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Abstract-In soluble fractions prepared from rat liver homogenates, L-penicillamine hydantoin appeared 
to be, on the basis of SH consumption measurements, a substrate for glutathione peroxidase but not 
transferase reactions. When glutathione is incubated with rat liver soluble proteins in the presence of 
penicillamine hydantoin, formation of oxidized glutathione is inhibited. Calculations from Lineweaver- 
Burk plots point out that inhibition by L-penicillamine hydantoin of the peroxide-dependent oxidations 
of glutathione is mixed, since both apparent K,,, and V,,,,, values are modified. Preincubation of rat 
liver soluble proteins with L-~nicillamine hydantoin led to a progressive inactivation of glutathione 
peroxidase. The kinetics of this inactivation process with respect to time and inactivator concentration 
were studied. Inclusion in the preincubation mixture of SH-containing molecules such as dithiothreitol, 
L-cysteine or glutathione protected the enzyme against inactivation. However, none of these molecules 
and neither hydantoin, Triton X-100, phenol, nor dialysis could reverse the enzyme from inactivated to 
activated form. Mitochondrial glutathione peroxidase was inhibited and inactivated by r_-penicillamine 
hydantoin to the same extent as its cytosolic counterpart. Modifications by penicillamine hydantoin of 
various subcellular markers enzymes (lactate dehydrogenase, N-acetyl ~glu~sami~dase, a~lsulfatase 
C, butyryl-CoA dehydrogenase, lauryl-CoA and glycolate oxidases) were of weak amplitude consisting 
of either inhibition, inactivation or stimulation. 

Glutathione is a polypeptide widely distributed in 
mammalian cells ([l, 21, for a recent general review 
[3]). Its intracellular concentration varies from one 
tissue to another and can amount to millimolar 
values (e.g. liver, kidney, nervous tissue, lens) 
[l]. This tripeptide contributes to the cellular 
detoxications of endogenous (hydrogen peroxide, 
peroxidated lipids) [2,4-6] and exogenous (xeno- 
biotics) [l, 2,4,5,7-101 compounds, through the 
action of glutathione peroxidases and transferases, 
respectively. Because it breaks down hydrogen 
peroxide, glutathione peroxidase prevents the 
utilization of this peroxide for other purposes, among 
which is the formation of hydroxyl radicals [2]. The 
hydroxyl radical mediates the cellular toxicity of 
molecular oxygen. A minor portion of molecular 
oxygen can, indeed, be converted to hydroxyl 
radical, a pathway involving superoxide anion- 
generating systems, enzymic superoxide dismutase 
and spontaneous oxidoreductions according to the 
Fenton reaction [6,11,12]. By this way, glutathione 
and related enzymology modulate cellular levels of 
hydroxyl radical [6], 

The participation of hydroxyl radical to the mode 
of action of some anticancer drugs such as 
Adriamycin@ is, now, well documented [ 13-173. In 
patients, the long-term maintenance of the curative 
properties of this type of drug is hampered by an 
adaptative response of the cancer cells [18,19]. This 

? Corresponding author. 

response presents several facets including the 
induction of cell membrane proteins (whose 
prototype is the P170 gly~oprotein) and alterations 
of glutathione metabo~sm [2%22]. The cancer ceil 
response can abolish the benefit offered by initiai 
therapy and, for this reason, this phenomenon is 
called chemoresistance [18,19]. In the chemo- 
resistance status, the metabolism of glutathione is 
stimulated and is responsible for an enhanced H202 
breakdown, thus resulting in a drop of the hydroxyl 
radical fo~ation rates and subsequent loss of the 
anticancer drug-induced cytotoxicity [14,23,24]. 
The treatment of chemoresistance should rest on the 
reversal of increased cell membrane protein activities 
and accelerated glutathione metabolism. The first 
inhibition can be achieved by calcium channel 
inhibitors (e.g. verapamil) in the case of the P170 
glycoprotein f25,26] whereas the second requires 
the use of molecules depressing glutathione synthesis 
and/or metabolism [27-301. The aim of the present 
work deals with the second concern in the matter 
of chemoresistance reversal, i.e. the concept of 
inhibitors of glutathione metabolism. Penicillamine 
hydantoin was shown to be active in two 
ph~ma~ological tests representative of an 
antiarthritis penicillamine-like activity in man, based 
on the delayed hypersensitivity in mice, namely the 
haemophilus pertussis and picryl chloride tests and, 
on the basis of molecular modelling studies, to 
interact adequately with the catalytic center of 
glutathione peroxidase (Mestdagh et al., unpublished 
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work). This molecule (D- and L-isomers providing 
essentially the same effects) is here demonstrated to 
impair the enzyme activity. The non-peptidic nature 
of this molecule is promising for future experiments 
with intact cells. 

MATERIALS AND METHODS 

Materials. Biochemicals and their sources were: 
glutathione and 1-chloro-2,4_dinitrobenzene (Ald- 
rich Chimie, S.a.r.1, Strasbourg, France); yeast 
glutathione reductase, tert-butyl hydroperoxide, 
cumene hydroperoxide, NADP+, NADPH, L- 
cysteine and dithiothreitol (Sigma Chemical Co., 
St Louis, MO, U.S.A.); y-glutamyl-3-carboxy- 
4-nitroanilide (Boehringer Pharma, Mannheim, 
Germany); hydrogen peroxide and other common 
chemicals (Merck, Darmstadt, Germany). 

Animals. Adult male Wistar rats (200-300 g), fed 
a standard laboratory chow, were killed by 
decapitation before use. 

Enzyme assays. Glutathione reductase was assayed 
at 30” by the oxidized glutathione-dependent 
oxidation of NADPH followed at 340 nm as described 
in Ref. 31. 

Glutathione peroxidase activities were measured 
at 30” by two methods. In method A, the oxidations, 
have been assayed by monitoring the disappearance 
of SH groups measured with the Ellman’s reagent 
(DTNB, 5,5’-dithio-bis-nitrobenzoic acid*) added at 
various incubation times to an aliquot part removed 
from the incubation mixture. The resulting reaction 
of residual SH groups with DTNB was followed at 
412nm. Tests and blanks were run at pH 7.6 in 
0.1 M sodium phosphate buffer. For the test 
conditions, together 0.5 mM glutathione (or L- 
penicillamine hydantoin), the peroxide (either 
1.25 mM hydrogen peroxide, 2 mM tert-butyl hydro- 
peroxide or 1 mM cumene hydroperoxide) and the 
rat liver protein preparation were included in the 
incubation media. Different blanks were incubated 
in parallel, corresponding to the test conditions 
minus (1) the peroxide; (2) glutathione (or L- 
penicillamine hydantoin); (3) cytosolic proteins; (4) 
the peroxide and the cytosolic proteins. 

At various time intervals, a 100 PL part aliquot 
was removed from the incubation medium to be 
added to reagent mixtures (final volume = 1 mL) 
containing 100 mM sodium phosphate buffer, pH 7.6 
and 0.2 mM DTNB. The resulting stable absorbance 
values were read at 412 nm. 

In method B, the appearance of the disulfide 
product (i.e. oxidized glutathione) was monitored 
at 340 nm in a coupled assay procedure which 
required addition of exogenous glutathione reductase 
(1 U/mL) and NADPH (0.1 mM) and which was an 
adaptation of the method described [32,33]. 
Throughout the text, when the type of procedure 
for the assay of glutathione peroxidase is not 
specified, the mentioned results have been obtained 
using method B. 

Glutathione transferases have been assayed on 
1 mM glutathione and a substrate common to the 
different transferases 1-chloro-2,Cdinitrobenzene 

* Abbreviation: DTNB, 5,5’-dithio-bis-nitrobenzoic acid 
(Ellman’s reagent). 

[i4;1M) at 340nm according to Habig and Jakoby 

Established procedures have been used for the 
assay of other enzymes: y-glutamyl-transpeptidase 
[35] and glucose-6-phosphate dehydrogenase [36]. 
Protein and various marker enzymes of the various 
subcellular liver compartments were assayed as 
described previously [37,38]. 

Synthesis of penicillamine hydantoins. The isomers 
of penicillamine hydantoin were synthesized from 
hydantoin and the corresponding penicillamine 
isomers according to the procedure of Poupaert et 
al. [39]. Purity was checked by a published HPLC 
method [39]. A K’ value of 2.25 was obtained. 
The material was found to be devoid of 5- 
isopropylidenehydantoin as well as penicillamine 
hydantoin disulfides. Within the conditions of the 
assay, purity was higher than 99%. The melting 
point was identical to the one given in the literature 
(m.p. 205-206”). 

Preparation of subcellular fractions from rat liver 
homogenates. Rat livers were homogenized in 
a 0.25 M sucrose/l mM EDTA/3 mM imidazole 
buffer, pH 7.2-7.4. Soluble proteins were obtained 
by submitting the liver homogenates to a high-speed 
centrifugation (100,000 g x 35 min) and collecting 
the resulting supernatants. 

The mitochondrial fractions were obtained by 
submitting the postnuclear supernatants (initial liver 
extracts from which the nuclear pellet was 
removed after a 600 g x 10 min centrifugation) to 
centrifugation forces amounting to 20,000 g during 
20 min, and taking the mitochondrial pellet (ML 
fraction according to de Duve [40]) as the enzyme 
sources for the assay of mitochondrial glutathione 
peroxidase. 

Dialysis of biological samples. Dialysis was 
performed using a Nojax dialysis tube and about 
5 mL of the enzyme preparations were dialysed 
overnight against 500mL of 25 mM Tris buffer, 
pH7.4. At the beginning and at the end of the 
dialysis process, the buffer was tested for its content 
in SH groups by reactivity with the Ellman’s reagent. 

RESULTS 

Penicillamine hydantoin as a substrate of glutathione- 
utilizing enzymes 

In a first series of experiments, the ability of L- 
penicillamine hydantoin to replace glutathione as a 
substrate for enzyme reactions was checked. 

As evidenced by monitoring the disappearance of 
free thiol groups, the penicillamine hydantoin was 
found to be a substrate of glutathione peroxidase 
(Fig. 1). The activity recorded on this compound 
amounted to 4 and 2% of that obtained on 
glutathione when tert-butyl hydroperoxide and 
hydrogen peroxide were used as the peroxide source, 
respectively. Comparable results were found with 
cumene hydroperoxide (Fig. l), a peroxide which 
serves as a substrate for not only glutathione 
peroxidase (EC 1.11.1.9) but also glutathione 
transferase-catalysed peroxidase activities [31]. 
Penicillamine hydantoin was apparently inefficient 
in substituting glutathione as a substrate for 
glutathione transferases (data not shown). 
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Fig. 1. Peroxide-dependent oxidations catalysed by rat liver soluble proteins of L-penicillamine hydantoin 
and glutathione. Stable absorbance values obtained at 30” are reported on the ordinates (A& versus 
incubation periods. Ten-fold more proteins than in the assay mixtures containing glutathione as a 
substrate (right panel) were actually used for the assays of L-penicillamine hydantoin oxidation (left 
panel). (d) SH consumption (from either added glutathione or L-penicillamine hydantoin) occuring in 
the presence of both peroxide and rat liver soluble proteins; (c) SH consumption rate induced by the 
peroxide alone; (a) SH consumption induced by the rat liver soluble proteins alone; (b) incubation of 
added SH-containing molecules in the absence of peroxide and homogenate; (e) incubation of the 

homogenate with the peroxide. Values are means 2 SEM for at least three determinations. 

Effect of penicillamine hydantoin on glutathione- 
utilizing enzymes 

In a second series of experiments, the effect of 
L-penicillamine hydantoin on glutathione-related 
metabolism was studied. 

Glutathione peroxidase activity was inhibited by 
L-penicillamine hydantoin whatever the nature of 
the peroxide (H202, terl-butyl hydroperoxide or 
cumene hydroperoxide) used as a substrate of the 
reaction. 

The activity of glutathione peroxidase expressed 
as a function of various concentrations of glutathione 
was measured in the presence of constant amounts 
of peroxide, with or without added L-penicillamine 
hydantoin. In the absence of this pharmacomolecule, 
the apparent K,,, and V,,,, of glutathione for the 
enzyme calculated from Lineweaver-Burk plots 
varied with the nature of the peroxide utilized. 
Although comparable values were obtained with 
H202 and tert-butyl hydroperoxide, different values 
were recorded in the presence of cumene hydro- 

peroxide (for details, see legend to Fig. 2). In the 
presence of 100 PM L-penicillamine hydantoin, the 
enzyme reactions catalysed by glutathione peroxidase 
were inhibited. As illustrated by the Lineweaver- 
Burk plot representation, the type of inhibition was 
mixed since both apparent K,,, and V,,,,, were affected 
by the penicillamine hydantoin (Table 1). 

By contrast with glutathione peroxidase, neither 
glutathione transferases, nor glutathione reductase 
were affected by L-penicillamine hydantoin. y- 
Glutamyl-transpeptidase was insensitive to this 
pharmacomolecule as was the case for glucosed- 
phosphate dehydrogenase (data not shown). 

Penicillamine hydantoin as an inactivator of glu- 
tathione-utilizing enzymes 

In the experiments described in this subsection, 
penicillamine hydantoin is shown to inactivate 
glutathione peroxidase. It may be stressed that this 
inactivation process does not interfere with the 
inhibition process described in the preceding 
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Fig. 2. Effect of 0.1 mM L-penicillamine hydantoin on the apparent V,,, and K,,, of glutathione peroxidase 
assayed on glutathione and (A) hydrogen peroxide, (B) tert-butyl hydroperoxide or (C) cumene 
hydroperoxide. l/o is reported as a function of l/[glutathione] (Lineweaver-Burk representation). u is 
expressed as pmoles glutathione oxidized per min per mg protein. Results are the mean f SEM of at 

least three separate experiments. 

subsection. Indeed, glutathione is, for the study of For the study of the inactivation of glutathione 
the inhibition process, included in the reaction peroxidase, a 5 min preincubation of rat liver 
mixture and, as evidenced in the next subsection, cytosolic fractions was performed at 30” in the 
then prevents the inactivation process. presence of L-penicillamine hydantoin prior to 
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Table 1. Effect of 0.1 mM L-penicillamine hydantoin on 
the apparent Km and V,,, of glutathione peroxidase for 

glutathione 

Peroxide 

No 0.1 mM 
penicillamine penicillamine 

hydantoin hydantoin 

K, V,,, K,, V,,, 

HzOz 622 1783 1122 568 
tert-Butyl hydroperoxide 633 1205 1079 353 
Cumene hydroperoxide 281 1025 542 516 

The enzyme was assayed in the presence or absence of 
penicillamine hydantoin with either hydrogen peroxide, 
tert-butyl hydroperoxide or cumene hydroperoxide a; sub- 
strate. The apparent Km and V,,,,, values are expressed as 
micromolar concentrations and mU/mg protein, respect- 
ively. 

Results are means of at least three separate experi- 
ments k SEM. 

subsequent enzyme assays. By this procedure, 
glutathione peroxidase was strongly inactivated (by 
85%) whatever the nature of the peroxide substrate 
at concentrations of L-penicillamine hydantoin higher 
than 50 PM (Fig. 3). At lower concentrations of this 
pharmacomolecule, a more important residual 
enzyme activity could be detected after the 5 min 
preincubation period (see Fig. 3); the time course 
of this inactivation process recorded within this 
period is illustrated in Fig. 4. 

By submitting the enzyme sources to 250pM 
penicillamine hydantoin for a 5 min preincubation 
period, no inactivation was observed on either 

I 
2.5 5 12,5 

II 
25 

. lulli 
50 100 

M 

glutathione transferase, glutathione reductase or y- 
glutamyl-transpeptidase activities. 

Prevention and reversal of the inactivation by 
penicillamine hydantoin of glutathione peroxidase 

Addition to the preincubation mixture (in which 
the effector was included) of free SH-containing 
molecules such as glutathione, cysteine or dithio- 
threitol, prevented the inactivation by penicillamine 
hydantoin of glutathione peroxidase (Fig. 5, closed 
columns). By contrast, the addition of these thiols 
after the 5 min preincubation period was unable to 
recover the enzyme activity (Fig. 5, open columns). 
Attempts to reverse, at the end of the preincubation 
with L-penicillamine hydantoin, the enzyme from an 
inactivated to an activated form were unsuccessful 
with molecules such as hydantoin (0.25 mM), Triton 
X-100 (2%0, w/w) or phenol (1 mM), the use of 
which was aimed at probing the hydrophobic domains 
of glutathione peroxidase (for further comments, 
see Discussion). The reversibility of the inactivation 
process by penicillamine hydantoin has also been 
studied through dialysis of the enzyme preparation 
inactivated by the molecule. The dialysis treatment 
was unable to restore the enzyme activity while it 
was apparently associated with the removal of 
penicillamine hydantoin. The dialysis treatment did 
not significantly affect the activity qf glutathione 
peroxidase preincubated in the absence of peni- 
cillamine hydantoin. 

Effect of penicillamine hydantoin on glutathione 
peroxidase assayed with low levels of hydrogen 
peroxide 

To determine whether the inactivation and 
inhibition properties of penicillamine hydantoin 

250 

fl hydrogen peroude 

1 I-butylhydroperoxtde 

0 cumene hydroperoxlda 

Penicillamine hydantoin concentration (PM) 

Fig. 3. Effect of a 5 min preincubation of rat liver soluble proteins with various concentrations of L- 
penicillamine hydantoin on the glutathione peroxidase activities assayed with glutathione and either 
hydrogen peroxide, rerr-butyl hydroperoxide or cumene hydroperoxide as substrates. Glutathione 
peroxidase activity was measured by method B and is, here, expressed as the percentage of the activity 
recorded in the absence of L-penicillamine hydantoin (concentration equal to 0 PM). Each data point 

represents the mean ? SEM of at least three separate samples. 

BP 43:7-K 
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preincubation time (mint 

Fig. 4. Time-course of the inactivation by L-penicillamine hydantoin of glutathione peroxidase. L- 
Penicillamine hydantoin (25 PM) was included in the preincubation mixture. The enzyme activity was 

measured according to method B. Values are the means 2 SEM of triplicate determinations. 

A B C Control 

Fig. 5. Inactivation of glutathione peroxidase by L-peni- 
cillamine hydantoin in various experimental conditions. 
(A-C) Rat liver cytosohc proteins were preincubated at 30” 
in the presence of 50 FM L-penicillamine hydantoin for a 
5min period prior to the glutathione peroxidase assay. 
(A) No addition of molecules other than penicillamine 
hydantoin and classical reagents of the assay mixture. Glu- 
tathione (as 1 mM substrate) has been included in either 
the preincubation (closed columns) or the incubation (open 
columns) mixtures. (B) Addition of 1 mM cvsteine in the 
preincubation (closed ‘columns) or the incubation (open 
columns1 mixtures. (0 Addition of 1 mM dithiothreitol in 
the preincubation (closed columns) or the incubation (open 
columns) mixtures. Control: the rat liver cytosolic proteins 
were preincubated for 5 min at 30” in the absence of phar- 
macomolecule or substrate before measuring glutathione 
oxidation rates (referred to as 100%). Data points represent 

the means Ifi SEM of at least three measurements. 

could be relevant in the physiological conditions 
occurring in the intact cells, the molecule was tested 
on hydrogen peroxide levels lower than SOpM. 
Figure 6 illustrates the results obtained when 
glutathione peroxidase is either incubated or 

preincubated with pe~cillamine hydantoin and 
assayed with Hz02 concentrations ranging from 10 
to 250pM. At low concentrations in HZ02 (lO- 
50pM), penicillamine hydantoin is still efficient at 
inactivating and inhibiting glutathione peroxidase. 

Others 

The original results presented above have been 
here illustrated for the use of the L-isomer of 
penicillamine hydantoin, only. Roughly similar 
inhibition and inactivation properties were observed 
with the D-isomer and the racemic mixture. No 
significant effect of the hydantoin molecule could 
be detected whereas DL-penicillamine exhibited 
inhibition and inactivation properties like peni- 
cillamine hydantoin. Interestingly enough, DL- 
penicillamine, although it displayed on glutathione 
peroxidase activities an inactivation whose amplitude 
(B-26% residual activities upon 5OpM DL-peni- 
cillamine) was of the same order of magnitude as 
that observed with the penicillamine hydantoin 
(g--20% of residual activities upon 50pM DL- 
penicillamine hydantoin), was unable to reproduce 
thoroughly the inhibition achieved by its hydantoin 
derivatives. At a 250pM concentration, the 
penicillamine was capable of inhibiting glutathione 
peroxidase by less than 5%, only, while the activities 
of this enzyme were at least halved by a similar 
concentration of the penicillamine hydantoin (data 
not shown). On the other hand, the mitochondrial 
glutathione peroxidase was also found to be, to a 
similar extent, sensitive to the inhibition and 
inactivation properties of the penicillamine hydantoin 
isomers (data not shown). 

In order to know whether the impairment of 
glutathione peroxidase activity was a very specific 
feature or not, the sensitivity to penicillamine 
hydantoin has been also studied in whole liver 
homogenates on marker enzyme activities from 
various subcellular compartments including lactate 



L-Penicillamine hydantoin and glutathione peroxidase 1535 

hydrogen peroxIde COflCentratlOn (vM) 

hydrogen peroxlde COnCentratlOn (vM) 

Fig. 6. Effect of L-penicillamine hydantoin on glutathione 
peroxidase activity assayed on low levels of hydrogen per- 
oxide. (A) Inhibition process; (B) Inactivation process. 
Results are means of at least three separate experiments f 

SEM. 

dehydrogenase (cytosol), N-acetyl-/?-glucosam- 
inidase (lysosomes) , arylsulfate C (microsomes) , 
butyryl-CoA dehydrogenase (mitochondria), lauryl- 
CoA and glycolate oxidases (peroxisomes). With 
0.1 mM L-penicillamine hydantoin neither lactate 
dehydrogenase, nor arylsulfatase C acti$ies were 
affected. N-Acetyl$-glucosaminidase was not 
inhibited but was inactivated by 10%. Lauryl-CoA 
and glycolate oxidases were inhibited by 10% but 
could not be inactivated. Butyryl-CoA dehydro- 
genase activity was increased 1.4- and 1.9-fold upon 
incubation and preincubation with the effector, 
respectively. Increasing the concentration of peni- 
cillamine hydantoin to a 0.25 mM value was without 
any significant additional effect on these marker 
enzyme activities, except for lactate dehydrogenase 
inhibited by about lO-20% and the two peroxisomal 
oxidases more severely inhibited (by 20%) but not 
inactivated. The exact nature of the last effect 

recorded on the peroxisomal oxidases could be 
questioned since these enzymes were assayed by 
substrate-dependent hydrogen peroxide production 
and the indirect measurement of lauryl-CoA oxidase 
i.e. cyanide-insensitive lauryl-CoA oxidation (third 
step of peroxisomal Boxidation) was insensitive to 
penicillamine hydantoin. 

DISCUSSION 

This work provides the first observation that 
L-penicillamine hydantoin affects selectively one of 
the glutathione-utilizing enzymes namely glutathione 
peroxidase, but neither glutathione reductase nor 
glutathione transferases. L-Penicillamine hydantoin 
displays a mixed inhibition profile. The competitive 
feature can be explained by a competition between 
glutathione and L-penicillamine hydantoin for the 
binding to the catalytic center of glutathione per- 
oxidase. The non-competitive part of the inhibition 
is less clear and could correspond to the inactivation 
process which involves penicillamine hydantoin. 

The inactivation process severely impairs the oxi- 
dation of glutathione (see Figs 3 and 4) but appar- 
ently not that of penicillamine hydantoin (see Fig. 1). 
This is likely to result from structural modifications of 
glutathione peroxidase inducing steric constraints 
which impair access to the catalytic center of glu- 
tathione but not necessarily L-penicillamine hydan- 
toin. This inactivation process apparently requires, 
as an obligatory step, the interaction of the enzyme 
with the thiol function of L-penicillamine hydantoin. 
Indeed, the putative structural modifications appear 
to be either prevented by other SH-containing mol- 
ecules or induced by penicillamine but not hydan- 
toin. At this stage, it is unknown whether the phar- 
macomolecule-enzyme interaction implies the for- 
mation of a disulfide link or a selenium-thiol bond 
and whether this interaction primarily involves the 
catalytic center or another site located elsewhere in 
the protein. Nevertheless, the part of the protein 
which is the target for the inactivation effect of L- 
penicillamine hydantoin appears to be distinct from 
that which is concerned by the inhibition. The latter 
is apparently correlated with the conformational 
analogy which exists between L-penicillamine hydan- 
toin and the natural substrate (i.e. glutathione) 
(Mestdagh et&., unpublished work) while the former 
could be well accounted for by the penicillamine 
moiety of the pharmacomolecule. Furthermore, 
penicillamine is capable of replicating the inac- 
tivation but not the inhibition properties of L-peni- 
cillamine hydantoin on glutathione peroxidase. 
When in the inactivated form, the enzyme appears 
to exhibit residual glutathione peroxidase activity 
(see Figs 3 and 4), a feature which could be accounted 
for by either the existence of another cytosolic glu- 
tathione peroxidase or by the non-absolute restric- 
tion of glutathione access to the catalytic center of 
the protein. Confirming the last hypothesis is the fact 
that the enzyme, in the presence of L-penicillamine 
hydantoin, remains active up to 5 min when this 
pharmacomolecule is used as a substrate (see Fig. 1) 
indicating that the enzyme is not fully inactivated. 

Hydrophobic interactions are commonly used to 
purify glutathione peroxidase 141-441, attesting to 
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(detergents) compounds were studied. As none of 
tion of free radicals during the cellular metabolism of 

these molecules could reverse the enzyme inac- 
adriamycin. Free Rad Biol Med 9: 415-421, 1990. 

tivation, it appears that neither hydrophobic forces 
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nor hydrogen bonds play a critical role. This is in 
hydroxyl radical formation and DNA strand breakage 
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in the cytotoxicity of anthraquinone antitumor agents. 
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between L-penicillamine hydantoin and the protein. 
In view of its peptidomimetic nature and therefore 
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superoxide by Ca*+: an alternate mechanism for the 

its increased metabolic resistance, L-penicillamine cardiotoxicity of doxorubicin. Toxic01 Appl Pharmacol 
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Work is currently being done to define its potential 18. Hayes J and Wolf C, Molecular mechanism of drug 
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