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Abstract: Protein persulfides (R-S-SH) have emerged as
a common post-translational modification. Detection
and quantitation of protein persulfides requires trapping
with alkylating agents. Here we show that alkylating
agents differ dramatically in their ability to conserve the
persulfide’s sulfur—sulfur bond for subsequent detection
by mass spectrometry. The two alkylating agents most
commonly used in cell biology and biochemistry, N-
ethylmaleimide and iodoacetamide, are found to be
unsuitable for the purpose of conserving persulfides
under biologically relevant conditions. The resulting
persulfide adducts (R-S-S-Alk) rapidly convert into the
corresponding thioethers (R-S-Alk) by donating sulfur
to ambient nucleophilic acceptors. In contrast, certain
other alkylating agents, in particular monobromobimane
and N-t-butyl-iodoacetamide, generate stable alkylated
persulfides. We propose that the nature of the alkylating
agent determines the ability of the disulfide bond (R-S-
S-Alk) to tautomerize into the thiosulfoxide (R-(S=S)-
Alk), and/or the ability of nucleophiles to remove the
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sulfane sulfur atom from the thiosulfoxide. )

Introduction

Protein S-persulfidation is the conversion of protein thiols
(R-SH) to protein persulfides (R-S-SH). Growing evidence
shows that protein persulfidation is a common post-transla-
tional modification.' It affects a large variety of proteins,
and can be found across all of biology, from bacteria to
man.! There is also evidence suggesting that protein
persulfidation plays important roles in regulating protein
function.®” To examine the physiological role of protein
persulfides, it is crucial to detect and quantify these
modifications. However, the unstable nature of persulfides
makes their detection and quantification challenging. In fact,
the phenomenon of wide-spread protein persulfidation has
only been recognized within the last decade, exactly because
these modifications are typically lost during standard sample
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preparation workflows. In principle, derivatization with
electrophilic alkylating agents can be used to stabilize
persulfides as disulfides (R-S-S-Alk), to enable their detec-
tion, for instance, by mass spectrometry.®'” In previous
studies, different kinds of alkylating agents have been used
to alkylate persulfides, often yielding inconsistent outcomes.
Quantitation of either low molecular weight persulfides or
protein persulfides led to very different results depending on
the specific alkylating agent used.”"!!

In this study we systematically investigated the question
of how different alkylating agents react with a protein
persulfide. We first developed an in vitro model system that
allows us to generate a defined persulfide on a defined
protein and follow the fate of the persulfide by whole
protein mass spectrometry. Our work led us to the following
conclusions: i) Some alkylating agents, in particular mono-
bromobimane and N-t-butyl-iodoacetamide, generate alky-
lated persulfides (R-S-S-Alk) that are stable and detectable.
These agents are most suitable for the detection and
quantitation of protein persulfides. ii) Other alkylating
agents, in particular iodoacetamide and N-ethylmaleimide,
generate alkylated persulfides that rapidly convert into the
corresponding thioether (R-S-Alk) by losing sulfur to
ambient nucleophiles. These agents are unfit for the purpose
of detecting protein persulfides in the presence of thiophilic
nucleophiles. iii) Yet other alkylating agents generate alky-
lated persulfides of intermediate stability, and typically lead
to an underestimation of actual persulfide levels, to different
extent, depending on the specific alkylating agent. iv) The
differences in R-S-S-Alk stability are probably caused by
the influence of the alkylating agent side chain on the
disulfide-thiosulfoxide tautomeric equilibrium and/or on the
sulfur transfer reaction between the thiosulfoxide and
ambient nucleophiles. v) Differences in R-S-S-Alk stability
also apply to the detection of low molecular weight
persulfides. vi) Differences in R-S-S-Alk stability strongly
influence the detection and quantification of protein
persulfidation in biological samples.

Results and Discussion

We started out by developing an in vitro model system of
protein persulfidation. To this end we recombinantly ex-
pressed and purified a variant of human thioredoxin-1
(Trx1). In this variant, previously named Trx1(CSAAA)™
(henceforth abbreviated Trx1CS), Cys-35 is replaced by
serine and three additional cysteines (62, 69 and 73) are
replaced by alanines, so that the protein retains a single
cysteine residue (Cys-32), which is exposed on its surface. In
wild type Trx1, Cys-32 acts as the nucleophile in disulfide
bond reduction. Furthermore, the C-terminus carries both a
streptavidin binding peptide (SBP) and a hexahistidine tag
(Figure S1A). The mass of the purified protein precisely
matched the predicted mass, except for the fact that about
half of the protein lacks the N-terminal methionine residue
(Figure S1B, upper left panel), indicating that the recombi-
nant protein is partially processed by E. coli methionine
aminopeptidase. A cysteine-less control protein, Trx1SS,
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also conformed to the calculated mass, plus/minus methio-
nine (Figure S1B, upper right panel). As expected, alkyla-
tion with monobromobimane (MBB) shifted the mass of
Trx1CS, but not the mass of the cysteine-less variant
(Figure S1B, lower panels). We then looked for a procedure
that would allow us to persulfidate the single cysteine
residue with high efficiency and minimal side products.

We first asked if incubation with polysulfides would lead
to protein thiol persulfidation, because it has been suggested
previously that polysulfides can donate sulfane sulfur (S°)
atoms directly to thiols."¥ To this end, we immobilized
Trx1CS on streptavidin beads and incubated it with gluta-
thione trisulfide (GS*SSG). In order to trap and preserve
potentially formed persulfides we quenched the reaction
with either of two alkylating agents, MBB or iodoacetamide
(IAM). The main product (~80%) was glutathionylated
protein (P-S-SG), and a minor product (~20%) was P-
S-*S-SG. The choice of alkylating reagent did not make a
difference for the outcome (Figure 1A). Incubation with
glutathione tetrasulfide (GSSSSG) led to the same products
in similar proportions, ~85 % P-S-SG and ~15 % P-S-S-SG.
Again, the choice of alkylating reagent did not make a
difference for the outcome (Figure S1C). A control experi-
ment with glutathione disulfide (GSSG) exclusively yielded
P-S-SG (Figure S1D). These results show that RSS,SR-type
polysulfides do not transfer single S° atoms to thiols, at least
not under the given conditions. Instead, the protein thiolate
preferentially attacks the polysulfide at the “outer” sulfur
atom to become glutathionylated. Only a small proportion
of protein thiolate attacks at the “inner” (i.e., central) sulfur
atom to form a protein-glutathione trisulfide (P-S-S-SG)
(Figure S1E). Preferential attack on the “outer” sulfur is
consistent with a SN, mechanism that favors the best leaving
group: the one with the most acidic conjugate acid (GSS,H
is more acidic than GSH).!"!

We then tried to achieve protein persulfidation through
combined treatment with hydrogen peroxide (H,O,) and
sodium sulfide (Na,™S). The reaction between the protein
thiol and H,0, is expected to generate a sulfenic acid (P-
SOH) which then reacts with sulfide to yield a persulfide.
However, this procedure only generated hyperoxidized
persulfides (i.e., perthiosulfonic acid; P-S-**SO,H) (Fig-
ure 1B). This observation is in line with the idea that
persulfides are easily oxidized at the outer sulfur atom, thus
protecting the inner sulfur atom against irreversible
oxidation.">""! Indeed, a direct comparison of thiol oxida-
tion products in the presence or absence of sulfide supports
this notion (Figure S1F).

We then tried an enzymatic strategy to generate protein
persulfides. To this end, we used recombinant mercaptopyr-
uvate sulfur transferase (MPST). MPST desulfurizes 3-
mercaptopyruvate (3MP) to generate an enzyme-bound
persulfide which can be transferred to various substrates.!'*!
Indeed, MPST persulfidated Trx1CS (Figure 1C), and the
reaction was dependent on the active site thiol of MPST
(Figure S1G). Interestingly, we observed more alkylated
persulfides with MBB than with TAM (Figure 1C). The
detection of alkylated protein polysulfides as minor products
(P-S-S-S-Alk and P-S-S-S-S-Alk) indicates that MPST can
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repeatedly add S° atoms to existing per- and polysulfides in
a sequential manner.

Finally, we explored the use of sodium disulfide (Na,S,)
as a persulfidation agent. This compound should react with
thiols to directly form a persulfide, with sulfide as the
leaving group. A brief treatment (3 min) with Na,S, was
highly efficient in generating P-S-S-Alk as the main product,
with P-S-S-S-Alk and P-S-S-S-S-Alk as minor products, but
all of these could only be recovered if MBB was used as the
alkylating agent (Figure 1D, left panel). Remarkably, IAM
did not recover these products at all (Figure 1D, right
panel), but instead only generated alkylated thiols (P-S-
Alk). Of note, when alkylating agents are omitted, persul-
fides rapidly react further to generate di- and trisulfide
intermolecular crosslinks (Figure SIH), confirming that
alkylation is a necessary step to preserve and assess protein
persulfidation.

In conclusion, Na,S, treatment was found to be the
simplest and most efficient method to generate protein
persulfides. Intriguingly, the choice of alkylation agent
turned out to be critical for detecting persulfides. MBB is
found to be highly efficient in preserving persulfides, while
IAM appears to be incapable of doing so.

Intrigued by the apparent difference between MBB and
IAM in their ability to preserve protein persulfides, we
investigated the utility of additional alkylating agents. Using
the Na,S,-based protein persulfidation system, we tested f3-
(4-hydroxyphenyl)ethyl iodoacetamide (HPE-IAM), iodo-
acetic acid (IAA) and N-ethyl maleimide (NEM). Both
HPE-IAM and IAA preserved a substantial fraction of
persulfides (Figure 2A, B). In contrast, NEM was com-
pletely ineffective (Figure 2C). A direct side-by-side com-
parison of all five tested alkylating agents showed that MBB
is the best preserver of persulfides, HPE-IAM and IAA
exhibit intermediate effectiveness, IAM is nearly ineffective,
and NEM is completely ineffective (Figure 2D). The differ-
ence between IAM and HPE-IAM was also observed when
MPST was used to persulfidate Trx1CS (Figure S2), hence
showing that the observed differences between alkylating
agents are not dependent on the method of persulfidation.

We then focused on the difference between IAM and
HPE-IAM, as both compounds use the same reactive group
and only differ by a relatively remote modification that is
not expected to impact reactivity with thiols. Indeed,
previous studies suggest that both compounds exhibit similar
thiol reactivity.'”*? A time course experiment revealed that
HPE-TAM mediated alkylation of persulfides (P-S-S-Alk) is
already maximal at the shortest measurable time point,
directly after addition of the alkylating agent, as it does not
further increase during prolonged incubation (Figure S3A,
upper panels). In contrast, treatment with ITAM immediately
(i.e., at the shortest measurable time point) leads to
complete thiol alkylation (P-S-Alk) and does not preserve
persulfides at any time point (Figure S3A, lower panels).

Recently, it has been suggested that polysulfides are
susceptible to alkaline hydrolysis and that phenolic com-
pounds can inhibit such hydrolysis.”'! We therefore asked
whether unmodified and/or alkylated persulfides are suscep-
tible to hydrolysis and if the phenol side chain of HPE-IAM
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Figure 1. Development of a protein persulfidation model system. A)-D) Whole protein mass spectra of Trx1CS (13.5 uM) treated with A) GS**SSG
(300 pM), B) H,0, (50 uM) plus Na,**S (500 M), C) MPST (10 uM) plus 3MP (40 uM), or D) Na,S, (300 pM), and subsequently alkylated with
either 1 mM MBB (left panels) or IAM (right panels). Peaks corresponding to unmodified or thiol-alkylated proteins are highlighted in blue and
peaks corresponding to per-/polysulfide-alkylated proteins are highlighted in yellow.

would suppress their hydrolysis. To this end, we compared
the persulfide preserving effect of IAM and HPE-IAM at
different pH. For both alkylating agents the recovery of P-S-
S-Alk conjugates was improved at higher pH (Figures 3A
and S3B). This finding contradicts the idea that alkaline
hydrolysis destroys P-S-SH and/or P-S-S-Alk. In contrast to

previously published studies on polysulfides,” a large
excess of tyrosine failed to enhance the recovery of P-S-S-
Alk (Figure S3C). In conclusion, our results do not suggest a
role for hydrolysis, nor do they suggest a specific influence
of phenolic compounds. The fact that the difference between
IAM and HPE-IAM is already established at the earliest
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Figure 2. Alkylating agents differ widely in their ability to conserve protein persulfides. A-C) Whole protein mass spectra of Trx1CS (13.5 M)
persulfidated with Na,S, (300 uM) and alkylated with A) HPE-IAM, B) IAA, or C) NEM (1 mM each). Peaks corresponding to unmodified or thiol-
alkylated proteins are highlighted in blue and peaks corresponding to per-/polysulfide-alkylated proteins are highlighted in yellow. D) Relative
proportion of alkylated persulfide recovered with different alkylating agents (n=2-5, error bars represent SD).

time point of incubation (Figure S3A) also speaks against
hydrolysis.

Next, we considered the possibility that IAM may
somehow attack and destroy alkylated persulfides. There-
fore, we asked if IAM would destroy persulfides previously
alkylated with HPE-IAM (P-S-S-carbamidomethyl-HPE; P-
S-S-CAM-HPE). Simultaneous exposure of the protein to
both IAM and HPE-IAM revealed that both compounds
react independently of each other (Figures 3B, C). Likewise,
sequential treatment of the protein, i.e. HPE-IAM followed
by IAM or NEM, showed that neither IAM nor NEM is
capable of destroying P-S-S-CAM-HPE adducts (Figures 3D
and S3D). In conclusion, already alkylated persulfides are
stable in the presence of unreacted IAM or NEM.

The previous experiments showed that various alkylated
persulfides are unstable, to different degrees, depending on
the specific alkylating agent. In particular, the comparison
between TAA and IAM (Figures1 and 2 and Figure S4)
revealed a striking difference between the carboxylic acid
and the corresponding amide. This example prompted us to
consider the role of pi systems in B-position to a disulfide.
Indeed, all tested alkylating agents harbor a double bond in
B-position, a carbonyl group in the cases of IAM (and its
derivatives) and NEM, and a carbon-carbon double bond in
the case of MBB (Figure 4A). It has been proposed that a
carbonyl group in B-position to a disulfide bond promotes
formation of the thiosulfoxide,'” although direct evidence

Angew. Chem. Int. Ed. 2022, 61, €202203684 (5 of 13)

for this notion seems to be lacking. We therefore asked if
the instability of certain alkylated persulfides is related to
their intrinsic tendency to form the thiosulfoxide, which may
be easily desulfurized by ambient nucleophiles to generate
the thioether (Figure 4B).

It has been reported previously that the isomerization of
allyl-substituted disulfides to the corresponding thiosulfox-
ide is kinetically accessible at moderate temperatures®
and that bulky groups at the y position result in a reduced
rate of subsequent desulfurization reactions.”**! We won-
dered if increasing the steric bulk next to the B-carbonyl
group would improve the ability of IAM derivatives to
preserve persulfides, perhaps by perturbing the disulfide-
thiosulfoxide equilibrium (Figure 4C). We therefore tested
additional IAM derivatives, namely ethyl-, phenethyl (PE)-,
and z-butyl-IAM (Figure 4D), for comparison with IAM and
HPE-IAM. Indeed, we find a clear correlation between
steric hindrance and the successful recovery of persulfides
(Figure 4E).

The proposed disulfide-thiosulfoxide tautomerism (Fig-
ure 4B) predicts that sulfur loss is driven by the presence of
suitable (thiophilic) nucleophiles. In our previous experi-
ments we performed alkylation in the presence of unreacted
Na,S, and of HS™ (generated as a by-product of the
persulfidation reaction), both of which are potent thiophilic
nucleophiles. Hence, the removal of potential nucleophiles
prior to alkylation should stabilize P-S-S-Alk conjugates

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Alkylated persulfides differ in stability. A) Whole protein mass spectra of Trx1CS (13.5 pM) persulfidated with Na,S, (300 pM) and
alkylated with T mM of either IAM (left panel) or HPE-IAM (right panel), at three different pH values. B) Whole protein mass spectra of Trx1CS
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are highlighted in blue. C) Quantification of the relative abundance of product species obtained in (B). D) Whole protein mass spectra of Trx1CS
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yellow.

that are otherwise unstable. To test this notion, we reduced
the quantity of potential nucleophiles by washing immobi-
lized persulfidated Trx1CS prior to alkylation. Indeed, the
washing step improved the recovery of IAM-alkylated
persulfides (Figure S5A), in support of the hypothesis.

To better understand the role of nucleophiles in relation
to the proposed disulfide-thiosulfoxide tautomerism we
investigated the effect of cyanide. Cyanide can be expected
to react differently with the disulfide and thiosulfoxide
tautomeric forms of alkylated persulfides. On the one hand,
alkylated persulfides in the disulfide form should be
susceptible to cleavage at the disulfide bond. Disulfide

Angew. Chem. Int. Ed. 2022, 61, €202203684 (6 of 13)

cleavage by cyanide (CN™) will remove the alkylating group
from the protein and leave behind a free thiol and/or a
cyanylated thiol (Figure SA, left side). On the other hand,
the thiosulfoxide tautomer should be susceptible to desulfur-
ization by cyanide.” The reaction with CN~ should there-
fore generate thiocyanate (SCN7) and a thioether, i.e., an
alkylated thiol (Figure SA, right side). To test these
predictions, we exposed MBB-alkylated protein persulfides
(thoroughly washed to remove any other potential nucleo-
philes) to CN~ (Figure 5B). A substantial fraction of
alkylated protein persulfide (P-S-S-Bim) was converted to
the cyanylated protein thiol (P-SCN) and there was no

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. The concept of disulfide-thiosulfoxide tautomerism predicts differences in the stability of alkylated persulfides. A) Structures of alkylated
persulfides (R-S-S-Alk) as formed with the alkylating agents NEM, 1AM, IAM-HPE, IAA and MBB (from left to right). B) Proposed mechanism of
sulfur loss from alkylated persulfides: Disulfide-thiosulfoxide tautomerism of alkylated persulfides is coupled to nucleophile-mediated
desulfurization of the thiosulfoxide, generating the thioether. C) Proposed influence of the bulkiness of the substituent in y-position on the
efficiency of tautomerization and/or desulfurization. D) Whole protein mass spectra of Trx1CS (13.5 pM) persulfidated with Na,S, (300 pM) and
alkylated with Ethyl-IAM (upper left panel), PE-IAM (upper right panel) or N-t-butyl-IAM (lower left panel) (1 mM each). Peaks corresponding to
unmodified or thiol-alkylated proteins are highlighted in blue and peaks corresponding to per-/polysulfide-alkylated proteins are highlighted in
yellow. E) Relative proportion of recovered R-S-S-Alk species for different IAM derivatives arranged in order of increasing y-substituent bulkiness.
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Figure 5. Labile alkylated persulfides lose sulfur to nucleophilic acceptors. A) Expected reactions of cyanide with the two different tautomeric forms
of alkylated persulfides. B) Whole protein mass spectra of Trx1CS (13.5 pM) persulfidated with Na,S, (300 pM), alkylated with MBB (1 mM), and
then treated with buffer (left panel) or KCN (0.5 mM) (middle panel). Quantification of relative species abundance (right panel). C) Whole protein
mass spectra of Trx1CS persulfidated with Na,S,, alkylated with IAM (1 mM) at pH 9.5, and then treated with buffer (left panel) or KCN (0.5 mM)
(middle panel). Quantification of relative species abundance (right panel). B), C) Peaks corresponding to thiol-alkylated proteins are highlighted in
blue and peaks corresponding to per-/polysulfide-alkylated proteins are highlighted in yellow. In addition, peaks corresponding to Trx1CS-SCN are
highlighted in red and peaks corresponding to Trx1CS-SH are highlighted in orange. D) GC-MS based quantification of thiocyanate (SCN~) released
from alkylated persulfides by treatment with cyanide, n=2. E) Quantification of sulfane sulfur released from alkylated persulfides by treatment with
the fluorogenic sulfane sulfur acceptor SSP4 (100 pM), n=3. Error bars represent SD, * P<0.05; ** P<0.01, based on a two-tailed unpaired t-test.

Angew. Chem. Int. Ed. 2022, 61, €202203684 (8 of 13) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~

increase in the formation of P-S-Bim. To generate significant
amounts of [AM-alkylated persulfides, we made use of the
fact that these can be stabilized to some extent by elevated
pH. After persulfidation and thorough washing, we per-
formed alkylation at pH 9.5. After further washing, the pH
was adjusted to 7.4 and the alkylated persulfide exposed to
CN™. The alkylated protein persulfide (P-S-S-CAM) was
almost entirely converted to its desulfurization product (P-S-
CAM) (Figure 5C). The same result was obtained when
CN~ treatment was performed at pH9.5 (Figure S5B),
showing that conversion of the alkylated persulfide to the
thioether (i.e., alkylated thiol) is primarily caused by the
presence of the nucleophile. To further validate these
findings, we also monitored the formation of SCN™ by GC/
MS. Cyanide treatment of [AM-alkylated persulfides gen-
erated a similar amount of SCN™ as was released from non-
alkylated persulfides, while MBB- and #-butyl-IAM-alky-
lated persulfides released much less SCN™ (Figure 5D).
Similar results were obtained when we used the fluorogenic
sulfur acceptor SSP4 instead of CN™~ (Figure 5E).

The above results suggested that B-carbonyl groups can
promote sulfur loss from alkylated protein persulfide bonds,
depending on additional factors, including the bulk in y-
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position and the availability of ambient nucleophiles. We
therefore asked if B-carbonyl-driven sulfur loss can also be
demonstrated for small model compounds. To this end, we
prepared 2-mercaptoacetamide disulfide (CAM-SS-CAM)
and 2-thioethanolamine disulfide (cystamine, Cyst-SS-Cyst)
(Figure S6A). We found that the disulfide containing B-
carbonyl groups donates sulfur to cyanide, but not the
disulfide lacking pB-carbonyl groups (Figure 6A). Corre-
spondingly, the thioether was formed from CAM-SS-CAM,
but not from cystamine (Figure S6B). Instead, cysteamine’s
disulfide bond was cleaved by cyanide to form cyanylated 2-
thioethanolamine (Cyst-SCN) (Figure S6B, right panel). We
also prepared disulfide-linked dimers of 3-mercaptopyruvate
(3MP) and 3-mercaptopropionic acid (3MPA) (Figure S6C).
Again, the disulfide containing f-carbonyl groups lost more
sulfur to cyanide than the corresponding disulfide lacking f3-
carbonyl groups (Figure 6B). In conclusion, B-carbonyl-
driven sulfur loss from disulfides appears to be a general
phenomenon, not being restricted to alkylated protein
persulfides.

To further address the generality of our findings we
persulfidated the free amino acid L-cysteine with H,S, and
then reacted it with either MBB or NEM. The Cys-S-S-Alk

A
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Figure 6. 3-carbonyl-driven desulfurization can also be observed with small molecules. A) Quantification of SCN™ released from disulfides CAM-S-
S-CAM and cystamine (25 mM each) upon exposure to cyanide (250 mM) (left panel), n=3. Proposed reaction schemes for CAM-S-S-CAM (i) and
for cystamine (ii) (right panel). B) Quantification of SCN™ released from the disulfide forms of 3MP and 3MPA (2.5 mM each) upon exposure to
cyanide (50 mM) (left panel), n=3. Proposed reaction schemes for 3MP (i) and for 3MPA (ii) (right panel). Error bars represent SD, * P<0.05;

#*%P<0.01, based on a two-tailed unpaired t-test.
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adduct was formed in the presence of MBB, while the Cys-
S-Alk adduct was formed in the presence of NEM (Fig-
ure S7A). This result speaks in favor of generality, as the
free amino acid persulfide reacted in a similar manner as the
persulfidated cysteine side chain in the protein.

To test the relevance of our findings in relation to
biological samples, we compared the performance of MBB
and NEM as protein persulfide trapping agents in cells using
a “switch assay” (Figure 7A). Following incubation of intact
cells with either MBB or NEM, we osmotically ruptured the
cells to release cytosolic proteins (and to minimize the
release of disulfide-containing proteins from the secretory
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pathway) in the presence of the alkylating agent. Alkylated
proteins were precipitated, washed and treated with DTT
(to convert alkylated persulfides into free thiols). Finally,
the newly generated thiols were conjugated to a fluorescent
dye. We find that alkylation with MBB yields significantly
more protein labeling than alkylation with NEM (Fig-
ure 7B), a result that is fully in line with the notion that
MBB preserves the persulfide’s S—S bond, while NEM
facilitates its destruction. This result further supports the
notion that the choice of alkylating agent is critical for
efficient protein persulfide trapping in biological samples
(which always contain thiophilic nucleophiles).
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Figure 7. Alkylating agents differ in their ability to preserve protein persulfides in cells. A) Concept of using a comparative “switch assay” to
visualize protein persulfides in cellular lysates. MBB trapped persulfides can be fluorescently labeled after reduction, while NEM trapped
persulfides are destroyed. In contrast, the labeling of conventional protein disulfide bonds does not depend on the choice of alkylating agent.

B) Representative gel visualizing fluorescence (upper left panel) or Coomassie staining (lower left panel). Quantification of overall fluorescence in
each lane (right panel). Fluorescence intensity was normalized to the Coomassie stain intensity, n=3. Error bars represent SD. ** P<0.01, based

on a two-tailed unpaired t-test.
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Conclusion

Having established an in vitro protein persulfidation model
system, we noted marked differences in the ability of
different alkylating agents to preserve persulfides in their
alkylated form (P-S-S-Alk). This finding is broadly in line
with a previous study aiming to quantitate alkylated
persulfides in cellular lysates and obtaining different results
with different alkylating agents.”! Assessing several alkylat-
ing agents, in the presence of nucleophiles, we made the
following observations: i) MBB recovered almost 100 % of
the protein in the persulfidated state; ii) NEM did not
recover any persulfidated protein; iii) [AM was almost
completely inefficient; iv) IAA was of intermediate effi-
ciency; and v) various IAM derivatives with N-substituents
were more efficient than IAM, the bulkiness of the
substituent correlating with increased recovery, N-t-butyl-
IAM being almost as efficient as MBB. These findings raised
the question of how these pronounced differences come
about.

Investigating the stability of alkylated persulfides at
different pH, we did not find evidence for hydrolysis to play
a role, nor did we find evidence supporting the notion that
unreacted alkylating agents can destroy already alkylated
persulfides. Instead, we found evidence in favor of the
notion that alkylated persulfides can convert into thioethers
(i.e., alkylated thiols) by losing one sulfur atom to ambient
nucleophiles. Apparently, the tendency of an alkylated
persulfide to lose sulfur depends not only on the presence of
ambient nucleophiles, but also on the exact chemical
structure of the alkylating agent. Indeed, we identified two
structural factors that promote sulfur loss from alkylated
persulfides, namely i) the presence of a B-carbonyl, and
ii) the absence of a bulky substituent in y-position.

We reasoned that the selective loss of one sulfur atom
from the disulfide bond between the protein and the
alkylating agent must depend on the tautomeric rearrange-
ment of the disulfide bond into a thiosulfoxide, as only the
thiosulfoxide would be able to donate a sulfur atom and
leave behind a single sulfur atom, bound as a thioether. This
raises the question of how disulfide-thiosulfoxide tautomeri-
zation occurs mechanistically. It is known that B-alkenyl

(i) Tautomerization
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(allylic) disulfides undergo 2,3-sigmatropic rearrangement
leading directly to thiosulfoxides.’™ While one can theorize
a similar type of 2,3-rearrangement reaction with a f-
carbonyl disulfide, we consider it unlikely. Even in the event
that it did occur, the resulting intermediate would need to
undergo an additional 1,3-shift, either before, or after
desulfurization, to yield the thioether product (Figure S8). A
second mechanistic possibility is migration of the S—C bond
to the “internal” sulfur with concomitant expansion of that
sulfur’s coordination number to 4 (Figure8). This is
reminiscent of one reaction pathway that coordinatively
unsaturated carbenes can follow to stabilize themselves.”
However, the actual mechanism of tautomerization as
relevant to alkylated persulfides remains an open question
and is beyond the scope of this study. In any case, and
irrespective of the actual mechanism of tautomerization, it
can be assumed that the chemical nature of the alkylating
agent either influences the disulfide-thiosulfoxide tautomer
equilibrium, or the ability of nucleophiles to remove the
sulfur from the thiosulfoxide, or both processes.

Two of our findings support the notion that the presence
of a B-carbonyl group promotes sulfur loss: i) Only the one
alkylating agent without a PB-carbonyl, MBB, conserved
persulfides to full extent, and ii) sulfur loss from small
molecule analogues depended on the presence of the (-
carbonyl (Figure 6). Furthermore, we observed that alky-
lated persulfides are stabilized against sulfur loss by
increased pH (Figure 3A) and bulky y-substituents (Fig-
ure 4E). Consistent with these observations is an acid-
dependent mechanism, where shared sulfane sulfur-carbonyl
oxygen proton binding may support the formation and/or
stabilization of the thiosulfoxide (Figure 8). Such a cationic
intermediate should also lose sulfur to nucleophiles more
favorably than the corresponding non-protonated species,
which is likely to be more prevalent in the absence of a -
carbonyl (Figure 8). Bulky y-substituents can be expected to
hinder nucleophilic attack on the thiosulfoxide for steric
reasons; however, we cannot exclude that they may also
perturb the disulfide/thiosulfoxide tautomerization in the
first place. Finally, the higher stability of IAA-alkylated
versus [AM-alkylated persulfides (Figure S4) may be ex-
plained by the negative charge at the carboxyl group. The

(ii) Protonation (iii) Desulfurization
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Figure 8. Possible mechanism of alkylating agent-driven sulfur loss. (i) The thiosulfoxide may form by migration of the S-C bond to the ‘internal’
sulfur with concomitant expansion of that sulfur’s coordination number to 4. (ii) Shared sulfane sulfur—carbonyl oxygen proton binding may
support the formation and stabilization of the thiosulfoxide. (iii) The cationic intermediate is expected to lose sulfur to nucleophiles more favorably
than the corresponding non-protonated species. The figure also points out the four factors promoting sulfur loss as identified in this study, i.e.,
two factors intrinsic to the alkylating agent (a carbonyl in 3-position and small substituents in y-position) and two extrinsic factors (proton and

nucleophile availability).
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carboxyl group prevents formation of an intermediate with
net positive charge and may create electrostatic repulsion
with incoming nucleophiles.

The fact that our findings have been obtained for a
specific thiol on a specific protein raises the question of
generality. How representative are our findings beyond the
Trx1CS model protein? It is conceivable that the specific
protein environment of a cysteine can influence the stability
of the corresponding alkylated persulfide, so some varia-
bility may be expected. Nevertheless, the pronounced differ-
ence between MBB and NEM alkylation was also observed
for the free amino acid (Figure S7A) and for the collective
set of proteins in a cell lysate (Figure 7B), suggesting that
the stability of alkylated protein persulfides is mostly
determined by the nature of the alkylating agent, and to a
lesser extent by its protein microenvironment.

In any case, the type and concentration of ambient
nucleophiles appears to be a key factor in determining the
rate of sulfur loss from intrinsically labile alkylated persul-
fides. Trapping of persulfides with IAM was improved when
the persulfidated protein was washed before alkylation
(Figure S5A). Also, some P-S-S-CAM could be detected
when MPST/3MP was used for persulfidation (Figure 1C),
but not when Na,S, was used (Figure 1D). This may be
explained by differences in nucleophile properties. Disulfide
and sulfide ions are very efficient sulfur acceptors, while
3MP and pyruvate are expected to be less efficient in
attacking thiosulfoxides.

A paucity of ambient nucleophiles may explain why
trapping of persulfides with IAM (or NEM) is possible
under certain conditions. Small molecule persulfides have
previously been trapped as IAM adducts.”*! These studies
performed alkylation in organic solvents, meaning that
abundant external nucleophiles were not present to promote
desulfurization. Gpx3 and papain persulfides have been
trapped with IAM in aqueous solution.”” In this case,
alkylation was performed after gel filtration, again suggest-
ing the absence of abundant external nucleophiles.

In the context of intact cells or cell lysates, rapid
alkylation of protein persulfides cannot be performed in the
absence of nucleophiles. Indeed, thiophilic nucleophiles
(incl. GSH and other thiols) are omnipresent within cells,
thus the formation and/or stabilization of thiosulfoxides will
inevitably lead to sulfur loss. Hence, the choice of alkylating
agent is critical. The most commonly used thiol alkylating
agents, IAM and NEM, appear to be unfit for the purpose
of persulfide detection in biological settings, or in any other
nucleophile-rich environment. Most other alkylating agents
(including HPE-IAM) are expected to lead to underesti-
mates of persulfide levels. We recommend the use of MBB
or N-t-butyl-IAM in future studies.
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