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Background: Disulfide bond formation is a key posttranslational modification, with implications for structure,
function and stability of numerous proteins. While disulfide bond formation is a necessary and essential pro-
cess for many proteins, it is deleterious and disruptive for others. Cells go to great lengths to regulate
thiol-disulfide bond homeostasis, typically with several, apparently redundant, systems working in parallel.
Dissecting the extent of oxidation and reduction of disulfides is an ongoing challenge due, in part, to the
facility of thiol/disulfide exchange reactions.
Scope of review: In the present account, we briefly survey the toolbox available to the experimentalist for the
chemical determination of thiols and disulfides. We have chosen to focus on the key chemical aspects of current
methodology, together with identifying potential difficulties inherent in their experimental implementation.
Major conclusions: While many reagents have been described for the measurement and manipulation of the
redox status of thiols and disulfides, a number of these methods remain underutilized. The ability to effectively

quantify changes in redox conditions in living cells presents a continuing challenge.
General significance: Many unresolved questions in the metabolic interconversion of thiols and disulfides re-
main. For example, while pool sizes of redox pairs and their intracellular distribution are being uncovered,
very little is known about the flux in thiol-disulfide exchange pathways. New tools are needed to address
this important aspect of cellular metabolism. This article is part of a Special Issue entitled Current methods to
study reactive oxygen species - pros and cons and biophysics of membrane proteins. Guest Editor: Christine
Winterbourn.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Thiol-disulfide exchange

Thiol-disulfide exchange reactions play critical roles inmany aspects
of cellular function. In these reactions, a nucleophilic thiolate attacks one
of the two sulfur atoms of the target disulfide bond (Fig. 1). Since the re-
activity of the sulfhydryl group is dominated by that of its deprotonated
form, we first briefly address aspects of the acidity (pKa) and nucleophi-
licity of thiolates. The protonated forms of simple alkyl thiols are
ro-2,1,3-benzoxadiazole; AMS,
AP, 1-cyano-4-dimethylamino-
bis-(2-nitrobenzoic) acid; EDTA,
; GSH, glutathione; GSSG, gluta-
BBr, Monobromobimane; ME,
; PAGE, polyacrylamide gel elec-
lfate; TCEP, tris(2-carboxyethyl)
nate; THP, tris(2-hydroxyethyl)

nt methods to study reactive
brane proteins. Guest Editor:
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practically unreactive as nucleophiles under normal conditions; reacting
some 1010-fold slower than their corresponding thiolates [1,2]. As the
concentration of the thiolate is derived from the Henderson–
Hasselbalch equation, the pH dependency of the reaction rate for
thiol-disulfide exchanges is governed by the following equation [3]:

kobs ¼ k= 1þ 10pKa−pH
� �

:

Here kobs is the observed rate constant at a givenpH, and k is the cor-
responding limiting rate constant for the thiolate at high pH values.
Thus, kobs is one half of the limiting rate constant at the pKa, but falls
to 1/104 of the maximal reactivity at 4 pH units below the pKa.

Biological thiols show a very wide range of pKa values (from about 3
to 11, thus corresponding to an 8-order ofmagnitude shift in the depro-
tonation equilibrium [4]). The factors contributing to this profound
modulation of thiol pKa's, which so profoundly modulate thiol pKa's,
are under active investigation, and include solvation, electrostatic
effects with neighboring charges and dipoles, as well as H-bonding
interactions [5–7]. It is important to note that the pKa of thiols has
two distinct effects on reactivity. Obviously, as noted above, a lower
thiol pKa increases the fraction of thiol in its reactive thiolate form,
however, the intrinsic reactivity of fully-formed thiolates (at the high
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Fig. 1. Thiol-disulfide exchange. The attack of a thiolate (the nucleophile, S-n) on a di-
sulfide bond takes place through a linear transition state where the central sulfur atom
(Sc) will participate in a new disulfide bond and resolution of a new leaving group
thiolate (S-lg). Which of the two sulfur atoms participating in the disulfide bond will
eventually act as leaving group is dependent on steric, electrostatic and intrinsic acid-
ity of the thiolate species involved.
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pH limit) typically declines with decreasing thiol pKa for a series of
structurally-related thiols [8–10]. The ability of a thiol sulfur atom to re-
tain a proton is to some extent a reflection of its intrinsic nucleophilicity,
thus illustrating the correlation between nucleophilicity and pKa.

Although it might seem unnecessary in terms of populating the
thiolate, some enzymes have evolved to have pKa's far below the pre-
dominant pH of a typical cellular environment. Such low pKa values
might, however, suppress oxidative side reactions that would other-
wise compromise catalysis. Another reason is that marked differences
in acidity allow the equilibrium constant for thiol disulfide exchange
to be tuned by thiol pKa values. Thus, in the thiol-disulfide exchange
reaction:

R1�SHþ R2�S�S�R2⇌ R1�S�S�R2þ R2�SH

lowering the pKa of R2-SH with respect to R1-SH will improve the
leaving-group properties of R2-SH and bias the equilibrium to the
right [5,11].

Two consecutive thiol/disulfide exchange reactions accompany
the overall redox reaction shown below:

Kox
R1�S�S�R1þ 2 R2�SH⇌ 2 R1�SHþ R2�S�S�R2:

Knowing the stability of one disulfide, together with the magni-
tude of Kox, allows the stability of the other disulfide to be directly
calculated. Again the magnitude of Kox will be dependent on a combi-
nation of effects including steric, electrostatic and pKa values of the
thiol species involved [12].

Finally, the rates of thiol-disulfide exchange reactions are influenced
by the requirement for a linear arrangement of the three sulfur atoms in
the transition state [13,14]. In proteins, the two sulfur atoms of a disul-
fide bond often differ markedly in their accessibility to an attacking
thiolate nucleophile generating a single mixed disulfide intermediate.
In the event that both disulfide sulfur atoms are exposed, the outcome
of disulfide exchange may largely reflect discrimination based on pKa

values (see above).

1.2. Overall principles for thiol-disulfide detection and quantifications

Thiols are typically detected directly by virtue of their relatively high
reactivity compared to most other common species in biological sys-
tems. Disulfides, on the other hand, have no strong chemical signature,
and are hence most commonly detected after reduction to their corre-
sponding thiols. Thus, the most common methodologies for thiol and
disulfide quantification involve determination of free thiol concentra-
tion, followed by alkylation, reduction of disulfide bonds, and subse-
quent quantification of the additional exposed thiols. The processes of
reduction and alkylation are thus pivotal for thiol quantification. In
the determination of disulfides, the complete removal of the reducing
species prior to detection is crucial so that no cross-reaction takes
place between the reductant and the reagent used for thiol detection.

2. Quenching of thiol oxidation and exchange

2.1. Thiol alkylation

Alkylation of cysteine thiols with iodo, bromo or chloro substituted
acetic acid or acetamide is a classic approach that has been exploited
since the 1930's. The relative reaction rates between glutathione and
these halogenated acetates are 100:60:1 for iodo-, bromo- and chloro-
acetates respectively [15]. Although iodoacetic acid or iodoacetamide
are by far the most widely used haloalkanes for thiol alkylation, they
can show significant reactivity towards other nucleophilic side chains.
While such side-reactions may be fairly innocuous for most analytical
applications, they become major problems in proteomic approaches
involving the identification of reacted modified species by mass spec-
trometry. Thus iodoacetate treatment was shown to significantly mod-
ify lysine residues as demonstrated by mass spectroscopy [16]. The
substitution of chloroacetic acid alleviated this problem but this solu-
tion cannot be adopted when thiol residues must be quenched rapidly.

Maleimides are very widely used reagents for the alkylation of
thiols. The reaction represents a Michael addition of the thiolate on
the electrophilic double bond of the maleimide (Fig. 2, Reaction A).
The enone functionality of N-ethylmaleimide (NEM) shows an extinc-
tion coefficient of 620 M−1 cm−1 at 302 nm allowing reactions with
nucleophiles to be conveniently followed spectrophotometrically [17].
A notable additional advantage of maleimides is that they react rapidly
with thiols at neutral or slightly acidic pH values with rate constants
that are some 3 to 4 orders of magnitude faster than iodoacetamide
under comparable conditions [1,18,19]. Despite their utility, several re-
actionsmay complicate the use of maleimides, particularly at pH values
above 7. Firstly, while maleimides are frequently characterized in the
literature as irreversible thiol-modifying reagents, the adducts are sub-
ject to base-catalyzed reverse Michael reactions (Fig. 2, Reactions B and
C) leading to the possible migration of the maleimide between thiol
targets [20]. Further maleimide adducts, particularly those where N–R
represents an aniline functionality, are prone to ring-open by hydroly-
sis, yielding the isomeric products shown in Fig. 2, Reaction D [21].
Such ring-opening reactions have been used to identify maleimide-
labeled peptides [22,23]. In aggregate, these secondary reactions may
play an important role in modulating the stability of maleimide conju-
gates in vivo [20,21].

Mammalian cultured cells are permeable to NEM and this has
encouraged its use for quenching thiols in intact cells. However, the in-
clusion of a denaturant, such as SDS, may be necessary to ensure rapid
labeling of all free cysteine residues because about 20% of total cellular
protein thiols are not susceptible to modification by NEM under native
conditions [24].

Vinyl pyridine, like NEM, reacts with thiols at the double bond and
was previously widely used. Since vinyl pyridine reacts more than
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Fig. 2. Addition of thiols to maleimides together with selected exchange and ring opening reactions. The reaction of thiol (R1-SH) with maleimides (in this case NEM) is reversible,
albeit shifted strongly toward the adduct formation (Reaction A). In the presence of excess thiols (R2-SH), however, reversal of the initial adduct leads to the accumulation of the
alternative adduct (reactions B and C). The adduct is susceptible to ring-opening by hydrolysis of the imide (Reaction D).
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500-fold slower than NEM, both high concentration and long reaction
times are required for complete reaction [25,26].

Cyanylation using 1-cyano-4-dimethylamino-pyridinium salts
(CDAP) represents an efficient means of thiol blocking [27–30] (Fig. 3A).
The reaction is rapid at pH 4–5 leading to quantitative derivatization
of thiols using low mM concentrations of CDAP [30,31]. These proper-
ties are useful because they allow efficient alkylation at low pH where
thiol exchange is minimal. An additional feature of CDAP is that
cyanylated peptide-thiol adducts are susceptible to specific cleavage
in the presence of ammonia (Fig. 3B). Here, a cyclization involving
the cyanylated side-chain results in cleavage of the peptide chain
N-terminal to the target cysteine residue. In combination with mass
spectroscopy this procedure allows for mapping of disulfide bond pat-
terns in proteins [32]. On the other hand, the cyanylated proteins are in-
trinsically unstable above pH 7. CDAP itself is stable in polar aprotic
solvents, such as acetonitrile, but is prone to hydrolysis in aqueous solu-
tions above pH 5 [30].

Although rapid and indiscriminate alkylation of thiols is often the
desired outcome of labeling protocols, less reactive reagents have
been recently used very effectively in proteomic approaches for the
identification of proteins containing hyper-reactive cysteine residues
[33,34].

3. Reduction of disulfide bonds

In the reduction of thiols for further analysis there are three major
concerns: a) that the disulfide reduction is quantitative and rapid,
b) that the reducing agent is specific, and does not show significant
side reactions, and c) that the reductant selected does not complicate
down-stream reactions and processes. Disulfide reduction is accom-
plished primarily by thiol exchange type reagents (like dithiothreitol,
DTT, or 2-mercaptoethanol, ME) or by various substituted phosphines
such as tris(2-carboxyethyl)phosphine, TCEP [35].

3.1. Phosphine- and thiol-based reductants

Unlike thiol reagents, for all practical purposes phosphines are irre-
versible reductants of disulfide bonds in aqueous solutions (Fig. 4). Here
the phosphine performs a nucleophilic attack on one of the two sulfur
atoms forming a phosphonium ion sulfur adduct which is subsequently
hydrolyzed yielding the corresponding phosphine oxide. This irrevers-
ibility contrastswith thiol-based reductants, which are typically needed
in large excess and consequently must be removed, or quenched, prior
to sample workup.
TCEP is now awidely used substitute for DTT in a broad range of bio-
chemical applications. Mono-, di- and tri-methyl esters of TCEP show
progressively lower pKa values at phosphorus [36]. Thus, while the
pKa of the nucleophilic center in TCEP is 7.5, that of trimethyl-TCEP is
4.7 [36].While lowering the pKa promotes the expected decreases in in-
trinsic nucleophilicity, thesewater-soluble phosphinemethyl esters are
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more facile reductants than TCEP at lower pH values. For example,
at pH 5, their effectiveness in the reduction of a disulfide-bearing
model peptide was tri- > di- > mono-methyl-TCEP > TCEP ≫ DTT
[36]. Nevertheless, none of these phosphine-based reductants are likely
to be useful at the low pH values needed to suppress H/D exchange in
peptides liberated from peptic digests during the assessment of the
surface accessibility and dynamics of proteins. (At pH values lower
than 3, electrochemical or zinc metal reductions may provide viable
substitutes; see below.) Finally, neutral water-soluble phosphines may
prove useful alternatives to DTT in the modulation of cellular redox
poise. For example, the tmTCEP analog penetrates model lipid bilayers
much more rapidly than DTT [36]: a standard reductant used to apply
reductive stress in cell culture studies. This permeability, combined
with the irreversibility noted earlier, may be advantageous for in vivo
purposes when short pulses of reduction are desired.

Although TCEP is the most widely used of the water soluble phos-
phine reductants, the commercially-available tris(2-hydroxyethyl)
phosphine (THP) is perhaps more useful. It is frequently more reac-
tive as a disulfide reductant than TCEP [36,37]. Furthermore, THP
can be added to solutions in mM amounts without the necessity for
pH adjustment, and THP is less polar allowing better access to hydro-
phobic environments than TCEP. Stock solutions of THP, as well as
other phosphine reagents, can be standardized by any one of the
methods described later in this review.

In terms of the thiol-based reductants, while ME is very conve-
nient to use, and may be adequate for e.g. reducing SDS-PAGE appli-
cations, ME is not more reducing than generic protein thiols. In
large excess (for SDS-PAGE typically >0.5 M) it will, however, shift
the equilibrium towards mixed ME-protein disulfides and possibly
generate the reduced protein species. As the pKa of the ME thiol is
9.5 [38] it is essential that pH values ≥ 7 are used to obtain efficient
reaction.

DTT, on the other hand, has a low redox potential due to formation
of a six-membered ring upon disulfide exchange. Indeed the equilib-
rium constant for the reaction between DTT and GSSG is around 200
[39]. Consequently, commercial preparations of GSH (the best of
which often contain up to 1% GSSG) cannot typically achieve any
significant reduction of oxidized DTT; a property that must be kept
in mind when establishing equilibria with very reducing disulfide
bonds in proteins. While DTT is overwhelmingly the mostly widely
used dithiol reductant for protein disulfides, a series of newer alterna-
tives, exhibiting a range of ring sizes, polarities and redox potentials,
have been synthesized and characterized by Whitesides [40,41] and
Raines [42] and their coworkers.

3.2. Other methods for disulfide reduction

A number of other reducing agents and methods have been de-
scribed. These include reduction with sodium borohydride, metallic
zinc, and methods for electrochemical reduction. The advantage of
the first two reductants is that excess reagent can be easily removed.
Borohydride reductions take place at high pH, however, acidification
of the reaction mixture completely discharges the reactive hydride,
with the evolution of gaseous H2 [43,44]. A potential disadvantage
of this procedure is that the elevated pH values required for disulfide
reduction can generate undesirable side-reactions such as peptide
bond cleavage and glutamine/asparagine deamidation.

Metallic zinc was widely used as a reductant for disulfides in the
older literature and deserves renewed consideration. Reductions of
peptides and certain proteins (using zinc dust in 1% TFA in aqueous ace-
tonitrile mixtures; pH ~ 1) are complete in minutes [45]. Moreover,
millimolar levels of GSSG are rapidly reduced by a modest excess of
metallic zinc in citrate buffer, pH 2.5 (CT, unpublished observations).
Excess zincmetal can be easily removed by centrifugation, or the reduc-
tant might be incorporated in a stationary phase for in-line processing.
Since the reduction of disulfides by zinc is facilitated by low pH values,
the procedure might prove useful for high-throughput mass spectrom-
etry applications. It should be noted, however, that zinc ionsmay be re-
leased into solution, both during reduction of disulfide bonds, and as an
incidental consequence of exposure of the metal to acidic pH values.

Finally, studies on the reduction of small molecule and protein
disulfides at a dropping mercury electrode, or via stirred mercury sur-
faces, were initiated more than 50 years ago. In some instances small
proteins could be reduced directly, in other cases chaotrophes were
used with or without the presence of small mediating thiols [46–48].
Frequently, a large electrochemical over-potential was necessary to en-
sure efficient kinetic reduction, although more modest potentials may
achieve controlled reduction of subsets of protein disulfides [46].
More recent work has explored a range of derivatized surfaces in the
electrochemical reduction of disulfides [49–51].

4. Thiol detection

Thiols may be detected by a variety of reagents and separation
techniques. Thiol reaction may result in quantitative formation of a
chromophore or fluorophore, but covalent thiol modification may
also provide analyte discrimination during liquid chromatography
and gel electrophoresis or mass spectrometry.

4.1. Colorimetric thiol detection

The classical chromogenic reagent for thiol detection is 5,5′-
dithiobis-(2-nitrobenzoic) acid (DTNB; also known as Ellman's re-
agent [52]). This compound has a highly oxidizing disulfide bond,
which is stoichiometrically reduced by free thiols in an exchange reac-
tion, forming a mixed disulfide and releasing one molecule of 5-thio-
2-nitrobenzoic acid (TNB; Fig. 5). TNB is an excellent leaving group
with a thiol pKa of 4.5 [53]. If a second thiol R2-SH initially evades reac-
tion with DTNB it may resolve the mixed analyte disulfide in Fig. 5,
thereby releasing the second TNB and generating a newmixed disulfide
(R1-S-S-R2). In either case, one TNB is released for every thiol oxidized
upon DTNB treatment.

While DTNB has weak absorption at 412 nm, the extinction coeffi-
cient for TNB is 14,100 M−1 cm−1 at pH 7.3 [53], but drops steeply at
lower pH reflecting protonation of the orange thiolate species. The ex-
tinction coefficient of the thiolate is slightly dependent on ionic strength.
This is relevantwhen thiols are determined in 6 Mguanidiniumchloride
where the extinction coefficient at 412 nm drops to 13,700 M−1 cm−1.

One should also be aware that DTNB is fairly sensitive to hydroly-
sis at elevated temperatures and, in particular, at pH values > 7.
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Decomposition is initiated via hydrolytic scission of the activated di-
sulfide of DTNB to yield the sulfenate species shown in Fig. 6. A
more hydrolytically stable derivative of DTNB has been developed
to address this instability [54].

An emerging alternative to DTNB is 4,4′-dithiodipyridine (4-DPS).
While reduction of DTNB generates the TNB thiolate, 4-DPS reduction
leads to formation of the strongly absorbing resonance-stabilized
4-thiopyridone tautomer (Fig. 7). The pH independent absorption of
the pyridone (extinction coefficient 21,000 M−1 cm−1 at 324 nm)
over pH 3–7 then allows quantification of thiols at relatively low pH
values. Under these conditions a number of unwanted side reactions
are suppressed and hydrolytic scission of the disulfide bond is insig-
nificant. While this is a conspicuous advantage of 4-DPS, the longer
wavelength maximum for TNB, over the pyridone product of 4-DPS,
makes DTNB more suitable for the quantification of thiols in solutions
that strongly absorb in the near UV. The much lower solubility of the
electroneutral 4-DPS (~3 mM in water) compared to the dianion
form of DTNB at pH 7 is another factor to consider. Consequently
DTNB is considered membrane impermeant at neutral pH values
[36], whereas 4-DPS can access thiols in hydrophobic environments
and pass through biological membranes.

While these activated chromogenic reagents have proven ex-
tremely useful in the quantification of thiols, they must be used
with an appreciation of their limitations. We mention one example
for illustration: the potential interference in the determination of
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Fig. 6. Hydrolysis of DTNB. Hydroxyl ions will attack the disulfide bond of DTNB
forming a sulfenic acid and a thiolate. This reaction is particularly relevant for activated
disulfides like that found in DTNB.
thiol concentrations that is associated with the presence of sulfite
in biological, technical or environmental samples. Sulfite attacks di-
sulfide bonds affecting their net scission with the release of \SH
and \S\SO3

2− functionalities. While generic disulfides are not partic-
ularly sensitive to sulfitolysis, the highly reactive disulfides of DTNB and
DPS lead to a stoichiometric reaction with sulfite, and to a consequent
overestimation of thiol concentration in the presence of sulfite [55].

4.2. Fluorescent adducts

Many reagents for the fluorimetric detection of thiols have been de-
veloped and are the subject of extensive reviews e.g. [56,57]. Here we
identify a few highlights of selected reagent classes. Monobromobimane
(mBBr) and benzofurazans gain fluorescence as they react with thiols.
Thus mBBr shows a blue fluorescence only after thioether formation
(exciting at 380 nm and emitting at 480 nm) [58]. The reagent has
been used extensively both for detection of lowmolecular weight thiols
as well as proteins modified for in-gel detection.

There are two commonly used varieties of benzofurazans:
7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate (SBD-F) and 4-(amino-
sulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD-F), Fig. 8 [59,60]. Both
reagents are non-fluorescent, but attain strong fluorescence at around
500 nmupon conjugationwith thiols. Of particular interest is the obser-
vation that these reagents do not significantly cross-react with phos-
phines, allowing reduction of disulfides and labeling of total thiols to
be conducted in a single reaction mixture [61]. While SBD-F requires
rather harsh conditions (60 °C at pH 8.5 for 1 h), modification with
ABD-F is complete at ambient temperatures over 10 min at pH 8. For
this reason the use of ABD-F is probably preferable, although for some
applications a certain lack of specificity may pose a problem [62].
ABD-F is furthermore fairly unstable in the presence of excess thiols
[63]. A particularly useful application of benzofurazans is that several
small-molecular weight thiol-adducts can be detected simultaneously
following HPLC separation with fluorescence detection [64]. Recently
a new class of benzofurazans has been described which are more reac-
tive and which have potential application in fluorescence microscopy
[65].

4.3. Formation of detectable thiol adducts using gel-shift assays

Numerous maleimide derivatives are available commercially, in
which the ethyl group of NEM has been replaced by other substituents
carrying fluorophores, affinity tags, solubility enhancing tags, or tags
that introduce a large increase in molecular mass. We will use the ab-
breviation HMD to denote heavymaleimide derivatives when referring
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to this latter application. Here the bulky substituent, following thiol
modification, results in a shift in mobility on SDS-PAGE detectable by
staining or by immunoblotting. Nevertheless, the effect of modification
by HMDs may be unpredictable and methods must be optimized for
each cysteine and protein [66]. Themost popular HMD reagents include
4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic acid (AMS; [67])
and polyethylene glycol maleimides (PEG-mal; [68]). The shift in
mobility for AMS is typically equivalent to 0.5–1 kD. PEG-mal is com-
mercially available in mono-disperse preparations with molecular
weights of up to 40 kD, however, 2 and 5 kD reagents are often the
most relevant for gel shift assays since modification with PEG-mal re-
sults in shifts that exceed the actual mass of the reagent. This is appar-
ently due to the interaction between SDS and PEG and hence excess
PEG-mal reagent must also be removed prior to SDS-PAGE [69].
4.4. Other reagents for thiol blocking

In addition to the thiol alkylating reagents mentioned earlier,
S-methyl methanethiosulfonate (MMTS) has been widely employed to
trap thiol groups. MMTS generates a methylthio-mixed disulfide with
target thiols while simultaneously liberating the good leaving group
methylsulfinic acid (Fig. 9).WhileMMTS has the advantage of introduc-
ing a very small thiol substituent, this reagent class needs to be used
with appropriate caution if the intent is to quench thiol/disulfide ex-
change reactions. Thus under insufficiently rigorous reaction conditions,
MMTS can promote intramolecular disulfides rather than quenching all
thiols as their methyl disulfides [70]. Recently, a new thiourea-activated
disulfide fluorescent reagent (FCAD) has been synthesized that reacts
efficiently with thiols at pH 3–4 [71]. FCAD thus reacts under conditions
F

N

O

N

S

R1

R2

S

N

O

N

R1

R2

O

SO NH
2

O

SO O

Fig. 8. Reaction of benzofurazanes with thiols. The reaction products are highly fluorescent.
thatminimize thiol/disulfide exchange andmay find uses in chromatog-
raphy and gel-electrophoresis.

5. Practical considerations for determination of the thiol/disulfide
redox state of proteins

Gel shift assays are frequently used to determine the thiol/disulfide
redox status of a protein. In some cases the formation of a disulfide
bond, particularly one from widely-spaced thiols, generates a gel-
shift without the need for further derivatization using HMDs. How-
ever, it is always essential to include an alkylation step to block any
free thiols to prevent any potential thiol/disulfide shuffling during ex-
posure to SDS. Indeed, shuffling can be quantitative when samples are
heated for 2 min at 95 °C in preparation for SDS-PAGE analyses (JRW,
unpublished data).

Quite often the formation of short-range disulfide bonds in proteins
does not result in significant mobility shifts on SDS-PAGE. Here, free
thiols can be quenchedwith a small reagent, such as NEM, and, after re-
moval of excess maleimide, the disulfide bonds are reduced so that the
liberated thiols can be labeled with an HMD. If the redox status of only
one pair of cysteines is investigated itmay be tempting to label the thiol
fraction with the HMD directly and leave the disulfides unmodified. It
should be noted that maleimides are not rigorously specific, and can
undergo side reactions with amines particularly at higher pH values
[72–74]. Obviously alkylation of reactive amines with HMDs will intro-
duce significant error into the estimation of thiol/disulfide status. If
however, these amines are first reacted with NEM, which does not sig-
nificantly decrease the electrophoretic mobility of the protein, only
thiols liberated after subsequent reduction of the disulfide bonds will
be modified by the HMD [75].

In practical terms, the initial alkylation with NEM leaves the sample
containing a significant concentration of free NEM. This alkylating agent
must be removed prior to the subsequent reduction step to avoid an
underestimation of the disulfide-content of the protein. Although the
alkylating potential of NEM is discharged with either DTT or phosphine
treatment, this reaction may be slower than the de novo generation of
thiols in the sample by these reductants. One way to remove NEM
is to pre-treat the sample with a small excess of ME relative to the
alkylating reagent prior to reduction [76]. ME is not a strong enough
reductant to significantly shift the redox balance under denaturing
conditions, but will still readily react with the alkylating reagent. NEM
is relatively stable in 100% (w/v) aqueous solution of TCA, and can
therefore conveniently be added to the TCA solution used for quenching
(R.E. Hansen and JRW, unpublished data). Excess NEM can also be re-
moved prior to reduction following precipitationwith TCA andwashing
the pelleted protein with acetone.

The quantification of GSH and GSSG has recently been reviewed
extensively [77]. In brief, the classical assay developed by Tietze
[78] remains very popular and can detect low levels of both GSH
and GSSG in both conventional cuvettes and using a 96-well microti-
ter plate format. The assay is based on the specific reduction of gluta-
thione disulfide by glutathione reductase at the expense of the
oxidation of NADPH. For the determination of total glutathione, the
inclusion of DTNB oxidizes the GSH component, and allows the rate
of enzymatic reduction of the disulfide to be followed via release of
the TNB anion. A key feature of this assay is that at low glutathione
concentration (much lower than the Km for glutathione reductase)
the rate of TNB generation will be proportional to the glutathione
concentration. This can be tested empirically by construction of a
suitable standard curve leading to the determination of total glutathi-
one. For the specific measurement of GSSG levels, the GSH compo-
nent in the sample must be initially alkylated so that it is not able
to cycle in the assay. 2-Vinylpridine has been used extensively for
this purpose as it is capable of trapping GSH while it is ineffective at
intercepting the thiol-based chemistry of the active site of glutathione
reductase [79]. More recently an alternative vinylpyridine derivative



S
H3C

S

CH3

OO HS R1 S R1

SH3C

SH

O

H3C

O SHH3C

HS R2

S R1

SR2

S

OH

H3C

O

A B

Fig. 9. Reaction of MMTS with thiols. The formation of a methyldisulfide (Reaction A) is prone to shuffling with adjacent reactive thiols (Reaction B). This renders MMTS unreliable
as a thiol quencher.

844 J.R. Winther, C. Thorpe / Biochimica et Biophysica Acta 1840 (2014) 838–846
has been suggested which more efficiently quenches GSH without
inhibiting glutathione reductase [80].

5.1. Electrochemical detection

In-line HPLC detection of thiols and disulfides by amperometric or
coulometric methods represent interesting alternatives to conven-
tional chemical conversion followed by chromogenic or fluorogenic
detection. Here the redox active state of the thiols and disulfides spe-
cies is directly detected either as a change in current or potential over
suitable electrodes [81]. Thus, there is no need for chemical modifica-
tion of the sample. The external potential can be changed so that it
optimally matches the species of interest or array detectors can be
employed [51,82,83].

5.2. Thiol-disulfide sensing using GFP-based probes

GFP-based sensors for thiol-disulfide reactions were developed
about 10 years ago independently in two laboratories [84,85]. The
expanding toolbox of available sensors has recently been the subject
of an excellent review by Meyer and Dick [86].

All these sensors feature a pair of engineered cysteines at the surface
of the protein in close proximity to the fluorophore. The formation of a
disulfide results in a slight movement of adjacent β-strands, with an as-
sociatedmodulation of the fluorescence of the probe. For any sensor the
useful dynamic range must cover relevant practical conditions, in this
case redox potential. The other prerequisite is the ability to equilibrate
with the species to be determined. Somewhat serendipitously, the initial
set of probes all proved to be highly reducing and somewhat oxidized
under steady-state conditions in the eukaryotic cytosol. One should
note that any thiol-disulfide redox sensor is initially synthezised on
the ribosome in its reduced state. Thus, any equilibration with the sur-
rounding medium necessitates an oxidation to establish equilibrium. A
crucial, and perhaps somewhat surprising discovery, was that equilibra-
tion with the cytosolic glutathione buffer is catalyzed by glutaredoxin,
whereas the steric properties of the sensing thiols render them inacces-
sible to reactionwith thioredoxin [87]. It was demonstrated that cellular
depletion of glutaredoxin activity slowed down oxidation of the sensor
and thus prolonged the time required to for newly synthesized redox
sensor reach equilibrium in vivo. This glutathione-sensing ability can
be further enhanced by covalent linkage of glutaredoxin [88,89] allowing
for GFP-based sensors to be used under steady-state conditions. Since
these sensors employ a disulfide-sensing mechanism they cannot be
used to determine absolute concentrations of GSH and GSSG, however,
they respond to the redox potential of the glutathione buffer (that is to
the [GSH]2/[GSSG] ratio) according to the relationship:

SensorSHSH þ GSSG ⇌ SensorSS� þ 2GSH:

The kinetic separation from the thioredoxin pathway ensures that
the sensing is specific for the glutathione pool [90].

Interestingly, the redox potentials determined in this way [85,87]
are dramatically lower than those determined from classical chemical
approaches. Likely, the challenges inherent in quenching thiol/disulfide
exchange reactions, and the possible contamination of sampleswith the
contents of cellular compartments with widely differing redox poten-
tials, contribute to this discrepancy [91].

6. Challenges and pitfalls

6.1. Quench by acidification

A key issue in the study of thiol/disulfide equilibria remains the
adequacy of the methods used for quenching. Because the thiolate
represents the reactive species in these exchange reactions, it is com-
mon practice to quench redox reaction by lowering the pH. However,
some cysteine residues have very low pKa values (e.g. 3.2 for DsbA
[3,92]) and their parent proteins may themselves be fairly stable at
low pH [93]. Thus, acidification may perturb thiol/disulfide equilibria
between thiols of widely different pKa values (as shown for DsbA
[94]) before the reaction is effectively quenched by denaturation of
the protein. It may thus be necessary to combine quenching with
the inclusion of chaotrophes (e.g. the guanidinium ion at low pH, or
10–15% trichloroacetic acid). Flash freezing before quenching with
acid may prove advantageous.

6.2. Quench by alkylation

In place of acidification, NEM is often used for in vivo quenching
in situations where a certain degree of protein integrity is required
(e.g. during co-immunoprecipitation). However, to our knowledge,
the effectiveness of NEM penetration into cells and organelles has
never been quantitatively evaluated. Indeed the high intracellular con-
centrations of reduced glutathione must surely delay the effectiveness
of NEM as a trapping agent in vivo and this may even bias the equilibria
that NEM is intended to quench.

6.3. Oxygen and metal ions

A further challenge to the estimation of thiol/disulfide equilibria
is the artefactual generation of disulfide by oxidation by ambient
molecular oxygen. This reaction is stimulated by traces of metals
(Cu2+ > Fe3+ > Ni2+ ≫ Co2+ [95]) and is particularly prevalent
with copper and iron [96] which are common contaminants of re-
agents and surfaces. Chelators, such as EDTA, attenuate, but do not
entirely suppress, thiol oxidation. While lowering the pH significantly
slows unwanted thiol oxidation, such conditions are not always com-
patible with alkylation reactions. It is therefore prudent to purge solu-
tions with nitrogen or argon and, wherever possible, to manipulate
solutions under a blanket of argon or within an anaerobic glove box.

7. Concluding remarks and perspectives

The low kinetic barriers associated with many thiol/disulfide ex-
change reactions pose potential pitfalls for scientists whowish to deter-
mine the concentrations of these critical partners in redox homeostasis.
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In addressing these challenges, it is important to appreciate the chemi-
cal fundamentals of these deceptively simple exchange reactions. In
particular, it is critical to ensure that the methods selected to quantify
the redox status of thiols and disulfides do not themselves perturb
the very system under investigation. Thiol/disulfide interconversions,
which are in rapid equilibrium, present particular difficulties in this re-
gard; not least when relevant enzymes are around. Here, the outcome
may be biased by the kinetic reactivity profiles of the trapping agent.
It is thus advisable to verify that quenching procedures do not alter
the result of the analysis by spiking samples with relevant thiols or
disulfides or in other ways introducing stringent controls.

The methods summarized in this review have focused heavily on
the determination of thiol/disulfide concentrations without regard
to how these levels are maintained (e.g. whether these concentra-
tions correspond to a system in rapid equilibrium, or to one reflecting
the kinetics of the steady state). While merely determining cellular
thiol/disulfide levels will continue to pose significant technical diffi-
culties, these measurements only address one aspect of redox homeo-
stasis. Thus, almost nothing is known about the flux in thiol/disulfide
redox pathways. For example, how fast is the GSH pool turned over
intracellularly by redox cycling? What percentage of the maximal
capacity of glutathione reductase is employed in the typical exponen-
tially growing yeast cell? Or what flux disulfides accompanies oxida-
tive protein folding in the endoplasmic reticulum of a typical cell? The
exploration of the fluxes accompanying thiol/disulfide homeostasis is
an emerging frontier that will require new experimental approaches
and a new toolbox of reagents and probes.
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