
signal remains in its intended location, a function of diffusability, stability, and time/duration
of generation).

3.1.5 Dimensions of small molecules, proteins, and organelles—All diffusion
distances must be evaluated in terms of the size of the cell and its components, so we
describe some important distances below. Herein we compare linear dimensions (e.g.,
radius). However, in 3D space, differences scale with the cube of the radius, such that even
small changes in radius correspond to large differences in volume. We start with the
biological solvent, water, which has a diameter of 0.2 nm. Single proteins range in size from
around 5-8 kDa (e.g., SUMO and insulin) to over 300 kDa (e.g., USP9x, approximately 300
kDa; and titin, 3000 kDa and 1000 nm long).(356) Proteins can also form large self-
assembled structures such as the 26S proteasome in eukaryotes (a 2000 kDa conglomerate
made up of >30 individual subunits). A rough rule of thumb states that a 100 kDa globular
protein will have a diameter of around 5-10 nm. This dimension is close to the width of a
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lipid bilayer (10 nm). The ribosome has a diameter of 25-30 nm and mitochondria have
diameters of 500 nm. Aside from the nucleolus (1000-3000 nm), the nucleus (10000 nm) is
typically the only intracellular structure large enough to be clearly resolvable by traditional
light microscopy in cells. The typical nucleus:cytosol ratio for a cell is around 0.3-0.5,
although this can vary. The cell itself is usually 30,000 nm in diameter. However, some cells
such as neurons can be considerably longer than this. How these size differences between
cells and organelles affect redox signaling and its impact has not been systematically
studied, but size differences may contribute to how impactful redox signaling is (as we
discuss in section 3.7).

3.2 Thiols are key players in RES/ROS communication and sensing

3.2.1 Cysteine is the most reactive of the canonical amino acid side chains;
other residues may be reactive—N-acetyl cysteine and glutathione are around 1000
times more nucleophilic than N-acetyl histidine and N-acetyl lysine (second-order rate
constants for addition to HNE 0.0021 and 0.0013 M~1s71, respectively). Alkylation of N-
acetyl arginine by HNE is very slow, but its rate of alkylation by the more reactive
electrophile ONE (0.0006 M~1s71) is around 10-100 fold slower than that of N-acetyl
histidine and N-acetyl lysine reacting with ONE.(90) Unsurprisingly, histidine, lysine, and to
a lesser extent, arginine, have also been implicated as nucleophilic residues within proteins,
although the rate data indicate that a significant rate enhancement or very high concentration
will be required to outcompete cysteine (Figure 8).(357)

3.2.2 How cellular thiol pools regulate RES/ROS signaling—Cellular thiols are a
nebulous “species” that are often discussed as a whole gamut. Separation between small
molecule and protein thiols is also common in the literature. There is a tacit assumption that
small-molecule thiols are “in abundance” in the cell. Indeed glutathione (the cell’s principal
small molecule reductant) is at “high concentrations”, typically 1-10 mM in whole cells.
Reduced glutathione makes up around 98% of this value.(358) Some organelles such as
mitochondria (which contribute 10-30% of cellular glutathione) have similar concentration
of glutathione (5-10 mM) to the whole cell whereas the ER has a low content of reduced
glutathione (25-50% oxidized) but has higher total glutathione content (>15 mM).(98) What
is often missed from the equation is the protein thiol content. Free protein thiol (as opposed
to metal-bound, buried, or non-labile thiol, etc.) content is difficult to assess accurately.
However, it is known that the concentration of total protein in a cell is around 0.2 g/ml.(359)
Indeed, the total macromolecule content in a cell can be up to 30% total volume,(360) and
this can be even higher in certain organelles/regions, such as the mitochondrial matrix
(60%). Assuming an average molecular weight of a protein is 50 kDa, the cellular
concentration of total “protein” is at least 1 mM (a reasonable figure since abundant
proteins, such as ubiquitin and GST, can reach 50 uM in cells).(359,361,362) With an
average amino acid weighing 110 Da, and cysteines occurring in 2.26% of all amino acids
within the human proteome, protein thiol concentration is approximately 10 mM. Protein
thiols are thus equal to or exceed glutathione concentration.(363) There is reasonable
experimental backing to this analysis. Using a thiol reactive dye, monobromobimane (Figure
S3), Moldéus et al. showed that the cytosol contained 87 nmol protein-thiol per mg protein
[i.e., 20 nmol of an average-size (50-kDa) protein].(364) Thus, on average, there are 4
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monobromobimane-reactive thiol equivalents per protein (leading to minimally 4 mM total
reaction protein thiol content). Perhaps most interestingly, this value dropped to 3
equivalents in the nucleus. Assuming that the average molecular weight of a protein is
similar between the nucleus and the cytosol and that the dye is equally distributed between
the nucleus and the cytosol, this result hints at that there is unequal nucleus:cytosol
partitioning of thiol reactivity, either in terms of number or reactivity of thiols, or possibly
reducing equivalents. There is certainly evidence that some small molecules do not readily
exchange between nucleus and cytosol.(365)

It has been estimated that 80% of cysteines possess some functional importance.(366) This
estimate is corroborated by the fact that cysteine shows an unusual conservation pattern in
which it is either highly conserved or poorly conserved.(367) The term “functional
importance” includes metal-coordinating cysteines. However some studies have shown that
metal-binding cysteines can also be susceptible to reaction with electrophiles (likely when
not bound to a metal).(368) It is thus at first glance surprising that less than 8% of reactive
electrophile species administered to cells labels proteins.(369) This discrepancy can be
explained by the fact that GSH conjugation to many xenobiotic electrophiles is enzyme-
catalyzed. Redox processes deactivating xenobiotics are also enzymatic. The enzymes that
catalyze GSH-conjugation and redox processes can significantly increase rates of reaction
over the uncatalyzed bimolecular rate constants. For instance, Agqt/ Ky, for numerous GST
isoforms indicates a 100-100000(352,370,371) fold increase in rate with respect to the
uncatalyzed second order reaction between GSH and a Michael acceptor. Overexpression of
GST reduces free HNE in cells(372) and extends lifespan in C. elegans,(373) whereas GST-
knockout MEFs have elevated HNE levels.(374) However, how knockout of a particular
GST isoform, GSTa4-4, affects HNE levels in mice depends on the strain used. In some
strains, HNE elevation is observed,(375) whereas in others it is not and in these unaffected
strains lifespan is also extended.(376) The uncatalyzed rate for GSH adduction to HNE is
close to 1 M~1s71, By means of comparison, carnosine (a histidine-containing dipeptide
present in cells up to 150 mM)(99) can trap HNE in cells and protects cells against oxidative
damage (Figure 8).(377,378) Based on the relative rate for adduction of histidine to HNE
(0.001 with respect to GSH) and the concentration difference [1-10 mM (GSH) vs. up to
150 mM (carnosine, providing histidine)], carnosine would not be expected to contribute
much more than a tenth of the electrophiles trapped by cellular small-molecule thiols, even
ignoring the action of GSTs.

There is considerable experimental evidence for protein labeling by endogenous oxidants
and electrophiles; there is evidence that such sensing residues perform conserved functions;
and there is also evidence that ROS may have shaped evolution of several genes, including
Nrf2. It is also possible that “ROS processing” may have shaped organelle evolution.(379-
381) There are five principal mitigating factors that enable labeling of target proteins in the
presence of the arsenal of cellular small-molecule nucleophiles: (Z) high levels of ROS may
cause depletion of GSHY/inhibition of detoxification enzymes(382) [either local(383) or
global;(384) likely a significant component of protein labeling under bolus RES/ROS dosing
conditions]; (2) the cell can suppress its ability to process reactive species, allowing buildup;
(385) () the cell can cause local release of high concentrations of a RES/ROS molecule;
(386-388) (4 some specific proteins are endowed with kinetically “privileged” cysteines
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that can compete with detoxification processes to gain sufficient occupancy to elicit
downstream signaling;(389) and (5) modification of such sensor proteins elicits
phenotypically-dominant signaling outputs which would ensure coordinated responses
“specific” to the target protein.(251) Although it is not known how all these mechanisms fit
together, nor how important each one is, it is our opinion that biology has likely harnessed
all means at its disposal to bias target-protein-specific signaling (note: since thresholds of
occupancy may differ between “intended target” and off target proteins, this is not
necessarily the same as target-specific labeling).(251)

Gradients of H,0, across the cell help to promote intended protein labeling and possibly
help trigger specific signaling factors(382). However, whether such gradients are sufficient
to allow specific signaling events is a much harder question to answer. It is likely that
privileged sensors have enzyme-like reaction efficiencies with RES/ROS signals they sense
and respond to.(390) For instance, Keapl, a multipurpose sensor of redox signals has a
second-order rate constant with peroxide of approximately 140 M~1s71; for the same
reaction, GAPDH has a second-order rate constant of 500 M~1s™1, These rates are of orders
of magnitude higher than cysteine adducting to peroxide.(66) Nevertheless, assuming 50%
occupancy is required for downstream signaling, it has been calculated that 170 uM H,0,
for 30 s would be required to usher downstream signaling by Keapl1.(66) Clearly, phenotypic
dominance lowers the threshold for activation, shortening the required exposure time or
concentration required to elicit signaling.

3.2.3 Protein targets are most likely the key determinant of RES/ROS
bioactivity—From the discussion above, based on total concentrations as well as the
efficiency of GSTs, glutathione pool depletion is one of the first casualties following bulk
exposure to exogenous RES/ROS. Thus, significant effort has been invested to understand
whether depletion of the GSH-pool or modification of proteins is the primary source of
bioactivity of reactive small molecules. Although it is very difficult to parse these events in
most systems, the general consensus is that proteins are the principal biologically-relevant
target of electrophiles in cells especially under signaling conditions as opposed to oxidative
damage,(391,392) although there remains some debate.(393,394) Several lines of evidence
exist for proteins being the principal signaling targets of ROS/RES. Accumulating evidence
suggests that RES trigger specific response by direct modification of specific proteins.
(251,252,259) Using mutagenesis, it has been shown that sulfenic acid formation is required
for several signaling events in cells and whole organisms. For instance, IRE-1-mediated
stimulation of SKN-1 signaling in C. elegansis governed by oxidation of a single cysteine.
(395) Depletion of GSH by butathione sulfoximine (an inhibitor of GSH synthesis) is more
significant than PEITC treatment and further induces ROS to a higher level than PEITC.
However, PEITC is a much better inducer of apoptosis than butathione sulfoximine.(396)
Consistent with proteins being the target of PEITC, knockdown of putative target proteins
sensitizes cells to PEITC.(333) Modification of specific thiols by HNE has also been linked
to synaptotoxicity,(397) AR,(398) and kinase inhibition(399) amongst others. In the last
example, signaling was ascribed to a specific cysteine, loss of which ablated signaling,
proving that signaling was protein specific. We will discuss more about this in section 5.2,
but we focus in this present section mainly on how ROS and RES interact with proteins.
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3.3 Diffusion distances and half-lives

3.3.1 Caveats with calculating half-lives/diffusion distances—Most researchers
have used model systems and /in vitro analyses to understand diffusion distances. These
analyses are informative and can provide a basis/foundation for a theoretical understanding
of redox signaling/signal transduction, but the data must always be viewed with caution. In
the past 15 years, more efforts have been made to understand ROS/RES in cells. Although
cellular data are more informative about distances traveled etc., differences in stability
between the specific ROS in question in water, or an approximation of the cytoplasm and the
cell, can give an indication of how significantly ROS interacts with cellular components.
Unfortunately, many of the values quoted differ over almost ten-fold between different
reports, different cell types, and/or experimental conditions. This margin of error can be the
difference between concluding that the specific ROS mainly reacts with solvent and mainly
interacts with the cellular milieu. Most estimates of diffusion distance rely upon the Einstein
equation shown above (section 3.1.4).(355)

3.3.2 Diffusion coefficients are hard to calculate in cells—One of the key
parameters in the Einstein equation is the diffusion coefficient, D. This constant is dependent
upon several parameters including viscosity (D a 1/n). The relative viscosity of water
compared to the cytoplasm has been measured to be between 1.6 and 1.1 using various
methods including rotational diffusion coefficient of GFP and fluorescence correlation
spectroscopy.(400,401) However, some experiments have suggested that the relative
viscosity of cells is 4 fold higher than water, depending on the size of protein measured.
(402)

3.3.2.1 There is no good model for the cellular milieu in vitro: The high concentrations of
total protein found in cells are only obtainable /n vitro under specific conditions, such as
protein crystals (where 50% of the crystal is usually protein).(403) Thus, it is hard to convert
in vitro data to numerically relevant data in a cell. In addition to protein concentration, the
predominance of lipid membranes within a cell sets up a series of complex, non-classical
environments. For instance, the surface area of ER and mitochondrial membranes alone in 1
mL of liver tissue covers an area close to 20 m2.(404) On the other hand, an increasingly
well-appreciated part of the oncogenic program is elevation of the overall intercellular pH.
Redox modifications are pH sensitive,(405) indicating that redox signaling itself may differ
between healthy and diseased cells.

3.3.2.2 The cell is compartmentalized: Compartmentalization is a fundamental property of
living systems: even in £. coli, some proteins localize to specific regions/loci/poles.(406) In
eukaryotes, this is even more complex due to membrane compartmentalization. Different
membrane vesicles can have widely different pH, metal-ion content, or reducing capacity
with respect to the cytosol. Such variables intrinsically affect the stabilities/spontaneous
generation rates/interconversion rates of RES/ROS. For instance, pH rate profiles for
reaction of cysteine and peroxide indicate two important points of inflection at pH = 8.5 and
11.5. These values correspond to the pKj3’s of cysteine sulfur and hydrogen peroxide. Thus,
one would expect cysteine oxidation by peroxide to be considerably slower in a
lysosome(407) [a small organelle, less than 1 um in size, with pH 4.5-5.0, known to contain
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free cysteines(408)] than the cytoplasm (pH 7.2). However, proteins can perturb pKj,
allowing access to protonation states of residues typically inaccessible at neutral pH. For
instance, the nucleophilic thiol of human Prx5 has a pKj; of 5.5;(409) p K of the catalytic
lysine within acetoacetate decarboxylase was measured by Westheimer to be around 6.(410)

3.3.2.3 Enzymatic clearance can determine cellular half-life: Enzymes can accelerate
rates of reaction by up to 17 orders of magnitude,(411) although such high accelerations are
reserved for particularly difficult transformations. Cells express proteins at widely-different
levels, and different isoforms of a specific enzyme (that can have widely different specific
activities and/or functions) can be expressed in a cell type-dependent manner. Since enzyme-
catalyzed metabolism is the predominant clearance mechanism for many small molecules in
cells, it stands to reason that diffusion distance of reactive signals through cells is a function
of metabolic protein expression. Thus, diffusion distances are highly cell type- and locale-
dependent. For instance, some cell types, such as the human breast cancer line, MCF7,
display very little GST activity,(412) possibly increasing diffusion distances of redox signals
in this line, although this has not been investigated.

3.3.2.4 Which ROS?: Many half-life measurements of various chemotypes of ROS have
been carried out using a sensor that changes properties upon reaction with a type of ROS.
These sensors will be discussed in section 5. Of course, these sensors may not be absolutely
faithful in their ability to report on the specific ROS in question. Such intricacies are
particularly important in a cell where even a single ROS can subsequently generate
numerous secondary ROS and there are numerous compartments with different properties
that can affect signaling. Similarly, many of the methods used to estimate ROS half-lives
involve generation of ROS /n situ. It may not always be known how the generation methods
affect the cell or produce side products (especially in cells).

3.3.3 Diffusion distances

3.3.3.1 ROS are relatively short-lived: In general, ROS are shorter-lived than RES (Table
1). The most common ROS are (in order of increasing cellular half-life) "OH, 05", 10,, and
H»0,. Nitrated forms of ROS, such as ONOO™ may also contribute to redox signaling.
Interestingly, biological ROS species are physicochemically divergent, conferring a wide
range of possible protein modifications. 10, is unique in the sense that it is a metastable
excited electronic state of 30,. Thus, 10, decays (via phosphorescence, the so called
monomol emission)(413) to 30, at a defined rate in the absence of a reactive residue/
enzyme/quencher. This process sets an intrinsic upper limit on the lifetime of 10, and has
been used to monitor 105 in cells (see section 5).

3.3.3.2 Diffusion distance of hydroxyl radical: “OH is the most reactive of common ROS.
Unsurprisingly, this has the most favorable reduction potential of all common forms of ROS
(2.3 V). It is believed to react at close to diffusion-limited rates with numerous substrates
(109-1010 M~1571:(68,69) e.g., second-order rate constant with GSH = 2.3x1010 M~1s71),
The diffusion distance is around 1-5 nm (i.e. less than the width of a 100 kDa protein).
(67,414) This radical can be formed from several more stable ROS (including H,05, O™~
and ONOQ7), and thus may have a larger effective diffusion distance than suggested in most
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tables. *OH can initiate fragmentation of several amino acids that can initiate other signaling
cascades. One interesting case is “OH-oxidation of methionine,(415) which releases
methanethiol,(416) a molecule with possible signaling roles. The byproduct of these
fragmentation processes is typically a carbon-centered radical. These product radicals can
trap 30, to form *OOH/O,"~. Thus *OH can attack protein targets, modify their primary
structure, and create in the process subsequent radicals that can usher secondary signaling
processes. Owing to dative stabilization from the appended oxygen, *OOH and "OOR have
lower reduction potentials than *OH, ("OR, E®=1.6 V; *OOH, E%= 1.1 V; *OOR, E®=1.0 V).
(417) These oxygen radicals likely have signaling roles, although how much they differ from
*OH is unknown.

3.3.3.3 Diffusion distance of superoxide: O,*~ can spontaneously decay through
dismutation. However, this reaction is complex. The spontaneous rate for dismutation of two
O,°~ (anionic) molecules is very slow,(418,419) meaning one or more of the molecules must
be protonated for dismutation to occur, rendering the rate pH dependent. At pH 7, with
micromolar O,"", the half-life of dismutation is approximately 10 s (indicating that HO," is
accessible at this pH).(418) Additionally, as spontaneous dismutation is a homo-bimolecular
process, at low concentrations, half-life of O,°~ can extend to hours. O," reacts with thiols
in a complex reaction. The reported second-order rate constants for thiol reaction vary by 4
orders of magnitude (15 to 105 M~1571),(420,421) Although different small-molecule thiols
can likely adduct superoxide at different rates, even for a specific thiol such as GSH, the
literature rates for adduction to superoxide range over several orders of magnitude (200-10°
M~1571).(204,422) Overall, it is likely thiol adduction to superoxide is not much more
efficient than dismutation. As we discussed above, SOD is principally responsible for
metabolism of O,°". The diffusion distance of O,"~ in the presence of SOD is around 0.5
um.(59) Unsurprisingly, basal levels of O, in cells are low (107910712 M).(58) It is
important to note that different organelles have different steady state ratios of O,*":H,0,.
For instance, in the cytosol this ratio is 1:1000; it is 1:100 in mitochondria.(423)

3.3.3.4 Diffusion distance of 10,: With the onset of photodynamic therapy, 10, in cells has
grown in importance.(77) As outlined above, 10, can spontaneously decay to 30, in the
process emitting energy (1270 nm).(424) Using this unique trait, and taking advantage of the
fact that the lifetime of 10, can be extended in D50, the cellular lifetime of 10, was
calculated to be 3 ps. This is close to the inherent upper lifetime of 4 us in water(74)
(compare 46 ps in DO treated cells, versus 68 ps in D,0).(76,78) This result indicates that
the root mean square displacement of 10, in water is 270 nm. Given that these data are
similar to quenching in water, it is likely that solvent quenching dominates 10, half-life/
diffusion in bulk cells. Importantly, however, half-life of 10, can be extended up to 14 ps in
inert lipids,(77,425) meaning that 1O, has more time to interact with cellular components
when it is in membranes. Consistent with 10, interacting strongly with cellular milieu, other
estimates of stability of 10, have indicated that this molecule has about 100 to 10- fold
lower stability than expected based upon solvent reaction in cells.(426,427) Trivial
explanations for these discrepancies are differences in cell lines and detection methods.(428)
Additionally, second-order rate constants for reaction of 10, with methionine or
cysteine/GSH are sizeable (approximately 107 M~1s71)(82) meaning that stability could be
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affected by cellular reductants and competing nucleophiles that could be cell type/region
specific. It is also noteworthy that 10, cannot be added directly to a cell. It is typically
generated /n situ by photosensitization and often read out indirectly. In this respect,
phosphorescence may serve as the most direct measurement of 10,.

Endogenous 10, is most likely formed in light-exposed areas, such as the skin. Sensitizing
of 30, by a range of excited biomolecules to generate 10,(44) may have a role in skin
cancer etiology and aging.(429) Consistent with this notion, direct observation of 10,
formed by action of UVA-light on pig and human skin has been detected using
phosphorescence (1270 nm).(430)

3.3.3.5 Diffusion distance of peroxide: Peroxides, including organic peroxides, have the
longest diffusion range of all ROS. Hydrogen peroxide is stable in water and is
commercially available. Disulfide formation via the reaction of cysteine with peroxide in
water is formally a two-step process: the first step is nucleophilic attack of free cysteine on
peroxide to form a sulfenic acid and water, the second step involves displacement of the
product sulfenic acid by another cysteine. The first step occurs with a second order rate
constant around 1 M~1s~1 around neutral pH.(111,431) The second step is over one order of
magnitude faster and likely does not contribute to the kinetics /n vitro.(432) Assuming a
cellular thiol content of 5 mM, and given the 1 M~1s~1second order rate constant for thiol
adduction to peroxide, one would expect a half-life of around 2 min in cells. However, the
half-life of peroxide in a cell has been calculated to be between 1073 and 1072 s.(24) Thus,
enzyme catalyzed pathways dominate peroxide metabolism. Indeed, assuming that
peroxiredoxin [that has a second-order rate constant of 108 M~1s~lwith peroxide(109,111)]
is the dominant peroxide quencher in the cell (and that this enzyme is maintained in the
reduced state) the longest diffusion distance for peroxide in a cell is 1 um.(65) Thus,
peroxide metabolism contrasts with the decay mechanisms of 10, and *OH, which are
(likely) dominated by solvent quenching, at least in aqueous environments. This line of
reasoning further suggests that peroxide stability and diffusion distances may be cell-type/
context dependent.

3.4 ROS-metal complexes can alter physicochemical properties

Many ROS can interact with numerous metals and metalloproteins. In addition to low
molecular weight complexes, reaction of peroxide with metalloproteins can also alter ROS
properties. For example, reaction of H,O, with heme peroxidases, such as MPO and
lactoperoxidase, generates a two-electron oxidized Compound | species (similar to
Compound | species in CYP450 discussed in section 2.1.2.3). Compound | oxidizes various
substrates to generate oxidants such as HOCI and free radicals.(112,433) It is likely that
reaction with free iron dominates in cells (434) because the labile iron pool [concentration
0.6 uM in lymphocytes(435) and 0.2-1.5 uM(436) in resting erythroid and myeloid cells]
dwarfs other redox-active metal species. However, this is probably cell-type/organism/
condition/organelle-dependent.(437) The reaction of peroxide with ferrous iron [Fe(ll)] to
create the *OH is called the Fenton reaction. This process generates *OH with a rate constant
on the order of 100 M~1s71,(438) *OH also reacts with Fe(ll) (rate constant 3.2x108 M~1s
~1), but since "OH is inherently unstable, this process is believed to contribute little to the
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stability of *OH. The iron—"OH reaction is only an order of magnitude faster than the
reaction of "OH with peroxide (3.3x107 M~1s™1), for example. Protein-bound iron can also
catalyze Fenton-type processes. However, as the Fenton reaction proceeds via an Fe(ll) state,
not all iron-containing metalloproteins can catalyze this sort of chemistry.(439,440) Redox-
active metals can also catalyze dismutation of O,"7, but this is overall a similar process to
the enzyme-catalyzed reaction we have previously discussed (section 3.3.3.3) and likely is
less impactful than the effect on H,0,.

3.5 RES are long lived and have long diffusion distances

Many RES are formed by lipid peroxidation or oxidative metabolic pathways and so they are
intrinsically linked to ROS. Several metabolic byproduct RES [e.g. 30 pM formaldehyde
(441)] are prevalent in the blood. It has recently been shown that a major source of
formaldehyde is folate, and it has been delineated how formaldehyde can be diverted to one
carbon metabolism.(442) Methylglyoxal, another metabolic side product and arguably the
second least chemically complex RES after formaldehyde, is also relatively abundant. In
cells this molecule can reach up to 300 uM, although much of this is bound in cells (for
instance 0.1-2% of arginine residues in cells are modified by methylglyoxal).(443,444)

Arguably, the more chemically diverse and signaling relevant class of RES is RES derived
from lipid peroxidation. The simplest unsaturated aldehyde electrophile is acrolein. This
reacts with GSH with a rate constant of 120 M~1s71,(445) 3-Substitution on the enal
typically decreases electrophilicity and such electrophiles undergo conjugation to GSH with
second-order rate constants between 0.3 and 3 M~1s71,(446) The presence of a y-hydroxyl
group on the Michael acceptor HNE promotes nucleophilic addition by 1.5-10 fold(85,447)
relative to the dehydroxy congener, nonenal, likely through a combination of increase in
positive charge and anti-periplanarity of the C—O bond and nucleophile in the transition
state.(448) Oxidation of the hydroxyl group to a ketone hugely increases electrophilicity,(85)
possibly through a “dual attraction” mechanism.(449) 4-Oxononenal (ONE) (kgsq = 145 M
~1571) js significantly more reactive than HNE, although this molecule is likely at
significantly lower concentrations than HNE.(450) HNE and malondialdehyde each account
for 20% of lipid peroxidation products.(451) HNE has been estimated (after subtraction of
malondialdehyde) to be present in K562 cells at a concentration of approximately 100
pmol/mg protein, corresponding to a concentration of around 8 uM.(84) High-energy UV-
light doubled this value. However, other estimates indicate a lower basal level of HNE (0.3—
1 uM), but a much larger response upon stress, up to 5 mM.(85)

HNE is estimated to have a half-life of around 2.5 min given the known concentration of
GSH (5 mM) in liver cells,(85) the known rate of adduction of GSH to HNE and assuming
there are no additional factors promoting adduction, like catalysis. Interestingly, HNE has a
half-life of less than 4 s in rat heart(85) and around 30 s in hepatocytes suspensions.(88) The
discrepancy between calculated stability and actual stability can be ascribed to enzymatic
catalysis.(452) Consistent with this analysis, perturbation to principal detoxifying enzymes
like mitochondrial aldehyde dehydrogenase increases cardiac HNE levels.(453) The
percentage of HNE incorporated into protein is dependent upon the concentration of HNE
added in hepatocytes. 100 uM led to 3% incorporation; 1 uM led to 0.62 % incorporation.
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(88) Overall this agrees with other reports showing that 1-8% of HNE labels proteins in
cells. Of the remaining 99-92% HNE, oxidation/reduction and GSH conjugation accounts
for around 50% each, although estimates for this partitioning vary.(454) In spite of the
reliance on glutathione to detoxify HNE, even upon treatment with 250 uM HNE, 30% of
reduced glutathione (i.e. unreacted) is retained in hepatocytes.(455) Where the data are
known, nitro-olefin metabolism seems to be similar to LDE metabolism: nitro-olefins have a
short half-life (minutes) in plasma.(456) Importantly, however, nitro-olefins can remain
bound to protein, and be released depending on the environment (e.g. pH change). It is thus
generally true that RES are longer lived than any ROS in cells, meaning that these signals
have different latencies and can diffuse much further.

3.6 Both ROS and RES are membrane diffusible

Most uncharged species can permeate through the cell membrane.(255) For this reason, Oy~
is the least permeable common ROS/RES. This argument assumes that O,°~ is considerably
deprotonated at neutral pH, which may not entirely counterbalance the reactivity of the
protonated state.(457) For instance, protonation of O,°~ can increase the spontaneous
dismutation rate by at least 5 orders of magnitude. Furthermore, although the ratio of
unprotonated to protonated species is around 1000:1 at pH 7.8,(458) the equilibrium lies
close to unity around pH 4.5 (a value obtainable in acidic organelles). In some cases, there is
evidence that O,°~ can pass through membrane channels,(459) most notably anion
channels(460), although there seems to be some other mechanism(s) that enable superoxide
to pass through membranes.(461) H,O,, a product of dismutation, is accepted to be
membrane permeable.(387,462) Indeed, peroxide can behave as a secondary messenger for
O,°~ ferrying extracellular O,°~ signals to the cytosol. The abundance of extracellular SOD
also assists in this process by localizing peroxide to the point of origin.(59) H,0, likely
enters the cell through aquaporins.(463) Because the membrane is a different environment to
the cellular milieu, it can also affect stability of some ROS. Diffusion distance of *OH is less
than the width of the cell membrane; thus, it is unlikely to be able to cross this barrier.
Nonetheless *OH can certainly cause damage to membranes.(271) 10, and 30, appear to
have different permeabilities to the membrane, even though the lower limit of 20, diffusion
rate through a membrane is similar to 30, (2 cm/s).(464) It has thus been postulated that 10,
is more affected by molecules that can quench or react with it in the membrane than 30,.
This discrepancy is not unexpected as 10, can undergo several pericyclic reactions with
unsaturated lipids. As they share characteristics of lipids, RES are usually considered to be
highly membrane permeable.

3.6.1 ROS diffuse rapidly, compared with macromolecule diffusion, especially
in cells—Diffusion is more difficult in the cell than in water.(465) This has been shown for
small molecules using a range of techniques from pulsed field NMR(466,467) to
photobleaching.(468) Reduced diffusion rates in cells can be attributed to a number of
factors including, interaction with proteins, various aspects of surface chemistry and
crowding.(469)

Macromolecules diffuse slower than small molecules in water: this effect is dependent on
size with larger macromolecules diffusing slower than smaller ones.(416) Although there
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have been disagreements,(470) the differences in diffusivity likely apply to proteins in cells
too. For instance, across five proteins spanning 21-540 kDa, the diffusion coefficients
decreased 5-fold.(467) Interestingly, the same study showed that the difference between
diffusivity in water and the cytosol increases as the size of the protein increases. Recent
work using fluorescence cross-correlation spectroscopy(402) agreed that larger proteins
show severely slowed diffusion and stressed the heterogeneity of cells as a causative factor.
(471) The cell thus appears to present a “random obstacle network” to species diffusing
through it. Interestingly, this study also concluded that the nucleus and cytosol were
similarly permissive to diffusion.

Unlike many small molecules (including redox signals), macromolecules cannot diffuse
across membranes, meaning that movement from one organelle to another is regulated. For
instance, nuclear pores are believed to allow molecules below a specific size to cross from
cytoplasm to nucleus unhindered (see section 3.2.2 for some possible exceptions). It is often
said that proteins above 60 kDa require import. However, reports also claim that molecules
larger than this can enter the nucleus freely.(472) Above the cut-off (whatever the criteria
be), recognition is required for nuclear entry. Entry of “large” molecules is facilitated by a
series of protein chaperones called importins. These proteins recognize specific sequences
allowing import into the nucleus. Exportin, on the other hand, mediates nuclear export.
Similar complex sorting processes happen in other organelles. Since proteins diffuse slowly
and require chaperoning across membranes, papers discussing redox “communication”
between organelles have grown in abundance over the recent years and were originally
discussed in section 2.1.3.

3.7 Manifestation of diffusion distance differences as a function of cell size

The need for rapid information transfer under stressed circumstances may have spurred
biology to harness small-molecule messenger systems such as redox signaling. Depending
on the cell type (£. coli, epithelial, axon), it can take a protein between 10 ms to 20 days to
diffuse from one side of the cell to another. Furthermore, from prokaryotes to eukaryotes the
average length of a protein in amino acids increases 50%, possibly indicating that diffusivity
of proteins decreases as genome complexity increases.(473) Based on this logic, the rapid
diffusion properties associated with redox signals likely become more desirable relative to
macromolecular systems as the cell increases in size/complexity and diffusion times for
macromolecules increase.(474) Thus, eukaryotic cells may be more dependent on redox
signaling than prokaryotic cells. There is certainly evidence that £. coli peroxiredoxin and
mammalian peroxiredoxin (a principal mediator of ROS levels and hence ROS signaling) are
regulated differently by ROS, indicating that responsivities to redox signaling are not the
same in mammals and prokaryotes.(383)

Indeed, gram-positive prokaryotes and eukaryotes use different redox couples: intracellular
redox buffer in mammalian cells is GSH, whereas bacteria can use a range of different
reductants aside from GSH,(475) including acetyl CoA,(476) mycothiol,(477) and
bacillithiol.(478) Thus, how proteins are modified under oxidative stress and resulting
conformation changes and re-reduction dynamics are likely very different between these two
domains of life.
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3.8 Organelle-specific exposure by RES/ROS under bolus dosing

HNE and H,0, permeate cells differently under bolus dosing: external HNE treatment of
cells labels both cytoplasm and nucleus whereas external treatment of cells with H,O»
affects only the cytoplasm.(479,480) Analogous experiments using a ROS sensing
fluorescent protein called “HyPer” have reached a similar conclusion that the nucleus is
relatively more protected than many organelles to ROS. Although there could be many
explanations for this result (see also section 3.2.2), there is a clear indication that external
RES and ROS can affect organelles differently.(481)

3.9 (Ir)Reversibility of RES/ROS-derived protein modifications

Reversibility of signaling processes, and the lifetimes of specific modifications are of critical
importance. Taking analogy from the drug discovery community, it is clear that the longer a
drug (or redox signal) resides on its target, the more impact the signal can have. For a drug,
long residency will typically be ideal. However, (as discussed above) for signaling,
flexibility—i.e., the ability to turn on and off (with minimum energy expenditure)—is likely
most desirable. Moreover, for reversible signals, relatively little effort is required to turn on
and off the signal, whereas degradation is required to suppress the signal if the protein is
irreversibly modified (requiring more of the cell resources). Regardless of reversibility, some
oxidation events spawn further downstream signaling processes, often through involvement
of enzymatic or glutathione-mediated reduction, or through trapping of 30,. We discuss
these nuanced points in this section.

3.9.1 Sulfur oxidation states show differing reversibility in cells—Cysteine
oxidation to sulfenic acid/disulfides is freely reversible. Sulfenic acid reduction can be either
enzymatic [glutaredoxin and thioredoxin systems are particularly efficient and allow rapid
enzymatic re-reduction(482)] or through collision with free thiols such as glutathione. There
is also evidence that reduction of some enzyme disulfides by free GSH may be considerably
faster than the reduction of generic disulfides, while free GSH-mediated reduction of other
enzyme disulfides is much slower than expected.(483) Experimentally, protein sulfenylation
has been reported to peak 5 min post EGF stimulation followed by a decay over 30-60
minutes.(484) This relaxation time implies oxidation is faster than re-reduction and that
“sulfenylated protein” has a global half-live on the order of 5-10 min in cells. Several
factors could contribute to this result: the oxidized sulfurs may be privileged, and the
sulfenic acid products could be stabilized or sterically shielded from reductants. Recently it
has also been reported that some sulfenic acids can form sulfenamides (adduction to an
amine) or the analogous sulfenylamides (adduction to the amino function within an amide).
These structures may be more stable to reduction than sulfenic acids, potentially offering a
means to stabilize oxidized proteins and prolong signals or regulate re-reduction more
tightly.

Reduction of sulfenic acids or disulfides can generate secondary disulfides and beyond. This
opportunity enables redox signaling cascades to function through “changing of hands”, after
the initial redox-signal modification of the first responder. In this scenario, an energy-neutral
process (such as disulfide exchange) transfers the redox signal from one protein to another,
while simultaneously transferring information.
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Further oxidation of the sulfenic acid is not as easy as the first oxidation step, at least for
electrophilic oxidants. Reduction of sulfinic acid is only achieved by a few enzymes and so
the reversibility of this modification is context dependent. Sulfiredoxin is an ATP dependent
enzyme that reduces sulfinic acids of 2-cysteine peroxiredoxins to the corresponding
sulfenic acids. This enzyme appears to be the principal means to reduce peroxiredoxin
sulfinic acids in A549 cells.(485) Interestingly, compared to the prokaryotic counterpart,
eukaryotic 2-cysteine Prx are almost 100-fold more susceptible to overoxidation. This has
led to the “‘floodgate model’ for 2-cysteine Prx regulation.(486) In this model, eukaryotic 2-
cysteine Prx acts as a “redox buffer” preventing peroxide-mediated oxidation of other redox-
sensitive proteins until the floodgate is opened by overoxidation of the Prx enzyme.
Sulfiredoxin, on the other hand, is a relatively slow enzyme (K¢t = 0.003 s71), yet it shows
significant resistance to oxidation.(485) This protein also removes other oxidative
modifications from peroxiredoxin in an ATP-dependent manner.(487) Sulfonic acid
formation is very slow, and there are no known cellular reduction mechanisms for this
product. This signal is also a degron in some cases,(488) rendering reversibility a moot
point.(489)

3.9.2 Carbon oxidation is irreversible, but requires high-energy oxidants and
can proceed with unusual regioselection—High-reactivity ROS (e.g., "OH) target
labile C-H and O/N-H bonds. These reactions are irreversible. The reaction of "OH with C-
H has a rate constant of 108 M~1s71,(490) There is known to be some residue and protein
dependence to this rate constant(491) and indeed hydrogen abstraction second-order rate
constants from amino acids range from 107 (Gly) to 1010 (Trp, His) M~1s71.(490) This is
unsurprising since radical reactions are strongly dominated by stabilities of product radicals
and bond dissociation enthalpies, and so attack at weak bonds to give more stable radicals
will always be favored. Dative stabilization confers significant longevity to radicals so
abstraction of hydrogen atoms a.-to heteroatoms where a lone pair is free to stabilize the
product radical is one of the most common mechanisms. This process is further favored
because "OH, and similar biological radicals (such as "OR), are electrophilic by nature, so
favor formation of a positive charge on the carbon bearing the abstracted hydrogen in the
transition state.(492) Indeed, glutamic semi-aldehyde, the product of hydrogen abstraction
from arginine, is a common process,(493) although products that proceed through formation
of secondary aliphatic radicals (e.g., hydroxyglutamine) have been reported.(494) By
extension, serine and threonine are also susceptible to hydrogen abstraction.

There is also evidence that polar residues surrounding the site of hydrogen abstraction
increases the rate of oxidation.(495) Capto-stabilization is also a significant stabilizing
element for radicals and so H-abstraction a-to side chain carboxylic acids and amides is also
facile(491) (although this is less favored on charge distribution grounds than abstraction a-to
a donating group). Finally, captodative stabilization affords the most stabilized radical,(496)
and thus it may be expected that abstraction at the a-hydrogen would dominate radical
reactions with peptides. Unlike other sites of radical abstraction, reaction at the a-position
leads to fragmentation of the polypeptide backbone and this is likely significantly damaging
to the protein and by extension the cell.(497) Although such a-hydrogen abstractions do
occur, peptides are on the whole refractory to this process [abstraction at non-captodative

Chem Rev. Author manuscript; available in PMC 2019 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parvez et al.

Page 34

stabilized sites occurs 10-1000 times faster(498)]. This unexpected regioselection may
explain the stability of peptides in oxidizing environments.(499) This problem has been
addressed computationally by several authors, with hydrogen bonding being suggested as a
means to suppress attack at the a-position.(500) Regardless of the position of abstraction,
the carbon-based radical product of hydrogen abstraction by *OH is typically trapped by 30,
(likely a diffusion controlled process in water). The resulting organic radical peroxide can
liberate a molecule of 10, during hydrolysis. As discussed above, *OH reactions can thus
constitute a bifurcating signal exchange and consequentially in the vicinity of *OH, there
will be a local increase of several ROS species, including 10, (and oxidized proteins).

3.9.3 RES modifications can be reversible or irreversible—Many RES
modifications are irreversible, rendering changing of hands unlikely. Thus, most RES-
modified proteins must be privileged in order to function as sensors. Although there are
some counter-examples,(501-503) HNE and similar protein-enone adducts have been
resolved by SDS PAGE and detected by mass spectrometry indicating that many HNE
adducts are at least reasonably stable. Nitroolefins on the other hand can form reversible
adducts to cysteines(504)(Figure 9). The dissociation constant of nitro-oleic acid from
cysteine thiolate is around 10 uM.(92,505) Interestingly, the apparent second order
adduction rate constant (which is pH dependent) is 355 M~1s71(at pH 7.4).(95) Accordingly,
nitroolefins likely have very different signaling properties to most other endogenous RES.
The difference in adduct stabilities between enals and nitroolefins may be due to: (1) the 13
unit difference between the pKj of the protons a-to the carbonyl [30; methyl acetate(506)]
and nitro groups [17; nitromethane(507)]. In fact, several drug enone-derived discovery
efforts have found increased p K of protons a-to the enone (or similar mesomerically
stabilizing group) leads to better reversibility;(508) and (2) the ability of enal-adducts to
undergo further reaction post cysteine conjugation (a process not possible for adducts to
nitroolefins; Figure 9).(509) Furthermore, although it is unclear whether this process occurs
in cells or during handling post-lysis, we and others have characterized the aldehyde-
reduced version of cysteine-Michael adduct of HNE conjugated to Keapl enriched from
cells, following bulk HNE challenge of live cells or controlled targeted delivery of HNE /n
situin live cells. This product is unable to enolize, and hence is irreversible. It is likely that
this unexpected reduction process contributes to enal adduct stabilities. Reversibility can
also be dependent upon which functional group is modified. For instance, 2-pentylpyrrole
lysine is believed to be an end product of lysine adduction to HNE.(510) Formation of this
product is likely irreversible.

Cysteine also forms adducts to isothiocyanates (ITCs). These cysteine adducts are in
principal freely reversible and can show varying stability. In some instances, the ITC can
migrate from the initial point of contact at cysteine to adjacent amine adducts forming
thioureas that are essentially irreversible. Critically, such transfer is possible for sp?-
hybridized carbon adducts that occur through addition/elimination. On the other hand, direct
transfer of RES is not possible for sp3-hybridized adducts, like those formed to nitroolefins
and enones because this process must proceed through direct Sy2 at the carbon sulfur bond
(Figure S4). Thus, for RES, the possibility of change of hands (i.e., directtransfer of
chemical information from one protein to another) is dependent on hybridization of the
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carbon to which the cysteine adduct occurs. It should be noted that most RES adducts are /in
principle reversible, even if the reverse reaction is often very slow or requires harsh
conditions.

It is believed that for HNE, adducts on residues other than cysteine dominate
thermodynamically. For instance, histidine adducts to HNE may be more stable than
cysteine adducts and as we pointed out above, this difference in stability may explain the
preponderance of amine-HNE adducts identified especially in the early literature.(513)
However, it is likely that cysteine is always the first residue modified due to its better
efficiency in Michael addition. In practice translocation to histidine may not occur at a rate
that competes with other processes such as degradation or signal transduction for many
adducts, although this has not been systematically studied.

3.10 Implications for tracking signaling pathways

Irreversible modifications make tracking redox signaling relatively simple: assuming ideal
detection methods and little decay/transfer, the whole gamut of proteins modified
irreversibly can be obtained through MS analysis or profiling. Unfortunately, detection
methods are not ideal (see section 5.2) and covalent bond formation is not mandatory for
biological activity so one cannot assume that profiling/enrichment analysis is all
encompassing. However, the irreversibility of modifications like HNEylation has been used
to the advantage of many researchers trying to establish protein targets. On the other hand, it
can be quite difficult to trace the “initial point of origin” for reversible/exchangeable
modifications.

3.10.1 Implications for regulation of RES/ROS signaling—Signaling pathways
likely need spatial/temporal and chemical regulation to ensure high fidelity of information
transfer. A simple discussion of diffusion distance and reactivity as presented in the opening
paragraphs of this section (section 3.1) makes a case that “sphere of influence” (localization
due to inherent practical limits to diffusion distance) and chemical constraints (kinetic
privilege) can orchestrate selective redox signaling in cells.(514) This argument is bolstered
when it is considered that macromolecules are essentially stationary amongst the hustle and
bustle of small molecule diffusion in the cell. Thus, a local burst of reactive molecule in
proximity to a privileged (immobile) sensor protein can lead to high local concentrations of
a “modified” protein state, even if the bulk protein (that exists elsewhere in the cell) is
unmodified.(515) But, given the crowded environment of the cell, the huge number of
adventitious thiols and the efficiency of detoxifying processes, it is likely that intended
signaling targets have attributes of privileged sensors. For such a mechanism to function
adequately, sensor proteins either have to be enriched in a particular area of the cell primed
for reaction, or else ubiquitously expressed. If the signal is released but the protein is not
present to accept it, there is likely not sufficient time for the sensor to arrive before the signal
is lost or misdirected, meaning the required response is not triggered and potentially causing
damage by modifying the wrong protein.

Even assuming that a sensor is present, the chances of modifying the incorrect protein
increase if intrinsically hyper-reactive molecules such as *OH carry the signal. For reagents
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that react at the diffusion limit even in the absence of catalysis, conferring enzyme-like
sensing capacity to a sensor would unlikely confer a huge amount of selection. For this
reason, privileged "OH sensors are unlikely attainable and selective signaling modes likely
occur purely through proximity enhancement if indeed molecules like *OH do behave as
signals at all. It is thus likely privileged ROS/RES sensors only act on relatively low-
reactivity signals, where kinetics and regioselection can be carefully controlled through
selective rate amplification.

3.11 Unusual conditions and chronic or excessive exposure to ROS/RES may lead to
modification of residues other than cysteine

3.11.1 Reaction of residues other than cysteine with ROS

3.11.1.1 Reaction of methionine with ROS: Methionine can be oxidized relatively
efficiently.(516) Unlike cysteine and acetyl cysteine, the oxidation of methionine (although
slow) by peroxide is pH independent (1072 M~1s71) and can in fact dominate glutathione
and acetyl cysteine oxidation (by >10 fold) below pH 4. However, by pH 6, glutathione is 4—
5 fold faster in terms of peroxide reaction than methionine, likely due to partial formation of
the GSH thiolate. This indicates that in acidic organelles, methionine could be the most
relevant signaling target, if signaling occurs in such regions. Interestingly,
peroxymonocarbonate [formed from reaction of bicarbonate with peroxide, a process that
occurs with a rate constant of 1072 M~1s71(517)] oxidizes methionine much faster than
peroxide oxidizes methionine (0.5 M~1s71).(518) Of course, peroxymonocarbonate is a
better oxidant of cysteine, although the rate acceleration may be less significant than for
methionine (around about 20-fold for protein tyrosine phosphatase and only two-fold for
papain).(519) Reduction of sulfoxides is much more difficult than sulfenic acids; for
instance, the second-order rate constant for the reaction of glutathione with DMSO is
0.00005 M~1s71,(520) Thus methionine-S-oxide requires enzymatic reduction. Methionine
S-oxide is chiral due to the increasing difference in s-p orbital energies as one proceeds
down a group of the periodic table,(521) shutting down of the “umbrella inversion” effect in
Period-3 elements. Reduction of the Rand S forms of methionine-S-oxide is carried out by
two separate enzymes.(522) Given the differences in rates of chemical oxidation of cysteine
and methionine as well as the shorter half-lives of sulfenic acids relative to methionine-S
oxides, it is very likely that these two modifications fulfill very different roles in cells. As
was noted above, HOCI can oxidize methionine with similar efficiency to cysteine. It is
believed that HOCI generated from myeloperoxidase may be involved in modification of
several proteins,(523) including inhibition of cholesterol export by ABCAL.(524)

Methionine oxidation can also occur through enzyme catalysis. The NADPH/flavin
dependent monooxygenase MICAL is the best example.(525)

3.11.1.2 Reaction of histidine with ROS: Oxo-histidine on proteins has also been observed.
This is most commonly formed from treatment of proteins with copper/30,/ascorbate.
Growing evidence indicates that this may be a signaling residue. For instance, Bacillus
subtilis PerR forms oxo-histidine in response to reaction with H,0O,.(526) This modification
decreases PerR’s ability to bind DNA. Other regulatory roles of oxo-histidine have been
proposed, but these likely proceed through enzyme-catalyzed processes.(527)
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3.11.2 Reaction of residues other than cysteine with RES—As discussed above,
enzymes can confer unusual properties to amino acid residues. Depression in pKj (and other
factors, such as those described above) can endow the residues of interest with higher-than-
expected nucleophilicity. In the case of lysine, deprotonation is required for nucleophilic
addition, whereas histidine is only partially protonated at pH 7, so the nucleophilically-
active form is accessible. For instance, some electrophilic suicide inhibitors, like vigabatrin,
target active site lysines that function as catalytic bases in the target enzyme. Inactivation of
glucose-6-phsophate dehydrogenase by HNE /i vitro has been proposed to proceed by
adduction to lysine. It is noteworthy that the pH rate profile for this lysine adduction process
showed that the target lysine had a pK; of 10, indicating that it may even be deactivated(528)
relative to the “free” lysine. Lysine-rich enzymes, such as ubiquitin form HNE adducts /n
vitro.(529)

In similar experiments, GAPDH was shown to form adducts to HNE via cysteine, lysine,
and histidine with the distribution in part being dependent upon presence of a substrate
(NAD),(530) indicating that at “physiological conditions” ligands can influence the site and
residues modified by RES. It should, however, be noted that these experiments were
conducted with millimolar HNE. Subsequent experiments showed that for GAPDH,
adduction at cysteine and histidine are more rapid than lysine.(531) Interestingly, the same
paper showed that the active-site cysteine was not modified by HNE, with surface residues
being preferred. HNE adducts to both cysteine and histidine are implicated in the inhibition
of cathepsin B.(532) Enzymes that metabolize HNE may show some robustness to HNE
modification. For instance, GST-A4-4 (a protein principally responsible for HNE
metabolism through glutathione conjugation in the liver)(533) is significantly less
susceptible to HNE adduction and inhibition than other GST isoforms.(534)

One important modification is 4-ONE-ylation of lysine. This modification occurs through
amine adduction to the aldehyde function to form a hemiaminal. This function then
undergoes tautomerization to form the y-keto amide.(535) Intriguingly there is evidence that
SIRT2, a histone deacetylase, can remove this modification, at albeit at a rather sluggish rate
(500 M~1s71).(536) Thus, this is possibly an example of a removable (not strictly reversible)
protein RES modification.

Although interesting, the above experiments have not commuted well to real world
situations. Bolus treatment of cells with HNE showed that cysteine adducts dominated over
histidine adducts by around 40:1.(537) Furthermore, no HNE-lysine adducts were observed
in lens protein extracts from patients aged 1-74 years old,(538) indicating that even for long-
lived proteins (crystalline, a major component of the eye lens that is not degraded through
life) HNE lysine adduction is slow. However, increase in histidine bound to HNE
metabolites in urine has been proposed as a biomarker for carbonyl stress.(539) Histidinyl
HNE is also elevated in patients with Alzheimer’s disease.(540) Thus, although histidine
adducts to HNE are uncommon in healthy cells, these adducts may accumulate in (some)
diseased states. Interestingly 1,4-quinones are reportedly targets of lysine-rich motifs (541)
although they can also be attacked by glutathione. Reoxidation of adduction products can
allow multiple adduction events to take place.(542) The reaction of 1,2-quinones with amine
functions is 10°-fold slower than adduction to thiols.(543)
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Selenocysteine [Sec, pK; 5.2(544)] is a genetically encoded analog of cysteine that is
present in around 25 proteins in humans.(545) Although the precise reasons for
incorporation of Sec into proteins is debated,(546,547) it is clear that Sec is intrinsically
more nucleophilic than cysteine.(548) Unsurprisingly, Sec is a target of both ROS and RES.
Glutathione peroxidase, a selenoprotein, was shown to be oxidized at selenium to form a
selenylamide that can be reactivated by addition of glutathione.(549) The selenoprotein,
thioredoxin reductase, was shown to be inhibited by HNE (IC50=4 uM, 2h treatment). HNE
adduction was observed at C496/Sec-497, which are located in the active site. Acrolein also
alkylates thioredoxin reductase at Sec.(550) The half-life of this adduct was 4-8 h, and
reversal required both GSH and thioredoxin 1.(551) Given that selenocysteine-carbon bonds
are weaker than carbon-sulfur bonds, the carbon selenium bond is likely a better acceptor of
electrons through negative hyperconjugation,(552) and that SeH is more acidic than SH,
(553) it is likely that Michael adducts to protein-selenocysteine are shorter lived than
protein-cysteine, assuming there are no cross links/additional protein interactions.

3.11.3 Reaction with other macromolecules—The tacit assumption of this section
has so far been that protein is the sole macromolecular target of ROS and RES (although
these are formed by action of RES on lipids). The assumption that proteins are the principal
target is mostly justified because proteins are both abundant and rich in deprotonatable sp3-
hybridized sulfur. The RNA:protein mass ratio in cells ranges from 0.1-0.5.(554) DNA is
less abundant than RNA.(555) Furthermore, although RNA can contain thiol groups,(556)
these are sp2-hybridized and hence have low nucleophilicity/acidity compared to thiol/
thiolate pairs. Thus, by both mass action and second-order rate constants, oxidation and
electrophilic adduction to nucleic acid through nucleophilic attack is likely to be much
slower than to protein.

Cofactors/prosthetic groups can also be the target of ROS. Iron—sulfur proteins are among
the most ROS-sensitive architectures in the cell.(557) For instance, PP1 is inhibited by
peroxide (IC5p=70 pM), via attack on the catalytically-essential Mn/Fe(ll) prosthetic group.
In addition, some iron-sulfur clusters sense ROS and coordinate responses to changes in
30,.(558) Other essential Fe-S proteins, such as Rlilp(ABCE1) are highly susceptible to
ROS.(559) Furthermore, ROS functions synergistically with cofactors. A mixture of
acetoacetyl-CoA and H,0, is able to initiate oxidation of NADH.(560)

Nucleic acids are sensitive to attack by radical-based ROS. “OH attacks DNA in a diffusion-
limited process.(561) Indeed, the mechanism of action of the DNA-damage inducer,
bleomycin, is believed to proceed by oxidative modification of DNA(562) and more than 20
separate types of nucleic acid damage have been reported to be caused by *OH alone. RNA
is the most ROS-susceptible nucleic acid in the cell.(563) HNE [and other endogenous
electrophiles(564)] can modify DNA, principally through adduction to deoxyguanosine.
(565) This adduct can be repaired (probably by nucleotide excision repair), however the
HNE adduct is estimated to be more mutagenic than 8-oxoguanosine,(566) possibly due to
formation of crosslinks.(567) HNE-DNA adduction is elevated 4-fold relative to controls
upon glutathione depletion in rats(568) and elevated HNE-DNA adducts have been observed
in human patients with nonalcoholic fatty liver disease.(569,570) The most reactive of the
common LDEs, ONE,(571) reacts with tRNA in rat intestinal epithelial cells,(572) in
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addition to other nucleic acids.(573) HNE may also react with aminophospholipids.(248)
This process (in addition to adduction to protein thiols) affects the activity of adenine
nucleotide exchange factor in liposomes.(574)

3.12 What makes a privileged sensor?

Combining the above discussions, the definition of privileged sensor is currently functional
(beyond initial considerations in section 3.10.1): a protein that is able to engage with (a
redox) signal preferentially over other species in the cellular milieu /eading to a downstream
signaling response. It is unlikely that redox signaling can ever be 100% intended protein
selective, so privileged sensors likely have mechanisms to promote “on-target” downstream
signaling. These mechanisms may involve (1) increased reactivity to the signal in question;
(2) proximity of release and target protein; and (3) coupling redox-signal modification event
to a phenotypically-dominant effect (such as gain of function or dominant loss of function).
It is often assumed that enhancement arises from increased thermodynamic acidity of
privileged sensor. However, to be privileged, additional factors that give an extra boost to
reactivity are required. Pre-binding of the electrophile prior to covalent bond formation may
increase reactivity for HNE. Interestingly, glutathione reductase is inhibited by HNE but is
refractory to inhibition by 2-oxoaldehydes,(575) suggesting that intrinsic reactivity of the
electrophile is not a key determinant in this process. This example highlights that one should
not assume just because a molecule is more electrophilic it will by default react faster with a
specific protein thiol. Abundant examples of such selectivity exist in the literature, including
the reactivity of linear enals with tubulin.(576) Similar to Pfeifer’s rule in medicinal
chemistry that defines a positive correlation between enantioselectivity and inhibitor
potency,(577) as the protein thiol becomes more matched with a specific electrophile, it is
likely that its reactivity with other electrophiles, even those with similar structure, will
decrease. Interestingly, different enantiomers of HNE elicit widely different phenotypic
effects in mouse hepatocytes.(578) This observation could be due to differential metabolic/
excretion processes and/or different target profiles. However, certain enzymes are known to
react preferentially with specific enantiomers of HNE. One of the best examples is human
thioredoxin that contains two HNE-reactive thiols. The more exposed reactive cysteine
(C73) does not react enantiospecifically, whereas the more buried reactive cysteine (C32)
shows 3:1 preference for (/)-HNE.(579)

3.12.1 pK; is believed to determine kinetic modification site, but the situation
is complex—Thiolate is believed to be the active nucleophile in most addition or direct
thiol oxidation reactions. Cysteine has a pK; of 8.5 in water. Thus, in the cellular milieu,
cysteine is mostly in its neutral form and not ideal for reactivity. Although some theoretical
work indicates that the difference in nucleophilicity between the anion and conjugate acid
can be decreased by solvent effects in enzyme active sites, most nucleophilic thiols have
anomalously low pKj values.(580) However, relative to the equilibrated thiol/conjugate base
mixture at pH 7.4, complete deprotonation of DTT, GSH and N-acetyl cysteine can only
maximally confer 20-150-fold increase in reaction rates. For simple enones (acrolein and
methylvinyl ketone) reacting with cysteine, the rate enhancements are no more than 10-fold
upon full deprotonation.(581) For peroxide reaction with thiols, it has been concluded (albeit
by comparing thiols with relatively small pK; differences, <2 units) that a maximum rate
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constant of around 20 M~1s71 is achievable through p&; perturbation (a 20-fold increase in
reactivity relative to the thiol/thiolate at neutral pH).(431) Furthermore, for reactions
involving disulfide bond cleavage by thiol nucleophiles, thiolate nucleophiles formed from
thiols with high pKj; are more nucleophilic than thiolates formed from low pK; (by
approximately 10-fold over a 3-unit pKj; range). Thus, lowering pKj of a thiol alone (i.e.,
stabilizing the anionic form) may countermand nucleophilicity of the thiolate in the absence
of other factors.(483)

This effect can be readily rationalized by considering HOMO-LUMO overlap. As the pK;
of the thiol decreases, the HOMO of the thiolate anion lowers, leading to decreased overlap
between the nucleophile and the electrophile LUMO. A linear free energy relationship
between log(rate thiolate oxidation) and p K3(thiol) was maintained across 4 pK; units. The
gradient (B) of this relationship, a measure of charge loss in the transition state, was 0.4.
This result indicates that raising of the energy of the thiolate (higher pKj) quite considerably
promotes reaction. Many peroxidases and other peroxide reacting protein bucked this trend,
i.e., maintained high reactivity even though the pK; of the anion was low. This gives strong
evidence that “reaction privilege” is a function of numerous factors and that they must act to
maintain thiolate reactivity.(409)

To achieve enzyme-like rates (for instance, peroxiredoxin has Aga/ Km >108 M~1s71 for
H,0,)(107,111) other factors than thiolate formation are certainly at play.(582-584) A
similar conclusion can also be derived from considering GST.(585,586) Ground state
destabilization by desolvation, a common “trick” employed by enzymes to raise the HOMO
and hence increase rates that provides many orders of magnitude increase over second order
uncatalyzed rates.(587) Interestingly, the rates of reaction of thiol with peroxide and
hypochlorite differ by 107-fold. This comparison clearly shows that leaving group potential
can have a much larger impact on reactivity than thiol deprotonation.(116) Additionally,
transition-state stabilization(588)and binding prequilibria may also be used. These aspects
are believed to be used by peroxiredoxin to enhance reaction rates.(588)

3.12.2 Structural motifs—Since the above discussion implies that structure will
determine redox-sensitivity of proteins, there has been considerable effort invested into
understanding what makes a specific cysteine kinetically privileged. Although it is not the
only important aspect, these studies have largely centered on thiolates within enzymes (i.e.,
active-site, catalytically-essential cysteines) and as such may or may not be applicable to all
privileged sensors. For instance, three key parameters have been suggested to confer high
propensity to form reversible (signaling) disulfides in proteins: distance to nearest cysteine
sulfur, solvent accessibility, and pK;.(589) Intriguingly, proximity to cysteine appears to be a
reasonably important parameter promoting propensity for oxidation, although the reasons for
this are unclear.(590) As we have seen, pK; modulation can confer a reasonable win in terms
of reactivity; thus, it makes sense that this calculable factor should be considered first. Many
arguments appear to use variants of the Westheimer hypothesis,(591,592) i.e., a charge-
centric view: positive charges adjacent to reactive cysteines will stabilize the thiolate and
promote nucleophilicity.(593) For instance, cysteine proteases contain a catalytic dyad
consisting of a reactive cysteine within hydrogen bonding distance of an imidazole ring.
Since proton transfer from the thiol to the imidazole ring is likely significant, this can be
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considered as a case of proximal charge—charge stabilization. Model cysteine-containing
peptides are 5-times more nucleophilic to HNE if they contain an arginine.(450) Studies
with tubulin concluded that proximal positive charges promote cysteine alkylation, whereas
negative charges suppress alkylation;(594) adjacent positive charges also seem to promote
thiol exchange in several proteins (by around 2 orders of magnitude).(595,596) Both the
effects on alkylation and disulfide exchange have been ascribed to pKj; changes. Model thiol
exchange kinetics measurements back up that rate enhancements on the order observed may
be possible. On the other side of the spectrum, proximal glutamic acids endow a specific
cysteine with low pKj; in human DJ-1.(597) Proximity to a helix dipole can also stabilize
thiolate anions,(598) for instance in £. coli thioredoxin.(599)

However, this view has not always held up across multiple enzymes. For instance, a lysine
proximal to C22 of human Grx1 has little effect on pKj;.(600) Proximal negative charges
also exert little effect on cysteine pKj; in DsbA.(601) Indeed, hydrogen bonding may be the
most decisive factor in determining thiol pKj at least in some enzyme active sites, such as
yeast DJ-1 (602) and mouse methionine sulfoxide reductase A. (603) Interestingly, it is quite
well established that cysteine is much more particular about its hydrogen bond donor
partners than its acceptor partners. However, how this may affect reactivity is unknown,
although it does mean that a general base can activate cysteine from many more positions
than a general acid can stabilize a thiolate.(604) More information especially pertaining to
privileged sensors and what rate enhancements they can obtain is required to be able to
understand the intricacies of what makes a sensor. Nevertheless, since 500-fold rate
enhancements (like those above) have been reported, it is likely that pK; alone is not the
only (or likely not the operative) factor.

3.12.3 Implications for specificity—It stands to reason that if privileged sensors do not
just accelerate reaction by deprotonation of sensor cysteines, then the sensor protein may
recognize specific aspects of the reactive signal. In other words, the sensor protein may be
tuned to react with specific ROS or RES. As we mentioned above, as a sensor is tuned to a
specific signal, there will be more discrimination between different electrophiles/oxidants.
None-the-less, many enzymes can achieve sizeable rate enhancements while maintaining
moderate-to-high promiscuity. These enzymes include GST-A1-1 that metabolizes
androstenedione, HNE, hydroxydecenal, chloro-dinitrobenzene and epoxy pyrenes with
keatl Kiy around 10° M~1s71,(605) Interestingly, the chemical reaction catalyzed by GST is
not dissimilar to the sensing function carried out by many privileged RES sensors.(605,606)
Several lines of reasoning are consistent with a picture in which privileged sensors interact
with their substrates/stabilize transition states as well as promote bond formation. (1) We
have uncovered isoform-divergent electrophile/oxidant sensors, indicating that some aspect
of specific isoforms renders ROS- or RES-specific sensitivity/responsivity.(512) (2) Keapl is
a multipurpose ROS/RES sensor is equipped with 27 cysteines many of which have been
implicated in redox sensing/signaling.(607,608) Comparison of delivery of HNE and various
other electrophiles to Keapl shows that Keapl can sense both cyclic and linear electrophiles
similarly.(609) However, we have shown that under electrophile-limited conditions wherein
RES signals are delivered under controlled conditions 7 situ, different residues are targeted
for cyclic RES (C613)(389) and for acyclic RES (C513/C518).(259)
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3.12.4 Model systems—Decoding evolutionary information from model redox sensors is
difficult: cysteine is in general a conserved amino acid. It has further been found that
conservation of cysteine is favored by clustering and when it is buried within the protein
structure.(367) These “character traits” make conservational analysis of putative redox
sensors (typically surface exposed and isolated) fairer and less likely to be influenced by the
inherent conservation preference of cysteine. We can thus cautiously use phylogeny to
analyze privileged sensors. We have identified Akt3 as a sensor of RES. Another laboratory
has independently identified Akt2 as a ROS sensor. Interestingly, these two enzymes share
different local topographies around their specific sensor cysteines. Since Akt2 and Akt3 are
highly homologous except in the linker region where the sensor cysteines lie, this may
suggest that ROS and RES sensing are at least to some level favored by different local
environments around the sensor cysteine. For instance, Akt3 has two anion-rich sites and
Akt2 has none. Consistent with the linker sequence being important for sensing, for a
specific isoenzyme, there is little divergence in the linker region across mammals, reptiles,
fish and birds and the anion sites are fully retained (Figure 10). Interestingly, Akt2 has the
ability to sense RES weakly, although this sensing appears to not be coupled to function.
Obviously, it is possible that Akt2 cannot be labeled sufficiently to elicit a phenotypic
downstream output. However, it is also possible that RES sensing by Akt2 is unable to drive
phenotypically-dominant loss of function effects that are manifested in Akt3 RES-sensing.
We are now investigating these mechanisms to begin to understand correlations between
dominant responses and increased cysteine nucleophilicity. It is likely that the Akt2/3 system
will serve as a paradigm for ROS/RES sensing in the future and may hold some answers to
unresolved questions.

The field, especially for ROS signaling, seems to have reached a consensus that specific
protein redox modifications are important. However, disagreement remains over how cells
achieve specificity through redox signaling. This is unsurprising as it is a very complex
problem and, biology is pragmatic at finding solutions to problems and so it is unlikely one
single solution will apply to all scenarios. Thus, the current debates about local ROS
elevation versus channeling versus privileged sensing—for instance, primary sensing by
peroxiredoxins vs. other direct/indirect ROS-sensors—are similar to classic debates in
science about diversity in the immune response and factors leading to enzymatic rate
accelerations. We hope that in the future years there will be a compromise allowing us to
parse these variables, clearly define terms, and understand signaling contributions for
specific proteins and specific ROS/RES.

4. MECHANISMS OF RES/ROS SIGNALING

Here we discuss specific ways in which initial RES/ROS insults cause signaling using
specific examples. We stress that we have only scratched the surface of what constitutes a
physiologically-relevant redox sensor and so the examples currently available may not be
generalizable or even describe the best sensors. For instance, many “protein redox sensors”
studied using isolated proteins /n vitro have slow second-order rate constants of association
with their putative signals. Unsurprisingly, /n vitro experiments—especially in the study of
non-enzyme-assisted RES/ROS modifications—do not transpose well to conditions in cells
or whole organisms. Several reasonable explanations have been postulated to reconcile what
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is seemingly a dichotomy between /n vitro and cell-based data, including: (1) high localized
concentration/compartmentalization of small molecules /7 vivo may circumvent low second-
order rates of reaction for specific proteins, forcing a reaction to occur by mass action; (2)
compartmentalized changes in environment (e.g., pH/associations) may also promote/assist
protein modification; (3) there may be competition with other thiols within specific cellular
microenvironments (small-molecule such as GSH or proteins); (4) locale/context-specific
(and likely dynamic) protein redox states—that can alter protein conformation, specific
cysteine reactivity, etc.—is not easily recapitulated /n7 vitro. However, many reinforcing
factors are required to convert intrinsically low second-order reaction rates (1-100 M~1s71)
and requirements of unusually high pH to observe a reaction /n vitro, into a physiologically-
relevant signaling axis. Thus, it is our opinion that much of the current experimental data do
not instill the highest confidence that the observed modifications are relevant.(509) After all,
free amino acids perform chemistry associated with many of the proposed signaling
functions similarly to proposed sensors, meaning mass action alone is unlikely to lead to
(semi-) selective labeling.

Hopefully in the future more in-cell relevant sensors will be discovered that can sense redox
signals in unstressed cells with low levels of signal used, ideally with endogenous levels (or
below) of the sensor. Nevertheless, redox signaling by both RES and ROS are now clearly
implicated in a wealth of different specific signaling processes in cells including AR, growth
signaling, apoptosis, and DNA damage. We discuss methods and toolsets to try to assist in
the quest for bona fide sensors later in section 5. In this section, we critically review some of
the data linking redox signaling to specific modifications and models as to how those
modifications are maintained in cells.

4.1 Oxidation of cysteines to —-SOH

Sulfenic acid is the foundational, common chemical step in production of disulfides, sulfinic
acids, and the panoply of other oxidized cysteine modifications. These species exist as an
equilibrium of sulfenyl and sulfinyl tautomers,(610) although the sulfenyl form is most
commonly drawn and is likely the more stable. As discussed in section 3, sulfenic acid can
be created from interaction of thiols with a host of ROS (Figure 11)(611) and nucleophilic
attack by hydroxide(612,613) or a carboxylate on a disulfide. The latter proceeds via a
mixed sulfenic/carboxylic acid anhydride(614) that is likely not favored in the absence of an
enzyme active site.(615) Sulfenic acid may also arise from hydrolysis of nitrosocysteine.
(616) In some special cases, sulfenyl iodide has also been isolated,(617) although the
relevance of this functional group /7 vivois unknown. Sulfenic iodide appears to be readily
and reversibly displaced by chloride ions and can also be hydrolyzed under the correct
conditions.(618)

4.1.1 Several enzymes have evolved to form stable sulfenic acids that resist
further oxidation—As we discussed above, most sulfenic acids are short lived, due to
kinetically fast reaction with other thiols to form disulfides. However, some proteins are
susceptible to sulfenic acid formation. One key class of proteins susceptible to sulfenic acid
formation is cysteine proteases. Some of the key cysteine proteases in eukaryotic cells
include deubiquitinating (DUBS) enzymes, deSUMOylating enzymes, and cathepsins. Many
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of the 5 classes of thiol protease DUBS are redox active.(619,620) The crystal structures of
A20 OTU with and without the active site cysteine (C103) converted to the sulfenic acid
have been disclosed. Based on the crystal structure of the sulfenic acid, it was concluded that
the ability of the active site to accommodate and stabilize the sulfenic acid protects against
hyper-oxidation that would likely render oxidation irreversible.(621) This protection is
hypothesized to arise because the hydroxyl group within the sulfenic acid can hydrogen
bond effectively with the loop on which the oxidized active nucleophile, C103, resides.
Interestingly, available crystal structures(621) indicate that similar stabilization is possible
for the sulfenic acid in other OTU DUBSs and evidence provided indicates that many OTU
DUBs are sensitive to physiological (1 uM) H,05 on relatively short (15 min) time scales.
Thus, redox sensing appears to be a conserved trait in this enzyme class. Furthermore, in the
case of USP1, a DUB involved in DNA damage response/regulation, reversible inhibition of
protease activity was observed upon H,0, treatment. Similar inhibition of USP7 has also
been observed.(622) Indeed, elevation in polyubiquitination species upon redox stress in
yeast was ascribed to inhibition of a specific DUB, Ubp2 (a USP family member).(623)

Recently it has been shown that sulfenic acids in active sites can behave as active-site
nucleophiles.(624,625) Sulfenic acids have also been implicated in several catalytic cycles
including methionine sulfoxide reductase.(626) Thus, the possibility that the sulfenic acid is
involved in catalysis should not be dismissed out of hand.

4.1.2 Formation of stable sulfenamide and sulfenylamide—Sulfenamides and
sulfenylamides are relatively new players in protein regulation. It has been known for at least
40 years that sulfenic acids within proteins can be trapped by exogenous amine

nucleophiles. Oxidized GAPDH was intercepted by benzylamine to form what was proposed
to be a sulfenamide, although precise identification was not possible at that time. Subsequent
studies showed that treatment of the model peptide PFVCG with HOCI formed
intermolecular sulfenamide crosslinks.(627) Sulfonamides of GSH have also been reported.
(627,628)

In later work, intramolecular sulfenylamides were reported to form in response to oxidative
stress.(629) In most models, such sulfenylamides protect against sulfur hyperoxidation. In
the case of PTP-1B, oxidation of the active-site cysteine is configured to promote formation
of a sulfenylamide (Figure 12A). This unusual bond formation elicits a change in structure
that renders the active-site cysteine resistant to further oxidation. However, upon addition of
reducing agents, the oxidized active site cysteine is reactivated, a process that may also be
assisted by the unusual conformation caused by the sulfenylamide.(630) Convincing
mechanistic evidence for this pathway in cells has been provided, linking PTP activity in B
lymphocytes to ROS in cell through the use of (among other experiments) ROS scavengers.
(631)

The related protein, PTP-a, is also regulated through formation of a sulfenylamide. Similar
modes of protection against hyperoxidation have been observed in Bacillus subtilis OhrR
and PTPa. Based on the above examples and unifying structural features between them,
structural requirements for this specific bond formation have now been proposed.(632,633)
A lysine-cysteine sulfenamide has also been reported in the crystal structure of sublactam
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bound thiol-p-lactamase.(634) It has also recently been proposed that a sulfenamide linkage
is formed between a sulfur and an adjacent lysine in NemR.(635) This mechanism is
believed to be how this transcription factor senses “OCI.

An interesting comparative study between mouse and human methionine sulfoxide reductase
A (Msr-A) was recently published.(636) The human version of Msr-A is much more
resistant to hyperoxidation by micromolar peroxide than the mouse analog, although the
proteins share almost 88% amino acid sequence identity. The authors trace this difference to
a single residue located 5 amino acids from the C-terminus, M229 (a valine in the human
enzyme). Mutation of mouse M229 to valine, or truncation of the last 5 residues of the C-
terminus of the mouse enzyme (containing Met229) renders the mouse enzyme resistant to
oxidation with no significant change in specific activity. The difference in oxidative
stabilities is proposed to occur because M229 prevents formation of a sulfenylamide by
altering the conformation of the backbone N-H required to attack to sulfoxide.(637) This
result indicates that redox regulation may vary between similar organisms, and further
strengthens the notion that redox regulation is context dependent.

4.1.2.1 Sulfenamide formation in drug mechanisms: Sulfenamide formation is a critical
step in the mechanism of the drug omeprazole (Figure 12B). This clinically approved drug is
an inhibitor of the H*/K*-ATPase that suppresses stomach acid secretion. Omeprazole is a
sulfoxide prodrug that rearranges in acid first to a sulfenic acid and then to a sulfenamide.
The sulfenamide can bind to an ATPase and forms a disulfide cross-link to a specific sulfur,
inhibiting the protein.(638)

4.1.3 Disulfide formation—The majority of disulfides in cells are formed in the ER. The
ER is optimized for formation and exchange of disulfide bonds.(639) From a study of 4000
proteins, half of disulfide bonds were found in membrane proteins, and most others had a
secretory sequence.(640) However, 5% of disulfides were localized in the nucleus or
cytoplasm.(641) Disulfide bond formation in the cytosol is probably elevated upon oxidative
stress.(642) These disulfides are formed reversibly, distinguishing them from “structural” or
inert disulfides.(643) This distinction has been addressed computationally.(643,644)

We have discussed PTP-1B sulfenylamide formation above. Some analogs of PTP-1B, such
as PTEN,(645,646) SHP1/2(647) and Cdc25(648) do not form stable sulfenic acids upon
oxidation, but rather have evolved a vicinal cysteine that forms a disulfide with the oxidized
active-site cysteine. This bond formation also prevents further oxidation and facilitates
reactivation.(649) Although this is an ideal system to evaluate “why” sulfenylamide vs.
disulfide formation occurs, it seems there has been little progress.

One possible explanation for the different hyperoxidation mechanisms is control of kinetics
of re-reduction. Interestingly, thioredoxin-1 (Trx1) can reduce both oxidized PTP-1B and
PTEN at similar rates [14 M~1s71(650)]. Such a low second-order rate is worrisome as it
seems not physiologically useful and is also close to the rate at which PTP-1B is oxidized
(20 M~1s71) and over an order of magnitude slower than the rate of oxidation of TrxR1 (600
M~1571),(651) However, it cannot be ruled out that slow, controlled reduction is one possible
reason for sulfenylamide formation in the first place. As mentioned in section 3, the
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“average enzyme’s” Agal K is 10° M~1s71 (60% of enzymes fall within an order of
magnitude of this value), making PTP1-B and PTEN reduction by Trx1 an unusually
inefficient process, despite being putatively linked to a signaling (i.e., a dynamic response)
pathway.(353) Nevertheless, the re-reduction rate is much faster than the corresponding rates
of reduction of PTP-1B and PTEN by small molecule thiols (0.036 M~1s~for GSH),
possibly hinting that re-reduction is overall slow for these proteins by design. Unfortunately,
no clear /n vivo evidence using endogenous levels of the protein players has been offered
thus far for enzymatic re-reduction of PTP-1B and PTEN by Trx1 under oxidative stress
either. There is evidence that Trx1 could be involved in basal recycling of oxidized PTP-1B,
because in Trx1 knockout MEFs, PTP-1B oxidation levels are increased.(651) One way to
reconcile these data could be that TrxR1 or a TrxR1-regulated protein could rapidly intercept
intermediate oxidation products (e.g. the sulfenic acid) under low stress conditions, but this
mechanism may fail during oxidative stress, allowing/necessitating formation of the
sulfenylamide. Recent work using affinity capture/digest MS has indicated a modest
increase in binding of Trx1 (a protein known to bind oxidized proteins with higher affinity
than reduced congeners) and Prx1 upon oxidation of PTEN,(652) giving some extra
credence to the idea that Trx1 or Prx1 may re-reduce oxidized PTEN in cells, although a
clear thread of logic from kinetics to /n vivo evidence has yet to be fully established.(653)
One general conclusion from the study is that the interactomes of reduced and oxidized
PTEN are different, possibly indicating that oxidized PTEN has specific downstream
signaling roles. Thus, the different conformations and subsequent interactome changes,
ushered by sulfenic acid and disulfide formation, may explain the differential redox
regulation of PTEN and PTP-1B.

Recently, apoptosis-inducing factor (AIF), a protein that translocates from the mitochondria
to the cytosol/nucleus upon apoptosis(654), was also shown to re-reduce PTEN (a peripheral
membrane/cytosol-localized protein).(655) Although this study did not provide kinetic
constants for the reduction, the authors used knockdown of AIF to probe /n vivo relevance of
this interaction. It would be very interesting to compare second-order rate constants for Trx1
reduction of PTEN and PTP-1B with that of AlF1-catalyzed PTEN reduction to examine the
relative impacts of these two pathways on PTEN reduction.

4.2 Glutathionylation and other mixed disulfide modifications

This modification is found in most kingdoms of life from bacteria (mainly Gram-negative
species that contain GSH) to humans.(656) S-glutathionylation can occur either as a
consequence of nucleophilic attack by GSH on an oxidized protein or by the reverse process.
(657) This can be uncatalyzed or enzyme catalyzed.(658) This process is most commonly
associated with reversible inactivation of enzymatic activity,(659) however other interesting
effects have been reported.(659)

The yeast ER chaperone Kar2 (analog of human Bip) was recently shown to be affected by
glutathionylation.(660) In the absence of glutathionylation, Kar2 functions as an ATP-
dependent chaperone. Upon glutathionylation, ATP activity is inhibited, converting the
enzyme to a holdase (an enzyme that binds unfolded proteins, maintaining solubility, but not
actively refolding them). It was speculated that glutathionylation allows Kar2 to maintain
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client protein solubility until stress has subsided and active refolding can restart.
Interestingly, a similar effect was found for sulfenylation of BiP, indicating that these
modifications may have overlapping phenotypic effects.(661) Such degeneracy/convergence
may be one way to ensure sufficient upregulation of the desired phenotype/activity occurs.

Glutathionylation is also implicated in recovery from injury. HIF-1a is a proangiogenic
transcriptional factor that is stabilized upon glutathionylation at C520. Upon knockdown of
the deglutathionylating enzyme, glutaredoxin (Glrx or Grx), GSH adducts to HIF-1a
increased in ischemic muscles and promoted regain of blood flow. These data ultimately
may indicate that Glrx inhibition may promote revascularization.(662)

Finally, an interesting redox relay ultimately producing glutathionylated sarco/endoplasmic
reticulum calcium (Ca2*) ATPase (SERCA) was reported by Adachi et al. The endpoint of
this pathway is decrease in intracellular Ca?*, relaxing muscle cells.(663) In this model,
glutathionylation of SERCA was mediated by ONOO™ oxidation of a specific sensing
residue, C674. Importantly, signaling occurred in the presence of low micromolar ONOO™,
required GSH, was reversed by DTT, and did not occur in the C674S mutant /n vivo.
Furthermore, the SERCA inhibitor thapsigargin suppressed the effect of peroxynitrite on
muscle relaxation, thus peroxynitrite likely (directly or indirectly) downregulates SERCA
activity. Suppression of relaxation in atherosclerotic tissue was similar to that observed in
thapsigargin-treated native tissue and thapsigargin had little effect on atheroscleraotic tissue.
These data indicate that atherosclerotic tissues (known to have high levels of oxidative
stress) have lost the ability to regulate SERCA through peroxynitrite formation. The authors
proposed that a hyperoxidized SERCA state was formed in these tissues that was unable to
form a mixed disulfide. These data as a whole offer quite compelling evidence for a
glutathionylated SERCA intermediate. Recently, numerous other types of small-molecule
thiol adduct have been reported. These include protein CoA adducts.(664) Since CoA is
localized preferentially in the mitochondria vs. the cytosol [2-5 mM versus 0.02-0.14
mM(665)], this could constitute an organelle-specific redox modification. Perhaps the
simplest disulfide is persulfide. This modification, although formally a disulfide, retains
nucleophilicity and acidity (both likely enhanced relative to cysteine).(666)

4.3 Changing of hands of sulfenic acids

Many of the above sulfur species (e.g., disulfide, sulfenic acid, sulfenamide, sulfenylamide)
can functionally interconvert, either inter or intramolecularly. We have referred to this
process as changing of hands of information. There are several reasons why changing of
hands may be beneficial: (1) the rate of enzyme reactions can be many orders of magnitude
faster than non-catalyzed rates; (2) the involvement of enzymes allows for greater specificity
both in terms of target protein and specific disulfides exchanged; (3) there is also greater
scope for contextual regulation; (4) the process can be of higher fidelity (i.e., less
interception/signal leakage and collateral damage); (5) signals from numerous first
responders can potentially converge at the same downstream point, leading to further
amplification. Obviously, there is also a penalty in terms of loss of diffusability and
reduction in immediacy of signal transfer. In some organelles and specific regions of the
cytoplasm, crowding can facilitate direct transfer of substrates from one protein directly to
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the next protein in the pathway without the need for free diffusion.(667) Thus, diffusion
could be removed from the equation, depending on the locale where information relay
occurs. Disulfide exchange has been implicated in signaling pathways involving the yeast
peroxide sensor Orpl whose oxidation triggers a disulfide exchange with the transcription
factor Yapl (change of hands), thus activating Yapl. (668) Other examples include
Pap1(669) and STAT3.(670) As we touched on above, some authors have also proposed that
Keapl—the master redox sensor of the cell—does not sense oxidants fast enough to account
for downstream signaling that occurs upon oxidative stress.(66) An intermediary has thus
been postulated.(671)

4.4 Oxidation of methionine

There appears to be a rich functional biochemistry of methionine oxidation that is slowly
being elucidated.(525) MICAL-mediated oxidation of F-actin occurs at two specific
residues, M44 and M47. This overall process leads to disassembly of actin filaments.(672)
Methionine sulfoxide reductase B1 can specifically reduce oxidized actin, restoring actin
polymerization.(523) By far the most common method to study methionine oxidation
involves direct oxidation of proteins, although mutation to glutamine, that is believed to
mimic oxidized methionine, has also been used. There is some indication that methionine
oxidation may be promoted by near-by phosphorylation sites.(673) This could indicate that
phosphorylation and methionine oxidation crosstalk, although much more work needs to be
done in this area. Methionine oxidation has been implicated in protection of sensitive
residues from oxidation: in a-2-macroglobulin exposure to an oxidative environment leads
to methionine oxidation, which does not change activity.(674) Upon over exposure to
oxidants, tryptophan oxidation occurs leading to inactivation. A similar conclusion was
reached for glutamine synthetase.(675) Consistent with methionine serving an antioxidant
role, substituting norleucine (a methionine isostere) for methionine in £. coliled to
hypersensitization to oxidative stress.(676) Similarly, oxidation of Calcium/calmodulin
(Ca%*/CaM)-dependent protein kinase 11 at methionine can lead to protein activation.
(677,678) Other proteins implicated in regulation through methionine oxidation include,
apolipoprotein A-1(679) and calcineurin.(680)

4.5 Oxidation of cysteines to —SO3H

Sulfinic acid is formally a reversible modification (see section 3.9.1), although reversal does
not occur without catalysis and there are very few enzymes that catalyze this process.(681)
Sulfinic acids have varied roles in cell signaling, although they are usually grouped together
with sulfonic acids as differentiation between the two forms is not trivial.

We have already discussed the role of sulfinic acids in peroxiredoxin chemistry. Another
interesting example is DJ-1, an atypical peroxiredoxin-like peroxidase.(682) DJ-1 is a
protein strongly linked with neuroprotection. For instance, loss of function mutations to
DJ-1 can cause early onset Parkinson’s disease.(683) Sulfinic acid formation at C106
promotes mitochondrial translocation and suppresses neuron-protective effects of DJ-1.(684)
The C106 sulfinic acid has been characterized structurally.(683) Sulfinic acid modification is
also known to regulate nitrile hydratase (heme or cobalt containing enzymes that catalyze
hydrolysis of nitriles), (685) and matrilysin (a matrix metalloprotease).(686)
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4.6 Oxidation of cysteines to —SO3H

Consistent with a trend to a more oxidizing environment as organisms age (discussed in
section 3) and the fact that sulfonic acid is an irreversible modification, it is likely that
protein SO3H accrues with age.(687) Clearly, cysteine sulfonic acid formation at numerous
active-site cysteines elicits loss of function, but, we focus on oxidation-induced gain of
function in this section.

Since sulfonic acid formation is irreversible, perhaps unsurprisingly, one of the first
examples of sulfonic acid signaling was as a gain of function co-degron in the N-end rule.
The N-end rule is a fascinating example of protein regulation that describes how the half-life
of a protein is determined by its N-terminus.(688) Some residues are considered
destabilizing, whereas others are stabilizing, although this is highly context dependent.(689)
Because of the requirements of the Kozak sequence, proteins are translated with an N-
terminal methionine.(690) However, this residue is often(691) [80% of the time in
yeast(692)] removed by methionine amino peptidase, exposing proteins with a diverse array
of N-termini.(693) Arginine is the prototypical N-terminal degron; a subset of destabilizing
residues (aspartate and glutamate) require conjugation to arginine prior to degradation. It is
also known that NO-catalyzed oxidation of cysteine (a stabilizing amino acid) can form the
sulfinic or sulfonic acid forms that appear to mimic aspartate or glutamate as they usher N-
terminal arginine conjugation, stimulating degradation through the N-end rule.(694)

Other examples of cysteine sulfonic acid performing a signaling role include yeast
peroxiredoxin, where sulfonic acid formation at the active-site cysteine leads to loss of
peroxidase activity but stimulates chaperone activity 4-fold.(695) Some cysteine oxidation
events are linked to disease etiologies. Sulfoxide formation on C111 of human SOD is
linked to toxic gain of function through enhanced proclivity to form aggregates.(696,697)
C111-SO3H has been identified in Lewy-body-like structures in a mouse model of familial
amyotrophic lateral sclerosis.

4.7 Protein alkylation by monofunctional RES

Monofunctional RES are alkylating agents bearing one electrophilic moiety, such as
nitroolefins (Figure 13A). Nitroolefins affect activities of several proteins including xanthine
reductase [nitro-oleic acid, non-competitive, 1C5,=0.5 uM(698)] and GAPDH
(nitrolinoleate, 1C5p=10 puM).(504) As stated in section 3.9.3, these modifications are
typically reversible. This reversal usually requires addition of excess reducing agent. 12-
NO,-AA—a compound with many ascribed health promoting roles(699)— inhibits protein
disulfide isomerase (PDI) reversibly.(700) This effect was time dependent, consistent with
(slow) covalent-bond formation. Interestingly, PDI has two activities, disulfide isomerism
and chaperone activity, and they are both inhibited at a similar rate. Nitroolefins are also
crucial signaling molecules in insects.(701)

8-nitro cyclic (c)GMP, a product of RNS reaction with cGMP, can modify cGMP-dependent
protein kinase PKG, causing irreversible enzyme activation.(702) This report is similar to
earlier reports saying that 8-NO,-cGMP can alkylate and stimulate Keap1.(289,290) In the
case of PKG, alkylation appeared to occur at two cysteine residues within the high-affinity
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cGMP binding domain. These experiments were carried out in lysates using 1-200 uM of 8-
NO,-cGMP.(702) Cellular concentration of 8-NO,-cGMP can range within 0.01-10
UM(703) and the authors were able to show weak labeling of the protein under these
conditions that was not prevented by DTT.

1,2-quinones label protein thiols with a rate constant of around 103 M~1s71. The second
order rate constant for 1,2-benzoquinone adduction to protein (BSA) is on the order of 10*
M~1s71and is believed to proceed through thiol adduction.(699) The reaction with amine
functions is 10°-fold slower.(699) One region where 1,2-quinone may be in abundance is the
brain. There is in fact a correlation between protein quinone adduction and dopamine
(Figure S3) induced cytotoxicity (dopamine oxidation can produce o-quinones).(704)
Several proteins involved in energy production/distribution were identified as quinone
reactive in aged rat brain. Several of these targets (lactate and malate dehydrogenase) were
inhibited by quinone modification.(705) In a separate study, SOD2 was also labeled and
inhibited by quinones.(706)

Finally, dietary ITCs affect a host of enzymes. Although many different activities have been
ascribed to these important reactive units, they inhibit deubiquitinating enzymes likely
through direct interaction with the catalytic thiol to form an acyl-enzyme intermediate.(333)

4.7.1 Toxic activity of RES induced by xenobiotic metabolism—The action of
CYP450s on aromatic species can create several toxic metabolites. This activity can be the
principal cause of cytotoxicity of some drugs/xenobiotics. For instance, paracetamol’s
toxicity has been traced to formation of a reactive quinone imine through metabolic
oxidation.(707,708) Benzene toxicity is also likely the result of metabolic processes forming
benzene oxide and also quinones.(709) Tobacco smoke contains many polyaromatic
hydrocarbons that can upregulate CYP450 (including CYP1AL and CYP1A2 isoforms)(710)
and promote their toxicity (this is principally catalyzed by CYP2A6 and —13).(709,711) It is
possible that this metabolic toxicity is aggravated in HIV patients who are smokers.(712)
Indeed, CYP450 inhibitors reduce toxic/carcinogenic compounds formed from tobacco
smoke. For instance, it has been proposed that PEITC, a time-dependent inhibitor of several
CYP450 isoforms, including CYP1A2 (K;= 10 pM) and CYP2A6 (K;= 19 uM), may elicit
some of its anticancer properties by targeting this enzyme and reducing toxic by-products
formed, especially in smokers.(713)

4.8 Protein alkylation by multifunctional RES

Multifunctional RES have wider scope to affect protein activity/stability. This is because
they can bind to two separate sites (cross-linking) and potentially induce unexpected protein
conformations, for example. (Figure 13B). Unsurprisingly, early work linked protein
HNEylation to decreased protein stability. This was attributed to 20S proteasome activity,
independent of the 19S chaperone, at low HNE concentrations.(714) At higher
concentrations, HNE can inhibit the proteasome, possibly through direct interaction(715)
and/or because some HNEylated proteins may inhibit the proteasome directly.(716) Several
studies have highlighted the link between bifunctional RES and several diseases.(271)
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Consistent with its ability to engender severe negative effects on protein structure/behavior,
HNE is associated with aggregation of numerous proteins /n7 vitroand in cells.(717,718)
However, other work shows that HNE can form defined adducts with specific proteins; such
adducts may be reversible/reactivatable. Na*-K* ATPase was inhibited by HNE with an
IC50=120 uM irreversibly under the assay conditions. Importantly, activity was restored
upon incubation with both hydroxylamine and a reducing agent; reducing agent alone had no
effect.(502) Glutathione peroxidase is inhibited by HNE with an 1C5¢=0.12 mM. Inhibition
can be prevented, or reversed by addition of glutathione, but not DTT or p-mercaptoethanol.
(719) Interestingly, HNE adduction can also occur on cysteines that are apparently buried in
the static crystal structure.(720) Adipocyte FA binding protein, a protein that regulates
adipocyte FA uptake, is a specific target of HNE. Binding of either enantiomer of HNE to a
specific cysteine (C117) inhibited FA binding to this protein by 10-fold.(721) This HNE-
protein complex was later analyzed by x-ray crystallography, showing that HNE bound in
the oleic acid binding pocket.(722) Interestingly, the overall fold and structure of the protein
is remarkably similar to that of the apoprotein, proving that HNE can bind proteins without
eliciting severe perturbations in structure.

Bifunctional RES can also perform signaling roles.(723) Indeed, HNE signaling has now
been linked to a host of signaling responses (often via modification of specific proteins)
including stress signaling,(724) apoptosis,(725) and regulation of mitochondrial uncoupling.
(726) HNE is also linked to numerous diseases(255) and also numerous eustress pathways.
(727,728) For instance, preconditioning with low (15 pM) HNE prior to treatment with
lethal doses of different cytotoxic compounds (e.g., H»O5) is cytoprotective to PC12 cells.
(727) Thioredoxin reductase 1 (TrxR1) was implicated in this pathway.

4.9 RES-containing drugs and compounds in clinical trials

There is a rich and diverse array of drugs in clinical trials and clinical use that take
advantage of reactive carbonyl functions, such as acrylamide. We will define such drugs as
RES-containing drugs (“RES drugs”). Although this is not the forum for an extensive thesis,
we point out a few aspects of note. RES drugs fall into three main classes: (1) active-site
targeting RES drugs; (1) non-active-site targeting RES; (I11) RES formed upon mechanism-
based inactivation.(390) Clinical examples of each class are: carfilzomib, the epoxide-based
proteasome inhibitor [inact/ i 34,000 M~1s71(729)]; Dacomitinib, an epidermal growth
factor receptor (EGFR) kinase inhibitor bearing an acrylamide function [Kinact/ K; 108 M~1s
~1(730)]; and Gemzar, a suicide inactivator of ribonucleotide reductase, that forms a cross
link to the enzyme.(731,732) Critically, for inherently-reactive irreversible binders that are
not generated /n situ, i.e., Class | and 11, these must (ideally) react slowly with background
thiols but fast with the intended substrates, to enable pharmacologically-relevant occupancy
of the target prior to degradation/excretion. Rapid labeling kinetics is engendered through
binding to a specific pocket on the target enzyme, facilitating an otherwise slow bond-
forming step [second-order rate of thiol addition to epoxide is 0.001 M~1s~1 and the same
rate is 0.021 M~1s71 to acrylamide, for instance(733,734)]. Thus, very high rate
accelerations are required to engender the second-order rate constants of inhibition for
carfilzomib and Dacomitinib mentioned above. Moreover, these drugs show rate
enhancements on the order of 107 for reaction with their target relative to the reaction with
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GSH, indicating that in spite of the high GSH content in cells, the reaction with the enzyme
may be many orders of magnitude faster.

Histidine is also a possible target of drugs. Fumagillin (735) and its analog Beloranib [a
compound withdrawn from clinical trials (736)] alkylate methionine aminopeptidease at an
essential histidine. Interestingly, numerous chloroketones alkylate serine proteases at
histidine, despite the active site residue being serine.(737) This regioselectivity can be
explained because the catalytic serine rapidly attacks the carbonyl group within the inhibitor,
leaving only the histidine (part of the catalytic triad) to react with the chloride.(738)

Some ligands target reactive nucleophiles on threonine/serine. In this instance, a clever way
to side-step competing cellular thiols and provide selectivity is to use ligands that bind
reversibly to thiols but will form more stable bonds to target oxygen nucleophiles. Boronates
(structural analogs of carboxylic acid/amides) fit this bill perfectly, and indeed bortezomib, a
boronate-based peptide drug, has emerged to be a highly selective proteasome inhibitor used
clinically.(739)

Ironically, one of the limiting factors of bortezomib is its low volume of distribution due to
rapid adsorption by blood proteasomes. This limits bortezomib’s tissue penetration.
Millennium designed a second-generation boronate proteasome inhibitor drug that has a
faster off-rate, allowing dissociation from blood proteasomes, and affording much more
tissue penetration.(740) Clearly, these examples illustrate the importance of
pharmacokinetics in drug efficacy and design. Indeed, irreversible binding is one way to
sustain drug action long after clearance, a trait that to some extent can uncouple
pharmacokinetics from pharmacodynamics. However, there is a dark side of covalent drug
design: off-target labeling accrues with time, in a similar way to HNE reacting with first
responders vs. non-activated proteins. The Cravatt laboratory has disclosed a method to
minimize off-target effects by designing an electrophilic appendage that is deactivated faster
than off-target binding events can occur.(741) Finally, mechanism-based inhibitors do not
really conform to these rules because a very reactive electrophile is generated only within
the active site, meaning trapping is quite efficient. Given that there are no HT screens for
mechanism-based inhibition, most screening has focused on ligandable cysteines (Classes |
and I1).

Redox biology and covalent drug discovery have a lot to learn from one another. In effect,
redox signaling at privileged sensors is not so distinct from the way a Class | or Il covalent
drug functions, especially with the growing use of encapsulation using polymer carriers,
(742) dendrimers and fullerenes(743) as well as antibody conjugation.(744) Clearly, the
discussion of covalent drug mechanisms does show that binding can lead to elevated second-
order rates, and that even seemingly reactive warheads can give sufficient efficacy for
pharmaceutical benefit (see Section 6). Thus, given sufficient evolutionary pressure, it is
certainly possible that enzyme-like redox sensors have arisen. Of course, pharmacologic
efficacy does not necessarily mandate high selectivity, just that there be a beneficial output.
Thus, a drug’s efficacy is an amalgam of effects due to all beneficial and detrimental binding
events.(745)
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However, the average number of known (and hence possibly an underestimate of total
binders) targets per approved drug on average is relatively low (<5), arguing that too
promiscuous interactors may be deleterious. In fact, comparative analysis of approved and
withdrawn drugs indicates that it is number of off-target proteins that are essential genes that
may cut the line between success and failure of a drug.(746) Such an analysis has not been
applied to redox signaling, but one could postulate that a similar trend may be observed (i.e.
that endogenous electrophiles would have a low number of essential gene hits under
“signaling conditions™).

5. METHODS TO INTERROGATE RES/ROS SIGNALING

5.1 Detecting RES/ROS generation in cells and organisms

The generation of RES/ROS signals is tightly controlled both spatially and temporally. One
of the key challenges in deconstructing RES/ROS signaling has been in defining where and
when these signals are generated.(747) For this reason, many techniques we will discuss rely
on whole cell or organism imaging. Regardless of the readout, an ideal probe to detect each
signal chemotype must be able to measure the dynamics of signal generation in real time and
must meet at minimum the following criteria:

1.

Chemoselectivity: the probe should react only with the specific RES/ROS signal.
Obviously, less specific probes can provide a “general” idea of “redox changes”
in a cell and have their uses, but ultimately low chemoselectivity is less useful for
mechanistic studies. Importantly, chemically-similar molecules can be present in
cells at widely-different concentrations and the selectivities must reflect not only
intrinsic rate differences, but also concentration bias: it is useless to have a sensor
with 10-fold selectively for metabolite A over B if concentration of B is 1000-
fold in excess of A.

Sensitivity: some reactive species, such as peroxynitrite, are present in cells in
low (nanomolar/picomolar) quantities (Table 1),(70,73) so sensing power must
be significant. In addition, a broad linear range, capable of detecting a wide
range of RES/ROS concentrations encountered in both cells and organisms is
also desirable.

Signal-to-noise-ratio: native/unreacted probe must have low background signal.

Membrane permeability: should be permeable to cellular membrane(s) if
measuring intracellular or /n vivo generated signals

Biorthogonality: the probe should be (as) non-intrusive (as possible).

Reversibility: a reversible probe will allow real-time monitoring of RES/ROS
flux, rendering it ideal for ultimately relating these measurements to specific
signaling events. Conversely, an irreversible probe may be able to cumulatively
detect signals, allowing a weaker signal to be detected, but this comes at the
expense of losing dynamic information.
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7. Ratiometric: a ratiometric probe enables measurement of small changes in signal
concentrations and eliminates artifacts due to variations in loading/retention of
the probe.

8. Probe must not be affected by the unique cellular environments, i.e., stable/

unaffected across the desired pH range(s), ionic strength(s), hydrophobicity(ies).

Many of the modern methods to monitor the generation of ROS address most of the points
above. Although most methods still have caveats, the techniques themselves are powerful
when used/controlled appropriately. However, equivalent methods to detect RES are
underdeveloped. This is partly because LDEs classes can contain many different chemical
structures but have very similar reactive chemical groups, rendering chemo selectivity a
huge issue. These traits are in stark contrast with oxidative ROS-based signals that differ in
terms of charge, and type of chemistry (e.g., single vs two electron; nucleophilic addition vs
[4+2] cycloaddition/ene) they can undertake. LDEs also react with multiple different amino
acids including cysteine, histidine, and lysine generating an increasing diversity of protein
adducts, most of which probably retain RES-like properties. Thus, it is challenging even to
design a probe for a specific RES that will not also intercept protein RES adducts. As we
will see, ROS sensors have been developed that take advantage of the many enzymes that
interact with biological oxidants (semi)-selectively. Many of these ROS-sensitive proteins
have been harnessed in sensor development. However, relatively few proteins are known to
react with RES selectively, and hence enzymatic RES sensing is very poorly developed,
although we will discuss an example in subsequent sections. In the following subsections,
we will discuss and compare various methods that allow measurement of RES and ROS
generation. We will evaluate each probe using the eight-point criteria above.

5.1.1 Small-molecule fluorescent probes to detect ROS—Small molecule
fluorescent probes are commonly deployed for redox signal detection.(748-750) A list of
commonly used probes to detect endogenously-generated ROS is provided in Table 3.
Fluorescent probes utilize the redox reaction between ROS and a dye to monitor changes in
ROS (or several similar ROS). Such readouts are possible because oxidation of the dye
increases fluorescence. Because the probe is irreversibly oxidized, fluorescent probes do not
typically permit measuring dynamic changes of redox signals in cells. Additionally, this
feature of fluorescent-based probes also implies that these sensors alter the redox state/
equilibria of the cell by acting as ROS scavengers.

One of the earliest and most commonly used probes in detection of oxidants is
dichlorodihydrofluorescein (DCFH,) and its ester, dichlorodihydrofluorescein diester
(DCFH»-DA) (Figure 14A).(751) The diester is more readily cell-permeable and gets
cleaved by intracellular esterases to generate DCFH,. DCFH,, reacts with intracellular
oxidants to generate the fluorescent molecule DCF. Both 2 electron and stepwise single
electron oxidation have been proposed for DCFH, activation and it is likely that both single-
electron acceptors (such as radicals) and two-electron acceptors can oxidize this probe.
(751,752) Thus, DCFH, is best used to quantify general oxidative stress, and it does not
report on changes to a specific oxidant. DCFH> has been widely used in cell-based
experiments to measure what was typically assumed to be “H,0,” generation. DCFH> has
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been used to measure the respiratory burst of oxidants, referred to as “peroxide”, in
neutrophils,(753,754) and macrophages.(755) In fact, it is now established that the probe is
not particularly reactive with H,0, (751,752) Rather, the reaction of H,O, with DCFHj is
enabled by the presence of trace metals and enzyme catalysts, including peroxidases,(756)
that generates other ROS such as *OH. *OH reacts with DCFH, with a rate constant of
1.3x1010 M~1571(757) "OH scavengers such as DMSO and mannitol partially inhibit
oxidation of the probe, further validating the role of *OH as the oxidant responsible for
DCFH, oxidation.(758) In a comparative study, millimolar peroxide was around 100 times
less potent at stimulating DCFH,, fluorescence than alkyl peroxides, even though the alky!l
peroxides were present in the micromolar range.(759) DCFH,, is also oxidized by 10,(760)
and ONOO™(761) although the mechanism of oxidation by the latter is not well understood.
The lack of specificity makes DCFH, a useful tool for measuring broad increases in
intracellular ROS such as those under oxidative stress conditions. However, its use in
detecting specific ROS chemotypes under redox signaling conditions is limited and therefore
caution must be exercised when interpreting data obtained using DCFH,.

New derivatives of DCFH> such as HK-Green possess enhanced selectivity towards ONOO™
over *NO, 10,, 0,°~, and *OH and *OR in cell-free systems (Figure 14A).(762) First-
generation HK-Greenl showed a marginal(763) (and likely not biologically significant) 2-3
fold selectivity towards ONOO™ over its secondary metabolites nitrogen dioxide radical
("NO,), carbonate radical (CO3""8), and *OH. HK-Greenl was used for the detection of
ONOO™ in neuronal cells. Fluorescence signal intensity was only observed in neuronal cells
treated with the ONOO™ donor, 5-amino-3-(4-morpholinyl)-1,2,3-oxadiazolium chloride
(also called SIN-1), but not with the NO donor, S-Nitroso-N-Acetyl-D, L-Penicillamine
(also called SNAP) or the O, -inducer xanthine/xanthine oxidase.(763) Next generation
HK-Green probes (HK-Green4) have significantly enhanced the selectivity of the probe
(~300 fold) towards ONOO™ over its secondary metabolites. The limit of detection for HK-
Green4 is estimated to be ~10 nM.(762) However, this limit may actually be an order of
magnitude too high to measure endogenous peroxynitrite in some cells.(70,73,764)
Nevertheless, HK-Green4 was recently used to measure ONOQO™ generation upon
stimulation of macrophages RAW264.7 cells and primary mouse macrophages
demonstrating its use in measuring physiologically accessible concentrations.(762)
Additionally, HK-Green4 could be used for two-photon imaging of ONOO™ in macrophages
(Aex = 730 nm, Ay = 500-550 nm) making it a potentially useful tool for /n vivo
experimentation. Another useful probe for the detection of highly reactive ROS was
developed by the Nagano lab.(765,766) 2-[6-(4"-amino)phenoxy-3H-xanthen-3-on-9-
yl]benzoic acid (APF) and 2-[6-(4"-hydroxy)phenoxy-3H-xanthen-3-on-9-yl]benzoic acid
(HPF) selectively detect highly reactive oxygen species such as *OH, ONOO™, and HOCI
(>50-fold selectivity) compared to 105, 0,*~ and H,0,.(766)

Dihydrorhodamine (DHR) and Hydroethidine (HE) possess similar properties to that of
DCFH, and have also been used to measure ROS fluxes in cells (Figure 14A). Like DCFH,
DHR does not react directly with O,"~ and H,O, (767) However, it readily reacts with "OH
with rate constants close to the diffusion-controlled limit.(757) DHR is also oxidized by
HOCI(768) and by ONOO™ indirectly through the radical decomposition products, *NO»,
and CO3""7.(757) The rate constants for the reaction of CO3"~ and "NO, with DHR are both
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on the order of 6x108 M~1s1,(757) HE, on the other hand, is more selective towards O,"~
(over CO3"~ and *NO,) and reacts with a rate constant of ~106 M~1s~1,(769) HE generates 2-
OH-E™ upon oxidation with O,*~ (Figure 14B). Recent reports, however, have cautioned
regarding the absolute selectivity of HE towards O,"~, demonstrating that HE can react with
other oxidants such as *OH and HOCI.(770) Nonetheless, the rates of oxidation with these
oxidants in comparison to O,*~ have not been well characterized. Interestingly, none of the
other biologically-relevant oxidants form the fluorescent 2-OH-E* upon reaction with HE.
Instead, these non-specific oxidations generate ethidium (E*). The fluorescence spectra of E
+and 2-OH-E* overlap which may confound data interpretation(770) by confocal
microscopy or flow cytometry methods.(769,771) Careful use of selective excitation
wavelengths to distinguish the O,""-dependent 2-OH-E* generation (385-405 nm) from E

* (480-520 nm) mitigates this issue.(772) Alternatively, high-pressure liquid
chromatography (HPLC) can be used to separate and quantify 2-OH-E* as a means to
faithfully report on the generation of O,""in biological systems.(771) HE and its
mitochondria-targeted analog (Mito HE or Mito-SOX) have been widely used for O™~
detection in cells.(773-775) One point of concern underlying the use of HE (or any probe
for O," detection) is that the probe must compete with SODs that are present at micromolar
concentrations in a cell.(19) The second-order rate constant for reaction of O,*~ with SODs
is ~10°% M~1s71,(103) suggesting that around 1 mM intracellular concentration of the probe
will be required for efficient detection of O,°~ generation in cells.(771)

Amplex Red is yet another small-molecule-based reporter widely used for HoO5 detection
(Figure 14C). Amplex Red is colorless, but upon oxidization generates brightly fluorescent
Resorufin. This oxidation of Amplex Red by H,O, requires the activity of a peroxidase
enzyme to form a dye-based radical thus limiting its use in detection of intracellular H,O,
generation, although radical generation occurs at a rate greater than 1.9x10% M~1s71 (with
HRP as the catalyst).(776) Amplex Red has been used to detect generation of extracellular
H,0,. The H,05, detected is formed by spontaneous dismutation of O,°~, generated by NOX
and DUOX. The sensitivity threshold for Amplex Red in H,O5 detection is reportedly 50
nM.(777) However, at high concentrations of H,O, and when the concentration of Amplex
Red is limiting, the product, Resorufin, becomes further oxidized by peroxidase to generate
non-fluorescent products.(778) Care must also be taken when deconvoluting data from
Amplex Red since various endogenous metabolites such as GSH and NADH interfere with
the signal generated from Amplex Red.(779) Additionally, O,*~ directly oxidizes Amplex
Red, thereby further complicating the readout. Addition of SODs has been suggested as a
strategy to circumvent these issues, although this will perturb normal cellular redox
regulation and may cause additional artifacts.(779,780) Interestingly, reduction of resazurin
[alamarBlue (781)] to resorufin (the same fluorescent product of Amplex Red oxidation;
Figure 14C) has been a popular cell viability assay for many years, although the mechanism
of intracellular resazurin reduction to resorufin remains poorly understood.

Small molecule HOCI sensors have been known for some years. These are all turn-on
fluorescence probes. Early examples of nanoparticle-based sensors showed utility in mouse
splenocytes and tissues.(782) However, these probes were unable to distinguish HOCI from
ONOO™. Another small-molecule probe (MMSIiR) was more selective, showing many fold
selectivity for HOCI over *OH, ONOO™, and peroxide amongst others.(783) This probe was
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able to show elevation of HOCI in neutrophils upon phagocytosis. A subsequent BODIPY-
based sensor, HCSe, was developed.(784) HCSe is not fluorescent in the reduced state due
to photoinduced electron transfer (PET) from a pendant diphenyl selenium moiety to the
BODIPY ring. Upon Se oxidation, PET is suppressed and a large increase in fluorescence is
observed. Oxidation is highly selective for HOCI over numerous other biological oxidants.
As selenium oxidation is reversible, HCSe was shown to be a reversible HOCI sensor in
cells.(784) Recent years have seen two-photon probes developed with sensitivity thresholds
as low as 20 nM.(785)

5.1.2 Small-molecule boronate probes to detect H,O,—Aryl boronates take
advantage of chemistry known since the late 1950°s(795): H,O5 can act as a two-electron
donor to the boron within the aryl boronate probe while simultaneously behaving as an
oxidant (electron sink) for (migration of) boron aryl or alkyl groups (Figure 15).
Nucleophilic attack of H,O5 to the electrophilic aryl boronate forms a transient tetrahedral
boron “ate” complex, capable of undergoing a 1,2 shift of the C-B bond and forming a C-O
bond, and re-establishing planarity of the boron atom. Hydrolysis of the boronate generates
boric acid and liberates the fluorophore(796) (Figure 15B). This process converts the
boronate functional group, which is not fluorescent, to the fluorescent phenol.

Aryl boronate probes are selective towards H,O, over other endogenous ROS such as *OH,
*NO, O, *~ and *OR (797) as these reagents are 1 electron donors and cannot form the active
boron “ate” species, nor do they have a good leaving group to promote translocation.
However, recent studies show aryl boron probes can react with ONOO™ and HOCI.(789)
Unsurprisingly, both these products are ideal for 1,2-migration chemistry and can engage
productively to form boron “ate” complexes isolobal with peroxide boron “ate” complexes.
By analogy, any similar (isolobal) chemical function, e.g. alkyl peroxides, will also be
detected by the probe.(798) In fact, the second-order rate constant for the reaction of 4-
acetylphenylboronic acid with ONOO™ is a million times [« = 1.6x10% M~1s71; typical
concentration 1 nM(71,73)] faster than that with H,O5 [k= 2.2 M~1s71; 1 nM-700 nM in
cells(24)] and almost 200 times faster with HOCI (k = 6.2x103 M~1s71),(789) However, the
fact that both ONOO™ and HOCI have shorter intrinsic half-lives and are present in lower
quantities in most cells than H,0, (especially when ROS signaling occurs) may be sufficient
to offset the kinetic differences for semi-compartmentalized processes. But as with any
chemical probe, caution must be exercised to obtain the most meaningful results.

The first-generation probe Peroxyfluor-1 (PF-1) used two protecting aryl boronate groups
(Figure 15A). The setup provides a high signal-to-noise ratio.(788) However, PF-1 suffers
from slow turn-on kinetics since it requires two equivalents of H,O, per molecule of PF-1 to
elicit maximal response. Recently, a number of monoboronate-based probes including
Peroxy Green-1 (PG1), PF-2, 3, and 6, Peroxy Yellow 1, and Peroxy Orange 1 (PO1) have
been developed for application in intracellular detection of H,0,.(796) Although these
probes are very useful, it should be stated that typically exogenous application of the oxidant
or stimulation is required to detect the specific ROS. PG1 has been used to detect
endogenous H,0, generated upon EGF stimulation in A431 as well as neuronal cells.(790)
The availability of these probes in a color palette also allows concurrent detection of H,0,
and other ROS using orthogonal fluorescent probes by dual color imaging. An example
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includes the use of PO1 (Agx 507 Nnm; Aem 574 nm) and APF (Agx 490 Nnm; Agm 515 nm) in
RAW264.7 cells to simultaneously detect the generation of H,O, and other ROS upon
stimulation with phorbol myristate acetate (PMA), an inducer of phagocytosis-associated
peroxide generation.(799) Further modification of boronate probes to engender enhanced
retention in cells has enabled fluorescence intensity detection in HeLa cells upon stimulation
with as low as 10 pM H»0,.(797) Nevertheless, exogenous stimulation is still required to
detect robust signals. PF-6 was also able to detect H,O, generation by hippocampal stem/
progenitor cells upon FGF-2 stimulation.(797)

It must be stressed that although there are exceptions, a general limitation with chemical
probes is that they are not sensitive enough to measure basal changes in peroxide, and are
most commonly used to measure peroxide levels in cells treated with exogenous peroxide.

5.1.3 Ratiometric small-molecule boronate probes to detect H,O,—Although
aryl boronate probes are semi-selective toward H,O5, these molecules have proven not well
suited to provide a quantitative assessment of H,O, in whole organisms. Variations in local
probe concentration, probe diffusability, thickness of the sample, as well as changes in
cellular microenvironment can significantly influence quantitation of signal generated by the
probe. To obviate these issues, a number of studies have reported the development of
ratiometric probes. Ratiometric sensors have the advantage of not being influenced by
concentration of the sensor, meaning that small changes in redox environment can be
measured accurately, with fewer numbers of cells. Ratio-Peroxyfluor 1 (RPF1) uses FRET
between a coumarin donor and a boronate-caged fluorescein acceptor to quantitatively report
on the generation of H,0O, in intact isolated mitochondria (Figure 15A).(792) Yet another
ratiometric probe, Peroxy Lucifer 1 (PL1), uses a boronate-based switch to detect H,O5 by
controlling internal charge transfer within 1,8-naphthalimide dye.(793) Upon reaction with
H»0,, the emission maxima changes from blue to green. PL1 was able to detect H,O,
generation in phagocytic vesicles upon PMA treatment of RAW264.7 cells using two-photon
illumination (820 nm). Recent advances have furthered the use of organelle-localized H,0-,
sensors. A nuclear-localized aryl boronate probe, NucPE1, was used to show that
overexpression of Sir-2.1 in C. elegans results in a concomitant decrease in H,O» flux in the
nucleus (Figure 15A).(794) Additionally, several mitochondria-targeted probes including
Mitochondrial Peroxy Yellow 1 (MitoPY1),(800) SHP-Mito,(801) and MitoBoronic acid
(MitoB)(802) have also been generated mainly by utilizing a triphenyl phosphonium moiety
for mitochondrial targeting.(803) Recently, the use of SNAP labeling technology has
enabled localization of boronate-based probes to the plasma membrane, mitochondria,
nucleus, and the ER.(804)

Another problem with boronate-based probes (as with other fluorescent-based probes
mentioned above) is that they undergo irreversible oxidation with H,O,. Some work has
tried to mitigate this problem by developing reversible fluorescence-based redox sensors.
Redox Fluor 1 (RF1) and its acetoxymethyl ester derivative RF1-AM, use a disulfide switch
coupled to a fluorescein reporter to report on dynamic changes in redox environment (Figure
14A).(786) HEK293T cells loaded with RF1 (5 uM, 30 min) showed increased fluorescence
upon Hy05 stimulation (100 uM, 9 min). The signal decreases after a further 6 min
presumably due to restoration of cellular redox homeostasis. Addition of more H,O, (100
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UM, 9 min) can restore fluorescence signal. Despite significant progress, the use of
fluorescent probes to report on reversible reduction-oxidation events in cells has been
relatively limited compared to genetically-encoded sensors, the subject of the next section.

5.1.4 Genetically-encoded protein-based ROS sensors—One of the earliest
examples of genetically-encoded sensors used a mutated form of YFP, rxYFP149202 ijn
which redox-sensitive cysteines are introduced at the indicated positions.(805) Later, a
circularly-permuted YFP (cpYFP) was discovered to respond to redox changes in the cell
and was selective to O,"~ over other cellular oxidants.(806) Specifically, the study claimed
to observe ‘superoxide flashes’ in mitochondria of live cells. The superoxide flashes were
coupled to transient opening and closing of the mitochondrial permeability transition pore
(mPTP), indicating that this process may be responsible for the superoxide burst. Subsequent
studies by independent groups demonstrated that these “O,"~ bursts” are actually not caused
by superoxide changes, but by transient changes in pH in the mitochondrial matrix.(807)
The resting mitochondrial pH is ~7.9.(808) However, changes in mitochondrial proton
gradient during oxidative phosphorylation result in brief fluctuations in mitochondrial pH.
cpYFP has a pK; of ~8.7 and the fluorescent properties are acutely sensitive to changes in
pH, especially when the pH is within 1 pK; unit of the sensor. The sensitivity of cpYFP
towards pH is credited to structural changes introduced by the circular permutation, which
exposes a pH-sensitive phenoxy group of the chromophore.(809)

Similar to rxYFP, another method of detecting redox changes in cells utilizes the idea of
introducing redox-active cysteines into GFP. roGFP1 contains two cysteines introduced in
place of S147 and Q204, and a C48S mutation to wt-GFP.(810) An additional S65T
mutation of roGFP1 has yielded roGFP2 with brighter fluorescence and higher dynamic
range compared to its parent sensor (9.2 fold for roGFP2 vs. 2.6 fold for roGFP1 at
excitation wavelength of 488 nm).(811) roGFP1, however, has a higher dynamic range in
405 excitation.(812) Hence, roGFP1 (E° =291 mV) may be more useful than roGFP2 (E°
—-280 mV) in measuring redox changes in cellular compartment with higher reduction
potential such as the cytosol and mitochondria.(812) Unlike cpYFP, the chromophore in
roGFP is concealed.(813) Hence roGFP is relatively resistant to fluxes in pH. roGFP,
however, equilibrates with the 2GSH/GSSG redox couple in cells and subcellular
compartments and thus has limited utility in detecting specific ROS chemotypes. Instead
roGFP-based reporters are ideal for measuring steady state glutathione redox potential in
distinct subcellular compartments and overall redox changes induced by glutathione
depletion.(812) More recently, a chimeric fusion of roGFP with Grx1 has been developed
that shows faster equilibration kinetics with cellular glutathione redox couple compared to
roGFP probes.(812)

Recent advances have used clever techniques to make roGFP sense specific ROS
chemotypes (Table 4). Genetic fusion of Orpl, a peroxidase from yeast, to roGFP2 has
generated a sensor specific to H,O, (Figure 16A).(814) The peroxidase Orpl acts as the
sensor for H,O, and gets oxidized upon H,O, encounter. This redox relay is then passed
onto roGFP2 which results in the formation of a disulfide bridge between C147 and C204
and a consequent change in fluorescence of the sensor protein. Another recent method used
Tsa2, a 2-cysteine peroxiredoxin from yeast, fused to a roGFP2 to generate an ultrasensitive
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(low micromolar detection limit) H,O, sensor.(815) Peroxiredoxins are the most efficient
thiol peroxidases with a near-diffusion-limited second-order rate constant for reaction with
peroxide, 108 M~1s71 (111) a value almost two orders of magnitude higher than that with
Orpl. Additionally, under non-stimulated conditions, ro-GFP2-Tsa2ACR is ~50% oxidized
thereby enabling measurement of H,O5 increase and decrease in cells.

A more recent addition to the arsenal of genetically-encoded sensors, called “HyPer”,
consists of a cpYFP inserted between residues 205 and 206 of a H,O,-sensitive OxyR
regulatory domain (OxyR RD) from E£. coli (816) (Figure 16A). Two cysteine residues,
C199 and C208, in the OxyR RD are critical for its ability to sense H,O,. The peroxidatic
C199, once oxidized to a sulfenic acid, forms a disulfide bond with the resolving C208
within OxyR RD. This disulfide bond formation is coupled to a large conformational change
and an increase in fluorescence of the cpYFP. C199 has a low pKj in part because this
residue is positioned next to a positively charged residue (arginine) which significantly
enhances the cysteine’s ability to react with HoO,. The rate constant for this reaction is in
the order of 10°-107 M~1s71,(817) /n vitro, HyPer can detect as low as 25 nM H,0,.(817)
Additionally, the topology around C199 is hydrophaobic, likely favoring access of uncharged
molecules to this critical residue. Thus, HyPer successfully discriminates H,O, from O,
oxidized glutathione, ONOO™ and *NO.(818) Successive upgrades to HyPer have resulted in
HyPer2(819) and HyPer3.(820) HyPer2 and HyPer3 show 3-fold higher dynamic range than
HyPer. All probes show excellent kinetics of reaction with H,0, (>10° M~1s71), HyPer3 has
a modestly improved dynamic range compared to HyPer (2.5 fold vs 1.7 fold) and was used
for /n vivoimaging of H,O, gradient in larval zebrafish.(820) Since HyPer uses a circularly-
permuted YFP, it is sensitive to fluctuations in pH. Hence, pH-specific probes must be used
to monitor changes in pH. The H,O»-insensitive C199S mutant of the sensor (SypHer) can
serve this purpose.

One major advantage of HyPer and roGFP2-based H,0, sensors is that they are ratiometric
sensors. HyPer has two excitation maxima at 420 nm and 500 nm corresponding to the
protonated and anionic form of YFP respectively, and one emission peak at 516 nm.(817)
Oxidation of HyPer by H,0, results in a decrease in 420 nm excitation peak and a
proportional increase in the 500 nm excitation peak, permitting a ratiometric readout.(818)
roGFP2-based sensors also have similar spectroscopic properties to HyPer (excitation
maxima at 405 nm (reduced) and 488 nm (oxidized) and emission maximum at 510 nm).
(814) Both methods have several additional benefits over most small molecule probes.
Firstly, they are reversible sensors and allow real time measurements of ROS changes in
cells. A second benefit is that they can be directed to specific subcellular compartments
simply by encoding protein-targeting sequences in the gene.(386,481) HyPer has been used
extensively both in cells(818,821,822) and in whole organisms(242,820,823) to measure
H,0, flux in real time.(817) A HyPer-EGFR fusion has allowed imaging of localized H,0,
generation at plasma membrane upon stimulation of platelet derived growth factor receptor
(PDGFR) and endosomal H,O, generation upon EGFR stimulation.(386) /n vivo, the use of
HyPer has shown the importance of H,O5 signaling in wound recognition,(824) neutrophil
migration,(243) and wound healing in zebrafish embryos.(242) Similar experiments in
Xenopus have elucidated the significance of H,O, in tail fin regeneration after wounding.
(823) A recently developed red fluorescent sensor of H,O5 that uses a circularly permuted
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mApple (cpApple) fused to OxyR-RD, termed HyPerRed,(825) is a welcome addition to
obviate the naturally high background green fluorescence of biological systems (from
flavins, NAD, FAs, etc.).(826,827) One interesting application of the varying palette of
redox sensors is simultaneous sensing. The use of HyPerRed-mito (an intensity based ROS
sensor that functions in the mitochondria) and Grx1-roGFP2-mito (a sensor of reduced
glutathione, functioning in the mitochondria) showed that thapsigargin (an inhibitor of the
sarco/endoplasmic reticulum calcium ATPase) only increases ROS levels in the
mitochondria, while glutathione levels appear normal.(825)

Despite their advantages, the development of genetically-encoded sensors has been mainly
limited to detecting H,O5. A similar approach to the aforementioned genetically-encoded
sensors was undertaken to develop probes for visualization of organic hydroperoxides
(OHP) in living cells.(828) OhSer, utilizes a circularly-permutated yellow fluorescent
protein (cpVenus) fused to X.-OhrR, an OHP sensor and a transcriptional regulator of
bacterial OHP detoxification genes. OhSer exhibited a 2—-8-fold higher sensitivity to various
OHPs over other ROS such as O,"~, H,0, and HOCI /n vitro and showed a selective
increase in fluorescence intensity following treatment of cells with OHPs. However, given
the limited level of discrimination across varied ROS and OHPs, OhSer is unlikely to prove
useful in detection of endogenously generated levels of OHPs.

5.1.5 Electron paramagnetic resonance (EPR) methods to detect radical
generation in cells/organelles—EPR has been widely used to detect endogenously-
generated radical species of relevance in redox signaling.(831,832) The underlying principle
of EPR is similar to nuclear magnetic resonance (NMR): an externally-applied magnetic
field is applied to unpaired electrons (contrasting NMR where nuclei are excited) and energy
emitted upon relaxation to the ground state is measured. Thus, molecules with paired
electrons (the bulk of biological samples) are not detected by EPR, rendering EPR very
sensitive for radical species and paramagnetic metal complexes, amongst other paramagnetic
biological molecules. Furthermore, EPR can discriminate between different radical species.
This is because each element provides a specific local environment to an electron that affects
how energy levels differentiate in a specific magnetic field. Numerically this value is defined
by the Lande g-factor (g,). Additionally, “EPR hyperfine coupling” analogous to Jcoupling
in NMR and resulting from interaction of the magnetic moment of the nuclei of the radical
species and that of the unpaired electron provides characteristic spectra for individual radical
species. EPR techniques are also highly sensitive and quantitative. Detection of O,"~ by EPR
spin trap method was shown to be 40 times more sensitive than a commonly used
spectrophotometric technique involving reduction of ferricytochrome C.(833) Also, the
direct quantitation of the amount of redox-active radical present in the sample is facile
through the evaluation of EPR signal intensity against appropriate control samples of known
concentrations.

A point of consideration is that many of the endogenously-relevant redox signals are highly
reactive and short-lived (Table 1). In fact, the concentration of free radicals can be several to
hundreds of fold below the EPR detection limit. Hence EPR techniques for successful
detection of these species almost always require a method to trap the radicals using EPR
‘silent” probes. These so called “spin traps” claim sensitivity down to nanomolar levels in
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some cases.(834) The most common of such probes are cyclic nitrones such as 5,5-
Dimethyl-1-Pyrroline-N-Oxide (DMPO), 5-Boc-5-methyl-1-Pyrroline-N-Oxide (BMPO),
and 5-(Diethoxy phosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO) (Figure 16B).
(831,835,836) To detect a short-lived radical species, an EPR-silent trap is first introduced
into the system. The trap reacts with the transient redox radical through adduction to the C—
N bond. The resultant dative stabilized radical, *N-O, is then detected by EPR (Figure 16B,
Insel). Therefore, this method is not particularly dynamic, and also quenches the biological
radical, likely inhibiting signaling pathways. Importantly, some spin traps affect signaling
pathways, including Erk,(837) AR and apoptosis.(838) Another major problem with the use
of EPR to detect radical generation /n vivo is that the commonly used spin-traps are non-
discriminatory against endogenously-derived radicals. For example, DMPO and DEPMPO
react with O,"~ and *OH to generate "OOH and “OH adducts respectively. The rate constant
for the reaction of DMPO with O, is in the order of 50-60 M~1s71; this reaction generates
a stable intermediate *N-O radical containing a metastable peroxide which has a relatively
short half-life pH 7. Comparatively, *OH reacts with DMPO at the diffusion limit to generate
an intermediate alcohol bearing a *"N-O with a half-life of 50 min at pH 7.(836)

One drawback of using spin traps is that the EPR spectrum of the trapped radical is
independent of the radical detected. Significant effort has been expended to develop spin
traps that are specific to a particular ROS. For instance, a series of superoxide selective spin
traps have been developed: the mitochondria-targetable spin trap, Mito-DIPPMPO (bearing
a triphenyl phosphonium motif)(839) and the extracellular-targeted trap, CD-DMPO
[housing a permethylated B-cyclodextrin(840,841)]. These probes show 3-fold reactivity
enhancement for superoxide over DEPMPO and BMPO.(841) Mito-DIPPMPO and CD-
DMPO hoth detect O,°~ generated in PMA-stimulated RAW?246.7 cells, with no background
signal arising from "OH.(839,842) The probes are sensitive enough to also detect basal O,"~
generation in unstimulated macrophages.(843) The ability of these probes to selectively
detect O,°~ has been ascribed to the fact that the hydroxy| radical reacts with these probes
with low chemoselectivity [reaction between tetraphenylphosphonium ion and hydroxyl
radical for instance is close to diffusion control(844)] and thus does not give an appreciable
amount of the dative stabilized *N-O that is the more favored product of reaction with O,"".

a-(4-Pyridyl A-oxide)-N-tert-butylnitrone, POBN, another nitrone-based spin trap, and
DMPO have been used to study lipid-derived radical generation by oxidation of PUFAS
(Figure 16B).(845,846) POBN is ideal for detection of carbon-based radical such as those
generated during lipid peroxidation because of the long half-life of the trapped radical.
Carbon-centered radical adducts with POBN have a lifetime of a few hours thus enabling
efficient detection.(845) A major disadvantage of using POBN as a spin-trap, however, is
that all carbon-based radical adducts with POBN have similar spectra making discrimination
of individual carbon-based radical species from PUFA oxidation impossible. Additionally,
POBN adducts resulting from reaction with oxygen-based radicals, such as lipid peroxy
radical intermediates in PUFA oxidation, have very short half-lives (#,,<10s), thereby
limiting their use for detecting oxygen-based radicals.(845) DMPO and EMPO, on the other
hand, have proven useful in extending utility to trapping oxygen radicals. The half-life of
peroxy and alkoxy adducts of EMPO are on the order of 10 minutes or >1 h, respectively.
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(847) Recently, an assortment of spin traps has emerged which detects a larger repertoire of
redox-signal chemotyopes, including sulfur-based and nitrogen-based radicals.(848)

Spin-traps can be expensive and have other downsides when used for biological studies such
as permeability and cytotoxicity. Additionally, real life biological systems are very complex,
so deconvolution of spectra, a common practice in in vitro experiments, is much harder.
Finally, in the case of pyrroline-N-oxide probes numerous processes can lead to "N-O
products that are EPR active, but are not actually derived through radical attack on the C-N
bond.(849) Two principal off pathway processes leading to EPR-active products are inverted
spin trapping(850) and Forrester-Hepburn reaction(851) (considered to be the most common
off pathway mechanism). Nevertheless, spin-trap EPR methods have been used for detecting
radical generation in cells,(835,852) and have shown promise in multiple /7 vivo studies.
(853) Novel methods have focused on generating subcellular domain-localized spin-traps
which will allow measurement of localized redox signal generation. In this regard, although
some success has been achieved as outlined above, the probes still have poor reaction
kinetics.(854) Moreover, hydrophobic probes/traps that allow measurement of lipid
peroxides in membrane are also underdeveloped. Steps to develop spin traps with different
lipophilicities that can be used in the same samples to develop a multidimensional probe for
specific free radicals have been disclosed.(848) However, it seems that significant work will
be required to extend this regimen into a general approach for radical deconvolution. An
additional problem with EPR-based approaches is their inability to detect and measure
generation of non-radical redox species such as HyO, and ONOO™. Recent methods have
focused on finding novel EPR spin traps that convert these non-radical redox signals to EPR-
active radical signal upon reaction. CP-H, for example, has been used to trap ONOO™ that
generates a stable nitroxide radical upon reaction.(855) CP-H, however, can also react with
0O,°~ thus complicating the analysis. An alternative to EPR studies is immuno-spin trapping
wherein a stable spin trap reacts with protein radicals to form covalent protein strap adducts
that can be detected immunologically.(856)

5.1.6 Small-molecule fluorescent probes to detect free RES—Formaldehyde is
present in the brain at concentrations around 100-400 uM.(857,858) Because of its
reactivity, ability to form Schiff bases readily and the fact that those Schiff bases undergo
chemistry readily, chemoselective probes for formaldehyde have been developed. FAP-1 is
an example of such a sensor (Figure 16C).(859) This molecule can form a Schiff base with
formaldehyde and after an aza-Cope rearrangement and hydrolysis give a fluorescent dye (a
process leading to an 8-fold increase in fluorescence). Using this probe, exogenous
formaldehyde in the 100 uM range was detected in cells. This probe was chemoselective for
formaldehyde over various aldehydes (including acetaldehyde and HNE), although it is
likely that the probe is selective for formaldehyde over many different aldehydes and
ketones as imine formation for acetals and ketones is slower than for formaldehyde, and the
cyclohexane-like Cope transition state is severely crowded. Similar formaldehyde-selective
probes have also been reported by other labs (Figure 16C).(860)

Coupling a promiscuous sensing reaction (e.g. Schiff base formation) to a secondary
reaction that only one type of reagent can do efficiently (e.g. 3,3 shift) is a good general
mechanism to design a specific probe. A similar strategy developed by the Spiegel lab is
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their “turn-on” fluorescence sensor of methylglyoxal (Figure 16C).(861) Using a 1,2-
diamino functionalized BODIPY probe, allowed fluorescence turn-on only by 1,2-
dicarbonyl compounds [of which by far the most abundant in cells is methylglyoxal(443)].

Other detection methods of formaldehyde have used a hydrazine conjugated to a
fluorophore.(862,863) In the native state, the free amine on the hydrazine quenches
fluorescence of the conjugated fluorophore through PET. Upon reaction with the aldehyde,
the hydrazine forms a formimine, which blocks PET, thus ‘turning-on’ fluorescence.

Similar methods using hydrazine conjugated fluorophores have also been used to detect
other reactive aldehydes. Probes have been developed wherein a molecule containing a dye
and a quencher in tandem is split to a free dye upon exposure to a generic carbonyl-
containing compounds.(864) This strategy can give good signal to noise (again when cells
treated with the molecules are exposed to exogenous carbonyl compound). One drawback of
this method is that a catalyst is required to drive fragmentation of the self-quenching
molecule. In general, such two-component systems make it particularly difficult to design
good controls, and hence can affect confidence in the results. Finally, a similar sensor of
malondialdehyde has been reported. In this set up, a pendant hydrazine moiety quenches a
dye to which it is attached through PET transfer (Figure 16C).(865) When hydrazine reacts
with malondialdehyde, PET is reduced, and fluorescence is activated.

5.2 ldentifying targets of RES/ROS modification

Redox signaling selectivity is almost exclusively controlled by kinetic adduction rates. Of
the canonical protein side-chains, cysteine is the most nucleophilic and hence the more
sensitive amino acid residue to ROS/RES-mediated modification. Not surprisingly, there
have been considerable efforts to develop methods to detect oxidative and electrophilic
modifications of cysteine. Recently, proteomics approaches have gained wide-spread usage
because of their versatility and generality. Mass Spectrometry approaches can identify
redox-sensitive targets in lysate, cells, tissues and whole organisms. MS approaches can be
either direct or indirect.

5.2.1 Indirect approaches to detect oxidative modifications—Indirect approaches
to detect cysteine modification rely on the loss of reactivity of the modified cysteine residues
with thio-alkylating probes (Figure 17A) or the regain of reactivity of the modified cysteine
after treatment with reducing agents (Figure 17B). Probes can be functionalized with a
fluorophore for gel-based fluorescence analysis. Biotinylated or alkyne-functionalized
probes are the probes-of-choice for enrichment for western blot or MS analyses. For many
RES, such as HNE, alkyne modification is an almost ideal modification as it is sterically
non-intrusive and biorthogonal. Under click conditions, the alkyne can be converted to the
appropriate fluorophore/affinity handle, post conjugation.

5.2.1.1 Detecting sulfenic acid modification: With growing evidence of cysteine
sulfenylation modulating biological processes,(5,484,866—-868) there is an increasing interest
in identification of proteins prone to sulfenic acid modification in cellular and organismal
context. This modification can be detected using a tagged alkylating agent such as a biotin-
conjugated iodoacetamide (BIAM) to label “all nascent thiols” in the proteome. Oxidized
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cysteines show reduced reactivity toward the probe and thus reduced signal intensity on a
biotin(avidin) blot. The loss of labeling corresponds to an increase in oxidation of cysteine
thiols (Figure 17A). A modified version of this approach allows detection of oxidized
proteins as increase in signal intensity rather than a decrease (Figure 17B). This method is
based on biotin switch technology (BST) initially developed to detect -SNO modification of
cysteine residues.(869) This indirect method involves (1) treatment with an alkylating agent
such as N-ethyl maleimide (NEM) or iodoacetamide (IAM) to ‘cap’ “all” free cysteines; (2)
reduction of oxidized cysteines by treatment with a reducing agent; and (3) labeling of
nascent thiols with BIAM and subsequent gel-based analysis or MS approach to detect
oxidized proteins. Oxidized proteins show enhanced signal in biotin(avidin) blot or through
in-gel fluorescence (Figure 17B). However, these methods are qualitative and in addition do
not provide any information on the nature of oxidized cysteine. In fact, any kind of cysteine
modification results in a decrease in signal, which may amplify the number of ‘false-
positives’. Some selectivity in detecting these signals has been achieved using different
reducing agents. Arsenite, for example, selectively reduces $4 sulfenylated proteins.(870)
DTT, on the other hand, reverses all oxidative modifications on cysteines except sufinic and
sulfonic acid modifications.

Additional variations using isotope labeled reagents have enabled quantitative assessment of
protein thiol oxidation. A BIAM-based technique uses acid-cleavable isotope-coded affinity
tags [ICAT; a molecule consisting of biotin, an isotope (typically 13C)-labeled 9-carbon
linker region, and an iodoacetamide function] to detect and simultaneously quantify redox-
sensitive protein thiols.(871) In this method, free thiols of an untreated/control sample are
labeled with a light ICAT reagent (}2C-ICAT) by treating the soluble proteome. Lysate from
a parallel sample subjected to an oxidant is treated with a 9-Da heavier ICAT reagent (}3C-
ICAT). The heavy and light ICAT reagent labeled lysates are then mixed, trypsinized, and
enriched using streptavidin. Eluted peptides are analyzed using LC-MS and the ratio of
heavy-to-light peptide is quantitated. Because oxidized cysteines display lower reactivity
towards the BIAM-based probe, peptides prone to oxidation have reduced signal intensity in
the heavy 13C-ICAT reagent-treated sample. Importantly, because the heavy and light ICAT
reagents only differ by a molecular weight of 9 Da, MS fragments show two peaks separated
by 9 Da that can be quantitatively analyzed.(872,873) A variation of BST using ICAT
reagents has enabled quantitative detection of reversibly-modified thiols. In this method, free
thiols in soluble lysate are first alkylated. Next, reversibly-modified thiols are reduced and
labeled with either light or heavy ICAT reagents and the samples are analyzed as described
above.(874,875) ICAT-based BST has also been used to differentially label oxidized and
reduced cysteines within the same sample, in a method termed oxICAT.(876) In this method,
the soluble proteome from cells is first treated with a light 12C2 ICAT to label any free
cysteines. The reversibly-oxidized cysteines in the same sample are then reduced and
subsequently modified with heavy 13C-ICAT reagent. This method avoids problems
associated with differences in protein expression between two samples. oxICAT method has
been used to quantitatively assess cysteine oxidation upon oxidative stress in cells.(876,877)

5.2.1.2 Profiling cysteine modification by LDEs using ABPP: Activity-based protein
profiling (ABPP) has emerged as a powerful tool to rank the activities of selected proteins in
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complex proteomes. Early examples of ABPP focused on the use of active-site directed
chemical probes to profile cysteine proteases(878) and serine hydrolases.(879) MS coupled
with ABPP—dubbed tandem orthogonal proteolysis (TOP)-ABPP—has allowed for
simultaneous detection (albeit indirect using proxy probes similar to those used above) of
protein targets and (with several assumptions) the sites modified by chemical probes.
(880,881) Using TOP-ABPP it was shown that different classes of electrophiles exhibit
distinct labeling profiles in a “soluble mouse proteome” (lysate). Chloroacetamide and a,, -
unsaturated ketone probes showed selectivity towards cysteine, whereas phenylsulfonate
esters also targeted aspartate, glutamate, tyrosine and histidine residues in addition to
cysteines.(880) More importantly, all electrophiles showed reactivity toward functional
residues in enzymes despite the large excess of non-functional residues in the proteome,
suggesting that functional residues display enhanced nucleophilicity. ABPP using isotope-
labeled tags, called isoTOP-ABPP, was recently used to quantitatively profile ‘hyper
reactive’ cysteines in the proteome.(881) isoTOP-ABPP uses a broadly reactive probe such
as iodoacetamide that covalently modifies (some) reactive cysteines.(882,883) Typically, a
soluble lysate is first treated with different concentrations of the iodoacetamide probe. An
alkyne handle on the probe allows for click coupling with either heavy or light isotope-
labeled cleavable tags. Subsequent enrichment of probe-modified reactive cysteines and
mass spectrometry allows quantitative comparison of the reactivities of the cysteine residue
towards the electrophilic probe. Modification of the ABPP method using a competitive
electrophilic probe, called competitive isoTOP-ABPP, has allowed identification of LDEG
sensitive sites in the proteomes.(884) In this method, a cell/soluble proteome is first treated
with a competitive LDEs. The control set is treated with the vehicle (e.g. DMSO) (Figure
17C). Subsequently, both sets of cells are lysed independently and each lysate is labeled
with alkyne-functionalized iodoacetamide. Click coupling of isotope-labeled tags and
subsequent MS analysis allows for the quantitation of cysteines that are sensitive to LDE
modification. A decrease in ratio of cysteine-containing peptide in the LDE-treated cells
compared to untreated samples identifies modified cysteine residues. Competitive isoTOP-
ABPP was used to quantitatively profile the reactivities of >1000 proteins to three
representative electrophiles HNE, 2-frans-hexadecenal (2-HD) and 15d-PGJ,.(884) In
addition to profile the reactivities of electrophiles, the isoTOP-ABPP method has been used
to monitor S-nitrosation of proteins upon treatment with S-nitrosoglutathione,(885) and
cysteine oxidation upon exogenous treatment of pathogenic bacteria to H,O,(886) and EGF
stimulation of mammalian cells.(887)

5.2.1.3 ReACT strategy to profile methionine oxidation: A new method to identify
reactive methionines (dubbed ReACT) was recently disclosed.(888) ReACT uses an
oxaziridine-based small-molecule probe that was optimized to afford products of methionine
nucleophilic addition to nitrogen as opposed to oxygen. By functionalizing the amine within
the oxaziridine with an alkyne (or an azide motif), modified proteins were identified by
biotin Click/streptavidin pulldown followed by digest MS. By varying the amount of
oxaziridine added to the lysate, and choosing proteins that react only with low
concentrations of oxaziridine, a hyper-reactive methionine (Met169) was identified in
human enolase. The corresponding methionine was subsequently implicated in the response
of yeast to hypochlorite.
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This work represents a pioneering first step in methionine reactivity profiling, adding to the
growing suite of reactive electrophilic probes for proteome reactivity mapping. To this end,
further considerations worth addressing include the extent to which the synthetic
electrophile mimics native electrophiles targeting the protein residue (in this case,
oxaziridine in driving bond forming events with protein-methionine), compatibility/
permeability of the probe with living cells/intact specimens (beyond lysates), and selectivity/
non-invasiveness of the probe to modifications via oxaziridine oxygen (beyond nucleophilic
addition to oxaziridine nitrogen as analyzed in this key inaugural example with methionine)
since oxaziridine oxygen may be a chemically more favored route in the case of amine and
thiolate nucleophiles.

5.2.1.4 General limitations of indirect methods: Indirect approaches to profile redox-
modified proteins are invaluable tools. However, they suffer from several important
drawbacks that mean data must be interpreted with caution. Most importantly, indirect
methods are limited by the scope of residues covered by the proxy. For instance, in cysteine
ABPP, a fraction (around 1%) of all cellular cysteines are detected. Thus, a high-resolution
picture of a fraction of the cysteome is painted, while the bulk of cysteines are ignored.
Additional issues include: as these systems are typically assayed in lysates (soluble
proteome) exposed to a bolus of reagents, they are unable to capture spatiotemporal nuances
of redox signaling. Secondly, there is no precise information provided on what mechanism
leads to loss of the proxy: the profiled residue could possibly be modified in several ways
other than by the compound of interest including oxidation, degradation, change in
secondary associations and disulfide bond formation. Additionally, using a proxy such as
IAM or NEM has its intrinsic limitations. Any protein that does not react with the proxy
probe, regardless of whether it reacts with the compound of interest, cannot be scored as a
hit. Additionally, even though these proxies are thiol-reactive, they have different reaction
chemistries, transition state addition geometries and give different products, all of which
influence the product spectrum.(889,890) For instance, IAM reacts with thiols using Sy2
chemistry whereas NEM reacts through Michael addition. NEM and 1AM also have different
reaction Kinetics with NEM being at least 2 times more reactive than IAM to thiols under
physiological conditions.(889) The rate of reaction between NEM and cysteine is also much
less pH dependent than reaction of cysteine with IAM. NEM also reacts with lysine and
histidine side chains in addition to cysteine which may influence profiling results (either
through direct addition, or indirectly through influencing reactivity of other residues/
associations/stabilities) and should be considered when choosing the right proxy.(889,891)
Both NEM and IAM react with sulfenic acids, which may affect quantitative analysis by
underestimating sulfenic acid content,(892) although with careful analysis such adducts can
be differentiated from adducts to thiols by mass spectrometry. Finally, across the iterations
of general profiling reagents developed (IAM to oxaziridine), the complexity of the probes
has increased. It has not been systematically addressed how the specific residues labeled by
the probes is biased by the “ligandable” interaction of the probes. However, such
considerations should really be addressed (possibly by adding an inert analog to the mixture
and measuring which residues show reduced labeling) prior to declaring that a general probe
has been developed for profiling a specific residue.
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In addition, as indirect methods measure loss of labeling, they are prone to false positives: if
modification of a functionally-coupled residue to a cysteine hinders its ability to label the
probe and therefore its detection, it may show up as a positive hit. Independent secondary
validation can mitigate such problems, although reduces the overall utility of the method.
Additionally, some indirect approaches such as competitive-isoTOP ABPP require treatment
with the probe in lysate because of probe impermeability and/or toxicity.(881,884,893) This
strategy is ultimately flawed since different cellular components are at different redox
states(187) and the oxidation state of the cysteine residues may be affected giving
confounding results. Moreover, uncontrolled bulk exposure of cells and organisms to
reactive small-molecule signals may result in global modification of proteins that may not be
physiologically relevant. Recently developed caged electrophilic proxy probes, which are
cell-permeable and release the reactive probe upon UV light illumination, mitigate the issue
of high toxicity and cell permeability encountered with proxies such as IAM.(887,894)
Additionally, performing isoTOP ABPP on isolated intact organelles such as mitochondria
may help preserve organelle redox environment,(895) although such protocols are complex
and the benefit relative to performing experiments in live cells/organisms is likely marginal.
Finally, this method will also likely not be able to identify residues that are endogenously
modified as they may not be detected by the probe.

5.2.2 Direct methods to detect cysteine modifications

5.2.2.1 Nucleophilic probes for detecting sulfenic acid modification: Small-molecule
probes for direct detection of sulfenic acid modification exploit the ambiphilic nature of the
modification. Most recent advances in detecting sulfenic acid modification are based on the
use of 5,5-dimethyl-1,3-cyclohexanedione (dimedone).(5,395,896-899) The earliest reaction
between protein sulfenic acid and dimedone was used to characterize oxidized GAPDH.
Covalent modification of GAPDH-SOH with dimedone inactivated the acyl phosphatase
activity of oxidized enzyme.(900) Since then, many fluorescence-,(896,901) biotin-,
(901,902) azido-,(903,904) and alkyne(905)-tagged dimedone-based probes have been
developed to detect sulfenic acid /n vitroand in cells. Although dimedone is reactive towards
aldehydes and amines at very basic pH or in organic solvents, no such reactivity was
observed in aqueous conditions.(896,906) Additionally, dimedone is also reported to be
selective towards sulfenic acid as other cysteine oxoforms such as S-nitrosothiol, sulfoxides,
sulfinic and sulfonic acids, and disulfide are unreactive with the probe in aqueous
conditions. However, sulfenylamides have been recently shown to react with dimedone.(907)

The first dimedone-based probe consisted of the fluorophores isatoic acid (DCP-MAB) or 7-
methoxycoumarin (DCP-MCC) conjugated to dimedone (Figure 18A).(896) The reactivity
of the probes to sulfenic acid was tested using a mutant AhpC, a 2-cysteine peroxidase
enzyme, that forms a stable sulfenic acid because it lacks the resolving cysteine. The
stabilized sulfenic acid was efficiently labeled with DCP-MAB and DCP-MCC. The flurry
of second and later generation probes has now found widespread use. For example, DCP-
Biol was used to detect sulfenylation of the protein tyrosine phosphatases SHP-1 and SHP-2
as well as actin upon T-cell activation.(908) Sulfenylation of the protein targets was critical
for the downstream signaling responses in these cells. DCP-Biol was used to show that a
specific kinase isoform is susceptible to sulfenylation. Akt2 was identified as sulfenylated
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upon growth factor stimulation of fibroblast cells.(868) Recent work using DCP-Biol has
shown increased protein sulfenic acid modification upon VEGF stimulation of endothelial
cells.(909) The authors demonstrated that in actively migrating HUVECs, VEGF-induced
protein sulfenic acid colocalized with the cytosolic subunit of NOX and IQGAPL, an actin-
and Racl-binding scaffolding protein, at the leading edge of the lamellipodia. Although the
authors cede that this is certainly not direct evidence that IQGAP1-SOH is involved in
migration, suppression of global S-OH using N-acetyl cysteine or dimedone, reduced
migration of cells.

More recent additions to the arsenal of functionalized probes include alkyne and azido-
tagged dimedone (Figure 18A).(903,905,910) Compared to probes with bulky tags such as
biotin and fluorescent molecules, azido and alkyne-functionalized probes manifest better cell
permeability. Another important consideration is that bulky tags may compromise protein
labeling efficiency. DAz-1 and DAz-2, two azido-functionalized dimedone probes, and
DYn-1 and DYn-2, two alkyne-functionalized probes, were recently developed. DAz-1
shows reduced reactivity with sulfenic acid compared to dimedone;(903) this issue was
solved by development of DAz-2.(910) DAz-1 has been used to detect the global increase in
sulfenic acid modification upon treatment of Jurkat cells with hydroperoxides.(904)
Interestingly but perhaps unsurprisingly, distinct protein labeling patterns were observed
when the probe was treated in lysate or in cells, underscoring the importance of probing
these transient modifications /n vivo (provided the probe has not biased localization, this
would imply some locales respond stronger/ to a greater extent of sulfenic acid protein
modifications following bolus exposure to OOH). DAz-2 has also been used to profile
sulfenic acid modification in cells.(910) HelLa cells in suspension were treated with DAz-2
for 2 h in low serum media; modified proteins were enriched using Staudinger ligation with
phosphine-labeled biotin and subsequently purified using Neutravidin beads. Enriched
proteins were analyzed using mass spectrometry following gel electrophoresis and in-gel
trypsin digest. Using this protocol, the authors identified 193 proteins sulfenylated in HeLa
cells. 14 of these proteins were previously characterized to be prone to sulfenic acid
modification. The identified proteins have been implicated in several physiological processes
including redox homeostasis, DNA damage repair, metabolism, etc.(910) Recently, using the
alkyne-functionalized probe, DYn-2 (Figure 18A) increase in protein sulfenylation was
observed upon treatment of A431 cells with EGF.(905) The authors also identified EGFR as
a novel sulfenylated protein. Interestingly, sulfenic acid modification resulted in a 1.5-fold
increase in kinase activity of the enzyme. ESI-LC-MS/MS identified C797 within the ATP
binding site of the enzyme as the sensing residue. A follow-up study demonstrated that C797
on EGFR is solvent-exposed, has a pK; of ~5.5, and reacts with H,O, with a second-order
rate constant of >110 M~1s71, distinguishing this residue from the remaining five other
cysteines.(911) Importantly, mutation of this sulfenic acid-sensitive cysteine residue to a
serine or alanine residue showed diminished response to EGF- or HoO»-mediated activation
of the enzyme. However, it is important to note that the C797 mutant kinases had 4-7-fold
lower kinase activity than the WT protein. Nevertheless, computational modeling identified
an arginine residue, R841, which can interact with sulfenylated C797 and stabilize the
catalytic loop, thus enhancing the kinase activity of the sulfenylated enzyme.(911)
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Dimedone-based probes have also been used for quantitative determination of redox-
dependent changes in sulfenic acid in purified proteins and in cells. One method used either
native DAz-2 ([D0]-DAz-2) or deuterium-labeled DAz-2 ([D6]-DAz-2), to compare the
relative oxidation of purified Gpx3 (a C64S/C82S mutant where two non-catalytic cysteines
had been mutated was used) upon treatment with either low (0.1 equivalent) or high
concentrations (1.5 equivalent) of H,O, for 2 h /n vitro.(912) Gpx3 stimulated with low
concentration of H,O, was conjugated with [DO]-DAz-2 and Gpx3 stimulated with high
H,0, concentration was conjugated with [D6]-DAz-2. The samples were then mixed 1:1,
‘clicked” with alkyne-functionalized biotin with an acid cleavable linker, enriched and
subsequently analyzed using mass spectrometry. The method successfully measured a 2-fold
increase in oxidation of Gpx3 at the catalytic C36 upon treatment with higher concentration
of H,0,. A similar method used an isotope-labeled [D6]-dimedone to first covalently
modify sulfenic acid.(897) Subsequently, excess reagent was removed, and the sample was
treated with iododimedone to modify any free thiols. The fraction of sulfenic acid modified
protein could be determined by dividing the heavy-isotope labeled peak by the sum of the
heavy and light peaks.(897) Another study using a light and heavy isotope9 labeled DYn-2
(DYn-2[D0] versus DYn-2-[D6]) recently identified ~1000 S-sulfenylation sites from >700
proteins in RKO cells treated with 500 uM H,05, for 5 min.(898) Additionally, the method
was used to quantify the changes in global sulfenylation upon EGF stimulation of A431
cells.(913)

Despite the widespread use of dimedone-based probes, one of the major concerns has been
its slow reactivity with sulfenic acid.(906,914) Linear p-ketoesters, and derivatives of 1,3-
cyclopentadione(915) have modestly higher reactivity with sulfenic acid than dimedone.
(916) For example, the pseudo-first-order rate for reaction of sulfenic acid with 1,3-
cyclopentadione is 0.0036 min~! compared to 0.0024 min~1 for dimedone at pH 5.5 at room
temperature. A thorough screen of a library of cyclic carbon nucleophiles recently identified
several classes of “C19 nucleophiles” that feature 100- to 200-fold enhanced reactivity to
sulfenic acid compared to dimedone.(917) A follow-up screening of possible targets of these
different classes of carbon-nucleophiles identified >1280 sulfenylated proteins in non-
stimulated RKO soluble proteome.(918) Surprisingly, only nine proteins were labeled by all
the nucleophiles, demonstrating differential reactivity preferences. An important
consideration is that treatment with different probes may alter the redox state of cells
differently, thereby yielding non-identical labeling. Trapping cysteine-SOH, particularly for
long incubation times, may significantly alter redox dynamics of the cell. Additionally, even
with the fastest dimedone-derived probes that attempt to quantitatively trap cysteine-SOH at
sufficiently rapid rates, the desired sulfenic acid trapping may not be possible if the reaction
kinetics favors formation of mixed disulfides with GSH or other proteins.

5.2.2.2 Electrophilic probes for detecting sulfenic acid modification: Relatively fewer
electrophilic probes for cysteine-SOH exist. 7-Chloro-4-nitrobenzo-2-oxa-1,3-dizole (NBD-
ClI) (Figure 18B) has been used to demonstrate sulfenylation of the peroxidatic cysteine in
alkyl hydroperoxide reductase C (AhpC) during the catalytic cycle of the enzymes.(919) A
mutant AhpC where the resolving cysteine was mutated to a serine was used to trap the
sulfenic acid intermediate. Although NBD-CI can react with thiols, amines, and phenols
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under physiological pH, only thiol reactivity has been observed /n vitro. NBD-CI has also
been used to characterize protein sulfenic acid formation in PTP,(920) human serum
albumin,(921) and human a.1-antitrypsin(922) /n vitro. Recently, strained cycloalkynes have
been developed as probes for sulfenic acid with 100 times faster reaction kinetics than
dimedone (Figure 18B).(914) However, caution must be exercised as strained cycloalkynes
react spontaneously with numerous nucleophiles, including thiols.

5.2.2.3 Detecting sulfinic and sulfonic acid modifications: Despite the growing evidence
of sulfinic/sulfonic acid modifications in redox regulation of proteins,(683,684,696,697)
there are only a few methods to detect such modifications. Sulfinic acid and sulfonic acid
modifications on cysteines can be detected using mass spectrometry by a shift of 32 Da and
48 Da, respectively in the molecular weight of the cysteine residue.(923,924) However, this
approach may be biased by adventitious oxidation during processing (especially in test
samples that are already under oxidative stress) and it may also not have the resolution to
distinguish constitutional isomers, e.g. hydropersulfides versus sulfinic acids. Coupling this
approach with 2-D gel electrophoresis relying on the acidic shift caused by sulfinic and
sulfonic modifications has also been used.(925,926) However, these methods are low
throughput and have limited applications in profiling novel targets of cysteine sulfinic/
sulfonic acid modifications. Enrichment of modified proteins followed by digest mass
spectrometry is an appealing option. Enrichment methods have focused on the use of the
additional negative charge on SO3H at acidic pH. The pKj of SO,H and SO3H are ~2 and ~
-3 respectively.(927) Selection of SO3H-modified peptides can be performed using either
positively- or negatively-charged resins.(924,928) Polyarginine-coated nanodiamonds can
selectively enrich sulfonylated BSA and oxidized insulin chains A and B from a complex
mixture of tryptic peptides.(924) The enrichment method showed excellent selectivity
toward sulfonylated peptide such that oxidized insulin chain could be detected even in the
presence of 5000-fold excess of contaminating peptides. Importantly, enrichment using
polyarginine-coated nanodiamonds coupled with MALDI-TOF/TOF MS was also selective
for sulfonylated peptides over poly-phosphorylated peptides, even though the two groups are
chemically very similar. Recently, a tandem negative selection using strong cation exchange
followed by a positive selection by Hydrophilic Interaction Liquid Chromatography (HILIC)
identified ~180 SO,H / SO3H modified cysteine sites in rat myocardial tissue extracts
treated with H,0,.(929) Importantly, IR injury via Langerdorff perfusion, a method to study
the heart as an isolated system,(930) significantly increased SO,H-/SO3H-modified peptides
from proteins involved in oxidative stress response and metabolic processes.

Detection of highly charged species using mass spectrometry has its own set of
complications. The high negative charge of the sulfonylated peptide can inhibit ionization by
MALDI. Moreover, the sulfonic acid group can experience a neutral loss of 80 Da by
collisio-induced dissociation (CID) making the determination of specific modified cysteine
residue challenging.(931) A recent alternative approach has used aryl nitroso compounds to
trap sulfinic acid modification (Figure 18C).(932) A sulfinic group can form a sulfonyl-
hydroxylamine adduct upon nucleophilic attack with an aryl nitroso compound. An
electrophilic center such as an ester at the ortho-position of the aryl nitroso compound can
then trap the oxyanion by intramolecular reaction thus generating a stable cyclic product
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(Figure 18C). The aryl nitroso compounds were shown to be stable in aqueous conditions
(t/> > 8 h) and react with sulfinic acid groups at a first-order reaction rate of 0.31 s71,
Importantly, no cross reactivity was observed with other nucleophilic functional groups such
as lysine, serine, threonine, or other oxidized thiol species such as sulfenic acid, sulfonic
acid, or sulfonamide /n vitro.(932) Cysteine thiols, however, do react with the probe
resulting in the formation of cystine and reduced nitroso products (Figure 18C). This
problem can perhaps be mitigated by first capping reduced thiols with alkylating agents such
as NEM.(933) Recently, a biotinylated aryl-nitroso probe was used to detect protein
sulfinylation in soluble proteome of H,O,-stimulated HelL a cells after capping all free
cysteines with NEM.(933)

5.2.3 Genetically encoded probe to detect methionine oxidation—As we have
alluded to above (section 3.11.1), methionine sulfoxide is a biologically relevant oxidation
product.(934) Recently, the Gladyshev lab disclosed a ratiometric cpYFP-based method to
measure stereospecifically the (/) and (S) forms of methionine sulfoxide.(934) The key
insight in this method development was to fuse a stereospecific methionine sulfoxide
reductase from yeast AND thioredoxin to the YFP, which become linked by a sulfide when
they encounter methionine sulfoxides.

5.2.4 Identifying protein carbonylation by carbonyl capture—The reaction of
hydrazine/hydrazides to aldehydes/ketones is a widely used chemical strategy to capture
targets of LDE modification (Figure 19A).(935-937) Carbonyl groups on LDE-modified
protein react with hydrazine to form a hydrazone adduct that requires reduction with sodium
borohydride prior to downstream analysis. Hydrazine conjugated to fluorophores,(938)
biotin(935) or dinitrobenzene have also been developed for determination of protein
carbonylation by imaging,(938) streptavidin enrichment(939) or western blot(935)
respectively. Hydrazide-biotin probe coupled with LC-MS/MS identified oxidatively-
induced protein carbonylation in brains of aged mice(940) and profile targets of various
LDEs including HNE,(941) acrolein,(550) MDA and ONE (942) (Figure 19A). Global
analysis of LDE-sensitive proteins upon treatment of human RKO cells with HNE,
derivatization of the modified proteins using biotin hydrazide in lysate, and subsequent
enrichment coupled with MS identified >1500 HNE-modified targets of which ~400 targets
showed increase in HNE adduction upon increasing HNE concentration.(941) In line with
the results from the isoTOP-ABPP method,(881) protein interaction network analysis has
indicated several functional cellular networks as hotspots of HNE modification including
those involved in protein folding, degradation, and protein translation.(880,881,941)
Surprisingly, only 25% of proteins identified using competitive isoTOP-ABPP were
identified using carbonyl capture method. A possible reason could be the use of
MDAMB-231 in the former study and RKO cells in the latter. Nonetheless, the small overlap
in the HNE-sensitive proteins identified using two different approaches exemplifies the need
to exercise caution when choosing the right profiling method for an experiment.

Another proteomics method based on carbonyl capture was recently described which
combines an ABPP approach with either an aminooxy probe (943) or a aniline-derived
probe (944) to capture carbonylated proteins modified by LDEs. This method addresses a
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limitation of traditional ABPP by offering a direct readout of modified proteins (by LC-MS/
MS), as it does not rely on signal loss (of iodoacetamide labeling, for example) for scoring
hits. Still, these latest studies further underscore the need to carefully choose a profiling
probe: under identical HNES treatment conditions, the aniline probe captured >1000
carbonylated cysteines, while the aminooxy probe only captured about 300.(944)

A general limitation of carbonyl capture-based methods is that the detection of protein
modification is not specific to any particular LDE. Additionally, the reactivity of the probe
should also be taken into consideration. For example, dinitrophenylhydrazine (DNPH) can
also react with sulfenic acid thus complicating the interpretation of results.(945) Finally, the
carbonyl of the LDE may not be present post-target adduction if it is reduced or otherwise
rendered non-reactive to nucleophilic carbonyl capture probes (see Section 3.9.3 and Figure
9).

5.2.5 Profiling electrophile-responsive proteins using specific LDE-analogs—
LDE-specific analogs mitigate some of the problems of DNPH-based carbonyl capture
methods (Figure 19B). They allow for profiling direct interaction of a specific LDE to
proteins in the proteome. Of course, modification of the lipid can drastically change the
lipid’s properties. However, provided the probe is modified in a position likely to not perturb
associations/reactivity too significantly and a good secondary downstream assay is available,
this method can be useful. BODIPY conjugated with the electrophilic lipid 15d-PGJ, has
been used to monitor the subcellular localization of the lipid.(946-948) Additionally, biotin-
conjugated 15d-PGJ, has enabled enrichment and identification of protein targets of the
electrophile in cells and isolated cellular organelles.(949) 15d-PGJ, was shown to promote
calcium-induce swelling of isolated rat liver mitochondria and subsequent cytochrome-C
release.(949) This induction was believed to be triggered as a result of covalent modification
of various mitochondrial protein targets. Yet another group used a biotinylated probe called
PLPBSO, an analog of glycerolphosphotidylcholine, an abundant phospholipid in biological
membranes, supplemented to isolated human plasma to identify targets of lipid peroxidation
products upon treatment with a free radical initiator. (950,951) Free radical oxidation of
PLPBSO results in oxidative cleavage to generate aldehydes which can modify proteins. LC-
MS/MS coupled analysis subsequent to enrichment of protein targets by biotin affinity
pulldown revealed apolipoproteinAl (ApoAl), the principal component of high density
lipoprotein, as the most highly lipid-derived aldehyde modified protein.(951) Similarly,
biotinylated AA has been used to detect targets of various LDES generated upon co-
treatment of cells with oxidants such as hemin.(948) AA generates a number of LDEs upon
non-enzymatic lipid peroxidation including HNE, isoketals and isoprostanes all of which are
highly reactive and can modify proteins (see section 2.2.1.2). Before using such derivatives,
one must ensure that introduction of the tag does not significantly alter its physicochemical
and biological properties. It is essential to have appropriate controls to delineate any artifacts
associated with the tagged probes. For instance, recently a probe mimicking reactive enals
was described. The probe consists of an acrylamide moiety directly conjugated to BODIPY.
(952) Importantly, in the absence of conjugate addition to the enone moiety the BODIPY is
dark, but once conjugation between the dye and enone systems is broken by Michael
adduction, BODIPY fluorescence increases (350 fold). It is proposed that these sorts of
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reagents can report on endogenous reactive thiols in cells. However, to date no systematic
analysis of the reactivity spectrum of these sorts of reagents has been described, and it
remains unknown how even transient interactions between dyes and proteins can lead to
“ligandable cysteine” type interactions. Thus, these sorts of probes must be viewed with
caution.

As we stated above, biorthogonal tags such as alkyne/azido and cyclooctyne are suitable
alternatives to bulky fluorescent and biotin tags (Figure 19B). The minor modification
minimizes artifacts that can be observed due to even remote functionalization with bulky
tags. Proteins modified with alkyne and cyclooctyne functionalized LDEs can be analyzed
using in-gel fluorescence or enriched for LC-MS by conjugating with fluorophore or biotin
tags using click chemistry and Staudinger ligation, respectively. Alkyne-functionalized
LDEs such as HNE and ONE are now routinely used for MS profiling experiments.
(537,953-955) One of the earliest examples is the use of HNE-alkyne/azide to profile HNE-
sensitive targets in RKO cells.(953) Cells treated with the appropriate probe were lysed and
conjugated with biotin-azide/alkyne using Click chemistry. Subsequent enrichment using
streptavidin beads and proteomic analysis identified several heat shock proteins and proteins
involved in stress response pathways to be targets of alkyne/Azido-HNE in RKO cell lysates.
A recent modification of the method used a photo-releasable streptavidin linker to conjugate
to HNE alkyne-modified human plasma proteins /n vitro, thus minimizing elution of non-
specific proteins bound to streptavidin beads.(955) Recently, a similar approach was used to
profile protein targets of HNE and ONE added to RKO and THP-1 cells.(954) >1000
proteins were identified in each cell type to be sensitive to the electrophiles HNE and ONE.
Comparison of the protein targets revealed a list of 447 proteins that are susceptible to
modification with both electrophiles in both cell types. Not surprisingly, these targets
comprised proteins important in various biological processes including protein translation,
DNA replication, protein folding and metabolism.(954) Additionally, treatment with a range
of electrophile concentrations and subsequent analyses showed that electrophile protein
targets display distinct reactivity profiles in line with results obtained using competitive
isoTOP-ABPP profiling methods.(884) However, only ~90 of the 800 targets identified
using isoTOP-ABPP were also identified in THP1 cells to be modified with HNE or ONE
alkyne at any concentration. The number of overlapping targets was even lower in RKO cells
(64 targets) demonstrating that the individual method chosen for MS profiling can have
significant influence on the protein targets identified. A recent advancement of the method to
capture protein targets of electrophiles using LDE-analogs incorporated isotopically-labeled
and photocleavable azido-biotin reagent to capture and quantitatively assess protein targets
of HNE alkyne in cells.(537)

5.2.6 Targetable methods for LDE-sensitive protein screening and functional
validation—A major drawback of currently available methods to profile LDE-sensitive
proteins in cells is that the methods require bolus treatment with an excess of the LDE under
study from outside the cells/animals. These conditions most likely alter the redox state of the
cell/organism, and trigger apoptosis. Nuances of temporal and compartmentalized signaling
dynamics are also lost under bulk LDE exposure. It is thus challenging to recapitulate true
spatial/temporal sensing under controlled settings using these methods. Another important
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consideration is that bolus dosing-dependent methods yield a high background of proteins
that are likely not important sensors in a cellular context. Thus, distinguishing the true
‘privileged sensors’ from the noise generated by other contaminating proteins in the
backdrop of general redox perturbation caused by excess electrophiles becomes a
challenging task. Profiling experiments done by titrating a range of LDE concentrations may
alleviate some of the problems associated with bolus dosing methods.(954) However,
additional factors such as cellular abundance of the protein, cell permeability of the LDE,
reaction of the LDE with the plasma membrane and membrane-bound proteins, cellular
metabolism/excretion, etc. complicate the analysis of results obtained.

5.2.6.1 G-REX profiling of privileged LDE sensors: Recognizing these limitations, a high
throughput (HT)-profiling method, termed G-REX, was recently disclosed that uses an alkyl
chloride-functionalized photocaged RES precursor that binds selectively to HaloTag, a
protein engineered from a bacterial dehalogenase enzyme. HaloTag shows excellent
orthogonality and specificity and conjugates with the chloroalkane ligand with a second-
order rate constant of 3 x 106 M~1s71,(956) resulting in 1:1 Halo-POl:photocaged LDE
complex.(957) Using this strategy, a maximum of 5 eM of HNE-alkyne was released within
the cell over 5 min.(720) This concentration is tunable by controlling either the expression
level of HaloTag and/or the extent of light illumination. Thus, under electrophile-limited
conditions, the nascent HNE liberated at a concentration substoichiometric to that of
HaloTag is competitively captured by the privileged sensors within the vicinity of Halo. As
such, issues associated with metabolism/permeability are sidestepped while gaining absolute
control on locale, time, dose, and chemotype of LDE released in cells. Following cell lysis,
HNEylated proteins were identified using streptavidin click/biotin affinity enrichment and
LC-MS/MS. Initial work involving ubiquitous HaloTag expression in HEK293T cells,
namely global HNE release in situ, identified two novel HNE-sensitive proteins, Ube2V2
and Ube2V1. These proteins were responsive to HNE both /n7 vitroand in cells and
zebrafish.(720) Time will only tell how much of an advantage G-REX offers over
conventional methods, and how much the presence of HaloTag and photouncaging biases
targets. What is relatively clear is that G-REX and ABPP do not show huge overlap in their
profiled targets, indicating the complementary nature of the two technologies.

5.2.6.2 T-REX delivery of LDEs: While existing profiling methods including G-REX
altogether offer multiple unique ways to identify sensors, a method to directly link precision
modifications of these sensors to functional response in living systems was non-existent
until recently. To bridge this gap, ‘Targetable reactive electrophiles and oxidants (T-REX)’
was invented as a means to directly monitor single-POl-specific non-enzymatic modification
events and downstream signaling ramifications in cells, fish and worms (Figure 20).
(251,252,259,390,512,957-960) T-REX uses a proximity-driven approach (961) to release a
maximally-stoichiometric amount of LDE within the microenvironment of a protein of
interest (POI). Like G-REX, a genetically-encoded HaloTag is employed but it is fused to a
protein-of-interest (POI).

As an initial proof of concept, two known redox-sensitive proteins, Keapl and PTEN, were
selectively modified with HNE in mammalian cells with minimal labeling of other proteins
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in the proteome.(957) Importantly, the labeling efficiency on each redox-sensor protein can
be calculated using Click chemistry to conjugate a fluorescent azide molecule to the alkyne
handle within the photocaged HNE conjugated to Halo and that on the HNEylated POI. The
targeting efficiency on Keapl for instance was calculated to be ~30-55%.
(512,609,957,959,962) As delivery efficiency is formally the partitioning between two
unimolecular rates [pseudo-intramolecular LDE conjugation in the solvent cage (dependent
on the nucleophilicity of the POI) and diffusion of LDE away from the POI (reflecting the
binding capacity of the POI for the LDE)] the lower labeling efficiency typically reflects the
lower electrophile sensitivity of the POI.

T-REX has also been used to unequivocally demonstrate the significance of a target-specific
modification at low stoichiometry in regulating redox signaling pathways.(259,512,958)
Selective HNE-modification of Keapl, an adaptor protein that aids in the ubiquitination and
the subsequent degradation of the transcription factor Nrf2, increased the global pool of Nrf2
in HEK293T cells.(259) Increase of Nrf2 levels led to a concomitant increase in its
transcriptional activity measured using a reporter assay and using qRT-PCR to quantify the
increase in transcript levels of Nrf2-driven genes. Performing T-REX in a ‘non-fused’
system, where the HaloTag and Keapl were expressed as two separate proteins, did not
result in any labeling of Keapl and no resulting activation of the Nrf2 transcriptional
activity. The ‘non-fused’ system clearly demonstrated the importance of selective
modification of Keapl using proximity enhancement (961) in Keapl modification under T-
REX conditions and subsequent Nrf2-driven AR in mammalian cells. MS analysis indicated
C513 and C518 as the residues modified on Halo-Keapl in cells. Interestingly, performing
T-REX /n vitro modified a different set of cysteines, C226 and C368, showing that cellular
environment can have drastic impact on LDE-sensitivity of different cysteine residues.
Mutation of the redox-sensing cysteine residues to serine did not ablate the LDE-sensing
capability of Keapl nor upregulation in Nrf2 transcriptional activity. These data suggested
Keapl is a promiscuous LDE-sensor.(259) Indeed, earlier reports have characterized each of
the 27 cysteine residues on Keapl to be modified /n vitro by at least one LDE.(607,963)

Beyond showing that redox signaling may regulate multiple POls/pathways including
Keapl/Nrf2/AR,(259,389,609,957) PTEN,(957) HSPB7,(964) and so on, T-REX has been
expanded to include a repertoire of caged LDEs including endogenous and non-
endogenously-derived electrophiles as well as simple structural mimics of 15d-PGJ, and the
electrophilic drug bardoxolone methyl (CDDO-Me).(259) Many of these compounds
modified Keapl to similar extents with very similar downstream targeting responses in
mammalian cells. /n vitro kinetic studies demonstrated a two-step model of electrophile-
adduct formation to the target: (1) formation of an initial signal-target complex, and (2)
subsequent covalent conjugation of the electrophile to the POI. The labeling efficiency of
POI by a specific LDE is a function of the rate of covalent adduct formation offset by the
rate of diffusion of the LDE away from the initial signal-target encounter complex.

Because T-REX enables the generation of a stoichiometric amount of a given LDE in close
proximity to the POI, it is an ideal tool to quantitatively assess electrophile sensitivities of
putative POIs and link individual specific modifications directly to function. HaloTag human
ORFeome is also commercially available facilitating such discovery efforts (Kazusa
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collection, Promega). Akt3, an isoform of the oncogenic serine-threonine kinase Akt, was
recently identified as a novel sensor of HNE from a screen of a library of functionally-
validated Halo- fused kinases.(512) Neither of the other two Akt isoforms showed
comparable HNE-labeling efficiencies to Akt3. HNE modification of C119, a residue in the
highly divergent flexible linker region of the enzyme (Figure 10), downregulated the kinase
activity of the enzyme in mammalian cells and in zebrafish.

Importantly, the overexpression levels of Halo-Akt3 in mammalian cells was around 20- fold
greater compared to basal levels whereas in zebrafish the expression levels were comparable
to endogenous Akt levels. Nonetheless, similar HNEylation efficiencies and extent of
downstream signal modulation were observed in both cases. These results underscore that T-
REX-assisted POl modification is entirely proximity directed quasi-intramolecular process,
independent of POI expression levels. Furthermore, selective modification of only a fraction
of the total POI was sufficient to trigger downstream signaling responses, suggesting a
dominant-negative regulatory role of Akt3. Downregulation of the kinase activity by Akt3
HNEylation led to a consequent increase in the transcriptional activities of FOXO and p53,
bona fide targets of the Akt signaling axis. Additionally, replicating T-REX on Halo-Akt2
did not yield these results. More importantly, Akt3(C119S)—sensing defective but otherwise
functional kinase—was hypomorphic for all downstream phenotypes, ruling out the
possibilities of off-target effects.(512)

An important advantage of T-REX over other profiling methods is that the discovery efforts
can be streamlined with a unique means to validate the identified sensor robustly.(512,959)
Despite the powerful capabilities of chemoproteomic platforms to identify redox sensors and
pin-point sites of modification on these targets, these methods do not allow modification
selectively of the identified targets for functional validation. Downstream validation
typically involves replicating bolus dosing treatment of knockdown cells or cells expressing
LDE-insensitive mutants and subsequently measuring phenotypic response. However, such
methods overlook the contribution from a number of other redox-sensitive proteins/
pathways, which are also modified using bolus dosing, to the measured response. T-REX
provides a means to engender temporal and spatial control in triggering individual redox
events. Additionally, T-REX is amongst only a handful of methods(958) transposable to
study redox signaling in a spatiotemporally-controlled manner in various model organisms
including £. coli,(959) mammalian cells,(259,957,959) C. elegans,(512) and zebrafish.(512)
Together with G-REX, the dual REX technologies enable both systems-level profiling of
low-occupancy privileged sensors under biologically-relevant settings as well as mechanistic
interrogations into their signaling consequences at high biological resolution and target
precision.

5.2.6.3 Limitations of REX technologies: On the surface, T-REX appears to be a bona fide
way of identifying privileged sensor cysteines.(390,512,959) Proteins that can undergo
successful modification via T-REX are relatively few; those that do sense LDEs under T-
REX typically undergo change of function that have phenotypically-dominant outputs. The
main issue of T-REX is low throughput. This significant issue was solved by the introduction
and validation of G-REX. Coupling of G-REX and T-REX makes a relatively compelling
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combination, although T-REX can in principle be used to validate any potential sensor of
LDE derived from any screen.

The physicochemical basis behind T-REX/G-REX appears to be sound, as several builtin
controls have shown [namely, the split construct,(259,609) hypomorphic mutants,(512) no-
light vs. no-photocaged probe,(389) and varied transgene-expression levels in various
models (512)]. However, T-REX/G-REX delivery is limited to photochemical uncaging. So
far, this has proven to be a minor inconvenience as T-REX/G-REX has worked well with
transparent model organisms. (Thus far, G-REX has not been tested in anything other than
cell culture, although it was shown to be noninvasive in that manifold).(512) Obviously, the
requirement for photouncaging will be much more of an issue for application of REX-
technologies to mice and similar organisms. Furthermore, while little evidence has arisen to
show signs of UV-damage during T-REX/G-REX,
(252,259,389,512,609,720,957,960,962,964) it is likely that some cell types/mutants will be
adversely affected by such conditions. Two-photon uncaging could be one means to avoid
these issues.

For T-REX to be carried out to a specific POI, the POl must be fused to Halo. There has
been extensive characterization of Halo-fused proteins, including Promega Kasuza library,
(956,965,966). In most instances, such chimeric proteins have proven to be functional.
However, this does not mean that Halo is inert/does not exert any impact on POlIs fused to it.
Promisingly, where applicable, C and N terminal Halo fusions give similar delivery
efficiency, allowing some flexibility.(389) Since T-REX uses ectopic expression of a Halo-
tagged protein, there are several other potential issues: (1) the endogenous protein that
cannot accept the HNE signal may suppress downstream signaling; this has proven to be a
minor issue as T-REX is designed to assess phenotypically dominant (i.e., low
stoichiometry) downstream signaling, events and in cell culture, at least, the target POI is
overexpressed (rendering the contribution from the endogenous copy minimal; and
nonetheless be easily validated using built-in controls discussed above); (2) the target POI is
typically overexpressed. Requirements for overexpression, of course are their own
limitation. However, T-REX works in zebrafish and C. elegans where Halo-POl-transgene
expression is typically close to endogenous levels. Expected downstream signaling
phenotypes were still observed.

Finally, it is possible that T-REX could “force” HNEylation of target POls. In recent papers,
it has been shown [in the case of HSPB7 (964) and Ube2V/2 (720)] that proteins that are
identified as HNE-sensitive show much faster association kinetics with HNE /n vitro than
known HNE-responsive proteins and proteins with known nucleophilic thiols.(720,964)
These data are consistent with T-REX identifying proteins that react rapidly with HNE,
although more detailed assessment of reaction kinetics can help bolster this claim.

5.3 Immunological approaches to identify RES/ROS modifications of target proteins

Immunological methods have the potential of enhancing the selectivity and sensitivity for
the detection of targets of redox signals. However, the small size of redox modification as
well the large number of targets that redox signals modify has made the use of
immunological methods for their detection challenging. Recent advances have allowed
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trapping of redox modifications with various chemical probes which can then be probed by
antibodies as a secondary detection strategy. For example, DNPH has been used to capture
carbonyl modification on proteins, which can be detected using anti-DNP antibodies in a
method broadly known as OxyBlot™.(967-970) Moreover, antibodies can be used for
enrichment prior to LC-MS identification of protein targets.(971) Recently this method was
coupled with 2D SDS-PAGE analysis to identify proteins that are carbonylated upon
premature senescence in WI-38 fibroblasts.(972)

5.3.1 Immunological methods to detect sulfenic/sulfinic/sulfonic acid
modifications—Sulfenic acid can be trapped using dimedone based probes. An antibody
to dimedone-conjugated sulfenic acid modification has recently been developed and used to
profile differential thiol oxidation in various tumor cells.(973) The antibody was also used to
show that EGF signaling results in sulfenylation of catalytic cysteine of EGFR.(974) This
modification is NOX2-dependent and results in the activation of the kinase. A similar
antibody against SOH-derivatized with dimedone was developed and used to study whether
oxidation of GAPDH and its subsequent inactivation can cause secondary protein
sulfenylation in isolated rat myocytes.(975) Antibodies to specific sulfenylated proteins such
as PTPs and Prx have also been generated and/or are available commercially.(976,977)
Additionally, antibodies to sulfinic or sulfonic acid modifications on specific peptides have
also been developed.(696,978)

5.3.2 Antibodies to lipid aldehyde-modified proteins—Antibodies to various lipid
peroxidation products have been generated. An anti-4-HNE conjugated to cysteine antibody
has been used to detect lipid peroxidation product as markers of oxidative stress in cells and
tissues.(979) The earliest use of immunology was to detect 4-HNE modified proteins in
crude homogenates from rat liver hepatocytes treated with HNE or under oxidative stress by
treating with #BHQ.(979) The detection was abolished if the antibody was preincubated
with HNE-A-acetyl lysine, HNE-A-acetyl histidine or HNE-glutathione, demonstrating the
specificity of the antibody to HNE modified structures. Antibodies have been used to
demonstrate HNE modification of | B kinase(257) and tubulin(980) with functional
consequences in cells. Antibodies for a number of lipid peroxidation products such as HHE-
histidine(981) and MDA-lysine(982,983) have also been developed. One interesting
approach has been to develop antibodies to stable cyclic adducts of lysine. For instance,
acrolein adducts to lysine form N-(3-formyl-3,4-dehydropiperidino) lysine, likely through
sequential Michael adduction followed by aldol condensation. Antibodies to this product
have detected acrolein adducts in cell extracts.(984,985) The 2-pentylpyrrole function is
formed upon reaction of HNE with lysine.(986,987) This antibody was able to detect HNE-
labeled human serum albumen. Similar pyrroles derived from reaction of lysine with LDEs
were shown to be elevated in plasma of patients suffering from macular degeneration using a
specific antibody.(988) Additionally, antibodies to 15-d-PGJ, have been used to detect this
prostaglandin in cells using IHC and show proteins modified by 15-d-PGJ, using ELISA.
(266,989)

Antibodies are useful to detect specific protein modifications, yet they often face problems
of cross-reactivity. For instance, anti-HNE antibodies cross-react with 4-hydroxy-2-decenal,
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4-hydroxy-2-octenals well as lysine-ONE modifications.(571,990) Additionally, antibodies
may be limited to detecting only one form of modification to a particular LDE. HNE, for
example, has two reactive groups. It can form a direct cysteine adduct at C3 and/or react
with another lysine at the carbonyl moiety of the free aldehyde group resulting in a Schiff
base. Additionally, HNE adducts can also lead to intramolecular cyclization forming a cyclic
product (Figure 13B). An antibody specific to a particular form may not detect other forms
thus introducing significant bias and limiting results. Additionally, antibodies do not provide
information on the site selectivity of these redox modifications. Antibody-based enrichment
coupled with digest mass spectrometry can mitigate this issue.(971)

6. RES/ROS SIGNALING IN DISEASE AND THERAPEUTIC INTERVENTIONS

6.1 Diabetes

We will lay out below a case for RES/ROS signaling being important in health and disease.
Data hinting at correlations between RES/ROS signaling and (un)wellness have been around
for many years. However, as we describe most of these reports are circumstantial and require
significant leaps of faith to ascribe any specific phenotype to any specific (or even general)
RES/ROS chemotype.(509) In general, in this field, RES are often used as a proxy for ROS.
However, the situation is often complicated, and there is significant evidence indicating that
RES contribute directly to disease states. In this specific context, our discussion is centered
on HNE as the best-studied endogenous RES. In line with an overall focus on RES/ROS-
based therapeutics, we devote this section to broad-specificity small-molecule electrophilic
drugs either approved or currently/previously in clinical trials (Figure 21). Many of these
pharmacophores tap into redox-modulated pathways. We first examine the broader
pathological roles of these native and synthetic reactive small molecules in various disease
states, with emphasis on cancer, diabetes, neurodegeneration, and multiple sclerosis. It is
ultimately likely that the pleotropic nature of RES and ROS, and the fact that they occur
typically in tandem mean that healthy and disease phenotypes are attributable to multiple
RES/ROS acting in concert. We finally analyze, using Nrf2, FOXO, and Wnt/p-catenin
signaling as case examples, the role of crosstalk between RES/ROS-responsive proteins
regulating various signal transduction pathways. Building on these latest findings, we
discuss how RES/ROS-signal wiring may be altered to accommodate a specific pathological
state, and how this emerging knowledge about context-specific alterations in pathway
intersections may be exploitable for novel interventions. One of the key motivations of this
chapter is to illustrate how redox signaling in general is a complex process that regulates
numerous pathways and exerts its influence on many signaling nodes above and beyond the
Nrf2/AR pathway.

Several studies have implicated high ROS levels in diabetes etiology. Type Il diabetes, for
instance, is exacerbated by elevated ROS levels(991) that are caused by hyperglycemia,
increased non-enzymatic glycosylation, and activation of the ETC.(992) ROS elevation in
turn causes several responses including, decreased insulin expression and upregulation of
stress-activated protein kinase/c-Jun amino-terminal kinase (JNK).(993,994)
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Unsurprisingly, the extent of RES-adducted proteins also increases in obesity and diabetes.
(995) 4-HNE levels are also elevated in the non-diabetic obese population.(996) This may be
partly caused by a decrease in GST-a4(997) and concomitant decrease in HNE metabolism.
(998) HNE upregulation has several effects associated with diabetes including promoting
adiposeness and insulin resistance.(999) Consistent with this argument, uncontrolled lipid
oxidation products are associated with uncontrolled diabetes.(1000)

One of the best studied pathways of stress relevance in disease including diabetic models is
AR. CDDO-Me and some analogs, which are all potent steroid-derived AR stimulators, have
shown potency in animal models of diabetes (Figure 22).(1001) CDDO-Me reached clinical
trials for its ability to suppress end-stage renal disease, the most advanced stage of kidney
disease where diabetes mellitus is a key risk factor. Unfortunately, little therapeutic effect
was found. In addition, deleterious off-target effects(1002—-1004) were also reported.
Optimization of CDDO-Me, or possibly, use of alternative Nrf2-stabilizing motifs(1005)
may improve efficacy while alleviating off-target effects, although more work is required in
this area.(1006)

6.2 Neurodegeneration

Neurodegeneration is linked to elevated RES/ROS in neuronal cells.(1007,1008) Elevated
oxidative stress markers have been detected in brains of patients with Alzheimer’s disease,
(315) Parkinson’s disease,(1009) in amyloid-beta plaques,(1010) in cerebrospinal fluid of
patients with amyotrophic lateral sclerosis (ALS; Lou Gehrig’s disease),(1011) and in
Huntington’s disease.(1012) However, there is significant debate as to whether ROS is a
cause or a consequence of these diseases. As we will see below, recent work has tried to use
modern chemical biology techniques to understand ROS signaling and develop a quantitative
understanding, although there is still a long way to go in this area. On the other hand,
genetics experiments have shown that Nrf2 knockout significantly increases learning and
memory defects in Alzheimer’s disease model mice.(1013) Subsequent work has shown that
Nrf2 knockout mimics mRNA changes that occur during Alzheimer’s disease.(1014) These
outcomes could also be due to non-ROS/RES-related functions of Nrf2. However, it is hard
to ignore the strong relationship between Nrf2-driven AR and suppression of RES/ROS
elevation. Unfortunately, neurons are extremely complex and transposition of model systems
to humans has proven challenging. But numerous model systems for neurodegenerative
diseases exist, including yeast,(1015) mice, fruit fly, worms(1016) and organoids,(1017) so
there is much scope for experimentation and developing understanding.

ROS elevation appears to be an early step in many neurodegenerative diseases (Figure 22).
However, exactly how ROS is elevated is less obvious. For instance, in Alzheimer’s disease,
amyloid-p plaques contribute to elevated ROS. However, /n vitro, the opposite is the case,
i.e., plagues have low ROS-forming potential.(1018) In addition to amyloid-p, ROS may be
activated through: metal chelation,(1019) mitochondrial defects,(1020) ER stress,(168) and
microglia priming.(1021) Furthermore, downstream targets of ROS are also somewhat
unclear. ROS has been postulated to: activate c-Abl,(1022) decrease/inhibit autophagy,
(1023) stimulate inflammation,(1024) and modulate ubiquitin pathways (including
proteolysis).(1025)
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Regardless of the mechanism of generation/action, numerous models of neurodegenerative
diseases have indicated that reduction in ROS levels can improve cognitive function and
survival. Unfortunately, the effects of antioxidants supplements/drugs are often less
impactful on humans than in model systems. In Huntington’s disease, for instance,
numerous model systems are improved by treatment with antioxidants,(1026,1027)
including a-lipoic acid,(1028) cystamine,(1029) coenzyme Q10,(1030) and plant-derived
antioxidants.(1031) However, this strategy is not particularly effective in human patients,
(1032-1034) although some unexpected long-term benefits may occur. Furthermore, new
data using a C. elegans model suggest that oxidative stress is not a significant causative
factor in Huntington’s disease.(1035) That being said, Edaravone (Figure S3) was recently
approved to treat ALS. Edaravone is believed to have antioxidant properties,(1036) although
these have not yet been directly tied to its mechanism.(1037)

Nrf2 activation may protect from neurodegeneration (Figure 22). In a Drosophila
melanogaster model of Parkinson’s disease, for instance, elevation of Nrf2 (cncC, in D.
melanogaster) signaling suppressed neurodegenerative changes. In this instance, cncC was
upregulated either through treatment with CDDO-Me or through dopaminergic neuron-
specific expression of cncC. Importantly, using a roGFP2-based probe (see section 5.1.4) the
authors correlated severity of behavioral disorder with ROS levels.(1038) Similar protective
effects of synthetic triterpinoids such as CDDO-ethyl amide and CDDO-trifluorethyl amide
were found in mice.(1039) Some authors have proposed Nrf2 activation as a global means to
treat all neurological damage.(1040)

HNE levels are increased in brain and body fluids of patients with various neurodegenerative
disorders. High HNE levels can increase brain damage.(1041) The mechanisms of HNE
causing brain damage are manifold: HNE is implicated in increasing aggregation of a.-
synuclein and export of aggregated a-synuclein to healthy neurons; lysosome dysfunction;
(1042) and GSH depletion.(1043) Interestingly, quercetin, a polyphenolic plant-derived
compound that is able to elevate GSH levels(1044) in the brain can alleviate Alzheimer’s
disease symptoms in mice.(1045) These studies may translate to human patients: for
instance, recent investigations indicate that the well-known neurological protective
properties of coffee can be traced to quercetin(1046) (Figure S3); and quercetin can reduce
HNEylation of proteins in neuronal culture.(1047)

Of course, these studies all assume a single cause and effect model of disease. In many
instances this is more or less true and has led to many successful therapies: imatinib, an
inhibitor of Bcr-Abl, an oncogenic fusion kinase responsible for chronic myeloid leukemia
is a classic example.(1048) However, it is likely that many factors are responsible for
neurodegeneration etiology, and hence, ROS suppression and/or electrophile detoxification
are not sufficient to provide a large therapeutic effect.(1049) It is also possible that many of
the model systems where these putative therapies are effective are not as complex as the
actual disease in humans. This short-coming is starting to be addressed by development of
multi-targeting molecules, such as BN82451 (Figure S3).(1050) This phenolic compound is
anti-inflammatory, antioxidant and blocks sodium channels. Of course, combination
therapies are another strategy to combat multifaceted diseases, and such regimens are being
investigated for numerous brain diseases.(1051,1052)
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6.3 Multiple sclerosis

ROS detoxification appears to be impaired in multiple sclerosis (MS) patients.(1053) ROS-
induced damage and protein RES modification(1054) occur in the brains of MS patients.
(1055) Modulation of ROS signaling is postulated to be an effective therapy against MS.
(1056) However, as we commented above, antioxidants have not been particularly successful
in treating MS, although they have fared better in mouse models.(1057)

One of the latest promising developments in MS treatment is the FDA approval (in 2015)
and subsequent accelerating sales of the electrophilic Nrf2 agonist Tecfidera (dimethyl
fumarate) (Figure 22).(1058) The mechanism of action of this drug continues to be debated.
However, its ability to stimulate Nrf2 is likely not the only reason behind its clinical activity.
(1059,1060) Recent investigations into the effect of Tecfidera on mice showed that Nrf2 was
not required for the pharmacological effects of Tecfidera. Independent studies have further
confirmed that Tecfidera’s T-cell stimulation activity is independent of Nrf2.(1060,1061)
There is one caveat to this analysis: Nrfl can at least partially compensate for Nrf2 function
in these cells,(1062) meaning AR regulation may not be fully compromised in these models.
ABPP indicated several targets of Tecfidera, one of which is protein kinase C 6. It is
noteworthy that protein kinase C interacts with HIF-1a,, a protein that is destabilized by
Tecfidera.(1063) It is not known how loss of HIF-1a. affects nucleophilicity/activity of
protein kinase C. Another recent study showed succination of GAPDH by Tecfidera to be
important in mediating its therapeutic effect in mice model of MS.(1060) Clearly, the
promiscuity of reactive electrophilic drugs, like Tecfidera, renders it difficult to understand
specific targets and delineate a precise molecular mechanism.

6.4 Context-specific shifts in RES/ROS signaling crosstalk

RES/ROS regulation permeates every physiological process/pathway known (metabolism,
protein quality control, epigenetics, and transcriptional regulation, and so on). Indeed,
innumerable proteins of diverse function and cellular roles are now implicated as RES/ROS
sensors. Recent evidence on balance indicates that RES/ROS sensing/signaling is best
regarded as a protein moon-lighting function.(251,390,509) These activities are some of the
most interesting carried out by enzymes. Unfortunately, they are particularly difficult to
predict and understand. The diverse repertoire of individual redox-influenced pathways has
been documented and we refer the readers to these excellent reviews.
(5,31,115,505,866,1064-1067)

However, cell signaling networks operate non-autonomously. These connective mechanisms
are also often altered in specific disease states. Given that (i) cysteine mutations occur most
frequently among coding residue mutations within disease database,(390,1068) and (ii) there
is a growing body of data connecting specific cysteines to specific disease-relevant states,
altered RES/ROS sensing/signaling likely plays an important role in numerous disease
etiologies. In this sub-section, we explore functional redox crosstalk, with the focus on two
key evolutionarily-conserved pathways/intersections: Nrf2/AR crosstalk with (i) Wnt
signaling; and (ii) EGF signaling. These examples make a strong case that gleaning precise
understanding of RES/ROS signaling mechanisms can help us to gain new knowledge of
basal signaling patterns, pathway intersections, and disease etiology. The EGF system
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additionally represents the first establishment of physiological H,O, signaling and both
RES/ROS and several approved drugs uniquely tap into specific kinase sensors/isoforms that
regulate this signaling subsystem.

Having described the dichotomous relationship between on- and off-target effects in natural
and non-natural reactive species in disease, these specific examples provide a more focused
lens into disease-relevant shifts in pathway interconnections. We stress that these insights
arose from studying protein specific RES signaling.(252,512,720) We conclude that such
surgical interrogations hold promise toward improved targeted intervention of druggable
pathways as well as novel covalent ligand discovery targeting the hitherto undruggable
proteome.

Deregulated redox homeostasis has been described as a hallmark of cancer cells.(1069)
These changes in RES/ROS levels are typically driven by genetic modifications that promote
stress. However, cancer is a complex disease encompassing multiple stages of
“development”(1070) and it was for some time unclear whether ROS elevation was an end
product of oncogenesis or whether it is active in the transformation program. We therefore
discuss the role of RES/ROS in the various stages of oncogenesis sequentially.(1071)

6.5.1 Moderate ROS elevation promotes oncogenic transformation through
multiple pathways—As we have noted, moderate levels of ROS elevation are commonly
associated with promotion of cell growth. Many proliferative stem cells show elevated ROS
levels(1072) and various oxygenase enzymes are critical for correct development.(1073)
Indeed, ROS have complex effects on mammalian development,(1074,1075) with both
upregulated and down-regulated ROS levels occurring in a coordinated fashion. Intriguingly,
many of the processes that occur during embryonic development are similar to those that
occur during cancer development,(1076,1077) further implying that ROS levels will be
important in cancer development and progress.

ROS function in early stages of oncogenesis to help create an environment conducive for
growth and transformation, i.e., overall leads to a mutator phenotype.(1078) ROS elevation
has been observed upon overexpression of single oncogenes in both cell culture(1079) and
model organisms.(1080) ROS elevation can speed transformation by promoting genome
instability(1081) that can help to drive mutations essential for cancer progression(1082) in
what is typically, but not always, a gradual process.(1083,1084) Furthermore, ROS may
serve to modulate DNA damage repair pathways, further promoting mutation. In addition,
ROS also directly and indirectly regulate tumor suppressor genes, such as p53. It has
recently been shown that impairment of the ETC or decrease in mitochondrial DNA can
promote ROS generation that leads to a genetic inactivation of p53.(1085) As a result, cells
show much higher proliferative ability and greater susceptibility to neoplastic
transformation. Unsurprisingly, several tumor suppressors have an antioxidant function.
(1086,1087) Furthermore, some labs have reported that oncogenic transformation of
mesenchymal stem cells involves a decrease in Nrf2 levels and decrease in antioxidant
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genes.(1088) Although such changes are likely to affect manifold pathways, ROS levels
would likely increase.

However, ROS levels must not be too high.(1089) Hyper-elevated ROS levels may contribute
to oncogene-induced senescence. Certain cancer stem cells, for instance, require Nrf2 to
retain their self-renewal properties.(1090,1091) Unsurprisingly, many oncogenes stimulate
Nrf2 upregulation.(1091-1093) Furthermore, careful experiments looking at the effect of
antioxidants on oncogenic RAS transformation showed that acetyl cysteine suppressed RAS
oncogene-induced senescence, partly through slowing down ROS-promoted growth
elevation, allowing continued sustained growth.(1080) Thus, ROS levels likely need fine
tuning and must to able to accommodate competition for space, resources, etc. that occur
during tumor growth.(1094)

6.5.2 RES may serve a natural tumor-suppressor function—Early studies on
tumor formation potential of HNE and a more reactive analog 2,3-epoxy-4-hydroxynonanal
showed that both species have little detectable carcinogenic potential in mice.(1095)
However, these electrophiles have been linked to DNA damage behavior including sister
chromatid exchange, and mutagenesis.(1095,1096) There is also evidence that HNE can
selectively cause mutation of the tumor-suppressor p53 through directly modifying genomic
DNA.(1097) RES levels are strongly correlated with ROS levels, and hence RES sfould also
increase in cancer. Indeed, some studies have found elevation of RES in blood of cancer
patients, indicating that redox signaling can be impacted in whole organisms by cancer.
(1098) However, this observation does not seem to be recapitulated on a cancer cell-specific
level: few studies have been performed on how RES affect oncogenesis, but, there appears to
be a general, although not universal,(1099,1100) decreasein lipid peroxidation products
during cancer development.(1101-1104) Although how RES affects cancer cells in model
organisms and humans is still not fully clear, it is quite well established that HNE exerts a
negative effect on many, but not all,(1105) mature cancer cell growth [including
K562(1106), various colon cancer cells(1107) and HL-60;(1108) with ICsq’s in the mid- to
low-micromolar range)] while being less impactful on non-transformed cells, implying that
HNE would overall countermand oncogenesis. Indeed, far from being toxic to non-
transformed cells, HNE stimulates growth of vascular and aortic smooth muscle cells in the
mid to low micromolar range.(1109,1110)

Indeed, HNE reduces cachexia (weight loss/tissue wastage) in a lung cancer model,(1111)
principally by exerting a selective growth inhibition effect on cancerous cells. Interestingly,
it has been reported that overexpression of the HNE-detoxifying enzyme, GST-a, is
sufficient to transform at least some cell types (e.g., human lens epithelial cells).
Importantly, the transformation potential of GST is correlated with its ability to metabolize
HNE and can be affected by heterologous expression of non-human proteins. Transformed
GST-a-overexpressing cells showed reduced HNE levels, which led the authors to postulate
that HNE reduction is sufficient to promote transformation.(1112) Other authors have
postulated that sulforaphane, a well-known cancer preventing (prophylactic) agent (Figure
21) may function partially through upregulation of cellular HNE(1113) (although it is
indisputable that other mechanisms also contribute to lowering cancer incidences).
Glutathione depletion, which would raise HNE levels, also suppresses growth of cancer
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cells. Broadly speaking, most cancer cells upregulate GST expression,(1114) which may
also indicate a drive to suppress RES signaling. However, the need to protect from elevated
ROS/RNS, etc. cannot be ruled out and the potential roles of ROS/RNS are also difficult to
parse from RES-specific effects in these experimental models. Thus, ultimately, little or no
direct evidence for the specific involvement of HNE in these processes has been provided.
Given that effects of endogenous RES such as HNE show a complex dose response(1115)
and enzymes responsible for HNE maintenance also regulate ROS metabolism, it may
indeed ultimately transpire to be very difficult to obtain direct evidence for the pathological
effects of HNE. Furthermore, some cancer cells, such as MCF7, appear to express very little
of the canonical GST isoforms (a, | and ).

It has been known for 20 or more years that several physiological changes that may be
expected to suppress lipid signaling occur during oncogenic progression.(1116) Briefly, cell
membranes of cancer cells switch to a more saturated [less fluid and less readily
oxidizable(1117)] state.(1118) Lipid pathways are some of the most altered metabolic
systems in for instance pancreatic tumors.(1119) That being said, it is widely appreciated
that membranes are important for numerous cellular processes, including signaling and
permeation of small molecules. It thus remains very difficult to tie lipid changes specifically
to suppression of RES signaling along the oncogenic pathway.(1120)

6.5.3 Mature cancer cells also rely on ROS, but are susceptible to elevated
ROS—Mature cancer cells continue to be subject to high levels of oxidative stress. A recent
study, for instance, found a correlation between metastatic spread and basal ROS levels.
(1121) Indeed, ROS elevation assists several steps within the advanced oncogenic program,
including angiogenesis [in part through stabilizing hypoxia inducible factor (HIF), (1122)
avoidance of apoptosis,(1123) and metastasis(1124,1125)]. Several studies link elevated
ROS levels to increased disease progression and poor clinical outcomes.(996) However,
several emerging strategies are geared to take advantage of high ROS levels in cancer to
selectively push diseased cells over the edge.(1126) Piperlongumine (Figure S3), a reactive
electrophilic molecule studied by the Schreiber lab, was shown to inhibit GST-p and cause
increase in ROS levels and cell death selectively in cancer cells. (1079) The authors
conclude from this study that GST-p is an example of non-oncogene addictive behavior: i.e.,
cancers rely on GST-p much more than normal cells, although (by this definition) GST is not
sufficient to cause transformation. These data are in broad/general agreement with studies
above on GST-a-promoted transformation, although the data indicate a more passive role in
oncogenesis. Similarly, it has been postulated that phenethyl-1TC (Figure 21) can kill cancer
cells through a ROS-dependent mechanism.(1127) Some pharmaceuticals modulate
RES/ROS in a locale/organelle-specific manner. One such drug is doxorubicin (Figure S3)
(approved to treat breast and bladder cancer amongst other). This drug elevates cellular HNE
levels, and increases in mitochondrial HNE-modified proteins have been detected in cells
treated with doxorubicin.(1128)

6.5.4 RES have complex and diverse effects on mature cancer cells, but are
principally anticancer—Interestingly, HNE is postulated to promote angiogenesis
through a similar mechanism to ROS (i.e., increase in HIF).(1129) In the case of HNE,
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however, angiogenesis is promoted through inhibition of Sirt3, mitochondrial sirtuin
deacetylase in mammals. Consistent with this proposal, HNE could not promote
angiogenesis in Sirt3-knockdown cells. An analogous compound, 4-hydroxy-7-o0xo-5-
heptenoic acid lactone (Figure S3), also promotes angiogenesis.(1130) In spite of
angiogenesis activity, RES would be predicted to be a particularly potent weapon against
cancer, given that some studies implicate RES as a natural anticancer prophylactic (see also
Section 6.5.2). Sulforaphane and other dietary ITCs are in clinical trials to treat several
cancers. However, it seems likely that the therapeutic window of reactive lipids like HNE is
too small to be used directly. To this end, inhibition of HNE-metabolizing enzymes has been
proposed as a means to upregulate HNE and kill cancer cells.(1131) Several broadly-reactive
carbon-based electrophiles are currently used in clinic or are in clinical trials for cancer
treatment. Compounds used in the clinic include nitrogen mustards (mechlorethamine, or
carmustine), disulfonate cross-linkers (Busulfan) and dacarbazine (Figure S3). Several of
these electrophiles stimulate ROS production and this has been proposed to contribute to
their pharmaceutical program.(1132) Clinically-trialed electrophiles include VLX1570
(Figure 21) and melflufen (Figure S3). VLX1570 and other analogs stimulate Nrf2 activity
and upregulate heme oxygenase 1 (HMOX-1),(1133) although the mechanism is unknown,
as is how this function contributes to efficacy. Furthermore, some authors have proposed that
the potent Nrf2 agonist, Tecfidera, can be repurposed to treat cancer,(1134) and the drug has
shown efficacy in xenograft tumor models.(1135)

As discussed above, several drugs in clinic now have weakly-reactive electrophilic
appendages (commonly acrylamide) (Figure 21). These appendages, in contrast to the
enones, sulfonates, and chloramines discussed above, are of relatively low promiscuity and
(ideally) engage with target cysteine(s) only when pre-bound to target enzyme(s). The
irreversible binding mode brings several pharmacological advantages relative to non-
covalent equivalents. Although unlikely a trait selected during oncogenesis, it has been
shown that high ROS levels can oxidize these cysteines, reducing potency of the inhibitors.
We recently proposed that modification of this strategy could be used to direct HNE to a
specific protein of interest to tap into endogenous lipid signaling pathways that could confer
benefits over “normal” drug targeting pathways.(390) No such drugs have yet been reported.

6.5.5 Nrf2 crosstalk with Wnt signaling—As alluded to earlier in this chapter,
Nrf2/AR upregulation is a critical component of numerous diseases. It is known that
modulations in Nrf2 leads to significant pathway rewiring that may expose an Achilles heels
that can be exploited for therapy.(893) However, Nrf2 regulation and pathway intersections
are synergistically developed during disease progression, so it is very likely that a
personalized approach to Nrf2/AR signaling should be taken. Here we discuss recent
identification of redox-dependent crosstalk between Nrf2 and Wnt, another pathway
commonly upregulated in cancer.(1136)

[B-catenin (a transcription factor driving canonical Wnt signaling) and Nrf2 are both
substrates of B-TrCP, an E3 ubiquitin ligase responsible for K48-linked ubiquitination,
leading to proteasomal degradation of client proteins. Thus, p-catenin and Nrf2 share a
common regulator, indicating that Wnt and AR may crosstalk. Indeed, similarly to Nrf2,
Whnt signaling upregulation commonly occurs in cancers. However, upregulation of Wnt
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occurs by loss of the ability of B-TrCP to bind to p-catenin. Numerous reports indicate that
Whnt signaling can stimulate Nrf2 and hence upregulate AR.(1137) However, it was less
clear how Nrf2 affects Wnt. Using T-REX-assisted HNEylation of Keapl, it was found that
B-TrCP knockdown led to a suppression of AR.(252) This suppression was not observed
following bulk HNE exposure of cells, likely because of off-target effects. Subsequent
experimentation showed that the inhibition of Wnt signaling by Nrf2 was increasedwhen -
TrCP could not bind B-catenin: in p-catenin knockdown cells, the elevation of Nrf2 induced
by selective HNEylation of Keapl alone is significantly offset by the fact that Wnt signaling
is highly susceptible to Nrf2 inhibition, and Whnt inhibition leads to decrease in AR. Thus,
there is shift in the interplay of Nrf2 and Wnt during cancer progression and mature cancer
cells could be sensitive to AR upregulation, provided they upregulate Wnt through p-catenin
N-terminal deletion/mutation. Although no systematic study has been performed, it is
possible that this relationship could help guide the usage of Nrf2 stimulating drugs in
anticancer therapy. Several studies are in concordance with this hypothesis (Figure 23).
(1138)

6.5.6 Nrf2 crosstalk with EGF signaling along PI3K/Akt/[FOXO axis—An
interesting positive feedback loop between Nrf2 and EGFR is slowly coming into focus
(Figure 23). It is established that EGFR upregulation either upon endogenous stimulation or
by constitutive activation leads to Nrf2 upregulation.(1093) This pathway could occur
through modification of Keap1(1139) although the more likely cause is that EGFR
stimulates Akt3,(1140,1141) which can in turn inhibit GSK3p, a negative regulator of Nrf2.
It was also found that Nrf2 can also positively regulate Notch,(1142) a factor that positively
regulates transcription of EGFR.(1143)

As we have discussed, ROS levels are elevated in cancer yet balanced to promote cell
growth, without triggering senescence. There is evidence that ROS elevated stimulation of
EGFR can directly stimulate Nrf2 and ARE genes. In fact, EGFR inhibition can prevent
Nrf2 activation during hyperoxia.(1144) Similarly, inhibition of PI3K, a protein downstream
of EGFR, also decreases Nrf2 levels.(1145) Indeed, ROS also inactivates PTEN, a negative
regulator of the PI3K pathway. Thus, it is likely that ROS elevation has a pleotropic effect on
multiple pathways, probably in a reinforcing manner. It may be critical that such reinforcing
pathways exist, as ROS elevation in cancers can originate from numerous sources(1146) and
itis likely that the origin of ROS generation can affect the order of pathway stimulation. For
instance, NOX2-mediated stimulation/inhibition of signaling pathways through ROS
modification of specific kinases follows the distance from the point of H,O, generation:
EGFR is closest to NOX2 and is preferentially modified by ROS, whereas PTEN and
PTPBL1 are further away from the source, so oxidation is less likely. Although this analysis
assumes that proximity to ROS rather than second-order kinetics or reaction of peroxide
with a specific protein determines modification selectivity, it is certainly interesting to
consider that context will control which pathway is modified.(1147) Clearly expression
levels of the specific proteins involved, and detoxification mechanisms will also play a big
role in determining how ROS influence cell growth and through which pathways.
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7. OUTLOOK

The literature abounds with preclinical and clinical studies on antioxidant/RES-related
drugs/regimens.(1148) However, ultimately, few ever make it to the clinic or show efficacy
in trials. Furthermore, for many years, electrophilic drugs were almost considered anathema
in drug development.(1149) However, with the new-found appreciation for covalent
inhibitors in clinical trials and front-line drugs, as well as the appreciation of multiple-target
drugs,(1150) there has at least been a renaissance of electrophilic elements in drug design.
(390,1149,1151-1154) Clearly the unresolved issue with antioxidants, and notion that
cysteines have now become druggable, reaffirms the importance of identifying privileged
sensor cysteines, and ligandable cysteines that are primed for drug development. We believe
that study of redox signaling pathways can help illuminate and guide both discovery of
electrophilic drugs and hone our efforts on the most beneficial drug targets. It is thus of
paramount importance to gain a comprehensive overview of the precision cysteome
dynamics and its overarching influence on cellular processes. Developing such a “redox
signaling atlas” is one of the key scientific challenges of this century.
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Figure 1.
The compartmentalized/subcellular generation of various chemotypes of ROS and RES.

Some of the most important sources of ROS in biological systems include NOX enzymes
localized on plasma membrane and membranes of cellular organelles, mitochondrial ETC,
and metabolic enzymes in the ER and peroxisomes. Enzymatic and non-enzymatic oxidation
of fatty acids are the primary sources of RES in mammalian cells.
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Figure 2.
Sites of ROS generation in eukaryotic cells (A) NOX enzymes generate O, *"by a single

electron reduction of 30,.(144,145) NOX enzymes (NOX2 shown here), consist of multi-
subunit complexes comprising transmembrane subunits (gp91PM°X/NOX2 and p22PhX) and
various cytosolic regulatory domains. Stimulation with cytokines or microorganisms results
in phosphorylation and subsequent recruitment of the cytosolic components p67PhoX,
p47PhoX and p40PNoX and a Racl GTP to the transmembrane subunits. The p67PhX initiates
electron transfer by accepting two electrons from NADPH. The electrons are relayed
through FAD and then sequentially to two heme cofactors (depicted as orange circles)
housed in the transmembrane gp91P"°X domain. O acts as the terminal electron acceptor
generating two molecules of O, *~per molecule of NADPH used. GDI: guanosine nucleotide
dissociation inhibitor. (B) Complex | and Complex 11 are the two important sites of O,
*~generation in the mitochondrial electron transport chain (mETC). At Complex I, O, *~is
generated by the reaction of 30, with reduced FMN. O, *~generation at Complex | is
favored under conditions of high proton motive force and when CoQ is reduced, resulting in
a reverse electron transfer from reduced CoQ to FMN site at Complex 1. 20, reduction at
Complex 111 is mediated by ubisemiquinone housed in this subunit. Complex | releases O,
““primarily in the mitochondrial matrix whereas Complex 111 generated O *~is released in
both the mitochondrial matrix and the intermembrane space. (C) The catalytic cycle of
microsomal monooxygenase (MMOs) CYP450. CYP450 is a heme-iron-containing protein.
In the resting state, iron is in a hexa-coordinated ferric form (Fe3*)—equatorial sites are taken
up by the heme cofactor (denoted by rhombus); a cysteine thiol from the protein, and a water
molecule occupy the apical sites (i). Substrate binding displaces the water molecule, and a
subsequent one-electron reduction by NAD(P)H via FAD/FMN-containing CYP450
reductase (CPR) generates the penta-coordinated ferrous complex (Fe2*) (iii). Addition of
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0, to (iii) generates a hexa-coordinated Fe3*~0, oxycomplex (iv). MMOs in the eukaryotic
ER generate ROS because of inefficient utilization of activated O, for substrate oxidation.
Two uncoupling reactions that result in the generation of ROS are shown. The first route
generates O, “~“due to the decay of one-electron reduced oxycomplex (iv). A possible route
of H,0, generation includes protonation and subsequent uncoupling of the peroxycomplex
(v). Adapted with permission from ref. (146). Copyright 2004 Elsevier.
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Figure 3.
ROS interconversion in eukaryatic cells. ROS generated in cells are highly dynamic and

rapidly interconvert. O," ~ generated by enzymatic pathways such as NOX enzymes and
mETC by reduction of ground-state 30,, rapidly dismutates to yield H,0, SODs also
catalyze this conversion. O,* ~ also reacts with “NO yielding ONOO™, which can further
decompose to generate *OH. H,O, generates *OH in presence of trace metals such as
reduced iron. Reactive radicals such as "OH initiate lipid peroxidation by abstracting a bis-
allylic hydrogen from PUFAs (see Figure 5a). Myeloperoxidase enzyme (MPO) in
neutrophils and macrophages(203) utilize H,O, to generate HOCI that can react with "OOH
to generate singlet oxygen (10,) in phagocytic cells. 105 is also directly generated by the
excitation of 30, by UV radiation.
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A selection of endogenously-generated carbonyl-containing reactive electrophilic species

(RES) in biological systems.
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Figure 5.
Enzymatic generation of lipid-derived RES.(250) COX-1/COX-2-catalyzes the formation of

PGH,, using arachidonic acid (AA) as the substrate. PGH, acts as an intermediate for the
generation of PGD, and PGE by the action of PGD synthase and PGE synthase,
respectively. PGH, is also an intermediate for the generation of a number of other bioactive
non-electrophilic molecules (not shown). PGD, and PGE> undergo spontaneous dehydration
at C(g) and Cyy1) to yield PGJ, and PGA,, respectively. PGJ; can then isomerize at C19)—
C(13~C14) to generate A'2-PGJ, and further dehydrate at C(;5 to 15d-PGJ,.
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Non-enzymatic generation of reactive lipid-derived electrophiles (LDESs): The generation of
HNE (xiii) and A,-(xvi) and Jo-isoprostanes (xvii) from w-6-FAs such as AA (i) is shown
here. Reactive radicals such as *OH initiate lipid peroxidation by abstracting a bis-allylic
hydrogen from AA (i). O, addition at either C(y5) or C(11) generates the corresponding
peroxy radical (ii and viii), which abstracts an H radical (possibly from another AA
molecule thus propagating the radical chain reaction) to generate the hydroperoxy
intermediates 15-HpETE (iii) and 11-HpETE (ix), respectively. The abstraction of hydrogen
at C(10) of 15-HpETE forms a radical intermediate which migrates to C(1), reacts with O,
yielding the dihydroperoxide intermediate (iv). This intermediate then undergoes Hock
cleavage to yield HNE as one possible product. 11-HpETE is shown to first undergo a Hock
cleavage to generate the nonenal (x), which undergoes oxygenation to yield the
hydroperoxide (xii) and its further reduction to generate HNE (xiii). AA peroxidation also
generates isoprostanes. The peroxy radical intermediate (viii) at C(11) can undergo
cyclization, further oxygenation, and rearrangement to yield E,-(xiv) and Do-isoprostanes
(xv). Dehydration of the E,- and D,-isoprostanes result in Jo (xvi) and Ap-isoprostanes
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(xvii), respectively. Analogous peroxidation pathway from w-3-FA such as DHA generates
HHE.
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Figure 7.
Generation of NO,-FA from the alkyl portion of unsaturated FAs. Under low 305, *NO,

undergoes radical adduction with unsaturated FAs (i) (such as linoleic acid) to generate a
nitroalkyl radical intermediate (ii). This intermediate can either abstract a hydrogen to
generate nitroalkane (iii) or further react with *NO, to generate a nitro/nitrite intermediate
(iv). Subsequent loss of nitrous acids (HONO) yields a nitroalkene (v) whereas hydrolysis of
the intermediate generates a hydroxy-nitro FA (vi). Under high 305, a lipid hydroperoxide
(vii) is formed.
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Nucleophilic amino acid and amino-acid derived molecules (in order of decreasing

nucleophilicity)
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Figure 9.
Reversible and irreversible RES conjugates: pK; of the C-H proton(s) a-to the carbonyl or

nitro group affects the reversibility of the thiol conjugates. In the case of the reduced HNE—
thiol adduct, the source of the reductant is currently unknown, but this modification has been
reported by independent laboratories for the RES-sensor Keapl following global treatment
of cells with HNE.(259,511) This modification was also detected following T-REX-
mediated HNE-delivery to another RES-sensor, Akt3.(512) See also Figure 13.
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Figure 10.
Properties of a privileged redox sensor. (A) Although lowering of pKj is widely credited

with increasing nucleophilicity of the sensing cysteine residues, other factors must be
responsible for privileged redox sensing ability. Indeed, thiolate nucleophiles formed from
thiols with higher pK; are more nucleophilic compared to those formed from low pKj thiols.
Thiolate formed from higher pKj thiols have a higher HOMO resulting in a better overlap
with the LUMO of the electrophile making them more nucleophilic. Other factors such as
the extent of solvent exposure and the microenvironment of a sensor cysteine also affect
privileged redox sensing (B). In Akt3, a privileged RES sensor, C119 located in the flexible
linker region of the enzyme and surrounded by charged amino acids is a privileged HNE
sensing residue. PH: Pleckstrin homology domain. /nset. Logo demonstrates the high
sequence conservation of C119 and the surrounding charged residue reflecting their
functional importance. Sequence alignment of 35 vertebrate Akt3 sequences was performed
using Mega7.0. Logo was created using WebLogo (Berkeley).
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Oxidation of cysteine by various oxidants generates sulfenic acid. Sulfenic acid can also act
as an intermediate to other cysteine modifications including glutathionylation, disulfide bond
formation, and sulfenamide species.

R'SH
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H,0 HO')

(A) Schematic of sulfenylamide formation in enzyme catalytic pocket. Sulfenylamide
formation at the catalytic sites of enzymes such as PTP1B prevents them from irreversible
hyperoxidation. (B) A sulfenamide intermediate is also formed by the drug omeprazole.
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Protein alkylation by (A) monofunctional RES, 9-nitroleic acid, versus (B) modifications by

the multifunctional RES, HNE. See also Figure 9.
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Figure 14.
(A) A selection of fluorescent probes for measuring ROS in cells. (B) Mechanism of

Hydroxyethidine (HE) oxidation. Oxidation by superoxide generates 2-OH-E* with distinct

spectral properties compared to Ethidium (E*) generated by a two-electron oxidation step by
hydride acceptors. (C) Oxidation of Amplex Red (an H,O, sensor) or reduction of resazurin
(a cell viability reagent) leads to the fluorescent product resorufin.
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(A) A selection of boron “:ate”-based fluorescent-probes for measuring H,O5 in cells. (B)
Mechanism of boron “ate” probe oxidation by H,0,.
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(A) Examples of genetically-encoded H,0, sensors. The reversibility of genetically-encoded

sensors makes them an excellent tool to measure intracellular flux of H,O. 7op panel.
Orpl-roGFP2 consists of a Orpl, a member of the yeast glutathione peroxidase, fused the
redox-sensitive roGFP2. The peroxidatic cysteine on Orp (C36) forms a sulfenic acid in

presence of H,O,, which is rapidly condensed by the resolving C82 of Orpl. This re

dox

relay is transferred to the conjugated roGFP2 through a thiol-disulfide exchange. Disulfide

bond formation of roGFP2 results in conformational change and a gain in fluorescen
Oxidized Orpl is reversible by Trx. Oxidized roGFP2 can be reversed by Grx. Botto

ce.
m

panel: HyPer uses a circularly permutated YFP protein fused in between the regulatory
domain of OxyR, a bacterial H,O, -sensing transcription factor. The peroxidatic cysteine of
OxyR (C199) is oxidized by H,05 and resolved by C208 forming a disulfide bond. The

consequent change in conformation of the conjugated cpYFP results in increase in

fluorescence. Trx: Thioredoxin; Grx: Glutaredoxin. (B) A selection of EPR probes used for
detecting radical RES and ROS generation in cells. Inset: Mechanism of radical trapping by
cyclic nitrone spin traps to generate a stable nitroxide radical (C) Examples of fluorescent

probes for the detection of free RES in cells. Inset: 70p: Mechanism of 2-aza-cope reaction
based fluorescent probes for detecting formaldehyde. Bottorm. Mechanism of Mbo, a ‘turn-

on’ fluorescent probe for methylglyoxal. Other hydrazine-based probes for detecting
malondialdehyde and formaldehyde work on a similar principle.
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Indirect methods to detect oxidative and electrophilic modifications of proteins (A)
Oxidative and electrophilic modification of proteins renders them unreactive to a biotin/
fluorophore conjugated alkylating agent such as N-ethyl maleimide (NEM)-Fluorescein.
Modified proteins are detected from the /oss in signal intensity using SDS-PAGE analysis
(B) Similar to (A) except unmodified proteins are first capped using a broadly-reactive
alkylating agent such as iodoacetamide (IAM, denoted by black cap). The oxidative
modification (X) on proteins is then reduced using a strong reducing agent such as DTT. A
fluorophore/biotin-conjugated probe is used to label the reduced proteins. An increase in
signal intensity is detected using SDS-PAGE/western blot corresponding to the increase in
modification of protein with increasing oxidant concentration. (C) Isotope-labeling methods
coupled with mass spectrometric approaches allow quantitative determination of protein
modification. In methods such as competitive-isoTOP ABPP, the experimental sample is
treated with the desired RES (red/orange circle) and the control sample is treated with the
vehicle. The unreacted cysteines in the protein lysate are then capped with an alkylating
agent with an alkyne handle (1A alkyne; IAA which caps most but not necessarily all
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remaining cysteines) which enables click-coupling with isotope-labeled and TEV-protease-
cleavable-biotin azide. The samples are then mixed 1:1, enriched using streptavidin beads,
the bound proteins are eluted using TEV protease, and a MS analysis performed subsequent
to trypsin digestion. Proteins labeled with RES won’t react with alkyne-tagged alkylating
agents resulting in a /oss in signal intensity in MS spectrum.
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Figure 18.
(A) A selection of dimedone-based nucleophilic probes and (B) electrophilic probes for

detecting sulfenic acid formation. (C) Aryl nitroso compounds enable detection of sulfinic
acid although their reactivity with reduced thiol may limit their ability to detect sulfinic acid
in biological systems. Capping reduced thiols with alkylating agents prior to probe treatment
may mitigate this problem. A biotinylated aryl nitroso probe has recently been used for
detection of sulfinic acid modified proteins in biological samples.
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(A) A selection of nucleophilic probes used for aldehyde capture of proteins-modified with

endogenous electrophilic signals. Biotinylated and fluorescently-labeled hydrazide can be
used for aldehyde capture for detection by WB/mass spectrometry and in-gel fluorescence,
respectively. (B) Biotinylated and fluorescently-labeled LDEs can also be used to directly
enrich or detect protein targets. Alternatively, alkyne and azide functional groups provide
largely non-intrusive handles to assess protein targets of electrophiles. (C) Schematic of
direct methods for profiling LDE sensitive cysteines in the proteome. Cells/lysates are
treated with an excess of alkyne-functionalized RES (red diamond). Modified proteins are
either observed using in-gel fluorescence after click-coupling with fluorophore-azide or
enriched using streptavidin beads post click coupling with biotin-azide. Subsequent tandem-
MS reveals the modified peptides, and depending on the experimental context, the site(s) of
modification.
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Workflow of G/T-REX. (A) G-REX employs expression of HaloTag in live cells to bind a
non-invasive photocaged precursor to HNE (Ht-PreHNE; see inset) and release maximally 5
UM HNE /n situ upon photoactivation. This method can be coupled to proteomics to globally
profile privileged RES sensors. (B) T-REX is built on a proximity-targeting concept of a
freely-diffusible RES (demonstrated thus far for various native bioactive LDESs such as
HNE) to a specific sensor protein-of-interest (POI). As such, T-REX enables low-occupancy
on-target RES-modifications at a user-defined time and space in living systems which can be
directly linked to functional redox responses (thus far proven compatible with live cells, fish,
and worms). Under these native electrophile-limited settings, competition is set up between
innate diffusivity of RES and reactivity (Kinetic privilege) of the sensor protein/cysteine. T-
REX involves incubating the live cells/animals expressing functional HaloTagged-POI with
sub-micromolar bioinert bifunctional photocaged precursors to an LDE such as HNE (see
Inset) non-invasively, followed by rinsing out the excess probe unbound to Halo, and
subsequent light exposure. The latter rapidly liberates the LDE in the amount at maximum
stoichiometric to /n vivo concentration of Halo-POI within the coordination shell of the
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Halo-POl. Built-in controls ensure/account for no off-target labeling/responses.
(252,259,389,512,609,957,958) Signaling consequences resulting from the on-target LDE
modification of a privileged LDE-sensor POl have been shown to be evaluated using various
downstream readoults.

Inset: One terminus of the bifunctional photocaged probe (exemplified for HNE) consists of
a hexyl chloride linker (brown) that can covalently conjugate with high specificity and
affinity to a HaloTag (gray) genetically fused to a POI (blue). The other terminus consists of
photocaged-LDE which upon photouncaging using a low-power UV lamp generates LDE
such as HNE.
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Figure 22.
Elevated ROS and RES levels are markers of various diseases including diabetes, multiple

sclerosis, and neurodegenerative disorders. Activation of ROS/RES detoxification pathways
such as the Nrf2/AR has shown promise in ameliorating these diseases. However, pathways
other than Nrf2/AR may play important role in mediating the beneficial effects of broad-
specificity electrophilic drugs/drug candidates such as Tecfidera.
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Nrf2/AR signaling is at the crossroads of Wnt and Akt/FOXO signaling pathways. Nrf2, the
master transcriptional regulator of the AR, is controlled by multiple redox-sensitive proteins.
Keapl negatively regulates AR signaling by targeting Nrf2 for degradation under non-stress
conditions. Nrf2 is also regulated by the Akt signaling axis: activation of the Akt pathway
triggers GSK3p-mediated phosphorylation of Nrf2, resulting in the degradation of Nrf2
mediated by B-TrCP. Recent studies have identified the role of B-catenin, another substrate
of B-TrCP, in regulating Nrf2/AR. Nrf2 inhibits B-catenin-mediated Wnt signaling, and f-

catenin stimulates Nrf2-dependent AR.
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Comparison of various endogenously-generated ROS and RES: their estimated cellular concentrations, half-
lives, diffusion distances in plasma or aqueous buffers, and second-order reaction rate constants (with pH and
temperature at which the rates were determined given when possible) with biological molecules such as GSH.
[For reported second-order reaction rate constants between a representative RES, 4-hydroxynonenal (HNE),
and proteins, see Table S1].

Cellular concentration

Half-lives*

Diffusion distance”™™

Second-order rate
constants with

(0.3-1)x10 M (85-87)
15x1075M
5x 1073 M (stressed) (85)

30 s in hepatocyte
suspension (88)

Species biological molecules
M1

0, 1079-10"12 M (58) 10765 (24,59,60) Maximally 0.5 um (59) Variable (see text)
~200 M~1slwith GSH
atpH 7.0, 37°C
(61,62)
<103 M~1slwith NAC
at pH 7.4, 25°C (63)

H,0, 1078-10"° M(24) 10731075 s (24); 1 um (65); possibly ~1 M1s~lwith GSH at

1077M (stimulated)(24) possibly longer in some | longer in some cells pH 7.4, 37°C (66)
cells/under some
conditions (64)

*OH 1079-10715 M (58) 107 (67) 0.001-0.005 pm (67) 109-10%0 M~1s1with
GSH at pH 7.0, 22°C
and NAC at pH 7.4,
25°C (68,69)

ONOO- 1079 M (70) 10735 (71-73) 5-20 um(72,73) >103 M~1s71 with
cysteine at pH 7.4,
37°C(72)

10, Not determined 4x1076 s in water (74— Between 0.01 and 0.25 107 M~1s71 with

76) pm_(7_6,80); upto 0.4 um | cysteine/Methionine at
1.4x1075 s in lipids in lipids. (81) pH 7.4, 37°C (82)
(77)
3x107 s in nuclei/
cells(77,78)
Possibly as short as
0.2x1078s in cells (79)
HOCI ca. 60 s in cells (see ~0.03 um in presence of | ~108 M~1s~1 with
text) (47) millimolar concentration | cysteine/GSH/
of thiols (83) Methionine at pH 7.4,
22°C (47,49)
HNE 8x1076 M (84) <4 sin rat heart (85) 0.010-0.100 pm in lipid 0.0021 M~1s1 with N-

prior to movement to
cytosol; (89) likely
several um (longer than
H,07)

acetyl histidine;
0.0013 M~1s71 with N-
acetyl lysine; 1.33 M
“1s71 with GSH; 1.21
M~1s71 with cysteine,
all at pH 7.4, 23°C
(90)

Nitro-Fatty acids

~1079 M (nitro-conjugated
linoleic acid) in human plasma
and <1078 M in human urine
(91-93)

~1.7x1078 M of nitro-
conjugated linoleic acid in
heart tissue under stress (94)
~9.5x107° M of free nitro-
oleic acid in heart tissue under
stress (91)

~6x10~7 M of free nitro-oleic
acid in plasma (91)

Nitro-linoleic acid
~1.8x10%s in
phosphate buffer at pH
7.4,37°C(91)
Nitro-oleic acid
~7.2x10%sin
phosphate buffer at pH
7.4,37°C(91)

Not determined

~350 M~1s71 for GSH
with nitro-linoleic acid
at pH 7.4, 37°C (95)
~180 M~1s71 for GSH
with nitro-oleic acid at
pH 7.4, 37 °C (95)
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Species

Cellular concentration

Half-lives*

Diffusion distance”™™

Second-order rate
constants with
biological molecules
M1

Prostaglandins (15d-PGJ,)

~2x10712 M of 15d-PGJ, in
3T3-LT1 preadipocyte culture
medium (96)

107° M 15d-PGJ, intracellular

(96)

>1.8x10° s in agueous
media at 37 °C for 15d-
PGJ, (96)

Not determined

PGJ, ~0.7 M~1s7! for
GSH with 15d-PGJ, at
pH 7.4, 37 °C (95)

*
Half-life: The time taken for the initial concentration of a reactive species to be reduced by 50%.

Aok

Diffusion distance: The distance travelled by a reactive species before 90% is consumed by a chemical process. The half-life and diffusion
distance of a reactive species are interrelated (see section 3.3). The half-life (and thus the diffusion distance) is also dependent on the identity and
concentration of substrates that lie in the path of the reactive species. Where applicable, we have specified the medium (buffer/plasma/in cell) in
which the half-lives and the diffusion distances were calculated. See section 3.3 and cited references therein for more detailed discussion.
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A selection of cellular ROS and RES scavengers, their intracellular concentrations, and reaction kinetics (with
pH and temperature at which the rates were determined given when possible) with various RES/ROS.

RES/ROS scavengers | Concentration range Reaction rates with RES/ROS
GSH 1-10 mM (97,98) See Table 1
Carnosine 150 mM (99) HNE (0.0021 M~1s71)
ONE (0.022 M~1s71)
both at pH 7.4, 37°C (100)
SOD 24 UM Cu-Zn SOD in rat liver cytosol;(101) 11 Diffusion controlled reaction with superoxide (10° M~1s71) at

UM Mn-SOD in rat liver mitochondria;(101) 20—
90 U/mg in most cell lines of total SOD
activity(102)

pH 7.8 (103)
Also possesses peroxidase activity (1600 M~1s~1for HO,CO,~
at pH7.4, 25°C)(104)

peroxiredoxins

Peroxiredoxinl and 2 (Cytosol; 65 pM);(105)
Peroxiredoxin3 (mitochondria; 125 pM)(105)

React with ONOO™ at 106-108 M~1s71 at pH 7.4, 25°C
(106,107)
React with H,0, at 105-108 M~1s~1 at pH 7.4, 20°C (108-111)

Catalase

~10° U/mg of protein(102)

Reacts with H,0, at 107 M~1s71 at pH 7.4, 20°C (108,112)

Glutathione peroxidase

14-30 U/mg of protein(102)
~2 UM in cells (112)

Reacts with H,0, at 107-108 M~1s71 at pH 7.4, 20°C (108,112)
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