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Abstract-The inhibition of mitochondrial electron transport was measured with four 
homologous series of N,N’-bis(dichloroacety1) diamines and one homologous series of 
substituted naphthoquinones. Partition coefficients between acetone-water and silicone 
for these compounds were estimated by their R,,, values in reversed-phase thin-layer 
chromatography. Parabolic correlations between a log function of biological activity 
and R, were obtained with all series. A statistical analysis suggested that a homologous 
series of secondary amide derivatives of the N,N’-bis(dichloroacety1) diamines differed 
from 3 homologous series of tertiary amide derivatives of the N,N’-bis(dichloroacety1) 
diamines. Although NJ’-bis(dichloroac&yl) diamines and substituted napthoquinones 
affected the respiratory chain at different points and the substituted naphthoquinones 
were more effective inhibitors of electron transport, R,,, values for maximum inhibition 
differed by only two methylene elements between the most widely separated series. 
Similarities between R,,, values for maximum inhibition suggest that penetration of the 
mitochondrial membrane is a highly significant determinant for structure-activity 
relationships. 

IN 1961 Surrey and Mayer’ reported the synthesis of a series of N,N’-bis(dichloro- 
acetyl) diamines. These compounds were subsequently shown to possess several 
interesting pharmacological properties. They are antispermatogenic,’ inhibit alcohol 
metabolism probably through an inhibition of acetaldehyde dehydrogenase,3 and are 
potent inhibitors of a number of microsomal reactions involving mixed-function 
oxidase activity.4 Recently, Merola and Brierley5 reported that these compounds 
affect mitochondrial function through an inhibition of electron transport at the level 
of flavoprotein oxidation of pyridine nucleotide linked substrates and that these 
compounds did not inhibit succinoxidase activity. Secondary amide derivatives of the 
N,N’-bis(dichloroacety1) diamines also uncouple oxidative phosphorylation while 
tertiary amide derivatives have little effect on this activity.6 A homologous series of 
naphthoquinone derivatives with antimalarial activity were synthesized by Fieser et 

al.’ Tappel’ reported that two of these naphthoquinones blocked the reduction of 
coenzyme Q by succinate, while Hatefi et aLg later reported that one derivative in 
this homologous series inhibited the reduction of cytochrome c by reduced coenzyme 

Q. 
* This work was supported in part by grants AM 11006 and GM 09506 from the National Insti- 

tutes of Health, U.S. Public Health Service. 
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The secondary and tertiary amide derivatives of the N,N’-bis(dichloroacety1) 
diamines and the substituted naphthoquinones provide compounds for the investiga- 
tion of structure-activity relationships in inhibitors which act at different points on 
the respiratory chain. It is well established that, as the structure of members of a 
homologous series of compounds is altered, the quantitative change in biological 

activity is correlated with the oil-water partition coefficient. lo In liquid-liquid partition 
chromatography, the partition coefficient, a, is a function of R,:‘O 

a = k(l/R, - 1) 

and log a varies directly with R, since: 

R, = logJ(l/R,-1). 

This relationship was used by Boyce and Milborrow” in their studies on the mollusci- 
tidal activities of a homologous series of N,iV-alkyltrityl amines. In the present 
investigation we have compared a log function of biological activity and R, for each 
homologous series of N,N’-bis(dichloroacety1) diamines and the substituted naphtho- 

quinones. 

MATERIALS AND METHODS 

Compounds. All N,N’-bis (dichloroacetyl) diamine derivatives, except compounds 
A6 and A, (Table 1), and the 2-hydroxy-3-alkyl-1,4_naphthoquinone derivatives 

(Table 2) were kindly supplied by the Sterling-Winthrop Research Institute (Rens- 
selaer, N.Y.). Compounds A, and A, were synthesized by the method described by 
Surrey and Mayer.’ All compounds showed only one spot on reversed-phase TLC 
with the mobile phases used in this study (Tables 1 and 2). 

Reversed-phase TLC. Silica gel G (Brinkmann Instruments, Westbury, N.Y.) was 
applied to 20 x 20 cm plates and the plates were impregnated with silicone DC 200 
(Applied Science Laboratories, State College, Pa.) by developing two plates in a 
chromatographic chamber containing 100 ml of 5 ‘A (v/v) silicone in ether. The plates 
were removed as soon as the solution reached the top edge of the silica gel G layer. 
Plates were dried in air and stored in a desiccator. Edge effects were minimized by 
marking the coated plate with a vertical line 2.5 cm from each side of the plate. The 

coated plate was also marked by a line 13.5 cm from and parallel to the bottom of the 
plate. All mobile phases were allowed to migrate to this parallel line. Compounds 
were dissolved in acetone at a concentration of 3 pg/pl and l-p1 aliquots were applied 
to the plate at 1.5 cm intervals in a line 3.5 cm from the bottom edge of the plate. 
Chromatograms were developed with mobile phases which contained from 20 to 70 % 
(v/v) acetone in water. The mobile phases were equilibrated overnight with silicone. 
Two hundred ml of a specific mobile phase was placed in a chamber lined with filter 
paper and allowed to equilibrate for 30 min before development. Two plates were 
developed simultaneously in the chamber. Systematic errors were avoided by random- 
izing the experiments. Compounds were applied to the plate in a random manner and 
plates and mobile phases were chosen in a random manner for each experimental 
series. Compounds were visualized as yellow spots on a red background when the 
plates were sprayed with a solution which contained 0.01 N potassium permanganate 
in 0.1 N sodium carbonate and then heated at 200” for several min. Migration from 
the origin to the center of the spot was used to calculate the R, value. 
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Inhibition of mitochondrial electron transport 1387 

Electron transport particles (ETP). Bovine heart mitochondria were isolated by the 
method described by Brierley. I3 ETP were prepared from the heavy mitochondrial 
fraction by fragmentation at maximum power for 30 set with a Fisher BP-2 ultrasonic 
probe. Unbroken mitochondria and large mitochondrial fragments were sedimented 
by centrifugation at 17,000 g (max) for 30 min. The ETP were collected by centrifuga- 
tion at 104,000 g for 30 min and suspended in 0.25 M sucrose at a protein concentra- 
tion of 15 mg/ml. Protein was determined by a biuret method.14 

Biologicalactivity. The inhibition of electron transport in ETP was used as a measure 
of biological activity. The incubation mixture contained 4 mM phosphate buffer at 
pH 7.4, 10 mM magnesium chloride, 0.25 M sucrose, and I.5 mg of ETP protein 
diluted to a final volume of 5 ml. Oxygen uptake was followed with a Beckman or 
Yellow Springs polarograph. Compounds were dissolved in 10 ~1 of dimethylsulfoxide 
and added to the incubation mixture 2 min before the addition of 1 pmole of NADH. 
The dimethylsulfoxide had no effect on oxygen uptake. Dose-response (inhibition) 
curves were measured for each compound. Molar concentrations necessary for 30 per 
cent inhibition, N,N’-bis(dichloroacety1) diamines, and 50 per cent inhibition, sub- 
stituted naphthoquinones, of oxygen uptake were used in the correlations between 
biological activity and R,. 

RESULTS AND DISCUSSION 

The N,N’-bis(dichloroacety1) diamine derivatives were placed in five groups with 
related structural formulas (Table 1). Compounds in groups A, B and C formed 
homologous series. Only compounds E3, E, and E5 in group E were members of a 
homologous series. Compounds in group D did not form a homologous series. All 
substituted naphthoquinone derivatives (Table 2) were members of a homologous 
series. The methylene group was the common structural element in the five homolo- 
gous series which were investigated. 

Experimental R, values were obtained with several mobile phases and these data 
are summarized in Tables 1 and 2. Interplate variability in the R,,, value was indicated 
by standard error data. A mobile binary phase where the volume fraction of acetone 
was 0.5 was chosen for subsequent calculations since this mobile phase yielded R, 
values between 0.954 and -0.368 for most compounds studied. Franc and Joklis 
have shown that the composition of the mobile phase is constant in the R, region 
which corresponds to the R, range which we have specified for this study. 

R, values for several compounds, particularly compounds in the A series, were 
outside the specified R, range. The validity of these data and other R,,, data was 
confirmed by extrapolating the R, value for the binary mobile phase where the volume 
fraction of acetone was 0.5 from R,,, data with other binary mobile phases where R,,, 
values were within the specified R,,, range. The extrapolation was based on the studies 
of Soczewinski and Wachtmeister16 which showed that R, values for a compound in 
certain ternary two-phase systems are a linear function of the volume composition of 
the binary mobile phase. R, and phase composition are related by the equation: 

where pl and p2 are the volume fractions of the components in the mixed solvent 
phase and R,,,, and R,, are values for the compound chromatographed with pure 
component, and pure component, respectively. Linear regression equations were 

B.P. 20/7-D 
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calculated for all compounds where at least three binary mobile phases yielded R, 
values between 0.954 and -0.368. For example, a linear regression equation was not 
calculated from data in Table 1 for compound As since only two experimental R, 
values for this compound were within the specified R, range. Extrapolated R,values 
obtained from linear regression equations and experimental R, values are compared 
in Table 3. Extrapolated R, data were within one standard error of experimental R, 
data for all compounds examined except AI. Linear regression equations were not 
calculated for substituted naphthoquinones (Table 3) since only a few compounds in 
this series had three experimental R, values within the specified R, range. 

TABLE 3. COMPARISON OF EXPERIMENTAL R,, VALUES AND 
EXTRAPOLATED R, VALUES FOR N,N‘-BIS(DICHLOROACETYL) 

DIAMINES 

Compound* Rnt 

Experimental Extrapolated: 

-0.680 
-0*515 
- 0.424 
-0.331 
-0.169 
$0.267 

-0.262 
-0.159 
to.026 
$0.285 

-0.159 
$0.099 

-0,349 
-0.160 

-0.600 
-0.519 
-0.416 
-0.315 
-0.164 
10.258 

-0.250 
-0.150 
10.036 
+0.270 

-0.150 
+0.119 

-0.366 
-0.164 

-0.304 -0.327 
-0.144 -0.163 
+0.114 +0.127 

* See Table 1 for structures. 
7 Data for a binary phase which contained 50% (v/v) 

acetone in water. 
$ Calculated from regression equations obtained from 

R, data in Table 1. 

Correlations between biological activity and R, were examined by regression analy- 
sis. Extrapolated R, values (Table 3) were used where available and experimental R, 
values (Tables 1 and 2) were used for other compounds. Biological activity was 
expressed as log (l/C) where C was the molar concentration of a compound required 
for a specified inhibition of oxygen uptake (Tables 1 and 2). A logarithmic function 
for biological activity was chosen since Hansch I7 has described the theoretical basis 
for a logarithmic relationship between biological activity and structure and since 
logarithmic relationships have yielded good correlations in many studies. Regression 
equations gave a parabolic relationship between log (l/C) and R, for every series 
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examined in our study (Table 4). The quadratic term was significant at the O-05 level 
in all experimental series and at the O-01 level in 5 of the 9 experimental series. 

TABLE 4. REGRESSION EQUATIONS FOR THE PARABOLIC RELATIONSHIP BETWEEN BIOLOGICAL ACTIVITY 

AND R, 

Series log (l/C)= n* 

Signifi- 
A cance of Equality of 
d &12: parabolas $ 

A 
B 
C 
D 
E 
F 
A+B 
B+C 
C+E 
A+B+C+D+E 

5450+ 2.642 R,- 2.285 R,’ 7 
4.650+ 2.678 R,- 2.038 R,,,= 7 
4.802+ 2.221 R,- 2,195 R,2 4 
2.694-10.275 R,-18.321 R,,’ 3 
4.849+ O-480 R,- 2.400 R,2 5 
6.450+ l-164 R,- 2.491 R,Z 10 
4972t 2.060 R,- 1.755 R,2 14 
4.746+ 2.922 R, - 3.253 R,’ 11 
4.831+ 0.921 R,- 1.705 R,Z 11 
4.910+ 1.559 R,- 2.082 RmZ 26 

0.106 < 0.01 
0.182 < 0.05 
0.043 < 0.05 

0.203 < o-05 
0.141 < 0.01 
0.379 < 0.05 < 0.01 
0.227 < 0.01 > 0.10 
0.256 < 0.01 > 0.10 
0.405 <O.Ol <O.Ol 

* n is the number of compounds used. 
7 Square root of the error mean square. 
$ i-test. 
5 Significance of F ratio from analysis of variance. 

Merola ef aL6 have shown that NJ’-bis(dichloroacety1) diamines have a marked 
structural specificity in their ability to uncouple oxidative phosphorylation. The 
tertiary amide members of this group of compounds show only slight activity, while 
the secondary amides, beginning with an 8 carbon polymethylene chain, strongly 
uncouple oxidative phosphorylation. Since secondary and tertiary amides differed in 
their ability to uncouple oxidative phosphorylation, these compounds were examined 
in greater detail for differences in their abilities to inhibit electron transport. In this 
respect, when all NJ’-bis(dichloroacety1) diamines were considered as 1 population, 
a parabolic relationship between biological activity and R, was obtained (series 
A+B+C+D+E in Table 4). However, an analysis of variance showed that the 
parabolas formed from series A, B, C, D and E, respectively, were not identical at the 
0.01 level of significance. When the secondary amides in series A and the tertiary amides 
in series B were compared, an analysis of variance showed that these parabolas were 
not identical at the O-01 level of significance (series A+B in Table 4). Similar statistical 
analyses with the tertiary amides B and C and the tertiary amides C and E showed 
that these parabolas did not differ at the 0.10 level of significance. It was apparent 
from these statistical analyses that the tertiary amides were more closely related to 
each other than to the secondary amides in the inhibition of electron transport. 

The structure-activity relationships described in Table 4 are presented graphically 
in Fig. 1. Since log (l/C) for substituted naphthoquinones was obtained for 50 per 
cent inhibition of oxygen uptake and log (l/C) for N,N’-bis(dichloroacety1) diamines 
was obtained for 30 per cent inhibition of oxygen uptake, it was apparent that sub- 
stituted naphthoquinones were more effective inhibitors of electron transport than 
N,N’-bis (dichloracetyl) diamines. However, the R,,, for maximum biological activity, 



1390 J. DAVID TURNBULL, GIAN LUIGI BIAGI, A. J. MEROLA and DAVID G. CORNWELL 

R,,,., was similar in each experimental series. The R,. value is analogous to the log 
a0 value which was used by other investigators lo to estimate the partition coefficient, 
a, for maximum biological response. The R,. values for the most widely separated 
series, the F and A series (Fig. l), were calculated as O-234 and 0.540, respectively, 
from the regression equations in Table 4. The difference between RmO values, ARmD, 
may be expressed as methylene elements for the different homologous series since the 
methylene group was the common structural element in each series. Regression analy- 
sis of R, data (Tables 1 and 2) showed that R, was a linear function of the number of 
methylene elements, n, in the series: 

R,= a+ AR,n. 

The AR,,, values were 0.131 and O-174 for methylene groups in the A and F series 
respectively. Since AR,0 between the A and F series was 0.306, R,,,(, values for these 

6- 

I I t I 

-.5 0 .5 I.0 
Rm 

FIG. 1. Relationships between R, and biological activity calculated from the regression equations in 
Table 4 for secondary N,N’-bis (dichloroacetyl) diamines, A, tertiary N,N’-bis(dichloroacety1) 

diamines, B -+ C and C f E, and substituted naphthoquinones, F. 

two series differed by only two methylene elements. Similar calculations showed that 
the A and C+E series differed by two methylene elements while the A and B+C 
series differed by only one methylene element. These calculations indicate that parti- 
tion coefficients have similar effects on mitochondrial electron transport inhibitors 
even though these inhibitors have different structures and act at different points on the 
respiratory chain. The data suggest that penetration of the mitochondrial membrane 
is a highly significant determinant for structure-activity relationships with these com- 
pounds. Furthermore, these data demonstrate the superiority of the regression analy- 
sis, emphasized by Hansch,l’ when regression analyses are compared to the simple 
inspection of data. For example, the subtle differences between secondary and tertiary 
N,N’-bis(dichloroacety1) diamines are not apparent from the inspection of data. 
These analyses show further that the absence of uncoupling activity in tertiary N,N’- 
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bis(dichloroacety1) diamines is not the result of an inappropriate partition coefficient 
since there is considerable overlap between the secondary amide and tertiary amide 
series. The uncoupling effect, therefore, depends on other properties of these com- 
pounds. 
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