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INTRODUCTION
The labile sulphane sulphur atom has been shown to

have effects in biochemical systems which suggest that it
may have natural regulatory functions. This conclusion
is supported by evidence that sulphane sulphur is
generated by known metabolic pathways, that carrier
proteins for stabilizing and transporting it are widely
distributed, that it is effective in vitro at very low
concentration in regulating the activities of many
enzymes, and that malignant cells with multiple defects
in sulphur metabolism require this form of sulphur for
proliferation in vitro [1]. This evidence is reviewed here
along with a growing body of evidence relating defective
sulphur metabolism to cancer, virus infection, and
immunodeficiency.

THE NATURE OF SULPHANE SULPHUR

'Sulphane' is a relatively new name for compounds con-
taining sulphur-bonded sulphur [2]. In many sulphane
compounds, the sulphur is labile, readily coming out of
the structure to react with cyanide ion, to deposit
as elemental sulphur, or to be reduced to H2S by reducing
agents. The following labile sulphane compounds
have been shown to be involved in biochemical sys-
tems: elemental sulphur (S8), hydrodisulphides
frequently called persulphides (R-S2H), poly-
sulphides (R-Sn-R) where n must be 3 or greater,
polythionates (-S 3-Sn-SO3-), thiosulphate (S2032-),
and thiosulphonates (R-S202-). Another class
of compounds, although structurally dissimilar to the
above, contains sulphur atoms with properties very
similar to the above. These are disulphides with a double-
bonded carbon adjacent to the sulphur-bonded carbon.
The double-bonded carbon can be part of the following
groups: ene, as in alkenyl disulphides (R-S-S-CH2-
CH=CH-R); carbonyl, as in disulphides of /-mercapto-
pyruvate (R-S-S-CH2 CO-CO2H) or 2-mercaptoacet-
aldehyde (R-S-S-CH2-COH) (specific examples cited
below); or enol, as in disulphides of 3-mercapto-
propionaldehyde (R-S-S-CH2-CH=CH-OH).
The most characteristic reaction of sulphane sulphur is

its combination with alkaline cyanide ion to form thio-
cyanate. This reaction is given by all of the classes of
compounds named above and is the basis of a quan-
titative analysis [3]. Thiosulphate and thiosulphonates
require heating for reaction with CN- under standard
conditions [3] but heating is not required for thiosulphate
if Cu2+ ion is present [4]. Under the alkaline conditions of
the cyanolysis reaction, the singlet sulphur atoms of
polythionates (-SO3-Sn-SO3-) react quantitatively
with CN- when n is 1 or greater [4] but at pH near 7 in
biochemical systems, the sulphur is labile only when n is
3 or greater [5]. Disulphides of 2-mercaptoacetaldehyde

(RS = 2-mercaptoethanol, 2-mercaptoethylamine, or 1-
thioglycerol) [1] or fl-mercaptopyruvate (RS = cysteine
or fl-mercaptopyruvate) contain cyanolysable sulphur,
but the sulphur in the reduced mercaptans is not
cyanolysable (J. Toohey, unpublished work). Triphenyl-
phosphine (phenyl3-P) behaves like CN- in abstracting
the labile sulphur from sulphane compounds and is
frequently used as a test reagent [6-8].
Rapid deposition of elemental sulphur at neutral pH

indicates especially labile sulphur and is characteristic of
allyl disulphides [7], hydrodisulphides [9], and poly-
sulphides [10]. The latter two structures are more stable
in strong acid or alkali (see preparative methods below)
or when part of a protein molecule (see carriers below).
Polythionates with n > 3 deposit elemental sulphur in a
complex reaction catalysed by hydroxyl ion, and thio-
sulphate decomposes in weakly acidic solution with the
outer sulphur atom giving rise to elemental sulphur
(reviewed in [11], pp. 20-34).

Sulphur is released as H2S from all labile sulphane
compounds in the presence of excess thiol such as GSH
or cysteine [12]. This is the basis of a quantitative
analysis which is 10-fold more sensitive than the cyano-
lysis method [12]. Although the sulphur of reduced /3-
mercaptopyruvate is not cyanolysable (see above), it is
quantitatively released as H2S by excess thiol [12].
The lability of sulphane sulphur appears to be due

to its presence in the thiosulphoxide form, -S(S)-,
either by primary structure, as in thiosulphate and
thiosulphonates, or by tautomerization. Thio-
sulphoxide tautomerization and its probable role in
labilizing the sulphur atom have been reviewed by Kutney
& Turnbull [8]. Tautomerization of allyl disulphides is
well documented, R-S-S-CH2-CH=CH2 =R-S(S)-
CH2-CH=CH2, and the thiosulphoxide tautomer is
believed to be an intermediate in many reactions
involving the labile sulphur of allyl disulphides [7,13,14].
A similar mechanism undoubtedly occurs in disulphides
with carbonyl or enol groups in place of the ene group.
These groups are known to labilize adjacent C-S bonds
[15,16] and, like the ene group, they probably promote
thiosulphoxide tautomerization of disulphides. This pro-
cess appears to be essential for making the sulphur
cyanolysable as evidenced by the acquisition of cyano-
lysability when ,-mercaptopyruvate is converted to
the disulphide; only the latter can give the -S(S)-
form. This tautomerization can also occur in poly-
sulphides and the lability of the sulphur in polysulphides
with n > 3 compared with the stability of dialkyldi-
sulphides (n = 2) again reflects the capacity to tauto-
merize, R-S-S-S-R =± R-S(S)-S-R [8].

Sulphane sulphur has an apparent oxidation state of
zero (6 electrons) in contrast to sulphide sulphur
(R-S-R, 8 electrons, 2-). In the biochemical literature,
this unusual property has been represented by the symbol,
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so, [17-19], e.g. S°+CN -+ SCN- [19], and the sulphur
has been incorrectly called 'zero valence sulphur' [18,20]
(sulphur does not exist as a single atom and, therefore,
always has some valence). This property of sulphane
sulphur is attributable to the thiosulphoxide isomer which
provides a structure from which the sulphur atom is
readily removed with 6 electrons by nucleophilic groups
such as CN-, RS-, S03-, or Ph3-P:

S-.S. :CN->S: + :S-CN-

FORMATION OF SULPHANE SULPHUR

Chemical methods
For demonstrating short-term effects of sulphane sul-

phur in test systems, hydrodisulphides or polysulphides
(Amax = 335 nm) can be obtained in low yield and impure
form by the following simple procedures: by shaking
elemental sulphur in solutions of NaHS [21], thiols

[21,22], or proteins [23,24] (R-SH+S8-+ R-S-SH); by
adding Na2S to alkaline solutions of disulphides such as
cystine [25,26] or proteins [27] (R-S-S-R + S2- R-
S-S- + R-S-); by heating G-S-S-G with Fe3` ion [18]; or
by heating cystine with Cu2` ion in alkaline solution [28].
Preparative chemical methods for obtaining specific
hydrodisulphides, polysulphides, and polythionates in
pure form are reviewed in detail by Roy & Trudinger
([1 1], pp. 43-58) and by Feher [29].

Cell-compatible generating systems
Preformed sulphane compounds are not suitable for

adding to most biological systems because they de-
compose so rapidly at neutral pH that they do not have
time to be effective. The following systems generate
sulphane sulphur at very low rates for several days and
are suitable for addition to biological systems such as cell
cultures [1]. Three of the sulphane-generating systems
described below involve disulphides in processes which

S-Adenosyl-
,

homocysteine f
' CH3'

V Adenosine

Homocysteine

1 Serine

Cystathionine

2 |- NH3+ Oxobutyrate

Cysteine * o Cystine

S-Adenos

methionin

hAT

Methionine

21

CH3-SH

syl -
e

rP
Co2 Propyl-NH2'

5'- Methylthio-
adenosine

8 Pi

5- Methylthio-
9 ribose-1 -P

2-Oxo-4-
methylthiobutyrate 12

co2~~~~~
31C --h'pndo 3- Methylthiopropionate

Fig. 1. Sulphur metabolism related to sulphane sulphur
The primary sources of sulphane sulphur in mammals, methionine, cysteine, and cystine, are metabolized as shown to give the
immediate sources, f8-mercaptopyruvate, cysteine hydrodisulphide, hydrogen sulphide, thiosulphate, or thiosulphonates. The
latter react with carrier proteins to give protein-bound sulphane sulphur (large box). Within the protein-bound pool, sulphane
sulphur can undergo some interchange between the various carriers (see [63]). The metabolic distribution from the protein-
bound pool is shown at lower right. The pathways have been demonstrated in mammalian systems except as noted below. 1,
cystathionine synthetase; 2, cystathionase; 3, amino acid: oxo acid aminotransferase; 4, L-amino acid oxidase; 5, cysteine
dioxygenase; 6, spontaneous hydrolysis [16]; 7, reduction at the expense of intracellular cysteine or GSH [49]; 8, 5'-
methylthioadenosine phosphorylase; 9, multi-step [51,120]; 10, see [52]; 11, products identified, details unknown [53,54]; 12,
multi-step in bacterial system [55]; 13, product identified in yeast system, details unknown [56]; 14, mercaptopyruvate
sulphurtransferase; 15, rhodanese. Notes: *, Cysteine-mercaptopyruvate disulphide; t, 3-sulphinoalanine, frequently called
cysteine sulphinate; $, the principal physiological sulphinate is alaninesulphinate.
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cause formation of a carbonyl or enol group at the
carbon adjacent to the C-S bond. The kinetics of
sulphane sulphur formation in each system are easily
followed by the cyanolysis or diffusion assays [1].

Pyridoxal catalyses the non-enzymic fl-elimination
reaction of cystine yielding cysteine hydrodisulphide,
pyruvate, and ammonia [30]. The effectiveness of pyri-
doxal increases from pH 7 with increasing pH; pyridoxal
phosphate is also effective with a pH optimum at 7 but
pyridoxine and pyridoxamine are ineffective (J. Toohey,
unpublished work). A system suitable for generating
sulphane sulphur in cell cultures contains 1 mM-cystine
and 50,aM-pyridoxal [1].
Diamine oxidase catalyses the monoxidation of cyst-

amine, (NH2-CH2-CH2-S-)2, [31,32] and the resulting
aldehyde contains labile sulphane sulphur [1,33]. Diamine
oxidase is widely-distributed in tissues [34] and blood [32]
and it is not necessary to add additional enzyme to
systems containing serum [1]. The optimum concen-
tration of cystamine in cell cultures is 10 /aM [1].
The disulphides of 2-mercaptoethanol, 3-mercapto-

propanol, and 1-thioglycerol are good substrates for
hydroxy dehydrogenases and the resulting aldehydic
disulphides contain labile sulphane sulphur [1]. For cell
culture systems, the optimum concentration of mercapto-
alcohol disulphide is 1 ,UM [1].
A relatively stable and non-toxic source of sulphane

sulphur for biological systems is a sulphide-treated
protein [27] such as serum albumin or egg globulin [1]. It
is usually necessary to add a thiol, e.g. 0.5 mM-GSH, to
make the protein-bound sulphur available. Sulphide-
treated proteins can be replaced in this system by fetal
serum but not by other commercial sera [1].

Metabolic pathways
Several metabolic pathways are known to generate

sulphane sulphur in vitro but their relative importance
in vivo is not known. y-Cystathionase catalyses the ,b-
elimination reaction of cystine described above [35,36].
Inhibition studies with propargylglycine in intact rat
hepatocytes indicate that 50%0 of cyst(e)ine catabolism
occurs via this pathway [37]. In addition, cystine is a
highly effective substrate for mammalian transaminase
[38] and for L-amino acid oxidase [39,40] and the resulting
oxo acid, cysteine-mercaptopyruvate disulphide, contains
cyanolysable sulphur (J. Toohey, unpublished work).
Cysteine is also a substrate for mammalian transaminases
[12,41,42] and the lability of the sulphur in the mercapto-
pyruvate product was recognized in the 1950's [21].
Homocysteine is a weak substrate for mammalian trans-
aminase [38] and non-mammalian L-amino acid oxidases
[43,44] and there is evidence that the sulphur in the imine
intermediate [44] or in the oxo product [43] is labile.

Thiosulphate, alanine thiosulphonate, and thiotaurine
are formed in vitro by enzymic systems, the sulphane
sulphur originating in mercaptopyruvate [45], cysteine
hydrodisulphide [35], or cystamine [46]. Thiosulphate is
a normal constituent of urine [47] and these compounds
may simply be excretory products; however, through
rhodanese (see below), they may serve as relatively stable
sources of sulphane sulphur.

Hydrosulphide ion (HS-) is converted to sulphane
sulphur by reacting with disulphide groups of proteins:

S-S-i +HS- -S-S-SH [27]

Possible sources of hydrosulphide ion in mammals in-
clude bacterial metabolism in the digestive tract [48],
desulphydration of cyst(e)ine by cystathionase [49], and
catabolism of methionine. Formation of H2S from meth-
ionine occurs in mammalian systems by a complex
pathway which is not completely characterized. Meth-
ionine is first converted to 2-oxo-4-methylthiobutyric
acid either directly or by transamination (reviewed in
[50], see also [38]) or indirectly through 5'-methyl-
thioadenosine [51]. The oxo acid has been shown to be
degraded in a rat liver system in a sequence which
involves decarboxylation to 3-methylthiopropionate [52]
and cleavage to CH3-SH and H2S [53, 54]. In a bacterial
system, 3-methylthiopropionate is formed from methyl-
thioadenosine without going through the oxomethyl-
thiobutyrate intermediate [55] and in a yeast system
3-methylthiopropionate appears to be converted to
3-methylthiopropionaldehyde [56]. The latter has an enol
group adjacent to a C-S bond and is a likely substrate for
the facile release ofCH3-SH. CH3-SH has been presumed
to be the precursor of H2S in the mammalian system [54]
but the details are not known. CH3-SH can be released
directly from methionine by cystathionase [57]. It, or its
disulphide, has been identified as a normal constituent of
human breath [58] and urine [59,60] and of fetal serum
[61].

SULPHANE SULPHUR CARRIER PROTEINS
Related to the metabolic pathways for generating

sulphane sulphur, there are specialized carrier proteins
which transport the sulphur to various acceptors. A
stable protein-sulphur complex has been demonstrated
for each of the carriers. Although their functions in vivo
were obscure at the time of their discovery, they have
recently been shown to have functions of possible physio-
logical importance.
Rhodanese

First described in 1933 as thiosulphate: cyanide
sulphurtransferase, this enzyme is widely distributed in
animal tissues, plants, and bacteria (reviewed in [11], pp.
190-204). It has 293 amino acid residues and carries
sulphane sulphur as the hydrodisulphide at Cys-247 [62].
It has many functions in the metabolism of sulphane
sulphur: it transfers the outer sulphur atom of thio-
sulphate and thiosulphonates to CN-; coupled to cysta-
thionase, it transfers the sulphur of cystine to CN- [63];
it has thiosulphate synthetase activity, transferring the
sulphur from hydrodisulphides and thiosulphonates to
sulphite; in the presence of dihydrolipoate, it has thio-
sulphate reductase activity, S2032 -+ H2S + SO3- [26];
and it introduces the sulphur into the apoenzymes of
many Fe-S cluster enzymes (see below).

Mercaptopyruvate sulphurtransferase
This copper-containing enzyme is widely distributed in

animal tissues (reviewed in [11], pp. 204-206). It was
originally shown to transfer the sulphur of mercapto-
pyruvate to itself (giving elemental sulphur) or to cyanide,
sulphite, or sulphinates. Recently, it has been shown to
transfer this sulphur to the apoenzyme of adrenodoxin
[64] and possibly to tRNA (see below).

Cystathionase
Besides its function in generating sulphane sulphur (as

Vol. 264

627



J. I. Toohey

described above), cystathionase also serves as a carrier
[65]. The sulphur is thought to be carried as a trisulphide
between two cysteine residues [65]. It is transferred to
several other enzymes, activating some and inactivating
others (see below).

Other proteins
Serum albumin binds elemental sulphur and catalyses

its transfer to CN- [23]. The latter activity was attributed
to a distinct enzyme, called rhodanese S, until its identity
with albumin was established. Westley's group found
that, out of 12 diverse proteins tested, only serum albumin
bound elemental sulphur [24]. Szczepkowski showed that
the outer sulphur of thiosulphate is bound by serum
albumin while the inner sulphur is not [66].

Sulphane sulphur binds to other proteins, such as
cytochrome [67] or ferredoxin [17], for which no specific
carrier function is known. For example, when ferredoxin
or other Fe-S protein is exposed to oxygen, the iron-
bound S2- is oxidized to the S state and binds to the
protein as a trisulphide [17].

EFFECTS OF SULPHANE SULPHUR IN
BIOLOGICAL SYSTEMS
Effects in cell cultures

Several malignant lymphoid cells which are defective
in methylthioadenosine phosphorylase [68] and cysta-
thionase [69] require a source of sulphane sulphur for
proliferation in vitro [1]. The sulphur can be provided by
the slow in situ alteration of disulphides of cysteine,

mercaptoalcohols, or cysteamine (as described above) or
by the combination of thiols (unrelated to the above
disulphides) with sulphide-treated proteins or fetal calf
serum [1,61,70-72]. In the latter system, the thiol (e.g.
GSH) must be in the reduced form; its effect is abolished
by agents, such as cobalamins, which promote its oxi-
dation [71] and greatly enhanced by metal chelators
which retard its oxidation [73]. The defective cells can
also obtain the essential factor from feeder cells [61],
accounting for their ability to proliferate in vivo. Supra-
optimal concentrations of the sulphane-generating sys-
tems are toxic and cause formation of giant cells (Fig. 2).
The sulphane-dependent cells are malignant lympho-

blasts or plasma cells. Many other cells, although not
absolutely dependent, are markedly stimulated in vitro
by sulphane-generating systems. These cells include nor-
mal T and B lymphocytes, normal bone marrow stem
cells, and malignant human lymphocytes and plasma
cells (reviewed in [61]). Some malignant human lympho-
cytes that are stimulated to proliferate in vitro by the
sulphur systems [74] have been shown to be deficient in
cystathionase [75].

Activation of enzymes
Sulphane sulphur appears to be the physiological

source of the sulphur in the iron-sulphur cluster enzymes.
Rhodanese, with thiosulphate and a reducing agent, has
been shown to introduce sulphur into the apoenzymes of
plant ferredoxin [76], bacterial ferredoxin [77], bacterial
nitrogenase [78], mammalian succinic dehydrogenase
[79], mammalian NADH dehydrogenase [80], and plant

Fig. 2. Giant cells caused by supraoptimal concentration of sulphane sulphur
(a) Giant cell and normal-sized murine leukemia cells from culture in vitro; (b) giant cell and normal cell in mitosis. This effect
is produced by slightly excessive concentrations of any of the cell-compatible sulphane-generating systems described in the text.
See also [152,153]. Reproduced from [1] with permission.
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nitrate reductase [81]. Since the sulphur in the Fe-S
clusters is a sulphide ion, the sulphane sulphur must be
reduced during incorporation, possibly involving the
reductase activity of rhodanese [26]. Mercaptopyruvate
sulphur transferase, with mercaptopyruvate, has been
shown to introduce sulphur into the apoprotein of
adrenodoxin [64].
The molybdenum-containing hydroxylases, xanthine

oxidase, xanthine dehydrogenase and aldehyde oxidase,
contain cyanolysable sulphur in addition to the acid-
labile sulphide of the Fe-S chromophore [82,83]. There
are two theories about the nature of the cyanolysable
sulphur, one that it is a persulphide of a protein SH
group [82,83] and one that it is terminally linked to Mo
with a structure resonating between Mo(VI)-S2- and
Mo(IV)-S° [19,84].

5-Aminolaevulinate synthetase from Rhodopseudo-
monas spheroides is activated by trisulphides
(Cy-S-S-S-Cy or G-S-S-S-G) [5], polythionates with
n > 3 [5], or cystine+cystathionase [85]. All of these
factors were identified in cell extracts, indicating that
they may function as natural activators. The mechanism
of activation is thought to involve formation of a
hydrodisulphide or trisulphide group on the enzyme.
Incubation of mammalian malate dehydrogenase with
rhodanese and thiosulphate or elemental sulphur resulted
in increased activity and incorporation of sulphane
sulphur into the enzyme, possibly as a hydrodisulphide
group [20]. When adenylate kinase, inactivated by ele-
mental sulphur as described below, was treated with
dithiothreitol, the resulting enzyme activity was many-
fold greater than that of the untreated enzyme or of the
enzyme treated with dithiothreitol alone, suggesting a
sulphur-mediated activation process [90].
Inhibition of enzymes
Kato et al. first observed that rat liver serine de-

hydratase was inhibited by cystine + cystathionase or by
elemental sulphur [86]. Since then, many enzymes have
been shown to be inactivated by sulphane-generating
systems or by elemental sulphur, including rat liver
homoserine dehydratase [87], bacterial 3-hydroxy-
butyrate dehydrogenase [871, yeast alcohol dehydrogen-
ase [87], rat liver tyrosine aminotransferase [88], rat liver
ornithine decarboxylase [89], and certain isoenzymes of
mammalian adenylate kinase [90,91]. The inhibition is
reversible by thiols (GSH or dithiothreitol) and is believed
to involve formation of a hydrodisulphide group on the
enzyme; see the reaction of S8 with protein-SH groups
discussed above [17,20,23,24].
When intact red blood cells or cell homogenates were

exposed to the sulphane-generating system cystine
+ pyridoxal phosphate, or to mercaptopyruvate, four-
teen enzymes were markedly inhibited while eight others
were not [92]. Many enzymes have been reported to be
inhibited by garlic extracts (reviewed in [93]) and, in an
extensive survey, allicin (S-oxodiallyl disulphide), the
active principle of garlic, was found to inhibit markedly
fourteen enzymes while fifteen others were unaffected
[93]. When thione compounds (X=S), e.g. carbon di-
sulphide or parathion, are metabolized in vivo or in vitro
by mixed-function oxidase, the sulphur is released from
the substrate and becomes attached in a cyanolysable
form to cytochrome P-450 with concomitant inactivation
of the enzyme (reviewed in [94]). This effect is mimicked
by benzyl hydrodisulphide [94] and is believed to be due
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in part to formation of hydrodisulphide groups on the
enzyme.

Sulphuration of tRNA
Thiopyrimidines and methylthiopurines are normal

constituents oftRNA in all organisms and are thought to
have important regulatory functions in translation [95].
The introduction of sulphur is a posttranscriptional
modification of tRNA. Enzyme preparations from rat
brain [96], liver [97], and hepatoma [97] transfer the
sulphur from [35S]mercaptopyruvate to tRNA. The sys-
tems require ATP and Mg2" and are specific for pre-
formed tRNA. Tumours with inherently high growth
rates may have lower activities of the sulphurtransferase
than normal tissue or tumours with low growth rates
[97]. A similar enzyme purified 150-fold from Bacillus
subtilis used cysteine as substrate 350-fold less efficiently
than it used mercaptopyruvate [98]. A related enzyme
from Escherichia coli has been reported to require very
small amounts of mercaptopyruvate along with
[35S]cysteine as substrate [99]; however, the requirement
for pyridoxal phosphate [99,100], the inhibition by amino
acids, and the activation by oxo acids other than
mercaptopyruvate [100] indicate that the true sulphur
donor is mercaptopyruvate formed from the labelled
cysteine by transamination. There is some evidence that
methylthiolation of adenine in tRNA involves initial
introduction of sulphur followed by methylation of the
sulphur [101].

Immune enhancement
2-Mercaptoethanol and 1-thioglycerol have been used

widely in immune systems in vitro because of their marked
stimulatory effects (literature cited in [61]). These effects
appear to be attributable to the formation in situ of
sulphane sulphur from the disulphides of these com-
pounds [1]. Diethyldithiocarbamate [(CH3-CH2)2-N-
C(S)-SH; Imunothiol] has immune-enhancing properties
in vivo in mice [102] and humans [103]. This compound is
metabolized in vivo to carbon disulphide (reviewed in
[104]) and CS2 is metabolized to sulphane sulphur
(discussed above, see [94]). Therefore, a metabolic
pathway exists for generating sulphane sulphur from di-
ethyldithiocarbamate and this is the probable mechanism
of the immune-enhancing effects of this drug and its
therapeutic effects in AIDS [105].

Other effects of sulphane sulphur
Cystine trisulphide, G-S-S-S-G, or elemental sulphur

catalyse the non-enzymic reduction of cytochrome c by
GSH [18]. Glutathione hydrodisulphide [106] and poly-
thionates [107] are intermediates in the oxidation of
elemental sulphur to sulphate by the sulphur and iron-
utilizing bacteria, respectively.

Potency of sulphane sulphur
A remarkable feature of sulphane sulphur in biological

systems is the very low and narrow concentration range
at which it is effective. In cultures of dependent cells, the
concentration of sulphane sulphur in the medium at any
time, based on kinetic considerations, was less than 1 nM
[I]. Adenylate kinase was inhibited by nanomolar concen-
trations of ethanol-dissolved elemental sulphur [90].
Serine dehydratase and homoserine dehydratase were
1000% inhibited by elemental sulphur at concentrations
of I ,UM and 0.5 gM, respectively [86]. In the sulphuration
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of tRNA with enzymes from rat brain and B. subtilis, the
Km for mercaptopyruvate was 7,M [96,98]; the limited
kinetic data published on the E. coli enzyme ([99], Table
V) show that 0.1 /tM-mercaptopyruvate was optimal.
Polysulphides and polythionates were effective in activat-
ing aminolaevulinate synthetase at 0.5-3 /LM [5]. In many
of these systems, slightly supraoptimal concentrations of
the sulphane compounds were inhibitory [1,5,99]. Be-
cause sulphane sulphur is effective at such low and
narrow concentration limits, its effects in other systems
could easily go undetected.

ALTERED SULPHUR METABOLISM
ASSOCIATED WITH CELLULAR PROCESSES
The requirement for sulphane sulphur in enzyme-

deficient cells suggests that methylthioadenosine phos-
phorylase and cystathionase are normally involved in
generating sulphane sulphur and that it has an essential
physiological role. This is further substantiated by a
growing body of evidence that these and other sulphur-
related enzymes undergo altered activity physiologically
during rormal cellular processes and pathologically in
disease states. In synchronously-dividing cells, it has
been clearly shown that there are two distinct peaks of
rapid methylthioadenosine formation [108-110] and
phosphorolysis [111] during each cell cycle. Striking bi-
phasic changes in the level of K13 or Ag-reactive groups
(assumed to be SH groups) occur during mitosis in sea
urchin eggs [112,113] and meiosis in plants [114]. The
variable component in sea urchin eggs has been shown
not to be GSH [113,115]. Its reactivity with cyanide has
not been reported.
On the pathological side, there is increasing evidence

relating acquired- defects in sulphur metabolism to
malignancy, virus infection, and immunodeficiency.
Methylthioadenosine phosphorylase is absent from some
malignant human cells in vivo [116-118]. Methyl-
thioadenosine is excreted in the urine of children with
severe combined immunodeficiency [119]. An enzyme
involved in converting methylthioadenosine to oxo-
methylthiobutyric acid is absent from a human colon
carcinoma cell line [120].

Cystathioninuria occurs in a high percentage of
patients with neuroblastoma [121-125] and hepatoma
[126,127]. Based on this, Klein et al. analysed 27 human
neuroblastoma tissue specimens for cystathionase and
found that neither enzyme activity nor immunologically-
reactive protein was detectable in any of the specimens
[128]. This enzyme is deficient in many other malignant
cells ([75,128,129], and references cited therein) and the
deficiency is usually correlated with a requirement
in vitro for cystine [129] or a source of sulphane sulphur
[74]. Virus-induced malignant transformation of both
human and murine cells has been shown to be associated
with changes in sulphur metabolism, including deficiency
of cystathionase [69], inability to use homocysteine in
place of cystine [69], and induction of methionine
auxotrophy [130,131].

There are many reports showing that malignant cells
cannot use homocysteine in place of methionine in vitro
whereas normal cells can (reviewed in [132]); however,
other work has shown that exceptions to these generaliz-
ations occur in both categories of cells [133,134]. S-
Adenosylmethionine: homocysteine methyltransferase is
absent from rat hepatoma cells [135].

Several reports demonstrate remarkable anti-cancer
effects of sulphane sulphur compounds or progenitors.
Treatment with 2-mercapto-3-hydroxypropionaldehyde
(a labile sulphur compound) produced greatly prolonged
survival and some complete remissions of several trans-
planted tumours in mice [136]. Apffel et al. reported high
percentages of complete remission and cure of three
transplanted tumours in mice following treatment with
cyst(e)amine or derivatives of it [137]. (The thiol,
cysteamine, is rapidly oxidized to the disulphide,
cystamine, in the presence of oxygen.) 2,3-Dimercapto-
propanol [138,139] and cyst(e)amine [140,141] have been
shown to inhibit tumour induction by carcinogens. Allyl
di- or trisulphides or extracts of plants of the genus
Allium, which contain allyl or other polysulphides
[142,143], have been shown to inhibit the induction of
tumours by carcinogens [144-147], the development of
spontaneous mammary tumours in C3H mice [148], and
the growth of transplanted tumours in mice [149,150].
There -is epidemiological evidence that dietary ingestion
of Allium vegetables (garlic, onions, scallions, chives) is
associated with reduced incidence of stomach cancer in
humans [151].
The observations on defective sulphur metabolism in

cancer cells and the anti-cancer effects in vivo of sources of
sulphane sulphur suggest that malignant proliferation of
cells may be related to a deficiency of sulphane sulphur
and the uncontrolled operation of a set of enzymes
normally inactivated by sulphane sulphur. On the other
hand, circumstantial evidence suggests that overpro-
duction of sulphane sulphur may occur in virus-infected
cells. Thus, the multinucleated giant cells produced in
cell cultures containing supraoptimal concentrations of
sulphane sulphur sources (Fig. 2; [152,153]) are very
similar to the giant cells induced by many viruses in vitro
and in vivo [154]. The mechanism by which viruses cause
formation of giant cells is not known [154] but the
findings reviewed here suggest that it may involve
accelerated production of sulphane sulphur induced by
the virus, possibly as a mechanism for inactivating a
specific set of host cell enzymes.

In summary, sulphane sulphur is generated by known
metabolic pathways and has effects in biological systems
which suggest that it has a natural regulatory function.
Its properties of very high potency and short half-life are
consistent with a role as a finely-tuned regulator.
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