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Chemical structures critical for the induction of FMN-dependent 
NADH-quinone reductase in Escherichia co# 
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Kc.', ~,,t~rds: NAl)ll-quin~mc rcduclasc: Ena'~mc induction: Dl-diaphola~,c: Ouinonc" Michael acccplm: (I:', cMi) 

An FMN-dt:pcndcnt NAl)H-quinone reductasc is induced in l :wheriHua co// by growing tile cells in the presence of menadionc 
(2-methyl-1.4-naphthoqumonc). Since Ihe properties ol induced enzyme arc ve~' similar to those of NAD{PJH :(quinonc-acccp- 
lor) oxid~rcduciasc let" 1.¢~.99,2). km~wn as DT-diaphorase, from animal cells, slructural requirements of quimmc derivatives as 
an inducer of NAl)lt-quinonc reductase in E. coli xscrc examined. Among quinonc derivatives examined, il was fimnd thai 
2-alkyl-l,4-quimme struclulc wilh ('-3 unsubslitulcd or substilutcd wilh Br ix critical as a common inductive signal. Michael 
reaction acccpt~rs ~shich haxe been reported to be Ml-ong inducers ~f DT-diaphorase in mouse hcpatoma cells were not always 
cffective inducers in E. colt. 110wever, several ¢ompound~,, such as 2-mclhylenc-4-butyrolactonc, mclhylacrylatc and methyl vinyl 
ketone, shinned a slight induclixe actixity. The efficient inducers of NADH-quinone reductasc in E. co// contain 1,4-quinone 
structure as a part of tile inductive signal. These compounds belong to Michael acceptors and arc likely to conjugate with thiol 
compounds such as glulathione. 

Introduction 

Earlier ,;tudics in this laboratory [1] demonstra tcd 
that menadionc (2-methyl- l ,4-naphthoquinonc)  in- 
ducts  an FMN-depcndcnt  NADH-qu inonc  rcductasc 
in EschetJchia colt.  The induced quinonc rcduetasc 
exclusively reacted with N A D H  and required FMN its 
a ¢ofactor. Except for NADH-specif ici ty and FMN-de-  
pendence,  the properties of this enzyme were very 
similar to NAD(P)H :(quinonc-acccptor)  oxidoreduc- 
tasc (EC 1.6.99.2), known as DT-diaphorase,  from ani- 
n,al cells with respect to the electron acceptor  speci- 
ficity, reaction mechanism (ping-pong), dicoumarol 
sensitivity, and the two-cleclron transfer rcduction of 
quinones [ I ]. 

The DT-diaphorase of animal cells is induced by a 
variety of xenobiotics [2]. Among these compounds,  
phenolic antioxidants elevated DT-diaphorase but not 
cytochrome P-450 levels [2]. By use of the mouse 
hepatoma cells (Hcpa Iclc7), Prochaska et al. [3] 
demonstratcd that structurally di,'~similar catechols 
(l .2-diphenols) and hydroquinones ( l ,4-diphenols)  in- 

Abbreviation,< Menadionc, 2-mclhyl-l,4-naphthoqumcae: NQ, 1,4- 
naphthoquinone: BO. 1.4-benzoquinonc: duroquinonc, 2.3.5,(~-tctra- 
mcth~lbcnzoqumtme: NQR. NADll-quinone reduclasc: SOD. super- 
oxide dismulw, c. 

duct  DT-diaphorase,  but resorcine (I ,3-diphenol)  and 
its substituted analogues are inactive. Thus, the signal 
for the induction of  DT-diaphorasc was considered to 
be dependent  on the redox-lability of these inducers 
[2.3]. After  that, Talalay et al. [4] identified a common 
chemical signal for the induction of DT-diaphorase  
and glutathione transfcrases as Michael reaction ac- 
ceptors character ized by olefinic bonds that ".re ren- 
dered elcctrophilic by conjugation with electron- 
withdrawing substituents. Fur thermore,  Spencer  et at. 
[5] demonstra ted  that the potency of  inducers of DT- 
diaphorase parallels their efficiency as substrates for 
glutathionc transferases. At present,  thc induction of  
phase I1 enzymes such a~; DT-dmphorasc,  glutathione 
transfcrases and glueuronosyl-transferases, is consid- 
ered 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 N A D H - q u i n o n c  reductase of E. colt is induced 
by menadione and by 2-tert-butylhydroquinone [1], 
which arc Michael reaction acceptors. Therefore ,  it ts 
of interest to identify a chemical signal fi)r the induc- 
tion of N A D H - q u i n o n e  redt, cta,,,e in E. co// in compar-  
ison with that for the induction of DT-diaphorasc  in 
animal cells. In the work reported here, the inducible 
activities of various quinone derivatives and Michael 
reaction aeecptors were examined. 



M a t e r i a l s  a n d  M e t h o d s  

Materials. Bovine panc reas  deoxyr ibonuclcase  1 
(Type IV), b u t t e r  milk xan th ine  oxidase and  horsc  
hea r t  cy tochrome c (type I11) were ob ta ined  from 
Sigma. 2,3-Dimethyl- ,  2-chloro-.  2-methyl-3-chloro-  
methyl-,  2-methyl-3-bromo-,  and  2-hydroxy- lA-naph-  
t h o q u i n o n e s  were kindly d o n a t e d  from Prof. Emer i tus  
N. lkeda  of  Ch iba  University.  All o the r  chemicals  were 
of  the  highest  commerc ia l  g rade  available.  

Bacterial growth. E. colt K12, C600 was shake-cul-  
tu red  at  37°C in a complex m e d i u m  conta in ing  1% 
polypeptone ,  0.5U- yeast extract  and  20 m M  sodium 
p h o s p h a t e  (pH 7.2). T h e  cell growth was mon i to r ed  by 
the  increase in absorbance  at  600 nm with a Perkin-  
E lmer  spectrophotome; .er ,  model  35. 

Induction of NADH-quinone reductase. The  cells were  
innocu la ted  to a fresh m e d i u m  at the  cell densi ty of  
0.02 at 600 nm. W h e n  the  cell densi ty  r eached  abou t  
0.2, an  appropr i a t e  a m o u n t  of  test  c o m p o u n d  was 
a d d e d  to the cul ture.  Most  of  test  c o m p o u n d s  were 
dissolved in e thano l  as stock solut ions  and  the  concen-  
t ra t ion  of  e thano l  in the  growth m e d i u m  was always 
m a i n t a i n e d  below 3%, where  e thano l  showed no in- 
hibi tory effect  on  the  cell growth.  By the  addi t ion  of  
test  compounds ,  the  cell growth was suppressed  or 
s topped  for a while, and  t hen  the  growth was resumed.  
A t  the  cell densi ty  of  0 .6-0.8 ,  the  cells were harves ted  
and  washed  twice with 50 mM potass ium p h o s p h a t e  
(pH 7 . 5 ) / 5  m M  MgSOa by cent r i fugat ion .  The  washed  
cells were su spended  in the  same m e d i u m  con ta in ing  
d i th io thre i to l  (1 m M )  and  deoxyr ibonuclcase  1 (10 
~ g / m l )  at  the  cell densi ty  of  abou t  2 at 600 nm. Then ,  
the  cells were  d i s rup ted  by a pulse sonica~or (Tomy 
UD-201)  for 2.5 rain at the  o u t p u t  of  30 with 5 0 ~  duty. 

1.0 

0.6 

0.4 

<- 0.Z 
_= 

0.1 

OJ}6 
~ 0.04 

0.02 

| 
2(I ~ ~"  ~" " 

15 

10 

5 

-3 0 ~ 6 9 
Time (h) 

500 

~400 

300 .~ 

ZO0~ 

I O0 

0 

Fig. I. Time-courses of the inducrtio~: ,f  NADH-quinone reductase 
(NOR) and superoxide dismmase (SOD). At a c,:ll density of 0.25 at 
600 nm (indicated by the arrow'). 0.25 mM menadione was added to 
the culture. At the indicated time. the cells were han'ested and then 
NOR (el and SOD to) activities in the c~toplasmic fraction were 
determined. The values are expressed as the mean of three separate 

experiments. The dotted line denotes the cell densily at ~ 0  nm. 

i7t  

The  broken  cells were centr if , .gcd at 10()00t! × ~: [or I 
h and the '~upcrnatant  was used a'~ a cytoplasmic h:.~c- 
lion. 

Enzynw assays N A D H - q u i n o n c  rcductasc  ( N O R )  
was assayed at 31Y(? in the  reaction mixture conta in ing 
211 mM Tr i s - | tC l  (pH 7.5k 11.2 mM NAI) I I ,  0.1 mM 
mcnad ionc .  5 # M  FMN and  enzyme in a total v . l u m c  
of 1.0 ml. T h c  activity was measured  from the decrease  
in absorbance  at 340 nm. Onc  uni t  of activity is def ined 
as the  amoun t  of enzyme catalyzing the oxidation ~f I 
txmol N A D H  pcr  rain. 

Superoxide d ismutase  (SOl ) )  was assa~cd and  its 
unil is expressed as dc~,cribed by McCord and  Fridovich 
[6] cxcept tha t  the  react ion was carr ied out  in a h)tal 
volumc of 1.0 ml. 

Prote in  was de t e rmined  by the me thod  of Lo~vrs. ct 
al. [7] with bovinc scrum albumin as a q a n d a r d .  

R e s u l t s  a n d  D i s c u s s i o n  

Effect of menadionc on the indm'tion of NAl)tl-qtdnonc 
reductase (NQR) and ~tq)eroxide di~'mt¢ta~-e ~SOD) 

Since F M N - d e p c n d c n t  N A D H - q u i n o n c  rcductasc  
( N Q R )  and supcroxidc d ismutasc  (SOD)  of E. colt arc 
markedly induced by mcnadionc ,  the effect of mena-  
dionc on the  induct ions  of thc~,c enzymes was exam- 
ined. As shown in Fig. 1, the ecll growth was r e t a rded  
af ter  the addi t ion of (i.25 mM m e n a d i o n e  and  thcn  the  
cells con t inued  to grow at a low rate.  The  induct ion of 
both  N Q R  and S O D  occur red  immediatel~¢ a l lc r  the 
addi t ion of mcnad ionc  and  reached  about  a hall of the 
maximum induct ion  in 1 h. Fig. 2 sho~s  the effect ¢tl 
the conccnt ra t ion  ,~f menadionc .  The  inducible abilily 
of m e n a d i o n c  for N O R  and SOD increased with the 
increase in it,, concen t ra t ions  and ~'as sa tura ted  a! 
about  11.35 raM. Thus,  the t ime-courses  and the con- 
cen t ra t ion  d e p e n d e n c e  ~f N O R  induction v, crc xcD' 
similar to those of SO[)  induction.  

!,o ,oo  

0 0.0S 0.15 0.2S Oag 
Menadione (raM) 

Fig 2. Effect of the concentrat ion o f  m~nadione on the inductitms of 
NQR and SOD. A|tur the :~ddilion "~f indicated amount ol mcna- 
dione to the culture at a cell oen,;ty of 0.2. the cells v, ere hav,'csted 
at (L~; and then N O R  ¢ @ ) and S O D  ( .~ ) actwi t les in lh+.: c~to,~la++mi~ 
fraction ~cre determined lhe ~alue', are cxprc~,cd a'+ the mca~ tq 

three ~eparaic expcrimcms. 
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A~ sho~n  in our prc ' ,ums paper  [I]. the c~';opla~m 
lrnm non- induced  cells conta ins  se,,eral kind~, o f  en- 
zyme catalyzing N A D H - m c n a d i o n e  7edut tasc attic, try. 
The lolal ,iclixity of N A D H - m e n a t t i n n c  rcducla~,c ill 
!lle c.~topl:r,m increased from (I.32 to fl.Sl) u n i l s / m g  
protciu by the addi t ion o 1 5 / a M  I:MN. lit ~llc presence  
nf FMN. Pie acti~ib ~a~ inhibi ted  5q ' ;  b,, the addi t ion 
o 1 3  # M dicoumarol .  "1 ht~,. l -MN-dcpc : :den t  and  di- 
coun,:lrtq-scnt-i!ivc NAI)l l -mcn; . t t l ionc redtlclasc ~ ; l ~  

eMJlllill,2d to bc 0.47 ttllJl,,, lllg, in the ilon-indtlcctl  cell,. 
With the q~toplasm trom the induced ccllx, nloM of lhc 
NADH-mcn ; td ione  rcductase  x~'as F M N - d c p e n d e n t  and  
dicoumarol-scnsi t ivc.  Since the total  ac t iv ib  induced b.v 

3 -  1)._3 mM m e n a d i o n e  was 17.8 un i t s / r ag ,  the FMN-dc-  
penden t  enzyme was calculated to bc induced about  
37-field. On  the o the r  hand.  S O D  activity mas high in 
the non- induced  cell.,, and  it increased about  3-fold in 
the induced cells. 

lmhu'tion of .VQR am/SOD hy quimme derit ati~cs 
l ' abl~ i shows the effect of n a p h t h o q u i n o n c  and  

bcnzoqu inonc  derivatives on  the  induct ion of N Q R  

a l l l  ! " , [ ) .  , '  d n l O [ l l l [  (11 I d o l  c o n l p O U l l d  w a ~ ;  s e l e c t e d  

,~ ,. " . , c m h  intnhit  the cell growth.  l ' h c  conccn-  
t l d t i o n  t+ ,. : , A a l q o n c  t, scd in l a b l c  I was nearly 
' ,atUlalcti , :[,d mu, , , t ion  of  NOR.  At h igher  eoncen-  
trat i tms,  the .: '.uction of N O R  was r a the r  suppressed  
duc to inhibitop,.' eftcots on the cell growth,  it was also 
conl i r tncd  that  the N O R  activity induced  by these  
q u i m m c  dcri , ,alivcs requi red  FMN a:; a col 'actor and  
~a~, h th ib i tcd  more  than  NSr; by 3 # M  dicoumarol .  
Thcs,.." p roper t i es  were ve~ '  s imilar  to those of  the  
cnz~mc induced by mcnad ione .  

A m o n g  1 .4 -naph thoqu i ronc  (NO)  de rha l ivc s .  N O  
and  2.3-dimcth.~l-N() v~crc ineffective as inducers.  In- 
ductive activity of  m e n a d i o n c  was los! by replacing the  
2-mclh.xl gl,.mp ~ill] chloro  or hydroxy group.  1"he 
m c n a d i o n c  de r iva t i ve  s u b s t i t u t e d  at  C-3 wi th  
chloromcthyl  (2-mcth .v l -3-chlommelhyl -NQ) was inef- 
fective, but  that subs t i tu ted  wJlh hronu+-group at C-3 
(2-mcth~l-3-1m+mo-NQ) was a s t rong inducer  of  NOR.  
Al though  the 5-h~droxx derivat ive of  m c n a d i o n c  
(p lumbagin)  still m a i n t a i n e d  an induct ive activity with a 
~,ignilicant dccrca.,,e in eff iciency.  3 -hydroxy-NO 
( jughmc)  was almost  ineffective as an inducer  of  NOR.  

With respect  to 1 .4-bcnzoquinonc (BO)  derivatives,  
2-mcthyI-BO was a q r o n g  inducer ,  followed by 2,6-di- 
mcthyI-BO. 2-Meth. , ,hS.6-dimethoxy-BO also showed a 
slight inducti ' ,e  activity. D u r o q u i m m c ,  however ,  showed 
no inductive activity. D i b r o m o t h y m o q u i m m c  was found 
to bc an efficient inducer,  in this compound ,  the  C-3 
and (+-h posi t ions adjacent  to 2-methyl-  and  5 - impro-  
p.~l-groups arc b n , m i n a t c d .  A l though  ( ' -3  and  C-6 posi- 
Ihm.s are unsut',.,,titutcd in thymoqu inone ,  its inductive 
activit$ was very low as c o m p a r e d  with d ib romothymo-  
qu inone ,  possibly due  to the  effects of subs t i tuen ts  in 
the qu inonc  ring. 

I n  contras t  t o  NO, unsubs t i tu tcd  BQ showed an 
al~parcnt induct ion of NOR.  In the p resence  of BQ, 
lhc g r o ~ l h  med ium ~urncd t o  intensive red color due  
to the fornmlion of qu inh}dronc .  Fu r the rmore ,  BO is a 
h i g h b  reactive qu inone ,  and  Brunmark  and  C a d e n a s  
[8} l cpo r t ed  thal  all e lectronical ly excited s tate  is gen- 
e ra t ed  b5 the react ion with H , O ,  in addi t ion  to the  
format ion  of 2.3-cpoxy-BO and  2-h}droxy-BO Since 
the induct ion ,ff N O R  did not occur  immedia te ly  af te r  
the addi l ion ol BO to the growth medium.  BQ is likely 
to be c, mvcr ted  to o t h e r  react ive derivat ives to func- 
tion as an inducer  of N O R  

As phenol ic  ant ioxidants ,  2-tert-butyl-4-hydroxyan- 
tsolc (BHA) .  3,5-di-tcrt-butyl-4-hydroxytoluene ( B H T )  
and 2- tcr t -buty l - l .4-hydroquinone  ( B H Q )  are known to 
act as inducers  of DT-d iaphora sc  in an imal  cells [2]. 
A m o n g  these compounds ,  only B H O  acted as an in- 
ducer  of N O R  in E. colt. The  mild inductive activity of  
BI IQ may be re la ted  to the  p resence  of  a bulky tert- 
butyl g roup  at ( ' -2  posi t ion.  Inability of  B H A  a n d  B H T  
as inducers  of N Q R  may be due  to the  absence  of  



enzymes in !'.. coil which convert these c inpound,, Io a 

reactive lorm as the inducer. 
From these results, i, can bc concluded thai 2-alk.~l- 

3-unsubstituted-l,4-quinone or 2-alkyl-3-bromo-l.4- 
quinone structure functions as a c o m m o n  inductKc 
signal for NQR in E. coll. An apparent exception is 
the induction of NQR by BO. which has already bccn 
mentioned above. 

The induction of SOD reflects the generation of 
superoxide radicals during the metabolism of these 
quinone derivatives. As shown in Table i, the inductive 
potencies of SOD varied with naphtht~uinonc deriva- 
tives and the inducibilitics of NOR and SOD were not 
correlated with each other. Since paraquat (methyl 
viologen), which is a typical rcdox-cycling agent, has no 
capacity to induce NOR [1], it is apparent that supcrox- 
ide radicals and other reactive oxygen species do not 
function as an inductive signal for NOR. In E. coli, 
redox-cycling agents such as menadionc and paraquat 
are 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 unique to the respective 
agents, and five proteins induced by mcnadionc only 
were detected in the two-dimensional gel analysis [9]. 
Although these proteins arc not characterized yet, 
NQR apparently corresponds to one of these prot~.ins. 

Rossi et al. [10] demonstrated that BQ derivatives 
do not mediate oxidative stress in isolated rat hepato- 
cytcs and ~apidly deplete cellular glutathionc (GSH) by 
conjugation without oxidation to GSSG. Duroquinonc 
is not able to conjugate with G S H  and +ts cytotoxicit~ 
was shown to be mediated by oxidative stress [10]. 
Therefore, it is interesting to note that only duru- 
quinone significantly induced SOD among BO dcriva- 
tivcs ('Fable !). Duroquinonc apparcntly mcdmtcs rc- 
dox-cycling in E. coli also. 

huluction o f  NQR by Michad reaction a<ceptor~ 
Table 11 shows the effect ol Michael reaction acccp- 

tors which have been reported to bc effi::icnt inducers 
of DT-diaphorasc in mouse hcpatoma cells [4]. To 
compare the inductive activities of thcs," compounds. 
the concentrations required to double tl:e basal spe- 
cific activity of DT-diaphorasc (designated CD) were 
cited from Ref. 4. From the examination of coumarine 
analogues, Talalay et al. [4] concluded that the struc- 
tural feature critical for inductive activity is an clec- 
trophilic olefin conjugated with a carbonyl group. Since 
nitroolefins are highly efficient Michael acceptors, l- 
ni~ro-l-cyclohexene was introduced and was found to 
be a strong inducer of DT-diaphorase ICD = ! -2  taM). 
This compound, however, was ineffective as the in- 
ducer of NQR in E. coli (Table I1}. Among the Michael 
acceptors examined, 2-methylene-4-butyrolactonc. 
methylacrylate and methyl vinyl ketone showed slight 
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( n + t o n a l d c h ~ , d c  1 2  ¢, IIM~ I I 7 1"~7 ! Itl ct 

l ) i m c l h : O  l u m a r a l c  I) ; ]  ( x7  . I).1t2 121 + 15 21~ 

I )mlc lh~. l  m a l c a l c  1.25 (Ltt2 + ILII¢~ 125 + 2~  21t 

' l h c  ~ahlc~  LI|C c x p r c ~ , c d  a ,  The FI}C~Ill ii~ l h l c C  scpi i r : t l t ,  c \ p c l i  

m c n t ' ,  + S.I) 

+' l'hc data from lalala) ct al. 14], 

inductive activities fc~r NOR. but unusually high con- 
ccntrations wcrc required as compared with the case of 
animal cells. Crotonaldchydc, dimethyl fumaratc and 
dimcthyl maleatc wcrc almost ineffective as inducers of 
NQR. All these compounds contain t~./3-unsaturatcd 
carbonyl structure in their molecules. Dimcthyl fu- 
marate and dimcthyl malcatc have been shown to bc 
efficient inducers of phase !1 enzymes such as DT-di- 
aphorasc and glutathione transfcrascs 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 :dways effective inducers of NOR in 
E. coli. Many quinone derivatives examined bchmg to 
i+4ichael acceptors, but only a tow derivatives are active 
as the inducers of NOR (Tablc i), Smcc the Michael 
accept Jrs with quinonc structure arc far more efficient 
induc0:rs than those vdthout quinone structure, quinone 
structure seems to bc an important inductb.c signal for 
NOF, of E. coll. 

BJth BQ and NO dcrivativc,, arc able to undergo 
1.4-'cductivc addition reaction with nuclcophilcs such 
a~, (~Stt to form the corresponding h~drt~uinonc con- 
jug ttes [10,12]. These hydroquinoncs arc easily autoxi- 
dized by molecular ()x3'gcn. in ~itro. the reaction rates 
of GSH with less substituted BO derivatives arc cx- 
tr< melv rapid and decrease in the following order: BQ. 
2-,nethyI-BO, and 2.6-dimethyI-BO [l(I]. The cytotoxic- 
it.~ of these comlx)unds in isolated hcpatocytcs was 
c¢,nsidercd to be due Io the depletion of cellular GSH. 
It ading to the oxidation or aq,'lation of protcin-thiols 
[0] .  in E. coil, it is not known whether the inducers of 
NOR must be modified in the cells before functioning 
as true inducers. The chemical structure of efficient 
:nduccrs. h(r~,ever, suggests that inducer:, are most able 
to conjugate with GSH or some other specific protein- 
th+ols at the C-3 position. If the~  inducers interact 
with a putative reprcssor molecule in the cell,,, the 
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rcactivit~ of inducers  v, ith the rcprcs, ,ot to tk~rm an 

inactive conjugate  seem,, to bc critical tor inducti, .c 

activities. In this ca.,c, the fo rmat ion  of  m o n o - s u b -  

s t i tutcd con juga te  s e e m s  to bc impor t an t ,  since the ( ' -2  

posi t ion is blocked by an alkyl g roup .  At p resen t ,  it is 

not  known w h e t h e r  the q u i n o n c  s t ruc tu re  in the in- 

duce r  molecu les  is active in the  oxidizcd o r  r cduccd  

form.  F u r t h e r  expe r imen t s  v e r e q u i r e d  to make  clear  

these  points .  
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