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i Intﬁ)d:uchon

Acrolein or pmpenal (CH,= C’H-CHO) because of
its biological effects and its presence in “Tie gaseous
phase of tobacco smoke, has been widely studied
[1-9]. Injected into partially hepatectomized rats
al concentrations higher than | mg/kg, acrolein was
found to inhibit RNA and DNA synthesis in hepatic
and pulmonary lissues {10}"

However, the molecular mechanism of acrolein’s
elfect on the nucleic acid synthesis in eukaryotic or |
prokaryotic cells has nol yet been satisfactorily ex-
plained. 1L is known, that during in virro RNA tran-
scription ft1f, acrofein acts on RNA poiymerase and
nat on DNA template, since the extent of transcrip-
tion inhibition is unaffected by the amount of DNA
added to the incubation medium, How acrolein inter-
feres with the enzyrae remains to be explained.
Benedict and Stedman §12}, from a study of the in-
hibitory action of cigarette smokc on three cnzymss
(lactic, alcahol and glucose 6-phosphate dehydropen-
ases), suggested thal acrolein could deactivate the en-
zyme SH-groups by addition reactions. This assumgp-
tion has also been put forward by Bilimoria and
Nisbet [13] to account for the inhibition of E. coli
L-asparaginase 2 by acrolein. To verify whether such
a mechanism could apply to the enzyme responsible
for nucleic acid syothesis and whether it could deter-
mine the variations of synthesis observed in vivo, we

* With the technicat assistance of Mnsas.lemne Tillit and
Jeanine Abadicdebat.
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have studied the influernice of acrolein on DNA symuthe
sis in vifro. ) _

To specify the possible role of the aldehyde on the
enzymatic thiol groups, we used two different DNA
polymerases: regenerating rat liver DNA polymerase
and Escherichia coti DNA polymerase 1. The enzymat-
ic activity of the first is associated with at least one
functional thiol group [14], whereas the single cyste-
ine residuc of the second is not included in the active
centre of the molecule [15]. From these studies we
have found an inlubition of regenerating rat liver

"DNA polymerase by acrolein. Its site of action is lo-

cated in the SH group(s) of the enzyme. On the other
hand, £. coli enzyme was nol inhibited by acroiein
but activated.

2. Mal&ials and methods

2.1. Reagents

Acrolein (Prolabo) was freshly distilled before use
and diluted in distilled water to the desired cencen-
tration. 2-Mercapicethanol was purchased from
Eastman Kodak Co., Rachester, N.Y ., USA. lodaacel-
amide was supplied by Sigma Chemical Co.

2.2 Substrates

The following deoxyribonucleoside triphosphates
used as substrates were: dATP, dCTP, dGTP, dTTP .
(Schwartz Bioresearch Inc., N.Y., USA), [PH]dTTP
{Amersham Radiochemical Centre, Enpland,
fo-32P]dTTP (CEA, Saclay, France).
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Table 1 2.4. Enzymes

Actolein’ ﬂCﬁﬂn on’thé i vitro paly |d(A~T)-d(T-A) dupli DNA-lcpendent DNA polymerase of regenerating
cation? bﬁmaw the regreraiing et tver DNA poymorae: Tat Hver was prepared according ta the methad pub-

pmincubuﬂon _ Incubation : - lished elsewhere [16]. The purificatlon procedure in-
(60 mini at 38°) ) (30 minat 38°) cluded the following steps: Fraction 1, 105,000 g
L - - - supernatant, Fraction lI, ammonium sulfale precipita-
' Activity A (%) tion {30 to 40% saturation), Fraction T, DEAE cellu-
-Enzs me t HyO 5187, "0 lose chromatography, Fraction 1V, hydroxylapatite
Enzymﬂ . Emlem 2712  _48% chromatography. Thus the DNA-dependeni DNA
} polymerase has been purified 500 to 1,000-fold. In
Templal.e + II,O ) 6447 1] this paper, Fraction I'V was used.

Template + acrolein 6393 < 1% E. coli GNA pulymerase | (Fraction Vil} was put-

chased from Biopolymers Inc.

Substrates + H,0 4351 0

Sabsiraies + acrolein 5551 27%

—_— 2.5. Enzymnatic assays

The polymerization reaction was started aice. nreincubation The standard reaction mixture {0.25 ml) for the
(60 min at 387} of actoloin (0.8 mM) with enzyunie, template assay contained: 60 mM Tris-HCI (pH 7), 2.4 mM

o1 substrates. The aclivity wqs expressed in prv.les of

PH|4TMP incorporated by 't ml of enzyme 1 30 min. KCI, 3.4 mM MgCl,, 200 #M deoxyribonucleoside

triphosphates, | uCi [PH{dTTP or 0.3 uCi
[o-32P]dTTP, 100 uM poly [d(A—T)-dT—A)] or

2 et
- Temp “ 200 uM DNA (native or denatured S min at 100°),

We have used nahve or heat denatured calf-thymus

DNA (Choay France) and double stranded altesmat- 50 pl of enzyme (Fraction IV of regenecating rat liver
ing ;:Dpo,yme‘[ poly [d(A—T) &(T—A}] (Miles Inc DNA polymerase or fraction VIl of E. coli DNA
England) ) polymerase 1).

The assays for £. calfi DNA polymermse 1 differed
only with respect Lo the buffer in which the enzymie
is stored {50 mM phosphate bufter, pH 7).

Table 2
Effects ol acrolein concentration on the regencraiing rat hver DNA poly merasc aclivity.

Preincabation Incuballon

(60 min at 38°) {30 minat 38°)
Acrolein _Acrolein Acrolein Acrolein
(BX 107" M) (8% 107° N (8% 107> AL 18x 1077 Ay

Activity A (&) Aclivily A (OF) Aclivity A (%) Activity AR

Eroyme + H,0 4498 3 4498 O 4498 O 4498 0
Enzyme + acrolein 3999 + 33 58318 +30 2729 -39 45 -%9
Enzypi: + substimtes 481 0 481 0 481 0 481 0
Enzy me + substraics + acrolein 1343 +179 911 +89 418 -13 62 —87
Enzyme + 2-mercaptocthanol 30B1 0 30BI 0 3081 0 081 i3
Enzy me + 2-mercaptoethanol + acrolein 2826 - =5 2669 -13 2729 —i2 2167 -10

N

E:uvrm: 50 1 of fracion 1V; Substates. dATP and cr—:'zPldTTP Template: paly [d(A-T)-A(T-A)]. 2-m|:rc:1pl:ucl..‘1nnol 40 my
in buffer. The activity was expressed in pmoles of [a-"?P[dTMP incosporated by 1 ml of enzyme: in 30 min.
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- “Tabda 3 ’
Oppoﬂle ucl:lnl:l nfzmnpmummulldaﬁolﬂtnon Ihel:‘u‘

genmhng mt l:ver DNA polymtme

\sl Pecincubation  2nd ngm;:b.uun " Incubation .~
(30 min al:38°) (30 min #{ 38%) * . -.(30,min a¢ 38°)

- L _ Activity . "4 (%)
Enzyme + H;O  Buffer - 2018 -0
+ acrolem - Buffer “416 — 60
Enzyme + 2-mer- - P ..
captoethanol H,0 5300 - +160
+ acrolein 2-Mercaptoethanol 270 - - 87
Enzyme + 2-mer- ' -
captosthanol Acrolcin 4i44 +1G0

Templite: poly (d(A~T)-d(T—A)); acrolein: 0.8 mM in H;0;

2-mercaptoethanol. 40 mM in bulfer; encyme: 30 pf of
Fraction TV. The activily was expressed in pmofes of - -
[a->2P[dTMP incorporated by 1 ml of enzyine in 30 min. .

- Samplés were incubated for 30 min at 38°, The

acid insoluble fraction of an aliquot was precipitated -

on Whatman GF/C filter disc by 5% perchloric acid
plus 2% sodium pyrophosphate, washed with 5% per-
chloric acid, ethano! and ether, dried, suspeaded in
5 ml scintiltation fluid (4 g PFO, 0.1 g dimethyl-
POPOP per ? toluene) and counted in a Packard scin-
tillation spectrophotometer. .

The enzymatic activity was expressed in pmoles of

labelled deoxyribonucleoside monophasphate (ANMP)
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 mcorpicated pec axt of erizying B 30 mi af 38°
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3 1 Acrton of aaolem on régenerating rat liver DNA
polymctase

31 1 Effectontheenzym .
From a study of table 1, an’ acrolem—enzyme inter.
acmm seding to ‘be fully responsible for the impaired

] repln.auon in vitro, whereas, incubations of the sub-

strates with acrqleln slightly but reprodiicibly in-
crease the enzyme activity and incubations of the
template with acrolein do not affect the duplication.

3 1.2, Effects of acmlei:n concentration _
When DNA polymerasc was preincubated with in-

- creasing amounts of acrolein, the template duplica-

tion was either activated for low mofarities or inhib-
ited above 8-10~5 M (table 2). A similar phenomenan
was observed afier a simultaneous preincubation of
enzynie, substrates and acrolein. In the presence of 2-
mercaptoethanol all acroléin effects were suppressed.

3.1.3 Antagonistic action of 2-mercaptoethancl and
acrolein .
Data in table 3 show that 2-mercaptoethanol and
acrolein acl oppositely on the enzyme, very likely on
the cysteine group(s) essential for its catalytic activity,

) - Tablc 4 ) )
fn vitro duplication of poly [d(A-T)-d(T-A}| by £. coli DNA polymerase [ in the presence of acrolein.

Preincubation Encubation
{60 min at 38°) (30 min at 38°)

Acrolein Acrolcin ) Acrolein

(8% 107" M) (BX107°M) 8x 107 M)
, : Activity AE) Activity A (%) Actlvity A (%)
Enzyme + H; O 18,200 0 18,200 - a £8,200 0
Enzyme + acrolein 20,270 - +60 27,800 +52 19,500 o+ 7
Template + H;O 29,900 0 29,900 0 29,900 a
Template + acrolein 38,300 . +28 40,700 +36 41,260 +0
Substrates + H,Q 15, 704) 0 15,700 Q 13,700 - -0
Substrates + acrolem 17.800 +13 18,300 T +H17 . 18,500 © +18

Experimental conditions werc as dc:cribcd in the text. A.cnvity was mtprened In pmolca of |3H]dTHP incorporntntl by 1 mlof

enzyme in 30 min.

288



.FEAS LETTERS

Volpame, 30, sumber 3
Tablieo S : : .

. L.;Edl' foduwuumldn ‘effoct on the E. coli DNA. polymm:l:
'l nclh'aﬂun pmdnoed b:v acroloin, )
ﬁ-ahwbnhm Incubation

oo " DNA polymerase ,

R activity ‘a®

Euzymc + H0 - 9,500 0
Entyme + acrolein . 12,900 +36
Enzyme + aczoicin 13,000 +37
Templato + H30 12,200 o
Templato + scroleln . 16,750 37
Template + acrofein 18,600 +53
Substrates + H,0 10,900 0
Substrates + acrolein . 17,700 +53
Substraies + acrotein £3,300 G4

xntal c;xndiuons were at degcribed in the lext. Acro-

lein was B X 10°° M. Aclivity was expressed in pmoles of
le- ”r]crmp incorporated by | ml of enzyme in 30 min.

* Enzyme had been previously treated with iodoncetamide at
. aconceniration of 10 mM for 4 min at 4°.

111ese data also demonstrale the meverslbilnty of the
DNA polyml:msc inhlbition induced by acrolein even
in the presence of 2-mercaptocethanol.

-3.2. Action of acrolein on E coli DNA polymerase

3.2.1. Effects of acrolein concentration

When E. coli DNA polymerase [ is preincubated
with increasing concentration of acrolein (8 X 1077 M
lo 8 X10—% M), in contrast to the results obtained for
regenerating rat liver DNA polymerase, the measured
activilics are always higher than those of the controls
(iahie 4). In the presence of 2-mercaptoethanol, an
aclivation of E. coli enzyme by acrolein has not been
detected (unpublished results).

3.2.2. Acrolein effect on the enzyme, template and
substrates
The results obtained after preincubation of acrole-
in with £, coli enzyme, template or substrates (table
%} indicate that the atdehyde can react with each of
the prezent coraponents of the medium and always
favours the raaction of polymerization.
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3.2.3. lodoacetamide action

The action of acrolein on £. coli enzyme whose
gulfhydryl group has been preliminarily blocked by
iodoacetamide is in all caseg simi'ar to that observed
for the enzyme whase sulfhydry| group has becn left
free {table 3). Thus the activation praduced by acro-
lein does not result from the f{ixation of the aldehyde
on the sulfhydryl group of E. cofi DNA polymerase 1.

4. Discussion

During the course of theste experiments, it has been
shown that acrolein has two effects on the in vitro
DNA synthesis.

i} The inhibitory ection of acrolein on partially
puriffed DNA potymerase of regenerating rat liver is
located in the sulfhydryl proups cssential for the en-
Zyme aclivily as recently pointed out by J.M.
Rossignol et al. [14]. In fact, 2-mercaptoethanol and
acrolein act oppositely on the enzyme. It has been se-
ported [17] that 2-mercaptoethanol liberates the ac-
tive sulfhiydryl groups of the enzyme by reducing its
disulflide bonds. QOwing to the respeclive chemical prop-

erties of 2-mercaptoethanol and acrolein, it seemns
reasonable to conclude thai acrolein, oxidizing the ac-

tlve thiol groups of the encyme, inhibits the IDNA
polymcrase, whereas 2-mercaptoethanol, reducing
them, leads to an oppdsite effect:

E-SH + CH,=CH-CHO——ES—-CH,;—-CH,;—CHO

This hypothesis is consistent with the fact that £ coli
enzyme, devoid of SH groups in its active cenier, is
not inhlbited by acrolein but activated.

ii) The activation induced by acrolein, either at
very low molarities as in experiments with regenerating
rat liver DNA polymerase, or at higher molarities with
E. coli enzyme, may be piesumed to comespond to a
different pattern either related 1o the oxidizing prop-
ertics of acrolein double bond or to its aldehydic
function.

For £. coli enzyme (table 4), it scems that acrolein
likewise acls on the three components of the reaction.
Since this enzyme lacks an SH group in its aclive cen-
ter, only ils positive action arises. On the other hand,
for the mammalian enzyme the activation can only be
detecled as long as the active SH groups of the DNA
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polymerase are not attacked by acro]em ie. at very
low concentrations. 'l‘hough it is still [mposmble to
provide any definitive explanatlon of this phenomc ’
non, it can be assumed that low concentrations of -~
acrolein may form a complex with the substiates
(H. Descroix et al. [18—-19]). 1n this complex, both-
associated compounds coiild have lost their respective

- inhibitory properties with regard to the regeneraling
rat liver DNA palymerase. This hYpOthﬂSlS agrees with
the activation observed after 2 simultanecus preincuba-
tion of enzyme, substrates and acrolein (lable 2).
However, in order to specify whether acroléin inter-
acts with the templates or the substrates during the
in vifro DNA syothesis, further experiments must be
undertaken. . _

We have previously found that, in vivo, the inhibi-
tion of RNA and DNA synthesis occurred at acrolein
concenfrations higher than 1 mg/kg [10]. /n vitro the
RNA polymerase was aiso inhibited {11]. In this
paper, we have shown that the regenerating rat liver

DNA polymerase was inhibited in »itro at acrolein mo- -

larities between 2 X 10~ 3 M and 8X 104 M,

It i3 well known that acrolein is the most abundant -

aldehydic compound in the vapor phase of ciparette
smoke. If this constituent takes part in the carcinogen-
ic process induced by tobacco, its action on the mam-
malian DNA and RNA polymerase may play a rofe in
the carcinogenic process. Alacron has recently demon-
strated that acrolein is produced during the oxidative
degradation o1 antitumor agents (cyclophosphamide
and isophosphamide). In view of the reactivity of this
unsaturated aldebyde, it is suggested thar it might be
an effective cell-growth inhibitor [20]. This hypothe-
sis agrees with the inhibition we observed both i vivo
and in vitro.
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