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Many derivatives of 2,3-dimethoxy-4-hydroxypyridine, which were designed from examination 
of the structure-activity relationship of piericidins, were tested for inhibition of N A D H -U Q  
reductase. The lipophilic side chain o f those compounds was indicated to be a key part for activity 
and its optimal length was conjectured. By the use of two different phases of assay material, intact 
mitochondria and submitochondria, the size of a membrane effect was shown to depend on the 
structure o f the side chain. 4-Hydroxyquinoline derivatives were also tested for an analogous role 
in relation to the electron transport function o f m enaquinone, and they were proven to be 
inhibitors of N A D H -U Q  reductase as good as the pyridine derivatives.

Introduction

Since the discovery of piericidins potent insecticid­
al com pounds have been discovered in m etabolites of 
Streptomyces mobaraensis [1] and pactum  [2], and 
their chemical structures [3, 4] and physiological 
properties [5, 6 ] extensively studied. The m ode of 
action of piericidins was dem onstrated  to be specific 
and poten t inhibition of ubiquinone (U Q , coenzym e 
Q ) action at the N A D H -U Q  reductase site in the 
respiratory  electron transport system in m itochon­
dria [7, 8 ]. A lthough piericidin A! is significantly ef­
fective in killing many kinds of insects, application of 
these types of natural products has been abandoned 
for reason of their chemical instability and high toxic­
ity to mammals.

The structure-activity relationship betw een pierici­
dins and respiratory inhibition was investigated [9]

Abbreviations: ETP, electron transport particles; N A D H - 
UQ  reductase, NA DH -ubiquinone (oxido)reductase; Tris, 
Tris(hydroxymethyl)aminomethane; E D T A , ethylenedi- 
aminetetraacetic acid.
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using som e synthetic analogs, and the essential struc­
tures for the inhibition of the m itochondrial resp ira­
tory chain were proposed as illustrated by Types A 
and B. The effective inhibition at the N A D H -U Q  
reductase site induced by artificial com pounds [9, 10] 
suggested a need for further synthetic investigation 
to  look for m ore efficient structures in this class of 
chem icals applicable in pest control.

In a previous study [9] on the structure-activity 
correla tion  of piericidins, effects of their functionali­
ty on activity w ere sum m arized in term s of the fol­
lowing facts: 1 ) hydrogenation on all double bonds in 
side chains of piericidins causes rem arkable loss of 
activity in the paren t com pounds; 2 ) piericidin 
analogs holding th ree isoprene units (farnesyl) as a 
side chain dem onstrate activity as high as that of 
natural piericidins; 3) a free phenolic hydroxy group 
on the pyridine ring is necessary to m aintain the high 
level of activity; 4) location of a lipophilic side chain 
at e ither a -  (TY PE A) or ß- (TY PE B) positions of 
the pyridine ring has a similar effect on activity.

In the earlier studies it was considered that the 
structural resem blance of piericidins to ubiquinone 
resulted  in the ir showing com petitive inhibition of 
N A D H -U Q  reductase in the respiratory electron 
transport system , where ubiquinone plays an impor-
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tant role as an electron carrier substrate. A ctually 
piericidins were recognized as specific inhibitors at 
that step in the m itochondria of insects [ 1 1 ] and 
mam m als [7, 8 ] in very low concentration. The rela­
tion betw een piericidins and the active site of the 
enzym e was also dem onstrated  by m eans of ex ten­
sive biochemical studies using radioactive com ­
pounds, and the results indicated that piericidins 
should bind at the ubiquinone reducing site, as is the 
case for rotenoids [12, 13]. Based on the above infor­
m ation two new series of inhibitors, classified as 
4-hydroxy-pyridine and 4-hydroxyquinoline deriva­
tives, were designed, synthesized and bioassayed. In 
this paper we report on the structural requisites of 
the lipophilic part in these molecules for inhibition of 
N A D H -U Q  reductase in the respiratory electron

transport system of m itochondria and of subm ito­
chondria (ET P ).

M aterials and M ethods

Chemicals

Com pounds carrying 2,3-dim ethoxy-4-hydroxy- 
pyridine systems were synthesized by the modified 
m ethod  [14] of the previous paper [9], and 4-hy- 
droxyquinoline derivatives were obtained by a m od­
ification [14] of the classical m ethod [15, 16]. All 
com pounds were checked by instrum ental analyses 
as follows: IR . N M R and mass spectrum  with a 
Shim adzu IR-435, a B ruker AM-400 (or a Jeol GX- 
400) and a H itachi M 80 A (or a Finnigan INCOS-50) 
spectrom eter respectively.
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Rat liver m itochondria

Suspensions of rat liver m itochondria were p re ­
pared  in the usual way as follows [17]. Male albino 
rats (5 w eek old) were decapitated to remove livers 
which w ere im m ersed in 50 ml ice-cold 0.25 m 

sucrose—0.1 m M  E D T A  in a tared  beaker. The livers 
w ere rinsed with the buffer, sliced into several pieces 
with a pair o f scissors and transferred into a 2 0  ml 
glass-Teflon hom ogenizer. The homogenate was cen­
trifuged at 900 x g  for 10 min. The supernatant was 
decanted  in to  a flask and the pellet was hom ogenized 
and centrifuged as for the first run. Both superna- 
tan ts w ere com bined and recentrifuged at 8000 x g 
for 20 min. The pellet was suspended to rep ea t the 
sam e centrifugation. Finally the pellet was resus­
pended  by gentle swirling with 0.25 m sucrose— 
10 m M  T ris—0.1 m M  E D T A  (pH  7.4, 5 ml).

Bovine heart subm itochondria (ETP)

E T P  w ere obtained from bovine heart m itochon­
dria which was prepared by an established m ethod
[18]. T he sucrose m itochondrial suspension was ad­
justed  to  pH  8.5 at 0 °C with 0.1 n  KOH and m ain­
tained at this pH  value for 30 min by addition of 
alkali. The suspension was then treated w ith a 20 ml 
glass-Teflon hom ogenizer at 0 °C. The trea ted  sus­
pension was centrifuged at 19,000x g  for 7 min 
under cooling conditions (0 °C). The supernatan t 
was collected and the pellet was again hom ogenated 
by the above procedure. The combined supernatants 
w ere centrifuged for 30 min at 80,000 x g .  The final 
pellet was taken up in 0.25 m  sucrose and , after ad­
ju stm en t of the pH  to 7.5 with acetic acid, was stored 
in liquid nitrogen.

Inhibition assay m ethod

R espiratory  inhibition of com pounds was m eas­
u red  by an oxygen electrode of Clark type at 25 °C in 
2 ml of a m edium  (pH  7.4) consisting of a m itochon­
drial suspension (0 . 2  m l), the phosphate buffer 
(1.8 m l), MgCl2  (10 jimol), ADP (0.5 fxmol) and 
L-glutamic acid (10 [xmol), or of a E T P  suspension 
(0 . 2  m l), the phosphate buffer ( 1 . 8  m l), M gCl2 

(10 |j,mol), cytochrom e c (0.03 ^imol), A D P  
(0.5 fxmol) and N A D H  (2 ^imol). The inhibitory ac­
tivity o f com pounds is expressed as a p / 5 0  value, the 
negative logarithm  of inhibitor am ount (mol/m g-pro- 
tein) at 50% inhibition.

R esults

A ) Effects o f  lipophilic substituents on the 
2 ,3 -dim ethoxy-4-hydroxypyridine system

As shown in Table I the derivatives carrying a 
sa tu ra ted  linear chain on the pyridine system (5—10) 
are m uch less active than piericidin A] with rat liver 
m itochondria. This is consistent with the previous 
conclusion ob ta ined  from the data on piericidin 
analogs [8 ]. Since both Types A and B carrying a 
farnesyl side chain show the highest inhibition level 
in the m itochondrial assay [9, 10] this was thought to 
indicate that som e steric factors are required in the 
lipophilic side chain for piericidin-like inhibitors to 
pen e tra te  from the ou ter m em brane to the inner one. 
It is at least certain  now that these 4-hydroxypyridine 
derivatives with a linear alkyl side chain need tenfold 
higher concentration  for the inhibition of m itochon­
dria  than for inhibition of ETP. A part from the effect 
o f the alkyl side chain, results in Table I indicate that 
Type A is m ore effective than Type B.

Table I. Activity o f 2,3-dimethoxy-4-hydroxypyridines 
against N A D H -U Q  reductase o f intact mitochondria and 
o f ETP.

OH

Com p. 
Nr. Type

Side Chain 
R1 Ft2

pi 50
Mitochondria ETP

1 A p ie r ic id in 11.0 11.4

4 B ro te n o n e 10.8 10.8

5 A —ch3 —  (CH2)sCH3 9.4 10.5

6 B —  (CH2)7CH3 —ch3 7.8 8.8

7 A —ch3 — (CH2)10CH3 9.7 10.6

8 B —  (CH2>9CH3 —ch3 7.8 8.9

9 A —ch3 (CH2)12CH3 8.4 9.1

10 B — (CH2>i i CH3 —ch3 7.5 8.4

11 B ~ CH 2 —ch3 <7.5 7.7

12 B -<ch2)20 —ch3 <7.5 7.8

13 B -<ch2,3 Q —ch3 <7.5 8.1

14 B —CH2-^=^-(CH2)2CH3 I o cf <7.5 8.8

15 B —'CH2~^~^-(CH2>4CH3 - ch3 8.1 9.3

16 B ~ CH2~C~^CH2'8CH3 —ch3 <7.5 8.7

17 B -CH 2- O -(C H 2)10CH3 —ch3 <7.5 <7.5

18 A —ch3 -(C h2)2 < 0 <7.5 9.1

19 A —ch3 -(CH2)3 - Q 8.4 9.5

20 A —ch3 -(C h2,4 0 10.0 10.6

21 A —ch3 -< ch 2)6 - Q > 10.4 10.8
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Table 1 (cont.)

Comp. 
Nr. Type

Side Chain  
R 1 R2

P150
M itochondria ETP

22 A —ch3 - ( CH2 ) 2 - 0 " <CH2)2CH3 8.6 9.9

23 A —ch3 -< ch2 > 2 - 0 " (CH2)4CH3
8.8 10.4

24 A —ch3 - < CH2>2 • 0 _(CH2>6CH3
8.1 9.9

25 A — CH3 —<c h 2>2 < > < » * * *
<7.5 8.2

26 A —ch3 -(CH2)2 - ^ - ( C H 2)10CH3 - <7.5

27 A - ch3 - ( CH2 ) 2 - 0 ' (CH2)12CH3 <7.5

28 A - ch3 - < CH2 > 2 - ^ - ° CH2CH3 9.2 9.8

29 A - ch3 —(Cl-I2)2 0 - 0 ( C H 2)3CH 3 9.2 10.4

30 A —ch3 -(CH,)2 - ^ - 0 ( C H 2)5CH 3 8.5 9.6

31 A —ch3 -(CHz)2 ŷ~CHCH2)7CH3 7.8 9.4

32 A - ch3 - (C ^ )2 0 - ° (CH2>9CH3 <7.5 8.5

33 A —ch3 -<CH2>2 - O ~ 0(CH2)iiCH3 <7.5 8.0

34 A — ch3 -<CH2 )3 -O ~ 0CH2CH3 9.5 9.8

35 A - ch3 -<CH2>4 O - 0 0 ^ 9.8 10.5

36 A —ch3 - ( CH2 > 4 - 0 _OCH2CH3 9.7 10.5

37 A —ch3 -<CH2 > 4 -O " 0(CH2)2CH3 9.6 10.6

38 A - ch3 -(0 ^ )4  ^ “}-0(C H 2)4CH 3 9.3 10.4

39 . — ch2ch3 —(Ch2)6 - Q - 8.9

40 - — ch2ch3 —(CH2)2 Q o(CH2) 3ch 3 - 9.7

41 - — ch2ch3 - ( CH2>4 0 - ° CH3 - 9.4

42 - — ch2ch3 -<CH2>4 - O " 0CH2CH3 - 8.1

All the com pounds carrying an oo-phenylalkyl 
group as the side chain (11—13, 18—21) show ed an 
inhibitory effect at the ETP level and this was en ­
hanced by increasing the num ber of m ethylene 
groups. Effects of para-alkyl substitution on the 
phenyl group were also m easured through the series 
of benzyl [Type B] (11, 14—17) and ß-phenethyl 
[Type A] (18, 22—27) derivatives. Activity of the 
benzyl derivatives was im proved by an alkyl substi­
tuen t, especially by n-pentyl (15), but the «-undecyl 
group (17) appeared to be oversize for the binding. 
Am ong the ß-phenethyl derivatives para-n-pentyl-ß- 
phenethyl com pound (23) also showed an optim ally 
high level of inhibition and, as in the benzyl case, the 
activity was lost beyond the point of the «-undecyl 
side chain (26). In the series of /?öra-alkoxy-ß- 
phenethyl derivatives (28—33) the same optim al 
length for activity of 29 is obvious as for the para-n- 
pentyl-ß-phenethyl derivative 23. Thus the range of 
suitable sizes (ca. eleven carbon-bond length) o f the 
substituted ß-phenethyl group appears to be lim ited 
to  lengths less than those of side chains in natural

piericidins which are of th irteen  or fourteen carbon- 
bond length [4].

F urther interesting results were obtained by vary­
ing the distance between the pyridine and the phenyl 
nuclei in the side chain. Insertion of four m ethylene 
caused the co-phenylalkyl derivative (2 0 ) to reach the 
highest level o f activity and this was unchanged by 
para-substitu tion  on the phenyl ring (35—38) or by 
extending tw o further m ethylene units (21).

C om parison of the activity patterns betw een para- 
alkyl-ß-phenethyl (18, 22—27) and para-alkoxy-ß- 
phenethyl (28—33) derivatives pointed up no signifi­
cant difference in effects due to a m ethylene and an 
oxygen at the arylic position. It is notew orthy that 
the m itochondrial inhibition values of those com ­
pounds (20, 21, 23, 29 and 35—38) are quite different 
(due presum ably to  the location of the phenyl group 
in the side chain) despite their similar potential in the 
E T P  assay.

A lthough in the  previous studies piericidin analogs 
lacking the m ethyl group on the pyridine ring system 
w ere proven to  be inactive [9], the effect of an ex ten ­
sion at that po in t had not been exam ined. So the 
m ethyl residues of the pyridine ring were m odified 
into ethyl group for four derivatives. From  those four 
sets o f com pound contrasts (21 vs. 39; 29 vs. 40; 35 
vs. 41; 36 vs. 42) it is obvious that an ethyl sub­
stituen t is less effective than a methyl one in hihibit- 
ing the N A D H -U Q  reductase.

B) Effects due to structural modification  
o f  the 2 ,3-dim ethoxy-4-hydroxypyridine system  
into the 4-hydroxyquinoline system

A ring system carrying a vicinal dim ethoxy group 
is com m on for piericidins, rotenoids and ub i­
quinones. H ow ever, an interesting nucleus may be 
conceived from ano ther group of natural electron 
carriers, m enaquinones, which are widely distributed 
in bo th  respiratory [19] and photosynthetic m echa­
nisms [2 1 , 2 2 ], and perform the function of ub i­
quinone. Thus the 4-hydroxyquinoline derivatives 
(43—71) were synthesized to m easure their activity 
on N A D H -U Q  reductase as shown in Table II. The 
lipophilic side chains of these com pounds were 
designed following the same idea as for the 2,3- 
dim ethoxy-4-hydroxypyridine series.

As well as the pyridine series there are also two 
types of 4-hydroxyquinolines classified by the posi­
tion of the lipophilic side chains. Types A and B.



Kun H oe Chung et al. • New Inhibitors of N A D H -U Q  Reductase 613

Table II. Activity of 4-hydroxyquinoline derivatives against 
N A D H -U Q  reductase of ETP.

OH
yv. y l  ,R1

R2

C o m p .
N r. Type

S id e  C hain  
R 1 R 2 P i50 (ETP)

43 A — c h 3 - ( C H 2 )2  O 8.9

44 A — c h 3 (ch2>3 9.3

45 A — c h 3 —(C h 2 )4  O 10.1

46 A — c h 3 —(CH2 )6  < Q 10.7

4 7 A — c h 3 - < CH2 > 2  ■0 " (CH2 )2 CH3 9.9

48 A —  CHg —(CH2 )2  ' Q - ( C H 2 )4 C H 3 10.4

49 A — CH3 - < CH2>2 0 " (CH2 )6CH3 9.7

50 A — c h 3 —(CH2 )2  - ^ ^ - ( C H 2 )gCH3 8.6

51 A — CH3 - < CH2 ) 2 O " (CH2)10C H 3 8.4

52 A — c h 3 - ( CH2 >2 0 ° C H 2 CH3 8.5

53 A — c h 3 ~ < CH2>2 ■ 0 ' 0 (C H 2 )3 CH3 10.1

54 A — c h 3 —( c h 2 )2  ^ - 0 (CH2 )5 CH 3 10.2

55 A —  CHg - < CH2>4 - Q ^ 0 0 » 3 10.1

56 A — c h 3 - ( C h 2 )4  * ( ~ } - o c h 2 c h 3 10.2

57 A — Chi3 - < c h 2 )4 ' O ' 0 (C H 2)2CH3 10.1

58 A —  CHg — (CH 2 )2  - Q - ^ l 8.9

59 A — CHg -(C H 2)2 - 0 - ^ r 9.1

C o m p . 
N r. Type

S id e  C hain  
R 1 R 2 P '50 (E T P )

60  8 — (CH 2)7 ch3 — ch3 9.7

61 B (CH2)11CH3 — ch3 9.6

62 B g e ran y l — ch3 10.1

63  B H 4 -g e ra n y l — ch3 10.2

64  B fa rn e s yl — ch3 10.2

65  B H 6 -fa rn esy l — ch3 10.0

6 6  - — c h2ch3 —<ch2)6 O 10.4

6 7  - — (c h 2)2 ch3 (ch2>6 9.7

68 - — c h 2ch3 (c h 2)4 ^ - och2ch3 9.4

69 - — (CH 2)2 CH3 ~<CH2>4 - ^ - ° ch2ch3 8.8

70  A — ch3 -(CH2)5 O ^ Q 9.8

71 - — c h 2ch3 - (CH2)5 0 - ^ ^ 9.2

Com pounds corresponding to Type B with a straight 
alkyl chain (60 and 61) were fairly active, as was the 
case for the pyridine derivatives, and those with an 
isoprenoid chain (62—65) also showed the sam e high

level of activity. 4-Hydroxyquinoline derivatives with 
an u)-phenylalkyl (43—46), a para-alkyl-ß-phenethyl 
(4 7 -5 1 ) , a para-alkoxy-ß-phenethyl (52—54) or a 
/w a-a lkoxy-ö-pheny lbu ty l (55—57) showed the 
characteristic patterns of activity which were ob­
served in the 4-hydroxypyridine series. It is clearly 
indicated that heterocyclic systems of 4-hydroxy­
quinoline and 2,3-dim ethoxy-4-hydroxypyridine are 
relevant structural requisites for inhibitors of the 
N A D H -U Q  reductase.

It is well known tha t halogen substitution on the 
phenylalkyl side chain in inhibitors of the photo­
synthetic electron transport system induces a great 
enhancem ent of activity at the site of the plasto- 
quinone recep to r (cf. [2 2 ]) and it was therefore 
thought w orth trying to introduce a para-chloro-ß- 
phenethyl or /w a-b rom o-ß -phenethy l side chain into 
the above quinoline derivatives. H ow ever, two 
halogenated  com pounds (58 and 59) exhibited nearly 
the sam e level o f activity as the non-halogenated 
derivative (43).

The effect of the arylic methyl was also recognized 
in the case of 4-hydroxyquinoline derivatives (46 vs. 
6 6  and 67; 56 vs. 6 8  and 69; 70 v5 . 71) as well as the 
pyridine series, nam ely, an extension of the methyl 
into an ethyl and a propyl group reduced the activity 
gradually.

D iscussion

W e have here the first evidence that piericidin-like 
analogs with even the linear chain are effective in 
inhibiting N A D H -U Q  reductase, especially in the 
case of Type A  com pounds. In the light of research 
on photosynthetic electron transport inhibitors 
[22—24] a substitu ted  phenylalkyl group (instead of 
an alkyl group) was regarded as a good tem plate to 
exam ine sterical and functional limits for the in­
hibitors at the receptor site of the exposed N A D H - 
U Q  reductase, because of both its bulkiness and the 
ji-electron clouds in the phenyl part. Effects with 
side chains carrying the phenylalkyl group suggest 
th a t the phenyl group might be accom m odated in a 
binding niche of the N A D H -U Q  reductase.

W e might have expected the results for the benzyl 
group to  be attribu tab le to the short distance be­
tw een the two arom atic rings, with intram olecular 
torsion resulting from  steric factors forcing the alkyl 
substituent in a particular direction. It is interesting 
how ever that the limit for the chain length is evident
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not only for the benzyl series but for o ther series as 
well.

In the case of methyl substitution on the pyridine 
and the quinoline nuclei, the rather sm aller influence 
of the extension for the quinoline case than for the 
pyridine one can be explained by a presum ed shift of 
the binding position for the nuclei in the receptor, 
due to some difference in the size of the vicinal di- 
m ethoxyl groups on the pyridine ring from  tha t of the 
fused benzene part in the quinoline.

T here is in fact as yet very little inform ation on the 
binding site of ubiquinone in N A D H -U Q  reductase, 
although a bound form of ubiquinone in the pho to ­
reaction center of photosynthetic bacteria , which 
evolutionary relates to the m itochondrial system 
[25], has been revealed by studies using X-ray crys­
tallography [26—29]. The above facts on the various 
structures for effective inhibitors of the site may be 
m ore easily understood by allowing the in troduction 
of such bacterial knowledge into a m odel of the ubi­
quinone binding dom ain of N A D H -U Q  reductase 
(Schem e). The size of the niche is presum ably lim it­
ed by the length of the sequential polypeptide which 
may involve various peptide units, as in the case of 
the photoreaction center [2 0 ] consisting of histidines 
for electron transfer, lipophilic am ino acids to  hold a 
side chain and a serine unit which binds with another 
particular part of the inhibitor. In this m odel, pierici- 
din Aj and rotenone suggest a suitable basic fram e 
for the lipophilic part of the inhibitor (A  and B in 
Schem e), and w hether the active inhibitor has a 
p roper fit is assumed to depend on the flexibility of 
the side chain. In any case these effects of the in­
h ib itor series suggest a new approach to the study of 
binding at the N A D H -U Q  reductase site, although it 
is recognized that topological analyses em ploying 
such lipophilic side chains of piericidin-like inhibitors 
will require much m ore variation of those structures.

A lthough the piericidin analogs with a linear side 
chain were shown to be active in inhibiting N A D H - 
U Q  reductase, they were less effective against the 
intact m itochondria than against the E T P  (subm ito­
chondria). The gap in the activity level betw een the 
m itochondrial and the ETP bioassays was very obvi­
ous. This contrast may be explained by a barrier 
effect at the ou ter m em brane of m itochondria and 
sim ilar results can be observed in the photosynthetic 
electron transport system where many inhibitors of 
the plastoquinone binding site carrying a sa turated  
linear chain show higher activity in a thylakoid assay

than  in a chloroplast one [30]. The thylakoid suspen­
sion involves the unsealed plastoquinone receptor 
being exposed in the assay medium just as the 
N A D H -U Q  reductase is in the ETP suspension. If, 
as previously supposed, steric factors are involved in 
m em brane penetration  then the positions of a double 
bond and/or a branched structure in the side chain 
should be im portan t factors in the design of new 
types of inhibitors at the m itochondrial level, but 
they may be less im portant for the exposed N A D H - 
U Q  reductase of ETP. This suggests that structure- 
activity studies on inhibitors of N A D H -U Q  reduc­
tase should be directed at ETP assays, in order to 
clarify the nature of side chain effects and avoid con­
fusion of one factor for inhibition, like affinity with 
the binding site, with ano ther such as perm eability at 
the ou ter m em brane.

Inhibition of N A D H -U Q  reductase due to pierici- 
din-like com pounds was mainly affected by the 
length of the lipophilic part, regardless of bulkiness 
o r location of a phenyl group in the side chain. The 
vicinal dim ethoxy functionality of the 4-hydroxy- 
pyridine ring system is replaceable with a fused ben­
zene to  form  the 4-hydroxyquinolines as a novel class 
o f inhibitors at the site. The methyl group was dem ­
onstra ted  to  be the optim al functionality on the nu­
clei of the pyridine derivatives so that either deletion 
o r insertion of a m ethylene on the group elim inated 
its activity. A  m ethyl group on the nuclei of in­
hibitors belonging to the class of 4-hydroxyquinoline 
was also shown to be a functionality which optim ized 
activity, but the sterical limit of the binding niche 
around  the group appears to be m ore to lerant than in 
the case of the pyridine derivatives.

The finding of a large structural variation for 
synthetic inhibitors of N A D H -U Q  reductase is valu­
able for fu rther investigations on the m itochondrial 
respiration  system because these com pounds are 
readily m odified to  introduce a functionality to probe 
the binding site; for exam ple a radioisotope, a photo­
affinity label and /or a chiral center etc. It will also be 
very interesting to  confirm  the side chain effects in 
o th e r classes of inhibitors of N A D H -U Q  reductase 
such as benzim idazoles [31], mixalamids [32] and 
am ytal [33].
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