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Many pathologic conditions are associated with oxidative stress and have increased risk for clinically significant

thrombotic events. These conditions include, but are not limited to, disorders of metabolism (e.g., dyslipidemia,

diabetes mellitus, and obesity), chronic systemic inflammation, aging, cancer, infection, and blood disorders

including hemoglobinopathy, and antiphospholipid syndrome. 
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1. Introduction

Clinically significant thrombotic events promote organ dysfunction, organ failure, and sometimes death .

Thrombus formation is a complex, multifaceted process, and oxidative events initiated by reactive species of

oxygen, nitrogen, sulfur, and carbon play important roles. These oxidative species induce modifications of cellular

constitutions, including lipids and proteins . Oxidative modifications of proteins do not induce clotting on their

own, nor are they the final effectors of clotting, but like phosphorylation events that sensitize downstream signaling

pathways, oxidative modifications may enhance or limit thrombosis  and thus provide additional layers of control

of the thrombotic process.

Essential to oxidative post-translational modification of proteins are the reactive species themselves. The chemical

reduction or oxidation of molecular oxygen generates reactive oxygen species (ROS), and a detailed review of

specific species and their generation mechanisms is provided in a recent review . It is the two-electron oxidants,

such as hydrogen peroxide, lipid hydroperoxide, and peroxynitrite, that oxidize thiol side chains of cysteines .

Other amino acids are also susceptible to oxidation by ROS; for example, peroxynitrite formed from interaction of

superoxide radical and nitric oxide oxidizes tyrosine to form nitrotyrosine . Hypochlorous acid (HOCl), generated

by myeloperoxidases in white blood cells, oxidizes methionine and halogenates tyrosine to generate methionine

sulfoxide  and halo-tyrosine , respectively. 

2. Cysteine Reactivity: Not All Are Created Equal

Because of its unique redox properties, cysteine plays diverse roles in protein structure and function. Evolutionarily,

cysteines are found at both highly conserved and non-conserved sites, and not surprisingly, mutations at these

sites often result in pathologic conditions . Cysteine pairs within proteins can form disulfide bonds, thereby

contributing importantly to secondary and higher order structure. These residues are often buried from solvent

exposure . Cysteines can also be in their free thiol state, where they are exposed to solvent and play non-
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structural roles, including regulation of enzyme activity (e.g., in kinases) , metal binding (e.g., Zn-finger

transcriptional factors) , catalytic redox reactions , and catalytic nucleophilic reactions (e.g., caspases and

phosphatases) . The nucleophilicity of the thiol is determined by the stabilization of the negatively charged

thiolate , a physicochemical property of the sulfur atom.

Deprotonation of the cysteine thiol is a critical step in generating the nucleophilic thiolate and depends on the acid

dissociation constant or pK  of the cysteine and the local pH of the environment . If pK  is lower than the pH, the

fraction of cysteine in the deprotonated form is higher. At physiologic pH ~7.4, the cysteines with pK  of less than

7.4 should have a higher fraction in the thiolate form and are thus more “reactive”. However, it should be noted that

the pK  of the thiol group of free cysteine is ~8.3 and can range substantially (from 3.5 to 13 depending on the

microenvironment) . The pH of the local environment is also not uniform ; lysosomes, for example, have

much lower pH (pH 4–5) relative to the cytosol (pH 6.8–7.4) and mitochondria (pH~8.0 within mitochondrial matrix)

. As the pK  is linked to the pH of the aqueous environment, solvent accessibility (e.g., buried vs. exposed)

influences cysteine reactivity. Additional factors that influence thiolate formation include proximal structural

elements of the protein that can stabilize the negative charge . Hydrogen bond donors, such as the hydroxyl

group of threonines as in thioredoxins , have a partial positive charge from the hydrogen allowing for stability in

the thiolate through bonding with the sulfur atom . Electropositive (basic) amino acids including arginine and

histidine afford additional ionic interaction with the negative charge of the sulfur and stabilize the thiolate for redox

events . Similarly, positively charged macrodipoles of alpha helices afford electrostatic interactions with the

thiolate for stability .

Cysteine reactivity is also controlled by the redox potential of the thiol. Electrons are poised to proceed from the

more electronegative to the more electropositive redox potential, with the potential ranging substantially in biologic

systems (from −480 to −80 mV) . In an isolated system, these potentials could be calculated for a thiol using

different pairs of redox couplers (e.g., reduced glutathione (GSH) with oxidized glutathione (GSSG); reduced

dithiothreitol with oxidized dithiothreitol; cysteines and cystines); however, the dynamics of redox potential within a

biological system are quite complex and difficult to calculate owing to the different redox couplers in any given

location . This suggests that cysteines could be more reactive within different sub-compartments of the cell, with

a classic example being the endoplasmic reticulum where the environment is more oxidizing to facilitate oxidative

protein folding.

Lastly, an environmental factor that influences cysteine reactivity is proximity to the source of oxidants. Many

sources within a cell promote electron leakages (and transfers) that could generate reactive oxygen species . A

protein that is closer to a source of oxidant is more likely to encounter the reactive species prior to the oxidant

degrading through an efficient antioxidative mechanism or through competing oxidizing targets. Proteins further

away from a source of oxidant are protected as the oxidants have less of a chance to reach the target. Evidence

connecting proximity of a protein to an oxidant source and oxidation of that protein were demonstrated in studies of

an epidermal carcinoma cell line . In these cells, Epidermal Growth Factor (EGF) binding to its receptor (EGFR)

 promotes receptor dimerization and activation, allowing for downstream signaling for proliferation,
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differentiation, growth, and survival . The proximity of EGFR to NADPH oxidase was shown to promote cysteine

oxidation of the receptor, enhancing kinase activity and downstream signaling.

3. Cysteine Oxoforms

Oxidation of the cysteine thiolate generates many sulfur oxoforms. A depiction of these oxoforms is presented in

Figure 1. The sulfur atom attains valences between −2 and +6 oxidation states . Oxidation of the thiolate by

peroxide generates a sulfenic acid, which is an intermediate oxoform that is labile and susceptible to convert to

other oxoforms . Further oxidation of the sulfenic acid could generate sulfinic and sulfonic acid. Oxidation of the

sulfinic acid is reversible with sulfinic acid reductase , whereas the sulfonic acid is currently believed to be

irreversible. Sulfenic acids could also lead to the formation of other oxidative cysteine modifications, including

cysteine glutathionylation (by reaction with glutathione), sulfenamides (reacting with an amine) , thiolsulfenates

(reacting with a nearby sulfenic acid) , and disulfides . In some instances, other cysteine oxoforms could be

converted over to a sulfenic acid (as is the case for nitrosothiols) . These oxoforms emphasize the significance of

the sulfenic acid as a “gateway” modification that may be able to be targeted pharmacologically.
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Figure 1. Oxidative modification of cysteine. The cysteine thiolate is nucleophilic and susceptible to oxidation.

Oxidation of the thiol generates a transient and labile modification: the sulfenic acid (sulfenylation). Sulfur oxidation

by nitric oxide or nitrosothiols could also lead to sulfenic acid formation. Sulfenylation is a cysteine oxoform that is

at the crossroad of further oxidative cysteine modification, including sulfinylation, sulfonylation, glutathionylation,

disulfide, alkylation, thiolsulfenate, and sulfenamides.
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