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Recent evidence suggests that intraneuronal metabolism of ethanol by catalase/H2O2 and an
ethanol-inducible form of cytochrome P450 together generate acetaldehyde and oxygen radicals
including the hydroxyl radical (HO•). Within the cytoplasm of serotonergic neurons, these
metabolic processes would thus provide acetaldehyde, which would react with unbound
5-hydroxytryptamine (5-HT) to give 1-methyl-6-hydroxy-1,2,3,4-tetrahydro-â-carboline (1),
known to be formed at elevated levels in the brain following ethanol drinking, and HO• necessary
to oxidize this alkaloid. In this study, it is demonstrated that the HO•-mediated oxidation of
1 at physiological pH yields 1-methyl-1,2,3,4-tetrahydro-â-carboline-5,6-dione (8) that reacts
avidly with free glutathione (GSH), a significant constituent of axons and nerve terminals, to
give diastereomers of 8-S-glutathionyl-1-methyl-1,2,3,4-tetrahydro-â-carboline-5,6-dione (9A
and 9B). In the presence of free GSH, ascorbic acid, other intraneuronal antioxidants/
reductants, and molecular oxygen diastereomers, 9A/9B redox cycle in reactions that generate
H2O2 and, via trace transition metal ion catalyzed decomposition of the latter compound, HO•.
Further reactions of 9A/9B with GSH and/or HO• generate several additional glutathionyl
conjugates that also redox cycle in the presence of intraneuronal reductants and molecular
oxygen forming H2O2 and HO•. Thus, intraneuronal formation of 1 and HO• as a consequence
of ethanol drinking and resultant endogenous synthesis of 8, 9A, and 9B would, based on these
in vitro chemical studies, be expected to generate elevated fluxes of H2O2 and HO• leading to
oxidative damage to serotonergic axons and nerve terminals and the irreversible loss of GSH,
both of which occur in the brain as a consequence of ethanol drinking. Furthermore, deficiencies
of 5-HT and loss of certain serotonergic pathways in the brain have been linked to the preference
for and addiction to ethanol.

Ethanol drinking results in formation of a number of
tetrahydroisoquinoline (TIQ)1-3 and tetrahydro-â-car-
boline (THâC)4 alkaloids in dopamine (DA)- and 5-hy-
droxytryptamine (5-HT)-rich regions of the brain, re-
spectively. Furthermore, infusions of certain TIQs and
THâCs into specific brain regions augment volitional
ethanol drinking by the rat.5-8 Such evidence supports
the hypothesis that acetaldehyde, the proximate me-
tabolite of ethanol, condenses with brain indolamines
and catecholamines to form THâCs and TIQs, respec-
tively, that might contribute to the addictive properties
of the fluid.9,10 Other lines of evidence suggest that
deficiencies of 5-HT11-15 and DA13,16,17 in specific brain
regions also augment ethanol drinking. Furthermore,
prolonged exposure of animals and humans to ethanol
results in neuronal loss18-20 including certain seroton-
ergic, dopaminergic, and noradrenergic pathways.21
Thus, ethanol-induced degeneration of specific seroton-
ergic and catecholaminergic pathways in the brain
might, therefore, be a factor linked to the addictive
properities of the fluid.
Available evidence indicates that TIQ and THâC

alkaloids formed (or suspected of being formed) in the
brain following ethanol drinking are short-lived species
in vivo although their fates are largely unknown.22
Recent investigations, however, have established that
these TIQs and THâCs are very easily oxidized com-
pounds.23-25 Accordingly, it is not inconceivable that

once formed in the brain these alkaloids are rapidly
oxidatively metabolized and that the resulting metabo-
lites might contribute to the degeneration of seroton-
ergic and catecholaminergic pathways and in the acti-
vation of the opioid system which also appears to play
an important role in compulsive ethanol drinking.26-30

An important impetus to the idea that significant levels
of TIQ and THâC alkaloids might be formed and then
oxidized in the brain as a consequence of drinking
derives from reports that ethanol is intraneuronally
metabolized to acetaldehyde by catalase/H2O2

31 and an
ethanol-inducible form of cytochrome P450.32,33 The
latter isoform is a potent generator of oxygen radicals
including the hydroxyl radical (HO•).34,35 These results
indicate that intraneuronal mechanisms are available
to metabolize ethanol to acetaldehyde that would be
expected to react with cytoplasmic (i.e. unbound) bio-
genic amine neurotransmitters to form TIQ and THâC
alkaloids. Formation of HO• as a byproduct of these
reactions provides an in situmechanism to oxidize these
intraneuronal alkaloids.
Acute and chronic ethanol drinking also evoke a

significant decrease in brain levels of glutathione (GSH)
with little or no corresponding increase in the oxidized
tripeptide (GSSG) although the activities of enzymes
associated with GSH biosynthesis are increased.33,36
These observations suggest that drinking results in an
accelerated and irreversible loss of brain GSH, perhaps
by reactions with endogenous substances such as oxi-
dized forms of ethanol-dependent TIQ and THâC alka-
loids. One such alkaloid is 1-methyl-6-hydroxy-1,2,3,4-
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tetrahydro-â-carboline (1). This alkaloid occurs as a
normal but ultratrace constituent of the mammalian
brain and other tissue, probably by reaction between
pyruvate and 5-HT to give Schiff base 2 that cyclizes to
3 and subsequently decarboxylates (Scheme 1).37,38
However, experiments with the rat have shown that
dietary ethanol potentiates formation of 1 in the brain
presumably by reaction of acetaldehyde with 5-HT to
give Schiff base 4 that cyclizes to give the alkaloid
(Scheme 1).4 Urinary excretion of 1 by humans is
elevated during ethanol intoxication and declines during
detoxification.37,38 In the event that 1 is indeed oxidized
in the cytoplasm of serotonergic axon terminals, the
reaction would necessarily occur in the presence of
GSH.39 Accordingly, this communication describes the
influence of GSH on the electrochemically-driven, en-
zyme- and HO•-mediated oxidation chemistry of 1.

Results
Electrochemical and Enzymatic Oxidation of 1

in the Presence of GSH. Cyclic voltammetry of 1
(0.25 mM) in pH 7.4 phosphate buffer at a sweep rate
(ν) of 200 mV s-1 shows two overlapping oxidation peaks
Ia (Ep ) 270 mV) and IIa (Ep ≈ 350 mV) on the initial
anodic sweep (Figure 1A). After scan reversal, reduc-
tion peaks IIc (Ep ) 335 mV) and Ic (Ep ) 233 mV) form
reversible couples with oxidation peaks IIa and Ia,

respectively. At more negative potentials, reduction
peak IIIc (Ep ) -203 mV) forms a reversible couple with
oxidation peak IIIa (Ep ) -184 mV) that appears on the
second anodic sweep. An earlier investigation24 estab-
lished that, at potentials corresponding to the rising
segment of peak Ia, 1 is oxidized (1e, 1H+) to radical 5
that dimerizes to 7 (Scheme 2). However, at more
positive potentials a further one electron is abstracted
from radical 5 to give an intermediate represented by
the cationic resonance structures 6a and 6b (Scheme
2). Nucleophilic addition of 1 to 6 provides a second
route to dimer 7.24 However, nucleophilic addition of
water to 6 also occurs to give the 5,6-dihydroxy-THâC
8R that, at peak Ia potentials, is immediately oxidized
(2e, 2H+) to dione 8. Peak Ic observed in cyclic voltam-
mograms of 1 (Figure 1A) corresponds to reduction of 6
to 1. Peak IIa is due to oxidation of dimer 7, formed in
the peak Ia reaction, to an intermediate that is respon-
sible for reduction peak IIc. Dione 8 is reduced to 8R
at peak IIIc, and peak IIIa corresponds to the reverse
reaction.24

In the presence of increasing concentrations of GSH
(0.25-2.5 mM) a number of changes occur in cyclic
voltammograms of 1 (0.25 mM). Thus, the peak IIa/peak
IIc couple is eventually eliminated and the peak current
(ip) for reduction peak Ic is significantly decreased
(Figure 1B). However, a reversible couple remains in
the same potential region as peaks IIIc and IIIa, but the
peak currents for this couple increase significantly.
Figure 2A presents a chromatogram of the product

solution formed following a controlled potential elec-
trooxidation of 1 (0.25 mM) at 200 mV in pH 7.4
phosphate buffer for 30 min at 22 °C. Under these
conditions dimer 7 is the major product along with much
smaller yields of purple dione 8 that coelutes with
unreacted 1.24 In the presence of a 3-fold molar excess
of GSH but under otherwise identical experimental
conditions, formation of dimer 7 is completely blocked
and the major product is the 5-S-glutathionyl conjugate
of 1, i.e. 10, along with smaller yields of diastereomers
9A and 9B (Figure 2B). With increasingly positive
applied potentials the rate of oxidation of 1 increases
and the yields of 10 initially increase (Figure 2C, 400
mV) and then decrease (Figure 2D, 600 mV; Figure 2E,
800 mV). By contrast, the yields of diastereomers 9A
and 9B increase with more positive applied potentials
such that at 800 mV they represent the major reaction
products (Figure 2E). The results shown in Figure
2B-E suggest that one route to 9A and 9B results from
oxidation of glutathionyl conjugate 10. This was con-
firmed by controlled potential electrooxidations of 10
(0.25 mM) at applied potentials g 400 mV in the
presence of GSH (0.75 mM) at pH 7.4 which resulted
in formation of equimolar concentrations of 9A and 9B
as the sole reaction products (data not shown).
Previous studies24 demonstrated that several enzyme

systems (peroxidase VI/H2O2, tyrosinase/O2, ceruloplas-
min/O2) also oxidize 1 to 7 and 8 at pH 7.4. The
influence of GSH on these enzyme-mediated oxidations
of 1 were essentially identical to those observed in the
electrochemically-driven reaction. To illustrate, Figure
3 presents chromatograms of the product solutions
formed following incubation of 1 (0.25 mM) with per-
oxidase VI (10 units mL-1), H2O2 (0.5 mM and 1.5 mM),
and GSH (0.75 mM) for 5 min at 22°C. Thus, the major
reaction products were 9A, 9B and 10 along with very

Figure 1. Cyclic voltammograms at the PGE of (A) 0.25 mM
1 and (B) 0.25 mM 1 plus 1.5 mM GSH in pH 7.4 phosphate
buffer (µ ) 1.0). Sweep rate: 200 mV s-1.

Scheme 1
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minor yields of 15. Furthermore, the yields of 10
decreased and those of 9A and 9B increased with
increasing concentrations of H2O2. The trace concentra-
tions of 15 formed in the peroxidase/H2O2-mediated

oxidation of 1 in the presence of GSH resulted from
secondary reactions of 9A and 9B that are dependent
on the presence of molecular oxygen (see later discus-
sion). Electrochemical oxidations were performed in the

Figure 2. HPLC chromatograms of the product solutions obtained following controlled potential electro-oxidation of (A) 0.25
mM 1 at 200 mV; (B-E) 0.25 mM 1 plus 0.75 mM GSH at (B) 200 mV, (C) 400 mV, (D) 600 mV, and (E) 800 mV in phosphate
buffer (µ ) 0.2). All reactions were terminated after 30 min. Chromatography employed HPLC method I. Injection volume: 6.0
mL.

Scheme 2
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absence of molecular oxygen, hence accounting for the
absence of 15 in the resultant product mixtures.
Hydroxyl Radical (HO•)-Mediated Oxidation of

1 in the Presence of GSH. Oxidation of 1 (0.25 mM)
with an HO•-generating system (200 µM Fe2+/240 µM
Na2EDTA/1.0 mM ascorbic acid/1.0 mM H2O2; see the
Experimental Section for details and the order of
addition of reagents) at pH 7.4 and 22 °C was extremely
rapid. The initially colorless solution instantaneously
turned a pink/purple color upon addition of the final
reagent, H2O2. However, within approximately 10 min
a dark brown, presumably polymeric, precipate ap-
peared. HPLC analysis (method I) of the initially-
formed pink/purple solution revealed that dione 8 was
the major reaction product although several additional
minor, unstable, and therefore unidentified products
were formed. Figure 4A shows a chromatogram of the
product solution formed immediately following the HO•-
mediated oxidation of 1 (0.25 mM) in the presence of

GSH (0.75 mM) at pH 7.4 and 22 °C. Under these
experimental conditions the major reaction products are
9A, 9B, and 15 with smaller yields of 9R. Dione 8,
dimer 7, and glutathionyl conjugate 10 were not formed
as detectable products in this reaction. Oxidation of
much lower concentrations of 1 (2.5 µM) in the presence
of GSH (0.75 mM) by the same HO•-generating system
also gave 9A, 9B, and 15 as the major initial products
along with traces of 9R (Figure 4B). In the absence of
added H2O2, oxidations of 1 (0.25 mM) in the presence
of GSH (0.75 mM), Fe2+ (200 µM), Na2EDTA (240 µM),
and ascorbic acid (1.0 mM) were relatively slow. How-
ever, within 30 min 9A and 9B could be chromato-
graphically detected as products. Within 12 h, 9A and
9B were the major products along with slightly lower
yields of 15 (Figure 5A). After 24 h levels of 9A and
9B had decreased significantly and yields of 15 cor-
respondingly increased (Figure 5B).
Reactions of Dione 8 and Glutathionyl Conju-

gates 9A and 9B with GSH. The electrochemically-
driven, peroxidase/H2O2- and HO•-mediated oxidations
of 1 in the presence of GSH at physiological pH all gave
diastereomeric glutathionyl conjugates 9A and 9B as
significant reaction products. However, 15 was not
formed in the electrochemically-driven reactions (Figure
2B-E) which were always carried out in the absence of
molecular oxygen. Very small yields of 15were detected
among the initial products of the peroxidase/H2O2-
mediated oxidations (Figure 3) which were carried out
in the presence of molecular oxygen. Furthermore, the
yields of 15 increased when the initial product solution
was stirred in the presence of molecular oxygen while
those of 9A/9B correspondingly decreased (data not
shown). By contrast, 15 was a major initial product of
the HO•-mediated oxidation of 1 in the presence of GSH
(Figures 4 and 5). The structures of conjugates 9A and
9B suggested that they are formed by a direct reaction
between dione 8 and GSH. The observations sum-
marized above and the structure of 15 (to be discussed
subsequently) further suggest that this compound is
formed by HO• attack on 9A/9B. In order to investigate
such reactions in more detail, samples of 8 were
prepared by controlled potential electrooxidation of 1

Figure 3. HPLC chromatograms of the product solutions
obtained following incubation of 1 (0.25 mM) with peroxidase
VI (10 units mL-1), GSH (0.75 mM) and (A) 0.5 mM H2O2 or
(B) 1.5 mM H2O2 in pH 7.4 phosphate buffer (µ ) 0.2) at 22
°C for 5 min. Chromatography employed HPLC method I.
Injection volume: 6.0 mL.

Figure 4. HPLC chromatograms of the product solutions
obtained following incubation of (A) 0.25 mM 1 and (B) 2.5
µM 1 with GSH (0.75 mM), Fe2+ (200 µM), Na2 EDTA (240
µM), ascorbic acid (1.0 mM) and H2O2 (1.0 mM) in pH 7.4
phosphate buffer (µ ) 0.2) at 22 °C for 5 min. Chromatography
employed HPLC method I. Injection volume: 6.0 mL.

Figure 5. HPLC chromatograms of the product solution
obtained following incubation of 1 (0.25 mM) with GSH (0.75
mM), Fe2+ (200 µM), Na2 EDTA (240 µM) and ascorbic acid
(1.0 mM) in pH 7.4 phosphate buffer (µ ) 0.2) at 22 °C in the
absence of added H2O2 for (A) 12 h and (B) 24 h. Chromatog-
raphy employed HPLC method I. Injection volume: 6.0 mL.
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(0.25 mM) at pH 1.5 using a very positive applied
potential (1.0 V). Under these conditions 1 is almost
quantitatively oxidized to 8 (ca. 95%) with only minor
yields of dimer 7.24 Pure solutions of 8 were prepared
by preparative HPLC of the product mixture (method
II) when the dione eluted at tR ) 24 min. When a
thoroughly deoxygenated solution of 8 (ca. 0.6 mM)
dissolved in the HPLC mobile phase (pH 3.0) was
adjusted to pH 7.4 and reacted with GSH (2.0 mM) at
22 °C, the initial purple color of the dione (λmax ) 540,
350, 238 nm) rapidly faded. The spectrum of the
resultant colorless product solution (λmax ) 310, 238 nm)
was that of 9R. This was confirmed by HPLC analysis
(method II; tR for 9R ) 24 min) and the fact that cyclic
voltammetry of this product in the mobile phase (pH
3.0) exhibited a reversible couple at E°′ ) -35 mVwhich
was identical to that of 9A and 9B under identical
conditions. Furthermore, controlled potential electroox-
idation of 9R dissolved in the HPLC mobile phase (λmax
) 308, 236 nm) at 200 mV for 10 min gave an equimolar
mixture of 9A and 9B (λmax ) 550, 346, 248 nm).
Incubation of 8 (0.6 mM) with GSH (2.0 mM) at pH

7.4 and 22 °C in the presence of molecular oxygen
resulted in the initial formation of 9R along with
smaller yields of 9A and 9B (Figure 6A). However, with
time, the yields of these products decreased and, cor-
respondingly, 15 appeared and ultimately became the
major product (Figure 6B). When the HO• scavenger
mannitol (0.55 mM) was incubated with 8 (0.6 mM) and
GSH (2.0 mM) at pH 7.4 and 22 °C in the presence of
molecular oxygen the yield of 15 was very significantly
reduced (Figure 6C). Higher concentrations of mannitol
(5.5 mM) completely blocked formation of 15, and the
only reaction products were 9A and 9B in equimolar
yield (Figure 6D).
In the absence of molecular oxygen, incubations of 9A/

9B (total concentration 0.6 mM) with GSH (2.0 mM) at
pH 7.4 and 22 °C gave 9R. By contrast, in the presence
of molecular oxygen, 9A/9B were almost completely
transformed into 15 within 1-2 h. Again, the presence

of mannitol (0.55 mM) decreased the yield of 15 after 2
h by approximately 90%, and higher concentrations (5.5
mM) of the HO• scavenger completely blocked formation
of 15. Taken together the preceding evidence indicates
that HO• is generated when 8 or 9A/9B are incubated
with GSH in the presence of molecular oxygen at pH
7.4 and that this radical is responsible for formation of
15 from 9A/9B. Attempts to isolate and spectroscopi-
cally elucidate the structure of 15 were unsuccessful
owing to the decomposition of this compound during the
final freeze-drying step. However, addition of a large
molar excess of GSH (g2.5 mM) to a freshly chromato-
graphed solution of 15 (ca. 0.25 mM, HPLC method I)
adjusted to pH 7.4 resulted in the initial formation of
17R and 17 (Figure 7A). Ultimately, 15 was quantita-
tively transformed into 17 under these experimental
conditions (Figure 7B,C). Compounds 17 and 17R could
be isolated (see the Experimental Section). On the basis
of the structures of 9A/9B and 17 and that fact that 15
is clearly an intermediate between these compounds
whose formation was dependent upon HO•, the only
plausible structure for 15 is 8-S-glutathionyl-7-hydroxy-
1-methyl-1,2,3,4-tetrahydro-â-carboline-5,6-dione.
Redox Cycling Properties of 9A/9B. The preced-

ing results indicated that dione 8 reacts avidly with free
GSH at physiological pH in the presence of molecular
oxygen to give, initially, 9R and thence 9A and 9B and
that the latter diastereomers subsequently transform
into 15 as a result of HO• formation. As noted earlier,
9A/9B are readily reduced by excess free GSH. Fur-
thermore, following controlled potential electroreduction
of 9A/9B at -300 mV in deoxygenated pH 7.4 phosphate
buffer the resultant 9R was rapidly oxidized to an
equimolar mixture of 9A and 9B when the solution was
exposed to atmospheric oxygen. A cyclic voltammogram
(ν ) 100 mV s-1) of 9A/9B at pH 7.4 exhibits a single
reduction peak (Ep ) -228 mV) on the initial cathodic
sweep corresponding to the 2e, 2H+ reduction of these
conjugates to 9R (Figure 8). After scan reversal a
reversible oxidation peak (Ep ) -212 mV) corresponds

Figure 6. HPLC chromatograms of the product solutions obtained following reaction of 0.6 mM 8 with GSH (2.0 mM) in pH 7.4
phosphate buffer (µ ) 0.2) at 22 °C (A) for 15 min, (B) for 2 h, (C) for 2 h in the presence of 0.55 mM mannitol and (D) for 2 h in
the presence of 5.5 mM mannitol. Chromatography employed HPLC method I. Injection volume: 2.0 mL.
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to the reverse reaction. Cyclic voltammograms of pure
samples or 9A/9B were identical to that of the 1:1
mixture of these diastereomers presented in Figure 8.
Taken together, the above information and the fact that
E°′ values for cellular reductants lie in the range -400
to -500 mV vs NHE40 (-158 to -258 mV vs SCE)
suggested that the 9A/9B/9R couple (E°′ ) -220 mV
at pH 7.4) should redox cycle in the presence of such
agents and molecular oxygen. This was explored by
incubating 9A/9B with representative cellular reduc-
tants in air-saturated pH 7.4 phosphate buffer at 37 °C
and comparing the initial rates of oxygen consumption
(measured with a Clark-type oxygen electrode system)
to those measured in the absence of these conjugates
(Table 1). Indeed, incubation of 9A/9B (equimolar, total
concentration 50 µM) with GSH, NADPH, L-cysteine
(CySH), or ascorbic acid (1.0 mM) at 37 °C resulted in
significant increases in the initial rates of oxygen
consumption. Addition of catalase to a solution of 9A/
9B (50 µM) and GSH (1.0 mM) that had been incubated
for 5 min in the reaction chamber of the oxygen

electrode system resulted in the liberation of 42.1 (
0.2% of the consumed oxygen. This indicates that the
redox cycling reactions of 9A/9B/9R result in the reduc-
tion of molecular oxygen to H2O2. This was confirmed
by incubating catalase with 9A/9B (50 µM) and GSH
(1.0 mM) at pH 7.4 and 37 °C which resulted in a 50%
decrease in the initial rate of oxygen consumption
compared to that measured in the absence of this
enzyme (Table 2). However, addition of catalase to the
9A/9B/GSH solution in the oxygen electrode chamber
after 10 min resulted in the liberation of only 15.0 (
0.1% of the consumed oxygen, indicating that H2O2 was
being consumed by secondary reactions, i.e. decomposi-
tion to HO• (hence leading to formation of 15). Super-
oxide dismutase (SOD) had virtually no effect on the
initial rate of oxygen consumption by the 9A/9B/GSH
system, indicating that superoxide anion radical (O2

•-),
even if formed, had no significant influence on the redox
cycling reactions. By contrast, trace levels of added
transition metal ions (Fe2+, Fe3+, Cu2+) significantly
increased the initial rate of oxygen consumption whereas
the transition metal ion complexing agent diethylene-
triaminepentaacetic acid (DTPA) and HO• scavengers

Figure 7. HPLC chromatograms of the product solutions
obtained following reaction of 15 (ca. 0.25 mM) with GSH (2.5
mM) in pH 7.4 phosphate buffer at 22 °C for (A) 2 h and (B)
4 h. (C) UV-visible spectra of 15 (0.25 mM) and of the product
solution formed 4 h after addition of GSH (2.5 mM), i.e. 17.
Chromatography employed HPLC method I. Injection vol-
ume: 2.0 mL.

Figure 8. Cyclic voltammogram at the PGE of 0.40 mM 9A/
9B in pH 7.4 phosphate buffer (µ ) 1.0). Sweep rate: 100 mV
s-1.

Table 1. Effects of 9A/9B on the Initial Rate of Oxygen
Consumption by Physiological Reductants at pH 7.4 and 37 °C

concn of
9A/9B/

µMa reductant

concn of
reductant/

mM

initial rate of oxygen
consumption/nmol of

oxygen min-1

0 GSHc 1.0 0.61 ( 0.02
50 1.0 13.1 ( 0.6
0 CySHc 1.0 0.32 ( 0.02
50 1.0 6.5 ( 0.2
0 NADPHc 1.0 0.62 ( 0.2
50 1.0 5.2 ( 0.2
0 ascorbic acidc 1.0 0.75 ( 0.05
50 1.0 92.7 ( 1.3

a 25 µM 9A plus 25 µM 9B. b Measurements made with a micro
oxygen electrode assembly. Volume of solution in the oxygen
electrode chamber: 600 µL. Values reported are mean ( standard
deviation for at least three replicate measurements. c In pH 7.4
phosphate buffer (µ ) 0.2).

Table 2. Influence of Catalase, Superoxide Dismutase,
Transition Metal Ions, Complexing Agents, and HO• Scavengers
on the Initial Rates of Oxygen Consumption by the 9A/9B/GSH
Redox Cycling System at pH 7.4 and 37 °C

redox
cyclinga system

added
compound

initial net rate of
oxygen consumptionb/
nmol of oxygen min-1

9A/9B (50 µM)/ none 12.5 ( 0.6c
GSH (1.0 mM) catalase (0.2 mg) 5.2 ( 0.2

SOD (200 units)d 11.7 ( 0.4
Fe2+ (10 µM)e 38.0 ( 1.2
(100 µM)e 52.3 ( 1.2
Fe3+ (10 µM)f 26.1 ( 0.9
(100 µM)f 35.3 ( 0.8
Cu2+ (10 µM)g 39.0 ( 1.0
(100 µM)g 60.0 ( 4.0
DTPA (1 mM)h 3.9 ( 0.3
ethanol (1 mM) 3.2 ( 0.1
(10 mM) 2.0 ( 0.1
mannitol (1 mM) 2.6 ( 0.2
(10 mM) 1.3 ( 0.1

a Reactants were dissolved in 600 µL of air-saturated pH 7.4
phosphate buffer (µ ) 0.2) in the chamber of a micro oxygen
electrode assembly thermostated at 37 °C. b Initial net rates of
oxygen consumption were the difference in the rate measured in
the presence of 9A/9B and that measured in the absence of 9A/
9B. c Reported rates are the mean ( standard deviation for at least
three replicate experiments. d Superoxide dismutase. e Added as
Fe(NH4)2(SO4)2‚6H2O. f Added as FeCl3. g Added as CuSO4. h Di-
ethylenediaminepentaacetic acid.
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(mannitol, ethanol) had the opposite effect (Table 2).
Taken together, these results indicate that H2O2, the
major byproduct of the 9A/9B/GSH/O2 redox cycling
system, is indeed decomposed by trace concentrations
of transition metal ions, that always contaminate the
buffer system employed, to generate HO• and, further-
more, that this radical potentiates the reactions in-
volved.
Figure 9 presents a series of chromatograms of the

product solutions formed at various times after 9A/9B
(50 µM) and GSH (1.0 mM) were incubated at 37 °C in
air-saturated pH 7.4 phosphate buffer. These chro-
matograms reveal that, in addition to redox cycling
processes (Table 1), several other chemical reactions
occur. Thus, after 20 min approximately 50% of 9A/9B
has disappeared and 15, 17, 18, and 19 in addition to
several other minor unidentified products were formed
(Figure 9B). After 2 h, almost no 9A/9B and 15
remained and the major product was 17 along with
much smaller yields of 18 and 19. Methods were
developed to optimize formation of the bi-S-glutathionyl
conjugates 18 and 19 (which could be resolved into
diastereomers 19A and 19B using HPLC method III)
such that they could be isolated in sufficient quantities
to permit spectroscopic structure elucidation (see the
Experimental Section). Chromatographic analysis of
the product mixture formed throughout the course of
the reaction between 9A/9B (50 µM) and GSH (1.0 mM)
at pH 7.4 and 37 °C revealed that 15 was the initial
major product. However, with time the yields of 15
decreased and, correspondingly, 17 appeared and be-
came the major product, confirming that 15 is the
precursor of 17.
Redox Cycling Properties of 17. A cyclic voltam-

mogram (ν ) 200 mV s-1) of 17 at pH 7.4 exhibited two
reversible reduction processes at E°′ ) -148 and -456
mV (Figure 10). Addition of excess GSH or ascorbic acid
(4 mM) to the bright blue solution of 17 (0.2 mM; λmax
) 586, 340, 274 nm) in pH 7.4 phosphate buffer resulted

in formation of a colorless solution of 17R (λmax ) 334,
300, 262 sh nm). Interestingly, controlled potential
electroreduction of 17 at pH 7.4 using applied potentials
of -200 or -500 mV, i.e. corresponding to the first and
second voltammetric reduction peaks of 17, respectively
(Figure 10), both resulted in formation of 17R. Expo-
sure of this solution of 17R to the atmosphere led to
the initial development of a green color (λmax ) 604, 364,
274 nm) that subsequently transformed into blue 17
within a few minutes. Cyclic voltammetry (ν ) 200 mV
s-1) of the partially autoxidized (green) solution of 17R
showed a reversible reduction process at E°′ ) -152 mV
corresponding to the first reversible reduction process
observed in cyclic voltammograms of 17 (Figure 10).
Although details of the redox chemistry of 17 remain
to be elucidated, the preceding observations suggested
that this compound should also redox cycle in the
presence of GSH or other cellular reductants and
molecular oxygen. Indeed, 17 (50 µM) significantly
increased the initial rates of oxygen consumption by
GSH, ascorbic acid, CySH, and NADPH (1.0 mM) in air-
saturated pH 7.4 phosphate buffer at 37 °C (Table 3).
Addition of catalase after 17 had been incubated with
GSH for 5 min in the oxygen electrode chamber resulted
in the liberation of 44 ( 3% of the consumed oxygen;
this decreased to 8 ( 0.2% when catalase was added
after 10 min. Both DTPA (10 mM) and mannitol (10
mM) decreased the initial rate of oxygen consumption
by the 17 (50 µM)/GSH (1.0 mM) system by 18 ( 0.8
and 15 ( 0.6%, respectively. Together, these results
indicate that the redox cycling of 17/17R generates H2O2
as a byproduct that is subsequently decomposed by trace
transition metal contaminants to HO• and that this
radical potentiates these reactions.
Periodic HPLC analysis (method III) of a solution of

17 (50 µM) in pH 7.4 phosphate buffer (µ ) 0.2)
maintained at 37 °C revealed that this compound was
very slowly hydrolyzed to 15. For example, after 6 h
under these conditions approximately 8% of 17 was
hydrolyzed to 15.
Redox/Redox Cycling Properties of 15, 18, and

19. Cyclic voltammograms (ν ) 100 mV s-1) of 15, 18,
and 19A/19B at pH 7.4 are presented in Figure 11.
Thus, 15 and 18 exhibit reversible reduction processes
at E°′ ) -447 mV (15/15R couple) and -487 mV (18/
18R couple), respectively (Figure 11A,B). Diastereo-

Figure 9. HPLC chromatograms of a solution initially
containing 9A/9B (50 µM) and GSH (1.0 mM) in pH 7.4
phosphate buffer (µ ) 0.2) at 37 °C that was stirred and
exposed to the atmosphere (A) immediately after preparation,
(B) after 10 min and (C) after 2 h. Chromatography employed
HPLC method I. Injection volume: 10.0 mL.

Figure 10. Cyclic voltammogram at the PGE of 0.4 mM 17
in pH 7.4 phosphate buffer (µ ) 1.0). Sweep rate: 200 mV s-1.
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mers 19A and 19B both exhibited one major reduction
peak (Ep ) -485 mV) followed by a smaller reduction
peak (Ep ) -560 mV) on the initial cathodic sweep
(Figure 11C). After scan reversal an oxidation peak (Ep
) -295 mV) appears to form a quasi-reversible couple
with the reduction peak at Ep ) -485 mV. Incubations
of 18 or 19A/19B (50 µM) with ascorbic acid (1.0 mM)
at pH 7.4 and 37 °C evoked a significant increase in
the initial rate of oxygen consumption (Table 3). How-
ever, incubations of 18 or 19A/19B (50 µM) with GSH,
CySH, or NADPH (1.0 mM) evoked only rather modest
increases in the rates of oxygen consumption (Table 3).
These results indicate that 18 and 19A/19B are not as
effective redox cycling agents as 9A/9B and 17. It is
probable that this is so because of the significantly more
negative reduction potentials for 18, 19A/19B compared
to 9A/9B and 17.

Discussion

Elimination of the peak IIa/peak IIc couple in cyclic
voltammograms of 1 at pH 7.4 in the presence of free
GSH (Figure 1B) suggests that the tripeptide blocks
formation of dimer 7 in the peak Ia oxidation reaction.
This was confirmed by analysis of the products of
controlled potential electrooxidation of 1 in the presence
of GSH which revealed that very little 7 is formed
(Figure 2B). The peak current for peak Ic was also
significantly decreased in the presence of GSH (Figure
1B), suggesting that putative intermediate 6, formed in
the peak Ia oxidation of 1, is rapidly scavenged by GSH.
The 5-S-glutathionyl conjugate 10would be the expected
product of the latter reaction, and indeed, this compound
was the major product of the low potential (200 mV)
controlled potential electrooxidation of 1 in the presence
of GSH (Figure 2B). It appears that nucleophilic
addition of GSH to 6 to give 10 (Scheme 2) is a very
facile reaction that effectively blocks coupling of 1 and
6 to give dimer 7. The small peak IIIc/peak IIIa couple
(E°′ ) -196 mV) observed in cyclic voltammograms of
1 at pH 7.4 in the absence of GSH (Figure 1A) and the
results of controlled potential electrooxidations of 1 at
low applied potentials both indicate that dione 8 is a
relatively minor reaction product.24 In the presence of
free GSH, 8 is scavenged by the tripeptide to give small,
equimolar yields of the diastereomeric glutathionyl
conjugates 9A and 9B (Figure 2B) by the pathway
shown in Scheme 2. However, controlled potential
electrooxidations of 1 in the presence of GSH result in
decreased yields of 10 and increased yields of 9A/9B as
the applied potentials were made more positive (Figure
2B-E). This effect results from the fact that 10 is itself
easily electrochemically oxidized at pH 7.4 (Ep ) 310
mV; ν ) 100 mV s-1). Furthermore, controlled potential
electrooxidations of 10 at applied potentials g 600 mV
at pH 7.4 both in the absence and presence of free GSH
yielded 9A and 9B as the sole products. Thus, it can
be concluded that at these potentials 10 is initially
electrooxidized (2e, 1H+) to putative cationic intermedi-
ate 11 that, following addition of water, gives 12
(Scheme 2). Subsequent elimination of a GSH moiety
forms dione 8 that reacts with the free tripeptide to give
9A and 9B.
On the basis of the initial products formed, 9A, 9B,

and 10 (Figure 3), it can be concluded that the peroxi-
dase/H2O2-mediated oxidation of 1 in the presence of
GSH follows the same chemical pathway as the elec-
trochemically-driven reaction. The observation that the
yields of 9A and 9B increase while those of 10 decrease
with increasing concentrations of H2O2 is consistent
with the conclusion that 10 is also oxidized by the
peroxidase/H2O2 system by the same pathway proposed
for the electrochemically-driven reaction (Scheme 2).
In the absence of GSH, the HO•-mediated oxidation

of 1 at pH 7.4 yields dione 8 as the major reaction
product. On the basis of pathways that have been
proposed for the HO•-mediated oxidations of structur-
ally-related compounds,41,42 the initial step leading to
8 is probably attack by HO• on 1 to give radical 13
(Scheme 3). While 8 was the major product of the HO•-
mediated oxidation of 1, several more minor, unstable,
and therefore unidentified products were formed sug-
gesting that HO• also attacks other sites presumably
forming additional radical intermediates. Further

Table 3. Effects of 17, 18, and 19A/19B on the Initial Rates of
Oxygen Consumption by Physiological Reductants at pH 7.4
and 37 °Ca

compound
(concentration, µM)

reductant
(concentration, mM)

initial rate of
oxygen consumption/
nmol of oxygen min-1

- GSH (1.0) 0.61 ( 0.02
17 (50) 6.40 ( 0.20
18 (50) 1.00 ( 0.10
19A/19B (50) 1.30 ( 0.04
- ascorbic acid (1.0) 0.75 ( 0.05
17 (50) 58.2 ( 0.8
18 (50) 5.5 ( 0.2
19A/19B (50) 7.8 ( 0.1
- CySH (1.0) 0.32 ( 0.02
17 (50) 5.1 ( 0.2
18 (50) 1.2 ( 0.1
19A/19B (50) 2.6 ( 0.1
- NADPH (1.0) 0.62 ( 0.2
17 (50) 8.6 ( 0.3
18 (50) 2.1 ( 0.1
19A/19B (50) 4.1 ( 0.1
a In pH 7.4 phosphate buffer (µ ) 0.2). b Measurement were

made with a micro oxygen electrode assembly. Volume of solution
in the oxygen electrode chamber: 600 µL. Values reported are
the mean ( standard deviation for at least three replicate
measurements.

Figure 11. Cyclic voltammograms at the PGE of ca. 0.4 mM
(A) 15, (B) 18 and (C) 19A/19B in pH 7.4 phosphate buffer (µ
) 1.0). Sweep rate: 100 mV s-1.
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oxidation of 13 by HO• then gives the 5,6-dihydroxy-
THâC, 8R, that is very readily oxidized by molecular
oxygen to 8. In the presence of GSH (0.75 mM) the
initial products detected as a result of the HO•-mediated
oxidation of 1 (0.25 mM) at 22 °C are 9A, 9B, 9R, and
15 (Figure 4A). Interestingly, the HO•-mediated oxida-
tion of very low concentrations of 1 (2.5 µM) in the
presence of a 300-fold molar excess of GSH under
otherwise identical conditions also gave the same initial
products (Figure 4B). Furthermore, incubation of 1 and
GSH with Fe2+/Na2 EDTA/ascorbic acid and molecular
oxygen in the absence of added H2O2 also resulted in
the formation of 9A, 9B, and 15 (Figure 5). In the latter
system H2O2, and hence HO•, are generated in situ as
a byproduct of autoxidation of GSH and ascorbic acid.
The results discussed in connection with Figure 6

indicated that when 1was incubated with a 3-fold molar
excess of GSH at pH 7.4 and 22 °C the initial products
formed were 9R, 9A, and 9B which are subsequently
transformed into 15. Under similar conditions 9A and
9B are also transformed into 15. The ability of mannitol
to inhibit and, at sufficiently high concentrations, to

completely block formation of 15 in these systems
clearly indicates that HO• is responsible for formation
of the latter conjugate from 9A and 9B. Taken together,
these results indicate that 9R, formed as a result of
nucleophilic addition of GSH to dione 8, must be
oxidized by molecular oxygen to give initially 9A and
9B forming H2O2 (perhaps by intermediary formation
of O2

•- that rapidly dismutes) as a byproduct. Decom-
position of H2O2 by trace levels of transition metal ion
contaminants then provides the source of HO• necessary
to convert 9A/9B into 15. On the basis of the structure
of 15 (and 17/17R) it appears probable that HO• initially
attacks the C(7) position of 9A/9B to give putative
radical 14 that is oxidized by a second HO• to give 15
(Scheme 3). At 22 °C 15 reacts only slowly with a large
molar excess of GSH to give 17 (Figure 7). A plausible
reaction that leads to 17 involves condensation of the
primary amine residue of GSH with the C(6) carbonyl
group of 15 to give Schiff base glutathionyl conjugate
16. This conjugate would be expected to be rather
unstable in aqueous solution and, hence, probably exists
predominantly as the tautomer 17. The very slow

Scheme 3
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hydrolysis of 17 to 15 at pH 7.4 probably proceeds via
Schiff base tautomer 16 (Scheme 3).
The E°′ for 8/8R (-196 mV at pH 7.4) is such that

this couple would be expected to redox cycle in the
presence of cellular reductants and molecular oxygen.
However, the reaction of 8 with GSH to give 9R and
thence 9A and 9B is so facile it is unlikely that this
dione would exist for significant periods of time in the
presence of the tripeptide. Nevertheless, the 9A/9B/9R
system (E°′ ) -220 mV at pH 7.4) redox cycles ef-
ficiently in the presence of GSH, CySH, NADPH, and
ascorbic acid (Table 1) to generate H2O2 as a byproduct
(Table 2). The influence of transition metal ions, DTPA,
mannitol, and ethanol on the rate of the redox cycling
processes clearly support the conclusion that HO•,
formed by subsequent transition metal ion catalyzed
decomposition of H2O2, potentiates these redox cycling
reactions (Table 2). One role of HO• in this respect is
probably oxidation of 9R. As discussed previously, a
second role of HO• involves hydroxylation of 9A/9B to
give 15. At 22 °C the latter conjugate is the most
structurally complex product formed when 1 is oxidized
by HO• in the presence of a relatively small (i.e. 3-fold)
molar excess of GSH (Figures 4 and 5). Similarly,
incubations of dione 8 or 9A/9B with a 3-fold molar
excess of free GSH in the presence of molecular oxygen
at 22 °C also gave 15 as a major reaction product (Figure
6B). Further reaction of 15 with GSH to give 17 even
in the presence of a large excess of the tripeptide at 22
°C is relatively slow (Figure 7). However, incubations
of 9A/9B with a large (20-fold) molar excess of GSH at
37 °C in the presence of molecular oxygen result not
only in redox cycling reactions that generate H2O2 and
hence HO• and 15 but also, under these conditions, in
reactions of GSH with the latter compound to give 17
and with 9A/9B to give 18 and 19 (Figure 9). A
summary of the overall reaction chemistry involved is
presented in Scheme 4. Thus, initial reduction of 9A/
9B by GSH yields 9R that is subsequently oxidized by
molecular oxygen forming H2O2 as a byproduct hence
establishing the primary redox cycling reaction. Traces
of transition metal ion contaminants (e.g. Fe2+, main-
tained in its reduced form by free GSH) then decompose
H2O2 to give HO• which potentiates the rate of this redox
cycling reaction (Table 2) by oxidizing 9R to 9A/9B.
However, HO• also attacks 9A/9B to give 15 which,
particularly at 37 °C in the presence of large molar
excesses of GSH, reacts further to give 17. The latter
conjugate is also reduced by GSH to 17R which is then
oxidized by molecular oxygen generating H2O2 and
thence HO•, thus establishing a second redox cycling
system. Again, the rate of this redox cycling reactions
is potentiated by HO• (Table 3), presumably as a result
of oxidation of 17R by this radical. The redox charac-
teristics of 15/15R (E°′ ) -447 mV at pH 7.4) suggest
that this couple should also redox cycle in the presence
of GSH, other cellular reductants, and molecular oxy-
gen. However, the inability to isolate 15 precluded
detailed studies with this compound. Nucleophilic
addition of GSH to 9A/9B results in the formation of
minor amounts of the 5,6-dihydroxy-bi-S-glutathionyl
conjugates 18R and 19R (Scheme 4). Autoxidation of
these very easily oxidized compounds (Figure 11B,C)
then leads to formation of 18 and 19A/19B, respectively,
H2O2, and HO•. Both 18 and 19A/19B redox cycle
particularly when incubated with ascorbic acid and

molecular oxygen (Table 3), thus establishing yet ad-
ditional mechanisms for H2O2 and HO• generation.
Metabolism of ethanol by catalase/H2O2

31 and an
ethanol-inducible form of cytochrome P45032,33 together
provide routes for the intraneuronal formation of ac-
etaldehyde, HO•, and other oxygen radical species.
Within the cytoplasm of serotonergic axons and nerve
terminals, these metabolic pathways would provide both
the acetaldehyde required for the endogenous synthesis
of 1 (Scheme 1), and HO• which would oxidize this THâC
to dione 8 (Scheme 3). The facile reaction of 8 with
GSH, known to be present at significant concentrations
in the cytoplasm of axons and nerve terminals through-
out the brain,39 would then be expected to lead to the
endogenous formation of 9A and 9B (Scheme 3). The
results of this investigation, however, reveal that several
quite different oxidizing systems oxidize 1 to 9A and
9B in the presence of free GSH. Accordingly, it appears
reasonable to conclude that once 1 is formed intraneu-
ronally as a result of ethanol drinking4 subsequent
oxidation of this easily oxidized alkaloid24 would result
in formation of 9A and 9B regardless of the oxidizing
system responsible. A rather significant observation is
that 1 is oxidized by HO• (the most probable intraneu-
ronal oxidant32,33) even in the presence of very large
molar excesses of GSH (Figure 4B). Indeed, in vitro,
GSH fails to protect 1 against oxidation by either a rapid
burst of high concentrations of HO• (Figure 4A,B) or the
slow generation of much lower concentrations of this
radical formed by transition metal ion mediated decom-
position of the H2O2 resulting from autoxidation of GSH
and ascorbic acid (Figure 5). These results appear to
challenge the rather widely held belief that GSH,
present in cells, including neurons, provides protection
against the cytotoxic effects of HO•.
Formation of 8 and thence 9A and 9B in the cyto-

plasm of serotonergic neurons as a result of intraneu-
ronal ethanol metabolism would, based on the results
of this investigation, have a number of chemical conse-
quences of potential relevance to known effects of acute
and chronic ethanol drinking. Thus, in the presence of
GSH, ascorbic acid, other intraneuronal antioxidants/
reductants, and molecular oxygen, 9A/9B would redox
cycle in reactions that generate H2O2 (Tables 1 and 2;
Scheme 4), perhaps at concentrations that exceed the
detoxifying capacities of protective enzymes (catalase
and GSH peroxidase). Even very low cytoplasmic
concentrations of low molecular weight Fe2+ species,
estimated to be approximately 0.1 µM,43 are clearly
sufficient to catalyze the decomposition of H2O2 to
generate elevated fluxes of cytotoxic HO•. Furthermore,
reactions of 9A and 9Bwith HO• and/or free GSH would
together be expected to lead to secondary products such
as 15 and 17-19, all of which could establish additional
redox cycling systems (Scheme 4) further potentiating
H2O2 and HO• formation. Endogenous formation of
these redox cycling systems and elevated fluxes of H2O2,
HO•, and perhaps O2

•- in addition to the HO• generated
by ethanol metabolism32,33 would together be expected
to inflict neuronal damage by mechanisms that include
lipid peroxidation. Indeed, both acute and chronic
ethanol drinking result in marked increases in lipid
peroxidation in the brain33,44,45 although specific neu-
ronal pathways that sustain this damage are presently
unknown. The reaction pathways conceptualized in
Schemes 3 and 4 predict that the HO•-mediated oxida-
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tion of 1 in the cytoplasm of serotonergic neurons would
lead to significant and irreversible losses of GSH as a
consequence of reactions of the tripeptide with 8 to give
9A/9B, with the latter compounds to give 18 and 19,
and with 15 to give 17. Both acute and chronic ethanol
drinking do indeed evoke significant decreases in brain
levels of GSH without corresponding increases in GSSG
levels despite the fact that the activities of enzymes
associated with biosynthesis of GSH are increased.33,36
In summary, metabolism of ethanol in the cytoplasm

of serotonergic neurons with resultant generation of
acetaldehyde and HO• in the presence of 5-HT and GSH
(and other intraneuronal antioxidants/reductants) pro-
vide conditions for both the endogenous synthesis of 1,
its oxidation to 8, and formation of 9, 15, and 17-19
which in turn would establish several redox cycling

systems and elevated fluxes of H2O2 and HO•. It should
be noted that all of the â-carboline adducts formed by
addition of GSH to dione 8 in such intraneuronal
reactions would be present in diastereomeric forms as
was the case in this in vitro investigation. Thus,
although diastereomers 9A and 9B could be separated,
the putative in vivo redox cycling reactions of all
glutathionyl conjugates derived from 8 would necessar-
ily involve diastereomeric mixtures. The redox cycling
chemistry of such mixtures were, therefore, of particular
interest in this investigation. Reduced oxygen species
formed as byproducts of such intraneuronal redox
cycling reactions might contribute to oxidative dam-
age33,44,45 and the profound degeneration of serotonergic
pathways that occurs in the brains of alcoholics.21
Experiments with animals implicate deficiencies of

Scheme 4
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5-HT12-15 and loss of certain serotonergic pathways, in
the nucleus accumbens for example,13-15 with increased
preference for ethanol drinking.

Experimental Section

5-Hydroxytryptamine hydrochloride (5-HT‚HCl), acetalde-
hyde, L-cysteine (CySH), glutathione (GSH, free base), per-
oxidase (type VI from horseradish, EC 1.11.1.7), catalase
(bovine liver, EC 1.11.1.6), superoxide dismutase (SOD; bovine,
suspension in 3.8 M ammonium sulfate solution pH 7.0),
â-nicotine adenine dinucleotide phosphate (reduced form,
NADPH), ascorbic acid, diethylenetriaminepentaacetic acid
(DTPA), and mannitol were obtained from Sigma (St. Louis,
MO) and were used without additional purification. Hydrogen
peroxide and ferrous ammonium sulfate hexahydrate were
obtained from Mallinckrodt (Paris, KY). Ferric chloride
hexahydrate and copper sulfate were obtained from Fisher
(Springfield, NJ). 1-Methyl-6-hydroxy-1,2,3,4-tetrahydro-â-
carboline (1) was prepared by condensation of 5-HT with
acetaldehyde as described elsewhere.24

Cyclic voltammograms were obtained at a pyrolytic graphite
electrode (PGE; Pfizer Minerals, Pigments and Metals Divi-
sion, Easton, PA), having an approximate surface area of 12
mm2, using a BAS model 100A electrochemical analyzer
(Bioanalytical Systems, West Lafeyette, IN). The PGE was
resurfaced before recording each voltammogram as described
previously.24 All voltammograms were corrected for iR drop.
Controlled potential electrolyses employed a Princeton Applied
Research Corporation (Princeton, NJ) model 173 potentiostat.
The working electrode consisted of several plates of pyrolytic
graphite having a total surface area of ca. 120 cm2. These
electrodes were suspended into the solution containing the
appropriate supporting electrolyte and compound of interest
(typically 30 mL) contained in the working electrode compart-
ment of the electrochemical cell. Conventional three-compart-
ment electrochemical cells were employed for voltammetry and
controlled potential electrolyses and utilized a platinum gauze
counter electrode and a saturated calomel reference electrode
(SCE). All controlled potential electrolyses were carried out
with the solution in the working electrode compartment stirred
with a Teflon-coated magnetic stirring bar and N2 gas bubbling
vigorously through the solution. Before recording each cyclic
voltammogram the solution in the working electrode compart-
ment was thoroughly deoxygenated with N2 gas for at least 3
min. Unless otherwise stated, all potentials are referenced
to the SCE at ambient temperature (22 ( 2 °C).
High-performance liquid chromatography (HPLC) employed

either a Bio-Rad (Richmond, CA) binary gradient system
equipped with dual model 1300 pumps or a Gilson (Middleton,
WI) gradient system equipped with dual model 306 pumps (25
mL pump heads), and a Gilson Holochrome detector set at 254
nm. A preparative reversed phase column (J. T. Baker,
Phillipsburg, NJ; Bakerbond C18; 25 × 2.1-cm; 10 µm particle
size) was employed for all HPLC experiments. Four mobile
phase solvents were used. Solvent A was prepared by adding
concentrated trifluoroacetic acid (TFA) to deionized water until
the pH was 3.0. Solvent B was prepared by adding TFA to
2.0 L of HPLC grade acetonitrile (MeCN) and 2.0 L of deionized
water until the measured pH was 3.0. Solvent C was prepared
by adding 30 mL of concentrated ammonium hydroxide solu-
tion (NH4OH) to 4.0 L of deionized water; the pH of this
solution was then adjusted to 3.0 by addition of TFA. Solvent
D was prepared by adding TFA to 1.6 L of MeCN and 2.4 L of
deionized water until the measured pH was 3.0.
HPLC method I, used to monitor the course of oxidation

reactions of 1 in the presence of GSH and to separate and
isolate the products formed in the reaction between 8 and
GSH, employed the following mobile phase gradient: 0-2 min,
100% solvent C; 2-15 min, linear gradient to 15% solvent D;
15-25 min, linear gradient to 25% solvent D; 25-40 min,
linear gradient to 100% solvent D. The flow rate was constant
at 8.0 mL min-1.
HPLC method II, used to separate and isolate the products

of electrochemical oxidation of 1 and the products formed upon
reaction of 8 with GSH, employed the following gradient
system: 0-30 min, linear gradient from 100% solvent A to

100% solvent B; 30-45 min, 100% solvent B. The flow rate
was constant at 8.0 mL min-1.
HPLC method III, used to separate and purify diastereo-

mers 9A and 9B, and 19A and 19B and to desalt compound
18, employed the following gradient: 0-50 min, linear gradi-
ent from 100% solvent A to 60% solvent B; 50-55 min, linear
gradient to 100% solvent B. The flow rate was constant at
8.0 mL min-1.
Low- and high-resolution fast atom bombardment mass

spectrometry (FAB-MS) was carried out with a VG Instru-
ments (Manchester, UK) ZAB-E spectrometer. 1H and 13C
NMR spectra were recorded on a Varian model XL-300
spectrometer. UV-visible spectra were recorded on a Hewlett-
Packard model 8452A diode array spectrophotometer.
Oxygen consumption rates were measured with a Clark-

type oxygen electrode system (YSI model 5300, Yellow Springs,
OH) equipped with a thermostated micro oxygen chamber (600
µL) and a micro oxygen probe.
The HO•-generating system employed was based on that

originally described by Udenfriend et al.46 The sequence of
additions and final concentrations of reagents were as fol-
lows: 5.2 mL of pH 7.4 phosphate buffer (µ ) 0.2), 1.5 mL of
1 (2.5 µM to 0.25 mM), 1.0 mL of ascorbic acid (1.0 mM), 0.1
mL of Na2 EDTA (240 µM), 1.0 mL of ferrous ammonium
sulfate (200 µM), and 1.2 mL of H2O2 (1.0 mM), giving a total
volume of 10.0 mL. When GSH was included in the reaction
mixture it was dissolved in the 5.2 mL of pH 7.4 phosphate
buffer to give the desired concentration in the final 10 mL.
Reaction solutions were stirred at ambient temperature (22
( 2 °C) and were exposed to the atmosphere.
In the sections that follow, the procedures employed to

synthesize, isolate, purify, and spectroscopically characterize
new compounds are described in detail. While full chemical
names are provided for each compound, for simplicity assign-
ments of proton resonances in 1H NMR spectra employ the
atom numbering systems shown in Schemes 2-4. A tabula-
tion of 1H NMR chemical shift data for GSH, 8, 9A, 9B, 17,
17R, 18, 19A, and 19B are provided as Supporting Informa-
tion.
Synthesis of Diastereomers of 8-S-Glutathionyl-1-

methyl-1,2,3,4-tetrahydro-â-carboline-5,6-dione (9A and
9B) and Glycine, L-γ-Glutamyl-L-cysteinyl-, 2f1′-Sulfide
withN-(2,3,4,7-Tetrahydro-5-hydroxy-8-mercapto-1-meth-
yl-7-oxo-1H-pyrido[3,4-b]indol-6-yl)-L-γ-glutamyl-L-cys-
teinylglycine (17). In order to prepare sufficient quantities
of 9A, 9B, and 17 to permit their structure elucidation by
spectroscopic methods, 1-methyl-1,2,3,4-tetrahydro-â-carbo-
line-5,6-dione (8) was first prepared by controlled potential
electrooxidation of 1 at pH 1.5. Compound 1 (1.5 mg) was
dissolved in 30 mL of pH 1.5 phosphate buffer (µ ) 0.2) and
electrooxidized at 1.0 V for 20 min at which time g95% of 1
was oxidized to 8. The entire volume of the bright purple
solution was then introduced onto the preparative reversed
phase HPLC column by pumping through one of the HPLC
pumps and the reaction products were separated using method
II; 8 eluted at tR ) 24 min. The mobile phase (ca. 10 mL)
containing 8 (ca. 0.7 mM) was collected, and to it was added
GSH (15 mg; ca. 5 mM). The resulting solution (pH 3.0) was
stirred for approximately 30 min at ambient temperature
during which time the initially bright purple color of 8 faded
to give a colorless solution. The entire product solution was
then introduced onto the preparative HPLC column, and the
components were separated using method II. Two major
chromatographic peaks eluted at tR ) 20 min (17R) and 24
min (9R). The eluents corresponding to these peaks were
collected separately and freeze-dried. The E°′ values for the
9A/9B/9R and 17/17R couples at pH 3.0 and 7.4 are -35 and
-220 mV, and 36 and -148 mV, respectively. Thus, at pH 3
both 9A/9B and 17 are more easily reducible than at pH 7.4.
Conversely, 9R and 17R are more difficult to oxidize at pH 3
than at pH 7.4. It is for these reasons that under the
conditions employed above 9R and 17R represent the major
reaction products. However, prolonged exposure of the color-
less product solution to the atmosphere resulted in the
development of a purple/blue color due to formation of 9A/9B
and 17. The solid sample of 9R was dissolved in 10 mL of pH
3.0 phosphate buffer (µ ) 0.2) and oxidized by controlled
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potential electrolysis at 200 mV for approximately 10 min.
Aliquots (2.0 mL) of the bright purple product solution were
then injected into the HPLC system (method III), and the
eluents containing 9A (tR ) 32.5 min) and 9B (tR ) 33.0 min)
were collected separately and freeze-dried.
The solid sample of 17R was dissolved in 10 mL of pH 3.0

phosphate buffer and oxidized by controlled potential elec-
trolysis at 200 mV for approximately 20 min. The resulting
blue product solution was injected into the HPLC system
(method II), and the single product that eluted at tR ) 21.0
min (17) was collected and freeze-dried. The above procedures
were repeated numerous times in order to obtain sufficient
quantities of 9A, 9B, 17R, and 17.
5,5-Bi(1-methyl-6-hydroxy-1,2,3,4-tetrahydro-â-carbo-

line) (7), 1-Methyl-1,2,3,4-tetrahydro-â-carboline-5,6-di-
one (8), and 5-S-Glutathionyl-1-methyl-6-hydroxy-1,2,3,4-
tetrahydro-â-carboline (10). The synthesis and spectroscopic
evidence for the structures of 7, 8, and 10 have been described
in detail elsewhere.24

8-S-Glutathionyl-1-methyl-1,2,3,4-tetrahdyro-â-carbo-
line-5,6-diones (9A and 9B). Compounds 9A and 9B were
isolated as purple solids. In pH 7.4 phosphate buffer (µ ) 1.0)
these compounds exhibited UV-visible spectra with λmax, nm
(log εmax, M-1 cm-1) as follows: 9A, 552 (3.17), 370 sh (3.83),
346 (3.91), 248 (4.20); 9B, 548 (3.23), 370 sh (3.83), 346 (3.91),
248 (4.20). FAB-MS (3-nitrobenzyl alcohol matrix) of 9A gave
m/e ) 522.1629 (MH+, 50%, C22H28N5O8S; calcd m/e )
522.1659) and m/e ) 524.1848 (MH2‚H+, 95%, C22H30N5O8S;
calcdm/e ) 524.1815). FAB-MS (thioglycerol/glycerol matrix)
on 9B gave m/e ) 522.1665 (MH+, 50%, C22H28N5O8S; calcd
m/e ) 522.1659) and m/e ) 524.1831 (MH2‚H+, 90%,
C22H30N5O8S; calcd m/e ) 524.1815). Thus, 9A and 9B both
had a molar mass of 521 g and an elemental formula
C22H27N5O8S and, hence, consisted of one residue each of dione
8 and GSH. The ease of reduction of both 9A and 9B accounts
for the appearance of intense pseudomolecular ions of their
reduced forms, i.e. MH2‚H+, in FAB-MS. 1H NMR (D2O) of
9A gave δ 5.89 (s, 1H, C(7)-H), 4.83-4.81 (m, 1H, C(d)-H),
4.58-4.57 (m, 1H, C(1)-H), 3.88 (s, 2H, C(f)-H2), 3.72 (t, J )
6.3 Hz, 1H, C(a)-H), 3.59-3.54 (m, 2H, C(3)-H, C(e)-H), 3.38-
3.34 (m, 2H, C(3)-H, C(e)-H), 2.88 (s, 2H, C(4)-H2), 2.47 (t, J
) 7.5 Hz, C(c)-H2), 2.08 (q, J ) 7.2 Hz, 2H, C(b)-H2), 1.63 (d,
J ) 6.6 Hz, 3H, C(1)-CH3). 1H NMR (D2O) of 9B gave δ 5.95
(s, 1H, C(7)-H), 4.82 (m, 1H, C(d)-H), 4.60 (q, J ) 6.6 Hz, 1H,
C(1)-H), 3.76 (s, 2H, C(f)-H2), 3.70 (t, J ) 6.3 Hz, 1H, C(a)-H),
3.61-3.53 (m, 2H, C(3)-H, C(e)-H), 3.39-3.35 (m, 2H, C(3)-H,
C(e)-H), 2.91 (m, 2H, C(4)-H2), 2.47 (t, J ) 7.5 Hz, 2H, C(c)-
H2) 2.06 (q, J ) 6.6 Hz, 2H, C(b)-H2), 1.64 (d, J ) 6.6 Hz, 3H,
C(1)-CH3). The above assignments were based on comparisons
of the spectra of 9A and 9B with those of 8 and GSH and by
use of two-dimensional (2D) correlated spectroscopy (COSY)
experiments. The 1H NMR spectrum of 8 in D2O exhibited
two doublets (J ) 10.2 Hz) at δ 7.29 (C(8)-H) and 6.01 (C(7)-
H).24 The upfield location of the latter resonance is expected
because of the adjacent carbonyl group at C(6); similar upfield
shifts have been reported for the R proton of several structur-
ally-related o-diketones such as tryptamine-4,5-dione47,48 and
1,2-naphthoquinone.49 The expected 1,4-Michael addition of
GSH to 8 was indicated by the loss of the low-field C(8)-H
resonance to give, ultimately, 9A and 9B that retain high-
field (singlet) resonances at δ 5.89 and 5.95, respectively.
Unequivocal proof of the structures of 8 and 9 could, in
principle, be obtained from the COSY spectrum of 9R in a
nonexchanging solvent which should show a cross peak
between H-7 and C(6) phenol proton. However, the very great
ease of autoxidation of 9R to 9A/9B and the fact that none of
these compounds were soluble in nonexchanging solvents such
as dimethyl sulfoxide or acetonitrile precluded such 1H NMR
experiments. Attempts to obtain 13C NMR spectra of 9A and
9B were unsuccessful owing to the tendency of these com-
pounds to polymerize/decompose to a dark purple gel when
present in high concentration in solution for the prolonged
periods of time necessary for such experiments. Nevertheless,
the spectroscopic properties of 9A and 9B were clearly almost
identical, indicating that these compounds are diastereomers.
Anal. (C22H27N5O8S‚2CF3COOH). Calcd: C, 41.66; H, 3.87;
N, 9.35; S, 4.27. Found: C, 41.51; H, 3.99; N, 9.17; S, 4.44.

Combustion analysis was carried out on a equimolar mixture
of diastereomers.
Glycine, L-γ-glutamyl-L-cysteinyl-, 2f1′-Sulfide with

N-(2,3,4,7-Tetrahydro-5-hydroxy-8-mercapto-1-methyl-7-
oxo-1H-pyrido[3,4-b]indol-6-yl)-L-γ-glutamyl-L-cysteinyl-
glycine (17). Compound 17 was isolated as a deep blue solid,
mp ) 185-190 °C dec. In pH 7.4 phosphate buffer 17
exhibited a UV-visible spectrum with λmax, nm (log εmax, M-1

cm-1) at 598 (3.39), 348 (3.79), and 270 (4.22). FAB-MS
(thioglycerol/glycerol matrix) gavem/e 829.2562 (MH2‚H+, 5%,
C32H45N8O14S2; calcdm/e ) 829.2497). The ease of reduction
of 17 accounts for the appearance of the MH2‚H+ pseudomo-
lecular ion of this compound. 1H NMR (D2O) gave δ 4.32-
4.30 (m, 2H, C(d)-H, C(d′)-H), 3.89 (s, 2H, C(f)-H2), 3.76 (t, J
) 6.0 Hz, 1H, C(a)-H), 3.71-3.64 (m, 2H, C(3)-H2), 3.68 (s,
2H, C(f)-H2) 3.53-3.41 (m, 3H, C(a′)-H, C(e)-H2), 3.32 (d, J )
6.0 Hz, 2H, C(e′)-H2), 3.22 (m, 2H, C(4)-H2), 2.50-2.49 (m, 2H,
C(c)-H2), 2.34 (t, J ) 4.5 Hz, 2H, C(c′)-H2), 2.19 (q, J ) 7.2 Hz,
2H, C(b)-H2), 1.96-1.92 (m, 2H, C(b′)-H2), 1.70 (d, J ) 6.6 Hz,
3H, C(1)-CH3). 2D COSY experiments were in accord with the
above 1H NMR assignments and also revealed that the
resonance at δ 1.70 (d, C(1)-CH3) was coupled to a resonance
at δ 4.70 (C(1)-H) which was masked by a large solvent (HOD)
peak in the one-dimensional spectrum. 13C NMR (D2O)
showed nine resonances corresponding to carbonyl carbons at
δ 181.14, 177.40, 177.29, 177.18, 177.03, 176.48, 176.35,
174.25, and 173.76; seven aromatic carbon resonances at δ
149.61, 141.31, 136.25, 133.45, 132.86, 121.86, and 120.05; and
16 aliphatic carbon resonances at δ 56.82, 56.25, 56.11, 55.92,
50.85, 41.96, 41.83, 39.77, 39.69, 39.64, 37.22, 34.28, 34.15,
28.82, 22.05 and 19.61. Anal. (C32H42N8O14S2‚2CF3COOH‚
2H2O). Calcd: C, 39.63; H, 4.40; N, 10.27; S, 5.87. Found:
C, 39.37; H, 4.62; N, 10.44; S, 4.62. Experimental evidence
indicates that 9A/9B are attacked by HO• to give 15 that
subsequently reacts with excess free GSH to give 17 (Figures
6, 7, and 9 and related discussion). The absence of a resonance
corresponding to H-7 in the 1H NMR spectrum of 17 and the
fact that the C(1)-H, C(3)-H2, and C(4)-H2 resonances remain
supports the conclusion that 15 and 17 contain a hydroxyl
substituent at C(7). The mass spectrum, 1H NMR spectrum,
and elemental analysis data for the diastereomers of 17
support structures in which the Schiff base residue could be
linked at C(5), C(6), or C(7). However, linkage of the Schiff
base residue at either the C(5) or C(7) position would result
in structures that contain ten carbonyl groups. By contrast,
linkage at the C(6) position would give a structure containing
only nine carbonyl residues in accord with that observed in
the 13C NMR spectrum of 17. The significant differences
between the UV-visible spectra of 17 and 9A/9B are also in
accord with the structure proposed for 17.
Glycine, L-γ-Glutamyl-L-cysteinyl-, 2f1′-Sulfide with

N-(2,3,4,9-Tetrahydro-5,7-dihydroxy-8-mercapto-1-meth-
yl-1H-pyrido[3,4-b]indol-6-yl)-L-γ-glutamyl-L-cysteinyl-
glycine (17R). In order to prepare 17R in quantities suitable
for spectroscopic structure elucidation and as a reference
compound, a solution of dione 8 (0.22 mM, 30 mL dissolved in
the HPLC method II mobile phase, pH 3.0) was first prepared
by controlled potential electrooxidation of 1 as described
previously. The pH of this solution was adjusted to 6.0 by
careful addition of 10% aqueous NH4OH. GSH (100 mg, 10.8
mM) was then added, and the resulting solution was stirred
for 4 h. HPLC (method II) revealed that one major product
(17R) was formed under these conditions (tR ) 20 min). The
compound eluted under this peak was collected and freeze-
dried to give a white solid (17R). The UV spectrum of this
compound dissolved in pH 3.0 phosphate buffer showed λmax,
nm (log λmax, M-1 cm-1) at 334 (4.02), 300 (4.18) and 262 sh
(4.47). A cyclic voltammogram (ν ) 200 mV s-1) of 17R (0.2
mM) at pH 3.0 exhibited a single oxidation peak (Ep ) 60 mV)
on the initial anodic sweep. After scan reversal a quasi-
reversible reduction peak appeared (Ep ) 12 mV). This cyclic
voltammogram was identical to that of 17 under the same
experimental conditions. Compound 17R was very easily
autoxidized to 17 in solution at pH 7.4 (see earlier discussion).
FAB-MS (thioglycerol/glycerol matrix) of 17R gave m/e )
829.2526 (MH+, 9%, C32H45N8O14S2; calcd m/e ) 829.2497).
1H NMR (D2O) gave 4.78 (q, J ) 6.9 Hz, 1H, C(1)-H), 4.35 (t,
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J ) 6.0 Hz, 2H, C(d)-H, C(d′)-H), 3.76 (t, J ) 6.0 Hz, 1H, C(a)-
H), 3.70 (s, 4H, C(f)-H2, C(f′)-H2), 3.64 (t, J ) 6.3 Hz, 1H, C(a′)-
H), 3.49-3.47 (m, 1H, C(e)-H), 3.30 (m, 4H, C(3)-H2, C(e)-H),
C(e′)-H), 3.24 (m, 3H, C(4)-H2, C(e′)-H), 2.35-2.16 (m, 4H, C(c)-
H2, C(c′)-H2), 1.98 (m, 4H, C(b′)-H2, C(b)-H2), 1.71 (d, J ) 6.6
Hz, 3H, C(1)-CH3).
7,8-Bi(S-glutathionyl-1-methyl-1,2,3,4-tetrahydro-â-car-

boline-5,6-dione) (18). In order to optimize formation of this
compound, GSH (9.0 mg, ca. 1.0 mM) was added to a 0.22 mM
solution (30 mL) of 8 dissolved in the mobile phase (pH 3.0) of
HPLC method II and the resulting solution stirred for 2 h.
The pH of the solution was then adjusted to 7.4 ( 0.1 with
pH 7.4 phosphate buffer (µ ) 1.0), and 50 mg of GSH was
added. The solution was then stirred at room temperature
for 8 h. The entire solution was then pumped onto the
preparative reversed phase HPLC column, and the components
were separated using method I. Compound 18 eluted under
the chromatographic peak at tR ) 40 min. The eluent
containing 18 was collected and desalted using HPLC method
III (tR ) 42 min). The desalted solution of 18 was then freeze-
dried to give a purple solid. In pH 7.4 phosphate buffer 18
exhibited a UV-visible spectrum with λmax, nm (log εmax, M-1

cm-1) at 536 (3.44), 3.64 sh (3.79), 308 (4.15), 246 sh (4.35).
FAB-MS (thioglycerol/glycerol/TFA matrix) gave m/e )
827.2319 (MH+, 9%, C32H43N8O14S2; calcd m/e ) 827.2340).
Thus, 18 had a molar mass of 826 g and a molecular formula
C32H42N8O14S2. 1H NMR (D2O) gave δ 4.77-4.67 (m, 3H, C(1)-
H, C(d)-H, C(d′)-H), 4.09 (t, J ) 6.3 Hz, 1H, C(a)-H), 4.00 (s,
2H, C(f)-H2), 3.94 (s, 2H, C(f′)-H2), 3.89 (t, J ) 6.3 Hz, 1H,
C(a′)-H), 3.73-3.67 (m, 1H, C(3)-H), 3.49-3.45 (m, 1H, C(3)-
H), 3.29-3.18 (m, 2H, C(e)-H, C(e′)-H), 3.08 (bs, 2H, C(4)-H2),
3.03-2.95 (m, 2H, C(e)-H, C(e′)-H), 2.56 (t, J ) 6.3 Hz, 4H,
C(c)-H2, C(c′)-H2), 2.25-2.17 (m, 4H, C(b)-H2, C(b′)-H2), 1.71
(d, J ) 6.9 Hz, 3H, C(1)-CH3). Compound 18 has the same
molecular weight and elemental composition as 17, and both
compounds have similar 1H NMR spectra. However, as
discussed previously, 17 is formed via 15 as a result of HO•

attack on 9A/9Bwhereas 18 is formed as a more minor product
by attack of GSH on 9A/9B (Figure 9 and related discussion).
Furthermore, the UV-visible spectrum of purple 18 at pH 7.4
is quite different to that of blue 17 but quite similar to that of
purple 9A/9B which differ from 18 only by the absence of a
glutathionyl residue at C(7). Additionally, the cyclic voltam-
mogram of 17 is quite different to that of both 9A/9B and 18,
the latter compounds all exhibiting a single reversible couple.
The shift of E°′ for the 18/18R couple to somewhat more
negative potentials than that for the 9A/9B/9R couples is in
accord with the electron-releasing effects of the second glu-
tathionyl residue at C(7).
4,8-Bi(S-glutathionyl-1-methyl-1,2,3,4-tetrahydro-â-car-

boline-5,6-dione) (19A and 19B). In order to optimize the
synthesis of 19A and 19B, 9.0 mg of GSH (ca. 1.0 mM) was
added to a 0.22 mM solution of dione 8 (30 mL in HPLC
method II mobile phase, pH 3.0) and stirred at room temper-
ature for 2 h. The pH of the solution was then adjusted to
10.3 ( 0.1 by addition of 20% NH4OH. GSH (60 mg) was
added to the resulting solution which was then stirred for 1
h. Following filtration (0.45 µm, type HA filter, Millipore,
Bedford, MA) the entire solution was pumped onto the
reversed phase HPLC column, and the components were
separated using method I. Compounds 19A and 19B coeluted
at tR ) 44 min. After freeze-drying the eluent containing 19A
and 19B the resulting orange solid was dissolved in 10 mL of
deionized water and separated and desalted using HPLC
method III using repetitive 2.0 mL injections. Compound 19A
eluted at tR ) 50.0 min and 19B at tR ) 50.5 min. The orange
solutions eluted under each of these peaks were collected
separately and freeze-dried to give orange solids. In pH 7.4
phosphate buffer 19A exhibited a UV-visible spectrum with
λmax, nm (log εmax, M-1 cm-1) at 514 (3.62), 384 (4.30), 262 sh
(4.17). FAB-MS (thioglycerol/TFAmatrix) gavem/e ) 827.2370
(MH+, 3%, C32H43N8O14S2; calcd m/e ) 827.2340). 1H NMR
(D2O) gave δ 6.67 (s, 1H, C(7)-H), 4.95 (q, J ) 5.1 Hz, 1H, C(1)-
H), 4.71 (t, J ) 6.6 Hz, 2H, C(d)-H, C(d′)-H), 4.03 (s, 2H, C(f)-
H2), 3.88 (s, 2H, C(f′)-H2), 3.83-3.75 (m, 2H, C(a)-H, C(a′)-H),
3.71-3.65 (m, 2H, C(3)-H, C(e)-H), 3.54-3.45 (m, 3H, C(3)-H,
C(e)-H, C(e′)-H), 3.37-3.30 (m, 1H, C(e′)-H), 3.13 (m, 2H, C(4)-

H2), 2.54 (t, J ) 7.2 Hz, 2H, C(c)-H2), 2.48-2.36 (m, 2H, C(c′)-
H2), 2.17-2.03 (m, 4H, C(b)-H2, C(b′)-H2), 1.72 (d, J ) 6.6 Hz,
3H, C(1)-CH3). 13C NMR (D2O) showed 10 carbonyl carbon
resonances at δ 177.89, 177.40, 177.30, 177.08, 175.88, 175.36,
175.18, 174.51, 173.95, and 154.33; 6 aromatic carbon reso-
nances at δ 141.92, 131.16, 128.41, 127.20, 118.81, and 118.14;
and 16 aliphatic carbon resonances at δ 56.39, 56.20, 56.02,
55.89, 55.75, 55.62, 55.49, 51.19, 47.14, 44.14, 42.69, 36.65,
33.97, 28.62, 22.14, and 19.69.
In pH 7.4 phosphate buffer 19B exhibited a UV-visible

spectrum with λmax, nm (log εmax, M-1 cm-1) at 512 (3.61), 382
(4.30), 260 sh (4.18). FAB-MS (glycerol/TFA matrix) gavem/e
) 827.2327 (MH+, 22%, C32H43N8O14S2; calcdm/e ) 827.2340).
1H NMR (D2O) gave δ 6.62 (s, 1H, C(7)-H), 4.93 (q, J ) 5.1
Hz, 1H, C(1)-H), 4.69 (t, J ) 5.7 Hz, 2H, C(d)-H, C(d′)-H), 4.02
(s, 2H, C(f)-H2), 3.85 (s, 2H, C(f′)-H2), 3.82-3.75 (m, 2H, C(a)-
H, C(a′)-H), 3.69-3.63 (m, 2H, C(3)-H, C(e)-H), 3.51-3.42 (m,
3H, C(3)-H, C(e)-H, C(e′)-H), 3.39-3.29 (m, 1H, C(e′)-H), 3.11
(m, 2H, C(4)-H2), 2.53 (t, J ) 7.2 Hz, 2H, C(c)-H2), 2.45-2.36
(m, 2H, C(c′)-H2), 2.16-2.05 (m, 4H, C(b′)-H2, C(b)-H2), 1.71
(d, J ) 6.6 Hz, 3H, C(1)-CH3). 13C NMR (D2O) of 19B showed
10 carbonyl carbon resonances at δ 172.66, 172.49, 171.31,
171.16, 171.08, 171.03, 170.46, 169.85, and 149.61; 6 aromatic
carbon resonances at δ 137.19, 126.52, 123.49, 122.53, 114.17,
and 113.48; and 16 aliphatic carbon resonances at δ 51.64,
51.59, 51.52, 51.03, 50.92, 46.47, 42.55, 39.63, 39.60, 39.49,
37.87, 32.20, 29.34, 23.97, 17.55, and 15.20. The mass spectral
data obtained for the compounds designated 19A and 19B
(molar mass 826 g, molecular formula C32H42N8O14S2) indicate
that they consist of one residue of dione 8 and two residues of
GSH. These isomers are formed by the reaction of GSH with
diastereomers 9A/9B. Furthermore, the 1H NMR spectra of
19A and 19B reveal that the C(7)-H, C(3)-H2, and C(4)-H2

resonances are present. Accordingly, it can be concluded that
the glutathionyl residue that adds to 9A/9B to give 19A/19B
is linked at the C(4a) and/or C(4b) bridgehead position. The
fact that the UV-visible spectra and cyclic voltammetric
behaviors of 19A and 19B are the same suggests that GSH
residue is located at the same bridgehead carbon in all of the
isomers. However, the spectral information available on 19A
and 19B, which must consist of a total of four isomers, does
not permit an unequivocal assignment of the linkage site for
the bridgehead glutathionyl residue. Thus, the structure
presented for 19 in Scheme 4 must be considered to be a
tentative assignment at this time.
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