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Hydrophobic interactions play an important role in binding S-(N-aryl/alkyl-N-hydroxycarbam-
oyl)glutathiones to the active sites of human, yeast, and Pseudomonas putida glyoxalase I, as
the log K; values for these mechanism-based competitive inhibitors decrease linearly with
increasing values of the hydrophobicity constants () of the N-aryl/alkyl substituents.
Hydrophobic interactions also help to optimize polar interactions between the enzyme and the
glutathione derivatives, given that the K; value for S-(N-hydroxycarbamoyl)glutathione (& =
0) with the human enzyme is 35-fold larger than the interpolated value for this compound
obtained from the log K; versus s plot. Computational studies, in combination with published
X-ray crystallographic measurements, indicate that human glyoxalase | binds the syn-conformer
of S-(N-aryl-N-hydroxycarbamoyl)glutathiones in which the N-aryl substituents are in their
lowest-energy conformations. These studies provide both an experimental and a conceptual
framework for developing better inhibitors of this antitumor target enzyme.

Introduction

The glyoxalase enzyme system has been the focus of
much recent attention as a potential target for antitu-
mor drug development.>? This enzyme system, com-
posed of the isomerase glyoxalase | (GIxl) and the
thioester hydrolase glyoxalase Il (GIxIl), promotes the
glutathione (GSH)-dependent conversion of cytotoxic
methylglyoxal to p-lactate.34 The toxicity of methyl-
glyoxal, a byproduct of normal cellular metabolism,®
appears to arise from its ability to cross-link proteins
and to form adducts with DNA.57 We recently demon-
strated that selected S-(N-aryl-N-hydroxycarbamoyl)-
glutathiones la—c (Chart 1, Table 1) are powerful
competitive inhibitors of human GIxI®° and that the
[glycyl,glutamyl]diethyl ester prodrugs inhibit the growth
of both murine and human tumors in vitro!® and in
vivo.'! Tumor toxicity appears to be due to inhibition of
intracellular GIxI, which results in elevated levels of
methylglyoxal.1® Thus, GIxI appears to be a potentially
important antitumor target.

Understanding the nature of the binding interaction
between the N-aryl-N-hydroxycarbamoyl esters of GSH
and the active site of GlIxl is clearly important, to
provide a better basis for inhibitor design. Binding
appears to result from two conceptually separate and
distinct phenomena. First, the N-hydroxycarbamoyl
ester function contributes to binding by modeling the
stereoelectronic features of the tightly bound enediol
intermediate and/or flanking transition states that form
from the GSH-—methylglyoxal—thiohemiacetal sub-
strate, eq 1.°

Second, the N-aryl substituent also makes a major
contribution to binding by interacting with a hydropho-
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Chart 1. Structures of
S-(N-Aryl-N-hydroxycarbamoyl)glutathiones 1a—d and
S-(N-Alkyl-N-hydroxycarbamoyl)glutathiones 2a—h
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bic pocket in the active site, as indicated by the increase
in binding affinity with increasing hydrophobicity of the
N-aryl substituent. The recently determined high-
resolution X-ray crystal structure of the homodimeric
human enzyme in complex with enediol analogue 1d
confirms the presence of a hydrophobic binding pocket
in the active site.’? In the structure, a catalytically
essential active site zZn?* directly coordinates both
oxygen atoms of the syn-conformation of the N-hydroxy-
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Scheme 1. Synthesis of
S-(N-Alkyl-N-hydroxycarbamoyl)glutathiones 2c—h?
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a Reagents and conditions: (i) (C2Hs)sSiH; (ii) 4-chlorophenyl
chloroformate; (iii) GSH/EtOH—H0, pH 9.

carbamoyl ester function, and the N-aryl substituent
occupies a hydrophobic pocket composed of Phe 67A, Phe
62A, Leu 69A, Cys 60A, Phe 71A, lle 88A, Leu 92A, Leu
174B, Leu 160B, Phe 162B, and Met 157B.

As part of a research program aimed at developing
highly specific, tight-binding inhibitors of human GIxl,
we have probed the dimensions and properties of the
hydrophobic binding pocket using both experimental
and computational methods. Essential to the conclu-
sions of this study is a comparison of the inhibition
constants of the N-aryl-N-hydroxycarbamoyl esters of
GSH (1a—c) versus the homologous series of N-alkyl-
N-hydroxycarbamoyl esters of GSH (2a—h) shown in
Chart 1.

Chemistry and Enzymology

The S-(N-aryl-N-hydroxycarbamoyl)glutathione de-
rivatives 1la—c were prepared by reaction of GSH with
the 4-chlorophenyl esters of the corresponding N-aryl-
N-hydroxycarbamates, as previously described by this
laboratory.® S-(N-Hydroxycarbamoyl)glutathione (2a)
was prepared by an acyl-interchange reaction between
N-hydroxycarbamate 4-chlorophenyl ester (3a) and
GSH. The acylating reagent (3a) was prepared by
reacting hydroxylamine with 4-chlorophenyl chlorofor-
mate. S-(N-Hydroxy-N-methylcarbamoyl)glutathione (2b)
was prepared by a published method from this labora-
tory.8 The S-(N-alkyl-N-hydroxycarbamoyl)glutathiones
2c—h were synthesized as outlined in Scheme 1. The
4-chlorophenyl esters of the N-alkyl-N-hydroxycarbam-
ates 3c—h were prepared using a modification of the
general method of Wu and Sun.'® In a one-pot reaction
mixture, triethylsilane was first used to reduce the alkyl
oximes 5¢c—h to the corresponding hydroxylamines 4c—
h, followed by reaction with 4-chlorophenyl chlorofor-
mate to give 3c—h. Reaction of GSH with 3c—h gave
crude preparations of 2c—h, which were purified to
apparent homogeneity by differential precipitation or
reverse-phase HPLC. NMR spectral assignments were
based on comparisons with previously published NMR
studies of GSH and its derivatives.

Human erythrocyte GIxI was purified to homogeneity
from outdated human blood by a published procedure.1®
Pseudomonas putida GlxI was purified from Escherichia
coli BL21(DE3) transformed with pBTac1/GIxI,¢ using
methods described elsewhere.'’
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Table 1. Inhibition Constants (Kj's) of
S-(N-Aryl-N-hydroxycarbamoyl)glutathiones with Human
Erythrocyte, Yeast, and P. putida GIxI2

Ki (uM)
compd 0 human¢ yeast® P. putida
2b 0.54 1.7+01 68 +5 86+9
la 2.13 0.16 £ 0.1 11+1 28+3
1b 3.04 0.046 + 0.004 3.6+0.3 16+1
1c 3.25 0.014 + 0.001 1.2+0.2 10+2

a Phosphate buffer (50 mM, pH 7), 25 °C. P Hansch hydropho-
bicity constants for R-substituents obtained from ref 20. ¢ From
ref 9.
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Figure 1. Log plot of competitive inhibition constants (Kj's)
versus the Hansch hydrophobicity constants of the R-substit-
uents for S-(N-methyl-N-hydroxycarbamoyl)glutathione (2b)
and different S-(N-aryl-N-hydroxycarbamoyl)glutathiones 1a—c
with human, yeast, and P. putida GIxl. The data for human
and yeast GlIxI were taken from ref 9.

Results and Discussion

The presence of a hydrophobic binding pocket in the
active site of yeast GIxI was first suggested by Vince
and co-workers, on the basis of the progressive decrease
in the inhibition constants of simple S-aryl and S-alkyl
GSH derivatives with increasing hydrophobicity of the
S-substituent.18

Role of Hydrophobicity in Inhibitor Binding.
Indeed, the binding affinities of the enediol analogues
2b and la—c for human, yeast, and P. putida GIxI
increase with increasing hydrophobicity of the N-sub-
stituent (Table 1), indicated by the inverse relationship
between log K; and the hydrophobicity constants (z) of
the N-methyl and N-aryl functions, Figure 1.2° The &
constant is defined as the log of the n-octanol/water
partition ratio for the N-aryl function, calculated ac-
cording to the method of Hansch.?° The slopes of the
lines through the data measure the change in the free
energy of transfer of the enediol analogues from aqueous
buffer at pH 7 to the active sites of the enzymes relative
to the change in the free energy of transfer of the
analogues between buffer and n-octanol. Thus, the
slopes for the yeast and human enzymes can be inter-
preted to indicate that the hydrophobicities of the
respective binding pockets are about 60% and 70% that
of n-octanol. The shallower slope for P. putida GIxl
indicates a hydrophobicity about 30% that of n-octanol.

Polar/charged residues that are not present in the
hydrophobic pockets of the human and yeast enzymes
can explain the smaller apparent hydrophobicity of the
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Table 2. Inhibition Constants (Kj's) of
S-(N-Alkyl-N-hydroxycarbamoyl)glutathiones with Human
Erythrocyte GIxI2

compd b Ki (uM) compd ab Ki (uM)
2a 0 183 + 50 2f 2.70 0.17 £ 0.08
2c 1.08 1.18 +0.07 29 3.24 0.016 + 004
2d 1.62 0.80+0.5 2h 3.78 0.018 + 0.011
2e 216 0.18 +0.09

a Phosphate buffer (100 mM, pH 7), 25 °C. ® Hansch hydropho-
bicity constants for R-substituents calculated according to ref 20.

binding pocket in the bacterial enzyme. While there is
no reported structural data for the yeast and bacterial
enzymes, sequence comparisons with the human en-
zyme suggest the presence of analogous hydrophobic
pockets in the active sites of the yeast and bacterial
enzymes. In the human enzyme, Leu 92A and lle 88A
are 2 of 11 residues that compose the hydrophobic
pocket identified in the X-ray crystal structure.?! These
two residues are replaced, respectively, by Lys and His
residues in the sequence of amino acids that comprise
the apparent hydrophobic pocket in the bacterial en-
zyme, presumably resulting in a lower overall hydro-
phobicity. In contrast, Leu 92A and lle 88A are conser-
vatively replaced by two Phe residues in the yeast
enzyme, consistent with the similar observed hydro-
phobicities for the yeast and human enzymes.

The binding affinities to human GIxI of a homologous
series of S-(N-alkyl-N-hydroxycarbamoyl)glutathiones
2a—h (Chart 1) were determined for comparison with
those of the N-aryl derivatives, Table 2. Initially, we
anticipated that the slope of the log K; versus = plot
would be shallower than that observed with the N-aryl
derivatives (Figure 1), because of the increasing con-
formational flexibility of the N-alkyl function proceeding
from N-methyl to N-heptyl. Conformational flexibility
(entropy) should negatively impact binding affinity, if
the active site binds only a limited subset of N-alkyl
conformers that exist in bulk solvent. By one estimate,
for each degree of rotational freedom lost upon binding
of a ligand to a protein, there is roughly a 9-fold decrease
in binding affinity.2?2 This effect will be less important
proceeding from N-methyl to the N-aryl derivatives, as
there is no systematic change in conformational flex-
ibility of the N-substituent. However, contrary to ex-
pectation, the slopes for the two classes of compounds
are identical within experimental error, Figure 2. This
suggests either that there is little change in conforma-
tional flexibility of the N-alkyl derivatives upon binding
to the enzyme or that there are compensating favorable
enthalpic and/or entropic terms (due to solvent/protein
reorganization), which are not reflected in the binding
affinities of the N-aryl derivatives to the active site. In
either case, conformational flexibility appears not to
adversely affect the binding affinity of the N-alkyl enediol
analogues with the active site of GIxl.

Role of Polar Interactions in Inhibitor Binding.
The intercept values on the log K| axis of Figure 1 reflect
the contribution of polar interactions to binding affinity.
These values are the hypothetical inhibition constants
for an enediol analogue in which the N-aryl function is
replaced by N-H (7 = 0), a functionality that cannot
interact with the enzyme hydrophobically. The differ-
ence in the intercept values indicates that polar interac-
tions make a 25-fold greater contribution to binding
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Figure 2. Log plot of competitive inhibition constants (Kj's)
versus the Hansch hydrophobicity constants of the R-substit-
uents for S-(N-alkyl-N-hydroxycarbamoyl)glutathiones 2b—h
(O0) and S-(N-aryl-N-hydroxycarbamoyl)glutathiones 1a—c (a)
with human GlIxl. The solid line is the result of linear
regression analysis of the data for S-(N-alkyl-N-hydroxycar-
bamoyl)glutathiones. The dashed lines demarcate the 95%
confidence interval. Also shown is the experimentally deter-
mined inhibition constant for S-(N-hydroxycarbamoyl)glu-
tathione (2a).

affinity for the human enzyme than for the yeast and
bacterial enzymes. Sequence comparisons indicate that
one of the ligands (GIn 33) to the active site Zn2* of the
human enzyme is replaced by His in the yeast and
bacterial enzymes.?! Conceivably, this might indirectly
influence the stability of the direct coordination interac-
tion between the Zn?" and the N-hydroxycarbamoyl
ester function of the bound enediol analogues. The
difference in binding affinities is less easily explained
by differential interactions with the glutathionyl moiety,
as the active site residues that interact with the
glutathionyl backbone of the bound inhibitors are
strictly conserved among the enzymes from the three
different biological sources.?!

Of substantial interest is the observation that the
experimentally measured value of the inhibition con-
stant for S-(N-hydroxycarbamoyl)glutathione (2a, K; =
183 uM) is 35-fold larger than the extrapolated value
of 5.2 uM for this compound obtained from the intercept
on the log K; axis of the hydrophobicity plot of Figure
2. This strongly indicates that occupancy of the hydro-
phobic binding pocket somehow optimizes polar interac-
tions between the enzyme and the bound ligand, per-
haps by promoting alignments to the active site zinc ion.
This is the first evidence for a cooperative relationship
between the polar and hydrophobic interactions associ-
ated with binding an enediol analogue to the active site
of GlxI.

Computational Studies. The binding of the N-aryl
enediol analogues to the active site could be adversely
affected by the presence of steric restrictions in the
hydrophobic binding pocket. For example, the X-ray
crystal structure of the binary Glxl-1d complex shows
an orthogonal relationship between the plane of the
phenyl ring and the plane of the N-hydroxycarbamoyl
ester function.’? The question of whether this might
reflect steric bumping between the phenyl ring and
active site residues was addressed using computational
methods.
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syn-conformer

anti-conformer

Figure 3. Geometry-optimized structures of the syn- and anti-conformations of S-(N-4-chlorophenyl-N-hydroxycarbamoyl)-

thioethane. Critical dihedral angles are given in Table 3.

Table 3. Critical Dihedral Angles (deg) for the
Geometry-Optimized Syn- and Anti-Conformers of
S-(N-4-Chlorophenyl-N-hydroxycarbamoyl)thioethane (Figure 3)
Obtained at the HF/6-31G*Level of Theory

bonds syn-conformer  anti-conformer

C(2)—C(4)—N(8)—C(13) —90.75 —56.27
C(2)—C(4)—N(8)—0(14) 122.76 156.48
C(7)—C(4)—N(8)—C(13) 90.78 125.49
C(7)—C(4)—N(8)—0(14) —55.71 —21.77
C(4)—N(8)—C(13)—0(16) —160.16 21.18
C(4)—N(8)—C(13)—S(17) 23.01 —161.26
O(14)—N(8)—C(13)—0(16) -14.29 168.32
O(14)—N(8)—C(13)—S(17) 168.89 —-14.13
relative energy (kcal/mol) 0 —-3.4

The energy-minimized syn- and anti-conformers of the
model compound, S-(N-4-chlorophenyl-N-hydroxycar-
bamoyl)thioethane, were calculated by both semiem-
pirical and ab initio methods, Figure 3. The conforma-
tion of the S-substituent of the less stable syn-conformer
is nearly identical to that of the S-substituent of the
syn-conformer of 1d observed in the X-ray crystal
structure. At the Hartree—Fock/6-31G* level of theory,
the dihedral angle between the plane of phenyl ring and
that of the N-hydroxycarbamoyl ester function is 91°,
which is close to that observed in the X-ray structure,
Table 3. Apparently, the geometry of the ground-state
structure of the model compound in the gas phase is
determined largely by steric interactions between the
ortho-protons of the ring and the N-OH and S-ethyl
functions. By inference, human GIxI likely binds a low-
energy conformer of syn-1d in which the N-aryl function
is orthogonal to the plane of the N-hydroxycarbamoyl
ester function. Thus, computational methods indicate
that the conformation of the S-substituent of the enzyme-
bound enediol analogue is a property of the ligand and
not the result of steric interactions with the enzyme
protein.

Implications for Catalysis and Inhibitor Design.
The inhibitor binding studies reported here indicate
the presence of a large, diffuse hydrophobic binding
pocket in the active site of human GIxI that plays a
major role in binding the enediol analogues to the
active site. Occupancy of this pocket is necessary in
order to maximize polar interactions between the en-
zyme and bound enediol analogue. By inference, the
methyl group of GSH—methylglyoxal thiohemiacetal
substrate might participate in catalysis by helping
to optimize interactions between active site residues
and the enediol intermediate and flanking transition
states. Each of these factors must be given careful
consideration in the design of future mechanism-based
competitive inhibitors of GIxl as potential antitumor
agents.

Experimental and Computational Methods

Synthetic methods are outlined in Scheme 1. NMR spectra
were taken on a GE QE-300 NMR spectrometer. Mass spectral
data were obtained at the Midwest Center for Mass Spectrom-
etry, University of Nebraska—Lincoln, and the Washington
University Mass Spectrometry Resource, Washington Univer-
sity—Saint Louis. Elemental analyses were obtained at At-
lantic Microlabs, Inc., Norcross, GA, and are within 0.4% of
the calculated values unless otherwise indicated. Oximes 5c—h
were synthesized from the corresponding aldehydes by stan-
dard methods.?® NMR and IR analyses of the oximes matched
published standard spectra. All other reagents were purchased
from Aldrich.

Competitive inhibition constants were calculated from the
variation in the apparent K, of GIxl with GSH—methylgly-
oxal—thiohemiacetal substrate in the presence of different
concentrations of enediol analogue.® Apparent K, values were
obtained from computer fits of the initial rate data to the
Michaelis—Menten equation.

The lowest-energy gas-phase conformation of S-(N-4-chlo-
rophenyl-N-hydroxycarbamoyl)thioethane was calculated us-
ing the molecular modeling program Spartan (Wavefunction,
Inc., Irvine, CA).

N-Hydroxy-N-heptylcarbamate 4-Chlorophenyl Ester
(3h). This compound was prepared by a modification of a
published method.?® Heptanal oxime 5h (1.0 g, 0.008 mol) was
dissolved in 10 mL chloroform in a dry, nitrogen-flushed vessel
on ice. Triethylsilane (0.90 g, 0.008 mol) was added dropwise,
followed by dropwise addition of 4-chlorophenyl chloroformate
(1.47 g, 0.008 mol). The mixture was stirred overnight under
a nitrogen atmosphere at room temperature. The crude
mixture was purified by flash gel chromatography, eluting with
chloroform—methanol (40:1 to 30:1). The solvent was removed
in vacuo to give a colorless oil, which crystallized to white
needles on standing. The product was recrystallized from
ether—hexane. Yield: 40%. Mp: 54 °C. 300 MHz *H NMR
(CDCl3, TMS): 6 0.86—0.90 (m, 3H), 1.27—1.32 (m, 8H), 1.67—
1.72 (m, 2H), 1.78 (s, OH), 3.65 (t, J = 7.2 Hz, 2H), 7.06 (d, J
= 8.7 Hz, aromatic-2H), 7.33 (d, J = 8.7 Hz, aromatic-2H). IR
(KBr): 3250, 2920, 2840, 1670, 1480, 1420, 1220, 1160, 1080,
1010, 870, 810, 750 cm~. Anal. (C14H2NCIO3) C, H, N.

N-Hydroxy-N-hexylcarbamate 4-Chlorophenyl Ester
(3g). This compound was prepared by the same general
method used to prepare 3h. The product was recrystallized
from ether—hexane as colorless plates. Yield: 28%. Mp: 61—
62 °C. 300 MHz 'H NMR (CDCl3, TMS): ¢ 0.86—0.91 (m, 3H),
1.2-1.4 (m, 8H), 1.6—1.8 (m, 2H), 3.66 (t, J = 7.2 Hz, 2H),
7.06 (d, J = 8.7 Hz, aromatic-2H), 7.33 (d, J = 8.7 Hz,
aromatic-2H). IR (KBr): 3250, 2900, 2840, 1660, 1480, 1420,
1220, 1160, 1080,1010,870, 810, 750 cm~*. Anal. (C13H1sNCIOg)
C, H; N: calcd, 5.15; found, 5.08.

N-Hydroxy-N-pentylcarbamate 4-Chlorophenyl Ester
(3f). This compound was prepared by the same general method
used to prepare 3h. The product was recrystallized from
ether—hexane as white rhombahedral crystals. Yield: 46%.
Mp: 47—48 °C. 300 MHz *H NMR (CDCls, TMS): ¢ 0.91 (t, J
= 6.6 Hz, 3H), 1.28—1.37 (m, 4H), 1.72 (m, 2H), 3.67 (t, J =
6.9 Hz, 2H), 6.66 (bs, OH), 7.07 (d, J = 8.7 Hz, aromatic-2H),
7.04 (d, J = 8.7 Hz, aromatic-2H). IR (KBr): 3250, 2920, 2845,
1660, 1480, 1420, 1210, 1160, 1080, 1005,865, 810, 745 cm™.
Anal. (C12H16NCIO3) C, H; N: calcd, 5.43; found, 5.37.
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N-Hydroxy-N-butylcarbamate 4-Chlorophenyl Ester
(3e). This compound was prepared by the same general
method used to prepare 3h, using chloroform—ethyl acetate
(100:1) as a chromatographic solvent. The product was recrys-
tallized from ether—hexane as white flat needles. Yield: 23%.
Mp: 42—43 °C. 300 MHz *H NMR (CDCls, TMS): 6 0.93 (t, J
= 7.2 Hz, 3H), 1.37 (m, 2H), 1.68 (m, 2H), 3.66 (t, J = 6.9 Hz,
2H), 7.2 (bs, OH), 7.06 (d, J = 8.7 Hz, aromatic-2H), 7.333 (d,
J = 8.7 Hz, aromatic-2H). IR (KBr): 3250, 2920, 2850, 1640,
1460, 1400, 1260, 1190, 1130, 1050, 1020, 980, 845, 790, 725
cm~. Anal. (C;1H14NCIO3) C; H: calcd, 5.79; found, 5.73; N:
calcd, 5.75; found, 5.83.

N-Hydroxy-N-propylcarbamate 4-Chlorophenyl Ester
(3d). This compound was prepared by the same general
method used to prepare 3h, using chloroform—ethyl acetate
(100:1) as a chromatographic solvent. The product was crystal-
lized from ether—hexane as colorless flat needles. Yield: 21%.
Mp: 58-59 °C. 300 MHz *H NMR (CDCl3z, TMS): ¢ 0.97 (t, J
=7.0 Hz, 3H), 1.76 (m, 2H), 3.64 (t, J = 7.0 Hz, 2H), 6.84 (bs,
OH), 7.07 (d, J = 8.8 Hz, aromatic-2H), 7.33 (d, J = 8.8 Hz,
aromatic-2H). IR (KBr): 3230, 2940, 2920, 2860, 1655, 1480,
1460, 1420, 1285, 1240, 1220, 1170, 1080, 1040,1005, 865, 810,
745 cm~t. Anal. (C10H12NCIQO3) C; H: calcd, 5.27; found, 5.32;
N: calcd, 6.10; found, 6.05.

N-Hydroxy-N-ethylcarbamate 4-Chlorophenyl Ester
(3c). This compound was prepared by the same general
method used to prepare 3h, using chloroform—ethyl acetate
(100:1) as a chromatographic solvent. The product was crystal-
lized from ether—hexane as white needles. Yield: 16%. Mp:
67—68 °C. 300 MHz 'H NMR (CDCl3, TMS): 61.31(t,J=7.0
Hz, 3H), 3.73 (t, J = 7.0 Hz, 2H), 6.40 (bs, OH), 7.08 (d, J =
8.8 Hz, aromatic-2H), 7.34 (d, J = 8.8 Hz, aromatic-2H). IR
(KBr): 3250, 2970, 2910, 2880, 2860, 1665, 1480, 1425, 1270,
1220, 1170, 1080, 1030, 1005, 960, 865, 810, 745 cm™1. Anal.
(CgH1oNCIO3) C; H: calcd, 4.67; found, 4.79; N: calcd, 6.50;
found, 6.38.

N-Hydroxycarbamate 4-Chlorophenyl Ester (3a). This
compound was prepared by reacting hydroxylamine with
4-chlorophenyl chloroformate. The product was crystallized
from ether—hexane as colorless plates. Yield: 34%. Mp: 137—
139 °C. 300 MHz 'H NMR (CDCl3, TMS): 6 5.83 (bs, 1H), 7.11
(d, 3 =8.7 Hz, 2H), 7.38 (d, J = 8.7 Hz, 2 H), 7.47 (bs, 1H). IR
(KBr): 3300, 1725, 1465, 1260, 1210, 1080, 1005, 840 cm™2.
Anal. (C;HsNCIO3) C; H: calcd, 3.22; found, 3.34; N: calcd,
7.47; found, 7.39.

S-(N-Heptyl-N-hydroxycarbamoyl)glutathione (2h). Into
a stirring solution of 6.3 mL degassed, nitrogen-saturated
ethanol:water (2:1) and 3h (53 mg, 0.185 mmol) was placed a
6.3-fold excess of glutathione (563 mg, 1.16 mmol). The slurry
was slowly brought to pH 9 by the dropwise addition of 6 N
NaOH, during which the mixture became a homogeneous
solution. The solution was placed under nitrogen and allowed
to stand at room temperature for 24 h. The solution was
brought to pH 3.5 with 6 N HCI and the solvent removed in
vacuo. The white residue was suspended in 1 mL water, stirred
for 9 h at room temperature, and the precipitate collected by
centrifgation. This digestion procedure was repeated 4 more
times. The dried white solid was then triturated 3 times with
0.8 mL portions of diethyl ether to remove unreacted 3h and
unreacted 4-chlorophenol. Yield: 35%. 300 MHz *H NMR (D0,
pD 10.4, HOD reference): ¢ 0.88 (methyl-3H), 1.2—1.4 (m,
alkyl-8H), 1.63 (m, alkyl-2H), 1.91 (m, Glu-CsHy), 2.40 (m, Glu-
C,H>), 3.07 (g, 3 = 9.0, 14.4 Hz, Cys-CgHa), 3.28 (q, J = 4.2,
14.4 Hz, Cys-CsHp), 3.32 (t, J = 6.0 Hz, Glu-C,H), 3.59 (t, J =
6.6 Hz, N-CH,), 3.75 (d, J = 17.1 Hz, Gly-C,H.), 3.83 (d, J =
17.1 Hz, Gly-CHy), 4.53 (q, J = 4.2, 9.0 Hz, Cys-C,H). FAB
MS consistent with C13H32N4808. Anal. (C13H32N4803) C, H;
N: calcd, 12.06; found, 11.92.

S-(N-Hexyl-N-hydroxycarbamoyl)glutathione (2g). This
compound was prepared by the same general method used to
prepare 2h, using a reaction time of 70 h. Yield: 66%. 300
MHz *H NMR (D20, pD 10.4, DSS): 6 0.86 (methyl-3H), 1.28
(m, alkyl-6H), 1.60 (m, alkyl-2H), 1.87 (m, Glu-CgH,), 2.36 (m,
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Glu-C,H,), 3.04 (g, J = 9.0, 14.4 Hz, Cys-CsHp), 3.24 (g, J =
4.2, 14.4 Hz, Cys-CsH,), 3.27 (t, J = 6.6 Hz, Glu-C, H), 3.57
(t, J = 6.9 Hz, N-CH,), 3.72 (d, J = 17.1 Hz, Gly-CH,), 3.80
(d, 3 =17.1 Hz, Gly-CyHp), 4.50 (g, J = 4.2, 9.0 Hz, Cys-C.H).
FAB MS consistent with Ci17H30N4SOsg. Anal. (C17H30N4SOs)
C, H; N: calcd, 12.44; found, 12.28.
S-(N-Pentyl-N-hydroxycarbamoyl)glutathione (2f). This
compound was prepared by the same general method used to
prepare 2h. Yield: 53%. 300 MHz 'H NMR (D0, pD 10.4,
DSS): 6 0.87 (methyl-3H), 1.28 (m, alkyl-4H), 1.61 (m, alkyl-
2H), 1.91 (m, Glu-CsHy), 2.39 (m, Glu-C,H,), 3.04 (q, J = 9.0,
14.4 Hz, Cys-CgHp), 3.26 (q, J = 4.2, 14.4 Hz, Cys-CsH,), 3.35
(t, 3 = 6.3 Hz, Glu-C,H), 3.57 (t, J = 6.9 Hz, N-CH,), 3.73 (d,
J = 17.1 Hz, Gly-CHa), 3.80 (d, J = 17.1 Hz, Gly-CHy), 4.52
(q, J = 4.2, 9.0 Hz, Cys-C,H). FAB MS consistent with
C16H28N4SOs. Anal. (CleH28N4SOg) C; H: calcd, 6.47; found,
6.38; N: calcd, 12.84; found, 12.71.
S-(N-Butyl-N-hydroxycarbamoyl)glutathione (2e). This
compound was prepared by the same general method used to
prepare 2h, using a reaction time of 115 h. The crude, acidified
product was purified by flash chromatography on a silica gel
column, using n-propanol:acetic acid:water (10:1:5) as an
eluting solvent. The fractions containing the crude product
were pooled, brought to dryness and further purified by
reverse-phase column chromatography (Whatman yBondapak
Cis, 0.78 x 30 cm), using 0.25% acetic acid and 35% methanol
in water as an eluting solvent (retention volume: ~26 mL).
The peak fractions were lyophilized to dryness to give the final
product as a white powder. Yield: 35%. 300 MHz *H NMR
(D20, pD 3.3, DSS): ¢ 0.89 (t, J = 7.3 Hz methyl-3H), 1.28
(m, alkyl-2H), 1.59 (m, alkyl-2H), 2.15 (m, Glu-CsHy), 2.51 (m,
Glu-C,Hy), 3.14 (q, J = 8.4, 14.3 Hz, Cys-CsHp), 3.37 (9, J =
4.8, 14.3 Hz, Cys-CgHa), 3.65 (t, J = 7.0 Hz, N-CHy), 3.79 (t, J
= 6.6 Hz, Glu-C,H), 3.94 (s, Gly-C,H>), 4.62 (9, J = 4.8, 8.4
Hz, Cys-C,H). FAB MS consistent with C;5H26N4SOs. Anal.
(C15H26N4SOgH,0) C: calcd, 37.86; found, 37.46; H: calcd,
5.87; found, 5.76; N: calcd, 13.58; found, 13.26.
S-(N-Propyl-N-hydroxycarbamoyl)glutathione (2d). This
compound was prepared by the same general method used to
prepare 2e. The flash chromatography column was eluted with
n-propanol:acetic acid:water (70:25:30). The reverse-phase
column was eluted with 0.25% acetic acid and 25% methanol
in water (retention volume: ~23 mL). The peak fractions were
lyophilized to dryness to give the final product as a white
powder. Yield: 35%. 300 MHz 'H NMR (D0, pD 3.3, DSS): ¢
0.86 (t, J = 7.3 Hz, methyl-3H), 1.63 (m, J = 7.0, J = 7.3 alkyl-
2H), 2.14 (m, Glu-CsHy), 2.51 (m, Glu-C,H,), 3.12 (q, J = 8.4,
14.3 Hz, Cys-CsHy), 3.38 (g, J = 4.8, 14.3 Hz, Cys-CsH,), 3.61
(t, 3 = 7.0 Hz, N-CHy), 3.79 (t, J = 6.2 Hz, Glu-C,H), 3.94 (s,
Gly-CoH,), 4.62 (q, J = 4.8, 8.4 Hz, Cys-C,H). FAB MS
consistent with C14H24N4503. Anal. (C14H24N4503'H20) C; H:
calcd, 6.15; found, 5.90; N: calcd, 6.50; found, 6.38.
S-(N-Ethyl-N-hydroxycarbamoyl)glutathione (2c). This
compound was prepared by the same general method used to
prepare 2e. The flash chromatography column was eluted with
n-propanol:acetic acid:water (130:1:70). The reverse-phase
column was eluted with 0.25% acetic acid and 5% methanol
in water (retention volume: ~24 mL). The peak fractions were
lyophilized to dryness to give the final product as a white
powder. Yield: 48%. 300 MHz *H NMR (D0, pD 3.3, DSS): §
1.16 (t, J = 7.0 Hz, methyl-3H), 2.15 (m, Glu-CsH,), 2.51 (m,
Glu-C,H,), 3.12 (q, J = 8.4, 14.3 Hz, Cys-CgHy), 3.38 (g, J =
4.8, 14.3 Hz, Cys-CgH,), 3.66 (t, 3 = 7.0 Hz, N-CH,), 3.79 (t, J
= 6.2 Hz, Glu-C4H), 3.94 (s, Gly-C,H,), 4.63 (9, J = 4.8, 8.4
Hz, Cys-C,H). FAB MS consistent with C;3H2,N4SOs. Anal.
(C13H22N4SOgH,0) C: calcd, 37.86; found, 37.46; H: calcd,
5.87; found, 5.76; N: calcd, 13.58; found, 13.26.
S-(N-Hydroxycarbamoyl)glutathione (2a). This com-
pound was prepared by the same general method used to
prepare 2h, using a 3.5-fold excess of GSH and a reaction time
of 4 h. The crude reaction mixture was treated with 4-pyridine
disulfide in order derivatize any unreacted GSH to the mixed
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disulfide. This allowed a clean separation of the desired
product by reverse-phase column chromatography using 0.25%
acetic acid in water (retention volume: ~16 mL). The peak
fractions were lyophilized to dryness to give the final product
as a white powder. Yield: 30%. 300 MHz *H NMR (D0, pD
3.2, DSS): d 2.15 (m, Glu-CgHy), 2.51 (m, Glu-C,H>), 3.20 (q,
J = 8.1, 14.3 Hz, Cys-CsHy), 3.43 (g, J = 4.8, 14.3 Hz, Cys-
CsHa), 3.81 (t, J = 6.2 Hz, Glu-C,H), 3.95 (s, Gly-C,H>), 4.66
(g, J = 4.8, 8.1 Hz, Cys-C,H). FAB MS consistent with
C11H18N4SOs. Anal. (C11H13N4503'H20) C; H: calcd, 5.24;
found, 5.17; N: calcd, 14.58; found, 14.36.
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