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Pyrrolnitrin preferentially inhibited the oxidation of NADH-linked sub-
strates in monkey kidney cells, and in rat liver mitochondria (RLMw) and the
oxidation of NADH by submitochondrial particles (SMP) of beef heart. The
antibiotic inhibited the reduction of 2, 6-dichlorophenolindophenol and cyto-
chrome c by NADH and by succinate, but it did not affect the flavins of
NADH dehydrogenase and succinate dehydrogenase. Pyrrolnitrin probably
blocked electron transfer between the dehydrogenases and the cytochrome
components of the respiratory chain. The effect on the phosphorylation of
ADP (RLMw) and energy transduction (SMP) as indicated by the fluorescence
of 8-anilino-naphthalene-l-sulfonic acid were secondary. Reduced pyrrolnitrin
had similar effects on respiration, but it was a less potent inhibitor.

The biological activity of pyrrolnitrin, S-^'-nitro-S'-chlorophenol^-chloropyrrol,

isolated from Pseudomonas species has been studied in some detail1'2'3). Pyrrolnitrin

strongly inhibited the growth of fungi and, less effectively, the growth of yeast and

bacteria. Studies on the mode of action of pyrrolnitrin showed that it bursts the cell
membrane by reacting with phospholipid components4). Although pyrrolnitrin inhi-

bited the respiration of intact cells, the oxidative phosphorylation of mitochondria

i

solatedfrom Candida utilis was not inhibited4).

In this communication we will present the effect of pyrrolnitrin on the respiration
of intact monkey kidney cells, isolated rat liver mitochondria and beef heart submito-

chondrial particles. These studies showed that pyrrolnitrin affected electron transfer

to a greaterextentthan theenergy transfer pathway of the Fi ^ Structr f
respiratory chain. Parallel studies on effect of reduced pyr- pyrrolnitrin and reduced

rolnitrinand of some known metabolic inhibitors were made.^ pyrro

Materials and Methods

Cultures of monkey kidney cells were kindly supplied by Dr.
R. Hull of the Lilly Research Laboratories. Rat liver mito-
chondriawereisolated and twice washed with 0.25m sucrose5).

Submitochondrial particles were prepared, in the presence of
EDTA6), from frozen beef heart mitochondrial preparations7^

Protein was determined by a modified biuret method8).
A Clark type electrode was used to measure respiration

polarographically at 30°C. The index of oxidative phosphorj'la- Reduced pyfrolnitrin
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tion, ADP/O ratio, was obtained as described by Chance and Williams9). Spectrophoto-
metric methods were used to monitor the reduction of cytochrome c, 2, 6-dichlorophenol-
indophenol (DCIP) and ferricyanide10). Redox states of flavoproteins were measured with
an Aminco-Chance dual wavelength spectrophotometer. The fluorescence of 8-anilino-naph-

thalene-1-sulfonic acid (ANS) was detected by an Aminco-SPF-125 spectrofluorometer.

Pyrrolnitrin and reduced pyrrolnitrin (structures
shown in Fig. 1) were provided by Dr. R. Hamill
of our laboratories. NADH was purchased from

Boehringer, and other chemicals were obtained
from Sigma.

Results

According to polarographic measurement,
intact monkey kidney cells respired on endo-

genous substrates at 9.4(ll)± 1.3* m^atom
oxygen/min/mg protein. Pyrrolnitrin and re-

duced pyrrolnitrin at 200 jum and 500 ^M,
respectively, suppressed 90 % of the respiratory

rate (Fig. 2). At these concentrations of the
antibiotics, the addition of succinate restored

respiration to 3.3(2) + 0.23 m//atom/min/mg, a

rate similar to that of cells treated with 2//M
rotenone, 2.5(2) + 0.45 m/iatom/min/mg. Thus,

it was suggested that there might be similarity
in actions of these antibiotics and rotenone.

In the presence of ADP, intact rat liver

Fig. 3A and 3B.

Fig. 2. Effect of pyrrolnitrin and reduced
pyrrolnitrin on endogenous respiration
of monkey kidney cells.

Oxygen consumption was measured with a
Clark electrode in a mediumcontaining NaCl,
140mM; KC1, 48mM; MgCl2, 1him; KH2PO4,

8mM, pH7.4 and cell culture, 7.6mg protein/
ml.
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Effect of pyrrolnitrin (A) and reduced pyrrolnitrin (B)
on respiration of isolated rat liver mitochondria.

Mitochondrial respiration was measured with a Clark type oxygen electrode in a medium containing
sucrose, 0.25m; KH2PO4) 20mM and pH 7.4; mitochondrial protein, 1.5~2mg/ml; KC1, 10mM if it is

added; malate-glutamate (Tris), 3 mM each or succinate (Tris), 5 mM and a sufficient amount of ADP to
consume 30~40 ^mmof molecular oxygen.
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* Values within parenthesis denote number of observations and values after + signs signify
standard deviation.
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Table 1. Effect of pyrrolnitrin and reduced pyrrolnitrin on oxidative
phosphorylation of isolated rat liver mitochondria

M a l a t e - G l u t a m a t e S u c c i n a t e

ADP/O  O2-Uptakem ^ a t o m  o / m i n / m g

A D P / O   O 2 - U p t a k e m j u at o m  o / m i n / m g

C o n t r o l 2.  6 4 ( 1 0 )  + 0 - 2 8 47.  5 5 ( 2 2 ) ｱ 8 .  5 1.75(3)  + 0 . 0 9 62.  8 8 ( l l ) ｱ 1 3 .  1

P y r r o l n it r i n ,  4 . 7 x l O ~ 5 m 2 . 4 0 ( 4 )  ｱ 0 . 2 0 3 1. 3 4 ( 7 )  + 2 . 7 3 1.33(2)  + 0 .  1 3 5 1 . 3 0 ( 4 )  ｱ  8 . 0

I n h ib it io n 9 % 3 4 2 4 1 8 . 4 .

R e d u c e d  p y r r o l n it r i n ,

 1 . 3 x l O - 4 m
2 . 5 2 ( 2 )  + 0 . 0 6 2 7 .  4 5 1 . 5 3 ( 2 ) ｱ 0 . 0 5 7 . 5  ( 2 )  +  0 . 0

I n h ib it i o n 6 . 5 . 4 2 : 1 7 . 5 . 5. 5 .

Experimental conditions were the same as described in the legend for Fig. 3. Index of
oxidative phosphorylation, ADP/O ratio was calculated according to Chance and Williams9).

Table 2. Effect of pyrrolnitrin and reduced pyrrolnitrin on electron
transfer of submitochondrial particles from beef heart

ju eq u iv a le n t/ m in /m g - p ro te in a n d % o f c o n tr o l

S u b s tr a te N A D H                   S u cc in a te

E lec tr o n a c ce p to rs         c y to c
D C I P j F e r C N )^ ! 0 2 ; c y to c (̂ p j| j ,F e (C N ; ;;

C o n tr ol
1. 0 4 (7 )

+ 0. 1 1 *

0. 0 5 (6 )

+ 0. 0 0 94.3(4) 3.03(4)+10.5 +0.19 0.84(6)+0.05
0. 0 4 (9 )

+ 0 . 0 5

0. 1 6 (4 )

+ 0 . 0 1

0. 0 7 (4 )

+ 0 . 0 0

P y r r o ln itr in , 1 6 ju m 7 8 / m 3 9 1  /zm

R e du c e d p y rr o l ni t r in ,  1 17 j u m. 2 9 1t m 3 35 f x u l, 0 1 4j u m  5 0 % 3. 0 %  30 % 9 .4 %  45 % 3 1%  8 6% 9 6 % 5 0 % 6%  6 0% 5 . 3%  4 8 %22% 56%25%

R o t e n o n e , 8 3 n M        1 3 %  2 6 %  1 0 0 % 1 0 0 ^ 1 0 0 %  1 0 0 %   9 8 %

Respiration was measured as described in Fig. 4. The reduction of cytochrome c, 2,6-dichlorophenolindo-
phenol (DCIP) or DCIP with phenazine methosulfate (PMS) and K3Fe(CN)6 were measured spectrophoto-
metrically by a Gil ford spectrophotometer at 550 nm, 600 nm and 420 nm respectively. Reaction mixture
consisted of sucrose 0.25m, KHPO4 20mM and pH 7.4, mitochondrial protein 0.08mg/ml, KCN 3.3him and
one of the following electron acceptors : cytochrome c, 17 jum, K3Fe(CN)6 0.06 him and DCIP 0.1 him (or plus
PMS 30j«m). Either NADH 0.44mM or succinate (Tris) 6.7mM was used as substrate.

* Standard deviation.

mitochondria consumed oxygen at a rate of 47.5(22)±8.5 m^atom/min/mg with malate-

glutamate as substrate and at 62.8(ll)±13.1 with succinate. With 10 mM potassium, the

respiratory rates rose to 129.7 (6)±15.5 m^atom/min/mg and 171.2 (7)±12.4 m^atom/min/

mg, respectively. In the absence or presence of potassium, pyrrolnitrin at 200 jum caused
80~90 % inhibition of respiration with malate-glutamate or with succinate as substrate

(Fig. 3A). At equivalent concentrations, reduced pyrrolnitrin was about half as
inhibitory (Fig. 3B). Both antibiotics were more effective inhibitors of malate-
glutamate oxidation than of succinate oxidation.

Table 1 shows the effect of pyrrolnitrin and reduced pyrrolnitrin on phosphory-
lation index, (ADP/O ratio) and respiratory rates. When mitochondria respired at
the expense of malate-glutamate, 47 ^m pyrrolnitrin or 130 jum reduced pyrrolnitrin

caused only about 9% and 6.5% of inhibition on phosphorylation of ADP. The
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Fig. 4. Effect of pyrrolnitrin and reduced pyrrolnitrin on
NADH oxidase and succinate oxidase of submito-
chondrial particles (SMP) from beef heart.

The oxidase activities of SMP were measured polarographically
in a medium containing sucrose. 0.25m; KH2PO4, 20mM and pH
7.4; mitochondrial protein, 0.17mg/ml and NADH, 1 mM or succi-

nate (Tris) 10mM.
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inhibition of oxygen con-
sumption was 34% and 42 %
respectively. On the other

hand, when succinate was
the substrate, the ADP/O
ratio was affected to a
greater extent than oxygen

consumption.
To examine the effects

of the antibiotics on the res-
piratory enzymes directly,
we subsequently used sub-
mitochondrial particles
(SMP) of beef heart mus-

cles. In agreement with the
studies with intact cells and

mitochondria, both antibio-
tics inhibited the oxidation
of NADH 3-fold stronger than the oxidation of succinate (Fig. 4). Furthermore,

pyrrolnitrin (traces A and B) was about 5-fold more potent an inhibitor than was
reduced pyrrolnitrin (traces G and D).

Artificial electron acceptors have been found useful in the elucidation of site
specificity of the respiratory inhibitorsn). Such study of pyrrolnitrin and reduced
pyrrolnitrin is shown in Table 2. At 78#M pyrrolnitrin, the transfer of electrons

from NADH to oxygen was reduced to 4.0%, cytochrome c 10.8%, DGIP 33.3% and
ferricyanide 111.5 %. At that concentration of the inhibitor, the transfer of electrons
from succinate toward molecular oxygen was reduced to 44%, cytochrome c 69.6%,
DGIP (PMS) 51 % and ferricyanide 66.7%. When the concentration of pyrrolnitrin
was raised to 391 julm, the reduction of electron acceptors by succinate was further
reduced to 6%, 16%, 9.6% and 60% respectively. It is significant to note that pyr-

rolnitrin had an intermediate effect on reduction of DGIP by NADH but no inhibitory
effect on the reduction of ferricyanide by the same substrate. On the other hand,

whensuccinate was the substrate, the reduction of ferricyanide was decreased to 60 %
by the inhibitor. However, rotenone, a well-known inhibitor12), inhibited only the

transfer of electrons from NADH towards molecular oxygen and cytochrome c and
was without effect on the reduction of DGIP or ferricyanide. Rotenone did not

inhibit the transfer of electrons to various acceptors from succinate via the respiratory
chain. Although higher concentrations of reduced pyrrolnitrin were needed, its

inhibitory effect on the reduction of these electron acceptors by NADH and succinate

resembles that of pyrrolnitrin.

Pyrrolnitrin differs from rotenone in that pyrrolnitrin inhibits the reduction of
DCIPandinhibits succinate oxidation, whereas rotenone does neither. Presumably

the mechanism of inhibition by pyrrolnitrin is different from that by rotenone. We
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do not know the molecular basis of
inhibition by either inhibitor. How-
ever, artificial electron acceptors like
DGIP or PMS are known to accept

electrons from non-heme-iron protein

moieties of succinate dehydrogenasen).

We speculate that these non-heme-iron
proteins probably are the sites of in-
hibition by pyrrolnitrin.

The reduced levels of flavoproteins
associated with the respiratory chain
were measured spectrophotometrically
as shown in Fig. 5. In the presence
of pyrrolnitrin (Fig. 5A), only 30%
of flavoproteins were reduced with
NADH. The subsequent addition of

antimycin A and succinate gave addi-
tive reduction of flavoproteins. In com-

parison with the steady state level
(without inhibitor, as in Fig. 5B) and

the totally reduced level (with antimy-
cin A, as in Fig. 5D), pyrrolnitrin

could divide the reducible flavoproteins

into two portions as was demonstrated
with rotenone (Fig. 5C)13). On the

other hand, the reduced levels with
succinate as substrate were not affected

by pyrrolnitrin (Fig. 5E & F).

Recently, 8-anilino-naphthalene-

1-sulfonic acid (ANS) has been used as

a fluorescence probe for the structural

transition of mitochondrial membrane

Fig. 5. Effect of pyrrolnitrin, rotenone and

antimycin A on respiratory chain-
linked flavoproteins.

The redox levels of flavoproteins were measured
spectrophotometrically by an Aminco-Chance dual

wavelength spectrophotometer at wavelength 465 minus
510 nm. The reaction mixture consisted of sucrose
0.25m, KH2PO4 20mil and pH 7.4, mitochondrial pro-
tein2.6 mg/ml. Subsequent additions were as follows :
A, pyrrolnitrin 520 [xm, NADH 0.44 mM, antimycin A

10fig and succinate 6.7mM; C, rotenone 5j«m; E, pyr-
rolnitrin 260 fiM and otherwise the amount of reagents
added were the same as in A.

FLAVOPROTEIN REDUCTION
ABSORBANCE DECREASE

465 - 510nm
PYRROLNITPIN NADHI

1 ANTIMYCIN-A
T

SUCCINATE

ROTENONE
+

ANTIMYCIN-A NADH

1 \

log

1

ol = 0.0054

ANTIMYCIN-A \ \ NADH

c. SUCCINATE\
D.

SUCCINATE\

PYRROLNITRIN

ANTIMYCIN-A

E.

SUCCINATE
\

ANTIMYCIN-A SUCCINATE

F.

of

60 sec.

metabolic statesU). Theas a function
energized state of mitochondrial membrane can be induced with either ATP or
oligomycin6), as shown in Fig. 6. In the presence of oligomycin, the addition of
0.26mM NADH caused an increase of ANS fluorescence and then a decrease of fluo-
rescence upon exhaustion of the substrate (Fig. 6A). The subsequent addition of
succinate again increased fluorescence until oxygen was exhausted in the medium.
However, in the presence of an uncoupling agent, carbonylcyanide ^2-chlorophenyl-
hydrazone (Cl-GGP), the addition of NADH and succinate did not initiate fluorescence
changes of ANS (Fig. 6B). Thus, we have confirmed here the association of fluore-

scence changes of ANS with the energetic state of the mitochondrial membrane14).
In the presence of pyrrolnitrin, 39 jum, the fluorescence cycle did not show significant
difference with the addition of NADH or succinate (Fig. 6C). When the concentration
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Fig. 6. Effect of Cl-CCP and pyrrolnitrin on
the fluorescence of 8-anilinonaphthalene-
sulfonic acid (ANS) in SMP.

Fluorescence was measured with a spectrofluoro-
meter, Aminco SPF 125. at wavelength 366 nm for
excitation and 472 nm for emission. Reaction mixture

consistsof sucrose 0.25m, KH2PO4 20mM, mitochon-
drial protein, 2mg/ml and ANS, 100 j«m. Subsequent

additions were made as follows: A, NADH 256 //m,

oligomycin 1 fig, NADH 256 jum and succinate (Tris)
6.7 mM; B, carbonyl cyamide m-chlorophenyl hydra-

zone 16.6[tM, C, pyrrolnitrin, 36^m; D, pyrrolnitrin
78j«m, and otherwise the amount of reagents added
were the same as in A.

FLUORESENCE INCREASE t

366-M72 mu

was increased to 78 julm, pyrrolnitrin
reduced the cycle to half and lengthen-
ed the period of time to exhaust
NADH but the fluorescence cycle
created by the oxidation of succinate
was only reduced by 10% (Fig. 6D).
In agreement with the previous data
on rat liver mitochondria, the oxida-
tion of substrate was first inhibited
before the energy transfer reactions
were affected as the concentration of
antibiotic was increased. Pyrrolnitrin
has the same effect whether added
before or after the fluorescence probe,
ANS.

Discussion

The present study clearly shows that
pyrrolnitrin and reduced pyrrolnitrin in-

hibit respiration of mitochondria. This
is quite contrary to the previous obser-
vation^. Perhaps, the failure of Nose

and Arima to find an effect of pyrrol-
nitrin on mitochondrial respiration was

due to the choice of Candida utilis,
whose growth was only mildly inhibited

by the antibiotics2). With respect to
the present study, in all three stages of
biological organization-monkey kidney
cells, intact rat liver mitochondria and
submitochondrial particles of beef heart
å -consistent inhibitory effects of both
pyrrolnitrin and reduced pyrrolnitrin
were observed. We did not determine the nature
cultures of monkey kidney cells, but the observation
pletely abolished with 2 jutM rotenone or pyrrolnitrin
restored with succinate indicates that the majority
NADH-linked. This was confirmed by our observations that endogenous respiration
could be abolished by storing cells overnight, but was restored to the original rate with

a

dded malate-glutamate.

Pyrrolnitrin did not entirely abolish the fluorescence changes of ANS as an uncoupling
agent would, but it did reduce the NADH and succinate induced fluorescence. Perhaps
pyrrolnitrin had some unspecific binding on the membrane competing with ANS.

The direct measurement of flavoproteins indicated that pyrrolnitrin as well as rotenone
did not alter the reduced level of the primary NADH-dehydrogenase (Fpd) and succinate

dehydrogenase (Fps). However, the ability of pyrrolnitrin and reduced pyrrolnitrin to
inhibit the reduction of cytochrome c could account for their effects on oxygen consump-

tionof SMP. Therefore, the segments of the respiratory chain between these two dehydro-

SUCCINATE
0.1%

0.

SUCCINATE
NADH

' OLIGOMYCIN

ANS| I |ygum

of endogenous substrates in fresh
that respiration was almost com-

and one third of the activity was
of the endogenous substrates were
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Scheme 1. Sites of inhibition by pyrrolnitrin and reduced
pyrrolnitrin on the respiratory chain.

Rotenone

NADH ^-^ FpD^-h> FeNH^ 1

I V cytochrome b -s->à" > 02

Succinate < 5>FpS à"<--5>FeNH ^"^

A
i
i

Pyrrolnitrin
Reduced pyrrolnitrin

FpD=NADH-dehydrogenese; FpS=succinate dehydrogenase; FNH=non-
heme-iron protein; solid arrow : electron transfer pathway; broken
arrows : suggestive sites of inhibition.

genases and the cytochrome components are probably the site(s) of inhibition caused by
pyrrolnitrin and reduced pyrrolnitrin (Scheme 1).

The above findings have been substantiated by recent studies indicating that pyrrol-
nitrin did inhibit the respiratory chain-linked dehydrogenases of another fungus, Microspo-
rum gypseum15). Furthermore, respiration and activities of mitochondrial dehydrogenase
from Saccharomyces cerevisiae were also inhibited by pyrrolnitrin16).
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