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The non-equivalence of binding sites of coenzyme quinone and rotenone
in mitochondrial NADH-CoQ reductase
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The fluorescent probe crythrosine §-jodoacetamide (ER) binds to mitochondriat NADH-CoQ reductase (Complex-I) accompanicd by an enhance-
ment of the fluorescence intensity. The binding of the CoQ analogue, 2,3-dimethoxy-5-methyl-6-decyl-1,4-benzoquinone (DB), decreased the
fluorescence intensity of the ER:Complex-l system. The ‘site 1 inhibitor rotenone did not decrease the fluorescence intensity showing the
non-identical nature of the binding sites of DB and rotenone. Also, the reduced form of DB did not decrease the fluorescence intensity. The decrease
of the fluorescence intensity by DB was shown to be due to the removal of bound ER by DB. The rapid kinetics of ER binding was studied by
temperature-jump relaxation. While DB caused complete elimination of the relaxation process in the ER:Complex-I system, rotenone caused only
a decrease in the relaxation rate, suggesting conformational change. The rclaxation rate showed a pH dependence with a maximum around
pH 7.5.
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1. INTRODUCTION

Mitochondrial NADH-CoQ reductase (Complex-1,
EC 1.6.99.3) catalyzes the transfer of two electrons trom
NADH to ubiquinone-10 (CoQ) with a concomitant
pumping of four protons across the membrane [i-3].
Rotenone is a classical inhibitor of the electron transfer
to CoQ [4]. The significance of the rotenone binding site
in the proton-pumping mechanism arises from the fact
that only rotenone-sensitive electron transfer reactions
drive the proton pump [4]. Electron transfer to none of
the Fe-S centers of Complex-I is affected by rotenone
[5.6). Rotenone has been generally assumed to bind to
the CoQ binding site but there is no hard evidence for
this [7]. Recently the inhibition of Complex-1 by pyr-
idine derivatives has been implicated in idiopathic Par-
kinsonism [8,9]. The site of inhibition in this case and
also by the recently discovered inhibitors such as cap-
saicin [10], arachidonic acid [11] and carbocyanine
laser dyes [12] has been indicated as the rotenone/CoQ
binding region. Inhibition by capsaicin has been corre-
lated with the presence of an cnergy counling site in
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various organisms [10]. Hence it has become important
to map the inhibitor binding site with respect to that of
CoQ. In addition, this region has been implicated as the
most likely site of proton pumping [3]. Hence probing
this region is expected to shed light on the mechanism
of the proton pump also.

We have found that the fluorescent dye, erythrosine-
5'-iodoacetamide (ER), binds to the CoQ binding re-
gion of Comples-1. This probe has been used to study
the relationship of the CoQ binding site with that of
rotenone. Qur studies indicate that the two sites are not
identical, This study has also revealed some interesting
properties of this region.

2. MATERIALS AND METHODS

Complex-1 j+f and DB [14] were prepared as described. ER was
obtained from Molecular Probes (Eugene, OR, USA) and rotenone
and NADH from Sigma Chemical Co.

Fluorescence measurements were carried out in a Shimadzu RFS40
spectrofluorometer. Temperature-jump experiments were performed
in a home-made instrument [15] interfaced to a home-made digital
daty ayuisition system. The ultrafiltration cxperiments were carried
out in an Amicon Ultrafiltration Cell fitted with a YM30 membrane.
The samples were taken in 3 ml of buller (250 mM sucrose, 10 mM
MOPS, pH 7.5) and about 0.6 m! of the initial filtrates were assayed
fluorimetrically (cxcitation at 525 nm and emission at 550 nm) for the
concentration of ER. Other experimental details are given in the leg-
ends to figures.

3. RESULTS AND DISCUSSION

3.1, Binding of ER to Complex-1
Er binds to Complex-1 as shown by (i) the enhance-
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Fig. 1. Binding of ER to Complex-I and the effect of DB. Trace a
shows the Buorescence emission spectrum of free ER (1.0 M) in
buffer (250 mM sucrose, 10 mM MOPS, pH 7.5). The cxcitation
wavelength was 505 nm. Trace b shows the enhancement of fluores-
cence ictensity upon addition of Complex-1 (0.1 mg-ml™*) to the sam-
ple a. Trace ¢ shows the decrease in the Auorescence intensity of the
EIL'Complcx-l due to the addition of DB {S gM). Trace d shows the
emusion spectrum following the addition of rotenone (30 M) o
sample b. NADH reverses the action of DB. Trace ¢ shows the emis-
sion spectrum of ER:Complex-1 (1.5 4M of ER and 0.1 mgml™* of
Complcx-l) and trace { shows the reduction caused by DB (1.0 uM).
Traoes g-i recondad at 1.0 min intervals after the addition of NADH
(20 zM) 10 sample § show the reversal of DB-caused decrease in the
fluorescence intensity. Complex-1 titration of ER (inset). Fluorescence
inlensity of samples havinz 20 nM of ER and t‘amng concentrations
of Complex-1. The excilation was 4t 525 nm and cmission at 550 nm.

Complex-1 concentrations were cakulated by taking a value of 1

nmol-mg protein™’ {4).

ment of the fluorescence intensity of ER, and (ii) a
red-shift of 5 nm in the emission spectrum of ER upon
binding (Fig. 1). The titration of ER with Complex-1
produced a hyperbolic curve {Fig. 1. inset) with satura-
uon around 200-300 nM of Complex-1. A plot of l/AF
vs. I7E, was linear (not shown) according to the siand-
ard equation 174F = K DE,89 + 17D, 4@, where dAF
is the enhancemcu: in fluorescence intensity. D, and E,
are the total concentrations of ER and Comples-i rc-
spoctively, and ¢ s the change in Suorcscenoe guan-

tum vield, The dw conslant K, obtained was
0.15 oM asuing 2 11 stoichiometry

b2
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Fig. 2. Dependence of fluorescence intensity and the clectron transfer
activity on the concentration of DB. All the fluorescence intensity
measurements {curves a-c) were done with samples having 0.05
mg-ml~' Compiex-I. Curves a and b show the dependences on the
concentration of DB in the absence and in thé presence of rotenone
(40 M) respectively. Curve ¢ shows the dependence on the concentra-
tion of PDB. Curve d shows the dependence of NADH — DB eiectron
transfer activity on the concentration or DB. The activity was assayed
at 25°C, by following the fluorescence of NADH in samples having
0.06 mg-ml™ Complex-1 [6).

3.2. CoQ analogue binding affects ER:Complex-I fluo-
rescence intensity

The CoQ analogue, DB has been widely used as a
rotenone-sensitive clectron acceptor of Complex-I
[6.14). Addition of DB to a suspension of ER and Com-
plex-I caused a decrease in the fluorescence intensity
(Fig. 1, trace c). This decrease showed a saturable de-
pendence on the concentration of DB (Fig. 2), This was
similar to the dependence of the rate of electron transfer
from NADH to DB on the concentration of DB (Fig.
2). This suggests that the functicnally relevant mode of
binding of DB is responsible for the observed decrease
in fluorescence intensity. Addition of DB to a suspen-
sion of either the detergent (cholate) or soybean lipid
vesicles and ER did not cause any significant decrease
in the fluorescence intensity. This shows that the bind-
ing site of ER in Complex-1 is neither the contaminating
detergent nor phospholipids present in Complex-1.

Cne of the following mechanisms may be responsible
for the decrease of fluorescence intensity in the presence
uf DB. (g} DB binds close to ihe ER binding site such
that the fluorescence of bound ER is partially quenched
by the beund DB, and (b) DB competes for the binding
sitc of ER. Addition of DB causes the removal of bound
ER, hence the decrease in overall fluorescence intensity.
In order to check whether the observed decrease in
fluorescence intensity is due 10 displacement of bound
DB, the aqueous concentration of ER was measured in
ultrafiltration experiments. In a typical experiment, the
presence of Complex-1 (0.15 mg-ml ™) in 0.17 4M ER
solution reduced the ¢oncentration of ER in the filtrate
100.10 M. In the presence of Complex-1 (0.15 mg-ml ')
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Fig. 3. T~jump traces of the ER:Complex-1 with rotenone and DB.
Trace A is a typical relaxation trace showing the decrease in fluores-
cence intensity of a solution of ER (1.67 #M) and Complex-1 (0.37
HM) in buffer (250 mM sucrose, 25 mM KH,PO,, 100 mM KCl, pH
7.5) on giving a temperature jump of ~2.5°C at z3°C. Trace B shows
the effect of adding rotenone (75 M) to the above solution of ER and
Complex-1. Trace C shows the climination of the relaxation process
in the presence of DB (2 uM). The origin of cach trace is shifted
vertically to avoid congestion. The exponential time constants of
traces A and B are 44 ms and 66 ms, respectively. Each trace is an
average of 7 experiments.

and DB (1.5 uM) the concentration of ER in the filtrate
increased to 0.12 gM. These results clearly show that
the free aqueous concentration of ER increased in the
presence of DB. This supports the mechanism (b) men-
tioned above.

Addition of NADH rclieved the decrease in fluores-
cence intensity caused by DB (Fig. 1, traces g-i}. In view
of the mechanism established above, this indicates that
reduced DB does not cause the rclease of bound ER. It
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Fig. 4. The effect of rotenone on the DB binding kinctics. To a fixed
concentration of Complex-1 (0,37 ghi) in buffer {as in Fig. 33, vainng
concentrations of ER were added and the temperature jumps were
given. To cach solution rotenone was added (75 2M) and temperature
jumps were given 10 study the effect of rotcnone on the reluxation
peocesd {[ER] + [Complex-1]) was estimated by sn iletative procedure
(16, The slope and the intercepl give &, and & . respectively. Unces-
taintics in ¢ measurements were less than 10%.

pH

Fig. 5. pH dependence of ER binding kinetics. A mixed buffer contain-

ing 10 mM citrate, 10 mM MES, 10 mM Tris, 10 mM CAPSO, 250

mM sucrose and 100 mM KCl was adjusted to the desired pH to carry

out the T-jump experiments. T-jump experiments were done with 0.37
4#M of Complex-1 and 1.67 uM of ER.

is likely that the binding sites of oxidised and reduced
DB are not identical. The DB analogue PDB which
lacks the decyl chain caused much less decrease of the
fluorescence intensity (Fig. 2). Electron transfer to PDB
is largely rotenone insensitive and hence its binding site
is likely to be different.

The classical inhibitor rotenone did not cause any
decrease in fluorescence intensity even at concentrations
much higher than that required to inhibit electron trans-
fer to DB (Fig. 1, trace d). (The ¢lectron transfer is
inbhibited more than 99% at about 1.5 #M rotenone.)
This clearly shows that the binding sites of rotenone and
DB are different. This conclusion is also supported by
the observation that DB caused a decrease in fluorcs-
cence intensity even in the presence of rotenone (Fig. 2,
curve b).

3.3. Kinetics of ER binding

The rapid |.inctics of binding of ER to Complex-1 was
monitored by temperature-jump (T-iump) relaxation. A
temperature jump of a suspension of Complex-1and ER
resulted in a shiflt to a new equilibrium associated with
a decrease in fluorescence intensity (Fig. 3). The time-
scale of this process was in the range of 20-100 ms. Fig.
4 shows the depencence of the relaxation rate, 1/7, en
the total concentration of Complex-I (E) and ER (D).
Analysis of this dependence in terms of a single step
process [16].

k)
E+ D= ED

gave the rate constamts A, and &, as 144 M Ls! and

2.90 s°', respectively. | e dissociation constant Ky (=
k./k,) calculated from the rate constants, 0.20 MM,
aprecs with the estimate obtained from Fig. 1. (insct).
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AddmonofDBauxdatotalelmunanon of the relaxa-

mwnom. owevet rot:none caused an increase in the
relaxation time (Figs. 3 and 4). Analysis of concentra-
nondcpmdmccofr(ﬁg.ﬂshowedasngmﬁmtde-
crease in &, (11.1 M7's™") with k_, (2.93 s7") largely
unchanged.'l‘hcdecmsemk,pouldbcductohm—
drance offered by the bound rotenone. In this picture,
the rotenone binding site is not far from ER (and hence
DB) binding site. Alternately, rotenone binding could
have altered the conformation resulting in the decreasc
in k,. Conformation changes induced by rotenone bind-
ing have been shown by cross-linking studies [7].

The rate of relaxation associated with the ER binding
process showed a dependence on pH with a maximum
around pH (Fig. 5). pH-dependent conformational
change around the CoQ binding region could be the
cause of this pH dependence. Since pH-dependent con-
formational change is a likely manifestation of a proton
puap, the observed pH dependence (Fiz. 5) is likely to
have been caused by side chains invoived in the proton
pump of NADH-CoQ reductase. Further characteriza-
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:ion of the ER binding region is currently under investi-
gauon usmg ume-...aolved ﬁuomeence techmques
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