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Abstract

A series of antimycin A analogues was synthesized by modifying the salicylic acid moiety, whereas the portion of the molecule
corresponding to the natural dilactone-ring moiety was fixed as di-n-octyl L-glutamate. To probe the structure of the antimycin A
binding site, the structural factors of the salicylic acid moiety required for inhibitory action werc examined by means of
structure-activity studies with intact rat-liver mitochondria and the cytochrome bc; complex isolated from bovine heart
mitochondria. As suggested earlier (Rieske, J.S. (1976) Biochim. Biophys. Acta 456, 195-247), the phenclic OH was very
important for inhibition. For the derivatives which do not possess a formylamino group in the 3-position (ortho to the phenolic
OH), the inhibitory activity tended to increase as the electron-withdrawing property of the substituent increased, i.e., as the
acidity of the phenolic OH group increased. This indicates that the acidity of the phenolic OH is an important factor governing
inhibition. While the electron-withdrawing property of the formylamino group itself is rather poor, 3-formylamino derivatives
elicited potent activity. The conformation of the 3-formylamino group was afso foud .~ ¢ a very important factor in establishing
inhibitory activity. In addition, the bulkier the moiety corresponding to the 3-formylamino group, the lower the activity. These
results demonstrate that the presence of the 3-formylamino group, and its proper conformation, arc nceded for a close fitting of
antimycin A to its binding domain. Although the inhibitors that lack a 3-formylamino group retaincd fairly potent activity, their
effects on the reduction of cytochromes b and ¢, were somewhat different from those of natural antimycin A, indicating that the
3-formylamino group is essential for inhibitor binding to the cytochrome bc, complex in the same manner as natural antimycin
A. It is concluded that both the 3-formylamino group and the phenolic OH of antimycin A make important contributions to
specific interactions with the amino acid residues of the cytochrome b.
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1. Introduction

The ubiquinol-cytochrome ¢ oxidoreductase (cyto-
chrome bc, complex) is a membrane-bound, proton-
motive multisubunit complex involved in cellular en-
ergy transduction. The properties of several specific
inhibitors have been helpful in the deveiopment of
models for structure and mechanism of the bc; com-
plex. Among these, the affinity of antimycin A in
submitochondrial particles (Ky=3.2x 107" M [1D is
the highest measured so far of all the inhibitors of the
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cytochrome bc, complex [2]. Antimycin A binds to the
Qi center of the cytochrome bc, complex and blocks
electron transfer from the heme b, center to
ubiquinone [3]. Numerous yeast mutants resistant to
antimycin A have been isolated [4-7]. By genetic map-
ping and sequence analyses of these resistance muta-
tions, information about the antimycin A binding do-
main of cytochrome b has been obtained [6~-8], but
much still remains to be learned. For instance, the
portion of the antimycin A molecule that interacts with
the mutated position in cytochrome b remains un-
known. To probe the structure of the antimycin A
binding domain of cytochrome b, investigations into
the structural features of antimycin A molecule re-
quired for inhibitory action will be helpful.

Antimycin A consists of a 3-formylaminosalicylic
acid moiety linked via an amide bond to an alkyl- and
acyl-substituted dilactone-ring (Fig. 1). Based upon
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Fig. 1. Chemical structure of antimycin A ; and synthetic antimycin A
analogs. In compounds 1-23, Y = n-octyl. Compound 24: X = 5-NO,,
Y = n-propyl, compound 25: X =3-NO,, Y = n-propyl., compound
26: X = 3-NHCHO, Y = n-propyl.

structure-activity studies performed in several labora-
tories [9-12), Rieske reviewed the structural factors of
antimycin A required for the inhibitory activity [13,14].
He concluded that (1) the natural dilactone-ring is not
essential to inhibition and has a supporting role in
binding to the Qi center by increasing the hydrophebic-
ity of antimycin A, and that (2) the phenolic OH group
with proper pK, value modified by an electron-
withdrawing substituent such - 1 viro group in the
ortho or para position is absoluw.y essential for the
activity. Both of these views, however, seem to be
somcwhat incomplete as the de_criptions of the struc-
tural features of antimycin A that dctermine inhibition.
Regarding the first conclusion, using a synthetic
stereoisomer of natural antimycin A; ((—)-antimycin
A;), Miyoshi et 2l. showed that the configuration of
antimycin A (i.c., the spatial position of the benzene-
ring plane relative to that of the dilactone-ring) is very
important for its inhibitory activity [15]. Tkat study
indicated that the natural dilactone-ring moiety may do
more than simply increase the hydrophobicity of the
molecule. According to the latter conclusion of Rieske’s
study, the formylamino group (ortho to the phenolic
OH) of the natural salicylic acid moiety is not essential
for inhibition. Furthermore, the formylamino group
has to be an clectron-withdrawing substituent to in-
crease the acidity of the phenolic OH group. However,
the Hammett-type o value of the formylamino in ortho
positina (o), Which is the index of the electron-
withdrawing property and taken to be equal to o,
(16}, is zero {17, indicating that the formylamino group
is not necessarily an electron-withdiawing substituent.
It is likely, therefore, that Rieske’s view of the struc-
tural aspects of antimycin A is insufficient and requires
modification.

We recently showed that the natural dilactone-ring
is not essential for the activity of antimycin A {18],

suggesting that its binding to a Qi center is primarily
governed by specific interaction(s) between the salicylic
acid moiety and some amino acid residue(s) in the
binding site. As substitutes for the natural dilactone-
ring, flexible and hydrophobic structures such as long
alkyl chains and substituted diphenyl ethers are appro-
priate [18]. Although the importance of the salcylic
acid moiety in activity has been suggested by several
structure-activity studies of antimycin A and its ana-
logues [9-12], structural modifications of antimycin A
analogues in those studies seem to be insufficient to
evaluate details of the structural factors required for
the inhibitory action. So long as the portion of the
molecule corresponding to the dilactone-ring moiety is
fixed as the natural chemical structure, wide structural
modifications of the salicylic acid moiety might be not
easy to achieve because total synthesis of the natural
dilactone-ring is still difficult dispite recent progress
[19,20].

In this study, we synthesized a series of antimycin A
analogues by modifying the salicylic acid moiety, while
fixing the portion corresponding to the dilactone-ring
as a di-n-octyl L-glutamate (Fig. 1). This substitute is a
mimetic structure of the natural dilactone-ring moiety
[18]; that is, the synthetic antimycin A analog carrying
this substitute and natural salicylic acid moiety binds to
the Qi center of the cytochrome bc, complex and has
similar inhibitory potency to that of natural antimycin
A;. To identify the structural factors of antimycin A
molecule required for its inhibitory action, the struc-
ture-inhibitory activity relationship was examined with
intact rat-liver mitochondria and the cytochrome bc,
complex isolated from beef heart mitochondria.

2. Experimental nrocedures

Materials

Rotenone, antimycin A;, and cytochrome ¢ (horse
heart) were purchased from Sigma. Myxothiazol was
obtained from Boehringer. SF6847 and 2,3-dimethoxy-
5-methyl-6-n-decyl-1,4-benzoquinol (DBH) were the
same samples as those used previously [21]. Other
reagents were of the purest grade commercially avail-
able.

Synthesis

Compounds 1-23 were prepared by condensing the
substituted salicylic acids with di-n-octyl L-glutamate in
the presence of dicyclohexylcarbodiimide (DCC) in dry
pyridine [18] (Scheme 1). Di-n-octyl L-glutamate was
synthesized as previously described [18]. The substi-
tuted salicylic acids (the precursors of compounds 1-7
and 12) were commercially available. To drive the
nitrosalicylic acids (the precursors of compounds 8-11
and 13~15), the corresponding commercially available
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salicylic acids were first converted to methyl salicylates
in the presence of 4-ioluenesulfonic acid in methanol
to facilitate the separation of ortho (3-position) and
para (5-position) nitro derivatives by silica gel column
chromatography. These methylsalicylates were nitrated
by the method of Meldrum and Hirre {22]. Following
the separation of nitro salicylates, the compounds were
hydrolyzed to the acid form. The 3-formylamino
derivatives (compounds 16, 17, 18 and 19) were derived
freni the corresponding nitro derivatives (compounds
8, 10, 9 and 11, respectively) by hydrogenation of the
nitro group over 10% palladium on carbon in ethanol
and then formylation of the resulting amine derivatives
[12,18]. Compounds 20, 21 and 22 were synthesized by
acylation of the 3-amino derivative, which was pre-
pared from compound 8 by reduction over 10% palla-
dium carbon in ethanol {12], with acetic, propionic and
cyclohexyl acetic acids, re=pectively, in the p-esence of
DCC in toluene. 2-Methoxy-3-nitrosalicylic acid (the
precursor of compound 23) was obtained by hydrolyz-
ing methyl 2-methoxy-3-nitrosalicylate, which had been
preparcd by nitration of methyl 2-methoxysalicylate.

Compounds 24~26 were synthesized by the same
method as described above, except that di-n-propyl
L-glutamate was used in place of di-n-octyl L-giuta-
mates.

All synthesized compounds were characterized by
"H-NMR spectra JEOL PMX-60 and JEOL GSX-400)
and elemental analyses for C, H and N, within an error
of +0.3%.

Methods

Mitochondria were isolated from the livers of aduli
male Wistar rats as described by Myers and Slater {23].
Rat-liver mitochondrial respiration with 10 mM sodium
succinate as the substrate was measured with a Clark-
type oxygen electrode at 25°C, tie final mitochondrial
protein concentration in the medium being 0.7 mg/
ml. The assay buffer consisted of 200 mM sucrose, 2
mM MgCl,, | mM EDTA, and 2 uM rotenone in 2.5

mM potassium phosphate (pH 7.4). and the total vol-
ume was 2.5 ml. Protein concentration was determined
by the biuret method [24] with bovine serum albumin
as the standard. The molar concentration of the in-
hibitor ¢ /) needed to halve the uncoupled respiration
rate by SF6847 (40 nM) was measured. The ply,. the
log of the reciprocal of /. is used here as the index of
the inhibitory potency.

The cytochrome ¢, complex was rrepw: . | o ed-
ing to Rieske [25] from bovine heart mitochondria and
stored at ~ 75°C in medium consisting of 20% glycero}
and 25 mM Tris-HCI buffer {pH 8.0). The concentra-
tion of heme b was determined from the reduced
minus oxidized spectrum using 562-575 nm wavelength
pair (e =28.5 mM fem ™) [26].

The relative extent of reduction of the heme centers
of the isolated cytochrome be, complex (2.5 pM) was
determined under varying conditions using a stirred
cuvette in a Shimadzu UV3000 spectrophotometer in
the dual-wavelength mode; the wavelength pairs 562-
575 nm for cytochrome b and 553-540 nm for cy-
tochrome ¢, were used [26). The incubation medium
consisted of a mixture of 2 mM NaN,;, 0.5 mM EDTA,
20 mM MgCl, and 0.01% Tween-20 in 55 mM Tris-HCl
(pH 7.4). After adding 1.25 uM K JFe(CN),], and
preincubation with an excess of inhibitor, 9 uM DBH
was addod.

Cytochrome bc, .c.uplex activity was measured at
25°C as the rate of cytochrome ¢ (horse heart) reduc-
tion with the wavelength pair 550-540 nm [26] using a
stirred cuvette in a final volume of 2 ml. After adding a
cytochrome ¢ (20 M), cytochrome bc, complex was
added to a final concentration of 2.6 nM cytochrome b.
Th. protein was incubated for 2 min with inhibitor.
ther. (., i caction was started by adding DBH (20 uM).
The assay medium consisted of a mixture of 2 mM
NaN,, 0.5 mM EDTA, 20 mM MgCl, and 0.01%
Tween-20 in 55 mM Tris-HCl (pH 7.4). The molar
concentration of inhibitor (/) needed to reduce cy-
tochrome ¢ reductase activity by half was measured.

Inhibition by antimycin A, and compound 16 was
also measured with submitochondrial particles pre-
pared from bovine heart mitochondria by the method
of Matsuno-Yagi and Hatefi [27). The particles were
treated with sodium deoxycholate (0.3 mg/ mg pro-
tein) before dilution with reaction medium [28]. Cy-
tochrome bc, complex activity was measured at 25°C as
the rate of cvtochrome ¢ reduction with DBH as
substrate. The reaction medium consisted of a mixture
of 0.25 M sucrose, 1 mM MgCl,, 2 mM KCN. 20 oM
DBH, 20 uM cytochrome ¢ and 50 mM phosphat~
buffer (pH 7.4), the final mitochondrial protein con-
centration being 30 ug/ ml.

The acid dissociation constant (K ,) was measured in
10% ethanol/water (v/v) spectrophotometrically
(25°C) with a Shimadzu UV3000 spectrophotometer.
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The pH of the buffers was measured with a Horiba pH
meter M-12. The pH readings were not corrected for
the effect of ethanol on the apparent acid dissociation
constant, since comparisons between dissociation con-
stants of the related compounds in a mixed solvent are
valid if the amount of the organic solvent present is
constant [29].

3. Results

Structure—activity relationship of synthetic antimycin A
analogues

Table 1 summarizes the compound structures and
inhibitory activities in terms of the pls, with intact
rat-liver mitochondria and the isolated cytochrome bc,
complex. The pl;, was measured at least twice and the
values then averaged. In all cases, the standard devia-
tion were no more than +0.07 and +0.05 with mito-

Table 1
Structures, inhibitory activities and physical properties of test com-
pounds *

No. Substituents (X,.2) plg
ot b, © RIM ¢

mp. °C) Loy, °

1 H 380 392 il 0

2 4CH, 390 368 il -0.07
3 5CH, 385 350 35-36 -0.17
4 3Q 574 494  oil 0.23
5 4 399 197 il 037
6 5 403 428 18-40 0.22
7 S5Br 392 383 49-50 023
8 3-NO, 706 670 35-36 078
9 3-NO,-5-Cl 693 663 ol 1.01
10 3-NO,-4-CH, 719 668  oil 0.7
11 3-NO,5-CH, 599 656  35-36 0.61
12 5-NO, 715 687  33-34 0.78
13 5-NO,-4-CH, 645 659  oil 071
4 5-NO,3-CH, 716 684 ot 061
15 354NOy), 675 6% T 1.56
16 3-NHCHO 7.81 720 35 0

17 3-NHCHO-4-CH, 527 572 48-50 —007
18 3-NHCHO-5-Cl 766 114 85 023
19 3-NHCHO-5-CH, 750 719  33-34  —0.17
20 3-NHCOCH, 664 648  oil 0

21 3-NHCOCH,CH, 539 446  74-75 0¢
22 3-NHCOCH,-

CH,(CH,),CH, 537 414 28 0¢
23 3-NHCHO-2-OCH, ' 5.30 390 41-42 0
Natural antimycin A 4 9158 7.38

? In Fig. 1, Y = n-octyl.

* The sum of Hammett-type o constants. Unless otherwise noted,
the o constants were cited from Ref. [17). The g, Was taken to be
equal to oy, (Ref. [16)).

€ Assays with isolated cytochrome bc, ¢ mplex.

9 Assays with intact rat-liver mitochondria.

© Taken as the same as that of NHCOCH .

 The phenolic OH group was replaced by a methoxy group.

* This concentration is equal to 0.55 mol antimycin As/ mol cy-
tochrome c,.

chondria and the cytochrome bc, complex, respec-
tively. The sum of Hammett-type o constants of the
substituents is also listed in Table 1. Compound 16 was
the most potent inhibitor of all synthetic antimycin A
analogues. The activity of this compound was about
1/2 and 1/20th that of antimycin A ; with intact mito-
chondria and the isolated cytochrome bc, complex,
respectively. With submitochondrial particles prepared
from beef heart mitochondria, the activity of 16 was
about 1/2 that of antimycin A, (J5, value of 16 and
antimycin A, was 0.42 and 0.22 nmol/mg protein,
respectively). The poorer activity with the isolated cy-
tochrome bc, complex may be due to nonspecific bind-
ing of a part of the compound added to some hy-
drophobic region of the protein complex owing to
hydrophobic interaction, since this compound is much
more hydrophobic than antimycin A, [18). With intact
mitochondria and submitochondria! particles, the hy-
drophobic compound distributes into lipid bilayer
phase, enabling it to access the action site of the
cytochrome bc, complex. It has been suggested that
phospholipids are involved in inhibitor binding to cy-
tochrome bc, complex [30,31). Taking this into ac-
count, we cannot exclude the possibility that a decrease
in binding affinity of the inhibitor to the isolated cy-
tochrome bc,; complex, due to some sort of structural
change of the complex, occurs when enzyme complex is
extracted by detergents.

The methylation of the phenolic OH on the salicy-
late moiety resulted in a decrease in inhibition (16 wvs.
23), demonstrating that the free OH group is very
important for inhibition as suggested earlier [13,14]. To
examine whether the methoxy derivative can occupy
the binding site without inhibiting the catalytic reac-
tion, we measured the inhibitory activity of 16 using
cytochrome bc, complex treated with an excess of the
methoxy derivative (23, 720 nM). Compound 23 at this
concentration elicited a 2-5% inhibition of the control
activity in preliminary studies. As seen in Fig. 2, the
inhibitory activity of 16 was not reduced in the pres-
ence of 23, indicating that excess 23 could not replace
16 from its binding site. It is concluded, therefore, that
the phenolic OH group is important for the inhibitor
binding to the binding site.

The inhibitory activities of methyl (2, 3) and halogen
(4-7) derivatives are, in general, much wezker than
those of nitro derivatives (8-15). This might be due to
the electron-donating and weak electron-withdrawing
propertics of the methyl and halogen groups, respec-
tively, compared with the nitro group. Irrespective of
the same hydrophobic and electronic properties of the
substituents, compound 13 was slightly, but signifi-
cantly, poorer than compound 14. Considering that the
electron-withdrawing property of the 5-nitro group is
decreased by the presence of the vicinal methyl (4-
methyl), but not by 3-methyl, since the plane of the
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5-nitro group is twisted against the benzene-ring plane
by steric congestion arising from vicinal methyl [32],
this result also indicates that the electron-withdrawing
property of nitro group at the 5-position favors the
activity. The activity of the 3,5-dinitro derivative (15)
was poorer than that of mononitro derivatives (8 and
12), suggesting that there is an optimal acidity of the
phenolic OH for inhibitory activity.

Despite the weak electron-withdrawing property of
formylamino group (i.c., 0y, (= 0,,) =0 and o,
= (.19 [17)), the activities of 3-formylamino derivatives,
except compound 17, were greater than those of the
nitro derivatives with both assay systems. This suggests
that inhibition is not governed solely by the electron-
withdrawing property of that substituent. To identify
the role of the formylamino group at the 3-position
(ortho to phenolic OH) in the inhibitory action, we
investigated the poorer activity of compound 17 rela-
tive to that of 19. A methyl group was introduced to
the 4- (vicinal to 3-formylamino) and S5-positions in
compounds 17 and 19, respectively. Despite the differ-
ence in the position of substitution, the hydrophobic
and electronic properties of the two compounds can be
considered to be similar. The vicinal methyl group
might affect the conformation of the 3-formylamino
group by steric congesiion, resulting in interference of
the specific interaction between the 3-formylamino
group and the binding domain. To obtain information
about the conformation of the 3-formylamino group,
400 MHz 'H-NMR spectra of compound 17 and re-
lated compounds were recorded in chloroform-d; at
25°C. The signal for the phenolic OH proton of com-
pound 16 appeared at 12.93 ppm. The 'H-NMR spec-
tra of compound 17 showed signals at 12.60 and 12.75

100—0\
-~ 8o} O-o
£ \
z o
3 60— .\
g o
o
2z or
5 A
~
T 20l O\
.\.
ol 1 ] L
0 1 2 3 4

Compound 16 (x10 nM)

Fig. 2. Titration curve for electron-transfer inhibition by compound
16. The electron-transfer activity was measured in the presence (O)
and absence (®) of 720 nM methoxy derivative (compound 23). The
control DBH-cytochrome ¢ reductase activity was 13 umol of cy-
tochrome ¢ reduced per min per nmol cytochrome c,. For details,
see Methods.

1k

Y ;_ML'

— " s :

12 12 2 ppm

Fig. 3. 400 MHz ' H-NMR spectrum of compound 17 in chlorformd,.
Variable-temperature studies were performed using the standard
temperature-regulation apparatus of the spectrometer. Temperature:
25°C (A) and 50°C (B).

ppm, assignet o ‘he phenolic OH, and at 2.29 and
2.34 ppm, assigned to 4-methyl protons, in a ratio of
4:5, respectively (Fig. 3A). Upon increasing the tem-
perature to 50°C, the signals of the OH proton broad-
ened (12.54 and 12.69 ppm) and the two signals of
methyl protons coalesced, giving a broad single reso-
nance at 2.30 ppm (Fig. 3B). In contrast, the phenolic
OH proton and S5-mettyl protons of compound 19
showed a single resonance at 12.64 and 2.30 ppm
(25°C), respectively. These results indicated that the
3-formylamino group of compound 17, but not 19,
takes two stable conformations in the presence of a
vicinal (4-position) methyl group under the experimer -
tal conditions, probably by steric congestion. Since the
NH proton of the formylamino group showed a single
resonance at 7.58 ppm, these two conformers may not
simply reflect the two isomers arising from a rotation
around the N—-C bond axis of the formylamino group.
Thus, it is confirmed that a conformational change of
the 3-formylamino group occurs by introducing a methyl
group to the 4-position. Although the two conforma-
tions of the 3-formylamino group are still not charac-
terized, the drastic decrease in the activity of com-
pound 17 should be due to the conformational changes
of 3-formylemino group. In other words, the 3-for-
mylamino group is not able to take an active conforma-
tion due to a decrease in rotational freedom. On the
other hand, the downfield-shifted signal of the pheno-
lic OH proton was observed irrespective of the sub-
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stituent in 3-position (data not shown). This suggests
that the phenolic OH group forms an intramolecular
hydrogen-bond. A six-membered hydrogen-bonded ring
may be formed between the phenolic OH and the
carbonyl oxygen of amide bond bridge in the 1-posi-
tion.

The replacement of formyl of 3-formylamino group
by a bulkier acetyl group resulted in a decrease in
inhibition (16 vs. 20). A more clear-cut effect of steric
bulkiness of 3-substituent on the activity was observed
with compounds 21 and 22, suggesting that this portion
of the analogue fits tightly into the binding cavity.

The effects of synthetic antimycin A analogues upon
reduction of heme centers of the cytochrome bc, complex

Antimycin A binding to the cytochrome bc,; complex
is characterized by an extra reduction of cytochrome b
reduced by substrate and by oxidant-induced reduction
of cytochrome b [3). We identified the binding site of
synthetic antimycin A analogues from their effects upon
the reduction of cytochrome b and ¢ at the concentra-
tions of inhibitors sufficient to exhibit full inhibition. In
the absence of inhibitor, about 50 and 70% of cy-
tochromes b (Fig. 4A) and ¢, (4G) were reduced by the
addition of DBH. The control experiments on the
effects peculiar to antimycin A ; are shown in Fig. 4B
and 4H. The extent of rapidly reduced cytochrome b
was higher than that vithout inhibitor. The addition of
ferricyanide to the systeiw: cesulted in a transient re-re-
duction of cytochrome o (oxigani-induced reduction).

A As62575 = 0.03
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The oxidant-induced reduction was abolished in the
presence of myxothiazol (data not shown). The extent
of cytochrome ¢, reduction was slightly diminished
(Fig. 4H). Compound 16 elicited the same effects as
antimycin A ; on the reduction of cytochrome b (Fig.
4C). The inhibition of cytochrome b reduction was
almost complete in the presence of compound 16 and
myxothiazol (Fig. 4D), i.e., under double-kill condi-
tions. These results showed that this compound binds
to the Qi center of cytochrome bc, complex in the
same manner as natural antimycin A. The effects of
compound 12, however, on the reduction of cy-
tochivine b and ¢, differed from those of both natural
antimycin A and compound 16. That is, although the
cxtent of reduced cytochrome b was slightly higher
than without inhibitor, clear oxidant-induced reduction
of cytochrome b was not observed (Fig. 4E). When
compound 12 and myxothiazol act together, the reduc-
tion of cytochrome b was slowed (Fig. 4F), but faster
than with compound 16 and myxothiazol. The fast
phase of cytochrome ¢, reduction was slightly slower
compared with the control, but not so much as that by
myxothiazol (Fig. 4J). The reduction of cytochrome c,
was almost completely blocked in the presence of com-
pound 12 and myxothiazo! (Fig. 4K). Other nitro
derivative, compound 8, exerted almost similar effects
to those of 12 (data not showr). These observations
indicated that the manner of biading of nitro deriva-
tives to cytochrome bc, complex is somewhat different
from that of natural antimycin A.

| s b o
a] e s L £ /
DgH jA DiH oom;’a.ls DiH 00"'49.16 DgH comp.12 Dgﬂ eom;!.12 DQH

A A553540 = 0.02

|

L™ K
M‘YJN emi.mnéu

Fig. 4. Reduction kinetics of the heme centers of cytochrome bc, complex. The reduction of cytochrome h (A-D) and cytochrome ¢, (E~-H) was
determined at a concentration of 2 uM cyt~chrome be, complex. Buffer: 2 mM NaN,, 0.5 mM EDTA, 20 mM MgCl,, 0.01% Tween-20 and 55
mM Tris-HCI (pH 7.4). After adding 2 pM K JFe(CN),} and preincubation with inhibitor, 25 xM DBH was added. To test for oxidant-induced
reduction, 4 uM K [Fe(CN),} (FeCy) was added. The maximal amount of reducible cytochrome was determined by adding a few grains of
dithionite after the experiment. Where indicated, 25 M DBH, antimycin A ; (AA, 5 M), myxothiazol (MY, 7.5 uM), compound 16 (comp. 16,

55 uM) and compond 12 (comp. 12, 0.21 mM) were added.
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4. Discussion

Using di-n-octyl r-glutamate as a substitute for the
natural dilactone-ring moiety, systematically selected
structural modifications of the salicylic acid moiety
became feasibie in this study. The activity of deriva-
tives which do not possess 3-formylamino group tended
to increase as the electron-withdrawing property of the
substituents increased, indicating that the acidity of the
phenolic OH is important for the activity as suggested
earlicr [13,14]. The nitro derivatives such as compound
8 retained fairly high activity. However, while
electron-withdrawing property per se of the formy-
lamino group is much poorer than that of the nitro
group (o, (NHCHO) =0, 0, (NO,)=0.78 [17)), 3-
formylamino derivatives, except compound 17, induced
more potent inhibition than those of the nitro deriva-
tives. It is, therefore, likely that the formylamino group
in the 3-position plays some important roles in the
inhibitory action which are not explained solely by an
ordinary electronic effect.

To examine the role of 3-formylamino group, we
compared the pK, value of the 3-formylamino deriva-
tive with that of the nitro derivative. Since the solubil-
ity of di-n-octyl L-glutamate derivatives was very low,
the pK, value of compounds 24, 25 and 26 (Fig. 1,
Y = n-propyl) in 10% ethanol-water (v/v) was mea-
sured as the model compounds of 12, 8 and 16, respec-
tively. It was assumed that the alteration of the ester
alcohol moiety (n-octyl to n-propyl) did not affect the
pK, value. The pK, values of compounds 24, 25 and
26 were 4.9, 5.0, and 6.2, respectively. The pK, of 26
was fairly low, which seems not to be accounted for by
the electron-withdrawing property (the ordinary elec-
tronic effect) of the formylamino group zlone. The
effects of ortho substitution upon an acid dissociation
group are complex in contrast to those of para and
meta substituents [16). The para and meta substituent
effects on an acid dissociation are accounted for by the
ordinary electronic effect alone. To elucidate the ortho
substitution effects, so called proximity effects (or or-
tho effects), which are in general composed of steric
and secondary electronic effects, have to be taken into
account, in addition the ordinary electronic effect [16].
Thus, the fairly low pK, value of compound 26 may
result from the proximity effects of the formylamino
group.

It is not clear, however, whether the role of the
3-formylamino group is solely to modulate the pK, of
the phenolic OH, because a conformationai change in
the 3-formylamino group and an increase in the steric
bulkiness of this portion drastically affected the activ-
ity. It seems unlikely that such structural modifications
would result exclusively in a drastic increase in pK,
value (i.c., a marked decrease in acidity). Regarding
only the acidity of the phenolic OH, nitro derivatives

should be more potent inhibitors than 3-formylamino
derivatives, but an opposite was observed here. Fur-
thermore, for 3-formylamino derivatives, modifications
of the acidity of the phenolic OH by introducing methyl
(electron-donating) or halogen groups (electron-
withdrawing) in para position to the OH group did not
significantly affect the activity (16 vs 18 or 19). These
results indicate that the extent of the acidity of the
phenolic OH group does .ot disctiy sciat. . the
activity when the inhibitors possess a formylamino
group in the 3 position. The 3-formylamino group,
therefore, might have a more extensive role in the
inhibitory action besides regulating the pK, value of
the phenclic OH. We suggest that there are specific
interactions, such as electrest tic and hydrogen-bond-
ing interactions, between the, »~formylamino group and
some amino acid residucs 'y the binding domain. In
other words, the inhibitor binding domain might have
stringent structural requirements.

Irrespective of the lack of a formylamino group in
the 3-position, nitro derivatives retained fairly potent
activity. This seems to be in conflict with the above
conclusion. It is, however, worth noting that 3-for-
mylamino derivatives showed similar effects on the
reduction of cytochrome b and ¢, to those of natural
antimycin A, whereas the effects of nitro derivatives
Jiffered from those of antimycin A. These results indi-
cate that tiic precise manner of action of the inhibitor
lacking the 3-formylamino group differs from that of
natural antimycin A. This argument seems to be con-
sistent with the recent observations by Xu et al [33], as
they reported that 3-nitrosalicylic N-decylamide, which
has been thought to be a good mimic of natural an-
timycin A [13,14,34], does not bind to a Qi center. To
inicract with the cytochrome be, complex in the same
manner as natural antimycin A, a 3-formylamino group
(along with the phenolic OH group) may be essential.
Therefore, it may be inappropriate, in a strict sense, to
classify inhibitors lacking a 3-formylamino group as
cytochrome b inhibitors without designation of the
binding site (Qi or Qo) until more detailed studies are
completed.
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