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A marked age-related decrease in glutathione (GSH) levels as well as depression of γ-glutamyl-
cysteine synthetase activity are factors that are believed to render the aged lens more susceptible
to oxidative stress and, therefore, to cataractogenesis. Providing γ-L-glutamyl-L-cysteine, the
dipeptide precursor of GSH, would effectively bypass the compromised first step in its
biosynthesis and should protect the lens from GSH depletion. Accordingly, some bioreversible
sulfhydryl-, amino-, and C-terminal carboxyl-protected prodrug forms of this dipeptide were
prepared. Sulfhydryl protection was in the form of an acetyl thioester, while the carboxyl group
was protected as the ethyl ester. These prodrugs were evaluated for their GSH-enhancing
activity in cultured human and rat lenses in vitro using an assay that measured the
incorporation of [14C]glycine into lens GSH. Ethyl S-acetyl-γ-L-glutamyl-L-cysteinate (2) raised
GSH levels in human lenses by 25% and in rat lenses by >150%. These data suggest that 2
may have potential as an anticataract agent since ethyl γ-L-glutamyl-L-cysteinate (1a), the
des-S-acetyl analog of 2, had been shown (by others) to protect against experimental rodent
cataracts. GSH augmentation by 1a was 2% in human lenses and 25% in rat lenses,
considerably less than that shown by 2.

The sulfhydryl-containing tripeptide, glutathione (GSH;
γ-L-glutamyl-L-cysteinylglycine), is generally recognized
as the major and essential cellular antioxidant that
protects ocular lenses from oxidative stress elicited by
ultraviolet radiation, free radicals, and/or reactive elec-
trophilic metabolites of substances with xenobiotic
origin. It is noteworthy that a healthy ocular lens
contains the highest concentrations of GSH of any
mammalian tissue.1 The concentration of GSH is 6-fold
higher in the single cell layer forming the epithelium
than in the enclosed bulk of the lens.
The biosynthesis of GSH is known to be catalyzed by

two enzymes acting in tandem, viz., γ-glutamylcysteine
synthetase (γ-GCS; EC 6.3.2.2) and glutathione syn-
thetase (EC 6.3.2.3).2 The reaction catalyzed by γ-GCS
was shown to be rate-limiting in the lens due in part to
the paucity of L-cysteine.3 In cultured rat and human
lenses, the rate of GSH biosynthesis was directly
proportional to uptake of L-cysteine, indicating that the
uptake of this amino acid was the ultimate, rate-limiting
factor in lenticular GSH biosynthesis.3,4 Moreover, the
activity of γ-GCS was found to be 35-100-fold lower in
the lenses of humans, Old World monkeys, and apes
than in the lenses of prosimians (lower primates) and
nonprimates.5,6

Harding7 and others4 have observed an age-related
decrease of GSH levels in the human lens, due in part,
to a 4-fold decrease in L-cysteine uptake with aging.
Additionally, an age-related decrease of γ-GCS activity
was observed in human, Old World monkey, and orang-
utan lenses, but not in the lenses of prosimians or
several nonprimates.8-10 These factors render the aging
human lens more susceptible to oxidative stress and,
ostensibly, to cataractogenesis.

The low levels of GSH in aging lens might, therefore,
theoretically and practically be restored by two thera-
peutic strategies implemented singly or in concert, viz.,
(a) by providing γ-L-glutamyl-L-cysteine (γ-GluCys, 1b),
the dipeptide precursor of GSH, thereby effectively
bypassing the compromised first step in its biosynthesis,
or (b) by supplying GSH itself. More correctly, GSH
and/or its dipeptide precursor must be made available
in pharmacologically and biochemically compatible pro-
drug forms, since their ionic charges prevent their
uptake by cells for biological utilization.

It has been reported11 that the dipeptide prodrug, γ-L-
glutamyl-L-cysteine monomethyl ester (γ-GluCysOMe),
prevented buthionine sulfoximine (BSO)-induced cata-
racts in ICR mice by bypassing the latter’s inhibitory
action on γ-GCS. Similar results were shown also for
the corresponding monoethyl ester, γ-GluCysOEt (1a).12
Moreover, instillation of liposome encapsulated 1a to
the eyes of streptozotocin-induced diabetic rats pre-
vented the depletion of lens GSH and, hence, cataract
formation.13 The isopropyl and hexyl esters of 1b have
been proposed as more lipophilic prodrug forms of this
dipeptide. However, the presence of a free SH group
in compounds such as 1a severely limits the formulation
of aqueous pharmaceutical dosage forms because of the
facile air oxidation of such SH groups in solution.14

Accordingly, we prepared and herein describe some
sulfhydryl-, amino-, and C-terminal carboxyl-protected
prodrug forms of the dipeptide 1b (Chart 1) and show
that the sulfhydryl-protected prodrugs are highly stable
in physiological saline solution. One of these prodrugs,
viz., 2 (vide infra), also significantly augmented GSH
when incubated with human and rat lenses in vitro,
suggesting that 2may be useful as a topical anticataract
agent. A new synthetic method for the preparation of
1a and 1b is also described.
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Results

Chemistry. In the synthesis of 1a, it was observed
that physical manipulation of this product resulted in
partial oxidation to its disulfide form, even when these
operations were conducted under N2. Because of this
extreme susceptibility to air oxidation of the sulfhydryl
group, it was rationalized that the SH group of 1a (as
well as the free SH groups of other biochemical precur-
sors of GSH) must be derivatized to a bioreversible
functionality. Accordingly, the S-acetyl derivative of 1a,
viz., 2, was prepared, such acetyl thioesters being
readily hydrolyzable in vivo by nonspecific esterases.15

Scheme 1 outlines the synthetic route to ethyl S-acetyl-
γ-L-glutamyl-L-cysteinate (2), which starts by coupling
of the sulfhydryl-masked cysteine derivative ethyl 2(R,S)-
methylthiazolidine-4(R)-carboxylate (6a) as its trimeth-
ylsilyl derivative with the synthon, phthaloyl-L-glutamic
anhydride.16 The crude product (not shown in Scheme
1) was not isolated, and the phthaloyl protective group
was removed directly by hydrazinolysis. The resulting
ethyl 3-(γ-L-glutamyl)-2(R,S)-methylthiazolidine-4(R)-
carboxylate (7a) was isolated and subjected to extensive
purification by ion exchange chromatography. Opening
the thiazolidine ring of 7a provided the free sulfhydryl
compound γ-GluCysOEt (1a). This ring-opening reac-
tion with Hg(OAc)217 was found to be extremely sensi-
tive to reaction conditions, with lower temperatures
resulting in recovery of the thiazolidine starting mate-
rial and excess reagent or higher temperatures leading
to byproduct formation with attendant low yields.
Although 1a could be isolated at this stage (indeed,

this was accomplished in several runs), because of its
sensitivity to air oxidation (vide supra) a more prudent
approach was to selectively acetylate the free sulfhydryl
group of crude 1a with minimal acetylation of the
R-amino group of the γ-glutamyl moiety to provide the
sulfhydryl-protected ethyl S-acetyl-γ-L-glutamyl-L-cys-
teinate (2) directly. Regioselective acetylation was
effected by subjecting the dipeptide ester 1a to careful,
low-temperature reaction with thioacetic acid in batch-
wise additions and monitoring the reaction course by
NMR analysis of the products formed. Although forma-
tion of 3-5% of the bis-acetylated dipeptide ester (3)
was indicated, the latter could be separated by physical
means, and purification by reverse-phase column chro-
matography gave pure 2 in 15% overall yield from 7a.
An additional 37% of a slightly less pure product was

also isolated. The synthesis of S-acetyl-γ-L-glutamyl-
L-cysteine (4) followed similar paths (Scheme 1, b
series), giving the regioselectively S-acetylated 4, iso-
lated ultimately as the crystalline hydrochloride. The
corresponding N,S-bis-acetylated dipeptides 3 and 5
were readily prepared from crude 1a and 1b, respec-
tively, using standard acetylation conditions with Ac2O
and aqueous NaHCO3 as base.
The γ-glutamylated compounds 2, 4, 7a, and 7b, on

positive ion chemical ionization mass spectrometry
(+tive CI/MS) all showed the presence of a prominent
m/z 130 ion due to protonated pyroglutamic acid, which
is diagnostic for γ-glutamylated (as opposed to R-glutam-
ylated) amino acids18 and/or γ-glutaminated amines.19
All had base peaks at m/z 84.
The premise that protective acylation of the sulfhydryl

group of 1a and 1b would lead to products that are
stable to air oxidation was borne out by analysis of 2
and 4 dissolved in isotonic saline. Thus, the proton
NMR spectrum of 2 (or 4) dissolved in 0.9% NaCl in
D2O remained unchanged for 43 days at room temper-
ature, after which time it was not further analyzed (see
Supporting Information). However, in 0.1 M deuterated
phosphate buffer (pD 7.4) containing 0.9% NaCl, some
evidence for solvolysis of the S-acetyl group of 4 was
seen by the appearance of an acetate peak at δ 1.94 with
concomitant disappearance of the peak due to the
S-acetyl group at δ 2.36 after 4 days at room temper-
ature (see Supporting Information). The height of this
acetate peak did not exceed 8% even after 28 days.
However, the stability of 2 in the phosphate-buffered
system was considerably less than for 4. After 24 h,
11-12% of the thioester had solvolyzed (see Supporting
Information), and after 29 days at room temperature,
only 66% of the thioester remained intact. Disulfide
formation was also evident.
Augmentation of Lenticular GSH in Vitro. In

order to determine whether these derivatives of 1bwere
in fact serving as prodrugs of GSH when incubated with
human and rat ocular lenses in vitro, it was necessary
to devise an assay system to measure their incorpora-
tion into lens GSH. The multiple steps required to
introduce 14C-labeled L-glutamic acid or 35S-labeled
L-cysteine into these dipeptides precluded their syn-
thetic incorporation into 2 or 4 via Scheme 1 for use in
tracer studies, and a more general assay specifically
applicable to these dipeptide prodrugs was needed.
The enzyme glutathione synthetase catalyzes the

second step in GSH biosynthesis, viz., the coupling of
γ-GluCys (1b) to glycine to form the tripeptide.2 If the
dipeptide derivatives depicted in Chart 1 were in fact
behaving as prodrugs of 1b itself, i.e., if the acetyl
group(s) and/or the ethyl carboxylate group of these
compounds were being hydrolyzed by lenses to 1b, then
these prodrugs, in the presence of glycine, should
stimulate the biosynthesis of GSH resulting in an
increase in lens GSH levels relative to controls without
the prodrugs. By utilizing 14C-labeled glycine and
measuring the extent of incorporation of its radioactive
label into lens GSH, the assay specifically links the
dipeptide prodrugs to the biosynthesized GSH.20 Any
increase found in the levels of radioactive GSH would,
therefore, represent de novo biosynthesis, lending per-
suasive support that the dipeptide released from the
prodrug was being incorporated into lens GSH.

Chart 1
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The generality of the method is also attractive. For
example, the stimulation of de novo GSH biosynthesis
by cysteine prodrugs can also be evaluated using this
assay method since, as alluded to earlier, the rate-
limiting step in GSH biosynthesis involves this sulfhy-
dryl amino acid. This assay developed in our labora-
tories21 was used to determine GSH augmentation in
lenses by these prodrugs of γ-GluCys.
Incubation of isolated human and rat ocular lenses

with [14C]glycine and the dipeptide derivatives 2, 3, and
4 raised the levels of radiolabeled GSH in human lenses
when compared to control, paired, contralateral lenses
incubated without the test compounds (Figure 1). In
contrast, 1a and 5 were not effective in augmenting
GSH levels in the cultured human lens. However, the
variable postmortem times for lens excision (5-15 h)
and the donors’ variable ages and unknown medical
history may have been factors. Although the control
lenses from rats were not always contralateral, the

augmentation of rat lens GSH by 2 was particularly
impressive. Compounds 4 and 5 were equally as effec-
tive as 1a, while compound 3 had no effect on rat lens
GSH.
The comparative efficacy of γ-GluCysOEt (1a) and its

S-acetylated derivative 2 in this in vitro system was of
particular interest, since 1a has already been shown to
be an effective anticataract agent in experimental
rodent cataracts.11-13 The results shown in Figure 1
suggest that compound 2, with over 150% stimulation
of GSH biosynthesis in the rat lens and 25% stimulation
in the human lens, may be an even more effective
aniticataract agent than 1a, particularly as a topical
agent, with such topical formulations now being possible
due to the intrinsic stability of 2 over 1a in solution.

Discussion and Conclusions
Cataract, a disease of the ocular lens, is characterized

by opacities that result from a change in the refractive
index at affected loci due to influx of water to form
“lakes”. The interface between such relatively hydrated
areas with low refractive index and the unaffected
anhydrous areas with higher refractive index scatters
and reflects incident light causing apparent opacities
termed cataracts.22 One function of lenticular GSH is
to maintain the integrity of the plasma membrane
responsible for the continual efflux of water from this
anhydrous tissue, a function impaired by low levels of
GSH.23,24 In addition, the age-related decrease in
lenticular GSH due to low levels of γ-GCS accompanied
by increased susceptibility to oxidative stress suggests
that augmentation of lens GSH by supplying its dipep-
tide precursor, viz., 1bsas prodrug formssconstitutes
a rational therapeutic approach for the prevention of
cataracts.
Summarizing our results toward these goals, we have

devised a new synthesis for γ-GluCys (1b), as well as
its monoethyl ester derivative 1a, and have shown that
regioselective S-acetylation of 1a or 1b provides poten-
tially bioreversible derivatives that are highly stable in
physiological saline solution over prolonged periods.
In addition, several of these prodrug forms of 1b were

found to be incorporated into GSH when incubated with

Scheme 1

Figure 1. Incorporation of [14C]glycine into GSH in cultured
human and rat lenses in the presence of γ-L-glutamyl-L-
cysteine prodrugs. For the human lens (n ) 4-6), the con-
tralateral lens served as “no-drug” controls. For the rat lens
(n ) 8-12) however, the lenses were pooled and were not
always contralateral. The accuracy of the method using GSH
as the standard was greater than 95%.
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human and/or rat ocular lenses in the presence of 14C-
labeled glycine. The most effective compound of this
series was 2, the S-acetylated ethyl ester derivative of
1b. Although no direct proof for the hydrolysis of the
thioester or the carboxyester group in lenses is yet
available, the method of assay20,21 suggests that the
incorporation of the resulting 1b directly into GSH is a
likely possibility, since complete degradation of these
dipeptide derivatives to the component R-amino acids
followed by de novo resynthesis of GSH from L-cysteine
appears to be improbable.
Hazelton and Lang25 and Chen et al.26 have reported

that GSH levels of liver, kidney, spleen, heart, lung, and
blood were depressed in aged mice, although cysteine
levels (exception, kidneys) were indistinguishable from
that found in middle-aged and young mice. This sug-
gested that the biosynthesis of γ-GluCys (1b) was
sluggish in aged mice. Indeed, when these mice were
treated with GSH monoethyl ester, a prodrug of GSH
with anticataract properties,27 tissue GSH levels re-
turned to normal, undepressed levels.28 The possibility
that 2, or any of the other γ-GluCys derivatives de-
scribed in Chart 1, might also restore tissue GSH levels
in aged mice appears to be worthy of further exploration.

Experimental Section
1H-NMR spectra were recorded at ambient temperature on

either GE-300 or Bruker AC-200 NMR spectrometers. Chemi-
cal shifts are reported as δ values (ppm). Mass spectra (CI,
EI, or FAB) were obtained on a Kratos MS 25 mass spectrom-
eter. For TLC analyses, Analtech silica gel GF and RPS-F
plates were used. The solvent systems used for TLC were
butanol:acetic acid:water (50:11:25) for normal phase, and
acetonitrile:water (95:5 to 80:20) for reverse phase. The plates
were visualized by spraying with ninhydrin solution and
heating. Column chromatography was carried out using
columns packed with octadecyl-functionalized silica gel (C-18
RPSG) (Aldrich) and Kieselgel 60 (230-400 mesh) silica gel
(EM Science). Mercuric acetate was purchased from Fisher
Scientific Co., thioacetic acid from Aldrich Chemical Co. or
Sigma Chemical Co., and H2S (gas) from Matheson Gas
Products. Whenever the reactants or products contained a free
sulfhydryl group, the reactions were conducted under a N2 or
Ar atmosphere.
Ethyl 2(R,S)-Methylthiazolidine-4(R)-carboxylate (6a).

To a stirred solution of acetaldehyde (3.67 g, 83.2 mmol) in
ice-cooled H2O (30 mL) was added a solution of cysteine ethyl
ester. [The latter was prepared by dissolving cysteine ethyl
ester hydrochloride (14.1 g, 75.7 mmol) in ice-cooled H2O (30
mL) and adding to it a 1 M aqueous NaOH solution (65 mL).]
Since the mixture was cloudy and contained some precipitate,
50 mL of H2O was added. The now homogeneous solution was
kept in a refrigerator overnight and then extracted with 3 ×
100 mL portions of EtOAc. The combined organic extracts
were washed with 200 mL of saturated aqueous NaCl and
dried over Na2SO4, and the solvent was evaporated to give 10.6
g of a light yellow oil. The oil was distilled through a small
Vigreux column to give four fractions with identical NMR
spectra (colorless oil, bp 56-61 °C/0.034 mmHg; reported29 bp
80-81 °C/0.95 mmHg), n23D ) 1.4939, in a total yield (63%) of
9.12 g: 1H NMR (CDCl3) δ 1.29 (t, 3H, CH3CH2), 1.49 and 1.60
(2d, J ) 6.3 Hz and J ) 6.1 Hz, 3H, CH3CH), 2.2 (br s, 1H,
NH), 2.9 and 3.3 (m, 2H, CH2S), 3.81 (dd, J ) 6.1, 9.2 Hz) and
4.2 (m, 1H, CHCO2), 4.3 (m, 2H, CH2CH3), 4.56 and 4.79 (2q,
J ) 6.1 and 6.3 Hz, 1H, CHCH3); mass spectrum (EI), m/z
(rel intensity) 175 (M+) (10), 160 (M _ CH3) (20), 102 (M -
CO2Et) (100). Anal. (C7H13NO2S) C, H, N.
Ethyl 3-(γ-L-Glutamyl)-2(R,S)-methylthiazolidine-4(R)-

carboxylate (7a). The trimethylsilyl derivative of 6a (9.12
g, 52.1 mmol) in dry CH3CN (90 mL) was prepared in situ by
adding bis(trimethylsilyl)trifluoroacetamide (7.5 mL, 7.8 g, 30
mmol) and heating the mixture under reflux for 50 min.30 After

cooling to room temperature, N-phthaloyl-L-glutamic anhy-
dride16 (13.8 g, 53.1 mmol) was added, followed by dry CH3CN
(35 mL). After several days at room temperature, the solvent
was evaporated in vacuo, keeping the temperature under 40
°C. To the resultant orange oil (37.1 g) was added with stirring
1.0 M Et3N in MeOH (200 mL) and 2.0 M NH2NH2‚H2O in
50% aqueous MeOH (70 mL). After solvent evaporation in
vacuo, the resultant thick paste was suspended in H2O (300
mL) and the solvent evaporated again to give 33.1 g of crude
product (dark yellow paste) which was suspended in H2O (350
mL) and acidified to pH 3.0 with 1.0 N HCl whereupon
phthalhydrazide precipitated. This was removed by filtration,
and the filtrate volume was reduced to ca. 200 mL by
evaporation in vacuo when more phthalhydrazide precipitated.
This was removed as above, and the filtrate was evaporated
in vacuo to incipient dryness to give 24.6 g of a thick orange
oil.
The product thus obtained was purified by ion exchange

chromatography using 140 g of Bio Rad cation exchange resin
(AG 50WX4, H+ form). The column was washed with H2O (1
L) until the washings were colorless. It was eluted with 0.05
N aqueous NH3 to give 12.8 g (81% yield) of 7a as a light yellow
solid: mp 166-168° C dec; 1H NMR (D2O) δ 1.36 (m, 3H,
CH3CH2), 1.51 and 1.63 (2d, J ) 6.2 Hz and J ) 6.4 Hz, 3H,
CH3CH), 2.2 (m, 2H, CH2CHNH2), 2.7 (m, 2H, CH2CO), 3.4
(m, 2H, CH2S), 3.8 (m, 1H, CHNH2), 4.2 (m, 2H, CH2CH3), 4.8
(m, 1H, CHCO2H), 5.2 and 5.43 (m and q, J ) 6.4 Hz, 1H,
CHCH3); mass spectrum (CI), m/z (rel intensity) 130 (15), 84
(100). Anal. (C12H20N2O5S) C, H, N.
Ethyl S-Acetyl-γ-L-glutamyl-L-cysteinate (2). A solution

of 7a (3.08 g, 10.1 mmol) in H2O (50 mL) was stirred at 38 °C.
Mercuric acetate (10.0 g, 31.4 mmol) in H2O (50 mL) was added
over 2 min. A milky-white, foamy precipitate formed im-
mediately. The mixture was stirred for 2.5 h at 38-41 °C,
then cooled to room temperature, and gaseous H2S was
bubbled through the stirred solution for 45 min. A black
precipitate formed as soon as the H2S was introduced. Nitro-
gen was bubbled through the stirred mixture for 30 min to
remove H2S by entrainment, after which time the solids were
removed by filtration using Celite. Nitrogen was again
bubbled through the filtrate, and after storage overnight in a
refrigerator, the solvent was evaporated in vacuo, keeping the
temperature under 40 °C. Addition of H2O (ca. 75 mL)
followed by solvent evaporation was repeated twice to give 2.16
g of pink solids. The NMR spectrum of the crude product
showed no starting material and a doublet at δ 3.00 ppm
assigned to the methylene group adjacent to the SH group of
γ-L-glutamyl-L-cysteine ethyl ester (2a). This product was
dissolved in H2O (100 mL) and the solution cooled in an ice
bath. Thioacetic acid (1.10 mL, 15.5 mmol) was added drop-
wise, and the mixture was shaken to dissolve all the reagent.
The solution was then placed in a refrigerator, and after 3 days
the solvent was evaporated in vacuo, keeping the temperature
under 40 °C. Addition of H2O (ca. 75 mL) and solvent
evaporation was repeated twice to give 2.43 g of light yellow
solids. NMR analysis showed that about 30% starting mate-
rial still remained, based on the integration of the methylene
multiplet at δ 3.0 ppm in the starting material vs the eight-
line ABX pattern at about δ 3.5 ppm in the product. The crude
product was therefore dissolved in ice-cooled water (80 mL),
and the thioacetylation procedure was repeated twice when
the NMR analysis showed less than 5% starting material
remaining. During this acetylation procedure the pH was
adjusted to between 3 and 4 with aqueous HCl or aqueous
NaOH when necessary.
The product thus obtained was purified by column chroma-

tography using 105 g of C-18 reverse-phase silica gel (RPSG).
The column was washed with 500 mL each of H2O:acetonitrile
(1:3) and H2O:acetonitrile (1:19). The product was placed on
the column by dissolving it in H2O, adding 1.1 g of RPSG,
removing the solvent, and placing the coated RPSG on top of
the column. The flask residues were scavenged by repeating
this procedure with about 0.5 and then 0.2 g of RPSG. The
column was eluted with H2O:acetonitrile (1:19) and then with
H2O:acetonitrile (1:9). The representative ninhydrin-positive
fractions collected were evaporated and analyzed by NMR

Augmentation of Human and Rat Lenticular Glutathione Journal of Medicinal Chemistry, 1996, Vol. 39, No. 8 1679



spectroscopy. The early fractions contained as much as 10%
N,S-bis-acetylated 3, while the later fractions showed de-
creased ester concentrations and some ester-hydrolyzed S-acetyl-
γ-L-glutamyl-L-cysteine (3) plus some other unidentified ma-
terial. The best fractions were combined and lyophilized to
give 844 mg of light yellow solid, mp 147-149 °C dec (26%
yield). The NMR spectrum showed a small doublet at about
δ 1.6 ppm. This product was treated with decolorizing carbon,
the mixture filtered, and the filtrate lyophilized again to give
491 mg (15% yield) of very pale pink solids whose NMR
spectrum showed nearly complete absence of the doublet at δ
1.6 ppm. Another 1.2 g (37% yield) of less pure product was
also isolated: 1H NMR (D2O) δ 1.25 (t, J ) 7.1 Hz, 3H,
CH2CH3), 2.10 (m, 2H, CH2CH), 2.36 (s, 3H, CH3CO), 2.45 (m,
2H, COCH2), 3.26 (dd, J ) 14.3 Hz, J ) 7.1 Hz, 1H, SCH),
3.45 (dd, J ) 14.3 Hz, J ) 4.8 Hz, 1H, SCH), 3.81 (t, J ) 6.2
Hz, 1H, CHNH2), 4.20 (q, J ) 7.1 Hz, 2H, CH2CH3), 4.65 (dd,
J ) 7.1 Hz, J ) 4.9 Hz, 1H, CHNH); mass spectrum (CI),m/z
(rel intensity) 130 (50), 84 (100). Anal. (C12H20N2O6S) C, H,
N.
Ethyl N,S-Bisacetyl-γ-L-glutamyl-L-cysteinate (3).

Crude γ-L-glutamyl-L-cysteine ethyl ester (1a, 1.31 g, 4.71
mmol) was acetylated in the same manner as for 5 below using
2.7 mL (2.9 g, 28 mmol) of acetic anhydride. The 1.53 g of
crude product obtained, along with 0.34 g from another run,
was purified by column chromatography using 105 g of C-18
reverse-phase silica gel (RPSG). The column was washed with
methanol and then with water. The column was eluted with
H2O, followed by CH3OH:H2O (5:95), and finally with CH3OH:
H2O (10:90) to give 0.59 g of the titled compound as a
hygroscopic white solid: mp 66.5-68.5 °C; 1H NMR (D2O) δ
1.25 (t, J ) 7.2 Hz, 3H, CH3CH2), 2.01 (s, 3H, CH3CONH), 2.1
(m, 2H, CH2CH2CO), 2.34 (s, 3H, CH3COS), 2.4 (m, 2H,
CH2CO), 3.21 (dd, J ) 14.2 Hz, J ) 7.4 Hz, 1H, SCH), 3.43
(dd, J ) 14.2 Hz, J ) 4.8 Hz, 1H, SCH), 4.18 (q, J ) 7.1 Hz,
2H, CH2CH3), 4.30 (dd, J ) 9.2 Hz, J ) 4.8 Hz, 1H, CHCH2-
CH2), 4.62 (dd, J ) 7.3 Hz, J ) 4.8 Hz, 1H, CHCH2S); mass
spectrum (FAB),m/z 363 (MH+). Anal. (C14H22N2O7S‚0.5H2O)
C, H, N.
3-(γ-L-Glutamyl)-2(R,S)-methylthiazolidine-4(R)-car-

boxylic Acid (7b). This product was prepared from 2(R,S)-
methylthiazolidine-4(R)-carboxylic acid31 (8.51 g, 57.9 mmol)
essentially as described for the preparation of 7a. The crude
product thus obtained (24.6 g of a thick oil) was purified by
ion exchange chromatography. The column packed with 400
g of Sigma anion exchange resin (SBR nuclear grade, OH-

form) was washed with H2O (3 L), 1 M AcOH (2 L), and H2O
(4 L) to convert it to the acetate form before charging with
the product. The column was eluted with 0.5 M AcOH and
1.0 M AcOH to give 8.10 g (51% yield) of the titled compound
as an off-white solid: mp 190-192.5 °C dec; 1H NMR (D2O) δ
1.52 and 1.63 (2d, J ) 6.3 Hz and J ) 6.5 Hz, 3H, CH3CH),
2.2 (m, 2H, CH2CHNH2), 2.7 (m, 2H, CH2CO), 3.4 (m, 2H,
CH2S), 3.8 (m, 1H, CHNH2), 4.8 (m, 1H, CHCO2H), 5.4 (m,
1H, CHCH3); mass spectrum (CI),m/z (rel intensity) 130 (32),
84 (100). Anal. (C10H16N2O5S) C, H, N.
S-Acetyl-γ-L-glutamyl-L-cysteine (4). This product was

prepared from 7b (2.10 g, 7.60 mmol) in a manner similar to
the preparation of 2. The crude 4 (ca. 2 g) thus obtained was
purified by column chromatography using 185 g of silica gel
as follows. The column was washed with 2 L of 0.001 N
aqueous HCl:1-propanol (1:10) and 500 mL of 0.001 N aqueous
HCl:1-propanol (1:20). The product was placed on the column
by dissolving it in H2O, adding 2.0 g of silica gel, removing
the solvent, and placing the coated silica gel on top of the
column. The flask residues were scavenged by repeating this
procedure with about 0.5 g of silica gel. The column was eluted
with 0.001 N aqueous HCl:1-propanol (1:20) and then 0.001
N aqueous HCl:1-propanol (1:10). Representative ninhydrin-
positive fractions were evaporated and the residues analyzed
by NMR spectroscopy. The best fractions were combined and
lyophilized. The early fractions contained some pyroglutamic
acid and up to about 10% of the bis-acetylated 5. The yield of
pure 4 was 0.60 g, mp 192-194.5 °C dec (27%). Another 0.70
g (32% yield) of less pure product was also isolated: 1H NMR
(D2O) δ 2.14 (m, 2H, CH2CH), 2.37 (s, 3H, CH3), 2.43 (m, 2H,

COCH2), 3.19 (dd, J ) 14.2 Hz, J ) 7.3 Hz, 1H, SCH), 3.48
(dd, J ) 14.2 Hz, J ) 4.5 Hz, 1H, SCH), 3.82 (t, J ) 6.2 Hz,
1H, CHNH2), 4.53 (dd, J ) 7.3 Hz, J ) 4.5 Hz, 1H, CHNH);
mass spectrum (CI), m/z (rel intensity) 130 (30), 84 (100).
The hydrochloride was prepared by treatment of a crude

sample with 1 equiv of 0.1 N aqueous HCl. This solution was
then passed through a column of RPSG to remove lipophilic
material by eluting with H2O:CH3CN (5:95). The product was
dissolved in isopropyl alcohol, and any insoluble material was
removed by filtration. Ether was added to the filtrate, and
the solids that formed after cooling to -20 °C were removed.
The filtrate was then evaporated, the resulting solids were
taken up in water, and the solution was lyophilized to give
the hydrochloride of 4 as a hygroscopic white solid: mp 68-
70 °C; 1H NMR (D2O) δ 2.25 (m, 2H, CH2CH), 2.38 (s, 3H, CH3),
2.54 (m, 2H, COCH2), 3.27 (dd, J ) 14.3 Hz, J ) 7.5 Hz, 1H,
SCH), 3.50 (dd, J ) 14.3 Hz, J ) 4.6 Hz, 1H, SCH), 4.09 (t, J
) 6.7 Hz, 1H, CHNH3), 4.6 (m, 1H, CHNH). Anal.
(C10H16N2O6S‚HCl) C, H, N.
N,S-Bisacetyl-γ-L-glutamyl-L-cysteine (5). Crude γ-L-

glutamyl-L-cysteine (1b, 1.59 g, 6.36 mmol) was dissolved in
H2O (20 mL), and the solution was stirred with ice bath
cooling. A solution of NaHCO3 (6.9 g, 82 mmol) in 80 mL of
H2O was added, followed by dropwise addition of acetic
anhydride (3.6 mL, 3.9 g, 38 mmol) over 1 min. After 2 min a
test for free thiol was negative. The solution was acidified to
pH 2.5-3 with 6 N and then 1 N HCl. Removal of the solvent
afforded 8.3 g of white solids whose NMR spectrum showed
the presence of both S-acetyl and N-acetyl groups. The solids
were extracted with 4× 50 mL portions of hot absolute ethanol
to give 1.71 g of product which, along with 0.36 g from another
run, was purified by flash chromatography using 100 g of silica
gel. The column was eluted with 1-propanol:0.02 N aqueous
HCl (95:5), followed by 1-propanol:0.01 N aqueous HCl (90:
10) to give 1.02 g of the titled compound as a hygroscopic white
solid: mp 87-89 °C; 1H NMR (D2O) δ 2.0 (m, 2H, CH2CH2-
CO), 2.03 (s, 3H, CH3CONH), 2.3 (m, 2H, CH2CO), 2.37 (s, 3H,
CH3COS), 3.14 (dd, J ) 14.1 Hz, J ) 7.5 Hz, 1H, SCH), 3.48
(dd, J ) 14.1 Hz, J ) 4.4 Hz, 1H, SCH), 4.19 (dd, J ) 9.1 Hz,
J ) 4.5 Hz, 1H, CHCH2CH2), 4.46 (dd, J ) 7.5 Hz, J ) 4.3 Hz,
1H, CHCH2S). Anal. (C12H18N2O7S) C, H, N.
Stability Studies. These studies were directed toward

evaluating the stability of the S-acetylated compounds 2 and
4 in saline solution as well as in phosphate buffer at physi-
ological pH. Accordingly, 2 (and/or 4) was dissolved in 0.9%
NaCl solution in D2O, and the proton NMR spectrum was
monitored over time. There was no discernible change in the
spectrum of 2 (or 4) over the course of 11/2 months (see
Supporting Information).
Compounds 2 and 4 were then dissolved in deuterated 0.1

M PO4 buffer, the solution was adjusted to pD 7.4, and NaCl
was added to a concentration of 0.9%. For 4 there was no
apparent change after 1 or 2 days, but after 4 days a small
peak appeared at δ 1.90 (NaOAc) which was about 2% of the
height of the S-acetyl peak at δ 2.36. After a month this OAc
peak was only 8% of the height of the S-acetyl peak. For 2,
the OAc peak was 19% of the height of the central peak of the
stable triplet of the ethyl ester on day 1. This OAc peak grew
fairly rapidly as the S-acetyl peak shrank. After 1 month, the
OAc peak was 84% of the height of the reference peak. (see
Supporting Information).
[14C]Glycine Incorporation into Lens GSH in Vitro.

The stimulation of [14C]glycine incorporation into GSH in
cultured human and rat lenses by the prodrug forms of 1a was
evaluated using the procedure developed by Holleschau et al.21
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