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ABSTRACT Radiation and chemical reactions that give
rise to free radicals cause the formation of highly cytotoxic base
propenals, degradation products of DNA. Human glutathione
transferases (GSTs; RX:glutathione R-transferase, EC
2.5.1.18) of classes Alpha, Mu, and Pi were shown to promote
the conjugation of glutathione with base propenals and related
alkenes. GST P1-i was particularly active in catalyzing the
reactions with the propenal derivatives, and adenine propenal
was the substrate giving the highest activity. The catalytic
efficiency of GST P1-i with adenine propenal (kat/K. = 7.7
x 105 M-1's-) is the highest so far reported with any substrate
for this enzyme. In general, GST Al-i and GST Mi-i, in
contrast to GST P1-i, were more active with 4-hydroxyalke-
nals (products of lipid peroxidation) than with base propenals.
The adduct resulting from the Michael addition of glutathione
to the alkene function of one of the base propenals (adenine
propenal) was identified by mass spectrometry. At the cellular
level, GST P1-i was shown to provide protection against
a,4-unsaturated aldehydes. GST Pi-i added to the culture
medium of HeLa cells augmented the protective effect of
glutathione against the toxicity of adenine propenal and thy-
mine propenal. No protective effect ofthe enzyme was observed
in the presence of the competitive inhibitor S-hexylglutathione.
GST Pi-i introduced into Hep G2 cells by electroporation was
similarly found to increase their resistance to acrolein. The
results show that glutathione transferases may play an impor-
tant role in cellular detoxication of electrophilic a,.-
unsaturated carbonyl compounds produced by radical reac-
tions, lipid peroxidation, ionizing radiation, and drug metab-
olism.

The human population is under persistent exposure to a wide
variety of toxic and carcinogenic a,4-unsaturated aldehydes
derived from the metabolism of natural cellular constituents
and foreign compounds as well as from the environment.
Endogenously, genotoxic a,,Bunsaturated aldehydes, nota-
bly 4-hydroxyalkenals, are produced as a result of free-
radical-initiated lipid peroxidation (1). 4-Hydroxyalkenals
are reactive a,3-unsaturated aldehydes, which are able to
react with cellular constituents including DNA (1-3). Ac-
rolein and crotonaldehyde also are among the hazardous
a,3-unsaturated aldehydes, which occur in the environment,
for example as pollutants from industrial waste, tobacco
smoke, gasoline, and diesel exhaust (4). They may also be
produced intracellularly-e.g., acrolein is generated as a
result of metabolic activation of the cytostatic drug cyclo-
phosphamide (5, 6).
Another group of a,4-unsaturated aldehydes known to be

highly cytotoxic are base propenals, major low-molecular-
mass products of DNA degradation generated by activated

bleomycin (7-9), a drug used in cancer chemotherapy (10).
The formation of base propenals is initiated by the hydroxyl
radical generated in the presence of molecular oxygen, a
process also elicited by y-irradiation (11).

Cytosolic glutathione transferases (GSTs; RX:glutathione
R-transferase, EC 2.5.1.18) are a group of enzymes catalyz-
ing the conjugation ofreduced glutathione (GSH) with a wide
variety of electrophilic compounds (12, 13). In mammalian
species, GSTs have been divided into four classes based on
their primary structure (14). The classes are named Alpha,
Mu, Pi, and Theta (15, 16).
The GSTs are expressed in a tissue-specific manner (17,

18). Furthermore, the expression of GSTs in tumor cells is
usually both qualitatively and quantitatively different from
that in normal cells. In many human tumors, the class Pi GST
P1-1 is present at high concentrations (19-21).
GST-mediated detoxication of a broad spectrum of elec-

trophilic groups is important for the survival of cells, since
many ofthe electrophilic compounds acted upon by GSTs are
acutely cytotoxic as well as genotoxic. The present study
shows the capacity of human GSTs to inactivate toxic
a,4-unsaturated aldehydes of relevance to oxygen-linked
radical reactions, lipid peroxidation, and anti-cancer drug
metabolism.

MATERIALS AND METHODS
Chemicals. Adenine propenal [9-(3-oxoprop-1-enyl)ade-

nine], cytosine propenal [1-(3-oxoprop-1-enyl)cytosine], thy-
mine propenal [1-(3-oxoprop-1-enyl)thymine], and uracil pro-
penal [1-(3-oxoprop-1-enyl)uracil] were synthesized by pub-
lished procedures (22). All other chemicals were standard
commercial products.

Expression and Purification of Recombinant GSTs. Recom-
binant human GST Al-1, GST P1-1, and GST Mi-1 (allelic
variant Mla-la) were purified as described (23-25).

Assay of Enzyme Activities. Enzyme activities with base
propenals were based on the reaction between 0.1 mM of the
appropriate propenal and 1 mM GSH in 1 ml of 0.1 M sodium
phosphate (pH 6.5). The conjugation of the base propenals
with GSH was monitored spectrophotometrically. The base
propenal concentration was limited to 0.1 mM because of the
high absorbance of the compounds at wavelengths useful for
spectrophotometric activity measurements: 264 nm for ade-
ninepropenal (Ae 7 mM-1 cm-1), 312nmforcytosinepropenal
(AE 10.4 mM-1 cm-1), 302 nm for thymine propenal (AE 14.2
mM-1-cm-1), 296 nm for uracil propenal (AE 10.6
mM-1 cm-1), 248 nm for 4-vinylpyridine (Ac 7.4 mM-1 cm-1),
and 230 nm for crotonaldehyde (AE 10.7 mM-1-cm-1). The Ac
values (molar absorption coefficient) were determined by

Abbreviations: GST, glutathione transferase; GSH, reduced glu-
tathione.
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Table 1. Specific activities of human GSTs with base propenals
and related compounds as electrophilic substrates

Specific activity, Amol min-1 mg-1

Substrate GST Al- GST Mi-i GST Pi-
Adenine propenal 0.7 ± 0.1 3.7 ± 0.2 77 ± 1
Cytosine propenal <0.1 <0.1 1.0 ± 0.1
Thymine propenal <0.1 1.0 ± 0.1 8.7 ± 0.8
Uracil propenal <0.1 1.2 ± 0.1 15 ± 0.1
4-Vinylpyridine <0.1 <0.1 17 ± 1
Crotonaldehyde <0.1 <0.1 1.6 ± 0.2
Acrolein 0.86 7.05 26.3

Values are given as means ± SD (n 2 5). Values for acrolein are
from ref. 29.

allowing a standardized solution ofGSH to react to completion
with an excess of alkenal.

Cell Culture and Cytotoxicity Assay. The cytotoxicity assay
was performed essentially as described by Wilson (26). The
human cell lines, Hep G2 and HeLa, were kindly provided by
Dr. S. Braesch-Andersen (Department of Immunology,
Stockholm University). Cells were grown in minimal essen-
tial medium, supplemented with 10% fetal calf serum, 2 mM
glutamine, 200 ,g/l gentamicin at 370C in 5% CO2 in air. For
assaying acrolein toxicity, the cells (Hep G2) were exposed
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to different concentrations of acrolein for S min. The toxicity
ofbase propenals to HeLa cells was assayed after addition of
0.5 mM GSH, 5 ,M recombinant GST P1-1 orGST Al-1, and
200 ,uM S-hexylglutathione (GST inhibitor) in different com-
binations to the microtiter wells together with the propenal.
The propenals were diluted with PBS and exposure times
were 30 min (thymine propenal) or 60 min (adenine propenal).

Electroporation of Hep G2 Cells with GST P1-i. Hep G2
cells were cultured as described above and harvested during
exponential growth. After detachment and two washings in
electroporation buffer, phosphate-buffered sucrose (272 mM
sucrose/7 mM potassium phosphate/i mM MgCl2, pH 7.4),
1.5 x 108 cells were divided into three equal portions and
washed once more in phosphate-buffered sucrose. The cells
were resuspended in 0.8 ml of phosphate-buffered sucrose
containing 0, 0.2, or 2.0 mg of GST P1-1 per ml and were
transferred to sterile electroporation cuvettes with an elec-
trode gap of 0.4 cm and cooled on ice for 10 min. Electro-
poration was performed in a GenePulser (Bio-Rad) with the
voltage set at 300 V and the capacitor set at 25 ,uF. After
electroporation and 5-min cooling on ice, the cells were
washed twice in growth medium [minimal essential medium
supplemented with 10% (vol/vol) fetal calf serum] and were
spread for cytotoxicity assay as described (26). Simultane-
ously, cells were spread onto microscope glass slides to

Table 2. kcat/Km values for human GSTs when using a,3-unsaturated aldehydes substrates

kcat/Km, mM-1-s-1
Structure Compound GST Ai-i GST Mi-i GST Pi-1

ft-0o Acrolein 10 60 350
Crotonaldehyde <0.1 <0.1 29 ± 0.7

H2N<N Cytosine propenal <0.1 <0.1 7 ± 0.8
o 0

o0 Thymine propenal <0.1 <0.1 104 ± 10
HN

O=7-NVUracil propenal <0.1 <0.1 222 ± 9

N C
) °0 Adenine propenal 6 0.6 46 2 769 ± 54

H2N <\ u O

N

No "\ 4-Vinylpyridine <0.1 <0.1 154 ± 5
4-Hydroxyalkenals

° C-5 0.4 0.9 49 ± 14 34 ± 15
OH

-"'- °~O C-6 6 15 120 ± 6 19 ± 3
OH

'-T ° C-7 26 ±23 401 ± 50 10 43
OH

~>° C-8 76 ± 11 740 ± 13 26 72

OH

~~~r~s° C-i 1262 21 7091 105 39± 5
OH

-o C-12 258 ± 01 901± 12 93 ±2
OH

~~° C-14 27 ±19 976± 151 93 82
OH

0o C-1i 295 ±194030± 71 48± 11
OH

~~~~~o~~~ C-15 197 +19 430 -+- 79 48 + 11
OH

kcat/Km values were determined by measurements (n 2 5) at low concentration of electrophilic substrates (5 and 10 ,uM)
and saturating concentration of glutathione (1 mM). Values for acrolein were from ref. 29, and values for 4-hydroxyalkenals
were from ref. 30.
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FIG. 1. Plasma desorption mass spectrum of the reaction mixture
of the GST Pl-i-catalyzed conjugation of GSH with adenine prope-
nal. Arrows mark peaks corresponding to S-(3-oxoprop-1-enyl)-
glutathione and the adduct of adenine propenal and GSH.

attach overnight for immunostaining of GST P1-1 (27) with
affinity-purified polyclonal rabbit anti-human GST P1-1 an-
tibodies. The immunocomplexes were visualized by addition
of goat anti-rabbit IgG conjugated to horseradish peroxidase
(Bio-Rad) at a dilution of 1:2000 and stained with diaminoben-
zidine-cobalt (27).
MS Afalysisi Plasma-desorption MS (28) was performed

with a Biolon 20 mass spectrometer (Applied Biosystems).

RESULTS
Base Propenals as Substrates for Human GSTs. Table 1

shows specific activities of human GSTs with adenine pro-
penal, cytosine propenal, thymine propenal, and uracil pro-

penal as substrates. GST P1-i displayed the highest activity,
while GST Al-i showed the lowest activity with all four base
propenals. The activities with adenine propenal were higher
for all three GSTs than those ofthe other propenals. Cytosine
propenal was the poorest substrate and did not afford de-
tectable activity with GST Al-i and GST Mi-i. The parent
compound acrolein (i.e., propenal) of the base propenals, as
well as crotonaldehyde and 4-vinylpyridine were also tested
as structurally related activated alkene substrates (Table 1).

Catalytic efficiencies (kcat/Km) for the human GSTs are
shown in Table 2. In comparison with GST Mi-i and GST
Al-i, GST P1-i shows 1 order and 2 orders of magnitude
higher kcat/Km values with adenine propenal as substrate.
GST P1-i is also more efficient than GSTs Al-i and Mi-i
with thymine and uracil propenal.

Analysis of Reaction Products by MS. Fig. 1 shows a mass
spectrum obtained from the enzyme-catalyzed reaction of
adenine propenal with GSH. Characteristic m/z peaks were
obtained at 362 and 497, corresponding to the calculated m/z
for glutathionylpropenal [S-(3-oxoprop-l-enyl)glutathioneI
and 497 for the adduct of adenine propenal and GSH. The
spectra of samples were compared with the signals obtained
with empty sample foils and of spectra ofthe reaction mixture
without GSH. The large peak at approximately m/z 410 is
normally present in all spectra recorded with the analytical
system used and does not derive from the sample. To further
eliminate the possibility of matrix-derived signals, several
unrelated mass spectra obtained from nitrocellulose foils
were examined for the presence of m/z peaks at 362 and 497.
No such m/z values were detected in any of the unrelated
spectra examined, demonstrating that these signals origi-
nated from products of the reaction studied.

Cytotoxicity of Base Propenals and Protection by GSH and
Extracellular GST P1-i. Toxic effects ofadenine and thymine
propenals on HeLa cells were examined. Cell cytotoxicity
was estimated from the degree of radioactive leucine incor-
poration into proteins as compared with controls in which
base propenals were omitted from the culture medium (Fig.
2 Left). HeLa cells were found to be very sensitive (IC50 =
10 ,uM) when adenine propenal or adenine propenal and GST
P1-i were added to the medium. Addition of GSH to the
incubation medium that contained adenine propenal shifted
the IC50 value to 125 ,uM. The value increased to 230 ,uM
when 5 ,uM GST P1-i was added in addition. In contrast, 5
,uM GST Al-i did not give any detectable protective effect
(data not shown). Addition of the competitive inhibitor
S-hexylglutathione (200 ,uM) to the medium containing en-

10 100
Adenine propenal, ,M

1 10
Thymine propenal, AM

FIG. 2. Dose-response curves
of HeLa cells exposed to adenine
propenal for 60 min (Left) or thy-
mine propenal for 30 min (Right).
The propenals were added to the
cell culture medium together with
the following supplements: prope-
nal alone (o), propenal + 5 ,uM
GST P1-1 (o), propenal + 0.5 mM
GSH (o), propenal + 0.5 mMGSH
+ 5 IM GST P1-1 (o), and prope-
nal + 0.5 mM GSH + 5 pM GST
P1-1 + 200 AM S-hexylglutathione
(A).

C
cJ0U
0

1-
C
0

.t
0
o.A
0
0
._S
C.

0)
-Jc.,

I-

Proc. Natl. Acad. Sci. USA 91 (1994)



Proc. Natl. Acad. Sci. USA 91 (1994) 1483

*0 o

r

FIG. 3. Immunostaining for the presence of GST P1-i after electroporation into Hep G2 cells, which were electroporated in the presence

of buffer containing 0 (A) or 2 mg (B) of GST P1-i per ml. Immunocomplexes were detected by addition of goat anti-rabbit IgG conjugated with
horseradish peroxidase and development with diaminobenzidine cobalt. (x200.)

zyme and GSH gave a protection comparable to that of GSH
alone. A similar trend was observed when HeLa cells were
treated with thymine propenal (Fig. 2 Right). However, at
higher thymine propenal concentrations, GST P1-i appears

to provide some protection even in the absence of GSH.
Protective Effect ofGST P1-i Introduced by Electroporation

into Hep G2 Cells. To further study the protective effect of
GST P1-i towards toxic propenals, the intracellular level of
the enzyme was increased by electroporation prior to expo-

sure of the cells to acrolein. The Hep G2 cell line was

selected, since it does not express detectable amounts ofGST
P1-i under the growth conditions used (21). Hep G2 cells are

also far more sensitive to acrolein than are HeLa cells (M.W.
and B.M., unpublished results).

Electroporated cells were stained for GST P1-i content
using anti-human GST P1-i antibodies, and a clear difference
in staining intensity was seen between the control cells and
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FIG. 4. Dose-response curves for Hep G2 cells electroporated in
the presence of 0, 0.2, and 2 mg of GST P1-i per ml after exposure
to 0, 10, and 50 AM acrolein for 5 min. o, Hep G2 cells electroporated
in phosphate-buffered sucrose (control); A, Hep G2 cells electropo-
rated in the presence of 0.2 mg of GST P1-i per ml; m, HepG2 cells
electroporated in the presence of 2 mg of GST P1-i per ml. Bars
indicate standard deviations (n = 4).

cells treated with 2 mg ofGST P1-1 per ml, demonstrating the
incorporation of the enzyme (Fig. 3). When the electropo-
rated cells were exposed to acrolein for 5 min, the sensitivity
towards the propenal decreased with GST P1-1 concentration
in a dose-dependent manner (Fig. 4).

DISCUSSION
In this study the role of GSTs in cellular protection against
activated alkenes was approached at two levels. First, base
propenals were evaluated as possible substrates for GSTs;
second, the protective effect was evaluated on cells in vitro.
The base propenals were found to be good substrates, and
GST P1-1 showed the highest specific activity with the four
base propenals tested, followed by GST M1-1 and GST Al-1
(Table 1). Catalytic efficiency, as represented by kcat/Km,
demonstrated that GST P1-1 was by far the best catalyst, and
GST M1-1 was better than GST Al-1, in inactivating the base
propenals tested (Table 2). For GST P1-1, the kcat/Km value
obtained with adenine propenal (769 mM-1 s-1) was signifi-
cantly higher than that obtained with 1-chloro-2,4-dini-
trobenzene (130 mM-1-s-1; ref. 29).

Previous studies by Grollman et al. (7) showed that GSH
reacts with thymine propenal under physiological conditions,
generating thymine and GS-CH=CH-CHO. By MS anal-
ysis of the GST P1-1-catalyzed reaction between adenine
propenal and GSH, two peaks with m/z values of 362 and 497
were detected (Fig. 1). These values are in good agreement
with the molecular mass of glutathionylpropenal and of a
GSH conjugate formed by a Michael addition-i.e., a nu-
cleophilic attack of GSH at the double bond of the aldehydic
moiety of adenine propenal, respectively. It appears possible
that the GSH adduct ofadenine propenal is formed as a result
of specific GST catalysis, whereas the glutathionylpropenal
derives from the uncatalyzed reaction. For comparison, in
the reaction of GSH with the cytostatic drug chlorambucil,
several GSH conjugates have been identified (31), whereas
only one of the products (the monoglutathionyl adduct) has
been identified as the product of the GST-mediated reaction
(32).
The finding that GSTs are active in the detoxication of

activated alkenes suggests that they play a major role in the
cellular protection against oxygen toxicity. It has previously
been shown that GSTs efficiently catalyze the GSH conju-
gation of 4-hydroxyalkenals (30, 33), with rat GST 8-8 show-
ing a particularly high catalytic efficiency (34, 35). Table 2
shows catalytic efficiencies of human GSTs with 4-hydroxy-
alkenals for comparison with values for the propenal deriv-
atives as electrophilic substrates for the same enzymes. It is
noteworthy that the activities of the base propenals in many
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cases are higher than those for the 4-hydroxyalkenals, which
otherwise have been ranked among the substrates giving the
highest activity with GSTs (30). Crystal structures of GST
Al-i (36) and GST P1-i (37) have shown that the binding site
for the electrophilic second substrate (the H-site) is highly
hydrophobic in GST Al-i but more polar and more open to
the surrounding solution in GST P1-i. These differences in
the H-site structure are consistent with the higher catalytic
efficiency ofGST Al-i with long-chain 4-hydroxyalkenals in
distinction from that of GST P1-i, which is higher with the
more polar propenal derivatives.
The cytotoxicity studies on HeLa cells showed that the

simultaneous presence of GST P1-i and GSH in the culture
medium gave higher protection against the toxic effects of
adenine and thymine propenal than when they were present
separately (Fig. 2). The protection against adenine propenal
obtained with GST P1-i plus GSH as compared with that with
GSH alone may be even higher than the 2-fold effect ob-
served, since constituents in the medium were found to
inhibit the enzyme irreversibly (data not shown). The degree
of protection was >3-fold against thymine propenal (Fig. 2).
We have also investigated the protective effect ofGST P1-1

introduced by electroporation into Hep G2 cells, which
normally do not express detectable levels of GST P1-i (21).
Our results show that a substantial protection against acrolein
cytotoxicity was achieved (Fig. 4) and that the protective
effect is afforded also intracellularly. The effect observed
also implies that the GSH adduct formed, which still retains
the electrophilic aldehyde functionality, is less toxic than
acrolein.

In terms of the physiological function, it appears relevant
that class Pi GSTs are often expressed in response to chem-
ical insults, as exemplified by the rat hepatocyte nodule
model (38). GST P1-i is also produced at high levels in many
tumor cells (19-21, 39). Therefore, the high activity observed
with the propenal derivatives supports the notion that GST
P1-i serves an important function in the cellular response to
oxidative stress. The differences in substrate selectivities of
the different GSTs suggest that GST P1-i is associated with
oxidative damage to nucleic acids, whereas GST Al-i and
GST Mi-i are linked to lipid peroxidation, even if the
substrate specificities are largely overlapping, implicating
that different GSTs to some degree can substitute for one
another.

It should be noted that in addition to the GST-catalyzed
reactions examined in the present investigation, other GSH-
linked enzymatic reactions contribute to the cellular resis-
tance phenotype. In particular, the GSH peroxidase activity
(40) is an important contributor to the protection against
organic hydroperoxides and H202 formed by oxidative pro-
cesses and radical reactions.

In conclusion, the results of the present investigation show
that human GSTs, especially GST P1-i, are capable of
inactivating base propenals and acrolein as well as related
activated alkenes. This GST activity therefore contributes to
the cellular resistance phenotype that is of fundamental
importance for the protection of the organism against toxic
effects of drug metabolism, lipid peroxidation, and ionizing
radiation.

This work was supported by the Swedish Cancer Society and the
Swedish Natural Science Research Council.
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