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"i'hc acrid¢ ncs, new inhibitors of mitochondrial 
NAI)li" ubiquinonc o×id()rcductasc (complex 1) 

W a l t e r  O c t t m c i c r ,  K l a u s  M a s s o n  a n d  M i c h a e l  Soi l  

I.chr~luld tlio~hcmw dcr l!/hmz~'n. Ruhr.LSut cr.~ttiil. B ,  ttu,,I ((;t'rltlotl~') 

(Rccci,,cd 23 Scplcmbc~ I~,~1) 

F,~ ~, ~, ud', .\~ ~tdonc. NAI)I I UhlqUtmmc IwdutIa,,c. ('omplc~t i: ()SAR; I Ito~inc hcal l): ( Mih~t'honthl;ll 

Acnd~,lc,, (t;.a/,Hmllr,~ccu~ II)+.nc,,l ~,crrc iourut ~ bc p,~,~,ctlul inhibitor,, ~1 mitt~chtmdrial NAi)l l  : ubiquintmc oxidorcductasc. 
lhcu mhib~l~r) aCll~ll~,. ~a,. be,,1 tI all alkq or ,tlkylox~; sub,~l~lucnt |cMtlcd ill Ihc 44~osilion. Biological activity reached a 
rll~l\ll l t l l l l t  ,I1 .t th,llll lc~gth t~t ~;. I1) ~ .  ] lalogt ' l t  ~,tlb',lil|lliOI! ill I~oqtiol~ 7. but nol in po.,,ilions 6 and 7, further enhanced activity. 
2 ,,\lkvlacrithulv,. ~.~cr'c Ilitwh Ic',s at'live. Itdlibtt~u);it'li~ily ill a Ou~mlilativc Structure-Activity Relationship (OSAR) could be 
t'~nlt'lalcd I~ '~'c~tt~l~'- K IIRIM(fl~ lu|ralllClCrs /, ;llld 1,2 IVctloop, A., tioogcnstn~tcn, W. and ']ipkcr, J. (1976)in Drug 
l)c,,~gn tArlcm,, I, I. cd ). kqfl. 7, pp. 1~5 2117, Academic Press, Ncv~ Yt~rk). The L)SAR could be further impro,,'cd by inclusion 
Ol lilt '  II l~tq~hll[t ' l l  ~ [) , l l , l l l tClt . ' l  ~ .  

l i t troduction 

In the mitochondrial  respiratory chain, the initial 
step is the ~xittation t~l NAI ) t t .  l h i s  rcactitm is cal- 
;llyzctt lw the NAI ) l l : ub l t l u ino l l c  oxidoreductasc 
tcolllpicx i I, Anl~llg ihc [],ltltt.'llI pulllpirlg membrane  
complexes, cotnplcx i with approx. 311 protein subtmits 
is the I,trgcst and most complex (tor recent reviews sue 
Rcfs. I, 2). 

In general ,  inhibiltu,, can sc1~,,c as usclul prt~bcs to 
clucitl,',~t: Mt ttctural 'and lllcch',lni~ti¢ a~,l~tcln 4d ctllWllc 
I¢i l t ' l l l~l l l~.  Picricidins, ;tmvtal a n d  i t ' i t c n t l l ) C  [ i re  wcll- 
km,,~,n, natulaily occurring inllibitt~rs of N A D I I  oxida- 
turn t~l omlplcx I at tlac ubiquinone binding site [i, 2]. 
Also the ubicidins, compt~unds with piericidin ring 
slrt|~',,,r.' ',,nd ubiquinonc side claain were found to bc 
potent inhibitor~, of NAl) l t -oxkla t i tm [31. Mo, c re- 
cently, inhil)iti(m t)l c()mplcx I wa,, icp()ll~:d I()l cap- 
',:lit'ill, Ihc pungent I~rinciplc ()1 retl pepper  141. l;ur- 
lhcrm~rc,  inhibition o f  NAl) l t -oxida t ion  was Iound Ior 
analogue,, ot the dopzmfinc~gic ncurotoxin I-mcthyl-4- 
phct]~Ipyridiriium [5-7], N-mcthyl-,t]-carbt~lincs [NI, 
quirl~liniunl Ct~lnl~tlihl~ It)l, .1-hythoxyl~yridinc,, aml 4- 
hydltlXyquiil~llllC~, [ Ill[ :lilt[ hythoxyllltvt~llCS I! Ii. 

l)cdw,dcd t~ lo~cph .I. K,tt,, m~ the occa,~i~m ~t tll~ gt)th I~i~thdav. 

~t'OtlC~l~u'ldUth'u: W {)clllll~.lUI. [,~krtlllat 10t i~,l~lo!.lc, I,l,t~hl [.ll;i. 
~,.'1 klldl. [~(I~,|I;IL h Iq),. ~. I.I,'K. 1 ) ~t,'~I} i~t~'L[~,llfll I, ( ; t ' rm;my.  

Wc wish to  report here that acridones (9- 
azaanthracen-10-ones) (Fig. 1) are powerful inhibitors 
of NA I)1t : ubiquinonc dehydrogcnase. Biological activ- 
it~ is best if an alkyl or alkyloxy group resides in 
position 4. The maximum of inhibition is achieved at a 
chain length t~f 8 carbon atoms. For the first time (to 
our km~wlcdgc) wc present  a Ouant i ta t ivc  Structure-  
Activity Relationship (QSAR) for inhibitors of mito- 
chondrial NAl)H-oxidation. In this QSAR inhibitory 
activity is correlated in a parabolic  equat ion to Ver-  
ItH~p's S ' I ' I -RIMOL pa lamele r s  L and L 2 [12] The 
O S A R  c:ln bc fur ther  enhanced by addition of the 
lipophilicity constant rr. 
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tt 

l:ig. 1. SIructural  loi inul;q ~I  acrido~e. 
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Materials and Methods 

('honicais 
Synthesis of acridoncs (Fig. i) starled by rcacli~m of 

suitably subslitutcd 2-chlombenzoic acids will+ substi- 
tuted anilines to yield 2-carboxydiphcnylamines accord- 
ing to standard procedure,, [13]. Ring closure to 
acridones was achieved by heating the diphenylaminc 
at 120°C in cone. sulphuric acid [13] or at 100°C in 
polyphosphoric acid [14]. The 7-azido-4-sec-butylacrid- 
one was synthesized via reduction of the corresponding 
nitro-compound by SnCI, to the aminoacridonc, diazo- 
tation and exchange of the diazo group by sodium 
azidc [I5]. The identity of the acridoncs was confirmed 
by elemental analysis and/or mass spectroscopy. 

Biochemical n~ethods 
Mitochondria from beef heart were isolated accord- 

ing to Smith [16] and .,ubmilochondrial particles ac- 
cording to Thierbach a~d Reichenbach [17]. NADH- 
oxidation by submitochondrial particles was measured 
at 311 ° in a Clark-type oxygen electrode. The assay 
medium contained in a volume of 2 ml 75 mM phos- 
phate buffer (pH 7.4); 1 mM EDTA; 1 mM MgCI z and 
0.5 mM NADH. If the activity of complex I alone was 
assayed, the medium contained in addition 10 mM 
KCN, 3 #M antimycin and 0.1 mM ubiquinone-I as 
artificial electron acceptor. In this case, NADH oxida- 
tion was measured spectrophotometrically at 341~ nm. 

Binding and displacement experiments havc been 
performed using 4-sec-butylacridone, because this com- 
pound is highly fluorescent (excitation maximum 4113 
nm; emission maximum 427 nm). In a typical assay, 
beef heart mitochondria (0.5 mg protein) in a tot:~l 
volume of 2 ml in the presence of 11.25 M sucrose, 50 
mM Tris buffer (pH 7.5), 10 mM MgCI e and 1 mM 
EDTA were incubated at various concentrations of 
4-sec-butylacridone for 10 min. Sample,, wcrc cen- 
trifuged at 10001) x g and assayed in a Shimadzu ,,pcc- 
trofluorometcr RF-510 for thcir tluorcscencc. 

QSAR calculations 
QSAR calculations were performed on an MS-DOS 

personal computer using thc software QSAR-P(" by 
BIOSOFT, Cambridge, UK. 

Results and l)iscussion 

'Fable 1 lists pi m values ( -  log of ICs,, the concen- 
tration where 511% inhibition is achieved) for a variety 
of acridones in two different mitochondrial electron 
transport systems. In the system NADH > UQ-I, 
ubiquinone-1 is used as an artificial electron acceptor 
and complexes 111 and IV arc inhibited by antimycin or 
KCN, respectivcly. In this casc, only complex 1 is 
assayed. In the system NADH > O,, electrons arc 

IAI+I I I 

pl,. +uh.'~ for mhd.t.m .! ,\,.IDII ,,~++l+m++. . +.h.tmrh,,,Mtml 

I~at'lt¢lC~ h i '  ~ ~lrmu~ qd~tttl~l~'d +t~ t.lottc~ 

No. p l , .  vahlc 

l~i-i }ii" --'~'" (.i {) ] i .... Y-,~i)l i ' ( t )  i 

(a) 4-Substituled acrlthmc,, 
1 4-n-uctadccyloxy ; 3.5 422 
2 4-methoxy-2-nitm < 3,5 4.5~; 
3 5,7-dichlom-4-sec+butyl < 3,5 4.92 
4 b-chloro-4-mclhoxy < 3.5 5,8+~ 
5 . . . . . . . . . .  3 .tj I ~ 4 ( } 
fi 7.rhl~)r().4 i~hcny I ~,tjtj 521 
7 4.hydroxy 3t;8 5.11.1 
g ,l-mclhyl 4,(I',I 51ff~ 
9 4.ehtoro 4.(12 4.~52 

I0 4-methoxy 4.62 5.f~7 
II 4-phcnyl 4.~;4 527 
12 4-ethoxy 4,% [~(itj 
13 4.ethyl 5,111 '~ 6,~ 
14 7-altlincl.4.~ .btllyl 5 3 ~ £.,~| 
15 4q-plt+pyl 537 5.5~ 
lb 4++-bulyl-7+nitn~ 5+3g 5X5 
17 4-t-butyl 5 A 2 5,44 
18 4-n-dodecyloxy 542 o.29 
19 4- phcnyloxy 5.fill 6.114 
20 4-n-pmpy[ 5.61 582 
21 4-s-butyl 5.b5 ~. 111 
22 4-n-pentyloxy 5.75 5.q7 
23 7-chlom-4-s.butyl 5.95 6.5S 
24 7+azido-4+s-bulyl ~dlO h75 
25 4-n-decyloxy <~.2~ ~.58 
26 4-n-octyl,axy b,3S 7.15 
27 7+bromo-4.~-',mlyl ~,.5~ 7.1 I 
28 7-chhm~-4-n-octyloxy b.h7 7.55 

(b) 2-Sub,tiluted ,,cr idcmes 
29 mchhm~-2-.~-butyl 
311 2+n-d¢cyloxy 
31 2-n-dodecyl 
32 2-n-octyloxy 
33 2-t-butyl 
34 2-n.dccyl 
1,.:, 2 +lhm~,+,,l. itlcl h vl 
36 2-n-lu oI)~,I 
.+ ~ 2 i ~ b u t y l  

38 2-nrbtll+~l 
39 1.-filet hyl 
40 +-ethyl 
41 2-/-propyl 
42 2q-I+utyl-5 methyl 
.13 2-n+pcnlylu,~ 
44 2 n+pcntyl 
45 2+n 41cxyl 
46 2-n-hcxyloxy 
47 2-n-hcptyl 
4g 2-n.,.',ct~l 

~ 3.5 
~, 3.5 
< 3.5 
< 3.5 

35 
3 q 
~5 
3 ', 
.~.h 

3.¢~2 
4.116 
4,tfi 
4.29 

4 2 u 

+'35 

<3.5 
- :35  
< 3.5 
< 3.5 
," 3.5 

3 g(! 
~,.gl 
4.(to 
4.4o 
4+68 
17[I 

11 
I g  
.28 

"X54 
g.47 

'~.1 t5 
~,l(I 
"~57 
q.SI 
q.N9 
r-.99 

6.27 
B.3"~ 

transported from NADH through the entire mitochon- 
drial electron transport chain to the terminal electron 
acccptor oxygun. We note that in this system the pls, 
values of the acrid, rues are generally higher as com- 
pared to complex 1. Tlais is specifically true for 2-~ab- 
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~tilttlctl acrith~nc,, g,,cc i able I. t~wllpt,qlld,..I ~, .|~). 
lhi~ t~chm, i~ur i,, altrib~ltcd t~ a ,,¢t'~mtl ~nhibltr~m MIt' 
()i' ItcIitIIHIU~',, h ) t ' ; t l c d  ;it l i l t '  |l[~itltlill(,,,I ~.%l~.Whl~ltllt- 

o x i d o - l c t l t l t ' l a , , ¢  ( ( ) c | [ l t l t ' l C l ~  ~,~,, ~,,,l,l~,,tHI, k .  ; t l ld  N~II. 
M , ,  i l l l p t l b l i s h e d  i CStlll~,) 

A[ t'~llllplCk I, Itll',llb'~lllUl~..'qt .l~'lld~ilc i', .t Illt~dCl,llu 
~nhihlhll. t'~htbilillv~ .t p / ~  v;ll~lc ~1 3.ql ( lat~Ic I. tptl. 
5k Stllvqtlut~vl ill lhc .1 ix,stlio~ cv'catly clihancc,, in- 
hibitory aclivity. It rises v~ith the length of the alkyl 
side-chain from methyl (PL. ~,aluc 4.I~0; cpd. 8)e thyl  
(5.1(I; 13), /-prop (5.37; 15 ~, n-prop C;.61; 20), t-butyl 
(5.42; 17) to s-butyl (5.65; 21). Acridoncs with higher 
alkyl substitucnts could nol bc synthesized duc to the 
lack ~t ,,uiiablc '~lartii g material. 

A sinlil;lr itl,:lca~.,c :11 ivlhihit~W pol¢llt'y i,, t~h~clvcd 
il an alko,q' ,~ul~litut lit i,~ ptc~cllt ill the 4-lX~'~ititm, 
Inhibitory activity iilC;'¢;I',,C~ tram lnclhox.~, (J,.h2: It)), 
ctho~y (4.tth: I lk Wlx'ntyh~xy (5.75: 22) It) ,t-octylt~x~ 
(h.3~; 26). I:urthcr inclea.,,c in lhc Ic~tglh ot the alkoxy 
',ittc chain diminishc,, the ac!ixitw It drop,, irom n-dc- 
cyh~xy ((,.2~,: 25) t~ n-~clatlccylox~ (,: 3.5: It. A null- 
able ',|ll'~lilucnl ill the 4-pt~sition ix also ;.i phcnyl (4.84; 
l 1 ) ~)r cvcn better ;t I)ht.'nyh~xy gr(~tip (5.hit: 19). 

l-~nfavl~ural~lc for biolot~icai activity is an additional 
sub,,titt~tion in the 5 ~,r t'> posititm (c~m]parc 21 and 3 or 
I0 and 4; l ahh '  I). ( 'tmtrary. halogen substitution in 
the 7-position enhances biological activity of the 
acrid~mcs. 7-chl,m~- (5.95; 23) and 7-bromo-4-s-butyl- 
acrithme (6.56: 27)arc  more active than 4-s-butylacri- 
ttonc (5.h5; 21). 7-(.'ldort~-4-n-octyloxyacridonc (fi.(~7: 
28) iS t[lc lll,~.'.l pOtClll inhibittn' t)f the acrittene tytx 
i'~ur~d so far. Note also tht  high activity ()1 /-;.izitlo-4-~- 
butyla,ridonc (6.(1(): 24). which after a radioactive syn- 
thcsi,, may nerve a,, a suital~le pht~lt~al't'it|ity rcagcnl for 
idc~tilic',~li~,n ol the acrithmc binding ~,itc in ct)nlplcx i, 

Nlll~'~llluli~tt 1~i the 2-1x~,ilit~n ill gcl~crai lead,, to a 
tlcclca~,cd ;tcti~ily ol the ;lcrithmcs; ht~wcvcr; 2-alkyl. 
;,lUd 2-alk~h,xv,lcrid~mc.,, arc inhibitor.,, oi complex III 
(43 4~, I at,it I) as menti~mcd abtwc. 

1,o - J  . / - / / t  

' "1 " - -  I. 1 

(] L, ~ ~ - -  

O0  0 5 1~'0 1 ~ 2 0  2 5 
r~rr h')l {r'O( ~ 

]'i~'. _'~. ]~llRlill~' C~H~,t' O[ l" ,  hkll~l,ltlh.lOItt" tO twct hc,ttt llllhvt'l'~OTIth i;~ 
H1 l!lt.' ;Ib'~.'llt~' ( i } ;lilt[ tll lilt' [)lC~U'IIt'C I*1 "~" 1() " X] (O) t*f I ' i[1 ~ 

~| ( V ) [q'l[e41,LlllL.'. 

l 
-4  - 2  0 2 4 5 8 10 

1 
nmol f ree 

I ' lg  3, l ,mc~c;l~¢t .[hJ*k I}h~l i)l lhc lvnding data  h'orll I'IF', 2. 

'i'h~ binding bchavi¢mr o[ 4-s-butylacridone (cpd. 21, 
'l'able !: pl~. value (~.l(k K,---(I.79 ~M)  was analyzed 
in more detail by a tluorcscencc assay. 4-s-butylacri- 
done exhibits a b,ph,isic binding bchaviour, which is 
charactcrizcd by specific (high aMnity) and unspecific 
(low affinity) binding (Fig. 2). The latter is linearly 
dependent on the concentration of the acridone and 
presumably associated with binding to lipids. A similar 
biphasic binding is observed for photosystem 11 herbi- 
cides, which compete with thc native plastoquinone at 
thc photosystem !!  On binding site [18, 19]. From the 
l.incweavcr-Burk plot of the binding data (Fig. 3), a 
binding constant K~, of 0.25 ~M (corresponding to a 
pKI, o/6.6(t) and a rmmbcr of binding sites x, of i.35 
mmolcs /mg protcin could bc calculated. Thc pK h of 
6.60 correlates relatively good with the p15~ j value of 
6.47. extrapolated to zero protein concentration (data 
m~t shown). 

Rotcmmc can displac,.' 4-s-butylacridone from its 
binding .,;itc (Fig. 2). As is evident from the regression 
[incs in the Lincwcavcr-Burk plot (Fig. 3), they share a 
common y-intercept (xt), ~ut different x-intercepts 
(K~,). Thi:, indicates a competitive displacement mech- 
anism [2()]. Consequently, rotenone and 4-s-butylacri- 
done have :m identical binding site in complex !. 

It has aircady bccn stressed that the inhibitory activ- 
ity of 4-alkoxyacridoncs peaks at a chain length of 8 
carbon ator:]s, it was, therefore, at tempted to treat the 
biological data for 4-substituted acridones by a QSAR. 
'l'hc length ~1 a substitucnt is described by Verloop's 
S]'I'~RIM()I~ parameter I. [12]. Since the inhibitory 
activity reached a maximum at a certain carbon chain 
length, a multiple linear regression bctwcen pls~ l and 
L and l /  was performed. Thc following parabolic 
equatit)n was obtained: 

p/.,, iIq~; i, {).()5t 1:' ~ I.X5 

n = 17, ~ q 335 r=~l)Ali7, t :~3h.SS 

(t) 
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The values oi" I. and the PL. values Iimnd and 
calculated according to this equation arc given in 'l'able 
il and a plot of p/s< ~ values found versus calculated is 
shown in Fig. 4. Fig. 5 demonstrates the dependence of 
the pls, value from the length L of the substitucnt in 
4-position. It is evident that the inhibitory activity 
reaches its maximum at a substituent length of 9-11) A. 
This indicates that the hydrop,obic binding Docket of 
the inhibitor binding protein can accommodate maxi- 
mally a side-chain 9-10 A long. Smaller and greater 
substituents will not fit well and exhibit a decreased 
activity. 

Further inspection of the data base for the physico- 
chemical p;,ramctcrs of the acrithmcs rcvcalctl that in 
the correlation matrix in addition h~ L and 1.: the 
lipophilicity parameter r had a high currclation cocffi- 

c i c n l  o l  11.93. { ) l h c r  i ' ~ a r a m e l c r s ,  c l c c t n m i c  ~u+ s l c r i c ,  

cxhitfilcd mu,:h lower vahlcs. 'lhcrcl~rc, r wit,,, in- 
cluded as an additional oa~amcler, ,,vl~ich sut~stanlially 
improved the ¢OSAR. The following equation is ob- 
tained: 

p l ~  = 0.7fi5 1.-11.1148 1+: +0.281 rr-+ 2.2u 

n ~ 17, ~ =  11,302, r -  0.938. I: -31  .{ltJ 

Values of the lipophilic~ty parameter rr', together 
with the p / , .  ~,.tlUcs calculated according to this cqua- 
lion arc also given in Tahlc II. A plot t~t' ply,, value.,, 
found versus calculated is presented in Fig. 6. 

In conclusion, in the acrithmcs some nc~ ;.tl-ld effi- 
cient inhihitors of mitochondrial NAI)H :ubitluinonc 
dchxdrogcnasc were lound. When the synthesis o[ the 

TABI. .E 11 

l"crloop'.~ N H , . R I M O I ,  p a r a m e t e r  !,. lil~ol~htlicttt' rr. pl~,, t al:, '~ l o u m l  attd ~ oh ~d+acd ~or ~ m l , , ~  ,1 ~M~lma<'d ,,+ nd, , , t ,~ 

Suh.~t. No. I+ rr ................... P )  [ ,  . . . . . . . . . . .  p L I ,  . . . . .  I)~11. ~ p L , ,  

found talc oak. 
( I  I,~1 I I  1 ' .  _,  

! t 5 2.06 (t 3.91 3.(~tt f).31 ~, r~7 
O t  I 7 2,74 - 0.b7 3.t,~S 4.l)~ - (I. I() 3.S.1 
( ' !  I ~ S 3,00 {},Sfi 4.1111 4.25 1t,25 4 t 2  
('1 9 3.52 11.71 4.02 4.5S .- !1.5~ 4.5t~ 

, fj,__ O( ' l l  ~ I0 3,98 --II 112 4.{12 4.S.1 + ~ 4.5S 
('+,t I ,  I 1 4.95 I .% .1.g4 5.32 - 11..18 5..1b 
O( ' , , I  I ,  12 ,l.t~2 0.3S 4 .% 5 31 1t.35 5.01 
( ' , l l ~  13 4,11 1.112 5,111 4311 II.]tJ 4);2 
i-(" ~1 t v 15 ,I. I I 1.53 5.37 4.ql 1t.4fi z, t6 
i-(',~ ! l,~ 17 4. I I 1.98 5.42 4,91 il.51 ~;. lq 
n-OC ~+1t : ,  18 13,40 5.33 5.42 5.4~, ~ -- 0,07 551 
OC, , I  I s 19 5.62 2.(IS 5.6ll 5.6l) II 5.h7 
n - C 3 H  ~ 20 5.02 1.55 5.{1t 5.37 11.2.1 5,37 

s-C4 |1,, 21 5.115 2.114 5.65 5.?,7 {l.2S 5.51 
n O ( . ' s l  t i! 22 h.51 1.87 5.75 5t*ll . {t. 15 5 7s 

2 c, If 1.90 4.14 f~. 21~ 6. ] 8 o.~ Iq 6. I 7 n-OC" f~ll .'L . 
H-(){: 'p+l 117 2{1 }'*,.7~, . 3 . 3 5  b , 3 8  6 2 0  " 0 .1l t l  f~.27 

• )~ll 

i t 4  

-O.5? 
0,{14 

• fUC 

OJI5 

0,31 
(L23 
IL4~S 

It2:, 
~LI{ 
(L~G 

0.09 
t),11 
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