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The abilities of eight nitrosalicyl-N-alkylamides te inhibit succinate—ubiquinone reductase were compared. These
compounds possess both a nitro group at 3- or S-position of the benzyl ring, and a methyl, decyl, dodecyl or tetradecyl
group substituted for the amide hydrogen of salicylamide. The result shows the following: (a) 3-Nitrosalicyl-/V-al-
kylamides are stronger inhibitors than S-nitrosalicyl-V-alkylamides when they have the same alkyl group. (b) The
inhibitory abilities of both 3-and 5-nitrosalicyl-N-alkylamides increase with increasing alkyl group length. (¢) Kinetic
data show that the inhibition by 3-nitrosalicyl-N-tetradecylamide is noncompetitive with respect to the electron acceptor

Q,.

Introduction

3-Nitrosalicyl-N-alkylamides with alkyl groups of 4
to 18 carbon atoms were first synthesized as antimycin
A analogues by Deckie et al. [1] and shown to have an
antimycin-like inhibitory effect on Q,H,—cytochrome ¢
activity in submitochondrial particles. Neft et al. [2]
compared the inhibitory properties of substituted sali-
cyl-N-(n-octadecyl)amides on the same activity. Later,
3-nitrosalicyl-N-methylamide was synthesized in this
laboratory. Unlike Deckie’s derivatives, 3-nitrosalicyl-
N-methylamide acted like TTFA instead of antimycin A
[3]. Based on this finding, we began to examine the
nitrosalicylamides using another approach, hoping to
verify the suspicion that long-chain nitrosalicylamides
will act like both TTFA and antimycin A. In recent
experiments we have found this to be true. By using
succinate-cytochrome ¢ reductase we found that 3-
nitrosalicyl-N-methylamide inhibits electron transfer
from succinate to DCIP [3], while nitrosalicylamides

Abbrevations: Q,, ubiquinone; Q,H,, ubiquinol; TTFA, 2-thenoyl-
trifluoroacetone; DCIP, 2,6-dicholoroindophenol; HMP, heart muscle
preparation; SCR, succinate-cytochrome ¢ reductase; SQR, suc-
cinate—ubiquinone reductase; QCR, Q,H,-cytochrome ¢ reductase;
SDH, succinate dehydrogenase; QPs, ubiquinone-binding protein in
SQR.
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with an alkyl group longer than ten carbons inhibit both
the electron transfer from succinate to DCIP and that
from Q,H, to cytochrome ¢ (unpublished data). The
latter result raises the question of whether there is a
special site in succinate-cytochrome ¢ reductase which
affects both reactions or whether the inhibitors interact
with the enzyme at two separate sites. We compared the
inhibitory intensity and the distribution among
phospholipids and water of 3-nitrosalicyl-N-alkylamides
having different alkyl groups and found both of them
changing in correlation with increasing length of their
alkyl groups. The smallest derivative, 3-nitrosalicyl-N-
methylamide, distributes chiefly in water phase, while
the derivatives with alkyl chains longer than ten carbons
distribute mostly in lipid phase (unpublished data).
According to these data the site for 3-nitrosalicyl-N-
methylamide inhibition should be located on the surface
of the membrane, and the site for long-chain derivatives
should be buried in the membrane. The question we
raised above is still not solved by this kind of experi-
ment. In order to understand the situation further it is
desirable to split succinate-cytochrome ¢ reductase into
its components, succinate-ubiquinone reductase and
QH,—cytochrome ¢ reductase, and examine how the
inhibitor affects these two separated enzymes. If there
are two separate inhibitory sites, both enzymes should
be inhibited individually. We found this to be the case.
Reported here are the inhibitory properties of nitro-
salicylamide derivatives on succinate-ubiquinone re-
ductase.
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Materials and Methods

HMP was obtained from pig heart muscle using the
purification procedure developed by King [4].The rate
of oxygen uptake of HMP was determined to be about
500 pl/h per mg. Purification of SCR from HMP was
also achieved by The method of King and co-workers
{5]. Each milligram of protein contained about 2 nmol
cytochrome b heme and 1 nmol cytochrome ¢;. The
activity was about 6 gmol cytochrome ¢ reduction/min
per mg. separation of SCR into SQR and QCR was
realized by following procedure of Yu and Yu {6]. The
activity of SQR was 4.7 pmol DCIP reduction/min per
mg (no exogenous Q, added). The activity for catalysis
of cytochrome ¢ reduction by succinate was too low to
be detected.

The enzyme activity assays for SCR [5], SQR [6] and
the determination of cytochrome b and cytochrome ¢,
content were carried out by the reported methods. Pro-
tein concentration for SCR was determined by the
biuret method in the presence of H,0, [7]. In the
kinetic experiments, a series of concentrations of sub-
strate (0.33-13.3 mM) and inhibitor (0-1.67 mM) were
used. The total volume of the assay mixture was 3 ml

Ubiquinone was synthesized in our laboratory
according to Shunk {8]. Bio-Beads SM-2 were from
Bio-Rad. Succinate was from BDH. DCIP was from
Beijing Red Star Chemicals. All derivatives of sali-
cylamide were synthesized in this laboratory according
to the methods of Deckie [1] and Neft {2].

Results

Inhibitory abilities of 3-nitrosalicyl-N-alkylamides on
purified SQR

As shown in Fig. 1, the inhibitory ability of 3-nitro-
salicyl-N-alkylamides increases remarkably as the num-
ber of carbon atoms of the alkyl groups increases from

1008
Nx

) +\
g
£ \ X
o
PN .
g 30 ~—~—— T
3 D\ A\.—AWA
2 \MD

G g 5 3

KM of inhibitor

Fig. 1. Inhibition of SQR by 3-nitrosalicyl-N-alkylamides with differ-

ent alkyl groups: X, methyl; +, decyl; A, dodecyl; [, tetradecyl. 1 ml

assay mixture contained 0.1 M phosphate buffer (pH 7.4), 20 mM

succinate, 0.3 mM EDTA, 0.053 mM DCIP and the indicated

amount of inhibitor. 5 p1 SQR (0.54 mg/ml) was added to start the
reaction.
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Fig. 2. Inhibition of SQR by 3- and 5-nitrosalicyl-N-alkylamides with
different alkyl groups: (a) methyl; (b) decyl; (c) dodecyl; (d) tetrade-
cyl. The curve A represents the inhibitor with nitro group at the
3-position and + at the 5-position. Conditions are the same as
for Fig. 1.

1 to 14. This indicates the hydrophobic nature of the
environment around the inhibitory site of the enzyme.
Similar changes were observed with 5-nitrosalicyl-N-al-
kylamides.

3-Nitrosalicyl-N-alkylamides are stronger inhibitors than
5-nitrosalicyl-N-alkylamides on SQR

Fig. 2 compared the inhibitory abilities of 3-nitro-
salicyl-N-alkylamides and S-nitrosalicyl-N-alkylamides.
It is obvious that an inhibitor having a nitro group at
the 3-position is always stronger than if it has one at the
5-position. This means the inhibitory site in SQR has a
sensitivity different from that of the ring part of the
nitrosalicylamides. Whether or not the site in QCR has
sensitivity similar.to that of 3- or 5-nitrosalicylamides is
worth looking into. Therefore, we measured the reduc-
tion of cytochrome ¢ by Q,H,, although SCR was used
instead of QCR for a preliminary experiment (Fig. 3),
the result showed a remarkable difference. In contrast
to the case with SQR, no apparent difference of inhibi-
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Fig. 3. Inhibition of QCR activity by 3- and 5-nitrosalicyl-N-al-

kylamides with (a) decyl and (b) tetradecyl as alkyl groups. The curve

A represents the inhibitor with nitro group at the 3-position and + at

the 5-position. 1 ml assay mixture contained 0.1 M phosphate buffer

(pH 7.4), 0.3 mM EDTA, 0.1 mM cytochrome ¢, 50 pM Q,H, and

the indicated amount of inhibitor. 5 ul SCR (0.37 mg/ml protein)
was added to start the reaction.
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Fig. 4. Double-reciprocal plots of SQR inhibition by 3-nitrosalicyl-N-

tetradecylamide. From top to bottom, the inhibitor concentrations

were 1.667, 1.000, 0.333, 0.167, 0.033 and 0.000 uM, respectively.

Conditions were the same as explained for Fig. 1, except that a 3 ml
cuvette was used and Q, was added.

tory potency exists between the 3-position and the
S-position of substituted nitrosalicylamides. This might
suggest that the inhibitions of SQR and QCR activities
occur at two separate positions and these two sites have
different properties.

The inhibition of SQR by 3-nitrosalicyl-N-tetradecylamide
is noncompetitive with Q,

The most powerful inhibitor of the eight derivatives,
3-nitrosalicyl-N-tetradecylamide was used to study the
competitiveness/ noncompetitiveness of the inhibition
with respect to the direct electron acceptor, Q,.

By the Michelis equation, we have:

V= Venax™ (81 + [QrD
SI+[Q,]+ K,

where [Q,] is the endogenous ubiquinone of the enzyme
preparation, [S] is the concentration of the added Q,.
[Q,] was determined by curve fitting on the computer,
with a series of known [S] and V. The calculated [Q,]
was 0.055 uM. The K, was calculated to be 1.4 pM.
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Fig. 5. Replot of Fig. 4, The intercepts versus the concentration of
inhibitor.
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This value did not change when the concentration of
inhibitor changed. V,,, decreased with the increase of
The concentration of inhibitor. This was expected for
an inhibition of the noncompetitive type:

v oo
s = TH/K,

Fig. 4 is the double-reciprocal plot. The substrate
concentration was corrected by adding 0.055 pM to the
amount of Q, added. K, = 1.4 uM was calculated from
the intercept at the x axis. The intercept at the y axis
increased as the concentration of inhibitor increased, as
would be expected for a noncompetitive inhibition:

intercept = %

By plotting the intercept versus [I] (Fig. 5), V5 =9.1

pmol /mg per min and K; = 0.42 puM can be obtained.
The noncompetitiveness of the inhibition suggests

that the inhibitor does not interact with the enzyme at

the same site as the substrate Q, does.

Discussion

Although these nitrosalicylamides are structurally re-
lated to antimycin A, their properties are different.
Antimycin A inhibits only electron transfer from
ubiquinol to cytochrome ¢, but long-chain nitrosali-
cylamides inhibit both that from ubiquinol to cyto-
chrome ¢ and from succinate to DCIP. The latter
property is similar to TTFA, but unlike 3-nitrosalicyl-
N-tetradecylamide, TTFA inhibition is competitive with
respect to the direct substrate O, according to Yu’s data
[9]. The site at which the present inhibitor, 3-nitrosali-
cyl-N-tetradecylamide, acts on the enzyme must be dif-
ferent from those of antimycin A and TTFA. The fact
that both separated SQR and QCR can be inhibited by
long-chain nitrosalicylamides means that each enzyme
has its own inhibitory site. The difference in sensitivity
to the change of the inhibitor’s nitro group from the
3-position to the 5-position reveals the difference of the
two inhibitory sites. Although the site on QCR has no
obvious preference (the Fig. 3 experiment was done
with SCR and the reduction of cytochrome ¢ by QH,
was measured), the site in SQR is much more sensitive
to inhibitors having a 3-nitro group than those having a
S-nitro group. With these results, it seems that owing to
the functional relatedness, the two sites have some
common properties, but they are located in different
environment, so that they differ in certain aspects.

In 1977, King et al succeeded in purifying the
ubiquinone-binding protein QPs from the bc; particle
[10,11]. By reconstituting with this QPs, the formerly
inactive SDH became reactive in catalyzing the reduc-
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tion of ubiquinone by succinate [9]. This result sug-
gested that QPs is a component of SQR which is
responsible for ubiquinone reduction. In our SQR prep-
aration and those of many other authors, a considerable
amount of cytochrome b-560 does exist [12-14]. At the
present stage, the function of this cytochrome is still not
clear. It may play some role in the electron flow process
as supported by Hatefi’s experiment [13]. Although it is
difficult to measure the reduction of cytochrome b5-560
by succinate, cytochrome 5-560 reduced by dithionite is
easily oxidized by fumarate or by ubiquinone in
anaerobic condition [13]. Whether or not cytochrome
b-560 takes part in the reduction of ubiquinone cata-
lyzed by SQR is well worth looking into. Being a
hydrophobic protein, cytochrome b-560 might act as an
anchor in holding the SDH on the membrane [15]. Fig.
1 shows that the more hydrophobic an inhibitor the
stronger its inhibitory ability. Since cytochrome b-560 is
the only hydrophobic protein in SQR,it might be the
position at which nitrosalicylamides act.

3-Nitrosalicyl-N-alkylamides are antimycin-like in-
hibitors according to the original work done by Deckie
et al. [1]. 3-Nitrosalicyl-N-alkylamide binds to an 11
kDa polypeptide on QCR. This conclusion was ob-
tainded by Wilson et al. [16] by using the analogue
3-azidosalicyl-N-(n-octadecyl)amide to label the anti-
mycin binding site of QCR prepared from Rhodopseu-
domonas sphaeroides. Now we found that the same
compound which Deckie studied has another inhibitory
site — on SQR. A similar photolabeling experiment is
already in progress with SQR in our laboratory. A
question is whether there is any interaction between
these two inhibitory sites. The inhibition of 3-nitrosali-
cyl-N-decylamide on the activity of electron transfer
from succinate to DCIP is always stronger in SCR than
in separated SQR and QCR (data not shown). This fact
may indicate that there are interactions between the two
sites.

By observing the noncompetitiveness of the inhibi-
tion, we have ruled out one possibility but leave many
possibilities open. Ubiquinone reduction is achieved via
a two-step procedure with ubisemiquinone as inter-
mediate. The inhibitor 3-nitrosalicyl-N-alkylamide may
affect only the second step. The inhibitor could compete
with semiquinone or ubiquinol but not ubiquinone. The
details are still worth further investigation.

Acknowledgement

This work was supported by the Chinese National
Science Foundation (3880200).

References

—

Deckie, J.P., Loomans, M.E., Farley, TM. and Strong, FM. J.

Med. Chem. 6, 424--427 (1963).

Neft, N. and Farley, T.M. (1971) J. Med. Chem. 14(12), 1169-1170.

Xu, J-x., Zhong, Y.-l, Xiao, Y. and Gu, L.-q. (1987) Chinese

Biochem, J. 3, 139-145,

4 King, T.E. (1961} J. Biol. Chem. 236, 2342-2346.

5 Yu, CA., Yu, L. and King, T.E. (1974) J. Biol. Chem. 249,

4905-4910.

6 Yu, L. and Yu, C.A. (1982) J. Biol. Chem. 257, 2016-20,1.

Yonetani, T. (1961) J. Biol. Chem. 236, 1680-1688.

Shunk, C.H., Linn, B.O., Wong, E.L., Wittreich, P.F. Robinson,

F.M. and Folkers, K. (1958) J. Am. Chem. Soc. 80, 4753-4754.

9 Yu, CA, Yu, L. and King, T.E. (1977) Biochem. Biophys. Res.

Commun. 79, 939-946,

10 Yu, C.A,, Yu, L. and King, T.E. (1977) Biochem. Biophys. Res.
Commun. 78, 259-265.

11 Yu, C.A. and Yu, L. (1980) Biochemistry 19, 3579-3585.

12 Ackrell, B.A.C,, Ball, M.B. and Kearney, E.B. (1980} J. Biol.
Chem. 255, 2761-2769.

13 Hatfi, Y. and Galanie, Y. M. (1980) J. Biol. Chem. 255, 5530-5537.

14 Vinogradov, A.D., Gavrikov, V.G. and Gavrikova, E.V. (1980)
Biochem. Biophys. Acta 592, 13-27.

15 Yu, L, Xu, J.X. and Yu, C.A. (1987) J. Biol. Chem. 262, 1137-1143.

16 Wilson E., Thomas M.F. and Takemoto J.Y. (1985) J. Biol. Chem.

260, 10288-10292.

w N

o0 -3



