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Does S-Methyl Methanethiosulfonate Trap 
the Thiol–Disulfide State of Proteins?

ANNA–RIIKKA KARALA AND LLOYD W. RUDDOCK

ABSTRACT

S-Methyl methanethiosulfonate (MMTS) is a reagent used to trap the natural thiol–disulfide state of the pro-
teins. The efficiency of trapping mixed disulfides in vivo has been found to be higher for MMTS than for the
more commonly used N-ethylmaleimide. MMTS has also been used for studying protein S-nitrosylation and
the role of catalytic and structural cysteines on enzyme activities. However, the treatment of a protein with
MMTS can potentially generate additional protein disulfide bonds. These results indicate that in vitro MMTS
is able to form both intramolecular and intermolecular protein disulfide bonds in addition to dithiomethane
adducts. Antioxid. Redox Signal. 9, 527–531.
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PROTEIN DISULFIDE ISOMERASES

SECRETED AND OUTER MEMBRANE PROTEINS are translated,
folded, and transported through the endoplasmic reticu-

lum (ER) with the assistance of many ER resident protein cat-
alysts and chaperones (3, 5, 23, 24). Disulfide bond forma-
tion is an important step in the folding of many of these
proteins and this requires assistance from members of the
protein disulfide isomerase (PDI) family (9). PDI catalyzes
all of the steps in native disulfide bond formation, including
oxidation, reduction, and isomerization (7, 9). During these
thiol–disulfide exchange reactions, transient mixed disul-
fides are formed between PDI and substrates. These mixed
disulfides are broken by nucleophilic attack by free cysteines
in PDI, the folding protein or external factors such as glu-
tathione, resulting in oxidation or reduction of the proteins. In
addition to PDI, there are now 17 human PDI-like enzymes in
the ER (6). Many of these ER-located proteins have been
shown to have activity in thiol–disulfide exchange assays.
However, the function of these PDI family members in the
ER, the different substrate specificities of family members,
as well as their interactions with other ER-resident protein
folding catalysts, is far from clear.

STUDYING OF THE NATURAL
THIOL–DISULFIDE STATE 

OF THE PROTEINS

Methods to study the thiol–disulfide state of proteins, in-
cluding the transient formation of intermolecular disulfides,
are important in identifying folding pathways, substrates of
thiol–disulfide reductases, and novel redox regulated pro-
teins. As a first step, these methods often involve the block-
ing of all free thiols with thiol-reactive reagents to prevent
thiol–disulfide exchange during sample preparation. There
are many compounds available to block free thiols. The most
commonly used are iodoacetamide (IAM) and N-ethyl-
maleimide (NEM), which block thiol groups irreversibly
(13). S-Methyl methanethiosulfonate (MMTS) is also used to
trap thiol groups, but it reacts with thiols reversibly. The effi-
ciency of trapping mixed disulfides has been found to be
higher for MMTS than for NEM (18, Ellgaard and Molinari
personal communications). MMTS has also been used for
studying protein S-nitrosylation (8, 11) and to study the role
of catalytic and structural cysteines on enzyme activities (14,
15, 19). For all of these uses there is the assumption that
MMTS traps the natural thiol–disulfide state of the proteins.
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THIOL MODIFICATION BY MMTS

The reaction of MMTS with thiol groups results in their
modification to dithiomethane (–S–S–CH3). Dithiomethane
can be reduced by agents such as DTT or �-mercaptoethanol,
but it is also a potential target for nucleophilic attack by free
thiol groups of proteins. Hence, during the treatment of a pro-
tein with MMTS, protein cysteine residues can potentially
react with dithiomethane, resulting in protein disulfide bond
formation (Fig. 1); the resulting protein disulfide may then
undergo isomerization reactions, but it cannot react with
MMTS. Such a reaction could potentially give false results
when MMTS is used to determine the free thiol content of a
protein and could potentially generate artificial disulfides
when used as a trapping agent. The potential for forming pro-
tein disulfide bonds depends on kinetic partitioning between
the reaction of the second cysteine residue with the
dithiomethane moiety or with another MMTS molecule. This
will depend on the location, accessibility, and reactivity of
the second cysteine residue and the concentration of MMTS.
For example, if MMTS is in large excess, the formation of a
second dithiomethane adduct (Fig. 1, reaction 1) is favored.
In contrast, the formation of a protein disulphide bond (Fig.
1, reaction 2) is favored when MMTS concentrations are low
and/or where the second cysteine is juxtaposed to the
dithiomethane adduct formed from the first reaction.

REDUCED PDIA IS OXIDIZED BY MMTS

To test the possibility of protein disulfide bond formation
by MMTS, isolated reduced PDIa and a 10 amino acid pep-
tide (NRCSQGSCWN), both of which contain two cysteine
residues that are known to be able to form an intramolecular
disulphide bond (20), were treated with MMTS and then
iodoacetamide (IAM), and analyzed by mass spectrometry.
When the peptide (100 µM) was treated with excess MMTS
(1 mM), conditions that should favour the formation of a sec-
ond dithiomethane adduct, the MS analysis revealed that both
cysteines reacted with MMTS and were in dithiomethane
form. However, when the MMTS concentration was reduced
to approximately the equivalent concentration of the peptide,
conditions that should favor protein disulfide bond forma-
tion, the MS spectrum showed three distinct peptide masses.
These corresponded to the oxidized peptide (35.8%), one cys-
teine in dithiomethane form (22.5%), and two cysteines in
dithiomethane form (41.7%).

A similar experiment was performed treating reduced PDIa
with MMTS and then IAM and the subsequent mass of PDIa
measured by ESI-mass spectrometry. PDIa contains two ac-
tive site cysteines and after MMTS treatment of reduced
PDIa sample, these cysteines were in an intramolecular disul-
fide and no dithiomethane adducts of PDIa were seen. In the
control sample, which was only alkylated with iodoac-
etamide, 79% of the PDIa was in the reduced form, that is,
both of the active site cysteines were alkylated (+57 Da). The
oxidation of the active site cysteines of PDIa is very efficient,
and during the removal of DTT some oxidation occurred and
hence 21% of the control PDIa was in the oxidized form.
When the experiment was repeated with 0.5 mM of DTT
being present throughout, the control sample of PDIa was
fully reduced, while the addition of 1 mM MMTS still re-
sulted in the exclusive formation of a disulfide between ac-
tive site cysteines of PDIa (i.e., no dithiomethane adducts of
PDIa were seen).

MMTS TREATMENT OF PROTEIN
MIXTURE RESULTS IN THE FORMATION

OF PROTEIN MIXED DISULFIDES

To test whether MMTS treatment can result in the genera-
tion of mixed disulfide bonds between proteins, reduced
members of the PDI family were incubated with reduced
PDI-substrate proteins. The PDI family members chosen
were those most commonly studied in vivo and in vitro, PDI
and ERp57, both of which have two catalytic domains con-
taining a CXXC motif (6). The PDI-substrates chosen were
RNase A and BPTI, which have four and three disulfides in
their native state, respectively, whose oxidative folding has
been widely studied, and that are routinely used in activity as-
says for the PDI family (4, 17, 21, 25). Specifically, reduced
PDI or ERp57 (20 µM) were mixed together with reduced
BPTI or RNase A (100 µM) and subsequently treated with 50
mM MMTS or 50 mM NEM as a control. Since at this con-
centration the MMTS is in large excess, the complete forma-
tion of dithiomethane adducts should be favored.

FIG. 1. Schematic representation of the reaction of MMTS
with protein thiols. (A) When a protein contains a single
thiol group, MMTS reacts with this to form dithiomethane
adduct. (B) When a protein contains multiple thiol groups after
the initial formation of the first dithiomethane adduct, a parti-
tioning occurs between the formation of a second
dithiomethane adduct via nucleophilic attack by the second
cysteine on another molecule of MMTS (reaction 1) and the
formation of a protein disulfide bond (reaction 2) via the nu-
cleophilic attack by the second cysteine on the dithiomethane
adduct formed from the first reaction. Reaction 1 is favored at
high concentrations of MMTS. Reaction 2 is favored at low
concentrations of MMTS and/or where the second cysteine is
juxtaposed to the dithiomethane adduct formed from the first
reaction.
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Nonreducing SDS-PAGE revealed that MMTS treatment of
a mixture of reduced proteins resulted in the appearance of
additional protein bands, while NEM treatment did not (Fig.
2A). When the MMTS samples were run on reducing SDS-
PAGE these additional bands disappeared (Fig. 2B), indicat-
ing that they were mixed disulfides. Based on the molecular
weights of the additional bands, the mixed disulfides were
formed between the PDI family members PDI or ERp57, and
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the substrate proteins BPTI or RNase A. In addition, a ladder
of bands indicated the formation of mixed disulfide dimers,
trimers, tetramers, etc. of BPTI. The protein mixed disulfides,
especially those between PDI or ERp57 and BPTI or RNase,
were still efficiently formed even when the MMTS concen-
tration was raised to 1M (data not shown).

CONCLUSIONS

The efficient trapping of the thiol–disulfide state of pro-
teins is a requisite for studying folding pathways, including
the formation of transient mixed disulfides during catalyzed
disulfide bond formation and during ER-associated degrada-
tion (ERAD). In vitro, acid quenching is widely used since it
very efficiently quenches the thiol–disulfide exchange reac-
tion and is readily reversible; however, it results in protein de-
naturation and aggregation events. To avoid this, chemical
thiol-blocking agents such as IAM and NEM are widely used.
In vitro both reagents are usually added in very large excess
as the intermolecular reaction of free thiol groups with the
blocking agent is in competition with thiol–disulphide ex-
change reactions, which even at physiological pH values may
happen on the subsecond timescale. Thiol-blocking reagents
need to be highly specific for thiol groups, with minimal side
reactions and highly reactive. Both IAM and NEM are usu-
ally considered to meet these requirements. However, IAM is
often contaminated with iodine, which can result in thiol oxi-
dation to the disulfide or higher oxidation states such as the
sulfinic acid (10) and can also derivatize methionine (12),
while NEM can react with some other groups in proteins
(22). IAM and NEM react with thiols irreversibly. In vivo the
situation is more complex than in vitro with the requirement
for the blocking reagent to enter the appropriate subcellular
compartment and the presence of a highly complex mixture
of proteins at concentrations in excess of 100 mg/ml. Further-
more, the mixed disulfides formed between protein folding
catalysts and their substrates are often extremely short-lived
and may be present at very low concentrations. Hence, any
system used to trap these intermediates need to be extremely
efficient and specific. While both NEM and IAM have been
widely used in vivo, the efficiency of trapping is generally
thought to be low. Recently MMTS was reported to result in
more efficient trapping of the ERp57-tapasin complex in vivo
(18), with similar apparent increased trapping efficiency
being seen for other systems in the ER (Molinari and Ell-
gaard, personal communications). MMTS traps the cys-
teine–disulfide state in proteins by modifying their thiol
groups to dithiomethane (–S–S–CH3). MMTS should not be
able to react with other amino groups (e.g., methionine), and
we have seen no evidence from our mass spectrometric analy-
sis of the reactions of MMTS with peptides or proteins with
other residues (i.e., MMTS is highly specific for cysteine
residues). This reaction of MMTS with cysteine residues is
reversible by reducing agents, allowing regeneration of the
free thiol groups; however, dithiomethane is also a potential
target for nucleophilic attack by free thiol groups of proteins.
Hence, during the treatment of a protein with MMTS, protein
cysteine residues can potentially react with dithiomethane,
resulting in protein disulfide bond formation.

FIG. 2. Trapping the reduced state of proteins. (A) Re-
duced PDI + BPTI, PDI + RNase A, ERp57 + BPTI, and
ERp57 + RNase A were incubated with 50 mM MMTS or
NEM at pH 7.2 for 3 min. Nonreducing sample buffer was
added to the samples before they were analyzed by SDS-PAGE.
MMTS treatment of reduced proteins resulted in the formation
of additional protein bands (lanes 1–4, marked with arrows),
but NEM treatment did not (lanes 6–9). (B) Samples from Fig.
2A lanes 1–4 to which �-mercaptoethanol was added. In the
reducing SDS-PAGE, the additional bands seen under nonre-
ducing SDS-PAGE were not present. This indicates that the ad-
ditional bands upon MMTS treatment were due to the forma-
tion of intermolecular disulfide bonds. Asterisk (*) indicate
contaminant in RNase A sample.
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By using a combination of mass spectrometry and nonre-
ducing SDS-PAGE, we were able to show that in vitro
MMTS treatment of both peptides and proteins resulted in
the formation of intramolecular and intermolecular protein
disulfide bonds. The potential for forming protein disulfide
bonds depends on the kinetic partitioning between the reac-
tion of the second cysteine residue with the dithiomethane
moiety formed by the first reaction or with another MMTS
molecule. This will depend on the relative location, accessi-
bility, and reactivity of the second cysteine residue and the
concentration of MMTS. Hence for the unstructured 10
amino acid peptide, dithiomethane formation on both cys-
teine groups was very efficient and no intramolecular disul-
fide formation was detected as long as the MMTS was in ex-
cess. Only when MMTS concentrations were low did an
intramolecular protein disulfide bond form. In contrast, for
PDIa the reaction of the second cysteine with the
dithiomethane moiety formed from the first reaction was far
faster than the reaction of the second cysteine with another
molecule of MMTS and hence an intramolecular protein
disulfide bond was efficiently formed, and no dithiomethane
adducts were seen, even with MMTS in large excess. In addi-
tion to the formation of intramolecular protein disulfide
bonds, the addition of MMTS to a mixture of reduced pro-
teins resulted in the formation of intermolecular protein
disulfides. These results imply that methods using MMTS as
thiol–disulfide trapping reagent may give false results. The
possibility of MMTS acting as an oxidant, generating protein
intra- or intermolecular disulfide bonds will be protein de-
pendent, the dependency arising due to the position, accessi-
bility, and reactivity of the second cysteine residue to react.
However, the formation of intramolecular disulfide bonds in
PDIa and the formation of intermolecular disulfide bonds
between PDI or ERp57 and BPTI or RNase, or between
BPTI monomers to form small oligomers suggest this effect
may be commonplace. Furthermore, the partitioning reaction
will depend on the concentration of MMTS. Hence, for the
unstructured 10 amino acid peptide, disulfide bond forma-
tion only occurred when the MMTS concentration was low-
ered to near that of the free thiol concentration. In contrast,
the formation of intermolecular protein disulfides between
PDI and BPTI or RNase A occurred even at 1 M MMTS (i.e.,
50,000-fold molar excess). The concentration of MMTS usu-
ally used to trap the thiol–disulfide state in vivo is around 20
mM. Based on intracellular protein concentration and the
frequency of cysteine encoding codons (16), an estimate of
20 mM can be made of the concentration of proteinaceous
cysteine groups in vivo, to which must be added up to 10 mM
for the cysteine groups found in peptides such as glu-
tathione. Hence the concentration of MMTS commonly used
in vivo is not in excess over the thiol content of the cell, a
fact likely to exacerbate the effects of artificial protein disul-
fide bond formation by MMTS.

In addition to its use in trapping the thiol–disulfide state
of proteins in vivo, MMTS is widely used to study the role of
catalytic and structural cysteines on enzyme activities (14,
15, 19) and S-nitrosylation (8, 11). For all of these uses there
is the assumption that MMTS traps the natural thiol–disul-
fide state of the proteins, an assumption that must now be 
re-evaluated.
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ABBREVIATIONS

BPTI, bovine pancreatic trypsin inhibitor; DTT, dithiothre-
itol; ESIMS, electrospray ionization mass spectrometry; IAM,
iodoacetamide; MALDI-TOF, matrix-assisted laser desorp-
tion/ionization-time of flight; MMTS, S-methyl methanethio-
sulfonate; NEM, N-ethylmaleimide; PAGE, polyacrylamide
gel electrophoresis; PDI, protein disulfide isomerase; SDS,
sodium dodecyl sulfate; RNase A, ribonuclease A.

APPENDIX

Notes

1. Generation of expression vectors 
N-terminally His-tagged mature PDIa, PDI, and ERp57 expression

vectors were generated for previous study (1). Mature BPTI (bovine
pancreatic trypsin inhibitor) with an additional initiating methionine
was constructed from synthetic oligonucleotides with optimal codon
usage for Escherichia coli expression and subcloned as an NdeI/
BamHI fragment into pET23 (Novagen, Madison, WI).

2. Protein expression and purification
BPTI, PDIa, PDI, and ERp57 were expressed in E. coli strain

BL21(DE3) pLysS grown in LB medium at 37°C and induced at an
A600 of 0.3 for 3 h with 1 mM isopropyl-�-D-thiogalactoside. Lysis of
bacteria was performed by freeze-thawing the samples twice. PDIa,
PDI, and ERp57 were purified by immobilized metal affinity chro-
matography and anion exchange chromatography as described for
ERp18 (2), except for PDIa the anion exchange column was run in 20
mM Tris buffer, pH 8.6, instead of 20 mM phosphate buffer, pH 7.2.

While PDIa, PDI, and ERp57 were expressed solubly in E. coli,
BPTI formed insoluble inclusion bodies. To purify BPTI, the insoluble
cellular material was collected by centrifugation (8,000 rpm for 20
min). The cell pellet was then washed twice with wash buffer (50 mM
Tris, 10 mM EDTA, 0.5% Triton-X100, pH 8.0) and twice with double
distilled water. The cell pellet was then solubilized in 50 mM Tris-
buffer, pH 8.75, containing 5 M guanidium chloride and 20 mM DTT
and incubated at room temperature for 45 min. The sample was filtered
through a 0.45 µM filter before being applied to a SOURCE 5 RPC ST
4.6/150 column (Amersham Biosciences, Uppsala, Sweden) from
which the proteins were eluted with a linear gradient from buffer A
(2% ACN, 0.1% TFA) to 60% of buffer B (90% ACN, 0.1% TFA ) over
20 column volumes. Analysis of the fractions that absorbed at 280 nm
was performed by SDS-PAGE with Coomassie staining. Fractions that
apparently contained pure BPTI were combined, lyophilized, and then
resuspended in 10 mM HCl, pH 2. The concentrations of proteins were
determined spectrophotometrically using a calculated absorption at
280 nm (PDI 45040 M–1 cm–1, Mr = 56386; ERp57 45200 M–1 cm–1, Mr
= 55276; RNase A 9440 M–1 cm–1, Mr = 13690; BPTI 5680 M–1 cm–1,
Mr = 6648; PDIa 19720 M–1 cm–1, Mr = 14342). All proteins were
stored in aliquots at �20°C.

For trapping experiments, all of the proteins were reduced with DTT
at room temperature. PDI and ERp57 (50 µM) were reduced with DTT
(5 mM) in 20 mM phosphate buffer pH 7.2 for 30 min. RNase A (Sigma,
St. Louis, MO) (1.7 mM) was reduced with DTT (700 mM) in 200 mM
phosphate buffer containing 6 M guanidium chloride and 1 mM EDTA
for 2 h. DTT and guanidium chloride were removed from RNase A by
gel filtration (25 ml of Sephadex G-25 medium from Amersham Bio-
sciences, XK16 column from Pharmacia Biotech, Uppsala, Sweden)
into 10 mM HCl, pH 2.0.
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3. Analysis of NRCSQGSCWN–peptide and 
reduced PDIa after MMTS treatment

NRCSQGSCWN–peptide (100 µM) was treated with MMTS
(1 mM) in 20 mM phosphate buffer pH 7.2 at room temperature for 10
min. The excess of MMTS was removed with PepClean C-18 spin col-
umn (Pierce, Rockford, IL) according to the product protocol and the
purified samples were dried in a speed vacuum. Following the alkyla-
tion of the peptide with iodoacetamide (1.1 M solution in base buffer)
and purification with PepClean C-18 spin column, the peptide masses
were measured by mass spectrometry (A VOYAGER DE-STR
MALDI-TOF, Applied Biosystems, Foster City, CA).

PDIa (400 µM) was reduced with DTT (5 mM) in 20 mM phos-
phate buffer at room temperature for 30 min. One part of the sample
was purified from DTT by gel filtration into 20 mM phosphate buffer
pH 7.2 (NAP-10 column, Pharmacia Biotech). The other part of the re-
duced PDIa was left with DTT. Gel-filtered reduced PDIa was concen-
trated using a Millipore ultrafree-0.5 centrifugal filter device (5-kDa
nominal molecular weight limit membrane filter) and was split into
two parts. One part of the reduced PDIa (40 µM) sample and PDIa (40
µM) in 500 µM DTT was alkylated with iodoacetamide (1.1 M solution
in 20 mM phosphate buffer, pH 7.2) and purified with PepClean C-18
spin column. The other part of reduced PDIa (40 µM) and PDIa (40
µM) in 500 µM DTT were incubated with MMTS (1 mM) in 20 mM
phosphate buffer, pH 7.2, at room temperature for 10 min. MMTS was
removed with PepClean C-18 spin column and the purified samples
were dried in a speed vacuum. Purified proteins were further alkylated
with iodoacetamide (1.1 M solution in 20 mM phosphate buffer, pH
7.2) and purified with PepClean C-18 spin column. The masses of
PDIa proteins were measured by electrospray ionization mass spec-
trometry (ESIMS) (Micromass, Manchester, UK).

4. Analysis of the effects of MMTS treatment 
on mixtures of reduced proteins

Reduced PDI + BPTI, PDI + RNase A, ERp57 + BPTI, and ERp57
+ RNase A were treated with MMTS and NEM. The protein concentra-
tion of PDI and ERp57 was 20 µM and BPTI and RNase A 100 µM.
Proteins were mixed together and then incubated in 50 mM MMTS or
NEM in 50 mM phosphate buffer, pH 7.2, for 3 min. Nonreducing sam-
ple buffer was added to the samples before they were separated by
SDS-PAGE (15% acrylamide).
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