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on the mating competitiveness of male C. fatigans.

In a cross where 180 sterilized and normal males
in a ratio of 1:2 were caged with 180 females,
Of these 57 were
sterilized rafts as against an expected number
of 50 such rafts.
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Piericidin A and B have been isolated from
Streptomyces mobaraensis and their chemical
structures were elucidated by Tamura, Takahashi
et al!® These compounds were found to have
insecticidal activity to certain insects.

Hall et al. (1966)® found that Piericidin A was
a powerful inhibitor of mitochondrial electron
transport in beef heart mitochondria and they
concluded that insecticidal activity of Pieri-
cidin A might be based on its inhibition of mito-
chondrial function.

The effect of Piericidin A to the aerobic oxida-
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tion of substrates linked to pyridine nucleotides
was as sensitive as previously described with
rotenone.4™® In contrast with rotenone, however,
Piericidin also inhibited succinoxidation system
at considerably higher concentration. The fact
that Piericidin resemble Co Q in the chemical
structure and respiration was restored in suc-
cinoxidation system inhibited by Piericidin A by
adding Co Q in this inhibited system suggested
Piericidin A act as a competitive inhibitor of
Co Q.

More recently, Miji et al. (1968)%!® further
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discussed in detail the activity of Piericidin A
and its related compounds to electron transport
of beef heart mitochondria,

We previously reported insecticidal activity of
Piericidin A and B and concluded these com-
pounds had wide spectrum of insecticidal and miti-
cidal activities, especially their insecticidal and
miticidal activities to peach aphid and carmine
mite were as excellent as rotenone and the other
miticides.!? In this paper, inhibitory effects of
Piericidin A and B on electron transport of insect
mitochondria, american cockroach muscle mito-
chondria, were discussed comparing with their
inhibitory effects on rat liver mitochondrial
electron transport system.

Experimental Procedures

Preparation of mitochondria

Male adults of american cockroach (Periplaneta
americana L.) were used. Cockroach muscle
mitochondria was prepared by following the
method of Fukami (1961).

Rat liver mitochondria was prepared with
0.25M sucrose by a modified method of Ernster
and Low (1955).!12

Preparation of cytoplasmic fractions for DT-

diaphorase activity

Cytoplasmic fractions, debris and nuclei, mito-
chondrial, microsomal and soluble fractions
from rat liver and cockroach (whole body, muscle
and mid gut) were prepared as described by
Ernster and Navazio (1958)!® by centrifugation
a) at 1,600 g for 10min. b) at 10,000 g for 10 min.
c) at 105,000 g for 60 min. reffering to the pellets
obtained in a, b and c, and the supernatant
obtained in c, respectively. Mitochondrial and
microsomal fractions were washed with 0.25M
sucrose and resuspended in 0.05M phosphate
buffer containing 0.25M sucrose. In the case
that whole body and mid gut of american cock-
roach were used in this experiment, male adults
were isolated and fed on glucose solution for 10
days before experiment.

Assay procedures

Respiration was measured by “Warburg method”
with air as gas phase and 0.2cc of 209 KOH
solution in the center well. Phosphate uptake

was determined by measuring inorganic phos-

phate in medium before and after incubation by
following the method of Lowry-Lopez (1946).19
The composition of the medium for respiration
and phosphorylation was as follows; 2.5mM
ATP, 15mM phosphate buffer (pH 7.4), 7.5mM
MgCl,, 5~15mM substrate, 25mM glucose, 30mM
KCl, hexokinase in excess and 0.5cc of mito
chondrial suspension containing 6.8mg to 7.2
mg of protein were added to each vessel.

Protein determination l

Protein determination was made by the biuret
method.!'® In the case that the protein content
was less 1mg/cc, Lowry method (1951)'® was
also adapted.

NADH oxidation

NADH oxidase activity was spectrophotometri-
cally determined by measuring the oxidation of
NADH at 340 my following the method of Slater
(1950)'» at 22°C. The reagent concentrations
were as follows; 33 mM phosphate buffer (pH
7.4), 0.1mM NADH, and an amount of mito-
chondria containing 3.4 mg of protein in total
volume of 3cc.

NADH-cytochrome ¢ reductase activity was
determined by following the reduction of cyto-
chrome ¢ at 550mp in a HITACHI EPU-2
Spectrophotometer at 30'C. The assay system
contained 50mM phosphate buffer (pH 7.4), 0.1
mM NADH, 15.g of cytochrome ¢, 10-M KCN,
and an amount of mitochondria containing 1.36
mg of protein. Total volume of 4cc.

AbSorption spectrum of cytochromes in mito-

chondrial suspension

Spectrum of cytochromes in cockroach muscle
mitochondrial suspension was recorded by the
opal-glass transmission method with Cary Re-
cording Spectrophotometer Model 14.!1%

DT-diaphorase activity

This assay was based on the spectrophotometric
measurement of a change in absorbance at 600
my: (the decolorization of the dye, 2, 6-dichloro-
phenol-indophenol) at 25°C by following the
method of Ernster and Navazio.!® The test sys-
tem contained 0.1 mM NADH or NADPH, 0.04
mM 2, 6-dichlorophenol-indophenol (DCPIP), 50
mM phosphate buffer (pH 7.4) and 0.1 to 0. 4cc of
the fraction to be tested. Final volume of 4cc.
In the case of mitochondrial fraction, 0.4 mM
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KCN was added to this test system.. inhibit the respiration of cockroach muscle mito-
o chondria with a-ketoglutarate as substrate at the

Results order of 10-’M as shown in Table 1.
Qxidation of pyridine nucleotide-linked substrates Is, values (concentration at 50% inhibition) of
Piericidin A and B were found to strongly Piericidin A, B and rotenone were 3.2x10-"M,

Table 1. Effects of Piericidin A and B on respiration and phosphorylation of
cockroach muscle mitochondria comparing with rotenone.

Respiration

Compound Concentration  0-p atom Inhi?;;i)on P_ihrgzll’h“)"a‘ff}g
Picricidin A 0 8.76 — 23.88 2.73
1.0 9.56 -9.1 26.22 2.74
2.9 7.67 12.4 20. 64 2.69
3.2 3.89 56.3 7.46 1.92
3.4 2.08 76.3 2.07 1.00
4.3 0.89 89.8 0.30
4.8 0.70 92.0 0.31
5.3 0.47 94.6 0
Piericidin B 0 8.55 — 22.76 2.66
1.0 9.56 —11.8 22,27 2.33
1.9 8.66 ~1.3 19.46 2.25
2.8 3.68 57.0 5.05 1.37
3.7 2.06 75.9 3.71
5.6 1.05 87.7 0.99
7.4 0.75 91.2 0
Rotenone 0 8.90 — 23.75 2,67
1.0 9.44 —6.1 21.35 2. 26
1.3 7.63 14.3 15.75 2. 06
1.5 5.12 42.5 9.61 1.88
1.7 2.01 77.4 1.65

Each vessel contained 5mM a-ketoglutarate, 15mM phosphate (pH 7.4), 7.5mM MgCl,,
2.5mM ATP, 30mM KCl, 25mM glucose, 150 units of yeast hexokinase and 0.5cc of
mitochondrial suspension containing 6.8 mg of protein. Final volume, 2cc. Incubation
took place at 30°C for 20 minutes.

Table 2. Effects of Piericidin A and B on respiration and phosphorylation of
rat liver mitochondria comparing with rotenone.

: Respiration .
Compound Conc¢laggf\14tmn O-u atom Inlzio/l;i)tion P_#P};?’i{)horylatu/%
Piericidin A 0 8.62 — 24.11 2.80
1.0 6.89 20.1 16. 60 2.41
1.2 4.56 47.1 10. 47 2.30
1.3 2.63 69.5 4.46 1.70
1.5 1.97 77.1 4.60
Piericidin B 0 8.46 — 20.49 2.42
0.9 5.68 32.9 11.00 1.94
1.1 4.26 49.6 6.99 1.64
1.3 4.00 52.7 8.48 2.12
1.5 3.29 61.1 3.39
Rotenone 0 - 8.46 — 22.93 2.71
1.0 6.00 29.1 14.04 2.34
1.2 5.71 32.5 14.50 2.54
1.4 5.84 3.0 14,07 2.41
1.6 4.58 45.9 13.10 2.86

Test system was same as in Table 1. Each vessel contained 0.5cc of
mitochondrial suspension containing 7.2 mg of protein.
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Table 3.
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Effects of Piericidin A and B on respiration of cockroach muscle mitochondria

with glutamate, pyruvate and malate as substrate.

Respiration

Substrate Additions Inhibitor O-p atom In}(ﬂo?;ﬁon
Glutamate — —_ ’ 7.31 —
- Piericidin A 1.19 83.7
) —_ Piericidin B 2.16 70.5
Pyruvate+Malate — — 7.55 . —
— Piericidin A 1.43 81.1

- Piericidin B 1.47 80.5" ..
a-Ketoglutarate — — 6.71 —

- Piericidin A 0.97 85.5

NAD, Cytochrome c Piericidin A 1.18 82.4

Each vessel contained 5 mM glutamate, 5 mM pyruvate+5 mM malate or 5mM a-ketoglutarate.
When indicated, 5x10-7M inhibitor, 5mM NAD and 1.0X10-*M cytochrome ¢ were added. The

other test method was same as in Table 1.

2.8x10""M and 1.5x10-"M, respectively. They
were also active to the respiration of rat liver
mitochondria at approximately same concentra-
tion as above (Table 2).

Piericidin also inhibited the oxidation of other
pyridine nucleotide-linked substrates, such as
glutamate, pyruvate and malate. In this case,
inhibitory effect of Piericidin was only to a low
extent relieved by adding NAD and cytochrome
¢ in the system as was found previously with
Amytal (Ernster 1956),' as shown in Table 3.

Effects of Piericidin A on NADH oxidation

The effect of Piericidin A to NADH oxidase
from american cockroach muscle mitochondria
was shown in Table 4 as its activity (; mol of
NADH oxidized/min/g protein) and per cent in-
hibition of initial activity; 10-"M of Piericidin A
showed complete inhibition of NADH oxidase

Table 4. Inhibition of NADH oxidase activity in
cockroach muscle mitochondria by Piericidin A.

Concentration of Per cent inhibition

inhibitor (10-M) ACHVItY ofinitial activity

0 72.0 0

1.0 52.2 27.5
2.0 57.6 20.0
4.0 45.0 37.5
6.0 39.6 45.0
8.0 7.2 90.0

10.0 0

100

Activity: pmoles of NADH oxidized/min/g
protein.

activity. NADH-cytochrome ¢ reductase from
cockroach muscle mitochondria was also inhibited
by Piericidin A. Fig. 1 showed the change of
absorption of reduced cytochrome ¢ with and
without 10-% and 10-'M of Piericidin A; 10-%and
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Fig. 1. Effect of Piericidin A on american
cockroach muscle mitochondrial NADH-cyto-
chrome ¢ reductace.

: without Piericidin A
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10-'M of Piericidin A inhibited this system 75.9
9 and 74.1% respectively.

Absorption spectrum of cytochromes

Absorption spectrum of cytochromes in mito-
chondrial suspension from cockroach muscle were
measured in a Cary Recording Spectrophotometer
at room temperature as described in Experimen-
tal procedures. Fig.2 (B) shows the normal reduc-
tion of mitochondrial cytochromes when NADH
was added to the system without inhibitor. The
a-bands of cytochrome components were observ-
ed at 603 (cytochrome c), 562 (cytochrome b)

o
®

Absorpance
o
o

o
O

50 560 550 500
Wave length (mpy)

Atoxidized (without substrate and inhibitor)
B: reduced {v:th NADH, without inhibitor )

Fig. 2. The absorption spectrum of cockroach
muscle mitochondria.

and 551 mp (cytochrome a) respectively. In the
presence of other substrates such as glutamate
and succinate, the similar absorption patterns
were obtained. Addition of Piericidin A to the

w34 m—II

system at the concentration of 10-°M made the
absorption of cytochromes completely disappear
from the spectrum as previously reported
with rotenone (Fukami 1961)® as shown in Fig.
3 (C). This finding suggested that Piericidin
A primarily reacted with the respiratory chain
between NADH and cytochrome b as rotenone.

Absorbance
o
[oo]

o
b
.

0855 560 550 %0

Wave length {mp)
C: with NADH and Piericidin A {107 M)

Fig.3. The absorption spectrum of cockroach
muscle mitochondria added with Piericidin A.

Oxidation of succinate

Table 5 showed the effects of Piericidin A and
B on the respiration and phosphorylation of
cockroach muscle and rat liver mitochondria with
Both compounds were
found to partially inhibit the respiration with

succinate as substrate.

succinate at considerably higher concentration,
in agreement with earlier reports (Hall 1966).»
Phosphorylation was also affected by Piericidin.
The decrease in the P:O ratio with succinate at

Table 5. Effects of Piericidin A and B on respiration and phosphorylation of mitochondria
from cockroach muscle and rat liver with succinate as substrate.

American cockroach muscle mitochondria

Rat liver mitochondria

Compound Respiration Phosphorylation Respiration Phosphorylation
Concentration O-z atom Inhi(boi/t;on P-gmol P/O  O-patom Inhégition P-ymol  P/O
70 70

Piericidin A 0 6.40 - 6.63 1.04 7.59 — 10. 65 1.40
1.0x10-? 3.62 43.4 0 0 4.56 39.9 2.78 0.61
1,0x10-¢ 5.62 12.2 1.67 0.30 7.51 1.1 7.70 1.03
1.0x10-8 6.67 —4,2 3.40 0.51 8.27 —-9.0 10.01 1.21
1.0%10-¢ 6.81 —6.4 2.66 0.39 8.42 —-10.9 8.25 1.00
Piericidin B 0 6.40 — 6.63 1.04 7.67 _ 11.35 1.48
1.0%x10-3 4,74 25.9 0 0 6.36 17.1 6.39 1.00
1.0x10-4 5.63 12.0 2,50 0.44 7.95 -3.7 8.39 1.06
1.0x10-° 6.75 —5.5 3.34 0.49 8.11 -5.7 7.92 0.98

1.0x10-¢ 6.32 1.2 1.74 0.28 8.01 —4.4 10.99

1.37

Each vessel contained 15mM succinate.
condition as in Table 1.
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The other experimental
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10-% to 10-°M of Piericidin was found without
lowering the respiration of mitochondria.

The inhibition of succinoxidation by Piericidin
could be partially restored by adding Co Q; and
Co Qo to the inhibited system as shown in Fig. 4,
in which relative rates of respiration were plotted
in ordinate as 100 per cent without inhibitor.
About 20% of restoration of respiration was
found at 5X10-*M of Co Q. .

By-pass of the respiratory chain inhibited by

Piericidin A

Conover and Ernster (1960)2® have demon-
strated that the inhibition of respiration with
pyridine nucleotide-linked substrates in rat
liver mitochondria by Amytal and rotenone
can be restored by adding vitamin K, to the in-
hibited system. They concluded that vitamin K,
induced a by-pass of the rotenone-sensitive site
of respiratory chain by way of DT-diaphorase.

As with Amytal and rotenone, vitamin K3 effect.
was also found in the case of Piericidin A in rat
liver mitochondria as shown in Table 6. Perfect
restoration was obtained at the concentration of
0.8 to 1.2X10"®M of vitamin K; as shown in
Fig.5, which gave the relationship between the
concentration of vitamin Ky and respiratory

Table 6.

Fig.4. Effect of Co Q on succinoxydation system
inhibited by Piericidin A (10-3M) in cockroach
muscle mitochondria.

90 -

Relative rate of respiration (%)

OLt i 1 1 !

5%10:7 5%10-6 5~+10-5 5x10-4
Concentration of Co Q (mole)
0—@: CoQ
O—0: Co Qu
Each vessel contained 15 mM succinate, 15mM
phosphate (pH 7.4), 7.5 mM MgCl,, 2.5mM
ATP, 30mM KCl, 0.5cc of mitochondrial sus-
pension containing 6.8 mg of protein and Co
Q indicated above. Final volume of 2cc.Incuba-
tion took place at 30°C for 15 min.

By-pass of Piericidin A-sensitive site of respiratory chain by quinones.

Cockroach muscle

Rat liver

Additions Respiration Respiration
(O~ atoms) (O-: atoms)

None 8.46 7.59 2.21
Piericidin A 0.65 1.62 0
Vitamin K, 7.41 —
Piericidin A, Vitamin K, 0.76 ‘ 2.01
Vitamin K, 8.64 6.77 2,17
Piericidin A, Vitamin K, 1.07 8.20 1.39
1, 4-Benzoquinone 7.58 8.05
Piericidin A, 1, 4-Benzoquinone 0.68 1.21
Coenzyme Qq 8.35
Piericidin A, Coenzyme Q, 0.57 1.88
Coenzyme Qo 8.09
Piericidin A, Coenzyme Q,, 0.52 1.80
Rotenone 1.08 1.00 0
Rotenone, Vitamin K, 1.21 7.50 1,40

The substrate was a-ketoglutarate, the final concentration of additions were; Piericidin A,
10-*M or rotenone, 10-°M and each quinone, 10-°M.
The other experimental conditions were as described in Table 1.
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Fig. 5. By-pass of Piericidin A-sensitive site of
respiratory chain by vitamin K.

120 |-

)

,
%

Relative rate of respiration (

0 - 1 . 1 1 1
0.4 08 1.2 1.6

Concentration of. vitamin K; (10'5M)
O—0: Cockroach muscle mitochondria
@®——@: Rat liver mitochondria

Each vessel contained 5 mM a-ketoglutarate,
15mM phosphate (pH 7.4), 7.5mM MgCl,, 2.5
mM ATP, 30mM KCIl, 10-°M Piericidin A, an
amount of mitochondria containing 6. 8mg of pro-
tein and vitamin K; indicated above. Final yol-

ume of 2 cc. Incubation took place 30°C for 20min.

restoration. Phosphorylation coupled with this
vitamin Kjs-mediated respiratory system was
lower at 1 P:O unit than that of the original
system. The other quinones, such as vitamin
K:, benzoquinone, Co Q, and Co Q,, have no
effect in rat liver mitochondria. These findings
were in agreement with earlier report with
rotenone by Ernster (1963).»

On the other hand, only a slight restoration
of respiration was found by adding vitamin K; to
the inhibited respiratory chain by Piericidin A
in american cockroach muscle mitochondria as
shown in Fig.5, in which the relative rates of
respiration were also plotted in ordinate as 100
per cent without inhibitor as in Fig. 4. ’The lack

of the vitamin Kj;-mediated respiratory chain
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was also observed with rotenone in cockroach
muscle mitochondria as shown in Table 6.

- DT-diaphorase activity

Fig.6 and 7 show the comparative data con-
cerning the specific and total DT-diaphorase ac-
tivity in cockroach and rat liver mitochondria.
In this experiment, the enzyme was activa.ted by
adding 0.07% of bovin serum albumin as activa-
tor and DCPIP was used as an electron acceptor
as shown in Experimental procedures.

Fig.6. Cytoplasmic distribution of DT-diaphorase
activity in rat liver and american cockroach.
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S: soluble fraction
Specific and total activities of both enzymes
(DPNH(NADH)-and TPNH(NADPH)-diaphorase)
in rat liver were highest in soluble fraction.
Furthermore, DPNH-diaphorase activity was gen-
erally higher than NADPH;diaphorase activity
in each fraction except for soluble fraction which
exhibited only a little higher activity with
NADH than with NADPH. These data have
an approximately same tendency as shown by
Ernster (1962).20
On the other hand, the activities of both en-

zymes from american cockroach were found to

be a little different in each enzyme source, but
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Fig.7. Comparison of total DT-diaphorase
activity in rat liver and cockroach.
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generally'they were lower than that of rat livér,
with about 1/7 and 1/3 to 1/10 in specific and
total activity in each mitochondrial fraction,
respectively. The debris and nuclei of homoge-
nates also exhibited the considerably high diapho-
rase activity as shown in Fig.6 and 7, but it
might be attributed to the contamination of
the other fractions because no efforts ware made
to further purify this fraction.

Discussion

As reported in beef heart mitochondria by Hall
et al. (1966)®, Piericidin A and B were also
proved to inhibit the mitochondrial electron
transport system in cockroach muscle mitochon-
dria. In NADH oxidation system, Piericidin
A, B and rotenone exhibit the powerful inhibition
at the similar concentration, at the order of
10-"M, and identical pattern of action of Piericidin
suggests that they react with this electron trans-
port system at the common site with rotenone
in cockroach muscle mitochondria. In contrast
with rotenone, Piericidin A and B also inhibit

the succinoxidation system at considerably higher
concentration and this inhibited system!c'an be
partially overcome by addition of Co Q. ’

Piericidin also differs from rotenone in that
they seem to have a slight decreasing effect on
oxidative phosphorylation at relatively higher
concentration; 1078 to 10-°M of Piericidin A inhib-
ited the phosphorylation by approximately one
half to two-thirds without appreciably inhibiting
the respiratioh.

In sharp d‘ifference from rat liver mitochondria,
cockroach muscle mitochondria has no effect on
restoration of respiration by addition of vitamin
K; to the system inhibited by Piericidin A and
rotenone. As shown in Fig.5, complete resfqra-
tion was made in rat liver mitochondria by
adding 10-5M of vitamin K; to NADH oxidation
system inhibited by 4Piericidin A or.rotenone.
On the other hand, only partial restoration was
found in cockroach muscle mitochondria. Similar
phenomena weré found in another mitochondria
from cockroach mid gut and honey bee (Apis
mellifera L.) mﬁscle, but these data were not
shown in this paper and they will be‘ reported
forthcoming papers in this series. ‘

The enzyme catalizing t'he oxidation of NADH
and NADPH byvartificial electror_l v acceptor was
first found in soluble fraction of mammalian
tissues by Ernster and Navazio (1958.)!® This
enzyme, called DT-diaphorase, was first isolated
and its proparties were reported by them (Ernster
et al. 1962.)2> Furthermore, occurence of this
enzyme in mitochondria, the relation of the en-
zyme to mitochondrial electron transport system
and the similarity in properties with vitamin K
reductase described by Martius and Mirki (1957)%»
were investigated in detail by them,23,24,2%

Since vitamin K reductase or DT-diaphorase
is strongly inhibited by dicoumarol, which is a
powerful uncoupler of oxidative phosphorylation,
Martius ef al. suggested that the enzyme might
have an important function in coupling of res-
piration to phosphorylation. The possibility was
eliminated, however, on the .evidence that pigeon
liver mitochondria, which lacks DT-diaphorase,?®
exhibits a normal phosphorylation "which. is un-
coupled by dicoumarol.

From our data described above, DT-diaphorase
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activities were directly measured by DCPIP as
an electron acceptor in various fractions from
cockroach comparing that from rat liver as shown
in Fig.6 and 7.

As the results, it is apparent that the enzyme
in each fraction from cockroach is less active
than that in corresponding fraction from rat
It will be further studied whether this
enzyme is generally less active in insects than
that of mammals and whether it has a relation
to selective toxicity of this pesticide.

liver.

Summary

The effects of Piericidin A and B on electron
transport system of muscle mitochondria from
american cockroach, Periplaneta americana L.,
were studied comparing with rotenone. These
inhibit NADH oxidation
system at approximately same concentration as

compounds strongly

rotenone and identical pattern of action of Pieri-
cidin A suggests that they react with this system
at the common site with rotenone.

In contrast with rotenone, they also inhibit
succinoxidation system at considerably higher
concentration and they have a slight decreasing
effect on oxidative phosphorylation.

Respiration in NADH oxidation system inhibit-
ed by Piericidin A is restored by adding vitamin
K; to this system in rat liver mitochondria as
with rotenone. In difference with rat liver mito-
chondria, cockroach mitochondria has no vitamin
Kg-effect. DT-diaphorase activity in each cyto-
plasmic fraction from rat liver and cockroach is
directly measured. The enzymes in cockroach
are less active than that in rat liver, with about
1/7 in mitochondrial fraction.
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