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The acridones, new inhibitors of mitochondrial
NADH : ubiquinone oxidoreductase (complex 1)
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Acnidones (Yoazaanthracen- l0-onesy were found o be powertul mhibitors of mitochondrial NADH :ubiguinone oxidoreductase.
Then mhibitory activity was best doan aalhvl or adkylosy substituent resided in the d-position. Biological activity reached a
masimu o a chan length of 9210 A. Halogen substitution in position 7, but not in positions 6 and 7, further enhanced activity.
2 Avlacndones were much fess active, Inhibitory activity in i Quantitative Structure-Activity Relationship (QSAR) could be
corrclated o Vetoop STERIMOL parameters £oand L7 (Verloop, A.. Hoogenstraten, W. and Tipker. 1. (1976) in Drug
Dosign (Aniens, b1 ood ) Vol 7, pp. 108 207, Academic Press, New York). The QSAR could be further improved by inclusion

ot the hpophilicity parameter

Introduction

In the mitochondrial respiratory chain, the initial
step s the oxidation of NADH. This reaction is cat-
alveed by the NADIL: ubiguinone  oxidoreductase
(compley B Among the proton pumping membrang
complexes. complex 1 with approx. 3 protein subunits
is the largest and most complex Hor recent reviews see
Refs, 120

In pencral, inhibitors can serve as uselul probes o
chucidae stractural and mechamistic aspeets ol enzyvnie
reactions. Piericiding, amytal and rotenone are well-
known, naturally occurring inhibitors ol NADH oxida-
hon of comples 1 at the ubiguinone binding site [1, 2].
Also the ubicidins, compounds with picricidin ring
struetiee and ubiguinone side chain were found 10 be
potent inhibitors of NADH-oxidation [3]. More re-
cently, inhibition of complex T was 1eported for cap-
s, the pungent principle ol red pepper [4] Fur-
thermore, inhibition of NADH-oxidation was found for
analogues of the dopaminesgic neurotoxin F-methyl-4-
rhenylpyridinium  [5-7],  N-methyl-g-carbolines  [8],
quinolinium compounds 9], 4-hydroxypyrnidines and 4-
hydroxvguinolmes |1} and hydroxyflavones [
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We wish to report here that acridones (9-
azaanthracen-10-ones) (Fig. 1) are powerful inhibitors
of NADH :ubiquinone dehydrogenase. Biological activ-
ity is hest if an alkyl or alkyloxy group resides in
position 4. The maximum of inhibition is achieved at a
chain length of 8 carbon atoms. For the first time (to
our knowledge) we present a Quantitative Structure-
Activity Relationship (QSAR) for inhibitors of mito-
chondrial NADH-oxidation. In this QSAR inhibitory
activity is correlated in a parabolic ¢quation to Ver-
loop’s STERIMOL parameters L. and L2 [12] The
QSAR c¢an be further enhanced by addition of the
lipophilicity constant .
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Fig. 1. Structural foimukoof acridone,



Materials and Methods

Chemicals

Synthesis of acridones (Fig. 1) started by reaction of
suitably substituted 2-chlorobenzoic acids with substi-
tuted anilines to yield 2-carboxydiphenylamines accord-
ing to standard procedures [13]. Ring closure to
acridones was achieved by heating the diphenylamine
at 120°C in conc. 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 SnCl, to the aminoacridone, diazo-
tation and exchange of the diazo group by sodium
azide [15]. The identity of the acridones was confirmed
by clemental analysis and /or mass spectroscopy.

Biochemical methods

Mitochondria from beef heart were isolated accord-
ing to Smith [16] and submitochondrial particles ac-
cording to Thierbach and Reichenbach [17]. NADH-
oxidation by submitochondrial particles was measured
at 30 ° in a Clark-type oxygen clectrode. The assay
medium contained in a volume of 2 ml 75 mM phos-
phate buffer (pH 7.4); 1 mM EDTA; 1 mM MgCl, and
0.> mM NADH. If the activity of complex | alone was
assayed, the medium contained in addition 10 mM
KCN, 3 uM antimycin and (.1 mM ubiquinone-1 as
artificial electron acceptor. In this case, NADH oxida-
tion was measured spectrophotometrically at 340 nm.

Binding and displacement experiments have been
performed using 4-sec-butylacridone, because this com-
pound is highly fluorescent {excitation maximum 303
nm; emission maximum 427 nm). In a typical assay,
beef heart mitochondria (0.5 mg protein) in a total
volume of 2 ml in the presence of 0.25 M sucrose, 50
mM Tris buffer {(pH 7.5), 10 mM MgCl, and | mM
EDTA were incubated at various concentrations of
4-sec-butylucridone for 10 min. Samples were cen-
trifuged at 10000 X g und assayed in a Shimadzu <pee-
trofluorometer RF-510 for their fluorescence.

(SAR calculations

QSAR calculations were performed on an MS-DOS
personal computer using the software QSAR-PC by
BIOSOFT, Cambridge, UK.

Results and Discussion

Table 1 lists ply, values ( —log of 1C,, the concen-
tration where 50% inhibition is achieved) for a variety
of acridones in two different mitochondrial electron
transport systems. In the system NADH > UQ-1,
ubiquinone-1 is used as an artificial electron acceptor
and complexes 111 and 1V are inhibited by antimycin or
KCN, respectively. In this case, only complex 1 is
assayed. In the system NADH > Q,, electrons are
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TARLE- |

plsy values tor mdubenon of NADH ovidation 0 sdwtocfoondenl
particles by arwows substituted ai ndenes

No. pl, vatue

NADIL UO-T NADIE 0,

() $-Substituted acrdones

I den-actadecyloxy UM 4.22
2 d-methoxy-2-nitro <35 4.58
3 57-dichloro-4-sec-butyl < 1.5 4.92
4 6-chloro-4-methoxy <38 5,86
S 191 549
6 T-chioro-4-phenyt 19y 521
7 dhydroxy 38 S0t
R d-methyl BRI S.00
9 dchloro 4.02 4.02
10 4-methoxy 162 5.07
11 4-phenyl 184 5.17
12 d-ethoxy .90 0]
13 deethyl 5,10 5068
14 T-amino-ds-buyl ARE! SK1
15 du-propyl 537 S.58
16 J-s-butyl-7-nitro 538 SKS
17 d-r-butyl 542 544
18 d-n-dodecyloxy 542 0.9
19 d-phenyloxy 5.60 604
20 d-n-propyl S.61 5.82
21 4-s-butyl 5.68 6.10
22 4-n-pentyloxy 575 5.97
23 7-chloro-d-s-butyl 545 6.5%
2 T-azido-4-s-butyl f.(H) 6.75
25 A-n-decyloxy 6.26 0.58
26 4-n-octyloxy 6.38 715
27 T-bromo-4-s-dutyl 6.56 7.0
28 T-chloo-d-n-octylosy 6.67 7.55

(b) 2-Substituted oridones

29 6-chloro-2-s-hutyl < AS A80
30 2-n-decyloxy <35 181
31 2-n-dodecyl <35 +i6
32 2eneoctyloxy <35 4.4
33 2t-butyl < A5 168
M 2ardecy) s 170
35 Zthioro-d-methyl - s St
W 2apromld cds S8
3T 2 bud R 308
I 2en-butyl 62 554
39 T-methyl 106 5.47
40 cthyl 416 502
41 2-i-propyl 4.29 S.08
42 2-r-butyl-5 methyl 429 50
43 2on-pentyloxy <35 357
4 Zou-pentyl < X5 S8l
45 2-n-hexyl < 35 S.49
46 2-n-hexylovy <35 S

7 2-n-heptyl <15 6.27
8 2neoctyl <35 623

transported from NADH through the entire mitochon-
drial electron tansport chain to the terminal electron
aceeptor oxygen, We note that in this system the plg,
vilues of the acridones are generally higher as com-
pared to complex 1. This is specifically true for 2-sub-
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stituted weridones tsee Tabie I compounds 43 18),
This behiavionr is attributed to o second mhibition site
of acnidones, located at the ubiquinol avochiome
oxido-reductane (Octimerer, W, Masson, K. oand Soll,
M., unpublished resulis)

At comples 1 wmubshitsited acndone s 1 moderate
rhibitor, exbidnting @ pf, value of 391 Clable 1 epd.
ML Substitution i the - posstion ereatly enhanees -
hibitory activity. It rises with the Jength of the alkyl
side-chain from methyl (pl, value 4.00; ¢pd. 8) cthyl
(5.1 13), i-prop (5.37; 15Y, n-prop (.61; 20), r-butyl
(5.42; 17 1o s-butyl {5.65; 21). Acridones with higher
alkyl substituents could not be synthesized due to the
lack of suiiable startit g matenial,

A similar increase nonhibitory potency is observed
it an alkoxy substitucnt is present in the d-position,
Inhibitory activity ancreases from methoxy (462 10),
cthoxy (4960 120 n-pentylosy (5.75: 22) 10 n-octyloxy
(6.38: 26). Further increase in the length of the alkoxy
side -chain diminishes the activity, 1t drops from n-de-
eyloxy €6.260 25) 10 n-octadecyloxy (< 3.5 1) A suit-
able substituent in the d-position is also a phenyl (4.84:
1D or even better @ phenyloxy group (5,605 19),

Unfavourable for biological activity is an additional
substitation in the 5 or 6 position (compare 21 and 3 or
10 and 4 Table D, Contrary, halogen substitution in
the 7-position enhances  biological activity of the
acridones. 7-chloro- (5.95; 23) and 7-bromo-4-s-butyl-
acridone (6.56: 27) are more active than 4-s-butylacri-
done (5.65; 21). 7-Chloro-d-u-octylogyacridone  (6.67:
28) is the most potent inhibitor of the acridene type
found so far. Note also the high uctivity of /-azido-d-s-
butylucridone (6.00: 24), which after a radioactive svn-
thosis may serve as a suitable photoaftinity reagent for
identitivation of the acridone binding site in complex 1,

Substitution i the 2-position in general leads (o a
decreased activity ol the acridones; however; 2-alkyl-
and Z-alkylosvacridones are inhibitors of complex 11
G2 A8 Table D as mentioned above.
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The binding behaviour of 4-s-butylacridone (cpd. 21,
Table I ply, value 6.10; K, =0.79 wM) was analyzed
in more detail by a fluorescence assay. 4-s-butylacri-
done exhibits a biphasic binding behaviour, which is
characterized by specific (high affinity) 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 1 herbi-
cides, which compete with the native plastoquinone at
the photosystem 11 Qy, binding site [18, 19]. From the
Lineweaver-Burk plot of the binding data (Fig. 3), a
binding constant K of 0.25 uM (corresponding to a
pAy, of 6,600 and a number of binding sites x, of 1.35
mmoles/mg protein could be caleulated. The pK, of
6.60 correlates refatively good with the pl, value of
6.47. extrapofated to zero protein concentration (data
not shown).

Rotenone can displace 4-s-butylacridone from its
binding site (Fig. 2). As is evident from the regression
lines in the Linewcaver-Burk plot (Fig. 3), they share a
common  y-intercept (x)), tut different x-intercepts
(K. This indicates a competitive displacement mech-
anism [20]. Conscquently, rotenone and 4-s-butylacri-
done have an identical binding site in complex 1.

It has aiready been stressed that the inhibitory activ-
ity of d-alkoxyacridones peaks at a chain lcngth of 8
carbon atoras. It was, therefore. attempted to treat the
biological data for 4-substituted acridones by a QSAR.
The Tength o a substituent is described by Verloop's
STERIMOL parameter £ [12]. Since the inhibitory
activity reached a maximum at a certain carbon chain
length, @ multiple lincar regression between plg, and
L and L° was performed. The following parabolic
equation was obtained:

ply =090 1 0058 171185 ()

o 7oy 38 = YT F = 368K
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Fig. 4. Plot of pl, values of d-substituted acridones tound versus
caleubated taccording to Fgn, 1L The standard deviation iy indicated
by dashed hnes, The numbering is in accordance with Tabie 1,

The values of L and the ply, values found and
calculated according to this equation are given in Table
I and a plot of pl, values found versus calculated is
shown in Fig. 4. Fig. 5 demonstrates the dependence of
the plg, value from the leugth L of the substituent in
4-position. It is evident that the inhibitory activity
reaches its maximum at a substituent length of 9-10 A,
This indicates that the hydropnobic binding pocket of
the inhibitor binding protcin 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 parameters of the acridones revealed that in
the correlation matrix in addition to L and £° the
lipophilicity parameter 7 had a high correlation coeffi-

TABLE 11
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Fig. S0 Plot of Verloop's SFERIMOL parameter £ of the 4 sub-

sttuent versus ply, values of $substituted acridones, The mumber-
mg v in accordance with Table |

cient of 093 Other parimcters, clectronic or steric,
exhibited much lower values. Therelore, = was in-
cluded as an additional parameter, which substantially
improved the QSAR. The {ollowing cquation is ob-
tained:

plag = 0L76S L — 0048 L2+ 0281 7 + 2.2 )
n= 17,5 =0302,r - 0938 F - 3 69

Values of the lipophiicity parameter = togother
with the p/., vatues caleulated according to this equa-
tion are also given in Table 1. A plot of pl,, values
found versus calculated is presented in Fig, 6.

In conclusion, in the acridones some new and cifi-
cient inhibitors of mitochondrial NADH : ubiquinone
dehydrogenase were found. When the synthesis of the

Verloop's STERIMOL parameter L. lipopiulicie w. pla, vatues found and calcadated for canon §osubsited aendones

Subst. No. i T pl., ply Thit. i, Rl
found calc vitle

o 1 oo
H N 206 0 39] RN 0.31 in? [
OH 7 274 ~0.67 398 4.08 0,10 REE! i
CH, X 100 (.56 1.00 4.25 (.25 AN RN
(1 9 352 0.71 4.02 4,58 ~1).50 4.39 Ry
OCH, 10 308 -0 4.62 384 022 458 0.04
CH, 1 4.95 1.96 184 532 IRL 3.6 IEN
OC,H, 12 4.92 0.38 446 5.3 - (135 sl (05
C,H 13 411 1.02 S0 4,91 niv 142 18
i, s a1l 153 .37 491 (146 S0 (.31
-CyH, 17 4.11 1.98 542 .91 .51 S0 0.23
n-0C ;,H 5 I8 13.40 5.33 542 549 =007 550 (LK
OC H, 19 5.62 208 5.60 .60 0 .67 TR
n-CH, 20 502 1.55 5.01 3.37 1,24 5.37 0,24
5-C,H, 2 5.05 204 5.65 5.7 0.2% 5.5) 01
n-OCHy, n n.Sl 1.87 5.73 s.00 BRI 378 0413
n-0C 1 5, 235 10.90 KRS t.26 618 0.00 a.17 .09

620 009 .27 o1

n-0CI 4 26 h.T76 3.35 0.38
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radioactively labelled  azidoueridone fas been com-
pleted, it may be possible o adentify the enidone
binding protcin within comples 1 and possibly also
mfividual anmmo acids participaine inacridone bind-
ine.
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