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The covalent modifications of sulfhydryl groups (–SH) may occur
through oxidation to mixed disulfides (S-thiolation), S-nitrosylation, as well
as persulfide and trisulfide formation. The latter possibilities of –SH group
modification connected with compounds containing sulfur called sulfane
sulfur are described in this paper. Sulfane sulfur compounds contain a labile,
highly reactive sulfur atom at a reduced oxidation state with a valence of 0 or
–1, covalently bound to another sulfur atom. These compounds include persulfides, polysulfides, polythionates, thiosulfate, elemental sulfur and disulfides, which enable tautomerization to thiosulfoxides. Sulfane sulfur compounds are formed in the anaerobic cysteine sulfur metabolism with the
participation of such enzymes as cystathionase (CST), 3-mercaptopyruvate
sulfurtransferase (MpST) and rhodanese (thiosulfate: cyanide sulfurtransferase). Compounds containing sulfane sulfur participate in cell regulation
processes through activation or inactivation of some enzymes. Other important roles of sulfane sulfur compounds are their antioxidative properties, significance in the processes of carcinogenesis, participation in the tRNA sulfuration as well as an influence on the activity of immune cells. To recognize
completely the biological role of compounds with sulfane sulfur it is necessary to have sensitive methods of quantitative determination, so a review of
these methods is presented in this paper. Moreover, biosynthetic pathways
and biological properties of these compounds have been discussed.
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Introduction
Sulfhydryl groups –SH are most reactive in protein molecules (enzymatic and receptor), and the
possibility of their chemical modification has an
important regulative role. It may occur through
covalent protein modifications such as oxidation
to mixed disulfides (S-thiolation), S-nitrosylation,
as well as persulfide and trisulfide formation. The
S-thiolation process is connected with the participation of thioltransferases and involves low molecular disulfides (e.g. oxidized glutathione GSSG)
and protein sulfhydryl groups, which can affect the
structure and function of proteins, and enzyme activity [12]. This process can also occur under the
influence of compounds oxidizing glutathione in
the cells (e.g. diamide) [26]. Not all –SH groups are
thiolated to the same extent, and since thiolate ions
react faster than non-dissociated –SH groups, the
specificity of above reaction depends on pK of
sulfhydryl group [15]. Protein monothiol (i.e. albumine) reactions with glutathione disulfide (GSSG)
result in the formation of mixed disulfides.
Protein-SH + GSSG

Protein-SS-G + GSH

In case of S-thiolation of protein dithiols, the
reaction may result in the formation of intristic disulfide bridges [33].
Protein disulfide
isomerase

SH
+ GSSG

Protein
SH

Protein

S
+ 2GSH
S

thiolate ion [6, 62]. Thus, the S-transnitrosylation
process is a series of reactions where nitrosonium
cation (NO+) is passed to following thiols until the
critical S-nitrosylation reaction.
R2SH

R1 S-NO + R2 S-
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R1 S- + R2 S-NO

It has been recently found that S-nitrosylation
may be a result of a direct NO reaction with –SH
groups in proteins with intermediate radical formation [25].
R-SH + •NO
•

R-S-N•-O-H

R-S-N -O-H + O2

•

R-S-N=O + O2

S-nitrosylation of proteins, which can change
protein conformation, leads to the activation or inactivation of enzymes or receptor proteins. These
reactions are recently more and more often being
compared to phosphorylation reactions [41, 62, 63].
S-nitrosylation is not only a temporary and reversible modification of –SH groups but it may be the
preliminary step leading to disulfide formation in
proteins. This may occur both by homolytic and
heterolytic dissociation of S-nitrosothiols (SNT) [6].
R-S-N = O
R-S-N = O

At physiological GSSG concentration in cells
S-thiolation is a reversible process and is recognized as one of the mechanisms of posttranslational
protein modification related to covalent modification of –SH groups [15]. Moreover, this reaction is
believed to be a regulative mechanism as well as a
mean of protection from nonreversible oxidation of
–SH groups [34, 35, 54].
The other covalent modification of –SH groups
is S-nitrosylation of cysteine residues in proteins,
or low molecular thiols in NO-dependent process.
It is believed that this reaction assures NO molecule stabilization and is a prompt and direct transduction signal [63]. The formation of S-nitrosoproteins may occur in a S-transnitrosylation reaction by heterolytic release of nitrosonium cation
(NO+) and then by its transport to the following

R1SH

2RS•

H+

RS–
[ RS+=N-O– ]

Cu+

RSSR + HNO

RS• + •NO

RSSR

Therefore, if the formation of S-nitrosothiols is
only a kind of temporary and reversible regulation,
subsequent formation of disulfides in the same process will be more permanent [6, 32]. S-nitrosylation of proteins may indirectly result in the formation of disulfides both with vicinal –SH groups and
the formation of mixed disulfides. There are numerous examples of the regulatory function of protein S-nitrosylation [32, 62].
In this paper the authors decided to focus on
the possibilities of a covalent modification of –SH
groups with compounds containing highly reactive
sulfane sulfur and all their regulatory implications.
Biotransformations of sulfur-containing amino acids
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leading to the formation of sulfane sulfur compounds in the cells and the characteristics of these
compounds have been reviewed. Furthermore, the
possibilities of modulation of sulfane sulfur level
using different systems generating this reactive
form of sulfur have been discussed. Some pathological states related to disorders in sulfane sulfur
biosynthesis as well as methods of their quantitative determination have also been described.

Anaerobic metabolism of cysteine and
methionine leading to sulfane sulfur
formation
Cysteine catabolism follows two pathways. The
first one, called cysteinesulfinic acid dependent,
consists in the changes in aerobic environment with
formation of such metabolites as sulfates and taurine
(Scheme 1). The second pathway, called cysteinesulfinic acid non-dependent, consists in anaerobic
changes producing highly metabolically reactive
reduced sulfur called sulfane sulfur, which has been
reported to have an important biological function
[73, 75, 82]. Compounds containing reactive sulfane sulfur are endogenous metabolites, which are
produced in mammalian cells during cysteine desulfuration process in reactions catalyzed by such
enzymes as cystathionase (CST), 3-mercaptopyruvate sulfurtransferase (MpST), cysteine transaminase and rodanese (thiosulfate: cyanide sulfurtransferase) [17]. The anaerobic pathway of cysteine
conversion can be initiated by cysteine aminotransferase catalyzing cysteine transamination to 3-mercaptopyruvate acid, the donor of sulfur transported
by MpST to different nucleofilic acceptors such as
CN and SO32. MpST can also transport sulfur
from 3-mercaptopyruvate to sulfhydryl groups of
proteins with persulfide formation. Another pathway of cysteine desulfuration is associated with its
spontaneous oxidation to disulfide (cystine), which
is a substrate for CST and can be converted into
sulfane sulfur-containing cysteine hydropersulfide,
called also thiocysteine (Cys-S-SH). This unstable
compound is transformed into the stable trisulfidethiocystine (Cys-S-S-S-Cys), rodanese substrate
(Scheme 1) [67]. This means that the enzymes taking part in the formation of sulfane sulfur-containing compounds may include cysteine transaminase
(indirectly), and MpST and CST (directly). CST
and MpST can, beside their ability to take part in
sulfane sulfur formation, also transport sulfane sul-
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fur. However, the function of rodanese is mainly to
transport reactive sulfur from anionic donors (thiosulfate, persulfides, polisulfides, polythionates) to
thiophilic acceptor (cyanide, sulfate (IV)) with the
formation of thiocyanate and thiosulfate, respectively, and to iron-sulfur proteins.
Plasma albumins also belong to proteins transporting sulfane sulfur in the form of persulfides
[72, 76]. The presence of sulfane sulfur in organs
such as cardiac muscle or spleen, with no or trace
enzymatic activity related to sulfane sulfur biosynthesis proves the importance of the role of albumin
in sulfane sulfur transportation [46]. This means
that plasma albumin in blood circulation may be
a specific sulfane sulfur carrier from liver and kidney to other tissues.
In the process of cysteine desulfuration by CST,
and in catabolism of other sulfur-containing amino
acid, i.e. methionine (Scheme 1), hydrosulfide ions
are produced, which can react with protein disulfide groups to form protein persulfides containing
sulfane sulfur [13, 73]. Hydrosulfuric acid formation from methionine has not been studied in detail
yet. It is known that methionine can be transformed
directly in transamination reaction or indirectly to
5’-methylthioadenosine and to 2-keto-4-methylthiobutyric acid (Scheme 1) [7, 8, 56]. Research on rat
liver has shown that 2-keto-4-methylthiobutyric
acid is decarboxylated to 3-methylthiopropionate
and then to methanethiol (CH3SH) [9, 64, 65, 74].
This compound is known as a precursor of hydrosulfuric acid produced in mammalian cells from
methionine [65]. Methanethiol can also be formed
directly from methionine in a reaction catalyzed by
CST (Scheme 1) [73]. Both methanethiol and its disulfides were recognized as natural components of
human breath and urine [14, 39, 86].

Characteristic properties of compounds
with sulfane sulfur
Sulfane sulfur compounds contain a labile,
highly reactive sulfur atom in a reduced oxidation
state with a valence of 0 or –1, covalently bound to
another sulfur atom. Sulfur with such features easily leaves the compound structure and can be transferred to such acceptors as sulfates (IV) SO32,
sulfenic acid (R-SO-H) or cyanide (CN). Because
of the latter acceptor, such sulfur is also often called
cyanolysable sulfur. Examples of the compounds
from physiological sulfane sulfur pool include per-

217

M. Iciek, L. W³odek

Scheme 1. The biodegradation of sulfur amino acid to sulfane sulfur metabolites. (S*  sulfane sulfur)
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sulfides (R-S-S-H), polysulfides (R-Sn-R where
n > 3) and polythionates (O3S-Sn-SO3). The outer
sulfur atom of thiosulfate (S=SO32) and elemental
sulfur (S8) also have sulfane sulfur properties [45,
73, 75, 82].
Another group of combinations related to sulfane sulfur includes disulfides containing double
bond, carbonyl or enol group (R-S-S-CH2-CH=
=CH-R; R-S-S-CH2-CO-CO2H and R-S-S-CH2-COH or R-S-S-CH2-CH=CH-OH) in its molecule,
which enables tautomerization to sulfane sulfur-containing thiosulfoxides. In this way, thiosulfoxide
tautomers of e.g. allyl disulfides from garlic can be
a source of labile and reactive sulfur [73].
S-CH2-CH=CH2

CH2-CH=CH2
S*=S

S-CH2-CH=CH2

CH2-CH=CH2

A similar mechanism occurs in disulfides containing carbonyl or enol group whose presence, as
in case of non-saturated allyl radical, enables vicinal C-S bounds “labilisation” and promotes disulfides tautomerization to thiosulfoxides [73].

Sulfane sulfur participation in cell regulatory processes
Sulfane sulfur plays an important role in cyanide detoxication processes and in iron-sulfur protein formation, and may have regulatory function in
the cells [11, 46, 52, 68, 73]. Regulatory properties
of sulfane sulfur-containing compounds are related
to the possibility of covalent modification of –SH
groups of receptor and enzymatic proteins with
persulfide and trisulfide formation, which can directly influence their biological activity [73]. Thus,
the activation of some and the inactivation of other
enzymes can be caused by sulfur transferases and
sulfane sulfur. Among enzymes whose activity is
increased under sulfane sulfur influence are oxidoreductases containing iron or molybdenum atom
such as: xanthine oxidase [37], aldehyde oxidase
[10], malate dehydrogenase [2]. Also 5-aminolevulinate synthetase is activated by cystine incubated
together with CST [58, 84]. Furthermore, such disulfides as cystamine or 2-mercaptoethanol disulfide stimulate the activity of fructose-1,6-bisphosphatase [51]. In case of the last disulfide oxidation
to dialdehyde is necessary for sulfur “labilisation”.
Compounds with sulfane sulfur can inhibit the ac-
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tivity of some enzymes, as it was observed for serine dehydratase [29]. The inhibition of this enzyme
activity is observed during incubation with cystine
and CST, or with elemental sulfur. Enzymes inactivated by sulfane sulfur also include: 3-hydroxybutyrate dehydrogenase, alcohol dehydrogenase [48],
adenylate kinase [16, 57], tyrosine aminotransferase
[28], ornithine decarboxylase [42]. The inhibition
of these enzymes takes place due to hydrodisulfide
formation and is reversible under thiol influence
(i.e. GSH or dithiotreitol) [73].
What is more, both in vitro inhibition and activation of enzymes by systems able to produce and
transport sulfane sulfur occur at a very low and
narrow concentration range [72, 73]. Thus, the participation of sulfane sulfur-containing compounds
enables another –SH group covalent modification,
which is an alternative to S-thiolation or S-nitrosylation reactions.

Antioxidative properties of sulfane
sulfur-containing compounds
Compounds containing sulfane sulfur are not
only active in the regulation of protein activity, but
also exhibit antioxidant and protective properties.
This means that they are able both to scavenge free
radicals and to increase the activity of such antioxidative enzymes as: glutathione peroxidase, glutathione reductase, superoxide dismutase [22, 47, 59].
Perthiols can, therefore, scavenge free radicals
by either hydrogen- and electron-transfer processes, depending on the nature of the free radical species [20, 21]. At physiological pH, the position of
the perthiol acid-base equilibrium shifts towards
the deprotonated perthiolate anion compared to the
corresponding ionization of thiol.
*
RSSH

RSS*– + H+

Persulfides (RSSH), compared to the sulfhydryl
group (–SH), are more effective hydrogen donors,
and as persulfide ions (RSS) – electron donors,
which makes them efficient scavengers.
Thiols scavenge highly damaging hydroxyl
radicals (OH) with the formation of thiyl radicals
(RS), whereas perthiols (RSSH) and perthiolate
anions (RSS) with perthiyl radicals (RSS) formation. The latter (RSS) are more stable and, in consequence, less reactive and less toxic than thiyl
radical RS [20].
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•

•

RSH + OH

RS + H2O

* + OH
RSSH

RSS*• + H2O

RSS– + OH

RSS*• + OH–

•

•

Allyl disulfide, which occurs in garlic extracts,
inhibits lipid peroxidation [22]. All this permits to
regard compounds with reactive sulfane sulfur as
an important element of cell antioxidation system
[15, 21].

Significance of compounds containing sulfane sulfur in processes of carcinogenesis
A characteristic feature of neoplastic cells is
a total lack of CST activity, while the activity of
cysteine aminotransferase, MpST, and rodanese is
residual only [79]. As a result, biosynthesis and
transport of compounds from the sulfane sulfur
pool does not occur in these cells. Toohey suggests
that uncontrolled proliferation of neoplastic cells is
a result of sulfane sulfur deficiency and overactivity of those enzymes, which would be inhibited in
normal cells by this active form of sulfur [73]. The
remission of transplanted tumor in mice [4, 5] and
inhibition of tumor induction by carcinogens under
the influence of different sulfane sulfur precursors
[36, 69] confirms the above hypothesis.
At present reports on beneficial, antiproliferative action of compounds with sulfane sulfur and
its precursors on neoplastic cells are becoming
more frequent. Allyl disulfide, present in garlic extracts, amounts to ca. 60% of total sulfur in oil received from the bulb of this plant, inhibits neoplastic growth in animals and decreases damage caused
by exposure to gamma radiation [1, 18, 23, 60].
Furthermore, an epidemiological study suggests
that garlic-rich diet reduces the risk and incidence
of neoplastic disease [19, 85]. Allyl disulfide effectively inhibits in vitro proliferation of a number of
neoplastic cells [30, 49, 66].
On the other hand, it was confirmed that in vitro
proliferation of malignant lymphoma cells is completely dependent on the presence of sulfane sulfur,
and that those cells, to proliferate normally, require
a source of this sulfur. A stimulating effect of sulfane sulfur was also observed in case of normal
bone marrow cells [72].
All attempts to induce the activity of enzymes
associated with sulfane sulfur generation by the in-
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troduction of adequate substrates into neoplastic
cells failed [78, 83]. Thus, further research should
focus on direct introduction of exact systems generating sulfane sulfur to neoplastic cells.
At the same time it was confirmed that MpST
and CST activity in mouse liver with Ehrlich ascites tumor cells (EATC) is significantly lowered as
compared to livers of healthy animals [83]. This
means that the development of cancer causes a radical decrease in the activity of enzymes involved
in sulfane sulfur generation in liver. It was also reported that such cysteine precursors as thiazolidine
derivatives, i.e. 2-methyl-thiazolidine-2,4-dicarboxylic acid, increase the MpST and CST activity in
mouse livers with tumors much more efficiently
than sulfur-containing amino acids (cysteine, methionine) [83]. This suggests the possibility of correction of disordered metabolism related to sulfane
sulfur generation in liver of animals with cancer.
The possibility of –SH group level modulation,
and activity of enzymes related to anaerobic cysteine transformation by NO donors and by NO synthase inhibitors is also interesting [63].

Other biological properties of compounds
with sulfane sulfur
Sulfane sulfur also takes part in the process of
tRNA sulfuration, which is a posttrancriptional tRNA
modification. It was reported that sulfur atom is
transferred on tRNA by MpST from 3 mercaptopyruvate, the product of cysteine transamination [3,
73, 80, 81]. Although mercaptopyruvate does not
contain sulfane sulfur according to its classical
definition, the presence of carbonyl group increases
sufficiently its reactivity in comparison to cysteine
sulfur. The possibility of oxidation to respective
disulfide and tautomerization to sulfoxide cannot
be excluded, either. Thiopyrimidines and methylthiopurines are normal tRNA components, and they
play a major role in the translation process [3].
Thus, it can be said that anaerobic transformation
of cysteine supplies sulfane sulfur compounds necessary for posttranscriptional tRNA sulfuration.
The influence of sulfane sulfur compounds on
the activity of cells involved in the immune system
was also shown [72, 73]. 2-Mercaptoethanol or
1-thioglycerol are in wide use in in vitro immune
cell cultures because of a large proliferation stimulation capacity. This may be a result of reducing
properties of these thiols, but may be also a conse-

Pol. J. Pharmacol., 2001, 53, 215225

HIGLY REACTIVE, REDUCED SULFANE SULFUR

quence of their oxidation to disulfides containing
carbonyl groups and the following tautomerization
to compounds containing sulfane sulfur. Immunothiol (diethyldithiocarbamate), used in AIDS treatment, has immune-enhancing properties in humans
and mice [31, 50, 55]. This compound is metabolized to carbon disulfide, which is next transformed
to a compound containing reactive sulfane sulfur.
S*

S
C

C
S

O

The compound containing sulfane sulfur, cystine
trisulfide (CysSSSCys), and elemental sulfur catalyse the non-enzymic reduction of cytochrome C
by GSH [38, 53].
The authors have also recently observed a significant decrease in sulfane sulfur level in plasma
of the patients with chronic renal insufficiency in
comparison to healthy people’s plasma. The process of hemodialysis caused a further drop in the
plasma level of this reactive form of sulfur [77].
Relations between granulations rich in reduced
sulfur of the periventricular glial cells in the brains
of mice and rats and transformations related to sulfane sulfur remain unknown as yet [61].

Sulfane sulfur-generating systems
Toohey draws attention to the problem that
compounds containing sulfane sulfur cannot be applied in biological systems because they are quickly degraded at physiological pH and “they don’t
have time” to be effective [73]. This is why Toohey
suggests different sulfane sulfur-generating systems, e.g. the abovementioned disulfides with allyl,
carbonyl or enol group [72, 73]. Pyridoxal phosphate and cysteine can constitute another system of
this kind. Pyridoxal catalyzes a non-enzymatic reaction of cystine -elimination, with the formation
of cysteine hydropersulfide containing sulfane sulfur (RSSH). Cystamine may be another sulfane
sulfur-generating system in cell culture. Its oxidation by diamine oxidase present in plasma results in
aldehyde formation, whose isomer contains sulfane
sulfur [24, 73]. A substrate of alcohol dehydrogenases, 2-mercaptoethanol disulfide, also undergoes
a transformation into aldehyde disulfide. The isomer of this compound contains sulfane sulfur.
Sulfide-treated proteins (such as serum albumin or
egg globulin) are stable and non-toxic sources of
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sulfane sulfur [13, 72]. On the other hand, sulfane
sulfur-generating systems applied in concentration
higher than optimal can be toxic and can contribute
to the so-called giant cell creation [72, 73].

Methods of sulfane sulfur assay
To describe completely the biological role of
sulfane sulfur compounds, it is necessary to possess
methods sensitive enough to assay its level in biological samples. As mentioned above, compounds
with sulfane sulfur react easily with cyanide forming thiocyanate that reacts with Fe3+ ions to give
a red complex.
* + KCN
RSSH

RSH + KCNS

The most popular spectrophotometric assay of
sulfane sulfur level, first described by Wood [82],
is based on this reaction. Unfortunately, this method and its modifications have limited sensitivity
and specificity, and, therefore, cannot be applied
for quantification of trace amounts of sulfane sulfur
in biological samples.
This is why a search for a new method allowing
precise sulfane sulfur determination has been going
on in recent years. A gas chromatography assay of
protein-associated sulfur has been described by
Sörbo et. al. [27]. This method, however precise,
cannot be applied to determine non-protein sulfane
sulfur forms. Westley and Westley, in turn, developed a polarographic method based on the conversion of sulfane sulfur (called by them cyanidereactive sulfur) to thiocyanate by using rodanese as
a catalyst, with cyanide acting as an acceptor and
glutathione as a cofactor [75]. This method is more
sensitive than the colorimetric one, however it is
also quite time-consuming and demanding due to
a complicated detection system.
Looking for new determination methods of
compounds with sulfane sulfur, Ogasawara et al.
discovered that sulfur bound to normal human serum can be released as sulfide by reduction in the
presense of excess of dithiothreitol (DTT) [44, 46].
Released sulfide can be converted in reaction with
p-phenylenediamine and Fe3+ ions into fluorescent
derivative, thionine, which can be determined by
HPLC with fluorometric detection in combination
with flow gas dialysis [43, 70]. Ogasawara called
sulfur released by dithiothreitol reduction “bound
sulfur”. This method is highly sensitive and specific but thiosulfonates containing sulfane sulfur
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and thiosulfate cannot be determined, because they
could not be reduced by dithiothreitol [44]. According to Ogasawara “bound sulfur” is only a fraction of sulfane sulfur. He introduced the term “acid-labile sulfur”, to describe sulfur released, in H2S
form, from iron-sulfur proteins following the addition of hydrochloric acid. This type of sulfur was
located mostly in mitochondrial fraction, in contrast to “bound sulfur” found in cytosolic fraction
[45]. These observations are in agreement with earlier data on iron-sulfur cluster location in mitochondrial fraction [40].
Using the properties of released sulfane sulfur
in the form of H2S by dithiothreitol reduction, Toohey determined sulfane sulfur level by diffusion assay [71]. Released sulfide diffuses in the form of
H2S in a hermetic diffusion vessel and is trapped in
an adjoining vessel containing 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) and a yellow product is
determined spectrophotometrically.
Every method of sulfane sulfur assay corresponds to a different type of compounds containing
this reactive form of sulfur. The term “sulfane sulfur” refers to the whole pool of compounds containing reduced atom of sulfur covalently bound
with other sulfur atom, whereas “protein-associated
sulfur”, “bound sulfur” and “acid-labile sulfur” refer to particular compounds with sulfane sulfur and
should not be used interchangeably.

Summary
Sulfane sulfur is generated in a number of the
described metabolic pathways (Scheme 1). Protein
carriers, which stabilize and transport sulfane sulfur, are widespread. Compounds containing sulfane
sulfur efficiently regulate the in vitro activity of
many enzymes and have antioxidative properties.
Furthermore, a connection exists between disturbed
anaerobic sulfur metabolism and neoplastic processes, virus infections and immunodeficiency. All
these reasons suggest that sulfane sulfur can exert
regulative function in the cells through –SH group
modification, and its high activity and short halflife endows it with features of a regulator with high
operating precision.
REFERENCES
1. Agarwal K.C.: Therapeutic actions of garlic constituents. Med. Res. Rev., 1996, 16, 111–124.

222

2. Agro A.F., Mavelli I., Cannella C., Federici G.: Activation of porcine heart mitochondrial malate dehydrogenase by zero valence sulfur and rhodanese. Biochem. Biophys. Res. Commun., 1976, 68, 553–560.
3. Ajitkumar P., Cherayil J.D.: Thionucleosides in transfer ribonucleic acid: diversity, structure, biosynthesis,
and function. Microbiol. Rev., 1988, 52, 103–113.
4. Apffel C.A., Walker J.E., Issarescu S.: Tumor rejection in experimental animals treated with radioprotective thiols. Cancer Res., 1975, 35, 429–437.
5. Apple M.A., Greenberg D.M.: Inhibitory effect of
DL-2-mercapto-3-hydroxypropanal on growth of transplantable cancers in mice. Cancer Chem. Rep., 1969,
53, 195–198.
6. Arnelle D.R., Stamler J.S.: NO+, NO, and NO-donation by S-nitrosothiols: implications for regulation
of physiological functions by S-nitrosylation and acceleration of disulfide formation. Arch. Biochem. Biophys., 1995, 318, 279–285.
7. Backlund P.S., Smith R.A.: Methionine synthesis from
5’-methylthioadenosine in rat liver. J. Biol. Chem.,
1981, 256, 1533–1535.
8. Benevenga N.J.: Evidence for alternative pathways of
methionine catabolism. Adv. Nutr. Res., 1984, 6, 1–18.
9. Blom H.J., van den Elzen J.P., Yap S.H., Tangerman
A.: Methanethiol and dimethylsulfide formation from
3-methylthiopropionate in human and rat hepatocytes.
Biochim. Biophys. Acta, 1988, 972, 131–136.
10. Branzoli U., Massey V.: Evidence for an active site
persulfide residue in rabbit liver aldehyde oxidase.
J. Biol. Chem., 1974, 249, 4346–4349.
11. Buzaleh A.M., Vazquez E.S., Batlle A.M: Cyanide
intoxication-I. An oral chronic animal model. Gen.
Pharmacol., 1989, 20, 323–327.
12. Cappiello M., Vilardo P.G., Micheli V., Jacomelli G.,
Banditelli S., Leverenz V., Giblin F.J., del Corso A.,
Mura U.: Thiol disulfide exchange modulates the activity of aldose reductase in intact bovine lens as a response to oxidative stress. Exp. Eye Res., 2000, 70,
795–803.
13. Cavallini D., Federici G., Barboni E.: Interaction of
proteins with sulfide. Eur. J. Biochem., 1970, 14,
169–174.
14. Chen S., Zieve L., Mahadevan V.: Mercaptans and dimethyl sulfide in the breath of patients with cirrhosis
of the liver. Effect of feeding methionine. J. Lab. Clin.
Med., 1970, 75, 628–635.
15. Collison M.W., Beidler D., Grimm L.M., Thomas
J.A.: A comparison of protein S-thiolation (protein
mixed-disulfide formation) in heart cells treated with
t-butyl hydroperoxide or diamide. Biochim. Biophys.
Acta, 1986, 885, 58–67.
16. Conner J., Russell P.J.: Elemental sulfur: a novel inhibitor of adenylate kinase. Biochem. Biophys. Res.
Commun., 1983, 113, 348–352.
17. Cooper A.J.: Biochemistry of sulfur-containing amino
acids. Annu. Rev. Biochem., 1983, 52, 187–222.

Pol. J. Pharmacol., 2001, 53, 215225

HIGLY REACTIVE, REDUCED SULFANE SULFUR

18. Dausch J.G., Nixon D.W.: Garlic: a review of its relationship to malignant disease. Prev. Med., 1990, 19,
346–361.
19. Dorant E., van den Brandt P.A., Goldbohm R.A.:
A prospective cohort study on the relationship between onion and leek consumption, garlic supplement
use and the risk of colorectal carcinoma in The Netherlands. Carcinogenesis, 1996, 17, 477–484.
20. Everett S.A.: Antioxidant drug design: a comparison
of thiol and prooxidant reaction mechanisms. In: Biothiols in Health and Disease. Eds. Packer L., Cadenas
E., New York, 1995, 49–64.
21. Everett S.A., Folkes L.K., Wardman P.: Free-radical
repair by a novel perthiol: reversible hydrogen transfer and perthiyl radical formation. Free Radical Res.,
1994, 20, 387–400.
22. Fanelli S.L., Castro G.D., de Toranzo E.G.D., Castro
J.A.: Mechanisms of the preventive properties of
some garlic components in the carbon tetrachloridepromoted oxidative stress. Diallyl sulfide; diallyl disulfide; allyl mercaptan and allyl methyl sulfide. Res.
Commun. Molecul. Pathol. Pharmacol., 1998, 102,
163–174.
23. Fukushima S., Takada N., Hori T., Wanibuchi H.:
Cancer prevention by organosulfur compounds from
garlic and onion. J. Cell. Biochem. Suppl., 1997, 27,
100–105.
24. Geren C.R., Olomon C.M., Jones T.T., Ebner D.E.:
2-Mercaptoethanol as a substrate for liver alcohol dehydrogenase. Arch. Biochem. Biophys., 1977, 179,
415–419.
25. Gow A.J., Buerk D.G., Ischiropoulos H.: A novel reaction mechanism for the formation of S-nitrosothiol
in vivo. J. Biol. Chem., 1997, 272, 2841–2845.
26. Grimm L.M., Collison M.W., Fisher R.A., Thomas
J.A.: Protein mixed disulfides in cardiac cells. S-Thiolation of soluble proteins in response to diamide. Biochim. Biophys. Acta, 1985, 844, 50–54.
27. Hannestad U., Margheri S., Sörbo B.: A sensitive gas
chromatographic method for determination of protein-associated sulfur. Anal. Biochem., 1989, 178, 394–398.
28. Hargrove J.L., Wichman R.D.: A cystine-dependent
inactivator of tyrosine aminotransferase copurifies with
gamma-cystathionase (cystine desulfurase). J. Biol.
Chem., 1987, 262, 7351–7357.
29. Kato A., Ogura M., Suda M.: Control mechanism in
the rat liver enzyme system converting L-methionine
to L-cystine. 3. Noncompetitive inhibition of cystathionine synthetase-serine dehydratase by elemental
sulfur and competitive inhibition of cystathionasehomoserine dehydratase by L-cysteine and L-cystine.
J. Biochem., 1966, 59, 40–48.
30. Knowles L.M., Milner J.A.: Depressed p34cdc2 kinase
activity and G2/M phase arrest induced by diallyl disulfide in HCT-15 cells. Nutr. Cancer, 1998, 30,
169–174.
31. Lang J.M., Touraine J.L., Trepo C., Choutet P.,
Kirstetter M., Falkenrodt A., Herviou L., Livrozet
J.M., Retornaz G., Touraine F.: Randomised, double-

ISSN 1230-6002

32.

33.
34.

35.
36.

37.
38.

39.

40.
41.

42.
43.

44.

45.

46.

-blind, placebo-controlled trial of ditiocarb sodium
(‘Imuthiol’) in human immunodeficiency virus infection. Lancet, 1988, 2, 702–706.
Le M., Zhang H., Means G.E.: The decomposition of
S-nitrosated dithiols: a model for vicinal nitrosothiols
in enzymes. Bioorg. Med. Chem. Lett., 1997, 7,
1393–1398.
Lenartowicz E., Wudarczyk J., Dêbska G.: Regulation
of a degre of thiol group oxidoreduction in animal
cells (Polish). Postêpy Biochemii, 1996, 42, 154–160.
Mannervik B., Axelsson K.: Reduction of disulphide
bonds in proteins and protein mixed disulphides catalysed by a thioltransferase in rat liver cytosol. Biochem. J., 1975, 149, 785–788.
Mannervik B., Axelsson K.: Role of cytoplasmic thioltransferase in cellular regulation by thiol-disulphide
interchange. Biochem. J., 1980, 190, 125–130.
Marquardt H., Sapozink M.D., Zedeck M.S.: Inhibition by cysteamine-HCl of oncogenesis induced by
7,12-dimethylbenz(alpha)anthracene without affecting toxicity. Cancer Res., 1974, 34, 3387–3390.
Massey V., Edmondson D.: On the mechanism of inactivation of xanthine oxidase by cyanide. J. Biol.
Chem., 1970, 245, 6595–6598.
Massey V., Williams C.H., Palmer G.: The presence of
S degrees-containing impurities in commercial samples of oxidized glutathione and their catalytic effect
on the reduction of cytochrome c. Biochem. Biophys.
Res. Commun., 1971, 42, 730–738.
Matsumoto K.E., Partridge D.H., Robinson A.B.,
Pauling L., Flath R.A.,Mon T.R., Teranishi R.: The
identification of volatile compounds in human urine.
J. Chromatogr., 1973, 85, 31–34.
Miller R.W.: Estimation of labile sulfide content of
cellular components. Anal. Biochem., 1970, 35,
181–192.
Mohr S., Stamler J.S., Brune B.: Posttranslational
modification of glyceraldehyde-3-phosphate dehydrogenase by S-nitrosylation and subsequent NADH attachment. J. Biol. Chem., 1996, 271, 4209–4214.
Murakami Y., Kameji T., Hayashi S.: Cysteine-dependent inactivation of hepatic ornithine decarboxylase.
Biochem. J., 1984, 217, 573–580.
Ogasawara Y., Ishii K., Togawa T., Tanabe S.: Determination of trace amounts of sulphide in human red
blood cells by high-performance liquid chromatography with fluorimetric detection after derivatization
with p-phenylenediamine and iron (III). Analyst, 1991,
116, 1359–1363.
Ogasawara Y., Ishii K., Togawa T., Tanabe S.: Determination of bound sulfur in serum by gas dialysis/
high-performance liquid chromatography. Anal. Biochem., 1993, 215, 73–81.
Ogasawara Y., Isoda S., Tanabe S.: Tissue and subcellular distribution of bound and acid-labile sulfur, and
the enzymic capacity for sulfide production in the rat.
Biol. Pharm. Bull., 1994, 17, 1535–1542.
Ogasawara Y., Isoda S., Tanabe S.: Reconstitution of
an iron-sulfur cluster with bound sulfur: a possible

223

M. Iciek, L. W³odek

47.

48.

49.

50.

51.

52.
53.
54.
55.
56.

57.
58.
59.

60.

224

source of acid-labile sulfur in biological systems.
Biol. Pharm. Bull., 1995, 18, 1045–1048.
Perchellet J.P., Perchellet E.M., Abney N.L., Zirnstein
J.A., Belman S.: Effects of garlic and onion oils on
glutathione peroxidase activity, the ratio of reduced/
oxidized glutathione and ornithine decarboxylase induction in isolated mouse epidermal cells treated with
tumor promoters. Cancer Biochem. Biophys., 1986, 8,
299–312.
Pestana A., Sols A.: Reversible inactivation by elemental sulfur and mercurials of rat liver serine dehydratase and certain sulfhydryl enzymes. Biochem.
Biophys. Res. Commun., 1970, 39, 522–529.
Pinto J.T., Qiao C., Xing J., Rivlin R.S., Protomastro
M.L., Weissler M.L., Tao Y., Thaler H., Heston W.D.W.:
Effect of garlic thioallyl derivatives on growth, glutathione concentration, and polyamine formation of
human prostate carcinoma cells in culture. Amer. J.
Clin. Nutr., 1997, 66, 398–405.
Pompidou A., Delsaux M.C., Telvi L., Mace B.,
Coutance F., Falkenrodt A., Lang J.M.: Isoprinosine
and imuthiol, two potentially active compounds in patients with AIDS-related complex symptoms. Cancer
Res., 1985, 45, 4671–4673.
Pontremoli S., Traniello S., Enser M., Shapiro S.,
Horecker B.L.: Regulation of fructose diphosphatase
activity by disulfide exchange. Proc. Nat. Acad. Sci.
USA, 1967, 58, 286–293.
Porter D.W., Nealley E.W., Baskin S.I.: In vivo detoxification of cyanide by cystathionase -Lyase. Biochem. Pharmacol., 1996, 52, 941–944.
Prutz W.A.: Sulfane-activated reduction of cytochrome c by glutathione. Free Radical Res., 1993, 18,
159–165.
Qiao F., Xing K., Lou M.F.: Modulation of lens glycolytic pathway by thioltransferase. Exp. Eye Res.,
2000, 70, 745–753.
Renoux G., Renoux M.: Thymus-like activities of sulphur derivatives on T-cell differentiation. J. Exp. Med.,
1977, 145, 466–471.
Ricci G., Nardini M., Federici G., Cavallini D.: The
transamination of L-cystathionine, L-cystine and related compounds by a bovine kidney transaminase.
Eur. J. Biochem., 1986, 157, 57–63.
Russell P.J., Conner J., Sisson S.: Sulfur specifically
inhibits adenylate kinase in assays for creatine kinase.
Clin. Chem., 1984, 30, 1555–1557.
Sandy J.D., Davies R.C., Neuberger A.: Control of
5-aminolaevulinate synthetase activity in Rhodopseudomonas spheroides. Biochem. J., 1975, 150, 245–257.
Sheen L-Y., Chen H-W., Kung Y-L., Liu C-T., Lii
C-K.: Effects of garlic oil and its organosulfur compounds on the activities of hepatic drug-metabolizing
and antioxidant enzymes in rats fed high- and low-fat
diets. Nutr. Cancer, 1999, 35, 160–166.
Singh S.P., Abraham S.K., Kesavan P.C.: In vivo radioprotection with garlic extract. Mutat. Res., 1995,
345, 147–153.

61. Srebro Z., Lach H.: X-ray- and UV-induced increase
in number of cysteine-rich periventricular glial cells in
the brains of rats and mice. Acta Biol. Sci. Hung.,
1972, 23, 145–151.
62. Stamler J.S.: Redox signaling: nitrosylation and related target interactions of nitric oxide. Cell, 1994, 78,
931–936.
63. Stamler J.S.: S-nitrosothiols and the bioregulatory actions of nitrogen oxides through reactions with thiol
groups. Curr. Top. Microbiol. Immunol., 1995, 196,
19–36.
64. Steele R.D., Benevenga N.J.: Identification of 3-methylthiopropionic acid as an intermediate in mammalian methionine metabolism in vitro. J. Biol. Chem.,
1978, 253, 7844–7850.
65. Steele R.D., Benevenga N.J.: The metabolism of 3-methylthiopropionate in rat liver homogenates. J. Biol.
Chem., 1979, 254, 8885–8890.
66. Sundaram S.G., Milner J.A.: Diallyl disulfide inhibits
the proliferation of human tumor cells in culture. Biochim. Biophys. Acta, 1996, 1315, 15–20.
67. Szczepkowski T.W., Wood J.L.: The cystathionase-rhodanese system. Biochim. Biophys. Acta, 1967, 139,
469–478.
68. Taniguchi T., Kimura T.: Role of 3-mercaptopyruvate
sulfurtransferase in the formation of the iron-sulfur
chromophore of adrenal ferredoxin. Biochim. Biophys. Acta, 1974, 364, 284–295.
69. Tatsuta M., Iishi H., Yamamura H., Baba M., Mikuni
T., Tanigushi H.: Inhibitory effect of prolonged administration of cysteamine on experimental carcinogenesis in rat stomach induced by N-methyl-N’-nitro-N-nitrosoguanidine. Int. J. Cancer, 1988, 41, 423–426.
70. Togawa T., Ogawa M., Nawata M., Ogasawara Y., Kawanabe K., Tanabe S.: High performance liquid chromatographic determination of bound sulfide and thiosulfate at their low levels in human serum by precolumn fluorescence derivatization with monobromobimane. Chem. Pharm. Bull., 1992, 40, 3000–3004.
71. Toohey J.I.: Ketomethylthiobutyric acid formation
from methylthioadenosine: a diffusion assay. Arch.
Biochem. Biophys., 1983, 223, 533–542.
72. Toohey J.I.: Persulfide sulfur is a growth factor for
cells defective in sulfur metabolism. Biochem. Cell
Biol., 1986, 64, 758–765.
73. Toohey J.I.: Sulphane sulphur in biological systems:
a possible regulatory role. Biochem. J., 1989, 264,
625–632.
74. Valentine W.N., Toohey J.I., Paglia D.E., Nakatani M.,
Brockway R.A.: Modification of erythrocyte enzyme
activities by persulfides and methanethiol: possible
regulatory role. Proc. Nat. Acad. Sci. USA, 1987, 84,
1394–1398.
75. Westley A.M., Westley J.: Biological sulfane sulfur.
Anal. Biochem., 1991, 195, 63–67.
76. Westley J.A.H., Westley L.N.C.: The sulfurtransferases. Fund. Appl. Toxicol., 1983, 3, 377–382.
77. W³odek P.J, Iciek M.B., Milkowski A., Smoleñski
O.B.: Various forms of plasma cysteine and its me-

Pol. J. Pharmacol., 2001, 53, 215225

HIGLY REACTIVE, REDUCED SULFANE SULFUR

78.

79.

80.
81.

82.

tabolites in patients undergoing hemodialysis. Clin.
Chim. Acta, 2001, 304, 9–18.
W³odek L., Szczepkowski T., Buczulska L.: The induction of rhodanese and cystathionase activities in
regular and neoplastic tissues. Folia Biol., 1971, 19,
450–455.
W³odek L., Wróbel M., Czubak J.: Transamination
and transsulphuration of L-cysteine in Ehrlich ascites
tumor cells and mouse liver. The nonenzymatic reaction of L-cysteine with pyruvate. Int. J. Biochem.,
1993, 25, 107–112.
Wong T.W., Harris M.A., Jankowicz C.A.: Transfer ribonucleic acid sulfurtransferase isolated from rat cerebral hemispheres. Biochemistry, 1974, 13, 2805–2812.
Wong T.W., Harris M.A., Morris H.P: The presence of
an inhibitor of RNA sulfurtransferase in Morris hepatomas. Biochem. Biophys. Res. Commun., 1975, 65,
1137–1145.
Wood J.L.: Sulfane sulfur. Meth. Enzymol., 1987,
143, 25–29.

ISSN 1230-6002

83. Wróbel M., W³odek L.: Effects of thiazolidine-4(R)-carboxylates and other low-molecular-weight sulfur
compounds on the activity of mercaptopyruvate sulfurtransferase, rhodanese and cystathionase in Ehrlich
ascites tumor cells and tumor-bearing mouse liver.
Amino Acids, 1997, 12, 309–314.
84. Yamanishi T., Tuboi S.: The mechanism of the L-cystine cleavage reaction catalyzed by rat liver gammacystathionase. J. Biochem., 1981, 89, 1913–1921.
85. You W.C., Blot W.J., Chang Y.S., Ershow A., Yang
Z.T., Henderson B.E., Fraumeni J.F., Wang T.G.: Allium vegetables and reduced risk of stomach cancer.
J. Nat. Cancer Inst., 1989, 81, 162–164.
86. Zlatkis A., Liebich H.M.: Profile of volatile metabolites in human urine. Clin. Chem., 1971, 17, 592–594.

Received: February 19, 2001; in revised form: May 14,
2001.

225

