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Abstract-Analogues of the analgetic drug pethidine were synthesized. Two N-aralkylen derivatives 
displayed a superior inhibitory effect on the activity of NADH:ubiquinone reductase in beef heart 
mitochondrial membranes. Dose-response curves revealed that the potency of these compounds is very 
comparable to that of the standard probe rotenone. The inhibitors were characterized by (a) their action 
on the reductase activity in various (eukaryotic and prokaryotic) organisms, (b) their influence on the 
enzyme kinetics, (c) their effects on the NADH dependent reduction of different electron acceptors, 
(d) their interference with the activities of other mitochondrial oxido-reductases. With regard to many 
of these aspects a close analogy between pethidine derivatives and rotenone was observed. A computer 
simulation of the steric structures of these molecules indicates that both classes of the chemically rather 
unrelated inhibitors may imitate very similar conformations. The potential advantages of the pethidine 
derivatives for the investigation of structure - function relationships within complex I of the respiratory 
chain is discussed. 

Complex I is the segment of the respiratory chain, 
which catalyzes the electron transfer from NADH to 
ubiquinone. Despite a large body of literature, our 
knowledge on the mechanism of action of this mem- 
brane unit remains rather limited. This is mainly 
due to the exorbitant complexity of both protein 
composition (about 25 individual polypeptide sub- 
units) and redox group content (for recent review 
see Ref. 1). 

Among the diverse experimental approaches to 
establish both function and structure-function 
relationship within an oligomeric protein complex, 
specific compounds, which interfere at defined cata- 
lytic sites (e.g. inhibitors) have been used as potent 
tools. The reduction of ubiquinone by NADH in 
complex I is inhibited by a variety of chemically 
rather unrelated substances, reviewed by Storey [2]. 
The most frequently applied compounds have been 
barbiturates (e.g. amytal), isoflavinoids (e.g. rote- 
none) and the antibiotic piericidin ‘A. Although the 
latter two species have turned out to be highly potent 
inhibitors of the NADH : ubiquinone reductase 
activity [l, 31, they suffer from two features: (1) the 
chemical structures of these molecules are rather 
complicated and do not allow an extensive deri- 
vatization and modification; (2) the highly hydro- 
phobic character of the compounds may cause strong 
unspecific interactions with other membrane 
proteins, leading to difficult interpretations of bind- 
ing studies; compare for instance Refs 4 and 5. 

We recently investigated the chemical class of 4,4’- 
disubstituted piperidine derivatives and found sev- 
eral very effective inhibitors of the reductase. Out 
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of the large number of compounds which we have 
synthesized subsequently, we report on two deriva- 
tives of rather simple structures, as a matter of fact, 
analogues of the analgetic drug pethidine. The inhibi- 
tors, nearly equipotent to rotenone, are char- 
acterized by their effects on enzymatic reactions and 
a rationale for their inhibitory activities with respect 
to structural similarities of the molecules is 
presented. 

MATERIALS AND METHODS 

Rotenone and amytal (sodium salt of 5-ethyl-5 
isopentylbarbituric acid) were obtained from Sigma 
and Serva (Heidelberg), respectively. 

Synthesis of compounds No. 29 and No. 49 

Intermediates. 4-Phenyl-4-piperidinecarboxylic 
acid ethyl ester: hydrolysis of 4-phenyl-4-cyano- 
piperidine (Aldrich) and subsequent esterification 
was performed according to the procedure described 
by Eisleb [6]. 

(E)-l-(4-Chloro-2,3-dimethyl-2-butenyl)-4-nitro- 
benzene: Meerwein arylation reaction of butadien 
was employed [7]. The diazonium salt obtained from 
4-nitroaniline was added to 2,3_dimethylbutadien, 
copper (II)-chloride and calcium oxide in aqueous 
acetone [8]. Predominantly the 1,Caddition product 
was obtained. The crude halide was chroma- 
tographed on an Al*O,-column in the presence of 
acetone and the eluent was used without further 
purification. 

N-Substitution of piperidine derivatives. 4-Phenyl- 
4-piperidinecarboxylic acid ethyl ester (2.15 mmol) 
and the appropriate halide (cinnamylbromide or (E)- 
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1-(4-chloro-2,3-dimethyl-2-butenyl)-4-nitrobenzene) 
(2.15 mmol) were dissolved in 5 ml of dry butanol- 
(1); 0.8 g of powdered anhydrous sodium carbonate 
and a catalytic amount of Kl were added. The stirred 
mixture was heated at reflux for 24 hr. The sus- 
pension was filtered and the residual salts were 
washed with hot ethanol. The filtrate was sub- 
sequently treated with a chip of dry ice and de- 
colorizing charcoal and, after a further filtration step, 
evaporated to dryness. The oily material was taken 
up in diethyl ether, filtered, and the solution was 
bubbled with hydrogen chloride. The resulting pre- 
cipitate was crystallized first from ethanol-ether and 
a second time from acetone-petroleum benzine. 
Yields were in the range of 35-50%. 

Analytical data. (E)-l-Cinnamyl-4-phenyl-4- 
piperidinecarboxylic acid ethyl ester (compd. No. 
29), white needles (hydrochloride), mp 208” uncorr., 
(lit. m.p. 211-213” corr. [9] ; NMR 200 MHz 
(CDCla), d 1.2 (t, 3 H, CO,-CHz-CHJ), 2.8 (m, 
6 H, pip., CH,-CH=CH), 3.7 (m, 4H, pip.), 4.2 
(q, 2H, COz-C&-CH~), 6.5 (m, lH, 
CHz-CB=CH-Ar), 6.8 (d, lH, CHz-CH=CH- 
Ar, J=17 Hz), 7.4 (m, 10 H, Ph), 12.4 (s, (br), 1 
H, N+a. I-(CNitrophenyl-2,3-dimethyl-2- 
butenyl)-4-phenyl-4-piperidinecarboxylic acid ethyl 
ester (compd. No. 49), light yellow needles (hydro- 
chloride), m.p. 197” (uncorr.); NMR 200MHz 
(CDCls), d 1.15 (t, 3 H, CO,---CH,-CHJ), 1.65 (s, 
3 H, CH,-C=C(Ar)-CHJ), 1.8 (s, 3 H, 
CII,-C=C(Ar)-CHs), 2.1 (m. 4 H, pip.), 2.7 (m, 
4 H, pip.), 3.0 (s, 2 H, C=C--CH--Ar), 3.5 (s, 2 

C==C-CH,-pip.) (4, 
&-CI&4ZH,), 7.3 (m, 7 ;t5Ph), 8.15 (‘d, 2 E: 
Ar-NO&; MS, m/e 436 (M+), 363, 233, 57. 

Preparation of membrane fractions 

Mitochondria from beef heart [lo], human heart 
(analog to the beef heart preparation), and Neuro- 
spora crassa [ll] were isolated. Mitochondria from 
Locusta migratoria were obtained from W. Kleinow 
(University of Cologne). Mitochondrial membranes 
were prepared by sonication in phosphate buffer 
[ 121. E. coli (strain K 12, grown on Lurea broth) was 
suspended in Tris-buffer (0.1 M, pH 7.5), deeply 
frozen and forced through a French press. After a 
brief low speed centrifugation step, membranes were 
spun down at 100,000 g (30 min). 

Complex I from Neurospora crassa 

The isolation was carried out essentially as 
described by Ise et al. [13]. For chromatography on 
DEAE-Sepharose, salt step gradients were applied 
rather than a continuous gradient. The material 
eluted with 0.2 M NaCl was collected, and an amount 
of Amberlite XAD-2 (20-50 mesh), sufficient to 
remove 75% of Triton X-100 was added. After an 
incubation period the mixture was filtered through a 

t Abbreviations used: DB, 2,3-dimethoxy-5-methyl-6- 
decyl-1,4-benzoquinone; Qo, 2,3-dimethoxy-5-methyl-1,4- 
benzoquinone; Qr, 2,3-dimethoxy-5-methyl-6-(3 methyl-2- 
butenyl)-1,4_benzoquinone; SDS, sodium dodecyl sulfate. 

Enzymes: NADH: quinone reductase (EC 1.6.99.5); 
succinate dehydrogenase (EC 1.3.99.1); 3-hydroxybutyrate 
dehydrogenase (EC 1.1.1.30); malate dehydrogenase (EC 
1.1.1.37);NADHdehydrogenase(EC1.6.99.3). 

cheese cloth and centrifuged at 100,OOOg for 1 hr. In 
most cases the pelleted complex I was found to be 
fairly homogeneous. Further chromatographic steps 
(like gel filtration) were dispensable, since they did 
not improve the “purity” of the preparation, as 
judged by SDS gel e1ectrophoresis.t 

Enzyme analyses 

NADH:quinone reductase activity was tested at 
25” by following the absorbance at 340 nm. The 
standard assay contained: 50 mM Tris, pH 7.5, 
75pM NADH, 2 mM NaN3 and 76pM either 
2,3-dimethoxy- 5-methyl- 6-decyl- 1,4_benzoquinone 
(DB) (synthesized according to Wan et al. [14]), 
or 2,3-dimethoxy-5-methyl-1,4-benzoquinone, or 5- 
hydroxy-1,4_naphthoquinone (juglone), or 2- 
methyl-1,4-naphthoquinone (menadione). In most 
cases the reaction was started by addition of the 
enzyme. 

NADH-ferricyanide reductase activity was 
measured at 25” according to Hatefi [15]. 

3-Hydroxybutyrate dehydrogenase, malate 
dehydrogenase, succinate-, glycerol-3-phosphate-, 
and NADH-cytochrome c reductase activities were 
assayed as described previously [16]. 

All enzyme activities are expressed as pmoles of 
substrate reacting per min (U). lcso values (inhibitor 
concentrations resulting in a 50% loss of enzyme 
activity) were extrapolated from series of experi- 
ments varying the concentrations of the inhibitor 
only. Compounds No. 29 and No. 49 were dissolved 
in buffer, rotenone in methanol (final cont. of the 
solvent in the cuvette did not exceed 1%)) and added 
to the complete assay mixture. 

Computer calculations 

The Parafit Iterative Regression program (Dyna- 
camp Inc.) modified by J. G. Filser was used for all 
kinetic analyses. Molecular imaging of rotenone and 
pethidine analogues was achieved by means of the 
SYBYL graphics software. 

RESULTS AND DISCUSSION 

Inhibition of NA DH: ubiquinone reductase activity 
by pethidine analogues 

Figure 1 shows the structures of pethidine and of 
two synthesized N-aralkenyl derivatives (compounds 
No. 29 and No. 49). 

Cb H2C H2C 

,ap 0 0 
-NO2 

A B C 

Fig. 1. Structures of pethidine and of two N-substituted 
analogues. (A) Pethidine; (B) compound No. 29; (C) com- 
pound No. 49. Ligands R, and Rz are the same as in 

pethidine. 
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Inhibitor (PM ) 

Fig. 2. Semi-logarithmic dose-response curves for the inhibition of NADH-ubiquinone reductase activity 
by various compounds. Pethidine (m), compound No. 29 (0) compound No. 49 (O), and rotenone (A) 
were added in different amounts to the standard assay (see Materials and Methods), containing the 
decylbenzoquinone derivative (DB) and 100 pg of beef heart mitochondrial membranes (specific activity: 

0.30 U/mg protein). 

A “rotenone-like” action of pethidine (synonyms 
are meperidine and demerol) on site I of the res- 
piratory chain has already been mentioned in several 
review articles (e.g. see Refs 1 and 17). However, 
no data are available. The dose-response curve (see 
Fig. 2) for this analgetic substance reveals that its 
inhibitory effect on the NADH : ubiquinone 
reductase activity is rather weak (IC+,, value about 
200 PM). Moreover, maximal inhibition levels did 
not exceed 70-75%, even when extreme con- 
centrations of the drug were applied. However, sub- 
stitution of the methyl group at the piperidine 
nitrogen by a aralkyl moiety led to a considerable 
improvement of the inhibitory potency. The optimal 
chain length was found to be 3 to 4 carbon atoms. 
Most remarkably, analogues with unsaturation 
between the 2, 3 positions of this moiety affected 
strongly the activity of the compounds. For example, 
derivatives including phenylpropyl or phenylbutyl 
groups were found to be less inhibitory by a factor of 
ten, compared to their 2,3-unsaturated counterparts. 
(Details on the systematic derivatization including 

the substitution pattern at the aryl group will be 
given elsewhere.) 

Figure 2 compares the inhibition curves of com- 
pounds No. 29 and No. 49 to those of pethidine 
and rotenone. With the aralkenyl derivatives nearly 
complete (95%) inhibition of the beef heart 
NADH : ubiquinone reductase activity has been 
obtained. On an IC=,, basis (see also Table 2) com- 
pounds No. 29 and No. 49 exhibit a 130- and 250- 
fold increased potency, respectively, when compared 
to the parent substance. Thus, the inhibitory effect 
of compound No. 49 and of rotenone on the 
enzymatic activity is almost equivalent. 

Sensitivity of the reductase from various organisms 

In order to get a more general idea of the action of 
piperidine derivatives on the reductase activity, a 
number of widely different species (eukaryotic and 
prokaryotic) were employed as an enzyme source. 
Table 1 lists the 1~5~ values for compounds No. 29 
and No. 49; for comparison the data obtained with 
the established inhibitors rotenone and amytal are 

Table 1. Determination of inhibitor concentrations giving rise to a 50% loss of NADH-ubiquinone 
reductase activity in various organisms 

IC% values (yM) 
Specific 
activity Compd Compd 

Source of enzyme (U/mg protein) No. 29 No. 49 Rotenone Amytal 

Beef heart mt. membranes 0.32 1.5 0.8 0.55 170 
Human heart mt. membranes 0.23 1.6 1 0.60 120 
Locust muscle mt. membranes 0.05 2 n.d 0.06 130 
Neurospora crassa mt. membranes 0.19 30 10 5 600 
E. coli membranes 0.10 7 n.d. 20 >lOOO 
Neurospora crassa isol. complex I 0.25 15 7 2 800 

The activities were recorded under standard assay conditions (see Material and Methods) with DB as 
electron acceptor, the amounts of protein applied were 100 pg both for mitochondrial membranes and E. 
coli plasma membranes, and 10 wg for isolated complex I of Neurospora crassa. 

n.d., not determined. 
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included. The mammalian and the locust enzyme 
activities were affected by similar concentrations of 
the pethidine analogues. However, for the inhibition 
of the Neurospora crussa and E. coii enzymes, at 
least IO-fold higher concentrations were required. 
Rotenone produced nearly identical behaviour 
among the different species, except with locusts. The 
insect reductase was affected by one-tenth of the 
concentrations compared to those necessary for the 
mammalian enzymes. The extremely low rcso value 
of about 60nM may explain the successful appli- 
cation of the drug as an insecticide. 

The low sensitivity of the enzyme activity in the 
fungus Neurospora to both pethidine analogues and 
rotenone most probably reflects the presence of a 
‘“second” enzyme, which oxidizes exogenous NADH 
without proton translocation [ 181. This particular 
reductase is considered to be insensitive to rotenone 
at concentrations up to 1 PM 1131, whereas higher 
concentrations may affect the activity of this enzyme 
as well. This assumption was tested with the isolated 
complex I of N. crassa, containing only the “rotenone 
sensitive” species. We found that the relevant lcso 
values for the inhibitors dropped only by a factor of 
two when the purified complex I was employed. We 
have to state, however, that our enzyme preparation 
still contained some Triton X-100, and it has been 
demonstrated that the replacement of the detergent 
by phospholipids is able to restore the “rotenone 
sensitivity” to a certain degree [13,19,20]. 

On the other hand, the situation in E. coli seems 
to be even more complex: the presence of multiple 
NADH-reductases has been discussed [Zl]. There- 
fore, the poor effect of the inhibitors on the overall 
enzyme activity(ies) cannot be interpreted without 
clear structural discriminations. Finally the fre- 
quently cited “inhibitor” amytal produced only 
incomplete enzyme inhibitions in ail investigated 
organisms. Moreover, the high fcTo vaIues observed 
throughout raise some doubt about its use as a 
specific diagnostic tool for site I of the respiratory 
chain. 

Effect on enzyme kinetics 

Figure 3 summarizes the kinetic measurements 
with the membrane bound NADH:ubiquinone 
reductase, using beef heart mitochondrial 
membranes. In the absence of inhibitor apparent K, 
values of 58 PM and 13 ,uM (V,,, app 250 and 88 pmol 
min- ’ per mg of protein) were obtained for the 
decylbenzoquinone derivative (DB) and NADH, 
respectively. This is in good agreement with pre- 
viously published data [17,22], although these assays 
were performed with a different electron acceptor 
(Ql) and recorded at a considerable higher tem- 
perature (38”). Nevertheless, we want to stress that 
the given numbers should be regarded as assessments 
only, due to the standard deviations obtained in the 
individual measurements (see Fig. 3). Moreover, the 
evaluations of the enzyme assays did not enable us 
to decide clearly whether we are dealing with “pure” 
hyperbolic Michaelis-Menten kinetics (as adapted 
by the computer program), or possibly with sig- 
moidal responses. This is especially true for the 
measurements employing low quinone concentra- 
tions, in which the endogenous ubiquinone present 

in the membranes affects considerably the enzyme 
activity. 

In the presence of compound No. 29 apparent K, 
values of 73 FM and 16 \tM were calculated for the 
quinone derivative and NADH, respectively. No 
attempt was made to determine the actual K, values 
by a secondary plot procedure, due to the limited 
accuracy of the apparent Ki measurements. Never- 
theless, these figures do not differ much from those 
obtained with the uninhibited assays; on the other 
hand, the apparent V,,,,, values drop markedly (see 
double-reciprocal plots). This behaviour suggests a 
non-competitive type of interaction of the inhibitor 
with both substrates. In contrast to rotenone 1201, 
inhibition by pethidine analogues does not depend 
on the ubiquinone concentration. The effect of com- 
pound No. 29 on the activity was unchanged at 
ubiquinone concentrations up to 300 PM, indicating 
that the binding of the inhibitor is not easiiy affected 
by this substrate. 

After addition of compound No. 29 to the com- 
plete enzyme assay a rapid onset of the inhibitory 
action with a lag period of a few seconds took place. 
Preincubation studies of the enzyme with both pethi- 
dine analogues and substrates showed that the inhi- 
bition was not reversible. Furthermore, the extent 
of inhibition was not altered, when the mitochondrial 
membranes were washed with buffer (without sub- 
strates or containing substrates), after pretreatment 
with compound No. 29. The strong affinity of the 
inhibitor indicated by these experiments could be 
confirmed by direct binding assays using a radio- 
actively labelled pethidine derivative (S. Werner et 
al., Eur. J. Biochem., submitted). 

Inhibition of the NADH dependent reduction of 
different electron acceptors 

The enzyme oxidizes NADH with a number of 
different electron acceptors [17,22]. We have chosen 
two benzoquinone and two naphthoquinone deriva- 
tives, and in addition ferricyanide, to measure the 
influence of compound No. 29 on the reactions 
mediated by the beef heart enzyme (see Table 2). 
The reduction of ferricyanide was not inhibited by 
the pethidine analogue. The same behaviour has 
been reported for rotenone [I, 171. Furthermore, 
NADH-juglone reductase activity was not affected 
by compound No. 29 and not by rotenone (data for 
rotenone not shown). The reductions achieved with 
the other electron acceptors were all inhibited by 
compound No. 29, in a probably non-competitive 
mode. Since some inconsistency exists in the litera- 
ture about the sensitivity of the Q(,- and menadione 
reaction with respect to rotenone [e.g. 17,23,24], 
we repeated these experiments under the conditions 
applied for compound No. 29. It was found that 
rotenone (at concentrationsof 1-2 PM) also inhibited 
the reaction with these quinone derivatives, although 
to a somewhat lesser extent, compared to DB. This 
may be explained by an altered interference of the 
enzyme with the very hydrophobic rotenone and the 
hydrophilic quinone derivatives. 

Specificity of enzyme inhibition 

In contrast to amytal, which affects the activity of 



Pethidine anaiogues inhibit NADH: quinone reductase 2555 

I 
i 

Dccyl- benzoquinona luM ) I 

l/Decyl -benroquinonc fnM-‘I 

8‘ 

?i NADH ( nM -’ ) 

Fig. 3. Effect of substrate concentrations on the activity of NADH: ubiquinone reductase in the absence 
and presence of compound No. 29. (A) Michaelis-Menten plot, and (A’) double-reciprocal plot of 
velocity versus different DB concentrations; NADH cont. was 75 MM; (1) without, (2) plus 2.5 PM, and 
(3) plus 4 PM inhibitor. (B) Michaelis-Menten plot and (B’) double-reciprocal plot of velocity versus 
different NADH concentrations; DB cont. was 76pM; (1) without, (2) plus 1 PM, (3) plus 4 PM 
inhibitor. Symbols indicate mean values of three to five measurements. Fitted curves were obtained by 
computer analysis of the experimental data. The reciprocal plots reflect an adequate graphical trans- 
position of the computer fitted Mi~hae~~Menten curves only, drawn for reasons of a compendious 
presentation; it is nevertheless subjected to the same range of confidence given by the standard deviations 
of the measurements depicted in panels A and B. 100 p,g of beef heart mitochondrial membranes were 

employed in each assay. 

Table 2. Kinetic properties of beef heart mitochondrial NADH-reductase with different electron 
acceptors in the absence and presence of inhibitor 

Electron 
acceptor 

DB 
Qo 
Juglone 
Menadione 
K,Fe(CN)6 

Without inhibitor 

K$?’ (mM) VXL (U/mg) 

0.06 0.25 
0.05 0.34 
0.12 0.58 
0.06 0.16 
0.40 25 

In the presence of 
compd. No. 29 (2.5 PM) 

KfPP (mM) VZ (U/mg) 

0.07 0.09 
0.05 0.13 
- 

0.055 0; 
- - 

% Inhibition 
in the standard 

assay 

65 
60 

none 
50 

none 

100 pg of membranes were applied in the assays containing the quinone derivatives and 10 pg in the 
test for NADH-K3Fe (CN)6 reductase. NADH cont. was throughout 75 FM. For further conditions 
see Methods section. 
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Table 3. Effects of compound No. 29 and of rotenone on various dehydrogenase activities in beef heart 
mitochondrial membranes 

% Inhibition by 
Amount Specific Compd No. 29 Rotenone 

of protein activity (PM) (PM) 
Enzyme per assay (D/mg) 1.5 30 0.5 10 

Succinate dehydrogenase 10 1.0 n 55 n so 

3-Hydroxybutyrate dehydrogenase 10 0.16 n n” n Glycerol-S-phosphate dehydrogenase 100 0.01 n 20 n 2; 
Malate dehydrogenase 1 19 n n 
NADH-dehydrogenase 10 0.95 9:s 9; 

n: no inhibition (<S%). a activation; b lcso value for NADH-dehydrogenase, measured via NADH: 
cytochrome c reductase activity, was 0.3 ,uM. 

diverse enzymes and energy conservation reactions, 
rotenone has been considered to be a fairly specific 
inhibitor of the site I linked NADH oxidation, at 
least at low concentrations [2]. 

Table 3 compares the data obtained with com- 
pound No. 29 and rotenone. Three enzyme activities 
associated with the inner mitochondrial membrane 
(succinate-,3_hydroxybutyrate-, and glycerol-3- 
phosphate dehydrogenase), and in addition that of 

A 

C 

the matrix localized malate dehydrogenase were 
determined. At inhibitor concentrations in the range 
of the rczo values for compound No. 29 and rotenone 
(referring to NADH:quinone reductase) the activi- 
ties of the tested enzymes were not influenced: at 
concentrations 20 times higher, the reactions of succ- 
inate- and glycerol-3-phosphate dehydrogenase were 
affected to different extents. Again we note a striking 
parallelism in the action of both inhibitors. 

-+G 0 

0 

6 

D 

Fig. 4. Computer-generated structures and molecular overlays of rotenone and pethidine analogues. 
(A) Structure of rotenone according to X-ray analysis 1251; letters A-E indicate the positions ot the live 
condensed rings. (B) Possible structure of compounds No. 29; a phenyl axial conformation for the 
piperidine 4-substitution was chosen (see discussion). (C) and (D) Superimpositions of compounds No. 
29 and No. 49 (solid lines), respectively, and the rotenone molecule (dashed lines); hydrogen atoms are 

omitted for reasons of clarity. 
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Since these enzyme activities were measured via 
the reduction of cytochrome c, the NADH dehydro- 
genase was also assayed with this electron acceptor, 
to allow a better comparison. We found that the 
sensitivity of the latter reaction to compound No. 29 
was at least two orders of magnitude higher than it 
was for succinate dehydrogenase. 

Jn order to assess an “unspecific” binding of com- 
pound No. 29 to other proteins, enzyme assays were 
performed in the presence of various concentrations 
of bovine serum albumin. As a typical consequence, 
the IG,~ value for the inhibitor increased by a factor 
of about 3 when the NADH:quinone reductase 
activity of mitochondrial membranes (100 pg) was 
tested in buffer containing 1% albumin, equivalent 
to an amount of 10 mg. Taking these results together, 
they indicate that the pethidine analogues indeed 
represent relative specific inhibitors for the 
reductase . 

Structural considerations 

The inhibitory potency of pethidine analogues 
depends largely on the introduction of confor- 
mational restrictions in the aralkyl substitution at the 
piperidine nitrogen. Compounds possessing a fully 
saturated three or four carbon chain, which allows 
the ligand to assume a variety of spatial orientations 
of the aromatic ring, were less active by an order of 
magnitude (unpublished results). The unsaturation 
between the 2,3 positions and a 3-methyl substitution 
(compound No. 49) of the connecting chain has some 
resemblance to the isoprenoid moiety of ubiquinone. 
Possible correlations could be approached by direct 
binding studies. 

One of the persistent findings in this investigation 
has been the close analogy between the inhibitory 
effects of pethidine derivatives and rotenone. 
Although these molecules are rather unrelated in 
terms of simple chemical categories, we attempted 
to compare the potential three dimensional struc- 
tures of these compounds. The task was considerably 
facilitated by the fact that X-ray diffraction analyses 
of rotenone [25] and of some pethidine derivatives 
[e.g. 26,271 are available. 

Figure 4 shows structures and superimpositions of 
the V-shaped rotenone and of compounds No. 29 
and No. 49 respectively. An optimal fit was obtained 
when the piperidine ring was placed at the A ring of 
rotenone in a way that its 2-methoxy substituent 
is correlated with the carboxylic acid ester of the 
pethidine analogue. The 4-phenyl group at the pip- 
eridine then directs into the “cavity” formed by the 
molecules. This model implies an axial conformation 
between the phenyl and piperidine groups in com- 
pounds NO. 29 and No. 49. (Both the axial and 
equatorial arrangements seem to have equal stab- 
ilities in comparable ring systems [26] .) Furthermore, 
the 2,3 carbon double bond in the N-substituting 
aralkylen moiety allows this portion to span the 
condensed C/D rings and finally to fit on ring E of 
the rotenone molecule. 

These computer simulations of steric structures 
tempt us to speculate that both the pethidine ana- 
logues and rotenone mimic very similar con- 
formations at the protein and therefore bind to the 
same “receptor” site. This steric model confirms and 

even predicts the inhibitory activities of the different 
pethidine derivatives synthesized. Moreover, we 
asked the question of whether the analgetic potency 
per se of pethidine-like drugs can be correlated with 
an inhibitory effect on site 1 of the respiratory chain. 
We found that for example methadone, fentanyl and 
morphine did not at all affect the enzyme activity, 
obviously due to their discrete structural deviations. 
In the case of the very rigid morphine molecule 
the only “misfit” into the model seems to be the 
cyclohexenol nucleus. A “removal” of this structural 
portion leading to the benzomorphan analgetics, 
results in a considerable inhibitory activity (e.g. 
pentazocine, 1~,,:25 PM). Furthermore, compounds 
of the neuroleptic class-structurally closely related 
to the pethidine analogues-show the effects already 
predicted by the model (e.g. haloperidol and 
benperidol, ICS~ values:25 yM; details will be given 
elsewhere). 

Conclusions and implications 

The presented data indicate that particular sub- 
stitutions of the pethidine molecule result in highly 
active and also specific inhibitors of site I of the 
respiratory chain. The relatively simple structure of 
the compounds certainly promotes a further deri- 
vatization of the molecules, with the aim, to obtain a 
set of well defined tools for relating discrete catalytic 
processes to polypeptide conformations. Inhibitors 
like rotenone are unsuited for this purpose, due to 
their complicated five rings heterocyclic system 
and an attempt to modify this inhibitor has remained 
largely unsuccessful [28]. Moreover, for the design 
of appropriate photoaffinity analogues, the rotenone 
molecule appears to be very problematic, because 
extremely hydrophobic products have been obtained 
[5]. In contrast, azido-derivatives, synthesized from 
pethidine analogues, hold an amphipathic charac- 
ter, that permits more specific interactions with mem- 
brane proteins. Using such a photoreactive 
derivative (also labelled radioactively with 1251) five 
different subunits of complex 1 have been identified as 
binding sites for the inhibitor molecule (S. Werner, 
Eur. J. Biochem., submitted). 
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