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Summary. N,N'-bis(dichloroacetyl)-l,12-diaminododecane is a potent inhibitor of 
microsomal drug metabolism and also uncouples succinate-linked mitochondrial oxi- 
dative phosphorylation, apparently by promoting a transient permeability to anions. 
When added in very small concentrations to synthetic phospholipid bilayers made from 
a 1:4:4 mixture of purified cardiolipin, phosphatidylcholine, and phosphatidylethanol- 
amine, the drug causes a rapid, transient decrease in electrical resistance with a return 
to an end-resistance somewhat lower than the initial one. The magnitude of the decrease 
was related to drug concentration. However, the drug produced a nontransitory, i.e. 
permanent decrease in resistance of bilayers made from pure phosphatidylcholine or 
cardiolipin. The 1:4:4 mixture of lipids, which closely resembles the lipid composition 
of the inner mitochondrial membrane yielded drug effects most closely resembling those 
observed in intact mitochondria. Transference number measurements on the 1:4:4 
bilayer with an impressed KC1 gradient revealed that the drug-induced decrease in 
electrical resistance was caused by an increase in the fraction of current carried by the 
anions in the system. The 1:4:4 phospholipid bilayer thus mimics the mitochondrial 
inner membrane in its response to this drug and indicates that the lipid composition of 
the lipid bilayer is a major determinant of at least some of its physical characteristics. 
The effect of varying the structure of the drug was also examined. 

N ,N ' -b / s (d i ch lo roace ty l ) - l , 12 -d iaminododecane  is a po ten t  inhibi tor  of 

m i c r o s o m a l  d rug  me tabo l i sm  [11] and  of mi tochondr i a l  pyridine nucleotide-  

l inked electron t r anspor t  [8, 10]. I t  is also a modera t e ly  s t rong nancoupler 

of  succinate respira t ion of an unusual  nature ,  since it induces a s t imula t ion  

of  state 4 respi ra t ion which is t rans i tory  in na ture  and  is fo l lowed by  a re turn  

to  nearly no rma l  state 4 respirat ion and  an o r t hodox  response  to a subsequent  

addi t ion  of A D P  [9]. In  an earlier paper ,  evidence was presented tha t  this 

c o m p o u n d  uncouples  by  a mechan i sm differing f r o m  the act ion of dini t ro-  
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phenol (DNP) and m-chlorocarbonylcyanidephenylhydrazone (CCP), which 

conduct  protons, or the trialkyltins, which promote  C1- /OH-  exchange [13]. 

It was tentatively concluded that  this drug, hereafter abbreviated C12C12, 

uncouples by inducing a transient permeability to anions or possibly a 

transient C1- /OH-  exchange, with a concomitant  collapse of the trans- 

membrane  electrochemical gradient. The return to the coupled state is ac- 

companied by regeneration of the t ransmembrane electrochemical gradient 

by respiration-driven mechanisms. 

The unique behavior of this agent prompted us to investigate its behavior 

in synthetic phospholipid bilayers, which have been shown to undergo large 

decreases in electrical resistance in the presence of proton-conduct ing un- 

coupling agents [2]. In this paper we report that  N , N ' - b i s ( d i c h l o r o a c e t y l ) -  

1,12-diaminododecane also induces a reduction in the electrical resistance 

of phospholipid bilayers. Furthermore,  when the bilayer is prepared f rom 

a mixture of purified phospholipids resembling in composit ion those found 

in the mitochondrial  inner membrane,  the drug-induced decrease in resistance 

is transitory, resembling the transitory effect of the drug on intact mito- 

chondria.  These observations are in agreement with the views of Hopfer,  

Lehninger and Lennarz [5, 6], who emphasized the relationship between 

the lipid composit ion and the physico-chemical properties of bilayers. 

Materials and Methods 

Doubly distilled water was used for all aqueous solutions. Analytical grade KC1 
was recrystallized from 1 mM ethylenediaminetetraacetate (EDTA). The n-decane was 
distilled and passed through an alumina column before use. Bovine cardiolipin (DPG), 
egg phosphatidylcholine (PC), and bovine phosphatidylethanolamine (PE) were pur- 
chased from Supelco, Inc., Bellefonte, Pa. These phospholipids were 98% pure and 
were used directly. The N,N'-bis(dichloroacetyl)-l ,12-diaminododecane (C12C12), 
N,N'-b/s( t r ichloroacetyl)- l ,12-diaminododecane (C13C12), N,N'-b/s(chloroacetyl)-l,12- 
diaminododecane (CllC12), N,N'-b&(aeetyl)-l,12-diaminododecane (C10C12), N,N'- 
bis(dichloroacetyl)-l,8-diaminooctane (C12C8) , and the N,N'-b&(dichloroacetyl)-l,10- 
diaminodecane (C12C10) were synthesized and crystallized as reported previously [10]. 

The techniques and apparatus for the formation of the bilayers and for making the 
electrical measurements were described in detail by Hopfer etal.  [5]. The aperture 
employed had an area of 0.03 cm 2. The bilayer-forming solution consisted of a 1% 
solution of phospholipid in n-decane. When a mixture of phospholipids was desired for 
the bilayer-forming solution, 1% solutions of each phospholipid were mixed in appro- 
priate ratios. Lipid solutions were stored under nitrogen in the deep-freeze when not in 
use. The two chambers holding the bathing aqueous medium were open to the atmos- 
phere; they were stirred with Teflon-coated magnetic bars. The standard bathing solution 
consisted of 10 mM KC1, 10 ~tM EDTA, and 1 mM Tris chloride, pH 7.4. The bilayers 
were formed by the brush technique. The crucial step in forming mechanically stable 
bilayers of reproducibly high resistance was the prepainting procedure. This consists of 
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brushing the standard lipid solution on the dry septum with subsequent evaporation of 
the solvent under high vacuum. Both sides of the septum were prepainted twice in this 
manner. The pretreated chamber was then connected to the saturated KCl-agar elec- 
trodes, buffer added to the chambers, and the lipid solution brushed on the submerged 
pretreated surfaces and allowed to thin out to form the bilayer. 

The resistance measurements were made after impression of a 20 mV potential dif- 
ference across the membrane. Additions of the uncoupling agents, dissolved in ethanol, 
were made with microsyringes. The volume of the ethanol solution added to a 10 ml 
volume of buffer did not exceed 10 gliters. Ordinarily, the uncoupling agents were added 
to both chambers to ensure that the concentration was equal on both sides of the mem- 
brane. Some experiments were carried out in an apparatus with one closed chamber, 
which yielded more stable membranes. Although addition of uncoupling agent to the 
single open chambe r yielded the same results as in systems with two open chambers, the 
latter technique was normally used to avoid possibly spurious effects resulting from 
unilateral additions. 

Calculation of the transference number of K + (tK+) was carried out from measure- 
ments of the transmembrane emf generated by a concentration gradient of KCI, by the 
equation 

V,, = (1 - 2 t K + ) - ~ -  In a 
aref 

where V,, is the measured emf across the bilayer, R is the gas constant, T is the absolute 
temperature, Fis the Faraday, a is the activity of K + in one chamber and are f the activity 
in the reference chamber. Generally, several activities of KC1 were tested and from a 

a 
plot of V m vs .  l n - - ,  tlc+ was calculated. To measure the time course of the change 

aref 
in tK+ on addition of C12C~z a concentration gradient of KCI was imposed and the emf 
monitored before and after addition of the drug to both chambers. The t~:+ was cal- 
culated from the above equation; the change in emf directly reflects the change in tK+. 

Results 

Fig. 1 shows the change with t ime of the electrical resistance of a mixed 

phospho l ip id  bi layer  (molar  ratio,  1 : 4 :4  D P G  :PC :PE,  app rox ima te ly  the 

ra t io  in the inner  m e m b r a n e  of rat- l iver mi tochondr ia )  af ter  the addi t ion  

of 5 gM C12C~2. Immed ia t e ly  af ter  the addi t ion  of the d rug  there was a large 

and  rapid  decrease in the resistance of the bilayer. The  resistance then rose 

to a new stable level which was always s omewha t  lower than  the initial 

m e m b r a n e  resistance. The  entire cycle was comple te  in abou t  20 min.  Fig. 2 

shows the effect of the concen t ra t ion  of the d rug  on the bilayer. The  resist- 

ance- lower ing effect was t rans ient  at  all concent ra t ions  tested, f r o m  0.5 to 

5.0 gM; these concent ra t ions  are cons iderably  lower  than  the 12.5 gM con-  

cent ra t ion  used to achieve m a x i m a l  release of state 4 respi ra t ion in mi to-  

chondria .  The  t ime required to comple te  a cycle, i.e. to a t ta in  a s~:able end- 

resistance, was shortest  ( ~ 5  min)  at  the lowest  concen t ra t ion  (0.:5 gg )  and  

longest  (20 to 30 min)  at the highest  concen t ra t ion  (5 lag) of the: drug. In  
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Fig. 1. Effect of 5 laM C12C12 on the electrical resistance of a 1:4:4 mixed-lipid bilayer 

with time. Details are given in the text 
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Fig. 2. Effect of the concentration of C12C12 on resistance changes of 1:4:4 mixed-lipid 
bilayers 

Fig. 3. Effect of the lipid composition on the resistance changes of phospholipid bilayers. 
induced by C12C12 

intact  hear t  mi tochondr i a  the cyclic response  to the drug  varies but  is usually 

comple te  in a b o u t  2 min.  

Fig. 3 contras ts  the effects of C12C12 on bilayers fo rmed  f r o m  single 

pure  phosphol ip ids  and  f r o m  the usual  1 : 4: 4 mixture.  First, it is n o t e w o r t h y  
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Fig. 4. Effect of alterations in the molecular structure of the drug on bilayer resistance. 

The abbreviations of drug names are given in the text 

that the resistance of the freshly formed bilayers of single lipids in the 
absence of drug was lower than for bilayers formed from the 1:4:4 mixture 
of DPG:PC:PE,  suggesting that the electrical resistance of a bilayer formed 
from this mixture of lipids is a nonadditive function. The bilayer formed 
from phosphatidylethanolamine alone gave the same type of transitory 
resistance drop following addition of ClzC12 as is shown by the bilayer 
formed from the mixture of phospholipids, but the drop was less marked 
and the return somewhat slower. The bilayers formed from phosphatidyl- 
choline alone and from cardiolipin alone behaved rather differently. Al- 
though both underwent small initial drops in resistance on addition of the 
drug, the phosphatidylcholine bilayer showed no rise in resistance after 
the initial drop and that formed from cardiolipin showed only a very slow 
and limited rise. Thus, the transitory nature of the resistance decrease 
induced by CI2Cx 2 depends on the lipid composition of the bilayer, a mixture 
of lipids similar to that found in the mitochondrion [3], giving an effect most 
closely resembling the transitory uncoupling effect of this agent on intact 
mitochondria. In general, the higher the initial electrical resistance of the 
lipid bilayer, the more pronounced is the return of the resistance to a high 
end-value. 

The effects of various analogues of N,N'-bis(dichloroacetyl)-l,12- 
diaminododecane on the bilayer were, in general, similar to their effects 
on mitochondria (Fig. 4). Parallel with their lack of uncoupling activity on 
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Fig. 5. Effect of CI2C~ on the transmembrane potential and transference number across 
the mixed-lipid bilayer. The standard 1:4:4 mixed-lipid bilayer was bathed on both 
sides by a medium of 10 mM KC1, 10 pM EDTA, and 1.0 mM Tris chloride, pH 7.4. At 
the point shown, additional KC1 was added to one side of the membrane to yield a 
concentration of 22 mM KC1. At zero time, 4 pM C12Clz were added to both sides of the 
membrane. The trace shows the changes in membrane emf; the changes in transference 

number of K + are given in the text 

mitochondria [10], the drugs CloC12 and CllClz had no depressing effect 

on the resistance of the bilayer in concentrations up to 10 gM. The only 

compound of this series whose action on the bilayer did not parallel its 

action on mitochondria was the C13C12 analogue, which has only a very 

weak uncoupling activity on mitochondria [8] but which produced a 

pronounced decrease in the resistance of the bilayer. However, the time 

relationship in the resistance change induced by C13C12 is markedly dif- 

ferent from that induced by CIzC1 a. 
The effect of the carbon-chain length of the drug in relation to its activity 

was also investigated. The 8-carbon analogue of C12Ct2 produced no dec- 

rease in resistance at concentrations up to 10 gM; at 100 gM it gave only a 
slight lowering of the resistance of the bilayer, from 1.8 x 109 f~ cm 2 to 

1 x 109 ~ cm 2. The 10-carbon analogue C12C~o (tested at 4 and 8 gM) pro- 

duced a pennanent lowering of the resistance of the bilayer. Thus, an inter- 

mediate chain of 12 carbon atoms is required to yield a transitory decrease 

in electrical resistance. 
The effect of C12C12 on the transference number of K + (tK+) is shown 

in Fig. 5. In this experiment, a 2.2-fold concentration gradient of KC1 was 

established across the membrane, which yielded an initial transmembrane 
potential of - 11 mV from which tK+ is calculated to be 0.62, the expected 
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value. On addition of 4 ~tM C12C12 the emf immediately rose to +7 mV 
(t~:+ =0.42) and then declined slowly over 15 rain to - 7  mV (tj~+ =0.57). 
It is therefore clear from this type of experiment that the fraction of the 
total diffusion current carried by K + is decreased substantially but transi- 
torily by the drug; correspondingly, of course, the fraction carried by 
chloride is transitorily increased. 

Discussion 

The results in this paper provide another example of a case in which a 
characteristic action of a drug on a biological membrane can be mimicked 
using a synthetic phospholipid bilayer, others being the induction of K § 
permeability by low levels of the macrocylic antibiotic valinomycin [1, 7, 12], 
the induction of cation permeability by polyoxyethylene ether detergents [16], 
and the induction of proton permeability by s~me uncoupling agents [2]. 
In the case of the uncoupling drug studied h&e,~he analogy is especially 
striking, since the synthetic bilayer not only shows a decrease in electrical 
resistance characteristic of uncoupling agents, but also results in a :transitory 
response much like that given by this drug in intact mitochondria. These 
findings clearly indicate that the characteristic transitory effect of C12C12 
on mitochondria may be caused by a direct action on the phospholipid 
phase of the membrane rather than its enzyme components. In support of 
this view we have found no evidence that this drug is metabolized or trans- 
formed by mitochondria. The transitory effect of the drug may thus be 
intrinsic in the physical interaction between the drug and the phospholipid 
bilayer; it is unlikely that the synthetic bilayer induces a chemical change 
in the drug. 

The experiments on the effect of alterations in structure of the drug 
revealed some important features. One is the length of the hydrocarbon 
chain separating the two amino groups acylated with dichloroacetyl func- 
tions; the 12-carbon chain gives a maximal effect while the 10-carbon and 
8-carbon homologues are nearly inactive. This suggests a possible rela- 
tionship between the length of the hydrocarbon chain in the drug and the 
thickness of the nonpolar zone of the bilayer. Or it may be a reflection of a 
sharply optimal partition coefficient of the drug between water and the 
lipid phase of the bilayer [15]. The other significant feature is the number 
of chlorine atoms on the methyl group; the maximal decrease in resistance 
with the shortest return time was given by the dichloro derivative. This 
observation suggests that the effectiveness of the drug may be related to 
the electron-withdrawing capacity of the chlorine atoms and, therefore, the 

17 J. Membrane tliol.  10 
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degree of polarity of the carbonyl oxygen atoms, which may influence their 
hydrogen-bonding capacity and the tendency of the amino hydrogen atoms 
to dissociate. This is an especially attractive idea since we have reported 
that tertiary amides are inactive as uncouplers [8]. 

Our observations also provide further evidence that the nature of the 
phospholipids in a synthetic bilayer determine its permeability and electrical 
resistance. For example, earlier work from the Baltimore laboratory has 
demonstrated the dependence of cation vs .  anion permeability on the type 
of phospholipids present in the bilayer and the contributions they make to 
its surface electrical charge [5]. In the present study it is clear that the 
transient increase in conductance induced by the drug is dependent on the 
presence of phosphatidylethanolamine in the bilayer and that the maximal 
and most rapid transitory effects are given by a 1:4:4 DPG:PC:PE mixture. 
This observation suggests that some physical properties of mixed-lipid 
bilayers are not merely additive functions of the properties contributed by 
the individual phospholipids. It also suggests that its characteristic and 
constant proportion of different phospholipids endows each type of biologi- 
cal membrane with some special property by virtue of nonlinear, possibly 
cooperative interactions among the lipid components. 

The transitory changes of resistance of the synthetic phospholipid 
bilayers induced by the drug raise fundamental questions regarding their 
origin. There have been earlier reports of transient decreases in resistance 
of lipid bitayers, in 1965, Seufert [14] observed that nonionic detergents 
produced transient decreases in the resistance of bilayers formed in histidine 
buffers containing KC1. He suggested that the detergents modified the 
bilayer structure. Recently, Van Zutphen, Merola, Brierley and Cornwell 
[16] re-investigated the interaction of nonionic detergents with bilayers and 
concluded that the polyoxyethylene ether detergents induce cation permeabil- 
ity by acting as ionophores. The decrease in resistance was transient when 
the detergent was present on one side of the bilayer but was permanent 
when detergent was present on both sides of the phospholipid film. However, 
we have found that ClzC12 induces transient changes in resistance when 
added to both sides of the bilayer, as well as when added to one chamber 
alone, so that it appears more likely that the transitory effects are caused 
by time-dependent change in the physical properties of the phosphatidyl- 
ethanolamine-containing bilayer. A trivial possibility is that the drug equili- 
brates at unequal rates with the bilayer and with the torus of lipid mixture 
surrounding the aperture, so that it equilibrates first with the bilayer, 
causing a decrease in its resistance, followed by diffusion of the drug from 
the bilayer into the torus, thus leading to an increase in resistance. If this 
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were the case, a similar phenomenon should have been seen with other 
uncoupling agents and ionophores and with closely related analogues of 

C12C12, but it has not been reported. If one assumes, as does Hansch [4], 
that the drug molecule makes a random walk after entering a system con- 
taining several microscopic compartments or phases, it can be expected 
that a highly water-insoluble drug such as C12C12 might elicit a response in 
one sensitive compartment or phase before finally migrating to another, 
less sensitive compartment with a higher affinity for the drug. The former 
site could very well be a zone occupied largely by phosphatidylethamine, 
particularly its polar head groups, whereas the less sensitive, high-affinity 
compartment may be the hydrophobic fatty acyl portion of the bilayer. 
Once such a diffusive relocation of the drug occurred the resistance of the 
bilayer would increase again. Against such an explanation is the relatively 
slow movement of the transitory change, which seems incompatible with 
the very short diffusion times expected between adjacent compartments of 
molecular dimensions. 

The evidence reported in this paper supports the view developed from 
earlier studies on mitochondria that C12C~2 acts by inducing anion per- 
meability. The experiments summarized in Fig. 5 show that the drug induces 
an immediate but transitory decrease in the transference number of K § 
corresponding to a transitory increase in the fraction of the total current 
carried by anions in the system. This result could be brought about if the 

drug brings about one of the following changes: (a) increases the permeabil- 
ity of the membrane to chloride, the major anion in the system, (b) increases 
the permeability to hydroxyl ions, which are present at low concentrations, 
(c) promotes a transmembrane chloride-hydroxyl exchange, or (d) decreases 
the permeability to K § (a most unlikely event). 

This work was supported by grants from the National Science Foundation (GB- 
20519) and the National Institutes of Health (GM-05919) to Dr. A. Lehninger. Dr. 
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