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Uncoupling activity with light-muscle mitochondria from house flies was measured for 2 series of weakly
acidic uncouplers (substituted phenols) and compared with the protonophoric potency across lecithin
liposomal membranes, The activity was linearly related te the protonephoric potency when such factors as
the stability of anionic species in the membrane phase and the difference in the pH conditions of the
extramembranous aqueous phase were taken into account. Relationships of the flight-muscle activity with
activites measured previously with rat-liver mitochondria and spinach chloroplasts were linear. Our findings
were further evidence for the shuttle-type mechanism of the uncoupling action of weakly acidic uncouplers.

Infroduction

Recent studies including ours [1-4] have pro-
vided evidence of the shuttle-type mechanism in
which weakly acidic uncouplers work as protono-
phores across the inner mitochondriai membrane.
Other studies [5,6), however, show the possibility
that the uncoupler molecules specifically interact
with functional proteinous components in the
mitochondrial membranes. To identify the mode
of action of acidic uncouplers, it is worthwhile to
compare uncoupling activities between various en-

Abbreviations: SF6847, 3.5-di-r-butyl-4-hydroxybenzylidene
malononitrile; CCCP, carbonyl cyenide m-chlorophenylhy-
drazone; FCCP, carbonyl cyanide petrifiuoromethoxyphenyl-
hydrazone; TCA cyele, tricarboxylic acid cycle; Chl, chloro-
phyll.
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ergy-transducing biomembranes by use of a series
of systematically selected chemicals. Not many
investigations [7-9] have dealt with the uncou-
pling action of acidic uncouplers with insect mito-
chondria because of difficulties in the preparation
of the mitochondria [10,11}. Ilivicky and Casida
[8] and Holan and Smith [9] reported that the
activity of weakly acidic uncouplers in insect and
rat-liver mitochondria are not parallel. Some un-
couplers are selectively active toward the insect
mitochondria but some others are ,0 to the rat-liver
mitochondria. With a shuttle-type mechanism in
which uncouplers do not interact with a specific
membranous protein, however, it seems unlikely
that there be marked selectivity in the uncoupling
activity with mitochondria from various origins.
In this study, we prepared intact flight-muscle
mitochondria from house flies, that are maintain-
ing high respiration control, and measured the
uncoupling activity using a number of variously
substituted phenols. We examined quantitatively
the relationships in the uncoupling activity be-
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tween flight-muscle and rat-liver mitochondria as
well as between flight-muscie mitochondria and
spinach chioroplasts. We found excellent linear
relationships among uncoupling activities with
biomembranes from three different species. Selec-
tivity in the uncoupling activity was not chserved
for the compounds examined here. We also
quantitatively analyzed variations in the uncou-
pling activity of these phenols with physico-
chemical substituent and molecular parameters
vsing the regression technique. The protonophoric
potency across such an artificial membrane system
as lecithin liposomes was related with the uncou-
pling activity when the difference in the pH condi-
tions of the extramembranous aqueous phase was
taken in consideration. Moreover, the stability of
anionic species in the mitochondrial membranes
in terms of the dissociation constant of phenols as
well as the shielding of the negative charge of
phenolate anions by nearby substituents was found
to govern the uncoupling potency markedly.

Materials und Methods

Materials. Uncouplets used in this study were
the same samples as those used previously [1,2}.
ATP and ADF were obtained from the Oriental
Yeast Co. Oligomycin and rotenone were
purchased from Sigma Chemical Co. House flies
(Musca domestica) of both sexes were used be-
tween 4 and 8 days after emergence.

Isolation of flight-muscle mitochondria. Mito-
chondria were isolated from the flight-muscle of
house flies by a procedure modified from that of
Van den Berg and Slater [12]. After removal of the
heads and abdomens, about 200 thoraces were
distupted by gentle squeezing without any strong
grinding action with a loose glass homogenizer in
10 ml of an isolation medinum containing 150 mM
KCl, 1 mM EDTA, and 2 mM Tris-HCL (pH 7.4).
The homogenate was filtered through four layers
of gauze that had been washed with ice-cold isola-
tion medium, The trapped residue was washed
with 2 ml of the isolation medium. The filtrated
homogenate was carefully homogenized with a
Teflon pestle. The resulting homogenate was
centrifuged at 500 x g for 3 min in a refrigerated
centrifuge and the supernatant again centrifuged
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at 5500 x g for 8 mia. The sedimented mitochon-
drial pellet was resuspended in a small volume of
the isolaiion medium with a swab, and then
centrifuged at 5500 X g for 8 mir. The mitochon-
drial pellet was suspended in 1 mi of the isolation
medium to yield a suspension containing about 4
mg of protein per mi. All of these operations were
carried out at 1-3°C. The amount of mitochon.
drial protein was measured by the method of
Bradford [13] with bovine serum albumin as the
standard. This procedure differs from that of Van
den Berg and Slater in that the primary ‘homo-
penization’ with the glass homogenizer was not
done to homogenize the tissues completely, and in
that the glass pestle only loosely fit the tube of the
homogenizer. The secondary homogenization was
dene after removal of pieces of hard, rigid cuticle,

Measurement of respiration rate of flight-muscle
mitochandria. The standard reaction medium used
in all experiments was 100 mM KCL 20 mM
KH,FO,, 20 mM pyruvate, 20 mM proline, 5 mM
MgCl,, 1 mM EDTA, 0.8 mM ATP, and 10 mM
Tris-HCI (pH 7.4). Mitochondrial respiration was
measured with a Clark-type oxygen clectrode fixed
with a thermostatted reaciion celi (2.5 ml) at 25°C.
The final protein concentration was 0.07 mg,/md.
To this respiration system, each uncoupler as an
ethanol stock solution was added one after the
other (1-15 ). The uncoupling activity of the test
compounds was estimated as the concentration,
€5, at which the respiration rate was twice that
of state-4 respiration.

The stoichiometric relationships between un-
coupler molecules and the phosphorylation assem-
blies under complete uncoupling conditions were
examined for SF6847 and FCCP by the method of
Terada and Van Dam [14] on the assumption that
the amount of phosphorylation assemblies in
flight-muscle mitochondria is 1.0 nmol per mg of
mitochondrial protein [15].

The effect of the concentration of ATP in the
reaction medium on the respiration rate stimu-
lated by an uncoupler was examined with various
concentrations of ATP, The diiference in the res-
pitation rate of flight-muscle and rat-liver mito-
chondria stimulated by uncoupler in the presence
or absence of oligomycin was examined. The ex-
perimental details are provided in the legends to
the figures.
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Measurement of uncoupling activity with rar-liver
mitachondria and spinach chleroplasts. The uncou-
pling potency with rat-liver mitochondria was ex-
pressed as log 1/Cy5, where Cpgf is 1he concentra-
tion needed to double the state-4 respiration rate.
As the index for the uncoupling potency with
spinach chloroplasts, log 1/C5H was used, where
Csal is the concentration needed to increase the
rate of electron transport to twice that of the
control. The values of log 1 /C% and log 1/C5Y
were frem: our earlier studies [2,16). The amount
of phosphorylation assemblies in the reaction
medium was made to be almost equivalent among
these three experimental systems, being about 7.0
107" mol of phosphorylation assemblies per ml
of medium for flight-muscle and rat-liver mito-
chondria and about 10.0-10~" mol for spinach
chloroplasts [16].

Measurement of protonaphoric potency and the
acid dissaciation consiant. The protonophoric
potency across the liposomal membrane, log F,,
in which £, is the increment of the proton per-
meability in terms of cm/s per unit molar con-
centration of the uncouplers, and the dissociation
constant, K,, were taken from previous papers
[1,2].

Results

Characterization of flight-muscle mitochondria

In each of the mitochondrial preparations, the
respiration control ratio was constant, being 4.5 or
more within 3 h after the preparation. ADP.
stimulated respiration (state 3) was inhibited by
the addition of oligemycin (1.5:1077 M) to the
level of state-4 respiration. The state-3 and state-4
respirations were completely inhibited by rotenone
(2.5-107° M), because pyruvate was used as sub-
strate in this study.

Uncoupler-stimulated respiration was not ob-
served in the absence of ATP in the reaction
medium for al! of the test compounds with fiight-
muscle mitochondria, State-4 respiration, which is
the respiration after the added ADP has been
completely converted to ATP, was markedly
stimulated by the addition of uncoupler. ‘Lhe rela-
tionship between the respiration rote stimulated
by uncoupler and the concentration of ATP in the
reaction medivm was examined with 2:167% M
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Fig. 1. Dependence of the respiration rate stimulated by SF6847
(20 nM) on the concentration of ATP in the reaction medium.

SF6847 as an example (Fig. 1). This concentration
of SF6847 was chosen because it caused the maxi-
mum stimulation of the respiration rate in the
rat-liver mitochondria [1]. With this concentration
of SF6347, the minimum ATP concentration giv-
ing the maximum respiration ratc was about 0.6
mM. Therefore, 0.8 mM ATP was added to the
reaction medium to measure the uncoupling activ-
ity in the following experiments. The same con-
centration of SF6847 was confirmed to stimulate
the respiration rate completely also with the
flight-muscle mitochondria,

The effect of oligomycin on the uncoupler-
stimulated respiration of flight-muscle mitcchon-
dria differed from that on the respiration of rat-
liver mitochondria as shown in Figs. 2 and 3. With
rat-liver mitochondria, the inhibition of the F,
womponent of ATPase by oligomycin has no effect
on the respiration rate stimulated by uncoupler
[17]. This was also confirmed in this study (Fig.
2A and B). With flight-muscle mitochondria, how-
ever, the respiration rate was not stimulated by
uncoupler with the addition of oligomycin, which
inhibits the F; component of ATPase (Fig. 3A, B
and C). Under these conditions for flight-muscle
mitochondria, the addition of ADP was required
to restore the stimulation of the respiration. The
restored respiration rate was, however, slightly
smaller than that in the absence of oligomycin. It
should be also noted from Fig. 3D that
uncoupler-stimulated respiration was observed
even after the addition of oligomycin when ADP
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Fig. 2. Effect of oligomycin on the uncoupler-stimulated respiration of rat-liver mitochondria. The reacti di 410

mM sodium succinate, 200 mM sucrose. 2 mM MsoCl,, 1 mM EDTA and 2.5 mM potassium phosphate (pH 7.4). The final
mitochondrial protein concentration was 0.7 mg/n!. Arrows indicate the addition of 25 nM SF6847, 2.5 pM oligomycin, or 0.4 mM
ADP. The numbers on the ligure indicate the oxygen consumption rate as amel O0/miz per 2.5 mi.

in the reaction medium was not completely coa-
verted to ATP.

Relationships of uncoupling activity among various
energy-transducing membranes

The uncoupling activity of compounds mea-
sured with flight-muscle mitochondria, in terms of
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log 1/CM, and the previous data for the rat-liver
mitochondria, log 1/Ch. and spmach chloro-
plasts, log 1/CSs, were listed in Table I together
with molecular and substituent physicochemical
paranieters. In each system, SF6847 had the
highest uncoupling activity.

The relationship among the uncoupling activi-

mit. ADP

Fig. 3. Effect of oligomycin on the uncoupler-stimulated respiration of flight-muscle mitochondria. The reaction medium contained

100 mM KCl, 20 mM KH,PO;, 20 mM pyruvate, 20 mM proline, § mM MgCt,, 1 mM EDTA. 10 mM Tris-HCI (pH 7.4) without

(C. D) or with (A, B) 0.8 mM ATP. The final mitochondrial protein concentration was 0.07 mg/ml. Arrows indicate the addition of

25 nM SF6847, (.15 pM oligomycin or (.8 mM APDP. The numbers on the figure indicate the oxygen consumption rate as nmol
O/min per 2.5 ml.
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TABLE I

PHYSICOCHEMICAL CONSTANTS AND UNCOUPLING ACTIVITIES OF UNCOUPLERS

No.  Compound —log -log -—ZE°">  log  logl/CH,  log 1/C5 log 1/Co
F?a KA a P,‘a

obs. calc.® obs.® cale® obs® cale'!

R
HOy »NO2

NO2
1 R=H 622 409 165 -070 476 430 510 466 % _
2 Me 544 444 289 -044 552 557 560 ST -F -
3 Er 494 443 29 045 607 589 602 604 -2 -
4 i-Pr 453 447 3% -042 612 644 646 655 -t
5 sBu 418 451 402 -040 665 676 689 6T -f  _
6 +-Bu 416 480 443 -021 689 718 685 109 %  _

Rs. '
HO CH=C CN

(e

R2
T R,= 57 T4 0 051 520 524 537 595 368 3m
8 Me 502 651 248 051 611 654 639 682 41 5N
9 Et T448 698 262 051 677 6% 67 703 560 542
10 P 448 706 342 051 735 708 135 123 600 567
u i 400 11 474 048 7T TEL & 18T 62 6N
12 +-Bu 405 684 55k 051 860 BI3 844 738 686 675

»
HO=, /~R3
.

13 R,=CH=C(CN)CODE: 448 151 556 036 741 717 114 697 542 550
14 CH=C(CN)H 431 995 556 0 512 514 484 518 8
15 CH=C(CN)CONH, 547 1773 556 022 585 611 3592 501 464 418
1t CH="(WCOMe)COOEL477 867 356 b 551 556 542 549 -% o
17 CH=CHNO, 522 689 550 051 717 137 116 24T 544 545
18 CH=C(CN'SO,Me 462 637 536 050 770 179 173 151 519 624
19 CH=C(CN)COOMe 451 745 556 043 752 73 760 716 562 554
20 CHe S98 793 556 006 528 532 512 514 336 340
n CN 485 889 556 0 500 539 542 5 3 34
22 FCCp 499 620 556 037 752" 756 749™ 728 610D 652
23 CCCP 430 595 556 . 030 733" 79 730" 767 558" 755

® From Refs. 1 and 2.

" From Ref. 21. For the nitro group, the EX™ value was taken as the mean of those for the minimum perpendicular (—1.01) and
the maximum coplanar { - 2.52) dimensions, as defined in Ref, 18, This averaged E*™ value was recently found to apply to the
steric effect of an ¢-nilro group on the acid-catalytic hydrolysis of benzamides {Sotomatsu, T. and Fujita T., unpublished cesults).

® By Eqn. 8,

¢ By Eqn. Y.

® From Rel. 16.

¢ By Eqn. 10,

& Not studied becanse of the marked inhibition of the electron transpori system.

" Not included in the correlation analyses.



ties with varions energy-transducing membranes
was examined by regression analysis, giving Eqns.
1 and 2.

log1/CH = 1.026 logt/Cih — 0.198
o (0.073) o {0.509)

(n=Zi,5=0.17, r=0988) (

log1/CM = 0934 log1/€5H + 1986
(0186 {0:993)

(=13, 5 = 0.329, r = 0.958) 2

In this and the following equations, n is the
number of compounds included in the correlation.
s is the standard deviation, and » is the correla-
tion coefficient. The figures in parentheses are the
95% confidence interval. The slopes of Eqns. 1
and 2, being close to 1, show that the variations in
the uncoupling activity with flight-muscle mito-
chondria correspond to those with rat-liver mito-
chondria and spinach chloroplasts in an almost
1-to-1 way. The intercept of Egn. 1 is close 10 0,
indicating that the activity of each compound with
rat-liver mitochondria is almost equivalent to that
with flight-muscle mitochondria. The intercept of
Eqn. 2 shows, however, that the activity with
fiight-muscle iatockivndiig is abowt 153 imes thai
with chloroplasts.

Stoichiometric study of urcoupler activity

The ‘intrinsic’ uncoupling activity was defined
previously in terms of the number of uncoupler
molecules needed for the complete uncoupling
with a unit amount of phosphorylation assembly
when all of the added uncoupler molecules in the
test medium are bound to mitochondria. The value

7

of the intrinsic unconpling activity of SF6847 and
FCCP with flight-muscle mitochondria is listed in
Table I together with that in rat-liver mitechea-
dria and spinach chloroplasts [16). The intrinsic
uncoupling activity measured with flight-muscle
mitochondria was close to that measured with
rat-liver mitochondria,

Quantitative analysis of uncoupling activity with
physicochemical substituent and molecular parame-
ters

In our earlier studies [1,2,16], the uncoupling
activities with rat-iver mitochozndria and chloro-
plasts were linearly related ‘o the protonophoric
potency across such a model membrane as Yipo-
somes, when differences between biomembranes
and liposomes in the extramembranous pH condi-
tions and the stability of the ionized form of the
uncoupler molecules were taken inte account, as
shown by Equns. 3 and 4.

log 1/C3 = O, X
e 1/ 6 (o.?g)bgpp+(g.$) 8 K
+ 2136 log B+ 13.500
(0.407) (0.719)

(=38, 5 =034, r=05iT) (3

log 1/CSM = 1263 log P+ 0957 log K, + 18.270
sy P 4y TN (300

{n=13, 5=0.3%, r=0947) 4

In Eqns. 3 and 4, all of the terms are significant at
the 99.5% level. log P, in which P, is the incre-
ment of the proton permeability across liposomal
membranes per unit molar concentration of

TABLE II
INTRINSIC AND APPARENT UNCOUPLING ACTIVITIES
Intrinsic activity Intrinsic activity Aprarent aclivity Apparent activity
{(molecules uncoupler per  Ratio [Cagn (M) Ratio
phosphorylation assembly)
Rat CWM Cul Rat ChI  Chl
] b b faketed Pl ~ a b b ot ~ A
Fly Rat Chl Fiy Fiy Tt Fly Rat Chi Fiy iy Rat
SF6847 012 009 27 075 23 30 40-107° 360077 141077 050 35 ki3
FCCP 035 030 87 085 15 29 36-107% 221007 30-1077 107 2% 25

* Newly found.
* From Ref. 16.
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uncoupiers in bulk medium, was used as the index
for the protonophoric potency across biomem-
brane systems. The proton conductivity of weakly
acidic uncouplers acicss the Yipid bilayer mem-
bran¢ is markedly dependent on the ex-
tramembranous pH condition [4]. When the un-
coupling activity of ancouplers with mitochondria
ie eorrelated with the protononhoric potency across
the liposomal membrane, it is important to con-
sider the pH dependence of the proton conductiv-
ity of compounds because of differences in pH
conditions between the intermembrane space of
mitochondria (about 7.2) and the internal agqueous
phase of liposomes (4.5-7.0) set in our previous
studies. log F; in Egn. 3 is the parameter that
takes into account this effect as mentioned in a
previous paper [2]. P; was formulated by Eqn. 5:

__ P (mitochondria)
= P (liposose) %)

P, in Eqn. 5 is defined by Eqn. 6:

. (H*)-Ky
KA KA

(6)

where [H™] is the cxiramembranous proton con-
centration in either mitochondrial or lippsomal
measurements, and K, is the dissociation ¢con-
stant of uncoupiers. in Eqn. 4, the log P; term was
not significant with the chloroplast activity be-
cause of the small range of variations in the log P;
for compounds included in the study under
experimental conditions.

Egns. 3 and 4 snggest that the physico-chemical
factors of phenols governing the variations in the
uncoupling activity are almost identical for vari-
ous energy-transducing biomembranes. Thus, we
first analyzed the uncoupling activity with flight-
muscle mitochondria using the same parameters as
those used in Eqns. 3 and 4.

log 1/Cf = 0.945 log P+ 0.339 log X
G L U

+ 1956 log F; + 13.020
(0.702) (2.056)

(n=21,5=0481, r=0.90% ]

Although the correlation coefficient of Eqn. 7

seems good enough to explain the variations in
flight-muscle activity, the standard deviation value
is large. In elaborating the correlation, we observed
that the deviation between the observed and
calenlated values tended to increase with increases
in the bulk of the ortho-substitvents. Anticipating
that the deviation could be accounted for by some
steric parameters relevant to orthe-substituents.
we added the ZE*° term to Eqn. 7, resulting in
Egn. 8.

log1/CH, = 0.630 log P+ 0525 log K,— 0306 ZE>"
% 21 C P o1s) " @

+ 2280 tog B+ 13411
{0.407) (121

(n=21,5=0.267, r = 0.974) ®)

ZE™ is the sum of the Taft-Kutter-Hansch
EZ" parameters [18] of the two ortho-sub-
stituents relative to H (E2"™* (H) = 0). The qual-
ity of the correlation was highly improved in Eqn.
8.

Diseussian

Gregg et al. [17] observed that 24-di-
nitrophenol stimulated te respiration of flight-
muscle mitochondria of house flies only in the
presence of ATF. Our results shown in Fig, 1 are
consistent with their observations. Van den Bergh
[7] found that the factor required for the stimula-
tion of pyruvate oxidation by an uncoupler is not
ATP itself but ADP derived from the added ATP
by the uncoupler-stimulated ATPase. They also
reporied that ADP and inorganic phosphates are
aeeded for the overall operstion of the TCA cycle,
Qur findings shown in Fig. 3 that the uncoupler-
stimulated respiration was not observed in the
absence of ADP when ATPusz was inhibited by
oligomycin agreed with the findings of Van dep
Bergh. Under these conditions, the ADP essential
for the operation of the TCA cycle is not availabie
even if ATP exists in the reaction mediym, be-
cause ATPase is inhibited.

Egns. 1 and 2 show that the uncoupling activi-
ties measured with various energy-transducing
membranes are linearly related to each other
regardless of the difference in membrane composi-
tion. The difference in the intercept in Eqns. 1 and



2, however, reflects the difference in the ‘ap-
parent’ activity of each uncoupler among biomem-
brane systems. Because the amoent of phosphory-
lation assemblic. in the unit volume of the medium
was kept approximately equal for the three series
of measurements, the difference in the *apparent’
activity should arise from the difference in the
‘intrinsic’ activity among various biomembranes.
As shown in Table 1I the intrinsic activity indices
of SF6847 and FCCP are indeed parallel to the
apparent aclivity indices among the three bio-
membrane s;stems. The ratio of intrinsic as well
s apparent activity between rat-liver and flight-
muscle mitochondria is approx. 1, which is in
accord with the intercept value in Egn. 1. That
between chloroplasts and mitochondria, being in
the range between 25 and 40, is somewhat smaller
but located within the 95% confidence interval of
the intercept value of Eqn. 2.

Eqn. 7 seems to show that the factors governing
the variations in the flight-muscle unccupling ac-
livity of substituted phenols are the same as those
for the rat-liver mitochondrial and spinach chlero-
plasts activities appearing in Eqns. 3 and 4. In
Eqn. 8, however, the steric effect of ortho-sub-
stituents in terms of ZE2™° was shown to be an
importani physico-chemical factor governing the
uncoupling activity with flight-muscle mitochon-
dria,

The E, perameter was defined originally for
the steric effect of aliphatic substituents by Taft
[20]. The more negative the value, the bulkier the
substituents. It was extended later by Kutter and
Hansch [18] and shown to apply to the steric
effect of aromatic substituents at various posi-
tions, The steric effect of two ortho-substituents
may differ from each other. Therefore, we at-
terapted to analyze them by classifying sub-
stituents according to their bulkiness in terms of
ESrhe The collinearity in the E2'™° value be-
tween bulkier and less bulky substituents was,
however, quite high for ihe compounds used here.
Thus, E2"** values were combined to give Eqn. 8.

We showed that the steric effect of ortho-sub-
stituents on the fog K, value of substituted phe-
nols in the aqueous phase can indeed be analyzed
with the Taft-Kutter-Hansch E2™° parameter
{21}, For this dissociation equilibrium, the sign of
the E™° term wos positive, indicating that ihe
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bulkiness of the ortho-substituent is unfavorable,
perhaps inhibiting possible hydration, icading to
destabilization of the anionic form in the aqueous
phase. The negative sign of the ZEZ*® term in
Eqn. 8 means that the steric bulk of ortho-sub-
stituents is favorable o the uncoupling activity.
The membrane phasz is much less potar than the
aqueous vhase and the solvation of the anionic
form of phenols should be much less significant ia
the membrane phase than in the agueous phase.
The steric inhibition of solvation by ortho-sub-
stituents could be less important, but steric shield-
ing of the nepative charge from the non-polar
medium to stabilize the anions should become
more important in the membrane phase than in
the agueous phase, The log K, value is used as
the parameter representing the stability of the
anionic form of phenols in the membrane phase in
Egns. 3, 4, 7 and 8. It was, however, measured in
the aqueous phase. The ZE?™ term in Egn. 8
represents a correcting factor for the stability of
antonic phenols in the membrane relative to the
aqueous phase.

We anticipated that the addition of the SE2™?
term into Eqns. 3 and 4 far rat-liver and chloro-
plast activity wuuld be also significant.

log 1/ = DT log Pyt 0:453 g Ky 0123 ZEpHhe
{0.170) (0.055) {000

210 Tog B+ 11958
(0.343) (1.16)

(n=18, 50299, r=0.985) (9

log1/CSM = 1.070 log P,+ 1191 log K
o8 /e (0344) ST ©es) ° A

— OATZ BE 4 15,287
(0.122) 2.

(n =12, 5 =0,285, r= 0.976) (10

Ia Eqns. 9 and 10, to which the SE2™° term is
added, the quality of correlation, especially in
terms of the standard deviation, was indeed much
improved. In each case, the sign of the term is
negative, supporting the discussion made for the
term in Eqn. 8.

To examine the general applicability of Eqns.
8-10, we attempted to extend the study of correla-
tion beyond the phenolic uncouplers toward phen-
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vihydrazone uncouplers suck as FCCP and CCCP,
The steric parameter was, however, difficult 1o
estimate on the same standards as those for ortho-
substituted phenals. The steric effect was taken to
be that on the negative charge center of the an-
ions, so we estimated the degree of shielding effect
of nearby substituents or substructures by caleu-
lating the surface area of either phenolic cxygen
or a-nitrogen of phenylhydrazones accessible to
solvent. The area was calculated by use of
MOLAREA, provided by Hermann [22] with the
standard van der Waals radii of the elements [23].
For negative nitrogen and oxygen atoms, the radius
of neutral atoms was used. For the calculation, we
selected conformations that have minimum steric
repulsion energy, the geometry of which was
derived with use of ANCHOR, a program system
for molecular modeling (Kureha Chemical In.
dustry Co. Ltd, and Fujitsu Lid., Tokyo), using
standard bond lengths and bond angles. The
solvent-accessible surface areas were compared for
water and methane as the ‘solvent’. The methane
molecule was used as an approximate model of a
lipid. The radius of 1.5 A for water [22)and 2.2 A
for methane [24] was selected. Although the indi-
vidual values in Table III were not very accurate
owing to a number of assumptions involved in the
caiculations, they show a definite correspondence
with the bulkiness of di-orthe-substituents. The
bulkier the substituent, the lower the solvent-
accessible surface for 2,6-substituted phenolaie an-
ions in bath ‘solvent’ phases. The surface area for
the deprotonated nitrogen atam of FCCP (CCCP)

TABLE HI

SOLVENT-ACCESSIBLE SURFACE AREAS OF THE
OXYGEN ATOM OF 26-DI-SUBSTITUTED PHENOLS
AND THE «-NITROGEN ATOM OF FCCP '

Compound Surface areas (Az)
CH, H,0
26-H, 3.8 528
2,6-{(Me), 432 344
26+{EY), 418 334
2,6-(i-P1);, 317 N7
26(s-Bu), n7 3.7
2,6+(2-Bu), 71 71
FCCP(CCCP) 92 10.5

is very close to that of the oxygen atom of 2,6-di-
t-butylphenal, the model of SF6847. Thus. we
assumed that the steric parameter for FCCP
(CCCP) can be approximated by that for SF5847
in terms of ZE™"°, Then, the log 1/Cyy, values
were estimated by use of Eqns, 8 and 9, with
experimentally measured log P, and log K, and
calculated log FP; values, for these phenylhy-
drazone uncouplers taken from a previous paper
[2]. The estimated values agreed very well with the
experimental indices as shown in Table I for
flight-muscle and rat-liver mitochondria. For the
chloroplasts activity, the estimated values with
Egn. 10 lacking the log P; term for phenylhy-
drazone uncoupless deviated comsiderably from
those experimentally measured. As mentioned
earlier in this paper, the variations in the log P;
term for 13 phenolic uncouplers for which the
activity was measurable were too low to disclose
the significance of this term. In other words, ex-
tramembranous pH conditions are not much dif-
ferent between chloroplasts and liposomal mem-
branes in our experimental systems. That the chlo-
roplast activity for phenylhydrazone uncouplets
was not predicted well by Eqn, 10 suggests that
factors governing the uncoupling activity may not
be completely scparated in Eqn. 10 for only 13
compounds of similar log K, values. Neverthe-
less, the gaod quality of the correlation of Eqns.
8-10, along with the activity of phenylhydrazone
uncouplers with mitochondria conforming well
with that of phenolic uncouplers rationalized by
Eqns. 8 and 9, indicates the strong possibility of
explaining the variations of the activity of weakly
acidic uncoupiers in general.

Previously, Draber et al. [25] suggested the
importance of the hydrophobic shielding effect of
substituents on the acidic dissociation group in a
structure-activity study of phenylhydrazone un-
couplers. Our results quantitatively showed the
significance of the shielding of the dissociation
group by nearby substituents. Storey et al. [26]
reported that the uncoupling activity of salicylani-
lides is much affected by the steric bulk of sub-
stituents on the salicylate-benzene 1ing, implying
that the uncoupler molecules would bind with a
specific binding site fulfitling particular steric re-
quirements, This study shows, however, that the
steric demand of substituents for the uncoupling



activity did w0t necessarily indicate the participa-
tion of a particular binding site.

Our results suggesting an identicai mode of
action for acidic uncouplers among energy-trans-
ducing membranes from different souwrces were
further evidence for the shuttle-type mechanism of
the uncoupler action.
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