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Abstraet-2-Chloro-l’,4”-di(2-imidazolin_lide (NSC 60339) has been 
compared with oligomycin and 2,4-dinitrophenol in its effects on a rat liver mito- 
chondrial swelling system. The substituted phthalanilide and oligomycin are equivalent 
in their effects in the following swelling experiments, Neither alters spontaneous or 
calcium- or phosphate-induced swelling; both inhibit succinate-induced swelling; both 
prevent ATP inhibition of calcium- and phosphate-induced swelling; and both inhibit 
ATP reversal of calcium-induced swelling in fresh or aged mitochondria. 

The known binding of phthala~lides to sp~~cphospholipids~d the~ibito~eff~~ 
described suggest that NSC 60339 may be useful in studies on the nature and role of lipids 
in mitochondrial swelling and oxidative phosphorylation. 

WODINSKY et al., Burchenal et al. and Skipper et al. and others have shown that 
several of the substituted phthalanilides are active against experimental lymphocytic, 
mast cell, and granulocytic leukemias in mice and rats and in many cases are 
‘curative’.i-s Several substituted phthalanilides have been shown to inhibit a wide 
variety of biochemical reactions, among which are DNA, RNA, protein and lipid 
synthesis lo-13 and mitochondrial function. 1% r4*is The subject has been reviewed by 
Burchenai,s by Bennett,9 and by Kensler et al.16 

The observations that 2-chloro-4’,4”-di(2-imidazoiin-2-yl)terepthalanilide (NSC 
60339) is found in the nuclei and mitochon~ia of kidney, liver, and tumor ceIlsi@ 16-19 
and is bound to a new class of phospholipids in P388 lymphocytic leukemia cells173 20 
prompted the speculation that alteration of membrane integrity might share a com- 
mon mechanism by which this drug exerts its chemotherapeutic and toxic effects. In 
the accompanying paper19 it is shown that the substituted phthalanihde, NSC 60339, 
is found primariiy in the mitochondrial and nuclear fractions of P388 murine 
Iymphoc~ic leukemia and rat liver cells that have been exposed to the drug. 

It is also shown that the phthaianilide completely inhibits phosphorylation but 
inhibits succinate oxidation only 50 per cent even at very high drug concentrations. 
This incomplete inhibition of succinate oxidation accompanied by complete inhibition 
of phosphoryIation is similar to the results of Lardy et ai.21 for oligomycin and of 
Holhmger~ for guanidine. They reported that respiration not tightly coupled to 
phospho~lation is not as greatly inhibited as respiration using NAD-linked substrates. 
This similarity to oligomycin in effect on respiration made it of interest to compare the 

* Supported by the Cancer Chemotherapy National Service Center Contract no. PH-43-65-61, 
National Cancer Institute, National Institutes of Health. 
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phthalanilide to oligomycin, which is thought to inhibit the formation of a high- 
energy intermediate at a site not on the direct oxidative-phosphorylation pathway, 
and to 2,4-d~itrophenol, which uncouples oxidative phosphorylation. A preliminary 
report of this work has been made.Z3 

materials 

MATERIALS AND METHODS 

The 2-chloro-4’,4”-di(2-imidazolin-2-yl)terephthala~lide was synthesized at Dr. 
Wander, S. A., Berne, Switzerland and supplied to us by the Cancer Chemotherapy 
National Service Centre of the National Cancer Institute, U.S. Public Health Service. 
The oligomycin (A 65-70 per cent B 20-25 per cent C 5-10 per cent) was obtained from 
Mann Research Laboratories. Adenosine 5’-triphosphate was obtained from Sigma 
Chemical Co. Other reagents were the purest grades that were commercially available. 

Preparation of mitochondria 
Mitochondria were isolated by the method of Hogeboom, Schneider and Palladez4 

from the livers of healthy Sprague-Dawley rats weighing 100-150 g. The concentra- 
tion of the stock mitochondrial particulate was equivalent to 0.75 g rat liver per ml 
of O-25 M sucrose. The ~tochondria were used immediately after prep~ation to 
minimize any aging effect, which reportedly produces ATPase.2s For experiments in 
which aged mitochondria were used, the mitochondria were aged for 2 hr at 0” in 
O-25 M sucrose. 

~ea~remen t of swelling 
Swelling experiments were carried out in I x IO-cm tubes and O.D. was followed 

with a Bausch & Lomb Spectronic 20 spectrophotometer. The incubation medium 
consisted of 133 mM KC1 10 mM Tris-HCl at 7.4. The experiments were initiated by 
adding 0.10 ml of the stock mitochondrial suspension in 0.25 M sucrose and mixing 
the contents by inversion of the tubes. This concentration of mitochondria particulate 
gave a zero-time O.D. of approximately 0.950 at 500 rnp. Tubes containing a total 
volume of 3.00 ml were read every 5 min for a total of 30 min. 

RESULTS 

E#ect on s~a~taneoas and orthophosphate-induced mitochondria~ scenting 
Neither the ph~alanilide nor oligomycin affected the shaliow, spontaneous swelling 

of intact mitochondria over the 20-min experimental period (Fig. 1). Mitochondrial 
swelling was induced with 3 mM orthophosphate. Neither the phthalanilide nor 
oligomycin added at zero time inhibited the phosphate-induced swelling (Fig. 1). 

The effect of 2,4-dinitrophenoi and ATP is shown in Fig. 2. ATP or 2&dinitro- 
phenol added at zero time caused complete inhibition of the phosphate-induced 
swelling. This inhibition of swelling by ATP was considerably diminished when 
either the phthalanilide or oligomycin was added to the system with the ATP. How- 
ever, the inhibition of phosphate-induced swelling by 2,4-dinitrophenol was not 
affected by the addition of either phthalanilide or oligomycin. 
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FIG. 1. Effect of phthalanilide and oligomyciin on spontaneous and orthophosphate-induced mito- 
chondrial swelling. 
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FIG. 2. Effect of phthalanilide and oligomycin on the ATP or 2,4-dinitrophenol inhibition of ortho- 
phosphate-indu~d mit~bo~drial swelling. 
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Efect on calcium-induced sweliing 
Mitochondrial swelling was rapidly induced by 3 x 10-s M calcium chloride 

without a lag period (Fig. 3). Neither the time of onset of swelling, the rate of swelling, 
nor the extent of swelling was affected by the phthalanilide or oligomycin. 

0 Standard system; no additions 

0 3x10m5M Co+* +4.0mM *TP 

0 3x10-5Y co++ + 6.0x10-5M Z+ONP 

A 3 x 10‘5Y Co + + + 4.OmM ATP + ~.OXIO-~Y NSC 60339 

n 3 x IO-5M Co +++ 4.0mM ATP + 6.0x10v6Y Olipmycln 

0 5 ‘IO 15 20 25 30 

Time, Minutes 

Fxo. 3. Effect of phthalanilide and oligomycin on the ATP or 2,4_dinitrophenol inhibitions of Ca2+- 
induced mitochondrial swelling. 

Calcium-induced swelling was inhibited by either ATP or 2,4-dinitrophenol. As in 
the case of phosphate-induced swelling, the inhibitory effect of ATP on swelling was 
abolished by the phthalanilide or oligomycin at 6 x 1O-6 M (Fig. 3). Thus, the mito- 
chondria swelled in the presence of the drug as if no ATP were present. The effect 
of adding ATP 10 min after the onset of calcium-induced swelling is shown in Fig. 4. 
The mitochondria stopped swelling immediately upon the addition of ATP and 
apparently contracted slightly. However, as seen in the lower two curves, the addition 
of ATP at 10 min did not affect the rate or extent of swelling when either the phthalani- 
lide or oligomycin was present at the time the ATP was added, 

Unless oligomycin or the phthalanilide was used in amounts that were sufficient to 
prevent ATP utilization, ATP could overcome the inhibition by these agents. It is 
seen in Fig. 5 that the ATP inhibition of calcium-induced swelling could be titrated 
with either the phthalanilide or oligomycin. The inhibition by 4 mM ATP was not 
affected by 6 x lo-7 M phthalanilide or oligomycin, but was completely abolished 
by either agent at 6 x 10-G M. When either of the drugs was present at 1 x 10-e M, 
the 4 mM ATP was sufficient to decrease the extent of the calcium-induced swelling. 
The data suggest that a slight contraction occurred. It is interesting to note that the 
initial rate of swelling was not affected by this intermediate concentration of phthalani- 
lide or oligomycin. This suggests that a titratable, time-dependent process was 
necessary before the inhibition by ATP was observed. 

Calcium chloride was also used to induce swelling in mitochondria, which were 
aged for 2 hr at 0” in 0.25 M sucrose. As with the freshly prepared mitochondria, 
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FIG. 4. Effect of phthalanilide and oligomycin on the ATP inhibition of Ca*+-induced mitochondrial 
sWelling. 
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FIG. 5. Titration of the effect of phthalanilide and oligomycin on the ATP inhibition of C@+-induced 
mitochondrial swelling. 
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swelling was completely inhibited by 2,4-dinitrophenol or ATP, but not by the phtha- 
lanitide or oligomycin. 

Although 4 mM ATP added at zero time was sufficient to inhibit calcium-induced 
swelling in fresh mitochondria, no inhibition took place in aged ~tochondria without 
an additional 4 mM ATP. When either oligomycin or the phthalanilide was present 
under these same conditions with aged mitochondria, no reversal of swelling took 
place with the additional amount of ATP. 
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FB. 6. Ef%ct of phtha~a~ide, oligomycin, 2,4~~tropheno~ and ATP on su~inate-indu~d mito- 
chondridl swelling. 

EfSect on succinate-irtduced swelling 
In the presence of 1 mM succinate, the time of onset of ~tochondrial swelling was 

15 min (Fig. 6) The rate of swelling was about the same as that induced by orthophos- 
phate, but the extent of swelling was slightly less. The su~cinate-indu~d swelling was 
completely inhibited by ATP, 2,4_dinitrophenol, oligomycin or the phthalanilide. 

DISCUSSION 

Although the effects of many drugs on mitochondrial swelling have beenstudied,2e-2s 
the precise biochemical mechanisms of swelling have not been fully defined. The 
regulation of swelling and contraction is related to electron flow from substrates, the 
association of electron flow with phosphorylation, and the nature of the suspending 
media.30 Orthophosphate- and calcium-induced mitochondrial swelling are inhibited 
by respiration inhibitors such as antimycin A, cyanide, azide, and some uncouplers 
such as 2,4dinitrophenol and dicoumarol. However, the substituted phthalanilide 
(NSC 60339) neither induces swelling nor inhibits or~ophosphate- or caIcium- 
induced swelling. Therefore, it does not appear to act at the electron-transfer sites 
on the respiratory chain or at the terminal phosphorylating site of mitochondria from 
mammalian cells. 
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Oligomycin and NSC 60339 have been shown to be equivalent in their capacity to 
inhibit several mitochondrial swelling systems. The substituted phthalanilide is also 
similar to oligomycin in its incomplete inhibition of succinate oxidation but complete 
inhibition of phosphorylation in the coupled system.rg Thus, the similarity of the 
phthalanilide’s effects on various liver mitochondrial swelling systems to those of 
oligomycin suggests that a possible mode of phthalanilide action might be in the 
prevention of ATP utilization. It has been suggested by Racker that oligomycin acts 
in this manner by inhibition of ATPase activity31 and by Lardy and Connelly that the 
mechanism is by inhibition of ATP--3sPr and Pi-H@0 exchange reactions.26 

Although the phthalanilide’s effects may be directly on enzyme systems, they may 
be acting by forming complexes with specific lipids. It has been argued that the 
phospholipid components of the mitochondrial membrane are important in the 
control of swelling.32 It has been shown that the substituted phthalanilide can be 
isolated in complexes with phospholipids of liver and leukemic cells in general,20p ss 
and of mitochondria from kidney, liver, and leukemia cells in particular.lO* l7 This 
suggests that the drug may be binding to lipid sites which are involved in critical 
enzyme systems or to lipid sites which may be essential for the control of uptake of 
water by mitochondria, as postulated for spermine.34 

Both spermine and the phthalanilide have a repeating sequence of hydrophobic 
areas between nitrogen atoms. Both inhibit rat liver mitochondrial swelling. Spermine 
has a high affinity for phospholipids and nucleic acids;34 the phthalanilide can be 
isolated as phospholipid complexes17 and binds extensively to DNA in vitro.35 

Since some phthalanilides, including NSC 60339, can be isoated in a complex with 
a new class of phospholipids from brain,36 leukemia cells,20 and probably from tissues 
in general,179 37 and since NSC 60339 is similar to oligomycin in its effects on mito- 
chondrial swelling systems, it may be useful in studies on the chemistry and action 
of phospholipids in mitochondrial swelling and oxidative phosphorylation. 
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