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SUMMARY

Acrolein, a genotoxic aldehyde released in the metabolic activa-
tion of the cytostatic drug cyclophosphamide, is inactivated by
glutathione transferases either by conjugation with reduced glu-
tathione or by covalent binding to the enzymes in the absence
of glutathione. The catalytic efficiency (k.a/K) with acrolein as a
substrate was determined for representatives of the three
classes Alpha, Mu, and Pi of human glutathione transferases.

Transferase = exhibited the highest and transferase ¢ the lowest
catalytic efficiencies, respectively. As measured by the Kca/Kn
value, acrolein ranks among the most active substrates known
for transferase =. The irreversible binding of acrolein to the
enzymes was monitored as the inactivation of the enzyme activ-
ity. Transferase = reacted significantly more rapidly with acrolein
than did transferases u and e.

Acrolein (prop-2-enal) is a toxic aldehyde that occurs as an
environmental pollutant as well as a metabolite generated
within living cells. For example, acrolein is found in tobacco
smoke (1) and engine exhaust of cars (2), and it is a metabolite
of cyclophosphamide (3, 4), a cytostatic drug used in the chemo-
therapy of cancer (5). Moreover, acrolein is generated from
allyl alcohol (6, 7) and nitropropanol (8) by alcohol dehydrog-
enase-catalyzed reactions, and it is produced during lipid per-
oxidation (9).

Acrolein reacts spontaneously with free sulfhydryl groups of
macromolecules (10), and covalent binding is believed to be a
major mechanisn by which acrolein exerts its toxic action in
the cell (7). The ability of acrolein to inhibit glutathione trans-
ferase activity in the rat has been investigated (11). Acrolein
has also been shown to cause single-strand DNA breaks, an
effect which is believed to play a role in the cytotoxicity of
cyclophosphamide (12).

Glutathione transferases (EC 2.5.1.18) catalyze the conjuga-
tion of a number of electrophilic compounds with reduced
glutathione (13). Various «,8-unsaturated carbonyl compounds
have been reported to be substrates for the glutathione trans-
ferases in a crude cytosol fraction from rat liver (14).

The major role of glutathione transferases is believed to be
detoxication of xenobiotics (15) as well as toxic compounds
that arise as metabolic products in the cell (16-18). Moreover,
the glutathione transferase level has been found to be elevated
in a cyclophosphamide-resistant Yoshida carcinoma cell line,
as compared with a drug-sensitive cell line (19). This observa-
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tion, together with the broad number of possible substrates,
makes the assumption that the transferases are involved in
drug resistance reasonable.

Glutathione transferases are abundant in the cytosol fraction
of cells and occur in three functionally and structurally distinct
classes termed Alpha, Mu, and Pi (20). The tissue distributions
of the multiple forms of glutathione transferase are distinct for
the different isoenzymes. Some tissues may contain represent-
atives of all three classes, but others are dominated by a single
glutathione transferase. In view of the distinct functional prop-
erties of the different forms of glutathione transferase, the
differential tissue distribution may have consequences for tis-
sue-selective toxicity. For example, cells lacking class Mu glu-
tathione transferases, which are particularly active in the de-
toxication of epoxides (21), may be more sensitive to this group
of genotoxic compounds.

In the present study, representatives of each of the three
classes of glutathione transferase have, therefore, been used to
investigate the role of human glutathione transferases in the
inactivation of acrolein. Classes Alpha, Mu, and Pi are repre-
sented by glutathione transferases e, u, and =, respectively.
Their efficiencies in catalyzing the conjugation reaction with
reduced glutathione as well as their abilities to covalently bind
acrolein have been investigated as alternative mechanisms of
detoxication.

Materials and Methods

Chemicals. All chemicals were standard commercial products. Ac-
rolein was obtained from Serva (New York).
Enzymes. Glutathione transferases ¢ and u were isolated from

ABBREVIATION: CDNB, 1-chloro-2,4-dinitrobenzene.
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human adult liver (22) and transferase = from placenta (23) by use of
affinity chromatography on immobilized S-hexylglutathione and chro-
matofocusing. Glutathione transferase ¢ is the major form in liver, also
referred to as transferase B,B, (24).

Assay of enzyme activity. CDNB activity was based on the
reaction between CDNB (1 mM) and glutathione (1 mM) in a 1-ml
reaction system containing 0.1 M sodium phosphate buffer, pH 6.5 at
30° (final volume, 1 ml) (25). The conjugation of acrolein with gluta-
thione in the same reaction system was measured spectrophotometri-
cally at 215 nm, using an extinction coefficient of 15 mM™ ¢cm™. Due
to the high absorbance of the substrates at 215 nm, their concentrations
were limited to 0.1 mM acrolein and 0.5 mM glutathione in the reaction
system. A Varian 2290 spectrophotometer was used for the measure-
ments.

Inactivation of enzyme activity by acrolein. Glutathione trans-
ferases ¢, u, and = were incubated with 0.25 and 0.5 mM acrolein in 0.1
M sodium phosphate buffer, pH 7.4, at 25°. Aliquots of 10 ul of the
incubation mixture were taken at intervals for measurements of re-
maining CDNB activity (at pH 6.5) in the system described above. An
incubation mixture that did not contain acrolein was used as a control
in the experiment.

Results

Acrolein as a substrate for glutathione transferases.
Table 1 shows activities of representatives of each of the three
classes of human glutathione transferases. The specific activi-
ties with acrolein as substrate range from 1 to 25% of the
corresponding specific activities with the standard substrate
CDNB. Glutathione transferase = showed the highest and
transferase ¢ the lowest activity.

The specific activities obtained with the two alternative
electrophilic substrates are not comparable, because the sub-
strate concentrations used in the assays are significantly dif-
ferent. A more relevant comparison can be made by use of the
specificity constants, k../K., which reflect the catalytic effi-
ciencies at low substrate concentrations. Fig. 1 shows the linear
plots of initial rates divided by total enzyme concentration (v/
[E,]) versus substrate concentration, from which specificity
constants can be determined (cf. Ref. 18). Using this parameter,
acrolein is comparatively a better substrate than is indicated
by the specific activities. Thus, for all transferases the ratio of
kea/Kn values for acrolein and CDNB is higher than the cor-
responding ratio of specific activities for acrolein and CDNB
(Table 1). In the case of glutathione transferase =, the specific-
ity constants show that acrolein is indeed a 2.7-fold more active
substrate than is CDNB. In contrast, almost all previous com-
parisons of specificity constants made to date with a large

TABLE 1

Specific activities and k.../K,, values for human glutathione
transferases using acrolein and 1-chloro-2,4-dinitrobenzene as
electrophilic substrates

kou/Km values were determined by measurements at low concentrations of electro-
philic substrates (20 and 40 M) and a saturating concentration of glutathione (0.5
mwm). Specific activities were obtained by measurements at pH 6.5, 30°, in the
standard assay systems (see Materials and Methods); the values for CDNB are
from Ref. 21. The values given are the means of seven experiments; corresponding
standard deviations are in general <10% of the means.

asT Specific activity Koat/Km
Acrolein CONB Acrolein CONB
wmol-min=" -mg™" M .sec™!
€ 0.86 82 0.01 0.1
m 7.05 187 0.06 0.26
~ 26.3 105 0.35 0.13

number of glutathione transferases have demonstrated CDNB
to be the most active substrate.

It should be noted that the k../K,. valuzs were determined
at saturating glutathione concentrations; nec significant differ-
ence between values obtained at 0.1 and 0.5 mM glutathione
could be detected. The nonenzymatic reaction between gluta-
thione and acrolein was also studied for comparison. It was
found to be strictly second-order with respect to the two reac-
tants. The rate constant was determined as 2.3 X 10° M~* sec™
at pH 6.5 and 30°.

The effect of pH on the enzymatic reaction with acrolein was
also investigated. The nonenzymatic reaction rate was found
to increase strongly with pH, whereas the enzymatic reaction
rate was essentially constant in the range of pH 6 to 7.4. The
specific activities for glutathione transferase = determined at
pH 6.0, 6.5, 7.0, and 7.4 were 25.0 + 1.9. 26.3 + 2.1, 26.0 + 9.3,
and 25.0 + 3.5 umol-min~'-mg™, respectively.

Inactivation of glutathione transferases by acrolein.
Fig. 2 shows time-dependent inactivation of glutathione trans-
ferases by acrolein. Enzyme activity was not recovered by
dialysis for 24 hr at 4° against 10 mM Tris-HCl, pH 7.8,
indicating a covalent modification of the protein. The inacti-
vation of the enzymes was a pseudo-first-order rate process
under the condition investigated, and the corresponding t,,,
values were found to be inversely proportional to the acrolein
concentration used. From the dependence of ¢/, on the inacti-
vator concentration, the second-order rate constants of inacti-
vation were calculated for the different enzymes. It was found
that the three transferases were significantly different in their
sensitivities to acrolein. Glutathione transferase = was the most
sensitive enzyme, with an inactivation rate constant of 11.4
M !.sec”! at pH 7.4 and 22°. Glutathione transferases x and ¢
were inactivated with corresponding rate constants of 0.11 M~*-
sec”’ and 0.002 M™'.sec”’, respectively. The process was
strongly pH dependent for all enzymes. At pH 8, the rate of
inactivation was 4-7-fold higher than at pH 7.4, whereas at pH
6.5 the rate was lower by more than a factor of 2; pH 7.4 was
taken to approximate physiologically relevant conditions. In-
creases of the temperature of the reaction system also gave
higher rates. At 37° the rate constant for the reaction between
acrolein and glutathione transferase = was determined as 117
M~'.sec’. The enzyme could be protected by glutathione; after
addition of 0.5 mM glutathione to the incubation mixture
containing 0.1 mM acrolein, no further inactivation was noted,
and after dialysis the remaining enzyme activity was not sig-
nificantly different from that at the time of addition.

Discussion

The results of the present investigation show that glutathione
transferases may contribute to the detoxication of acrolein.
Two mechanisms may lead to the inactivation of the toxic
electrophile, transferase-catalyzed conjugation with glutathi-
one and covalent binding of acrolein to the enzyme protein. At
high glutathione concentrations, the enzyme-catalyzed reaction
dominates, as judged by the lack of inactivation of the enzyme
during catalytic experiments. At limiting glutathione concen-
trations, direct binding of acrolein to the enzyme may be
significant, in view of the high intracellular concentrations of
the glutathione transferases; the subunit concentration of the
enzymes in liver tissue can be estimated as approaching 0.05
mM. Both in the enzyme-catalyzed conjugation with glutathi-
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Fig. 1. Enzymatic activities determined at
low concentrations of acrolein (A) and
CDNB (B). Glutathione transferases = (),
u (A), and ¢ (O) were assayed with 500 um
reduced glutathione at pH 6.5 and 30°. The
slopes of the graphs of v/[E,] (initial rates
divided by total enzyme concentration) ver-
sus substrate concentration correspond to
the k.oi/Km values of the respective enzyme
forms. The points represent means of 6-
10 replicate experiments (standard devia-
tions, <10% of the values).
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Fig. 2. Ireversible inactivation of glutathione transferases by acrolein.
The incubation mixture at pH 7.4 and 22° contained 250 um (O) or 500
um (W) acrolein and 0.6 um glutathione transferase =, 250 um (O) or 500
um (@) acrolein and 0.1 um glutathione transferase u, or 250 um (A) or
500 um (A) acrolein and 3 um glutathione transferase ¢. Remaining
enzyme activity was measured in the standard assay system using
CDNB as electrophilic substrate.

one and in the covalent binding, as measured by irreversible
inhibition of activity, glutathione transferase = was found to
be the most active of the human enzymes tested. Glutathione
transferase ¢ displayed the lowest catalytic activity and the
lowest degree of inactivation, whereas glutathione transferase
u had intermediate properties in both respects.

In evaluating the kinetic efficiency of enzymes involved in
detoxication reactions, the parameter k../K, is the most ap-
propriate measure, because this value gives the catalytic activity
at the low substrate conditions that are normally expected to
occur intracellularly. Using this parameter it was found that
acrolein is a very good substrate for the transferases, as gauged
by corresponding values obtained with CDNB. The latter sub-
strate, in almost all cases investigated, has been found to
display an activity which is higher by at least 1 or 2 orders of
magnitude than that of alternative substrates (21). Therefore,
it is noteworthy that the k../K,. value determined for transfer-
ase 7 with acrolein is higher than the value obtained with
CDNB. The structure of the conjugate of acrolein and gluta-
thione has not been determined in this investigation, but the
thioether formed by addition of sulfur to the 8-carbon of the

20 40
[CONB] (uM)

allylic double bond of acrolein is generally considered to be the
product both in vivo and in vitro (cf. Ref. 3).

The high activity obtained with acrolein (k../K. = 0.35
uM™'.sec™?) should be compared with the high activities previ-
ously observed with 4-hydroxyalkenals (18), a related group of
a,f-unsaturated carbonyl compounds. In the case of the latter
substrates, however, glutathione transferase = is among the
least active enzymes; k../K,. values for substrates of different
chain lenghs range between 0.01 and 0.09 uM™-sec™ (18). The
4-hydroxyalkenal molecules have longer carbon chains (Cs~-C;5)
and may be too bulky for optimal fitting to the active site of
glutathione transferase =. Alternatively, the 4-hydroxy substit-
uent adjacent to the reactive carbon-carbon bond makes these
molecules too polar for optimal binding to the active site.

It should be noted that the diuretic ethacrynic acid, another
a,B-unsaturated carbonyl compound, has been used as a class
Pi-distinguishing substrate (20). However, the specific activity
of transferase » with ethacrynic acid, 0.86 umol-min™-mg™!
(26), is lower by 1 order of magnitude than the value for acrolein
(Table 1).

From the toxicological point of view, the high catalytic effi-
ciency of glutathione transferase = in the inactivation of acro-
lein may be of considerable significance. Acrolein is genotoxic
and carcinogenic and may occur in humans owing to environ-
mental exposure, lipid peroxidation, or metabolism of xenobi-
otics or chemical compounds endogenous to the cell. From this
point of view it becomes significant that transferase » has a
broad organ distribution. Tissues such as the lung, the kidney,
and the gastrointestinal tract, which may be primary targets of
toxicity related to xenobiotics, all contain relatively high con-
centrations of glutathione transferase = (27-29). However, it is
noteworthy that in human liver the enzyme occurs only during
the fetal period and not in the adult state (30).

A clinical aspect of the detoxication of acrolein relates to the
activation of cyclophosphamide. This cytostatic drug is meta-
bolically activated to a phosphoramide mustard, with concom-
itant release of acrolein (4). The mustard moiety is believed to
exert its cytostatic effect by cross-linking the strands of DNA.
The acrolein product is considered to give rise to urotoxic side
effects, especially hemorrhagic cystitis, in patients undergoing
chemotherapy (31), and its toxic action may also contribute to
cell killing in tumors. Thus, it is possible that the inactivation

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

254  Berhane and Mannervik

of acrolein effected by glutathione transferases may not only
provide protection of normal tissues but also confer resistance
to tumor cells. In this connection, it is particularly noteworthy
that glutathione transferase = is usually expressed at high levels
in tumor cells (32, 33). The protective effect may be exerted by
catalysis of glutathione conjugation as well as by covalent
binding of acrolein to the enzyme. In rodent tumor models,
acquired drug resistance has previously been associated with
glutathione transferases distinct from class Pi (34). Acquired
resistance against chlorambucil has been associated with ov-
erexpression of a class Alpha enzyme (35), and resistance
against bis-chloroethylnitrosourea has been linked to elevated
levels of rat isoenzymes of the class Mu (36).

The results of the present investigation show that over-
expression of glutathione transferase = will probably lead to
increased resistance against acrolein, one of the products of the
metabolic activation of cyclophosphamide. Whether glutathi-
one transferase » may also protect against the toxic effect of
the mustard part of cyclophosphamide remains to be demon-
strated. In any event, the present results show properties of
human glutathione transferase = that can be functionally linked
to a potential role in drug resistance. This suggested role is
presently being probed by transfection of sensitive cells with
DNA encoding glutathione transferase = and study of the effect
of gene expression on the resistance properties of the cell.
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