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The presence of thiols in living systems is critical for the maintenance of cellular redox potentials and
protein thiol-disulfide ratios, as well as for the protection of cells from reactive oxygen species. In addition
to the well-studied tripeptide glutathione (y-Glu-Cys-Gly), a number of compounds have been identified
that contribute to these essential cellular roles. This review provides a survey of the chemistry and
biochemistry of several critically important and naturally occurring intracellular thiols such as coenzyme
M, trypanothione, mycothiol, ergothioneine, and the ovothiols. Coenzyme M is a key thiol required for
methane production in methogenic bacteria. Trypanothione and mycothiol are very important to the
biochemistry of a number of human pathogens, and the enzymes utilizing these thiols have been recognized
as important novel drug targets. Ergothioneine, although synthesized by fungi and the Actinomycetales
bacteria, is present at significant physiological levels in humans and may contribute to single electron
redox reactions in cells. The ovothiols appear to function as important modulators of reactive oxygen
toxicity and appear to serve as small molecule mimics of glutathione peroxidase, a key enzyme in the

detoxification of reactive oxygen species.

Overview

In an era in which the importance of genomics and
proteomics to the life sciences is emphasized, it can
sometimes be easy to overlook the underpinning that
chemistry plays in the elucidation of various biochemical
processes in nature. For example, the importance of natural
product isolation and characterization to our understanding
of cellular biochemistry and physiology should not be
underestimated. This review will survey the impact that
the identification of various intracellular thiols (Figure 1),
present at millimolar concentrations in various cells, has
had on our expanding biochemical knowledge of complex
life processes. As will become evident, the initial chemical
characterizations of these particular thiols have led to an
explosion of information on complex cellular biochemistry,
having implications beyond the fundamental, in such areas
as parasitology and drug design.

Coenzyme M (HSCoM)

Methanogenesis. The intracellular thiol 2-mercapto-
ethanesulfonate, or coenzyme M [HSCoM; (Figure 1, 1)],
was first characterized as a contributing cofactor to meth-
ane production in methanogenic microorganisms by McBride
and Wolfe;! its structure, as the disulfide, was solved
shortly thereafter.2 The microorganisms that undertake
methane production, the methanogens, belong to a separate
phylogenetic domain, termed the Archaea.®* Depending
upon the specific methanogen, substrates as diverse as
acetate, COo/H,, formate, CO, methanol, methylamines,
and methylthiols can be converted into methane gas in a
thermodynamically favorable exergonic overall process
beneficial to the growth of the particular microorganism
(Table 1). It has been estimated that the methanogens may
be the biogenic source of approximately 10° tons of atmo-
spheric methane per year.> The concentration of HSCoM
in methanogens has been determined to be in the milli-
molar range.” Disulfide reductases have been characterized
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in methanogens, such as Methanothermobacter thermau-
totrophicus, that maintain HSCoM in the reduced state.®
In all cases, the metabolism of the above substrates in
methanogens eventually leads to the formation of CHj-
SCoM, the methylated form of HSCoM. This molecule has
been found to be the direct precursor to methane (see
below).
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Methane production from COs results from a controlled
stepwise reduction of COs [initially bound to the cofactor
methanofuran (MFR, 8) as a carbamic acid] by six electrons
to eventually produce methyl-tetrahydromethanopterin
[CH5-HMPT (Scheme 1, 9A)], or equivalent, which is the
source for methyl group transfer to HSCoM. There is some
analogy here to the well-known C; chemistry of the
tetrahydrofolates (THF).1011 The enzyme that catalyzes the
transfer of the methyl group to HSCoM, methyl-tetrahy-
dromethanopterin:coenzyme M methyltransferase, is a
multienzyme complex that is membrane-associated and
contains a cobalt corrinoid prosthetic group.2-16 The
activity of the enzyme complex is tightly linked to the
formation of a sodium gradient across the membrane.1012.17.18
The cobalt corrinoid participates in the reaction mechanism
for this enzyme.!® The chemical mechanism of the trans-
ferase is believed to involve the reduction of cobalt to its
enhanced nucleophilic Co(I) form followed by subsequent
nucleophilic attack of the Co(I) on the methyl group of CH;-
H/MPT. This is followed by transfer of the methyl group
from the cobalt to the sulfur atom of HSCoM to produce
CH;-SCoM. An analogous reaction is that of the remethy-
lation of homocysteine by 5-CHs-THF to produce methion-
ine by the cobalt-Bis-containing enzyme methionine syn-
thase.20.21

The first step of methane production from other sub-
strates such as methanol, mono-, di-, and trimethylated
amines, methanethiol, and dimethyl sulfide occurs in a
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Figure 1. Major intracellular thiols found in microbial systems.
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Table 1. Reactions and Gibbs Free Energies for Major Methane-Producing Pathways of Methanogens®

substrate sample reaction AG”, kJ/mol CHy4

carbon dioxide® 4H, + HCO3~ + H* — CH4 + 3H20 —135
formate® 4HCO,;~ + H* + H,O — CHy4 + 3HCO3~ —145
carbon monoxide® 4CO + 5H,0 — CHy4 + 3HCO3~ +3H* —196
ethanol® 2CH3CH,0H + HCO3~ — 2CH3COO~ + H* + CH4 + HyO —-116
methanol® 4CH3OH — 3CH4 + HCO3~ + HoO + HT —105

CH3OH + Hz - CH4 + HzO —-113
acetate® CH5COO~ + H,O — CH4 + HCO3~ -31
dimethyl sulfide® 2(CHj3)eS + 3H,O— 3CH4 + HCO3™ + 2HoS + H —49
monomethylamine?® 4 CH3NHs* + 2 HoO — 3 CH4 + COs + 4 NH4*+ 77
dimethylamine9 2(CI{3)2NH2Jr + 2H20 - 30H4 + COZ + ZNPL;+ —75
trimethylamine® 4(CH3)sNH* + 9H,0 — 9CH,4 + 3HCO3~ + 4NH, " + 3H* —-76

@ Based on Zinder® and Deppenmeier.?

Scheme 1. Conversion of COg to Methane Utilizing MFR, H{MPT, and HSCOM
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much different fashion.?2-27 Each substrate reacts with 1ts
specific methyltransferase (substrate:coenzyme M meth-
yltransferase), which catalyzes methyl group transfer from
that substrate to HSCoM to produce CH3-SCoM and the
demethylated substrate. To perform this transformation,

{I jCHS Py

" NHR l—NR
H
HyMPT
7-4 *CHz—S—CoM 7——*CH4 + HSCoM
HSCoM [red]

Methanosarcina barkeri utilizes an unusual but naturally
occurring amino acid in the active site of its monomethyl-
transferase. This very recently discovered amino acid,
pyrrolysine (10), has been termed the 22nd “natural”
protein amino acid?®31 (the 21st having been identified as
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Scheme 2. Proposed Mechanism for the Role of Pyrrolysine in the Transfer of the Methyl Group of Monomethylamine to HSCoM by

Monomethylamine Methyltransferase from Methanosarcina barkeri?®
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selenocysteine?®?). The presence of pyrrolysine in the active
site of this enzyme may help in explaining the required
chemistry involved in the transfer of a methyl group from
monomethylamine to HSCoM, a rather difficult reaction
to imagine mechanistically under the mild conditions
present in the cell. On the basis of X-ray structural data
on the enzyme and chemical models, it has been suggested
that pyrrolysine directly takes part in the enzyme mech-
anism by virtue of its electrophilic nature (Scheme 2). The
pyrrolysine is proposed to react with methylamine to
produce the methylaminopyrrolysine adduct (Scheme 2,
11A), allowing for a favorable attack of a Co(I) corrinoid
on the properly oriented methyl group, yielding the ami-
nopyrrolysine (Scheme 2, 11B). Once transferred to the
cobalt, the methyl group can undergo attack by HSCoM,
in a step potentially similar to that of the latter half of the
reaction for the above-mentioned methyl-tetrahydrometha-
nopterin:coenzyme M methyltransferase.
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The resulting CH3-SCoM produced by any of the above
reactions is then the substrate for reductive cleavage to
methane and HSCoM, catalyzed by CH3-SCoM reductase
present in all methanogens.?336 The overall reaction
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Scheme 3. Proposed Enzymatic Pathway for CH3-CoM
Reductase®
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@ 1. CH3-SCoM is bound to the enzyme followed by the transfer of CHj
to Ni(I) resulting in the formation of a Ni(III) species and free HSCoM. 2:
HSCoM is oxidized to the thiyl radical, reducing CH3-Ni(III) to CH3-Ni(ID).
3: CH;-Ni(II) is converted to CH, and Ni(II) by protonation, concomitantly,
a proton is removed from HSCoB, which then reacts with the *SCoM radical
to give the mixed disulfide anion radical. 4: This radical returns Ni(II) to
Ni(I), and the mixed disulfide is released. This mechanism is based upon
that of Grabarse et al.®

catalyzed by this multienzyme complex is shown in Scheme
3.%3 This reaction utilizes yet another thiol, 7-mercapto-
heptanoylthreonine phosphate (coenzyme B, HSCoB, 2),
which was first identified in 198037 and its structure
elucidated in 1986.3¢ The enzyme also utilizes a nickel
porphinoid coenzyme (F430) which cycles through Ni(I) to
Ni(ITI) during the reaction mechanism. The final two-
electron reductive cleavage of the methyl—sulfur bond in
CHj3-SCoM produces a mixed disulfide (CoMS-SCoB) with
the release of the disulfide and the methyl group as
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Figure 2. Schematic of the X-ray structure of CH3-SCoM reductase
from Methanothermobacter thermautotrophicus. CoMS-SCoB and Fis30
are shown in space-fill in the active site (A) and in ball-and-stick form
in isolated view (B). HSCoM is close to the nickel porphinoid Fy30
cofactor in this enzyme—product complex based on coordinates (PDB
1HBM).33

methane. The recent determination of the crystal structure
of the CH3-SCoM reductase has added immensely to our
knowledge of the enzyme mechanism (Figure 2). Finally,
the re-formation of the free thiol forms of HSCoM and
HSCoB is accomplished by the enzyme CoMS-SCoB disul-
fide reductase. These disulfide reductases appear to be
either flavoproteins or hemoproteins.39~42

It is particularly clear from the above discussion that
the chemical identification and the utilization of HSCoM,
CH3-SCoM, and HSCoB as substrates and products to
study the details of the process of methanogenesis have
led to great strides in our understanding of this remarkable
process.

Epoxide Biochemistry. Surprisingly, HSCoM has also
recently been isolated from the Gram-negative bacterium
Xanthobacter strain Py2434¢ and the Gram-positive bacter-
ium Rhodococcus rhodochrous B276.45 In a nonmethano-
genesis role, HSCoM has been linked to the bacterial

Reviews

catabolism of short-chain aliphatic alkenes as shown in
Scheme 4. A monooxygenase epoxidation of the alkene
substrate produces a mixture of enantiomeric epoxides,
which are then conjugated to HSCoM by an epoxyalkane:
coenzyme M transferase.*® This enzyme is Zn?>"-dependent
and appears to play a key role in activation of the thiol(ate)
of HSCoM for nucleophilic addition to the epoxides.*6 The
resulting adducts are oxidized to the corresponding ketones
by stereoselective NAD*-dependent dehydrogenases.47:48
The ketones are carboxylated to acetoacetate by the enzyme
NADPH:2-ketopropyl-CoM oxidoreductase/carboxylase with
the intermediate formation of a CoM-S-protein mixed
disulfide, which is subsequently reduced to the free HSCoM
by this flavoenzyme.*® The recent determination of the
crystal structure of this enzyme has led to further insight
into the mechanistic aspects of the carbon—sulfur cleavage
reaction.?® There has been recent evidence for the existence
of a linear megaplasmid in Xanthobacter strain Py2 that
codes for not only the enzymes for aliphatic alkene me-
tabolism but also at least one of the genes for HSCoM
biosynthesis.?!

Biosynthesis. The simplicity of the chemical structure
of HSCoM belies the complexity found for its biosynthesis
in methanogens. White and co-workers have made impres-
sive contributions in this area.’? Several of the enzymes
involved in the biosynthesis have recently been isolated and
fully characterized. The pathway (Scheme 5) begins with
the stereospecific addition of sulfite to phosphoenolpyruvate
by phosphosulfolactate synthase.?54 The protein structure
of this enzyme has recently been determined and suggests
that a Mg2*-stabilized enolate intermediate may be in-
volved in the mechanism once adduct formation has
proceeded.’®* Dephosphorylation by the Mg?"-dependent
2-phosphosulfolactate phosphatase®® followed by hydroxyl
group oxidation by the enzyme (R)-sulfolactate (NAD*-
dependent) dehydrogenase®® produces sulfopyruvate. Oxy-
gen-sensitive sulfopyruvate decarboxylase,?” which utilizes
thiamine pyrophosphate as cofactor, decarboxylates the

Scheme 4. Catabolism of Epoxides Formed in Xanthobacter Strain Py2 and Rhodococcus rhodochrous B276 Using HSCoM®
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Scheme 5. Biosynthesis of Coenzyme M¢
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Scheme 6. Biosynthetic Pathway for the Formation of Trypanothione®
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@ The formation of trypanothione from two glutathione and one spermidine molecule appears to be catalyzed by trypanothione synthetase.

substrate to sulfoacetaldehyde and COs. The mechanism
of this reaction has been suggested to be similar to the
thiamine pyrophosphate-dependent decarboxylation of pyru-
vate by the enzyme pyruvate decarboxylase. The last
enzyme in the pathway still remains an enigma, although
the source of the sulfur for this reaction has been suggested
to be the amino acid cysteine.5258 It is not known, however,
if cysteine is directly involved in the enzyme mechanism
or serves solely as the source of sulfide.

Intracellular Thiols Based on the Cysteine
Nucleus

The presence of thiols in living systems is critical for the
maintenance of cellular redox potentials and protein thiol-
disulfide ratios, as well as for the protection of cells from
reactive oxygen species (ROS). A number of important
intracellular thiols containing the core amino acid cysteine
(Figure 1: 3,4, and 5) appear to serve in these biochemical
capacities. The best characterized thiol in this class is, of
course, the tripeptide y-L-glutamyl-L-cysteinylglycine (glu-
tathione, y-Glu-Cys-Gly, GSH, 3). GSH is the predominant
thiol in eukaryotic organisms (humans, animals, fungi,
plants),%® while homoglutathione (y-Glu-Cys-$-Ala) is a
major intracellular thiol in legumes.®® GSH has also been
detected in most Gram-negative bacteria (for example in
the cyanobacteria and the purple bacteria).?® Although
GSH is present as the major intracellular thiol in the
bacterium Escherichia coli, under stationary phase as well
as anaerobic conditions, 80% of the GSH in E. coli actually
exists as the conjugate N'-monoglutathionylspermidine
(12).61 In halobacteria, the key intracellular thiols are
thiosulfate (—SS0327) and the dipeptide y-L-glutamyl-L-
cysteine (y-Glu-Cys).? GSH has not been detected in
several of the major classes of Gram-positive bacteria.5?
Much has been determined with respect to GSH and its
relationship to cellular reduction—oxidation (redox) pro-
cesses, its activity as an enzyme cofactor, and its biosyn-

thesis and degradation. Since GSH has an extensive
scientific literature, readers are referred to several excel-
lent reviews for a more detailed discussion.64-69
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Trypanothione (TSHj). The bis-glutathionyl conjugate
of spermidine, termed trypanothione [N',N8-bis(glutathio-
nyl)spermidine, TSH,, 4], has been isolated from the
pathogenic protozoa of the genera Trypanosoma and Leish-
mania.”®"! Infection with these protozoa produces clinically
and agriculturally important diseases such as African
sleeping sickness (Trypanosoma brucei; 300 000 to 500 000
cases and 66 000 deaths annually),”? Nagana cattle disease
(Trypanosoma congolense, Trypanosoma brucei brucei; ~3
million cattle deaths with economic losses of U.S. $1 to 1.2
billion per year),”> and Chagas disease in South and
Central America (Trypanosoma cruzi; 16—18 million esti-
mated cases with 300 000 new cases and 21 000 deaths per
year).” Various forms of leishmaniasis (believed to affect
12 million people worldwide)? are caused by Leishmania
tropica, Leishmania donovani, and Leishmania brasilien-
sis. First identified by Fairlamb and Cerami in 1985,
TSHs has been found to be a critical intracellular thiol in
these protozoa. Over 70% of the intracellular GSH isolated
from trypanosomatids is found in covalent linkage to
spermidine (Scheme 6, 17) as TSH,.7® Its isolation and
characterization has been quintessential to our further
understanding of the complex cellular biochemistry of these
pathogenic microorganisms.

Biosynthesis. The biosynthesis of this natural product
has been elucidated, and the pathway couples biosynthe-
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sized GSH to spermidine, the latter itself originating from
the amino acid ornithine (Scheme 6, 13) and the propyl-
amine moiety of decarboxylated S-adenosylmethionine
(Scheme 6, 16). It is interesting to note that Trypanosoma
granulosum and T. cruzi epimastigotes are entirely de-
pendent upon exogenous polyamines such as putrescine
(Scheme 6, 14) to supply components for spermidine
biosynthesis, as they do not appear to have the enzyme
ornithine decarboxylase required to produce putrescine.””
Two enzymes responsible for the coupling of two molecules
of GSH to the polyamine spermidine, glutathionylspermi-
dine synthetase’® 81 and TSH; synthetase,8-82 have been
isolated from Crithidia fasciculata. Recently, the trypan-
othione synthase has been reported to accomplish the
complete conversion of GSH to TSHy;3? this is similar to
the activites of the TSH; synthetase enzymes found in 7.
cruzi® and T. brucei.®> The deduced amino acid sequences
of both these enzymes share ~50% sequence similarity to
the E. coli N'-monoglutathionylspermidine synthetase.86:87
It is interesting to note that these enzymes from C.
fasciculata, as well as the E. coli enzyme,®” also exhibit
an amidase activity that can hydrolyze the glutathionyl—
spermidine linkage. The enzyme mechanisms make use of
acyl-phosphate intermediates to couple the amine functions
to GSH.™#87 The ratios of GSH, N'-monoglutathionylsper-
midine, and TSHy can vary in these protozoa and are
dependent on the growth phase of the particular microor-
ganism as well as the levels of exogenous polyamines.”6:77
The availability of a synthetic scheme to prepare TSH; has
allowed for its further study in cellular physiology, as well
as in the design of inhibitors of TSHy biochemistry.88:89

Function. In many respects, the functions of TSHp
parallel those found for GSH in other organisms.?® Mir-
roring the chemistry first observed with GSH, TSH,
biochemistry makes use of its thiol functions to control
cellular redox®! and to detoxify ROS%2794 and reactive
nitrogen species (RNS)%3:95.% created by host cells to repel
parasite invasion. At physiological pH, the thiol groups of
TSH; are more reactive than that of GSH toward Ellman’s
reagent and 1-chloro-2,4-dinitrobenzene.?” TSHy can reduce
intracellular hydroperoxides with concomitant formation
of the cyclic disulfide of TSH,.%!

The formation of the intramolecular disulfide of trypan-
othione (TS;) during these processes requires the presence
of the corresponding trypanothione (disulfide) reductase to
reactivate this cofactor. This reductase has been character-
ized and crystallized from the nonpathogenic trypanoso-
matid C. fasciculata®®1% as well as from T. cruzi.101-103
Although not accepting GSSG as an alternate substrate,103
the enzymes resemble in structure and in mechanism the
enzyme glutathione (disulfide) reductase: trypanothione
(disulfide) reductase is a flavoenzyme homologous to GSH
reductase.’%* The reductase reaction begins with the reduc-
tion of the flavin with NADPH. Reduction of a cystine
disulfide in the active site by the reduced flavin follows.
One of the protein cysteines can then react with TS, to
produce a mixed disulfide followed by attack of the second
protein cysteine on the cysteine linked to one of the sulfurs
of the trypanothione. This step releases the reduced TSH,
and re-forms the cystine disulfide in the enzyme. Interest-
ingly, trypanosomatids lack glutathione (disulfide) reduc-
tase,” and maintenance of reduced GSH levels is achieved
both nonenzymatically and enzymatically, the latter through
trypanothione-glutathione thioltransferase.9%1% Trypan-
othione reductase is believed to be the target for arseni-
call0%.108 and antimoniall®~11! compounds, which exhibit
antiparasitic activity. Cellular buildup of the trypanothione
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Figure 3. Selected natural products known to inhibit trypanothione
reductase.

Scheme 7. TSH, Antioxidant System?®
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trypanothione disulfide, TXN: tryparedoxin, TXNPx: tryparedoxin peroxi-
dase. This figure is based upon that of Flohe et al.??

disulfide blocks critical cellular reactions dependent upon
the reduced form (TSHjy).112.113 In addition, synthetic com-
pounds and several natural products, such as kukoamine
A4 (18), lunarinel® (19), and (E,Z)-ajoene!!s (20) (Figure
3), have been found to be inhibitors of the reductase.!16

GSH protects cells against oxidative damage by nonen-
zymatic scavenging of free radicals and by enzymatic
neutralization of toxic H2O2 and lipid hydroperoxides by
GSH-dependent peroxidases.?6:117 A number of trypanoso-
matids also contain a TSHj-dependent peroxidase sys-
tem.929¢ The hydroperoxide metabolism of C. fasciculata
consists of trypanothione reductase, tryparedoxin (TXN),118
and tryparedoxin peroxidase (TXNPx).11® Evidence for the
existence of this system in 7. cruzi has also been reported.?*
TXN may act as the equivalent of thioredoxin in trypano-
somatids. TXN can transfer reducing equivalents to TXNPx
from TSH; (Scheme 7). It may also serve, in its reduced
form, as a source of reducing equivalents for ribonucleotide
reductase,’?® much like thioredoxin does in other organ-
isms. The peroxidase belongs to the family of peroxiredox-
ins and contains two conserved cysteine residues, one of
which appears to react with the hydroperoxide substrate.
The resulting sulfenic acid is attacked by the second protein
cysteine to produce the disulfide and water as a product.12!
The reduced form of TXN then reduces the oxidized
TXNPx, reactivating the peroxidase for another catalytic
reaction. The now oxidized TXN is reduced by interaction
with reduced TSHs.%2 The molecular structures of TXN and
TXNPx have been recently determined.!22:123

Another function of GSH in organisms is the enzyme-
catalyzed conjugations of GSH with electrophiles, and
hence GSH can be involved in xenobiotic metabolism and
protection of the cell from reactive compounds.24-129 GSH
transferases couple GSH to a variety of electrophilic
compounds to neutralize their toxic actions on proteins and
nucleic acids.66:125.126 Recently, TSHy-S-transferase activity
has been detected in a number of Leishmania and Trypa-
nosoma. Surprisingly, the purified activity of this enzyme
from C. fasciculata was found to be an activity of trypa-
nosomatid ribosomal elongation factor 1B.130:131 Another
detoxification pathway that utilizes GSH in many organ-
isms is the glyoxalase (Glx) system, which is composed of
the enzymes GlxI'32133 and GIxIL.134 GlxI converts cytotoxic
pyruvaldehyde (methylglyoxal) to the thioester of GSH (S-
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Figure 4. (A) Schematic of the X-ray structure of trypanothione
reductase from Trypanosoma cruzi. Both FAD and trypanothione
disulfide (space-fill) are shown in each of the two active sites in the
dimeric form of the enzyme. (B) Isolated view of trypanothione disulfide
(ball-and-stick) and FAD (space-fill) from one of these active sites based
on coordinates (PDB 1BZL).103

D-lactoylglutathione). This is followed by hydrolysis to
D-lactate and GSH by GIXII. Recently, the presence of a
related system utilizing TSH; instead of GSH as cosub-
strate has been detected for GIxI from Leishmania major'3
and GIxIT'36 from 7. brucei. The GlxI enzyme from L. major
appears to have close similarity to the nickel-activated GIxI
enzymes from several bacterial species.!37:138

Leishmania and some Trypanosoma are able to survive
in macrophages by evading ROS and RNS produced by
macrophages using an inducible nitric oxide synthase.%
The metabolism of nitrosothiols, notably S-nitrosoglu-
tathione, as well as mono- and di-S-nitrosotrypanothione,
has been suggested to involve other intracellular thiols
found in Trypanosoma such as ovothiols® (see below).

Drug Design. By genetic experiments, it has been deter-
mined that inactivation of TSH; function, by inhibition of
either its biosynthesis or its intracellular levels by inacti-
vation of trypanothione reductase (which directly controls
active reduced TSH; levels), is detrimental to the viability
of L. donovani and T. brucei.112113 Because TSH; is found
in a number of human parasites, and clearly plays an im-
portant role in their cellular physiology, inhibitors of the
biosynthesis or biochemistry of TSH; have been explored
as potential antiparasitic agents.116:139-146 Inhibition of GSH
biosynthesis, such as with the y-L-glutamyl-L-cysteine syn-
thetase inhibitor buthionine sulfoximine,47148 causes GSH,
and hence TSHy, depletion in Trypanosoma. This condition
is found to be toxic to these organisms. The crystal struc-
tures of the T. cruzi trypanothione reductase in complex
with TSH, (Figure 4),19 Nl-glutathionylspermidine disul-
fide,” mepacrine,'*® and quinacrine mustard!?® are serving
as key leads for the design and synthesis of synthetic inhib-
itors of this enzyme.90:142.151,152 Tnterestingly, on the basis of
database searches and molecular modeling, a class of cyclic-
polyamine natural products, notably lunarine (Figure 3,
19), has been determined to act as novel trypanothione
reductase inhibitors,19 which should bode well for future de-
velopments in the medicinal chemistry of these pathogens.

Mycothiol (MSH). Another important intracellular thiol
that has been identified in several microorganisms is the
compound (1-D-myo-inosityl-2-(IN-acetyl-L-cysteinyl)amino-
2-deoxy-a-D-glucopyranoside), termed mycothiol (MSH,
Figure 1, 5). Although containing the cysteine nucleus as
the active moiety in this cofactor, the molecular framework
is that of a disaccharide containing myo-inositol (Ins) and
glucosamine (GlcN). MSH was identified in its symmetrical
disulfide form (MSSM) from Streptomyces sp. AJ 9463,153
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Scheme 8. Steps in the Biosynthesis of Mycothiol
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and as the free thiol (previously referred to as U17154), from
Mycobacterium bovis'®® and Streptomyces clavuligerus;'>%
the corrected structure!® is shown in Figure 1.158 A survey
of the presence of MSH in various organisms, as detected
by the formation of its bimane derivative, indicates that
MSH biosynthesis appears to be exclusive to the Actino-
mycetales bacteria.l®® Organisms known to produce MSH
(such as mycobacteria and streptomyces for example) have
been shown to lack both GSH as well as TSH.59159 Hence
MSH is the major intracellular thiol in these organisms.
Biosynthesis. A biosynthetic pathway for MSH in
Mycobacterium smegmatis, and presumably occurring in all
MSH-containing organisms, has been proposed on the basis
of the isolation of various intermediates produced by wild
type as well as mutants of M. smegmatis (Scheme 8).160.161
MshA is believed to catalyze the linkage of inositol (or a
close analogue) to N-acetylglucosamine to give GlcNAc-Ins
(Scheme 8, 21).162 Although the enzyme has been cloned,
enzymatic activity utilizing inositol and UDP-GlcNAc has
not proved successful, although success might be achieved
with other derivatives of inositol such as phosphoinositol.162
The gene for MshB has also been cloned from Mycobacte-
rium tuberculosis,'® and the gene product has observed
deacetylase activity, which produces the deacylated disac-
charide GlecN-Ins.'%4 It is believed that this enzyme may
be important in regulating MSH biosynthesis.!%* Recent
solutions of its molecular structure by crystallography,
independently reported by two groups,163.165.166 haye indi-
cated that this enzyme is a zinc hydrolase containing a
lactate dehydrogenase fold. MshC is a ligase that couples
cysteine to the amino group of the glucosamine in GlcN-
Ins utilizing ATP. The products of this reaction are AMP,
pyrophosphate, and Cys-GlcN-Ins. It has been reported to
be related to Class I cysteinyl-tRNA synthetases, and the
enzyme activates cysteine through formation of a cysteine-
AMP derivative.'®” This activated intermediate is subse-
quently attacked by the amino group of GlcN-Ins. MshD,
also known as MSH synthase, catalyzes the acetylation of
the a-amino group on the cysteine in Cys-GleN-Ins by
acetylCoA.168 The M. tuberculosis enzyme has just recently
been crystallized and its molecular structure determined
(Figure 5).1%9 The structure of the enzyme exhibits homo-
logy to the Genb-related N-acetyltransferase enzymes.
Chemical syntheses have been reported for MSH;170.171
unfortunately, none of these syntheses are particularly
efficient modes for the production of large quantities of
MSH. A recently reported protocol for the isolation of
milligram quantities of MSH from M. smegmatis should
aid in providing sufficient quantities for further studies of
the cellular biochemistry of this unique thiol.172
Function. Pathogens!7317* containing MSH appear to
use this natural product as a protectant against electro-
philic compounds as well as for the detoxification of ROS



300 Journal of Natural Products, 2005, Vol. 68, No. 2

Figure 5. Stereoview (relaxed) of a schematic model of mycothiol
synthase from Mycobacterium tuberculosis H37Rv. Two models of
acetylSCoA are shown in ball-and-stick form. Based on coordinates
(PDB 10ZP).169

and RNS. For example, it has been shown that M.
tuberculosis, an organism that is increasingly detected in
clinics due to multidrug resistance and is responsible for
the deaths of 2 million people per year worldwide,” uses
MSH to conjugate and detoxify antimycobacterial drugs in
a manner similar to the formation of mercapturic acid
derivatives in GSH detoxification mechanisms.'” Evidence
exists for the formation of MSH adducts of various anti-
mycobacterial agents such as cerulenin (22) and rifamycin
S (23) (Figure 6).176 This is believed to occur by the action
of a MSH-S-transferase (as yet unidentified), which pro-
duces the MSH-drug adduct. MSH-S-conjugate amidase
(Mca), which has been isolated and characterized, catalyzes
the hydrolysis of the N-acetylcysteine-S-adduct from the
disaccharide.1”-177 This reaction produces GleN-Ins and
AcCysSR, where R is the drug molecule. The resulting
AcCysSR is then excreted from the cell. The enzyme as
isolated from M. tuberculosis contains a zinc ion. Studies
have indicated that the enzyme is highly specific for the
MSH structure but is promiscuous with respect to the
structure of the attached drug molecule.17®

MSH mirrors GSH and TSH; in its redox biochemistry
as well.178 In the process of peroxide reduction, the MSH
disulfide is formed as a product. A corresponding MSH
(disulfide) reductase has been identified, which recovers
the disulfide (MSSM) to active MSH.179-181 Although no
structural data are yet available on the enzyme, MSH
(disulfide) reductase is known to be a flavoenzyme and may
therefore be mechanistically similar to the GSH and TSH,
reductases.18%181 Tt is interesting to note that a truncated
version of MSH (des-myo-inositol MSH) has been shown
to act as a substrate for this enzyme, allowing for the
possible use of simpler structural analogues in the design
of compounds targeting this pathway.17?

MSH detoxification of reactive nitrogen species, such as
NOr, results in the intermediate formation of S-nitroso-
mycothiol. This compound can then react further to form
the unstable N-hydroxysulfenamide of MSH, which ulti-
mately leads to the formation of nitrate. The enzyme that
accomplishes this, surprisingly, has been identified as a
formaldehyde dehydrogenase.!82

Drug Design. MSH-deficient M. smegmatis mutants
have been shown to be hypersensitive to a host of toxic
agents such as alkylating agents, free radicals, and anti-
biotics,83:184¢ and hence targeting the MSH biosynthetic and
metabolic pathways with inhibitors may allow for the
development of novel strategies against mycobacteria.185

For example, the inhibition of the MSH-S-transferase
or the S-conjugate-amidase may allow increased sensitivity
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Figure 6. Compounds known to interact with mycothiol-S-conjugate
amidase. Of these, 22 and 23 are known substrates, while 24, 25A,
25B, 26, 27, 28, 29A, and 29B are inhibitory agents. MS = mycothiol.

to established antimycobacterial agents such as rifamycin
S.186 This blocked process would be expected to increase
the intracellular levels of antimycobacterial agents in these
cells. The S-conjugate amidase has been shown to be
inhibited by a number of natural products including
oceanapiside (24), psammaplysins A (25A) and B (25B),
and suvanine (26)!%7 and the bromotyrosine alkaloids
pseudoceratine (27), 28, 29A, and 29B (Figure 6).18 The
synthesis of novel alkaloids 28 and 29A, isolated from the
Australian nonverongid sponge Oceanapia sp.,'8® has re-
cently been reported.1®? A study on the conformation of the
S-conjugate bimane of MSH in solution has been re-
ported,’® which may aid in the design of inhibitors of
S-conjugate amidase. It comes as no surprise, therefore,
that the MSH biosynthetic and detoxification pathways are
the subject of intense interest for the development of novel
antimycobacterial agents to treat tuberculosis.187.188,191,192

Aromatic Intracellular Thiols (Thiolhistidines)

In addition to the aliphatic-based thiols presented above,
naturally occurring aromatic thiols have been isolated and
their properties investigated.

Ergothioneine (ESH). Ergothioneine (ESH) was ini-
tially isolated in 1909 by Tanret from ergot,'® the fungal
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infection of rye grain, and its structure was determined
indicating ESH to be a betaine of 2-thiol-L-histidine (Figure
1, 6).19¢ ESH has since been detected in plants,195-198
fungi, 199201 bacteria,2°! animals,?02720¢ and humans?205.206
in millimolar concentrations. In mammals, ESH has been
detected in the liver,207 kidney,207 and blood,2% notably the
red blood cells.298209 Human red blood cells have been
shown to contain 1.5—3.7 mg/100 mL of blood,?1° while
human lenses contain 68—115 mg/100 g of lens.2%¢ To date,
evidence for the biosynthesis of ESH has only been noted
in certain fungi,2! and in the Actinomycetales bacteria,?!!
which includes the medically important bacterium M.
tuberculosis. Bacillus, Clostridium, Corynebacterium, Es-
cherichia, Lactobacillus, Propionibacterium, Proteus, Pseudo-
monas, Staphylococcus, Streptococcus, and Vibrio have
been shown to be incapable of biosynthesizing ESH.211

It is believed that most organisms obtain ESH from their
environment. Plants are thought to obtain ESH from the
soil;1% oat seedlings have been shown to incorporate
radioactive ESH via their root system,?!? while animals and
humans obtain ESH from dietary sources.?!3 In animals,
the amount of ESH present depends on tissue type,21*
diet,197:198 and species.2’* Animals, and therefore humans,
store ESH as the free form in tissues that are known to
be exposed to oxidative stresses, including red blood
cells,203:208.209 geminal fluid,21%216 the ocular lens,204206
liver,207:217 and kidneys,207 at levels that can reach milli-
molar. ESH is also found in the brain in micromolar
amounts.?02

ESH is sequestered by red blood cells at concentrations
2—9 times greater than that of blood plasma.?'® Early
studies indicated that the incubation of red blood cells with
ESH had no effect on the cell’s intracellular ESH concen-
tration.217:219.220 This, combined with the knowledge that
the concentration of ESH within red blood cells decreases
with the age of the cell,?2%-221 led to the conclusion that ESH
was incorporated during red blood cell formation.2??2 Recent
work?18 using updated chromatographic techniques appears
to demonstrate that red blood cells incubated with 1 mM
ESH for 4 h do in fact gradually uptake ESH. These cells
maintained their ESH levels against a concentration
gradient in blood plasma. The uptake mechanism of red
blood cells is unknown at this time but has been postulated
to be transporter dependent.218

A study of bovine and porcine concentrations of ESH in
ocular tissue indicated that ESH was present in all ocular
tissues studied. The concentration of ESH in bovine lens
was 17—25 times that of the cornea and retina.?* It is
believed that the high level of ESH may be important for
lens transparency, as there appears to be an inverse
relationship between cataracts and ESH concentration in
the human lens.206

Biosynthesis. Initial studies of ESH biosynthesis in
fungi have shown that histidine is incorporated intact into
ESH (Scheme 9).22322¢ The three methyl groups of the
trimethylammonium moiety are derived from S-adenosyl-
methionine via methylation,?24 and the sulfur atom appears
to originate from cysteine.?2? There are two possible routes
for the biosynthesis of ESH depending on the order of the
methylation and sulfination: that is, the intermediacy of
either thiolhistidine or hercynine (Scheme 9, 30). Studies
in Neurospora crassa using radiolabeled substrates sug-
gested that methylation occurs first followed by sulfination,
as radiolabels from hercynine were incorportated into
ESH225 while #C-thiolhistidine did not result in radiola-
beled ESH.223 Further work utilizing cell extracts of N.
crassa indicated that Os and Fe?" are required for the
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transfer of sulfur to hercynine. An intermediate in this
process, S-(-amino-S-carboxyethyl)ergothioneine sulfoxide
(Scheme 9, 31), was identified, which was then shown to
be converted to ESH and pyruvate via a pyridoxal-requir-
ing enzyme.??6 The use of “C and %S as precursors has
indicated that the biosynthetic pathway of ESH in bacteria
parallels that of fungi.?27

Chemical Properties. ESH differs from GSH, TSHo,
and MSH in that it exists primarily as a thione under
physiological conditions (Figure 7, 32).228 The thione form
was confirmed by the determination of the X-ray structure
of the ESH dihydrate,? which exhibited a S—C bond
length of 1.691 A, a value intermediate between the S—C
single and double bond lengths of 1.82 and 1.56 A,
respectively. ESH can exist in three different tautomeric
forms (Figure 7).

Because of the thione/thiol tautomerism, ESH differs in
reactivity from aliphatic thiols such as GSH. ESH has
considerable nucleophilic character in both the neutral thiol
and thione forms.?3 Like a typical sulfhydryl, ESH will
react with iodoacetamide,?3! nitroprusside,?3? and bromo-
bimanes.20 Unlike sulfhydryls, however, ESH will not
react with N-methyl-N'-nitro-N-nitroguanidine,?3? 4-nitro-
quinoline-N-oxide,?33 and metmyoblobin (metMb).23¢ ESH
has been shown to react with 2,2-diphenyl-1-picrylhydrazyl
(DPPH),235 a stable free radical that is known to react with
antioxidants and will react with sulfhydryl groups by
removing the hydrogen atom homolytically to form a
sulfhydryl radical.?¢ Unlike GSH, ESH and the model
compound, 1-methyl-2-thiolimidazole, were determined not
to react with carbon-centered or aliphatic peroxy radicals,
due to the predominance of the thione form in neutral,
aqueous solution.?3” At a higher pH, ESH ionizes to the
thiolate, and although a better electron donor, still remains
refractory to carbon-centered radicals.?37

The most significant difference between ESH and other
thiols is the instability of the ESH disulfide (ESSE) under
physiological conditions. Most low molecular weight thiols,
such as GSH, MSH, and TSH,, are known to form disul-
fides upon exposure to aerated aqueous solutions, and
organisms express reductase enzymes to maintain these
thiols in their reduced form (see above). ESH, however, is
stable in its reduced form in aerated aqueous solutions,
and ESSE does not form under conditions that oxidize
GSH.232 ESH has an E,’ = —0.06 V238 and is therefore more
difficult to oxidize,23* unlike other thiols, such as GSH,
which has an E, = —0.25 V.23 Only when the solution
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containing ESH is strongly acidic is ESSE stable enough
for the free and oxidized forms to exist simultaneously.232
The instability of ESSE makes it impossible to detect in
physiological systems, even if ESSE is formed, as the
presence of large amounts of GSH in plant and animal
systems would maintain ESH in the reduced state. At
physiological conditions, the equilibrium between ESH and
ESSE lies completely in the reduced state.

Function. ESH has been shown to have important
antioxidative properties.?4® ESH has been shown to quench
10, formation by several photosensitizers?41-242 and to have
a strong quenching effect on indole fluorescence. The
quenching of fluorescence and 10y production indicates that
ESH could be involved in protecting against photochemical
damage caused by photosensitizing substances.?4

HOr* is one of the most reactive biologically important
free radicals, reacting at diffusion-controlled rates with
cellular biomolecules.?** Studies have determined that ESH
can scavenge HO" in a biologically relevant manner,?45 and
the presence of a possible radical cation intermediate (in a
thiol form) produced in the process was detected.?*6 This
intermediate appeared to decay to give a species that
absorbed in the range 280—360 nm, where ESSE is
believed to absorb. The similarities of these results with
those for the model compound, 2-thioimidazole, suggest
that the side chain of ESH has little effect on its oxidation
reactions.

2-Imidazolethiones, such as ESH, protect ascorbic acid
from copper(Il)-catalyzed oxidation.?*” ESH may also be
involved in a cooperative interaction with ascorbic acid to
protect biological systems from ROS. The single-electron
reactions of ascorbic acid and ESH have been investigated
using an NyO-saturated aqueous solution of 0.05 M NaNj
with 1 mM ESH and 0.2 mM ascorbic acid.?*¢ It was
estimated that 90% of the azide radicals reacted initially
with ESH, which then decayed to give the semidehy-
droascorbate radical and repaired ESH. This result indi-
cates that a cooperative interaction between ascorbic acid
and ESH exists that could play an important role in the
protection of biological systems from ROS.246

In addition to the stress caused by ROS, biological
systems must also combat nitrosative stresses caused by
RNS. Nitrogen can form a number of oxides of biological
significance, including peroxynitrite (ONOO™), which is
formed by the reaction of nitric oxide (NO*) and superoxide
at a near diffusion-controlled rate.? ONOO™ is a nitrating
agent and a powerful oxidant that can react with a number
of biomolecules.?*® It has been implicated in the nitration
of tyrosine residues in proteins, DNA oxidation, neuronal
degradation, and enzyme inhibition,24* the toxicity of which
ESH has been shown to be effective in reducing. For
example, the presence of ESH at low concentrations
decreases nitration of tyrosine by ONOO™ in a concentra-
tion-dependent manner; ESH was more effective than GSH
or Trolox C, a vitamin E analogue.?*® ESH also decreases
the oxidation of guanidine and adenine to xanthine and
hypoxanthine in neuronal cell lines and in calf thymus.24°
These results may have implications for inflammatory
conditions such as gout, which is characterized by an
overproduction of uric acid, the oxidation product of xan-
thine, and other defects of purine metabolism.

ONOO™ has been implicated in the neuronal degradation
caused by Alzheimer’s disease.?5%-?51 The generation of
ONOO™ and NOr is believed to be the cause of apoptosis of
cultured neurons exposed to f-amyloid peptide (SA), which
is associated with senile plaques formed in the brains of
Alzheimer’s patients.?’2 The neurons in the brain of a
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patient affected by Alzheimer’s were found to display
increased levels of inducible nitric oxide synthase (iNOS)
and nitrosotyrosine, markers of ONOO~ formation.250:251
ESH was found to attenuate intracellular formation of
ONOO™ by pA, and it is believed that ESH may act through
the scavenging of ONOO™ rather than the control of its
production. ESH has also been shown to protect against
ONOO -mediated PC12 cell death in a concentration-
dependent manner.?’> ESH did not block the production
of ONOO™ nor the induction of inducible nitric oxide
synthase expression, which adds credence to the hypothesis
that ESH acts as a scavenger of ONOO~.253 In support of
ESH as a scavenger of ONOO~, ESH has been shown to
protect oj-antiproteinase (oAP) from inactivation by
ONOO™.254255 ESH protects 0 AP from HOCL.24> Few com-
pounds can react with HOCI fast enough to inhibit this
inactivation; however, ESH has been shown to protect a AP,
indicating that it can scavenge HOCI at a biologically
significant rate in addition to scavenging ONOO™.

Both NO* and ONOO~™ can react with thiols to form
S-nitrosothiols.?*8 S-Nitrosothiols have a fundamental role
in many biological processes including vasodilation??% and
inhibition of platelet aggregation.?>” Transnitrosation can
occur between thiols and S-nitrosothiols.??® The decomposi-
tion of S-nitrosothiols is induced by UV radiation, metal
ions, and other thiols. The major S-nitrosothiol found in
the body is GSH based (GSNO). It has been found that ESH
can accelerate GSNO decomposition in a concentration-
dependent manner, to a rate faster than that of GSH
itself.230 In the presence of ESH, ammonia was determined
to be the main nitrogen-containing end product in these
reactions.?? Another RNS of biological significance is
sodium nitrite, which can oxidize oxyhemoglobin (oxyHb)
to methemoglobin (metHb) through the formation of reac-
tive intermediate species such as HsOy, NOy*, and ferryl-
hemoglobin (ferHb).259 Molecules containing the 2-thiolim-
idazole nucleus, such as ESH, have been found to inhibit
the formation of metHb under these conditions.259:260

Reactions with Metals. Thiols, such as GSH, are
known to be auto-oxidized in the presence of heavy metals
such as copper and iron to form disulfides and perox-
ides.?61.262 These metals do not cause ESH oxidation to
ESSE; instead, ESH chelates divalent metals.263 It is most
likely that ESH forms complexes with copper, nickel,
cadmium, zinc, mercury, and cobalt through its sulfur
atom. At physiological pH, copper(II) complexes with ESH
are stable and do not decompose to give oxygen radicals,
unlike with GSH or other thiols.264265 ESH binds to copper
in such a way that the copper-catalyzed production of HO*
is inhibited.245 Copper(II) can accelerate the single-electron
reactions of ESH, as well as those of other 2-thiolimida-
zoles.235 The ability of ESH to complex copper(II) may also
be important in the protection of hemoglobin (Hb) and
myoglobin (Mb) from oxidation. Copper(II) is known to
stimulate the oxidation of oxyHb to metHb. Akanmu and
co-workers found that the oxidation of oxyHb by copper
could be prevented by the preincubation of oxyHb with
ESH at concentrations equal to or greater than the
concentration of copper.24® In contrast, Smith and Reed?26¢
found no evidence of oxyHb protection by ESH and postu-
lated that although ESH can bind copper(Il), it does not
block the site that is involved in hemoglobin (Hb) oxidation.
The differences in ESH concentration and Hb preparation
methods could explain the conflicting results.266

Mb, like Hb, is affected by oxidative stress due to HyO9
exposure, and as a result, the metMb iron is elevated to
higher valance states, such as that of ferrylmyoglobin
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(ferMb). MetMb can be oxidized to ferMb by HzO3 in 5 min.
The addition of ESH can completely recover metMb.245
When this is monitored by ultraviolet/visible spectroscopy,
an almost immediate change in the spectrum is observed
upon the addition of ESH to ferMb and within 10 min the
original metMb spectrum was regenerated. It is believed
that during the reduction of ferMb, ESH is oxidized to give
ES* or ESSE. The reactivity of ESH with ferMb is higher
than that of GSH; it is closer to that of ascorbate.26”7 ESH
is not able to reduce metMb to oxymyoglobin2?67 and is not
believed to react with H05.245:267 The ability of ESH to
reduce ferMb is important for biological systems, as ferMb
can oxidize various essential constituents through peroxi-
dative activity, including membrane lipids and fatty acids
such as arachidonic acid.?6” ESH can inhibit the peroxida-
tion of arachidonic acid caused by mixtures of Mb/Hb of
Hy0,.245

Bioactivity. ESH has been shown to inhibit both HyO9
and tumor necrosis factor-o. (TNF-a) mediated activation
of nuclear factor-«B (NF-«B) and interleukin-8 release,
resulting in an overall anti-inflammatory effect in lung
cells.268 ESH is also believed to protect against oxidative
damage in vivo caused by the Fenton reagent ferric-
nitrilotriacetate (feNTA).20” ESH has been shown to reduce
kidney and liver damage in rats caused by feNTA when
supplemented orally for 7 days prior to exposure. Though
the molecular mechanisms of protection are unknown, oral
ESH supplementation appears to protect against oxidative
damage in vivo.207

ESH can block N-methyl-D-aspartate receptor over-
stimulation in neurons, a situation that would ordinarily
lead to free radical production and cellular death. ESH
serves as a neuroprotectant in these systems and may
accomplish this by acting as an antioxidant.26?

Ovothiols (OSH). In addition to ESH, a second class of
naturally occurring thiolhistidines has been identified. The
presence of the disulfide of 1-methyl-4-thiol-L-histidine
[ovothiol A disulfide, (OSa)2] has been identified in echi-
noderms: in sea urchins, Paracentrotus lividus, Sphaerechi-
nus granularis, and Arabacia lixula, the holothuroid,
Holothuria tubulosa, the asteroids, Astropecten aurantiacus
and Marthasterias glacialis,®™® and the mottled sea star,
Evasterias troschelii.?™ It has been suggested that ovothiol
A (OSH,, Figure 1, 7A) plays a critical role during cell
division and growth of sea urchin eggs. The oxidative burst
and the concomitant redox state of the eggs during fertili-
zation require cyclic redox processes and protection against
ROS (see below). Additional variants on this compound,
that is, the methylated compounds denoted as ovothiols B
and C (OSHg, OSHg, Figure 1, 7B, 7C),27122 have also been
identified in marine invertebrates such as the spiny scallop,
Chlamys hastata, and the purple sea urchin, Strongylo-
centrotus purpuratus, respectively.?’! There is evidence for
the presence of 4-thiolhistidine (the unmethylated imida-
zole), as well as OSH,, in the common octopus, Octopus
vulgaris, and the european squid, Loligo vulgaris.2™ OSH,
has also been reported as the egg release pheromone of
male Platynereis dumerilii, a species of marine inverte-
brates, to promote egg release in swarming females.274

The presence of these amino acids in peptide linkage has
been reported. Adenochrome, the purple iron(IIl)-seques-
tering pigment that occurs in the branchial hearts of the
cephalopod O. vulgaris, has been found to be a mixture of
peptides derived from glycine and three novel isomeric
amino acids: adenochromines A (33), B, and C, which are
responsible for the iron-binding properties of these pig-
ments.2’”> The adenochromines differ in the attachment
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Scheme 10. Proposed Biosynthesis of Ovothiol A¢
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@ Where X is a precursor that can be reduced by dithiothreitol to yield
pyruvate and cysteine.?8!

position of the sulfur atoms: in A (383) the 4-thiolhistidines
are attached through their sulfur atoms to positions 2 and
5 of the dihydroxybenzene nucleus, while in B and C, the
4-thiolhistidines are attached at positions 5 and 6 and
positions 2 and 6, respectively.2’3275 On the basis of
degradation and labeling studies, it is believed that the
4-thiolhistidine, biosynthesized separately, is added to
dopaquinone, which is itself formed by tyrosinase-like
oxidation of Dopa.2™ A similar compound, imbricatine (34),
produced by the starfish Dermasterias imbricate, is a
derivative of OSH, that, like the adenochromines, is linked
via the sulfur atom to an aromatic ring. Imbricatine has
been shown to elicit a “swimming response” from the sea
anemone, Stomphia coccinea, upon contact with D. imbri-
cate.?’ OSHs are not only found in marine invertebrates
but have also been detected in the eggs of the rainbow
trout, Salmo gairdneri, at levels of OSHA and OSHg of 1.7
and 0.34 nmol per milligram of protein, respectively, as
well as in the eggs of the Coho salmon, Oncorhynchus
kisutch.?™

OH
O NH
\7 HO CO,
ng (/N/ S+
"0,¢7 NH;, N NH;
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33 Adenochromine A 34 Imbricatine €O,

OSH, also exists as an important intracellular thiol in
C. fasciculata?™ and L. donovani.'®> OSH, has been identi-
fied in all insect stages of the Kinetoplastida, most abun-
dant in the Leishmania spp. promastigotes, where OSH,
concentrations can equal or exceed that of TSH,.% Finally,
OSH, has been found in the halotolerant green alga
Dunaliella salina.?%°

Biosynthesis. The biosynthetic origin of the 4-thiolhis-
tidines is unknown, although it is clear that they originate
from the insertion of the SH moiety into L-histidine at
position 4 rather than position 2, as in the case of ESH
and related metabolites. The biosynthetic steps appear to
involve the modification of intact L-histidine. An identified
intermediate in the biosynthetic pathway of OSH, is S-4-
(histidyl)cysteine sulfoxide (Scheme 10, 35), produced by
an enzyme termed the sulfoxide synthase. This enzyme
appears to utilize Fe?t and oxygen to produce a linkage
between cysteine and L-histidine, resulting in the formation
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Scheme 11. Redox Cycle for the Detoxification by Ovothiol C
(OSH,) of Peroxides Formed during Fertilization of Sea Urchin
Eggs®
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@ Where GSH and GSSG represent glutathione and its disulfide, respec-
tively. In addition, it is possible for a mixed GSH-OSHc disulfide to be
formed.

of a sulfoxide.?®! Cleavage of the amino acid section of the
cysteine from this intermediate makes use of the cofactor
pyridoxal phosphate and a reductive step to convert the
possible sulfenic acid intermediate into the thiol. Methy-
lations utilizing S-adenosylmethionine and catalyzed by
methyltransferase(s) follow this critical carbon—sulfur bond
forming step.28! The chemical syntheses of 4-thiolimida-
zoles and OSHs have been reported?82-28¢ and make these
compounds available for further study.

Function. Despite its potential toxicity, S. purpuratus
utilizes HoOs to cross-link tyrosine residues in its fertiliza-
tion envelope after fertilization via the enzyme ovoperoxi-
dase.?85:286 The extracellular H;O; is produced in a respi-
ratory burst in the early part of embryonic activation. The
presence of HyOy would be a potential hazard to the
embryo; however, the eggs and embryos contain ap-
proximately 5 mM intracellular OSH¢, which reacts chemi-
cally with the HgOs, forming OSH¢ disulfide (OSc)s,
Scheme 11, 36), which could then be reduced back to free
OSH¢ by GSH278 (Scheme 11).287 The OSH system appears
to be more effective than egg catalase in destroying H2Oq
at the concentrations produced during fertilization. For
example, in unfertilized as well as fertilized sea urchin
eggs, metabolism of HyOs was accounted for by the OSH
pathway (73%) and by the enzyme catalase (27%), which
disproportionates two molecules of HyOs to two water
molecules and one oxygen molecule.?’® Hence the OSH
system may play a critical role in preventing oxidative
damage during fertilization. The (OS); produced in cellular
redox reactions, such as reduction of organic peroxides, can
be reduced to active OSH by reaction with GSH. A
preliminary reduction/oxidation potential of OSH, at physi-
ological pH has been determined to be 0.17 V more positive
than that of GSH.288

2 GSH + OSSO = 2 OSH + GSSG

The equilibrium for this equation in the cell would be well
to the right. Because of this, there is no obvious need for a
separate ovothiol (disulfide) reductase, analogous to GSH
reductase, and none has been found in any organism to
date.

Eggs from P. lividus have been found to have a ratio of
OSH,4 to GSH of 60:1, indicating that OSH, is the major
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thiol in this organism.?’® In S. purpuratus eggs, the
intracellular levels of OSH¢ reach 4.3 mM, while GSH
levels lie at 3.3 mM.2"! Detailed kinetic studies on the redox
properties of OSH and GSH indicate second-order rate
constants of 3.18 s M~! for eq 1 and 1.60 s~ M~ for eq
9,93

2 OSH + H,0, — 0SSO + 2 H,0 (1)

2 GSH + H,0, —~ GSSG + 2 H,0 2)

The pK, for the thiol groups in the model compound, 1,5-
dimethyl-4-thioimidazole (DMTI, 87), and in GSH are 2.3%%
versus 8.7—9.2,290.291 regpectively, and hence at physiologi-
cal pH, the related OSH will most likely exist in the more
reactive thiolate form.?8° The nucleophilicity of DMTI, and
by extension OSH, is enhanced by the aromaticity of the
thiolate: the reaction of DMTI with the alkylating agent
iodoacetamide occurs at a rate 9 times that of GSH.28 The
protonation state of the OSH nucleus has been shown to
control some of the chemical properties of this molecule.

H3C, Se
o Q-0
<
N">sH o]

37 1,5-Dimethyl-4- 38 Ebselen

thioimidazole
(DMTI)

OSHs appear to function as low molecular weight mimics
of the enzyme GSH peroxidase (and appear to replace the
function of this enzyme in sea urchin eggs).2’8 Peroxides
in general have been implicated in a number of degenera-
tive diseases such as inflammation, cancer, atherosclero-
sis,292 and the aging process.24429 The protective aspects
of the enzyme GSH peroxidase are critical: this enzyme
catalyzes the reduction of harmful peroxides by GSH and
protects cellular components from oxidative damage.!1” The
enzyme’s catalytic site contains a selenocysteine residue,
and evidence indicates that the nucleophilic selenium atom
(enzyme-SeH) directly attacks one of the oxygen atoms in
a peroxide, forming the selenenic acid (enzyme Se-OH),
which then reacts with GSH, forming a mixed selenyl
sulfide adduct (enzyme-Se-SG). This adduct is subsequently
attacked by an additional molecule of GSH, to yield the
reactivated active site (enzyme-SeH)!!” and GSSG, which
is then reduced by GSH reductase. Recently there has been
intense interest in the development of small-molecule
mimetics of GSH peroxidase??4-29% guch that these com-
pounds could aid in the overall control of peroxide levels
in cells. In fact, the small molecule mimetic ebselen (38)
has undergone clinical trials as an anti-inflammatory
agent.2?” The isolation, characterization, and elucidation
of the GSH peroxidase-like activities of the OSHs and
related thiolhistidines might allow for these and other
related but chemically prepared compounds to contribute
to this area of medicinal chemistry. For example, the
4-thiolimidazoles have an ability to reduce oxygen-centered
radicals as well. Since a number of these radicals have been
implicated in various disease processes,244293 4-thiolimi-
dazoles, due to their apparent nontoxic properties, might
contribute to the medicinal chemistry of the control of these
ROS.2"® Analogues of OSH, such as those containing
electron-withdrawing or electron-donating groups on the
core imidazole nucleus, have been made successfully?®® in
the hope of finding useful antioxidants. Some of these
derivatives have been found to be potent scavengers of
HOCI, HO*, and Hy02 and are able to inhibit copper-
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induced low-density lipoprotein peroxidation.2?® The redox
chemistry of OSH is also pertinent to a variety of parasites
of medicinal and agricultural interest. In these cases it is
suggested that the unique intracellular thiol in these
organisms, TSHy, plays the major role in the recycling of
(OS); to OSH. Unlike the other OSH-containing organisms
discussed above, these parasites utilize an extremely active
TSH; peroxidase, which relegates the nonenzymatic scav-
enging of HoOy by OSH to a relatively minor role.?

Additional differences in chemical properties between
OSH and GSH are similar to the differences between
aromatic versus alkanethiols. The model compound, 1-meth-
yl-5-ethyl-4-thioimidazole, is a better reductant than all
naturally occurring aliphatic and aromatic thiols.3° The
aromatic nature of the thiol in OSH also allows for
increased stability of the thiyl radical form of OSH?3%! and
broadens the biological chemistry of this molecule. For
example, it has been determined that the reaction of OSH
with HyO5 produces the OSH thiyl radical,?*2 which is then
converted to the disulfide.323%3 The free radical stability
of the thiyl radical is believed to be the result of the ability
of the thiyl radical to share the electron with atoms of the
aromatic imidazole nucleus.3r AM1 semiempirical calcula-
tions on the model compound DMTI have indicated that
the free radical density is found not only on the sulfur atom
but also on carbons 4 and 5.392 The presence of metal ions
(for example copper ions) can affect changes in the chem-
istry of OSH, and it has been shown that OSH can form
complexes with copper ions.?%?

Extensive experimentation has also shown the superior-
ity of OSH over GSH for hydrogen atom abstraction or one-
electron donation. The OSH model compound DMTI was
compared to GSH for the one-electron donors Fremy’s salt,
Banfield’s radical, galvinoxyl radical, and horse heart
ferricytochrome c; in all cases, the model compound reacted
at least 1 order of magnitude more rapidly than GSH,28°
with 2 orders of magnitude separating the model and GSH
from Banfield’s radical.?! The model was also found to be
superior to GSH as a scavenger of tyrosyl radicals.3%! Since
the high respiratory burst of HoOs and its breakdown with
cellular components such as metals produces highly ROS,
it is clear that the free radical chemistry of OSH might
well be critical to cellular viability.

The interactions of RNS, such as ONOO™~, have been
proposed to be critical components of the biochemistry of
OSHs. RNS, including NO¢, are used by host organisms as
a defense against Trypanosoma parasites.?** The formation
of ONOO™ from NO* produces RNS that the parasite must
be able to detoxify. OSHA has been shown to decompose
the S-nitroso groups of S-nitrosoglutathione and di-S-
nitrosotrypanothione,® the intermediate products of nitric
oxide detoxification. NO* is also involved in the fertilization
response in sea urchin eggs,3%> and its detoxification may
provide yet another role for ovothiols in these organisms.

Further contributions of the OSHs to cellular physiology
relate to their synergism with o-tocopherol (vitamin E).
Some indications are that OSHs can reactivate a-tocopherol
once a-tocopherol has been utilized to block lipid peroxi-
dation.3%° The product from the interaction of a-tocopherol
and lipid peroxide is then reconverted to vitamin E and
(OS)s. Redox cycling back to OSH by the GSH system can
then occur.

Conclusions

As can be seen from the above discussions, the isolation,
characterization, and utilization of various intracellular
thiols and their disulfides as probes have led to a significant
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expansion in our knowledge of various aspects of sulfur
biochemistry. Without the primary identification of each
of these natural products, it would have been impossible
to elucidate these extremely complex pathways. Further
applications of natural product isolation and identification
will ultimately lead to the elucidation of additional cellular
pathways currently undetected and perhaps new inhibitors
to target the above-described intracellular thiol pathways
in microorganisms important in disease processes.
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