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Cysteine residues are concentrated at key functional sites

within proteins, performing diverse roles in metal binding,

catalysis, and redox chemistry. Chemoproteomic platforms to

interrogate the reactive cysteinome have developed

significantly over the past 10 years, resulting in a greater

understanding of cysteine functionality, modification, and

druggability. Recently, chemoproteomic methods to examine

reactive cysteine residues from specific subcellular organelles

have provided significantly improved proteome coverage and

highlights the unique functionalities of cysteine residues

mediated by cellular localization. Here, the diverse

physicochemical properties of the mammalian subcellular

organelles are explored in the context of their effects on

cysteine reactivity. The unique functions of cysteine residues

found in the mitochondria and endoplasmic reticulum are

highlighted, together with an overview into chemoproteomic

platforms employed to investigate cysteine reactivity in

subcellular organelles.
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Introduction
Cysteine is one of the least abundant, yet most highly

conserved, amino-acid residues in proteins and performs

diverse functional roles including regulating catalysis,

structure, redox sensitivity, and metal trafficking. Impor-

tantly, cysteine, with its highly ionizable and oxidation-

sensitive sulfur atom, is responsive to the different pH

and redox conditions of eukaryotic subcellular organelles.

The functional regulation of cysteine-containing proteins

in these subcellular environments is poorly characterized.

Chemoproteomic platforms, such as isoTOP-ABPP, have

greatly expanded our knowledge of cysteine reactivity,
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druggability, and susceptibility to reactive small mole-

cules. However, these analyses have limitations includ-

ing; first, analysis of cysteine reactivity in cell lysates that

disrupt subcellular environments; and, second, analysis of

unfractionated cellular proteomes resulting in signal sup-

pression by highly abundant cytosolic proteins. There-

fore, novel chemoproteomic strategies are required to

target low-abundance cysteine residues localized in sub-

cellular organelles within the context of their native pH

and redox environments. This review provides; first, an

overview of the properties of eukaryotic organelles that

impact cysteine function; second, select examples that

highlight the diverse roles of functional cysteine residues

within subcellular compartments; and, third, a survey of

strategies to probe these subcellular compartments for

reactive and functional cysteine residues.

Definition of cysteine reactivity and
functionality
Despite its low abundance compared to other amino

acids, cysteine residues are highly conserved and

enriched at functionally important sites on proteins

[1,2]. The cysteine thiol is both redox-active and highly

nucleophilic due to the large atomic radius of the sulfur

atom and the low dissociation energy of the thiol S–H

bond. Functional cysteines can be categorized by activity;

first, structural disulfides, second, redox-active disulfides,

third, active-site nucleophiles and proton donors, fourth,

metal ligands, and fifth, regulatory sites (i.e. post-transla-

tionally modified) [3] (Figure 1a). Cysteine reactivity has

been shown to be a strong indicator of functionality,

particularly for catalytic, redox-active, and regulatory

cysteine residues [4]. The nucleophilicity of a cysteine

residue is governed by the pKa and ionization state of the

thiol [5], while oxidative capacity is determined by the

redox potential of a disulfide pair [6–8]. While the pKa of

a surface-exposed cysteine is �8.0 [9], cysteine pKa

values range from 3.5 to 12 depending on the local protein

microenviroment [5,10–12]. Similarly, redox potentials of

cysteine residues can vary significantly from �470 to

�90 mV [13]. The propensity for cysteine ionization

and/or oxidation is sensitive to variations in pH and

reduction potential within the local environment.

Cellular determinants of cysteine reactivity
The eukaryotic cell relies on subcellular organelles, such

as the mitochondria, nucleus, and endoplasmic reticulum

(ER), to create distinct cellular environments for incom-

patible physiological functions (i.e. protein folding in the

oxidizing environment of the ER versus biosynthesis of
www.sciencedirect.com
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The functional roles of reactive cysteine residues and the pH and redox ranges of the mammalian organelle. (a) Cysteine residues can be grouped

into several functional classes; catalytic, structural, redox-active, metal ligating, and regulatory. (b) The pH ranges found in the organelle of a

typical mammalian cell. Red/orange is indicative of a low pH, green of a neutral pH, and blue of a higher, more alkaline pH. The mitochondrial pH

is referring to the pH found in the mitochondrial matrix. (c) The reduction potentials found in the various organelles, where red indicates a low

potential, and blue a higher relative reduction potential. The mitochondrial reduction potential refers to the mitochondrial matrix. The

intermembrane space has a higher potential of ��255 mV.
iron-sulfur clusters in the reducing environment of the

mitochondrial matrix). These subcellular organelles

maintain distinct pH and redox potentials, as well as

concentrations of reactive metabolites [14,15]. Cysteine

residues have evolved to exploit these unique subcellular

conditions to generate functional diversity across the

subcellular proteome. The pH and redox states of the

various organelles that influence cysteine function are

summarized below.

pH

The pH of the cytosol is �7.2 (Figure 1b), which is slightly

more acidic than the pH of the extracellular environment

(7.4 for plasma) [16,17]. Passive transport of protons across

organellar membranes of the nucleus, ER, and peroxi-

somes, results in pH profiles similar to that of the cytosol

[14]. In contrast, some organelles generate pH gradients

across their membranes through the proton pumping
www.sciencedirect.com 
action of intermembrane ATPases [18]. In the secretory

pathway, a progressively acidic gradient from 6.7 to 5.5 is

generated from the Golgi to secretory vesicles. Similarly,

the endocytic pathway has a progressively acidic pH gra-

dient from 6.5 to 4.5 in the fully mature lysosome [19]. In

both systems, reduced pH is essential to organelle activi-

ties, such as posttranslational processing in the Golgi, and

biomolecule degradation and ligand dissociation from

receptors in the endocytotic pathway [14,20]. These pH

ranges regulate the activity of cysteine-containing pro-

teins, such as lysososomal cysteine cathepsins, which have

active-site cysteine pKa values lower than those of cysteine

proteases in other cellular compartments [21]. These

depressed pKa values allow lysosomal cathepsins to retain

the active thiolate form under acidic conditions. In con-

trast, the mitochondrial matrix has an alkaline pH of 8.0,

due to the proton pumping activity of the respiratory

pathway [22,23]. This increased pH should theoretically
Current Opinion in Chemical Biology 2019, 48:96–105
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stabilize thiolates of mitochondrial matrix proteins to

produce more reactive cysteine residues, but this phenom-

ena has not been rigorously examined to date. While a

number of methods exist to measure the pH of individual

organelle, the use of pH-sensitive green fluorescent pro-

tein (GFP) is widely employed and amenable to geneti-

cally tractable organisms [22,23].

Reduction potential

Reduction potentials of subcellular organelles are difficult

to calculate due to the presence of different redox couples

including thioredoxin (TXN), glutathione (GSH/GSSG),

as well as the cysteine/cystine couple (Cys/CySS) [15,24].

Furthermore, midpoint potentials for each of these cou-

ples can differ significantly within and across different

organelles. The best characterized redox couple is GSH/

GSSG, which is calculated to vary between �220 to

�260 mV in the cytosol of resting and proliferating cells,

respectively [25] (Figure 1c). Secretory and endocytic

organelles have more oxidizing potentials with GSH/

GSSG couples for the ER and plasma calculated to be

�150 and �140 mV, respectively [26,27]. This oxidizing

environment is essential for the formation and retention

of structural disulfide bonds on secretory proteins [28]. In

contrast, the mitochondrial matrix maintains the most

reducing potential of all organelles with a GSH/GSSG

couple of �300 to �330 mV [24], with the mitochondrial

intermembrane space displaying a more oxidizing GSH/

GSSG couple of only �255 mV [29]. TXN redox couples

are generally more reducing than their GSH/GSSG coun-

terparts, but TXN is only found in the cytosol, nucleus,

and mitochondria. TXN1, found in the cytosol and

nucleus, has redox couples of �280 and �300 mV, respec-

tively, while mitochondrial TXN2 has a redox couple of

�340 to �360 mV [15,24]. These more reducing GSH/

GSSG and TXN2 mitochondrial redox couples likely

indicate that mitochondrial cysteine residues are main-

tained in their reduced state, unless exposed to oxidative

stress conditions. As such, mitochondrial cysteine resi-

dues may be primed to participate in redox signaling

which is not possible in the more oxidizing secretory

organelles. Measurements of organelle reducing potential

can be technically challenging, but most current studies

accomplish this by organelle-targeted redox-sensitive

variants of GFP (roGFP) [29].

Cysteine functions unique to the mitochondria
— redox and cofactor biosynthesis
Mitochondria are the site of aerobic metabolism and

oxidative phosphorylation, as well as fatty-acid oxidation

and amino-acid breakdown. Additionally, mitochondria

are the primary site of iron-sulfur biosynthesis, providing

many of the redox cofactors for the electron transport

chain. Cysteine residues are essential to many of these

unique mitochondrial functions (Figure 2a).
Current Opinion in Chemical Biology 2019, 48:96–105 
Iron-sulfur clusters (metal-ligation)

One of the main functions of the mitochondria is the

biosynthesis of cellular iron-sulfur (Fe-S) clusters [30�

,31�]. [2Fe-2S] clusters are assembled on the scaffold

protein ISU1, from the input of iron, sulfide, and elec-

tron-reducing equivalents [32��]. ISU1 then transfers these

clusters to proteins such as glutaredoxin 5 (GLRX5) [33],

for eventual delivery to downstream target proteins or

further maturation to [4Fe-4S] and [3Fe-4S] clusters [34]

(Figure 2a) via cysteine ligands on transfer proteins. In

addition to a complete biosynthetic machinery for Fe-S

synthesis, the mitochondria harbors approximately half of

the known mammalian Fe-S clusters. These include the

[4Fe-4S] clusters of metabolic proteins such as aconitase

and lipoyl synthase, but also include the �15 clusters of the

respiratory complexes, essential for aerobic respiration and

ATP synthesis within the mitochondria. This enrichment

in Fe-S ligation and trafficking is likely the result of the

highly reducing conditions within the mitochondrial

matrix. Up to four cysteine residues are required to ligate

an Fe-S cluster, which are often in close sequence and

spatial proximity to one another. These presumably must

remain reduced before insertion of Fe-S clusters, since

oxidation would likely prevent cluster delivery. In agree-

ment with this idea, Fe-S proteins also exist within the

relatively reducing environments of the nucleus and cyto-

sol, but are not known to exist within the oxidizing orga-

nelles of the secretory pathway [35].

Cysteine persulfides (active-site)

Oxidation of a cysteine thiol by a sulfur species, results in

the formation of a cysteine persulfide (-SSH). This can

occur through a number of mechanisms, including; first,

enzymatic activation; second, transpersulfidation from

another protein cysteine persulfide; or, third, non-enzy-

matic persulfidation by GSSH [36,37�]. In the mitochon-

dria, two important pathways generate cysteine persul-

fides from sulfur containing substrates. In the hydrogen

sulfide (H2S) oxidation pathway [38], mercaptopyruvate

sulfur transferase (MST) generates free H2S from mer-

captopyruvate. In the most parsimonious pathway, H2S is

oxidized by sulfide:quinone oxidoreductase (SQR), gen-

erating the product GSSH. The sulfane sulfur of GSSH

has a number of fates, including; first, further oxidation to

thiosulfate by rhodenase (TST); second, oxidation to

sulfite and sulfate by persulfide dioxygenase (PDO)

and sulfite oxidase, respectively; or, third, non-enzymatic

persulfidation of protein cysteines as a potential regula-

tory signaling mechanism. The catalytic mechanisms of

MST [39], SQR [40], and TST [41] all proceed through

cysteine persulfide intermediates (Figure 2a). The sec-

ond primary mechanism of persulfide generation in the

mitochondria is via the cysteine desulferase, NFS1, which

generates a cysteine persulfide from the conversion of

cysteine to alanine [31�]. The persulfide of NFS1 has a

number of fates, including providing a source of sulfide

for the generation of iron-sulfur clusters, and for
www.sciencedirect.com
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Figure 2
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Functional cysteine residues of the mitochondria and endoplasmic reticulum (ER). (a) Mitochondrial cysteine residues involved in persulfide

chemistry (red — active site), iron-sulfur trafficking (blue — metal ligation), disulfide bond formation (green — structural disulfide), and oxidative

regulation of membrane transporters (purple — regulatory). (b) ER cysteine residues involved in redox-dependent processes (yellow — redox

disulfide).
mitochondrial tRNA-specific 2-thiouridylase 1 (TRMU),

an enzyme responsible for the essential thiouridinylation

of mitochondrial tRNAs (Figure 2a) [42]. Thiouridinyla-

tion of cytosolic tRNA is also dependent on the activity of

mitochondrial NFS1, through the transfer of an as yet

unidentified sulfur species from the mitochondria into the

cytosol [43��]. The mitochondria appear to be an essential

regulator of cellular sulfur metabolism, which may again

be related to the relatively reducing conditions of the

mitochondrial matrix.

Mitochondrial transporter oxidation (regulatory)

Mitochondria have long been considered a primary gen-

erator of reactive oxygen species (ROS) through the

activity of the electron transport chain [44�]. These

ROS are important second messengers for the cell, pri-

marily through their ability to reversibly oxidize protein

cysteine residues [45]. Many mitochondrial and non-

mitochondrial proteins have been shown to harbor
www.sciencedirect.com 
redox-regulated cysteine residues. For example, a num-

ber of mitochondrial membrane pores and transporters are

regulated through cysteine oxidation [46]. In the outer

mitochondrial membrane, voltage-dependent anion

channels (VDACs 1–3) transport small metabolites into

the mitochondrial intermembrane space. VDAC2 and

3 have a large number of cysteine residues at the pore

opening, which regulate pore activity upon oxidation [47–

49]. In the inner mitochondrial membrane, adenine

nucleotide transporters (ANTs) [50], uncoupling proteins

(UCPs) [51��], and mitochondrial calcium uniporter

(MCU) [52��] have all been shown to be regulated by

cysteine oxidation. As all of these transporters control the

transfer of essential metabolites for the respiratory chain,

the regulation of these transport events directly impacts

mitochondrial function. These regulatory events are also

likely a response to ROS production by the respiratory

chain, resulting in a complex and as yet poorly understood

feedback mechanism within this organelle.
Current Opinion in Chemical Biology 2019, 48:96–105
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Figure 3
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Chemoproteomic platforms to study organelle-specific reactive and functional cysteine residues. (a) Enrichment and isolation of subcellular

organelles is most commonly achieved through differential and gradient centrifugation. Cells are gently lysed by dounce homogenization (1), heavy

cellular debris and intact nuclei are removed by low speed centrifugation (2), differential centrifugation at moderate and high-speed centrifugation

can isolate fractions of organelle (3), which can be fully separated and enriched by density gradient centrifugation (4). (b) Cysteine residues from
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Twin CxC proteins (structural disulfides)

Because of the reducing environment of the mitochon-

dria, the presence of structural disulfides in this organelle

is unexpected. However, several mitochondrial proteins

including TIM proteins of the IMM [53,54], and COX17,

a copper chaperone [55], are known to incorporate struc-

tural disulfide bonds. These proteins are imported into

the intermembrane space (IMS), the most oxidizing

mitochondrial compartment (�255 mV), and undergo

disulfide-bond formation via the MIA40 pathway

(Figure 2a) [56]. Substrates of the Mia40 pathway contain

a twin CX3C motif (small TIM proteins) or a twin CX9C

motif (i.e. COX17 and CMC1P) [57]. MIA40, itself a twin

CX9C motif containing protein, contains a catalytic CPC

motif that transfers disulfide bonds via thiol-disulfide

exchange reactions yielding inter-twin CXnC motif disul-

fide bonds and a reduced MIA40 CPC active site. The

CPC active site can then be reoxidized by ERV1, a

quiescin-sulfhydryl oxidase (QSOX) [58]. Proteins with

twin CxnC motifs are not imported into the highly reduc-

ing environment of the mitochondrial matrix.

Cysteine functions unique to the ER and
secretory pathway — disulfide formation
The ER, along with the Golgi apparatus and secretory

vesicles, is responsible for the synthesis, folding, glyco-

sylation, trafficking and secretion of all proteins destined

for the extracellular space or plasma membrane. In addi-

tion, the ER is important for lipid biosynthesis, steroid

metabolism, detoxification, and calcium storage and sig-

naling. Cysteine residues in this organelle support these

processes, particularly the folding and trafficking of pro-

teins (Figure 2b).

Protein disulfide isomerase (redox disulfides)

The ER, as one of the most oxidizing cellular organelles,

is ideally suited for the oxidative folding of proteins

destined for the equally oxidizing extracellular environ-

ments. Native disulfide-bond formation in the ER is

essential to maintaining the structural and functional

integrity of secreted proteins, and is catalyzed by the

22-member protein disulfide isomerase (PDI) family

[59,60]. The most abundant family member, PDIA1,

contains two catalytic CGHC motifs whose redox state

determines whether oxidase (disulfide) or isomerase

(dithiol) activity is exerted on the substrate protein

[61,62]. Oxidase activity yields reduced PDIA1 and

requires reoxidation of PDIA1 by oxidase ERO1 before

further rounds of substrate oxidation [63]. With the

exception of the small number of previously described
(Figure 3 Legend Continued) intact organelles can be quantified by labelin

cleavable biotin-azide tag. For quantification, an isotopic label is incorporat

azide tag. Tagged proteins are enriched on streptavidin, reduced and alkyla

chemical cleavage of the biotin-azide tag. These peptides are then analyzed

peptide L/H ratios. (c) Cysteine-reactive groups can be appended to organe

lipophilic cations, such as rhodamine (1) and triphenylphosphonium (2), mito

groups, such as morpholine (4) and 3-(2,4,-dinitroanilino)-30-amino-N-methy
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twin CxnC proteins of the mitochondrial IMS, cellular

systems for disulfide-bond formation do not exist in the

more reducing environment of the cytosol or other

organelles.

Identifying functional cysteine residues by
organelle
To explore the role of subcellular cysteine residues, an

ideal proteomic platform should fulfill the following

criteria; first, preservation of the native subcellular envi-

ronment, including pH, redox state, and organelle func-

tionality during cysteine labeling; and, second, efficient

enrichment of proteins from the targeted organelle to

prevent contamination from abundant cytosolic proteins.

To date, two general strategies have been employed to

achieve these goals; first, enrichment and isolation of

intact organelles for chemoproteomic labeling [64��];
and, second, organelle-targeted cysteine-reactive probes

for live-cell labeling [65��,66].

Organelle isolation and labeling

Subcellular isolation procedures utilize a combination of

differential and density gradient centrifugation steps

(Figure 3a) [67,68], whereby eukaryotic/mammalian cells

are; first, gently lysed in a buffer designed for isolation of a

specific organelle; second, centrifuged to remove un-

lysed cells, debris, and intact nuclei; third, separation

of organelles with significantly different densities by

differential centrifugation; and, fourth, purification of

the organelle from those of similar density by density

gradient centrifugation. Intact and functional organelles

can then be labeled with cysteine-reactive probes, such as

iodoacetamide-alkyne (IA-alkyne), for chemoproteomic

analysis of cysteine reactivity (Figure 3b). Labeling of

intact organelles will maintain the subcellular pH and

redox environment, thereby decreasing non-physiological

cysteine oxidation or loss of highly reversible cysteine

modifications during lysis. Equal levels of cysteine label-

ing could be achieved whether intact mitochondria or

mitochondrial lysates were used for cysteine labeling

experiments [64��]. A potential limitation of this strategy

is the contamination of organelles with similar physico-

chemical properties, making this approach non-ideal for

experiments dependent on organelle purity.

Organelle-targeted probes

An alternative strategy for labeling subcellular cysteine

residues is the use of organelle-targeted cysteine-reactive

electrophiles. Several small molecule and peptide-based

targeting agents are capable of localizing to the various
g with IA-alkyne, followed by click-chemistry with a chemically

ed into either the protein (SILAC), the IA-alkyne probe, or the biotin-

ted, cleaved by trypsin on-bead, and labeled peptides released by

 by LC/LC–MS/MS, followed by isotopic quantification to determine

lle-targeting groups. These groups include mitochondrial targeting

chondrial-targeting peptide, FxRFxKFXRFxK (3), lysosomal-targeting

ldipropyl-amine (DAMP) (5), and ER-targeting peptide, KDEL (6).

Current Opinion in Chemical Biology 2019, 48:96–105
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subcellular compartments within a cell (Figure 3c), and

have been used to deliver various cargoes, such as thera-

peutics, antioxidants, and fluorophores. Organelle-target-

ing small molecules take advantage of the unique chemi-

cal environments of the target organelle. Examples

include; first, lipophilic cations, such as rhodamine or

triphenylphosphonium, which localize to the mitochon-

drial matrix due to the proton gradient across the inner

membrane [69,70]; second, weakly basic amine-contain-

ing molecules, such as morpholine and 3-(2,4-dinitroani-

lino)-30-amino-N-methyldipropylamine (DAMP) [71,72],

which are protonated and retained specifically in the

acidic environment of the lysosome; and, third, DNA-

binding Hoechst dyes, which localize to the nucleus [66].

Small signaling peptides, endogenously found as terminal

organelle-targeting sequences on proteins, can also be

adapted for similar applications. Examples include

FxRFxKFxRFxK for mitochondrial targeting [73] and

NLS peptides (e.g. VQRKRQKLMP) for nuclear locali-

zation [74]. Recent work has demonstrated success in the
Figure 4
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coupling of rhodamine or Hoechst with haloacetamides to

achieve highly specific mitochondrial and nuclear cyste-

ine labeling [65��,66], as well as DAMP with ethyl succi-

nate epoxide to target lysosomal cathepsins [75�]. A

potential limitation of this strategy is the large bulky size

of targeting groups, which can affect the population of

cysteine residues that may be targeted.

Both strategies result in the enrichment of mitochondrial

cysteine-containing peptides as a percentage of total

peptides, �55% for mitochondrial isolation [64��] and

�80% mitochondrial-targeted probes [65��] (Figure 4a).

In contrast, when whole-cell lysates were labeled with IA-

alkyne, only �10% of the cysteine-containing peptides

were mitochondrial [4]. Mitochondrial isolation resulted

in the identification of over 500 mitochondrial cysteine-

containing peptides (compared to 290 and 131 for mito-

chondria-targeted probes and IA-alkyne whole cell lysate

labeling, respectively), many of which represented cyste-

ine functionalities unique or important to the
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mitochondria (i.e. Fe-S trafficking, persulfides, and oxi-

dation-sensitive residues on membrane transporters)

(Figure 4b). In contrast, labeling of whole-cell lysates

with IA-alkyne did not result in the identification of any

of these functional cysteine residues.

Summary and future directions
The proteomic analysis of reactive cysteine residues has

been employed to better understand the breadth of

cysteine functionality, as well as harness their reactivity

for the development of covalent inhibitors and therapeu-

tics. Recently, greater coverage of the mammalian cystei-

nome has been achieved through the enrichment of

organelle-specific cysteine residues, by subcellular

enrichment or organelle-targeted cysteine reactive

probes. Further utilization and development of these

enrichment strategies will allow for greater analysis of

cysteine residues within their native cellular environ-

ment, as well as highlight the unique functions of cysteine

residues within organelles. To date organelle-targeted

cysteine proteomic studies have been mostly limited to

identifying novel mitochondrial reactive cysteine resi-

dues, but further analysis of cysteine reactivity across

the subcellular space will likely reveal new avenues of

cysteine reactivity to explore. As many of the highlighted

subcellular cysteine functions have implications for dis-

ease, including cancer, heart disease, and aging, a better

understanding of how these organelle function through

the activities of essential cysteine residues could greatly

improve future therapeutic strategies.
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