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Glutathione reductase (GR) catalyzes the reduction of oxidized glutathione to reduced
glutathione. The enzyme is an attractive target for the development of antimalarial agents,
agents to decrease malarial drug resistance and anticancer agents. In addition, inhibition of
the enzyme has been employed as a tool in research for various purposes. In this paper, we
present a rational design of 2-acetylamino-3-[4-(2-acetylamino-2-carboxyethylsulfanylcarbo-
nylamino)phenylcarbamoylsulfanyl]propionic acid and its derivatives as irreversible GR
inhibitors. The Ki and kinact values of 2-acetylamino-3-[4-(2-acetylamino-2-carboxyethylsulfa-
nylcarbonylamino)phenylcarbamoylsulfanyl]propionic acid, the most potent derivative of the
series, are 88 µM and 0.1 min-1, respectively. Although the Ki value of the inhibitor is in the
micromolar range, it is more potent than N,N-bis(2-chloroethyl)-N-nitrosourea, which is
currently the most commonly employed irreversible GR inhibitor with a reported IC50 value of
646 µM. Additional attractive features of the inhibitor include its ready availability through a
one-step synthesis and good solubility in both organic and aqueous solutions.

Introduction
Glutathione reductase (GR) (EC 1.6.4.2), a dimeric

FAD-containing enzyme with a redox-active disulfide at
its active site, catalyzes the reduction of oxidized
glutathione (GSSG) to reduced glutathione (GSH) using
NADPH as the source of reducing equivalents (Scheme
1).1 The enzyme is responsible for maintaining a high
intracellular ratio of GSH/GSSG and, therefore, plays
a key role in the cell’s defense mechanism against
oxidative stress. From a drug development perspective,
inhibition of the enzyme has been an attractive ap-
proach for the development of antimalarial agents,2-7

agents to decrease malarial drug resistance,2,5,6,8-11 and
anticancer agents.3 In addition, inhibition of the enzyme
has also been employed as a tool in research for various
purposes.12-23 Different classes of GR inhibitors have
been reported that include N,N-bis(2-chloroethyl)-N-
nitrosourea (BCNU) and 1-(2-chloroethyl)-3-(2-hydroxy-
ethyl)-1-nitrosourea,24 6-hydroxy-3-oxo-3H-xanthene-9-
propionic acid,25 10-arylisoalloxazines,4 flavin analogues,9
methylene blue dye,26 S-nitrosoglutathione,27 2,4-dihy-
droxylbenzylamine,28 dinitrosyl-iron-dithiolate com-
plex,29 ajoene,30 1,4-naphthoquinone alcanoic acids and
their derivatives,7,8 various isocyanate conjugates of
cysteine,31,32 glutathione,31-34 and mercapturic acids.34

For various reasons, BCNU, an anticancer alkylating
agent and irreversible GR inhibitor with a reported IC50
value of 646 µM,28 remains the most commonly used GR
inhibitor in research.12-23 However, the toxicity caused
by nonspecific interactions as well as the inhibition of
DNA synthesis by BCNU complicates the use of the
compound as a GR inhibitor.28,35

In the present paper, we present 2-acetylamino-3-[4-
(2-acetylamino-2-carboxyethylsulfanylcarbonylamino)-

phenylcarbamoylsulfanyl]propionic acid (2) and its de-
rivatives (3-8) as a novel class of irreversible and
selective GR inhibitors (Figure 1). By use of a reported
irreversible GR inhibitor N-acetyl-S-(p-chlorophenyl-
carbamoyl)cysteine (1)34 as a lead, seven compounds
(Figure 1, 2-8) were designed as GR inhibitors based
on the structures of GSSG and the enzyme binding site
of GSSG. All seven compounds exhibited GR inhibitory
activity. Compound 2, the most potent inhibitor of the
derivatives, exhibited much more potent activity than
the lead compound and was more potent than BCNU,
suggesting that the general strategy employed for the
design of GR inhibitors is a rational one.

Results

Synthesis. Compounds 2-8 were synthesized through
a one-step synthesis by reacting N-acetyl-L-cysteine with
a corresponding isocyanate. The yields ranged from 6%
to 35%.

Comparison of Glutathione Reductase Inhibi-
tory Activity. To assess the GR inhibitory activities
of the designed compounds, we decided to employ the
lead compound (1) and BCNU, the most commonly used
irreversible GR inhibitor, as reference compounds.
Compound 2 was the first analogue synthesized in the
series. Figure 2 shows that at 0.5 mM, compound 2 was
much more potent than the lead compound and more
potent than BCNU, indicating that the design strategy
could lead to a more potent GR inhibitor. Following the
synthesis of compound 2, compounds 3-8 were prepared
and tested for their GR inhibitory activity. All deriva-
tives were more potent than the lead compound at 0.5
mM (data not shown). Table 1 lists the IC50 values of
compounds 2-8 and BCNU. Interestingly, compound 2
remained as the most potent GR inhibitor of the series
(Table 1).
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Effect of Compound 2 on Glutathione Peroxi-
dase and Glutathione S-Transferase. Once com-
pound 2 was identified as the most potent GR inhibitor
of the series, the compound was evaluated further with
respect to its selectivity. We tested its effects on glu-
tathione peroxidase (GP) and glutathione S-transferase
(GST), two enzymes involved in GSH metabolism. At
0.1 mM, compound 2 produced no inhibition of GP. A
13 ( 3% inhibition was observed for GST. These data
confirm that compound 2 is a selective GR inhibitor.

Determination of the Irreversibility of the In-
hibition. Determination of whether the inhibition was
reversible or irreversible was achieved by extensive
dialysis.36 GR was first inhibited completely by 1 mM
compound 2 followed by extensive dialysis in phosphate
buffer. No GR activity was recovered over the 4 h
dialysis period, revealing that the inhibition was ir-
reversible (Figure 3). In contrast, significant enzyme
activity was observed for the control in which no

Figure 1. Structures of the lead compound and compounds 2-8 designed as GR inhibitors.

Scheme 1. GR-Catalyzed GSSG Reduction

Figure 2. Inhibition of GR by the lead compound (1),
compound 2, and BCNU. GR (∼0.02 units/mL) was incubated
with an inhibitor (0.5 mM) in the presence of NADPH (0.2 mM)
and BSA (1 mg/mL) in phosphate buffer (pH 7.4, 0.1 M) at 25
°C for 30 min. The enzyme activity was determined as
described in the GR assay. The results are presented as the
mean ( SE of triplicate experiments.

Table 1. IC50 of Compounds 2-8 and BCNU Derived from the
Inhibition of Yeast GRa

compd IC50
b (µM)

2 50 ( 6
3 85 ( 3
4 117 ( 14
5 149 ( 5
6 455 ( 25
7 515 ( 49
8 477 ( 20
BCNU 441 ( 15

a Yeast GR (0.9 unit/mL) was incubated with an inhibitor at
various concentrations in phosphate buffer (0.1 M, pH 7.4)
containing BSA (1 mg/mL) and NADPH (0.2 mM) at 25 °C for 30
min. Aliquots were withdrawn and the remaining GR activity was
determined as described in the GR assay. An identical incubation
in the absence of the inhibitor was conducted as control. The
results are presented as the mean ( SE of triplicate experiments.
b IC50 is the concentration of a compound producing 50% reduction
in enzyme activity.
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compound 2 was added during the incubation period
(Figure 3).

Substrate Protection against Glutathione Re-
ductase Inhibition by Compound 2. To determine
whether compound 2 inactivated the enzyme at or near
the active site, a substrate protection experiment was
conducted. Figure 4 demonstrates that GSSG protected
the enzyme from inhibition in a concentration-depend-
ent manner. When the concentration of GSSG was
raised to 0.25 mM, the inhibition of GR by compound 2
was completely prevented, suggesting that the inactiva-
tion occurred likely at or near the active site of the
enzyme.36

NADPH-Dependent Glutathione Reductase In-
hibition. During the GR-catalyzed GSSG reduction,
NADPH reduces the disulfide bond between Cys-45 and
Cys-50 of yeast GR (corresponding to Cys-58 and Cys-
63 in human GR)37 to two thiols. The thiols then reduce
GSSG to GSH.1 On the basis of the finding that
compound 2 irreversibly inhibited GR and earlier
reports that most of the irreversible GR inhibitors
produced inactivation through a covalent binding with
the thiol functional groups,24,28-31,38 an exploration was
conducted to determine whether the thiols of Cys-45
and/or Cys-50 were involved in the irreversible inhibi-

tion. Inhibitory experiments were carried out in the
absence or presence of NADPH. In the absence of
NADPH, the disulfide bond between Cys-45 and Cys-
50 would remain unchanged. As shown in Figure 5,
inhibition only occurred in the presence of NADPH. No
inhibition was observed in the absence of NADPH,
suggesting that the irreversible inhibition required
the presence of the thiols derived from the disulfide
bond.

Ki and kinact Determination. The inhibitory param-
eters Ki and kinact of compound 2 were determined
according to the method of Kitz and Wilson.39 Figure 6
is derived from the results when GR was incubated with
compound 2 at different concentrations over a 20 min
period. The data show that the enzyme activity de-
creased with time (time-dependent inhibition) and
concentration (concentration-dependent inhibition). These
data further confirm that the GR inhibition by com-
pound 2 was irreversible.36,39 Figure 6 also demonstrates
a linear correlation between the natural logarithm of
the percent enzyme activity and incubation time. A
replotting of the reciprocal of apparent rate constants
of inhibition (Kapp) (slopes of Figure 6) versus the
reciprocal of inhibitor concentrations [I] showed a linear
correlation (Figure 7), from which the inactivation rate

Figure 3. Dialysis of the 2-inactivated GR. Yeast GR (0.9
units/mL) was incubated at 25 °C with compound 2 (1 mM) in
the presence of NADPH (0.2 mM) and BSA (1 mg/mL) in
phosphate buffer (pH 7.4, 0.1 M) for 60 min. The inactivated
enzyme was dialyzed in phosphate buffer, and aliquots were
withdrawn to determine GR activity as described in the
Experimental Section. The open and solid squares show the
GR activity derived from aliquots of dialysis of the 2-treated
enzyme and a control, respectively. The data were from a
representative of duplicate experiments.

Figure 4. GSSG protection of GR against inhibition by
compound 2. Yeast GR (0.7 unit/mL) was incubated at 25 °C
with compound 2 (0.2 mM) and NADPH (0.2 mM) in the
presence [(B) 0.05 mM, (C) 0.25 mM)] or absence (A) of GSSG
for 15 min. An aliquot was withdrawn and tested for GR
activity as described in the GR assay. The results are pre-
sented as the mean ( SE of triplicate experiments.

Figure 5. NADPH-dependent inhibition of GR by compound
2. Yeast GR (0.7 unit/mL) was incubated at 25 °C with
compound 2 (0.2 mM) in the presence (0.2 mM) or absence of
NADPH for 15 min. An aliquot was withdrawn and tested for
GR activity as described in the GR assay. The results are
presented as the mean ( SE of triplicate experiments.

Figure 6. Kinetics of the GR inhibition by compound 2. The
figure is a plot of the natural logarithm of the percent GR
activity versus time when treated with compound 2. Yeast GR
(0.3 units/mL) was incubated with different concentrations of
compound 2 [32 (×), 63 (2), 125 (9), 250 (O) µM] in the
presence of BSA (1 mg/mL) and NADPH (0.2 mM). Aliquots
were withdrawn and tested for residual GR activity at different
time intervals (0, 5, 10, 20 min) as described in the Experi-
mental Section. The slopes of the lines representing apparent
rate constants of inhibition (kapp) were determined by linear
regression analysis. The data were derived from a representa-
tive of triplicate experiments.
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constant kinact (0.1 min-1) and inhibitory constant Ki (88
µM) were derived on the basis of the following equations
where it is assumed that [I] . [E0].

[E0] is the concentration of GR at time 0, EI is the
enzyme inhibitor complex, and E* is the inactivated
enzyme.39

Discussion
GR has been an attractive target for the development

of antimalarial agents, anticancer agents, and agents
to reverse drug resistance of malaria. In this paper, we
report 2-acetylamino-3-[4-(2-acetylamino-2-carboxyeth-
ylsulfanylcarbonylamino)phenylcarbamoylsulfanyl]-
propionic acid (2) and its derivatives (3-8) as a novel
class of GR inhibitors (Figure 1). The design of this class
of GR inhibitors was based on the structures of a lead
compound, GSSG, and the enzyme binding site of GSSG
(Figure 8). The lead compound 1 has been identified as
an irreversible GR inhibitor, and the S-carbamoyl
structure (S-C(O)N-) (indicated by an arrow in Figure
8) is required for the carbamoylation of the thiols at the
active site (unpublished results from this group). An
examination of the structures of GSSG (Figure 8) and
GSSG binding site1 led us to propose a general strategy
for the design of this novel class of GR inhibitors. The
rationale for this strategy is that by connecting two part
A moieties (Figure 8) of the lead compound together,
which results in a molecule with one carboxylic acid
functional group on each end of the molecule (Figure
8), the compound will be structurally more similar to
the natural substrate GSSG and also will retain the
required carbamoylating functional group (Figure 8).
Further, the carboxylic acid functional groups on both
ends of the molecule can mimic the electrostatic interac-
tions between the anionic carboxylic acid functional
groups of GSSG and the cationic functional groups at
the GSSG binding site of the enzyme.1 It is also hoped
that the inhibitory activity may be enhanced by the two
carbamoylating groups in the molecule. Each of the two
carbamoylating groups may be able to form a covalent

bond with one of the two thiols or other nucleophiles
present at the active site of the enzyme (double car-
bamoylation) (Scheme 2). The connecting bridge can be
optimized by varying substitutes with different length,
hydrophobicity, and electron density. Figure 1 shows the
structures of the seven proposed compounds that were
synthesized and tested for their effects on GR.

Our results demonstrate that all designed compounds
were GR inhibitors with different inhibitory potency.
These inhibitors were more potent than the lead com-
pound, confirming that the design strategy is a rational
one. Compound 2, the most potent derivative, exhibited
more potent GR inhibitory activity than BCNU (Figures
2 and Table 1). Evaluation of the effects of compound 2
on GP and GST revealed that compound 2 is a selective
GR inhibitor. Dialysis of the 2-inactivated GR showed
that the inhibition was irreversible (Figure 3). The
irreversibility was further confirmed by the time- and
concentration-dependent inactivation of the enzyme by
the inhibitor (Figure 6). Our data also show that the
inactivation was prevented by the substrate GSSG
(Figure 4), indicating that the inactivation occurred
likely at or near the active site of the enzyme. By
removing NADPH from the incubation, we demon-
strated that the inactivation required the thiols to be
derived from the disulfide of Cys-45 and Cys-50 at the
active site of yeast GR. This finding is in agreement with
the inactivation mechanism of a number of earlier
reported irreversible GR inhibitors such as 2,4-di-
hydroxybenzylamine,28 dinitrosyl-iron-dithiolate,29

BCNU,24,38 ajoene,30 and isocyanate conjugates of cys-
teine.31 These irreversible inhibitors were shown to
produce their irreversible inhibition through a covalent
binding with the thiols. Finally, the inhibitory param-
eters Ki and kinact were determined to be 88 µM and 0.1
min-1, respectively, on the basis of the method of Kitz
and Wilson.39

Because of the limited number of compounds tested,
conclusive determination of the structure-activity re-
lationship (SAR) regarding lipophilic, electronic, and
steric requirements of this class of GR inhibitors may,
at this point, not be appropriate. However, the com-
pounds with a connecting bridge containing an aromatic
system (compounds 2-5) were shown to be more potent
than those with an aliphatic chain (compounds 6-8).
The inhibitory activity improvement by an aromatic
system was further demonstrated by the fact that
compound 3 was almost 6 times more potent than
compound 8, although the lipophilicity of these two
compounds are similar based on their HPLC properties
in two different mobile systems. The retention time for
compounds 3 and 8 were 24.1 and 24.2 min in the water/
acetonitrile system and were 34.7 and 35.5 min in
water/methanol system, respectively (see Supporting
Information). However, more study is needed to further
understand the SAR of these inhibitors.

On the basis of the obtained evidence, a proposed
mechanism of the GR inactivation by compound 2 is
outlined in Figure 9. The inactivation likely occurred
when the disulfide bond between Cys-45 and Cys-50 of
yeast GR was reduced by NADPH to two thiol functional
groups. The thiols, which are excellent nucleophiles,
attacked the carbamoyl group of the inhibitor, leading
to covalent bond formation (carbamoylation) and inac-

Figure 7. Kitz and Wilson replotting of GR inhibition by
compound 2: double-reciprocal plot of kapp vs compound 2
concentrations [I]. The dissociation constant Ki of the reversible
enzyme-inhibitor complex and the inactivation rate constant
kinact were derived from the intercept and slope of the line
determined by linear regression analysis based on the formula
presented in the text.
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1
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tivation of the enzyme. Since Cys-58 of human GR was
the thiol demonstrated to form a covalent bond with an
irreversible inhibitor because of its location at the
entrance of the active site,24,27,29,30 we believe that it was
the corresponding Cys-45 of yeast GR that formed a
covalent bond with compound 2 (Figure 9). At this point,
we have no data to show whether one or both of the
carbamoylating groups of the inhibitor participated in
the inactivation.

In summary, we have identified 2-acetylamino-3-[4-
(2-acetylamino-2-carboxyethylsulfanylcarbonylamino)-
phenylcarbamoylsulfanyl]propionic acid (2) and its de-
rivatives as a novel class of irreversible GR inhibitors.
One of the advantages of this class of compounds is that
they are readily available through a one-step synthesis
from commercially available starting materials. Com-
pound 2 was found to be the most potent inhibitor of
the series. Although, the Ki value of compound 2 is in
the micromolar range, it is more potent than BCNU,
the most commonly used irreversible GR inhibitor.
Further, the compound has good solubility in both
organic and aqueous solutions, which is an additional
attractive feature.

Experimental Section
1H and 13C nuclear magnetic resonance spectra were re-

corded on a Bruker 400 MHz NMR spectrometer and are

reported in parts per million. UV absorption was obtained on
an HP 8452A diode array spectrophotometer. Mass spectral
data were obtained with the Finnigan MAT Navigator HPLC/
MS mass detector.

Yeast GR, bovine liver GST, bovine erythrocyte GP, bovine
serum albumin (BSA), GSH, GSSG, N-acetyl-L-cysteine, and
NADPH were purchased from Sigma Chemical Co. (St. Louis,
MO). Isocyanates were obtained from Aldrich Chemical Co.
(Milwaukee, WI). BCNU was provided generously by Bristol-
Myers Squibb Pharmaceutical Research Institute (Princeton,
NJ). The 3% H2O2 was purchased from Wal-Mart. All other
solvents and chemicals were of HPLC or reagent grade and
were used as received. Phenyl solid extraction cartridges (6
mL × 100 mg) were purchased from J&W Scientific (Folsom,
CA). Disposable dialyzers (DisPoDialyzers) (molecular weight
cutoff of 8000) were purchased from Spectrum (Laguna Hills,
California).

Synthesis of 2-Acetylamino-3-[4-(2-acetylamino-2-car-
boxyethylsulfanylcarbonylamino)phenylcarbamoyl-
sulfanyl]propionic Acid and Its Derivatives. A general
one-step procedure was employed (Scheme 3). A solution of
an isocyanate (0.5 mmol) in a tetrahydrofuran (THF)/water
mixture (2:1) (30 mL) was introduced dropwise to a solution
of N-acetyl-L-cysteine (2 mmol) in saturated sodium bicarbon-
ate (10 mL) under argon with stirring at room temperature.
The solution was allowed to stir for an additional 15 min. THF
was removed in vacuo. The remaining aqueous solution was
acidified to pH 2 with HCl (2 M) and loaded onto a phenyl
solid extraction cartridge that was preconditioned with 80%
acetonitrile in water containing 0.1% trifluoroacetic acid (TFA).
The column product was eluted with acetonitrile and water

Figure 8. Chemical structures of the lead compound, GSSG, and the proposed general strategy for the design of GR inhibitors.

Figure 9. GR-catalyzed GSSG reduction and the proposed mechanism for the inactivation of GR by compound 2.

Scheme 2. Proposed Covalent Bond Formation between a Proposed Double Carbamoylating GR Inhibitor and Thiols
or Other Nucleophiles Present in GR

5228 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 16 Seefeldt et al.



containing 0.1% TFA. Analytical thin-layer chromatography
(TLC) was performed on Sigma-Aldrich glass-backed silica gel
60 F254 plates. TLC visualization was accomplished with a
UV lamp (compounds 2-5) or in an iodine chamber (com-
pounds 6-8). The fractions containing the product were pooled
and freeze-dried to give the product.

The purity of the products was checked by high-pressure
liquid chromatography (HPLC), which was performed on a
Beckmann system equipped with a UV detector set at 254 nm
for compounds 2-5 and at 220 nm for compounds 6-8. The
HPLC employed an Adsorbosil C18 column (250 mm × 3.2
mm i.d., 5 µm) (Alltech, Deerfield, IL) with a flow rate of 0.5
mL/min. Compound purity was assessed by two HPLC meth-
ods. Method A utilized a gradient of 0% to 100% acetonitrile
in water containing 0.1% (v/v) TFA in 40 min, and method B
used a gradient of 0% to 100% methanol in water containing
0.1% (v/v) TFA in 40 min. All the final products had 95% or
greater purity (see Supporting Information).

2-Acetylamino-3-[4-(2-acetylamino-2-carboxyethylsul-
fanylcarbonylamino)phenylcarbamoylsulfanyl]pro-
pionic Acid (2). Yield: 35%. Mp: 185 °C (dec), 99% purity
by HPLC. 1H NMR (DMSO-d6): δ 1.84 (s, 6 H, 2 × CH3), 3.04
(dd, J ) 8.8, 13.6 Hz, 2H, 2 × SCH), 3.38 (dd, J ) 5.0, 13.6
Hz, 2H, 2 × SCH), 4.34-4.41 (m, 2H, 2 × NCH), 7.41 (s, 4H,
phenyl), 8.24 [d, J ) 8.4 Hz, 2H, 2 × C(O)NH-CH], 10.24 [s,
2H, 2 × C(O)NH-phenyl]. 13C NMR (DMSO-d6): δ 172.22,
169.6, 164.1, 134.8, 120.0, 52.5, 31.0, 22.7. MS, m/z: 487 (M
+ H)+, 469, 427, 382, 358, 324.

2-Acetylamino-3-{4-[4-(2-acetylamino-2-carboxyeth-
ylsulfanylcarbonylamino)benzyl]phenylcarbamoyl-
sulfanyl}propionic Acid (3). Yield: 18%. Mp 152-154 °C,
99% purity by HPLC. 1H NMR (DMSO-d6): δ 1.84 (s, 6 H, 2 ×
CH3), 3.03 (dd, J ) 8.8, 14.0 Hz, 2H, 2 × SCH), 3.37 (dd, J )
4.8, 14.0 Hz, 2H, 2 × SCH), 3.82 (s, 2H, CH2-phenyl), 4.32-
4.40 (m, 2H, 2 × NCH), 6.95 (d, 4H, J ) 11.6 Hz, phenyl),
7.10 (d, 4H, J ) 11.6 Hz, phenyl), 8.29 (d, 2H, J ) 8.6 Hz, 2 ×
C(O)NH-CH], 10.34 [s, 2H, 2 × C(O)NH-phenyl]. 13C NMR
(DMSO-d6): δ 172.2, 169.1, 164.1, 137.1, 136.8, 129.4, 119.5,
52.6, 30.9, 22.7. ESI-MS, m/z: 577 (M + 1)+.

2-Acetylamino-3-{4-[(2-acetylamino-2-carboxyethyl-
sulfanylcarbonylamino)methyl]phenylcarbamoyl-
sulfanyl}propionic Acid (4). Yield: 13%. Mp: 151-153 °C,
99% purity by HPLC. 1H NMR (DMSO-d6): δ 1.82 (s, 3 H,
CH3), 1.84 (s, 3 H, CH3), 2.88-3.01 (m, 4H, 2 × SCH2), 4.05-
4.43 [m, 4H, -(NCH)2-, NCH2Ph)], 7.18 (d, J ) 8.4 Hz, 2H,
phenyl), 7.43 (d, J ) 8.4 Hz, 2H, phenyl), 8.22 (d, J ) 8.0 Hz,
1H, NH), 8.29 (d, J ) 8.0 Hz, 1H, NH), 8.68 (t, J ) 5.6 Hz,
1H, NH), 10.35 (s, 1H, NH). 13C NMR (DMSO-d6): δ 172.3,
172.2, 169.6, 169.6, 165.6, 164.3, 138.0, 134.3, 128.2, 119.3,
52.7, 52.5, 43.94, 30.9, 30.8, 22.7. ESI-MS, m/z: 501 (M + 1)+.

2-Acetylamino-3-[3-(2-acetylamino-2-carboxyethylsul-
fanylcarbonylamino)phenylcarbamoylsulfanyl]pro-
pionic Acid (5). Yield: 33%. Mp: 167-170 °C, >96% purity
by HPLC. 1H NMR (acetone-d6): δ 1.84 (s, 6 H, 2 × CH3), 3.16
(dd, J ) 8.0, 14.4 Hz, 2H, 2 × SCH), 3.45 (dd, J ) 4.8, 14.4
Hz, 2H, 2 × SCH), 4.55-4.63 (m, 2H, 2 × NCH), 7.09-7.22
(m, 4H, phenyl), 7.78 [s, 2H, 2 × C(O)NH-CH], 9.25 [s, 2H, 2
× C(O)NH-phenyl]. 13C NMR (DMSO-d6): δ 172.2, 170.7,

165.7, 140.7, 130.6, 115.5, 111.0, 53.7, 32.2, 23.1. ESI-MS,
m/z: 487 (M + 1)+.

2-Acetylamino-3-[6-(2-acetylamino-2-carboxyethylsul-
fanylcarbonylamino)hexylcarbamoylsulfanyl]pro-
pionic Acid (6). Yield: 32%. Mp: 168-174 °C (dec), >95%
purity by HPLC. 1H NMR (DMSO-d6): δ 1.34-1.76 [m, 8 H,
-(CH2)4-], 2.02 (s, 6 H, 2 × CH3), 3.18 (dd, J ) 8.8, 13.6 Hz,
2H, 2 × SCH), 3.24-3.39 (m, 4H, -(NCH2)2-], 3.52 (dd, J )
5.0, 13.6 Hz, 2H, 2 × SCH), 4.40-4.56 (m, 2H, 2 × NCH), 8.39
[t, J ) 5.4 Hz, 2H, 2 × C(O)NH-CH2], 8.45 [d, J ) 8.0 Hz,
2H, 2 × C(O)NH-CH. 13C NMR (DMSO-d6): δ 172.3, 169.6,
165.0, 52.8, 41.0, 30.68, 29.3, 26.3, 22.7. ESI-MS, m/z: 495 (M
+ 1)+.

2-Acetylamino-3-[4-(2-acetylamino-2-carboxyethylsul-
fanylcarbonylamino)butylcarbamoylsulfanyl]pro-
pionic Acid (7). Yield: 6%. Mp: 144-150 °C, >98% purity
by HPLC. 1H NMR (DMSO-d6): δ 1.3-1.45 (m, 8 H, -(CH2)2],
1.82 (s, 6 H, 2 × CH3), 2.97 (dd, J ) 5.0, 14.8 Hz, 2H, 2 ×
SCH), 3.02-3.18 (m, 4H, -(NCH2)2-], 3.29 (dd, J ) 5.0, 13.6
Hz, 2H, 2 × SCH), 4.24-4.32 (m, 2H, 2 × NCH), 8.17 [t, J )
5.4 Hz, 2H, 2 × C(O)NH-CH2], 8.21 [d, J ) 8.0 Hz, 2H, 2 ×
C(O)NH-CH]. 13C NMR (DMSO-d6): δ 172.3, 169.6, 165.1,
52.8, 40.8, 30.7, 26.8, 22.7. ESI-MS, m/z: 467 (M + 1)+.

2-Acetylamino-3-{4-[4-(2-acetylamino-2-carboxyethyl-
sulfanylcarbonylamino)cyclohexylmethyl]cyclo-
hexylcarbamoylsulfanyl}propionic Acid (8). Yield: 29%.
Mp: 153-154 °C, 95% purity by HPLC. 1H NMR (DMSO-d6):
δ 0.74-1.84 [m, 20 H, cyclohexyl, -CH2-], 1.82 (s, 6 H, 2 ×
CH3), 2.93 (dd, J ) 8.8, 13.6 Hz, 2H, 2 × SCH), 3.27 (dd, J )
5.2, 13.6 Hz, 2H, 2 × SCH), 3.34-3.49 (m, 2H, -(NCH)2-],
4.19-4.29 (m, 2H, 2 × NCH), 7.96-8.09 [m, 2H, 2 × C(O)-
NH-CH2], 8.19 [d, J ) 8.0 Hz, 2H, 2 × C(O)NH-CH]. 13C
NMR (DMSO-d6): δ 172.4, 169.5, 164.6, 53.0, 50.9, 33.6, 32.6,
32.0, 30.8, 29.0, 27.9. ESI-MS, m/z: 588 (M + 1)+.

Glutathione Reductase Assay. All GR assays were car-
ried out in GR assay phosphate buffer (pH 7.4, 0.1 M), which
contains BSA (1 mg/mL) and NADPH (0.2 mM) at 25 °C in a
total volume of 1 mL. The reaction was initiated by adding
GSSG (0.52 mM). Determination of the GR activity was
achieved by measurement of the initial rates of disappearance
of NADPH determined spectrophotometrically at λ ) 340 nm.

Evaluation of Glutathione Reductase Inhibitory Po-
tency and IC50 Determination. Yeast GR (0.9 units/mL) was
incubated with an inhibitor at various concentrations in
phosphate buffer (0.1 M, pH 7.4) containing BSA (1 mg/mL)
and NADPH (0.2 mM) at 25 °C for 30 min. Aliquots were
withdrawn, and the remaining GR activity was determined
as described in the GR assay. An identical incubation in the
absence of the inhibitor was conducted as control.

Determination of the Irreversibility of the Inhibition.
Yeast GR (0.9 units/mL) was incubated at 25 °C with com-
pound 2 (1 mM) in the presence of NADPH (0.2 mM) and BSA
(1 mg/mL) with a total volume of 0.5 mL for 60 min. No GR
activity was detected at the end of 60 min. The mixture was
transferred to a 1 mL DisPoDialyzer with a molecular weight
cutoff of 8000 and dialyzed in phosphate buffer (800 mL, pH
7.4, 0.1M). The phosphate buffer was replaced with fresh buffer
every hour, and the dialysis continued for 4 h. Aliquots were
withdrawn at different time intervals and tested for GR
activity as described in the GR assay. An identical incubation
in the absence of the inhibitor was conducted as control.

Substrate Protection against Glutathione Reductase
Inhibition by Compound 2. Yeast GR (0.7 units/mL) was
incubated at 25 °C with compound 2 (0.2 mM) and NADPH
(0.2 mM) in the presence (0.05 and 0.25 mM) or absence of
GSSG for 15 min. Aliquots were withdrawn, and the remaining
GR activity was determined as described in the GR assay. A
control in the absence of compound 2 and GSSG was conducted
in parallel.

NADPH-Dependent Glutathione Reductase Inhibi-
tion. Yeast GR (0.7 units/mL) was incubated at 25 °C with
compound 2 (0.2 mM) in the presence (0.2 mM) or absence of
NADPH for 15 min. Aliquots were withdrawn, and the
remaining GR activity was determined as described in the GR

Scheme 3. General Procedure for the Synthesis of the
Designed GR Inhibitorsa

a Reagents and conditions: (a) argon, 25 °C, THF/H2O (2:1),
NaHCO3, 15 min.
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assay. An identical incubation in the absence of the inhibitor
was conducted as control.

Effect of Compound 2 on Glutathione S-Transferase.
Bovine liver GST (0.02 units/mL) was incubated at 25 °C with
compound 2 (0.1 mM) for 30 min in a total volume of 1 mL.
Determination of the remaining GST activity was achieved by
following a GST assay protocol from Sigma (St. Louis, MO).
An identical incubation in the absence of the inhibitor was
conducted as a control.

Effect of Compound 2 on Glutathione Peroxidase.
Bovine erythrocyte GP (0.02 units/mL) was incubated at 25
°C with compound 2 (0.1 mM) for 30 min in a total volume of
1 mL. Determination of the remaining GP activity was
achieved by following a GP assay protocol from Sigma (St.
Louis, MO). An identical incubation in the absence of the
inhibitor was conducted as a control.

Kinetics of Irreversible Inhibition. Yeast GR (0.3 units/
mL) was incubated at 25 °C with compound 2 at different
concentrations (32, 63, 125, 250 µM) in the presence of BSA
(1 mg/mL) and NADPH (0.2 mM). Aliquots were withdrawn
and tested for residual GR activity at different time intervals
(0, 5, 10, 20 min) as described in the GR assay. An identical
incubation in the absence of the inhibitor was conducted as a
control. Irreversible kinetic parameters were obtained accord-
ing to the method of Kitz and Wilson.39
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Appendix

Abbreviations. BCNU, N,N-bis(2-chloroethyl)-N-ni-
trosourea; BSA, bovine serum albumin; FAD, flavin
adenine dinucleotide; GP, glutathione peroxidase; GR,
glutathione reductase; GSH, reduced glutathione; GSSG,
oxidized glutathione; GST, glutathione S-transferase;
NADPH, nicotinamide adenine dinucleotide phosphate;
TFA, trifluoroacetic acid; THF, tetrahydrofuran.

Supporting Information Available: Purity of com-
pounds 2-8 were determined by two HPLC methods. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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