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Introduction
H2S, as a novel gasotransmitter, is proposed to post-translationally 

modify proteins by yielding a hydropersulfide moiety (–SSH) in specific 
cysteine residue(s), termed as S-sulfhydration [1]. Since the first study 
on protein S-sulfhydration was reported in 2009, many proteins have 
been demonstrated to be the targets for H2S S-sulfhydration. H2S 
improves cellular senescence via S-sulfhydration of Keap1 [2], relaxes 
blood vessels and acts as an endothelium-derived hyperpolarizing factor 
through S-sulfhydration of potassium channels [3], helps DNA damage 
repair via MEK1 S-sulfhydration and induction of poly ADP ribose 
polymerase activity [4], and stimulates nitric oxide (NO) generation 
via S-sulfhydration of endothelial nitric oxide synthase (eNOS) [5]. 
Furthermore, many other proteins have also reported to be the targets 
of Ssulfhydration, including phospholamban, NF-κB, parkin, p66Shc, 
and transient receptor potential Ca2

+ channels, etc. [6-10]. NO reacts 
with the specific proteins leading to the covalent incorporation of a NO 
moiety into the cysteine residues, a process known as S-nitrosylation. 
Protein S-nitrosylation is an important post-translational modification 
that affects a wide variety of proteins involved in multiple cellular 
processes, and is emerging as one of the most important mechanisms 
for NO activities [5]. Protein S-nitrosylation shares many similar 
properties with protein S-sulfhydration, and both of them occur in 
cysteine residues in the targeted proteins. Diverse detection methods 
have been developed for detection of protein S-nitrosylation. Biotin 
switch assay (BSA) developed by Jeffrey and Snyder is the first 
method for detection of protein S-nitrosylation [11], which can 
detect S-nitrosylation of cysteine residues by replacing the NO moiety 
with a detectable biotin derivative, N-[6-(biotinamido) hexyl]-3′-
(2′-pyridyldithio) propionamide (biotin-HPDP). Replacing the NO 
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Abstract
H2S interacts with the free thiol group in the active cysteine residues from target proteins and forms a hydropersulfide 

moiety (-SSH), termed as S-sulfhydration, which is similar to nitric oxide (NO) regulation of protein by S-nitrosylation. 
Protein S-sulfhydration now is proposed to mediate most of H2S bioactivities in various cellular functions. A number of 
methods have been developed for detection of S-nitrosylation and S-sulfhydration. Selective recognition of hydropersulfide 
(SSH) is a main target for the detection of S-sulfhydration. Protein Ssulfhydration can be detected by biotin switch assay, 
which is developed and further modified based on the detection approaches for protein S-nitrosylation. Here we highlight 
the different tools for detection of protein S-sulfhydration and S-nitrosylation, and provide strategies for developing new 
methods to locate the modified cysteine residues.
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moiety with biotin derivative can be detected by immunoblotting 
with biotin antibody or purified with avidin conjugated beads for 
further analysis, such as tandem mass spectrometry (MS/MS) and two 
dimensional (2D) analysis. Based on the BSA method of detection of 
S-nitrosylation, a modified BSA was developed to detect protein using
different tag molecules or resin, such as thiol-reactive resin, His-tag
resin, gold nanoparticle and fluorescent molecule, etc. These modified
BSA provide the advanced analysis of protein S-nitrosylation through
improvement of probe sensitivity. This review compares the different
tools for detection of protein S-nitrosylation and S-sulfhydration, and
describes new strategies of further study on protein S-sulfhydration.
The strategies and tools for detection of protein S-nitrosylation and
S-sulfhydration would provide strong power and solid platform to
identify novel diagnostic markers for human diseases and develop new 
drug for further treatments.

Current detectIon Methods for S-Nitrosylation
For the detection of protein S-nitrosylation, NO-based strategies 

are mainly considered for either the direct NO detection or NO 
switched manner. The sulfur-nitrogen bond in S-nitrosothiol (SNO) 
is particularly labile, and the lability of NO in SNO is an important 
factor for the detection of S-nitrosylation. Based on this concept, many 
methods were developed for detection of S-nitrosylation.

BSA

BSA is often used for the detection of protein S-nitrosylation. The 
overview of BSA procedure is shown in Figure 1. First, free thiol groups 
in proteins are blocked with thiol specific methylthiolating agent, 
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methyl methanethiosulfonate (MMTS). NO in SNO is decomposed 
and reduced to free thiol with ascorbate, and then labeled with a 
thiol-specific biotinylating reagent. Total S-nitrosylated proteins can 
be detected with anti-biotin antibody by immunoblotting. To detect 
specific protein which is S-nitrosylated, biotinylated proteins were 
purified with avidin conjugated beads and then immunoblotted with 
specific antibody to visualize specific Snitrosylated protein for analysis. 
In BSA, biotinylated proteins are considered as the S-nitrosylated 
proteins. By using this method, many proteins have been demonstrated 
to be Snitrosylated, including c-Src, CLIC4, cyclooxygenase-1, 
capase-3, etc. [12-15]. There are many advanced methods derived from 
BSA using with the thiol-specific binding reagents containing different 
tag molecules or resin, such as thiol-reactive resin, His-tag resin, gold 
nanoparticle and fluorescent molecule, etc [16,17]. Qu et al. developed 
a novel BSA method by using thiol-reactive iodoTMTsixplex reagents 
to specifically detect and quantify protein S-nitrosylation. With this 
method, a set of proteins involved in antioxidative signaling and 
mitochondrial metabolic pathways were indentified as S-nitrosylated 
proteins in responding to lipopolysaccharide stimulation in murine 
BV-2 microglial cells [18]. With another modified method by which 
gold nanoparticles are used to simultaneously isolate and enrich for free 
or modified thiol-containing peptides, protein disulfide isomerase and 
dual specificity phosphatase 12 were S-nitrosylated or S-glutathionylated 
[19]. However, those share similar limitation with original BSA for 
the detection of S-nitrosylation, because all these detection methods 
rely on the visualizing techniques such as immunoblotting and 
immnofluorescence. To improve the detection limits from visualizing 
techniques for BSA, BSA samples can be further applied for analysis by 
MS/MS. For analysis of BSA sample by MS/MS, protein digestion with 
enzymes, such as trypsin, is necessary since proper samples for MS/
MS range in mass from 50 to 300,000 daltons. Digested fragments can 
be analyzed with molecular mass by MS/MS. Therefore, biotinylated 
cysteine and normal cysteine in fragments can be compared with MS/

MS based on the difference of molecular mass in fragments. The MS/MS 
analysis also can identify the specific Snitrosylation site on the targeted 
proteins. With MS/MS analysis, the site of cysteine 139 was clearly 
identified for S-nitrosylation in GAPDH in estrogen-incubated uterine 
artery endothelial cells [20]. One limitation for MS/MS analysis is hard 
to quantitatively analyze S-nitrosylation. In combination with protein 
microarray and 2D analysis, MS/MS analysis can readily distinguish the 
intensity of protein S-nitrosylation.

NO based methods for S-nitrosylation
Protein S-nitrosylation is a reversible process and can release 

NO when the protein is S-denitrosylated. This principal is applied 
to directly detect NO on SNO-proteins or NO released from SNO-
proteins [17,21,22]. Liberated NO species from SNO can be detected 
with the common NO detection methods, such as Saville assay, 
chemiluminescence, colorimetry, and fluorescence, etc. To do so, 
SNO is firstly reduced by the reagents, such as ascorbate, and then 
NO is detected with above mentioned NO measurement assays 
(Figure 2A). These methods allow the quantitative analysis of protein 
S-nitrosylation; however, these methods are hard to directly identify the 
specific S-nitrosylated site on proteins. In addition, many researchers 
developed new methods to directly detect NO from Snitrosylated 
proteins. Organomercury- and organophosphine-based compounds 
are used for the direct detection of SNO in proteins. After blocking 
the free thiols on proteins, NO in SNO proteins is replaced with the 
mercury- and phosphine-based detecting reagents. Detection or 
capture of S-nitrosylation on proteins is based on the fluorescent or resin 
contained in these reagents. Further analysis can also be performed with 
immnofluorescent, 2D and MS/MS (Figure 2B). Organomercury- and 
organophosphine-based compounds are highly selective to SNO, but 
do not react with sulfur based derivates such as disulfide and oxidized 
sulfur [23,24]. Furthermore, organophosphine-based compounds 
possess highly selective reactivity with SNO, not with SSH.

Figure 1: The overview of biotin switch assay for protein S-nitrosylation. The 
free thiol groups in proteins are firstly blocked with MMTS. SNO group is then 
decomposed and reduced to free thiol with ascorbate following label with a thiol-
specific biotinylating reagent. Total S-nitrosylated proteins can be detected with 
anti-biotin antibody by immunoblotting or MS/MS analysis.

Figure 2: NO-based strategies for the detection of S-nitrosylation. (A) The S-
nitrosylated proteins can be incubated with ascorbate to reduce SNO group to 
free NO, and then other methods, such as saville assay, chemiluminescence, 
colorimetry, and/or fluorescence, can be used to quantify the generation of NO. 
(B) The specific reactive probe for detection of S-nitrosylation. Besides with thi-
ol-specific biotinylating reagent, many other probes, including organomercury- 
and organophosphine-based probe, can be used to detect the SNO group in 
S-nitrosylated proteins.
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S-nitrosylated cysteine antibody

Anti-S-nitrosocyteine antibody is commercially available for 
detection of protein Snitrosylation. Anti-S-nitrosocysteine antibody 
directly detects the S-nitrosocysteine in S-nitrosylated proteins. Anti-S-
nitrosocyteine antibody can be used for the mapping of S-nitrosylated 
proteosome in the cells, the change of global S-nitrosylated proteins 
in different pathophysiological conditions, and the detection of 
S-nitrosylated proteins from the immunoprecipitated samples with the 
identified proteins [25-27]. With the application of immunostaining 
with an anti-S-nitrosocysteine antibody, it was found that C-reactive 
protein significantly decreases the content of S-nitrosylated proteins 
as compared with untreated endothelial cells. These data were further 
confirmed by BSA [28]. S-nitrosylated cysteine antibody can be used to 
detect the global change of protein S-nitrosylation, but hardly tell the 
individual protein.

MS/MS analysis

MS/MS is an accurate method to detect S-nitrosylation and identify 
the S-nitrosylated site on targeted proteins (Figure 3). The lability of 
the SNO on proteins is the main challenge for MS/MS anaylsis. This 
challenge can be easily solved by preserving the labile SNO groups 
with the specific molecules (Figure 3), such as thiolating and alkylating 
reagents [16,29]. The labeled SNO can be processed for analysis of 
protein S-nitrosylation by MS/MS. MS is an analytic technique of 
ionized molecules to determine molecular structure, weight and 
abundance in biological field. The brief procedure of MS is followed 
with ionization of a sample, separation of the ionized molecules based 
on their mass-to-charge ratio, detection of the ionized molecules, and 
generation of a mass spectrum. Modified protein samples, such as protein S-nitrosylation and S-sulfhydration, can be analyzed by MS to 

detect and identify the modification of proteins relying on the mass-
to-charge shift in protein modification [30]. In protein Snitrosylation, 
the modification of cysteine residue by NO increases its mass to 
29 Da. This mass shift can be detected with optimized instrument 
and sample preparation by MS even though its difficulty was found 
with decomposition of mass addition in ionization step [29,31]. In 
order to avoid this problem, mass addition, such as NO in protein 
S-nitrosylation, is switched to stable molecules by labeling. MS is not 
only used for the identification of protein modification, but also can be 
used to quantitativly analyze protein modification with the addition of 
fluorescent probe to the labeled samples (Figure 3).

Other methods

Although a number of methods have been developed for detection 
of S-nitrosylation as described above, the quantitative proteomic 
analysis of S-nitrosylation is still a major issue. To determine the change 
of the S-nitrosylated proteins by NO donor, a quantitative proteomic 
analysis was recently developed in mesangial cells through 2D analysis 
[32]. NO-induced or non-induced cell extract was prepared and 
purified with BSA. Purified S-nitrosylated proteins were then separated 
and visualized by 2D PAGE based on their differential pH value for 
the isoelectric point and molecular masses. Quantitative proteomic 
analysis of proteins S-nitrosylation was performed with comparison 
of spot densitometry between NO-induced and non-induced samples. 
Identification of S-nitrosylated proteins was determined by MALDI-
TOF MS with peptide mass fingerprinting. With BSA in combination of 
2D gel electrophoresis and MALDI-TOF MS, 31 novel protein targets 
of S-nitrosylation were identified in NO-treated and cytokine-activated 
murine mesangial cells [32].

 
Figure 3: MS/MS analysis of both S-nitrosylation and S-sulfhydration. (A) Direct 
detection of S-nitrosylation and S-sulfhydration by MS/MS. (B) MS/MS detection 
of S-nitrosylation and S21 sulfhydration after the modified cysteine residue are 
tagged or switched with thiol reactive probes.

Figure 4: The overview of biotin switch assay for protein S-sulfhydration. The 
SNO group in proteins are firstly reduced to free SH group by DFO, and then 
all free SH groups are blocked with MMTS following label the SSH group with a 
thiol-specific biotinylating reagent. Total S-sulfhydrated proteins can be detected 
with anti-biotin antibody by immunoblotting or MS/MS analysis.
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Current Detection Methods of Protein S-Sulfhydration
BSA

At the present, BSA is employed as a main technique to determine 
S-sulfhydrated proteins (Figure 4). The difference between BSA 
detection of S-sulfhydration and S-nitrosylation is in the first step, 
where deferoxamine (DFO) is used to reduce SNO to free thiol and 
then all free thiols are blocked by MMTS (Figure 4). All the rest of 
procedures are same as BSA detection of S-nitrosyaltion. The SSH 
bond in S-sulhydrated proteins is more sensitive to oxygen and light, 
the BSA detection is better to use fresh samples and avoid light. So far 
many proteins have been proved to be the target of S-sulfhydration 
by H2S, including GAPDH, actin, and tubulin, etc [33]. In BSA for 
S-sulfhydration detection, the selectivity of MMTS to free thiol and 
persulfide in proteins is questioned. Reactivity of MMTS to persulfide 
was determined for the detection of protein S-sulfhydration [34]. The 
chemical compounds containing free thiol, such as GSH, and proteins, 
papain and glutathione peroxidase 3 (Gpx3), were tested in this study. 
The selectivity of MMTS was not detected between free thiol and 
persulfide in chemical reaction. However, the detection mechanism 
of S-sulfhydration by BSA still remains unclear because it is not well 
determined in biological complex samples even though the selectivity 
of MMTS is questionable in chemical reaction. In order to avoid this 
issue, many studies used another method, such as MS/MS, to confirm 
protein S-sulfhydration along with BSA or have been trying to develop 
new detection methods for S-sulfhydration [1,8]. Even though, there is 
no doubt that BSA is still a powerful tool for the detection of protein 
S-sulfhydration now. When the mechanism of selectivity of MMTS is 
clearly determined in biological complex samples in the near future, it 
will provide the fundamental knowledge of regulatory mechanism of 
protein S-sulfhydration in biological system since it may result from the 
specific motif or regulatory formation of protein Ssulfhydration.

Tag switch assay

Besides with BSA, simple tag switch assay is recently developed 
for the detection of protein S-sulfhydration [8]. Maleimide can 
bind with SSH and SH to form SS-maleimide and Smaleimide, 
respectively. Immuno-captured proteins with beads are first incubated 
with fluorescent tagged maleimide (red-maleimide), and then red-
maleimide linked to persulfide is removed by dithiothreitol (DTT) 
incubation. Quantitative analysis of S-sulfhydrated protein can be 
determined with the decrease amount of fluorescent intensity because 
only SS-maleimide but not S-maleimide can be removed by DTT 
(Figure 5A). Pyruvate carboxylase and NFƙb were indentified as 
S-sulfhydrated proteins by this newly developed tag switch assay [8,35]. 
Thiol-blocking reagent and nucleophilic probe can also be used for the 
detection of Ssulfhydration. First, free thiols and persulfides are blocked 
with thiol-blocking reagents, such as maleimide. Nucleophilic probe 
attacks persufide blocked by thiol-blocking reagents and then replaces 
thiol blocking reagents linked to persulfide. S-sulfhydrated proteins 
are then detected based on the intensity of probe which is connected 
to nucleophile. The selectivity of this technique has been proved in 
purified protein as well as cell lysates [36] (Figure 5B).

MS/MS

Similar to the detection method of S-nitrosylation, MS/MS is a 
powerful tool for the identification of particular cysteine residues in 
S-sulfhydrated protein. MS/MS has been used to identify the cysteine 
residue in S-sulfhydrated GAPDH [1]. Compared with SNO, SSH is 
more stable, so MS/MS is more appropriate for detection of protein 
S-sulfhydration [5,37]. To improve the sensitivity of MS/MS, the 
switching and tagging techniques are also employed in MS/MS analysis 
of protein S-sulfhydration [36]. Quantitative proteomic analysis of MS/
MS for Ssulfhydration has not been tested yet.

New Strategies for Detection of Protein S-Sulfhydration
For the detection of the modified hydropersulfide group in 

S-sulfhydrated cysteine, the main challenge is to selectively recognize 
the SSH from other sulfur derivates, such as disulfide, SNO, thiol, and 
oxidized sulfur [38,39].

Advanced tag switch and captured assay

Development of selective binding reagent for SSH, such as 
organomercury- and organophosphine-based reagents, will be a great 
breakthrough for the detection of S-sulfhydration. However, there are 
huge challenges for the development of SSH-selective detection reagent 
since SSH shares similar properties with disulfide and thiol. To avoid 
these challenges, two strategies for the detection of S-sulfhydration 
can be employed. First, released H2S by disulfide reducing reagents 
containing no sulfur, such as tris(2 carboxyethyl)phosphine (TCEP), 
can be detected from S-sulfhydration with common H2S detection 
methods (Figure 6A). Second, the disulfide bond in S-sulfhydration is 
used for the release of thiol group (Figure 6B). Briefly, free thiols are 
blocked with thiol blocking reagents which sulfur is not contained, such 
as maleimide. The maleimide bound to persulfide is broken by TCEP in 
order to release thiol-maleimide from S-sulfhydration. Released thiol-
maleimide is then detected by the use of thiol reactive probe which can 
be activated by reaction with thiols. Third, thiol reactive beads can be 
used to establish the detection methods for S-sulfhydration (Figure 6C). 
S-nitrosylation is reduced by DFO and free thiols are then blocked by 
MMTS in proteins. Persulfide in proteins is pull-downed with thiol 
reactive beads. Ssulfhydrated proteins are eluted from beads with TCEP 
treatment. We tested this method with GAPDH and visualized with 

Figure 5: Tag switch assay for S-sulfhydration. (A) Simple tag switch method 
with red fluorescent maleimide. Maleimide can bind with SSH and SH to form 
SS-maleimide and Smaleimide, and then only SS-maleimide can react with DTT 
to become free SH group following quantitative analysis of the change of fluo-
resce intensity. (B) Advanced tag switch technique to detect S-sulfhydration with 
the combination of maleimide and nucleophilic probe.
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for the detection of S-sulfydration. This technique is convenient for 
the detection of global S-sulfhydrated proteins in biological samples. 
Furthermore, it is able to detect specific S-sulfhydrated proteins once 
protein specific anti-SSH antibody is developed based on the specific 
amino acid sequence of proteins around S-sulfhydration region, 
like a phospho-antibody. Anti-SSH antibody for specific protein 
will be a powerful tool for the detection of protein S-sulfhydration, 
in consideration its easiness and convenience compared to other 
techniques.

New strategies to differentiate protein S-sulfhydration and S-
nitrosylation

As shown in Figures 7 and 8, we proposed new strategies to selectively 
detect S-sulfhydration and S-nitrosylation in the same sample. The 
thiol reactive beads can be used for the detection of S-sulfhydration 
and S-nitrosylation (Figure 7A). Free thiols are blocked by MMTS and 
SNO is reduced by ascorbate. Thiols from SNO and persulfides are pull-
downed with thiol reactive beads. The proteins containing disulfide 
bond from persulfides are eluted with TCEP. Remained proteins 
bound to beads are eluted which are derived from S-nitrosylation. We 
tested this protocol with GAPDH and visualized with immunoblotting 
(Figure 7B). S-sulfhydration of GAPDH is significantly increased by 
NaHS (50 μM) in HepG2 cells, while S-nitrosylation of GAPDH is 
slightly decreased. S-nitrosylated GAPDH is dominant in samples 
compared to S-sulfhydration. Probably, this is attributed to the 
different number of cysteine residues which can be S-nitrosylated or 
S-sulfhydrated (Figure 7C). GAPDH posseses only one cysteine residue 
(C152) for S-sulfhydration. However, two cysteine residues (C152 and 
C247 in human GAPDH) were reported for S-nitrosylation of GAPDH 
[40]. S-sulfhydrated proteins can be captured by thiol which is derived 
from S-nitrosylation even though disulfide bonds are broken by TCEP. 
Therefore, only pure S-sulfhydrated proteins are eluted from beads and 
detected. Because both S-sulfhydrated and S-nitrosylated proteins are 
recognized as S-nitrosylated proteins in the above method (Figure 7), 
we proposed other strategies for the detection of S-sulfhydration and 
S-nitrosylation. First, the detection method to measure the released NO 
and H2S can be employed (Figure 8A). NO is reduced by maleimide 
and free thiols are blocked. NO is then measured by NO reactive probe 
which is activated by NO binding, such as 1,2- diaminoanthraquinone. 
Thiol-maleimide is released by disulfide reducing reagents which is 
not contained sulfur. Released thiol-maleimide from S-sulfhydration 
is detected by thiol reactive probe which is activated by H2S binding, 
like a 7-fluorobenz-2-oxa-1,3-diazole-4-sulfonamide. Second, the 
combination with thiol- and SNO-reactive probes can be applied for the 
detection of protein S-sulfhydration and S-nitrosylation (Figure 8B). 
Free thiols in proteins are blocked by MMTS and organophosphine-
based probe is then incubated to binding SNO. Thiol-reactive probe can 
be used for the detection of S-sulfhydration. The fluorescence-tagged 
probes, such as organophosphine-based probe and thiol-reactive probe, 
can be employed to differentiate S-sulfhydration and S-nitrosylation.

Prospection
Protein S-sulfhydration is just newly discovered and the knowledge 

on its formation, regulation, and reversion as well as interaction with 
protein S-nitrosylation is still unknown. There are many controversy 
observations on protein S-sulfhdyration, and it is still a matter of 
debate. One big concern is that H2S may hardly interact with the free 
thiol group in cysteine to form hydropersulfide. The thiol group would 
easily react with ROS species to generate sulfenic acid (SOH), and 
then H2S can readily interact with SOH to form a persulfide bond. So 
advanced technique to detect the intermediate products of H2S post-

 Figure 6: Proposed detection methods for S-sulfhydration. (A) The detection 
method based on released H2S from S-sulfhydrated protein. (B) The detection 
method of S-sulfhydration after switched with thiol reactive probe. (C) The detec-
tion method of S-sulfhydration with thiol reactive probe. HepG2 cells were har-
vested after incubation with NaHS (50 μM) for 2 hours, and then homogenized 
in HEN buffer (250 mM HEPES (pH 7.7), 1 mM EDTA, and 0.1 mM Neocupro-
ine) supplemented with 100 μM DFO. The lysates were added to blocking buffer 
(HEN buffer adjust to 2.5% SDS and 20 mM MMTS at 50°C for 20 min with fre-
quent vortexing. The MMTS was then removed by acetone and the proteins were 
precipitated at -20°C for 20 min. Persulfide in proteins is then pull-downed with 
thiol reactive beads. S-sulfhydrated proteins are eluted from beads with TCEP 
treatment following detection by BSA method with anti-GAPDH antibody.

 Figure 7: strategies to selectively detect S-sulfhydration.

immunoblotting, and the data clearly showed NaHS treatment induces 
GAPDH S-sulfhydration, which confirms the results with BSA method.

S-sulfhydrated cysteine antibody

Anti-SSH cysteine antibody can also be designed and developed 
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translationally modification of protein would provide new insight into 
H2S signaling in both health and diseases. In addition, development of 
new strategies to detect both S-nitrosylation and S-sulfhydration in the 
same samples will provide strong tools to understand the physiological 
roles of both NO and H2S.
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