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An FMN-dependent NADH-qguinone reductasce is induced in Excherichia coli by growing the cells in the presence of menadione
(2-methyl-1.4-naphthoguinone). Since the propertics of induced enzyme are very similar to those of NAD(P)H : (quinonc-accep-
tor) oxidoreductase (EC 1,6.99.2), known as DT-diaphorase. from animal cells. structural requirements of quinone derivatives as
an inducer of NADH-quinone reductase in E. coli were examined. Among quinone derivatives examined. it was found that
2-alkyi-1.4-quinone struciure with C-3 unsubstituted or substituted with Br is critical as a common inductive signal. Michacl
reaction acceptors which have been reported to be strong inducers of DT-diaphorase in mouse hepatoma cells were not always
effective inducers in L. coli. However, several compounds, such as 2-methylence-4-butyroltactone, methylacrylate and methyl vinyl
ketone, showed a slight inductive activity. The cfficient inducers of NADH-quinone reductase in E. coli contain 1,4-quinonc
structure as a part of the inductive signal. These compounds belong to Michael acceptors and are likely to conjugate with thiol

compounds such as glutathione.

Introduction

Earlier studies in this laboratory [1] demonstrated
that menadione (2-methyl-1.4-naphthoquinone) in-
duces an FMN-dependent NADH-quinone reductase
in Escherichia coli. The induced quinone reductase
exclusively reacted with NADH and required FMN as
a cofactor. Except for NADH-specificity and FMN-de-
pendence. the properties of this cnzyme were very
similar to NAD(P)H : (quinone-acceptor) oxidoreduc-
tase (EC 1.6.99.2). known as DT-diaphorase, from ani-
nal cells with respect o the electron acceptor speci-
ficity, reaction mechanism (ping-pong). dicoumarol
sensitivity, and the two-clectron transter reduction of
quinones [1}.

The DT-diaphorase of animal cells is induced by a
variety of xenobiotics [2]. Among these compounds.
phenolic antioxidants clevated DT-diaphorase but not
cytochrome  P-450 levels [2]. By use of the mouse
hepatoma cells (Hepa lelc7), Prochaska et al. [3]
demonstrated that structurally dissimilar catechols
(1.2-diphenols) and hydroguinones (1.4-diphenols) in-

Ahbreviations: Menadione, 2-methyl-1 4-naphthoguincae: NQ. 1.4-
naphthoqui ¢: BO. 1.4-b one: duroquinone, 2.3.5.6-tetra-
methylbenzoguinone: NQR. NADH-quinone reductase: SOD. super-
oxide dismutase.

duce DT-diaphorase, but resorcine (1.3-diphenol) and
its substituted analogues are inactive. Thus, the signal
for the induction of DT-diaphorase was considered to
be dependent on the redox-lability of these inducers
[2.3]. After that, Talalay ct al. [4] identified a common
chemical signal for the induction of DT-diaphorase
and glutathione transferases as Michacel reaction ac-
ceptors characterized by olefinic bonds that 2re ren-
dered clectrophilic by conjugation  with  electron-
withdrawing substituents. Furthermore, Spencer et ai.
[5] demonstrated that the potency of inducers of DT-
diaphorase parallels their efficiency as substrates for
glutathione transferases. At present. the induction of
phase I enzymes such as DT-diaphorase, glutathione
transferases and glucuronosyl-transferases, is consid-
cred to be a major mechanism whereby animals and
their cells can be protected against the toxicity and
carcinogenicity of many potentially harmful xenobiotics
[2-5].

The NADH-quinone reductase of E. coli is induced
by menadione and by 2-tert-butylhydroquinone [1],
which are Michael reaction acceptors. Therefore, it 1s
of interest to identify a chemical signal for the induc-
tion of NADH-quinone reductase in E. coli in compar-
ison with that for the induction of DT-diaphorase in
animal cells. In the work reported here. the inducible
activitics of various quinone derivatives and Michael
reaction acceptors were examined.



Materials and Methods

Materials. Bovine pancreas deoxyribonuciease 1
(Type 1V), butter milk xanthine oxidase and horse
heart cytochrome ¢ (type HI) were obtained from
Sigma. 2,3-Dimethyl-, 2-chloro-. 2-methyi-3-chloro-
methyl-, 2-methyl-3-bromo-, and 2-hydroxy-1.4-naph-
thoquinones were kindly donated from Prof. Emeritus
N. Ikeda of Chiba University. All other chemicals were
of the highest commercial grade available.

Bacterial growth. E. coli K12, C600 was shake-cul-
tured at 37°C in a complex medium containing 17
polypeptone, 0.5% yeast extract and 20 mM sodium
phosphate (pH 7.2). The cell growth was menitored by
the increase in absorbance at 600 nm with a Perkin-
Elmer spectrophotometer, model 35.

Induction of NADH-quinone reductase. The cells were
innoculated to a fresh medium at the cell density of
0.02 at 600 nm. When the cell density reached about
0.2, an appropriate amount of test compound was
added to the culture. Most of test compounds were
dissolved in ethanol as stock solutions and the concen-
tration of ethanol in the growth medium was always
maintained below 3%, where ethanol showed no in-
hibitory effect on the cell growth. By the addition of
test compounds, the cell growth was suppressed or
stopped for a while. and then the growth was resumed.
At the cell density of 0.6-0.8, the cells were harvested
and washed twice with 50 mM potassium phosphate
(pH 7.5)/5 mM MgSO, by centrifugation. The washed
cells were suspended in the same medium containing
dithiothreitol (1 mM) and deoxyribonuclease 1 (10
pg/ml) at the cell density of about 2 at 600 nm. Then.
the cells were disrupted by a pulse sonicator (Tomy
UD-201) for 2.5 min at the output of 30 with 50% duty.
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Fig. 1. Time-courses of the inductio:: of NADH-quinone reductase
(NQR) and superoxide dismmase (SOD). At a ccll density of 0.25 at
600 nm (indicated by the urrow). 0.25 mM menadione was added to
the culture. At the indicated time. the cells were harvested and then
NOR (@} and SUD (O) activities in the cytoplasmic fraction were
determined. The values are expressed as the mean of three separate
experiments. The dotted line denotes the cell density at 600 am.

i7l

The broken cells were centrifi.ged at 100000 < ¢ for 1
h and the supernatant was used as a cvioplasmic frac-
tion.

Enzyme assays NADH-quinone reductase (NQR)
was assayed at 30°C in the reaction mixture containing
20 mM Tris-HCl (pH 7.5), 0.2 mM NADH. 0.1 mM
menadione. S uM FMN and enzyvme in a iotal volume
of 1.0 ml. The activity was measured from the decrease
in absorbance at 340 nm. One unit of activity is defined
as the amount of enzyme catalyzing the oxidation of 1
umol NADH per min.

Superoxide dismutase (SOD) was assayed and its
unit is expressed as described by McCord and Fridovich
[6] cxcept that the reaction was carried out in a total
volume of 1.0 ml.

Protein was determined by the method of Lowry ¢t
al. [7] with bovine scrum albumin as a standard.

Results and Discussion

Lffect of menadione on the induction of NADH-quinone
reductase (INQR) and superoxide dismutase (SOD)

Since FMN-dependent NADH-qguinone  reductase
(NQR) and supcroxide dismutase (SOD) of E. coli arc
markedly induced by menadione, the effect of mena-
dionce on the inductions of these enzymes was ¢xam-
ined. As shown in Fig. 1, the cell growth was retarded
after the addition of 0.25 mM menadione and then the
cells continued to grow at a low rate. The induction of
both NQR and SOD occurred immediately atter the
addition of menadione and reached about 4 halt of the
maximum induction in 1 h. Fig. 2 shows the effect of
the concentration of menadione. The inducible ability
of menadione for NQR and SOD increased with the
increase in its concentrations and was saturated at
about 0.35 mM. Thus, the time-courses and the con-
centration dependence of NQR induction were very
similar to those of SOD induction.

NQR (units/mg)
SOD (unitsimg)

0.15  0.25
Menadione (mM)

Fig. 2. Effect of the concentration of menadione on the inductions of

NQR and SOD. After the addition ~f idicated amount of mena-

dione to the culture at a cell gensity of 0.2, the cells were harvested

at 0.8 and then NQR (%) and SOD (73) activities 1n the cvtoplasmic

fraction were determined. The values are expressed as the mean of
three separate cxperiments.
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As shown in our previous paper [1]. the eyioplasm
from non-induced cells contains several kinds of en-
svme catalvaing NADH-menadione reduciase activity.
The total activity of NADH-menadione reductase in
the oytoplasm increased from 0.32 to O.80 units s mg
protein by the addition of 5 pM FMN. In the presence
of FMN. the activity was inhibited 3977 by the addition
of 3 uM dicoumarol. Thus, FMN-dependent and di-
counurol-sensitive. NADH-menadione  reductase was
estimated to be 047 units - mg in the non-induced cells.
With the oytopiasm trom the induced cells, most of the
NADH-menadione reductase was FMN-dependent and
dicoumarol-sensitive. Since the total activity induced by
0.25 mM menadione was 17.8 units /mg. the FMN-de-
pendent enzyme was caleulated to be induced about
37-fold. On the other hand. SOD activity was high in
the non-induced cells and it increased about 3-fold in
the induced cells.

Induction of NQR and SOD by quinone derivatives
Table 1 shows the effect of naphthoquinone and
benzoquinone derivatives on the induction of NQR

*amount of test compound was selected
SO - wently inhibit the cell growth. The concen-
tration © +none used in Table T owas nearly
saturatea « Lo masction of NQR. At higher coneen-
trations. the & luction of NQR was rather suppressed
duce to inhibitory effects on the cell growth. It was also
confirmed that the NOR activity induced by these
quinone derivatives required FMN as a cofactor and
wis inhibited more than 837¢ by 3 uM dicoumarol.
These propertics were very similar 1o those of the
cnzyme induced by menadione.

Among  Fd-naphthoguirone (NQ) derivatives, NQ
and 2.3-dimethy-NQ were ineffective as inducers. In-
ductive activity of menadione was lost by replacing the
2-mcthyl group with chloro or hydroxy group. The
menadione  derivative  substituted  at C-3 with
chloromethyl (2-methyl-3-chloromethyl-NQ) was incf-
fective, but that substituted with bromo-group at C-3
(2-methyl-3-bromo-NQ) was a strong inducer of NQR.
Although the  S-hydroxy  derivative  of  menadione
(plumbagin) still maintained an inductive activity with a
significant  decrease  in efficiency.  3-hydroxy-NQ
Guglone) was almost ineffective as an inducer of NQR.

With respect to 1.4-benzoguinone (BQ) derivatives,
2-methyl-BQ was a strong inducer. followed by 2.6-di-
methyl-BO. 2-Mcthyl-5.6-dimethoxy-BQ also showed a
slight inductive activity. Duroquinone, however, showed
no inductive activity. Dibromothymoquinone was found
to be an ctficient inducer. In this compound. the C-3
and C-6 positions adjacent to 2-methyl- and 5-isopro-
pyvl-groups are brominated. Although C-3 and C-6 posi-
tions are unsubstituted in thymogquinone, its inductive
activity was very low as compared with dibromothymo-
quinone. possibly due to the effects of substituents in
the quinone ring.

In contrast 1o NQ. unsubstituted BQ showed an
apparent indguction of NOR. In the presence of BQ.
the growth medium turned to intensive red color due
to the formation of quinhydrone. Furthermore, BQ is a
highly reactive quinone. and Brunmark and Cadenas
[8} 1eported that an clectronically excited state is gen-
crated by the reaction with H,O. in addition to the
formation of 23-cpoxy-BOQ and 2-hydroxy-BQ  Since
the induction of NQR did not occur immediately after
the addition ol BQ to the growth medium, BQ is likely
to be converted to other reactive derivatives to func-
tion as an inducer of NQR

As phenolic antioxidants, 2-terr-butyl-4-hydroxyan-
isole (BHA). 3.5-di-rert-butyl-4-hydroxytoluene (BHT)
and 2-tert-butyl-1.4-hydroquinone (BHQ) are known to
act as inducers of DT-diaphorase in animal cells [2].
Among these compounds, only BHQ acted as an in-
ducer of NQR in F. coli. The mild inductive activity of
BHQ may be related to the presence of a bulky zert-
butyl group at C-2 position. Inability of BHA and BHT
as inducers of NQR may be due to the absence of
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enzymes in L. coli which convert these ¢ mpounds to i
reactive form as the inducer.

From these results. it can be concluded that 2-alkyl-
3-unsubstituted-1.4-quinone  or  2-alkyl-3-bromo-1.4-
quinone structure functions as a common inductive
signal for NQR in £. coli. An apparent exception is
the induction of NQR by BQ. which has alrcady been
mentioned above,

The induction of SOD reflects the generation of
superoxide radicals during the metabolism of these
quinone derivatives. As shown in Table 1. the inductive
potencies of SOD varied with naphthoquinone deriva-
tives and the inducibilities of NQR and SOD were not
correlated with cach other. Since paraquat {mcthyl
viologen), which is a typical redox-cycling agent, has no
capacity to induce NQR [1]. it is apparent that superox-
ide radicals and other reactive oxygen species do not
function as an inductive signal for NOR. In E. coli,
redox-cycling agents such as menadione and paraguat
arc known to induce at least 33 proteins in addition to
those induced by hydrogen peroxide [9]. Furthermore.
menadione, paraquat and hydrogen peroxide induced a
few unidentified proteins unigue to the respective
agents, and five proteins induced by menadione only
were detected in the two-dimensional gel analysis [9].
Although these proteins are not characterized yet.
NQR apparently corresponds to onc of these proteins.

Rossi et al. [10] demonstrated that BQ derivatives
do not mediate oxidative stress in isolated rat hepato-
cytes and rapidly deplete cellular glutathione (GSH) by
conjugation without oxidation to GSSG. Duroquinone
is not able to conjugate with GSH. and its cytotoxicity
was shown to be mediated by oxidative stress [10].
Therefore. it is interesting to note that only duro-
quinone significantly induced SOD among BQ deriva-
tives (Table 1). Duroquinone apparently mediates re-
dox-cycling in E. coli also.

Induction of NQR by Michael reaction accepiors

Tablc 1 shows the effect of Michael reaction accep-
tors which have been reported to be effizient inducers
of DT-diaphorase in mouse hepatoma cells {4]. To
compare the inductive activitics of these compounds.
the concentrations required to double the basal spe-
cific activity of DT-diaphorase (designatec CD) were
cited from Ref. 4. From the examination of coumarine
analogucs, Talalay et al. [4] concluded that the struc-
tural feature critical for inductive activity is an eclec-
trophilic olefin conjugated with a carbonyl group. Since
nitroolefins are highly efficient Michael acceptors. 1-
nitro-1-cyclohexene was introduced and was found to
be a strong inducer of DT-diaphorase (CD = 1-2 uM).
This compound, however, was incffective as the in-
ducer of NQR in E. coli (Table 1I). Among the Michael
acceptors examined., 2-methylenc-4-butyrolactone.
methylacrylate and methyl vinyl ketone showed slight

LABIEE D
Induction of NOQR of o coft Iy Midic ol rcdn o accepton

Compound Coneen- NOR© sOD oDt
tration (units mg)  Gunits (D
(mM) my)
hevene 000 £ 0,12 fuv - i3 P2
I Methylene 4
butyrolactone 33 305 - 0sd T4 22
Methylaenylate RR 22708 [73+53 20
Mcthybvinvt ketone 1S 248 051 322 0
Crotonaldehyde .25 8y - 007 13710 “
Dimethyl lumarate 03y ONT - 1220215 20
Dimethy] nnaleate .25 0.92 - 000 122423 20

* The salues are expressed as the mean of three separate expeni-
ments +S.D.
* The data trom Taladay et al. 4],

inductive activities for NQR. but unusually high con-
centrations were required as compared with the case of
animal cells. Crotonaldehyde. dimethyl fumarate and
dimethyl malcate were almost ineffective as inducers of
NQR. All these compounds contain a.B-unsaturated
carbonyl structure in their molecules. Dimcethyl fu-
marate and dimethyl malcate have been shown to be
efficient inducers of phase 1 enzymes such as DT-di-
aphorase and glutathione transferases in a variety of
organs of mouse and rat [11]. These compounds arc
likely to be metabolized to other inactive compounds in
E. coli. However. it is apparent that Michael reaction
acceptors are not always effective inducers of NOR in
E. coli. Many guinone derivatives examined belong to
ichacl acceptors, but only a few derivatives are active
as the inducers of NOQR (Table 1), Since the Michacl
acceptons with quinone structure are far more cfficient
inducers than those without quinone structure. quinone
structure seems to be an important inductive signal tor
NQF. of E. coli.

Both BQ and NQ derivatives are able to undergo
1.4- eductive addition reaction with nucleophiles such
as GSH to form the corresponding hydroguinone con-
jugtes [10,12). These hydroguinones are casily autoxi-
dized by molecular oxygen. In vitro, the reaction rates
of GSH with less substituted BQ derivatives are ex-
tremelv rapid and decrease in the following order: BQ.
2-methyl-BQ. and 2.6-dimethyl-BQ [10]. The cytotoxic-
ity of these compounds in isolated hepatocytes was
considered to be due to the depletion of cellular GSH.
leading to the oxidation or arylation of protein-thiols
[0 In E. coli, it is not known whether the inducers of
NOQR must be modified in the cells before functioning
as true inducers. The chemical structure of efficient
:nducers. however, suggests that inducers are most able
to conjugate with GSH or some other specific protein-
thiols at the C-3 position. If these inducers interact
with a putative repressor molecule in the cells. the
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reactivity of inducers with the repressor to form an
inactive conjugate seems to be critical for inductive
activities. In this case, the formation of mono-sub-
stituted conjugate seems to be important, since the C-2
position is blocked by an alkyl group. At present. it is
not known whether the quinone structure in the in-
ducer molecules is active in the oxidized or reduced
form. Further experiments ¢ ¢ required to make clear
these points.
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