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Abstract—Certain indocarbocyanine, thiacarbocyanine, and oxacarbocyanine dyes possessing short
alkyl side-chains (one to five carbons) are potent inhibitors of mammalian mitochondrial NADH-
ubiquinone reductase (EC 1.6.99.3) activity (Anderson et al., Biochem Pharmacol 41: 677-684, 1991;
Anderson et ¢l., Biochem Pharmacol 45: 691-696, 1993; Anderson et al., Biochem Pharmacol 45: 2115-
2122, 1993), and act similarly to rotenone. This study examines the inhibitory capacities of twelve other
carbocyanine dyes (six indocarbocyanines, four oxacarbocyanines, and two thiacarbocyanines) possessing
long alkyl side-chains (seven to eighteen carbons with both saturated and unsaturated side-chains) on
mitochondrial NADH, succinate and cytochrome ¢ oxidase activities. Three of the indocarbocyanines
inhibited electron transport chain activity, while three were non-inhibitory. Two of the oxacarbocyanines
also inhibited electron transport chain activity, while the other two were without effect. Both the
thiacarbocyaniines were non-inhibitory. In contrast to previous studies, the long alkyl side-chain
carbocyanines exhibited a broad spectrum of inhibition of respiratory chain activity, affecting either
oxidation of all three substrates or of NADH and cytochrome c, rather than specific inhibition of
mitochondrial NADH-ubiquinone reductase activity, indicating that there could be muitiple binding
sites for these compounds. The five inhibitory long side-chain carbocyanines also inhibited reduction
of ferricyanice and coenzyme Q, by NADH, using submitochondrial particles, but not when tested
with purified complex I, indicating that the mitochondrial inner membrane was an integral component
in their inhibitory capacity. No general correlation of side-chain length or degree of unsaturation and

inhibitory capacity was discernible.
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There has been much interest recently in the
inhibitory characteristics of various compounds on
mammalian mitochondrial electron transport chain
activity. A number of new inhibitors have been
described that affect the NADH-ubiquinone
reductase portion of the electron transport chain [1-
10], as well as new interest in the classical inhibitory
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1 Abbreviations: SMP, submitochondrial particles;
DilIC12(3), 1,1'-didoclecyl-3,3,3",3'-tetramethylindocarbo-
cyanine perchlorate; DiIC16(3), 1,1'-dihexadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate; DiIC18(3),1,1'-
dioctadecyl-3,3,3',3'-tetramethylindo- carbocyanine per-
chlorate; DiIC18(5), 1,1'-dioctadecyl-3,3,3',3'-tetra-
methylindodicarbocyanine perchlorate; A°-Dil, 1,1'-
dioleyl-3,3,3’,3'-tetramethylindocarbocyanine  methane-
sulfonate;  DiIA**-C18(3), 1,1’-dilinoley!-3,3,3",3'-
tetramethylindocarbocyanine  perchlorate; DiOC7(3),
3,3'-diheptyloxacarbocyanine perchlorate; DiOC16(3),
3,3’-dihexadecyloxacarbocyanine perchlorate; DiOC18(3),
3,3'-dioctadecyloxacarbocyanine perchlorate; DiOA*!%-
C18(3), 3,3’-dilincleyloxacarbocyanine perchlorate;
DiSC16(3), 3,3'-dihexadecylthiacarbocyanine perchlorate;
and DiSC18(3), 3,3’-dioctadecylthiacarbocyanine per-
chlorate.

compounds [11-13]. Several inhibitors have been
implicated in human disease processes [14-19].
We have reported that carbocyanine derivatives
specifically inhibit mitochondrial NADH-ubiquinone
reductase activity in a fashion similar to rotenone
[20-22] with no inhibitory effect on succinate or
cytochrome c¢ oxidation. In the previous studies, the
inhibitory compounds possessed alkyl side-chains
ranging from one to five carbons, except for the
thiacarbocyanines, where inhibition was negligible
with compounds containing side-chains longer than
two carbons.

In this study we examined twelve carbocyanine
dyes with saturated and unsaturated alkyl side-chains
ranging from seven to eighteen carbons, for their
ability to inhibit oxidation of NADH, succinate,
or reduced cytochrome ¢ by the mammalian
mitochondrial electron transport chain. Those
demonstrating inhibition of NADH oxidation were
tested further for their ability to inhibit NADH
reduction of an artificial electron acceptor and
coenzyme Q with both SMP+ and purified NADH-
ubiquinone reductase (complex I).

MATERIALS AND METHODS

Carbocyanines DiIC12(3), DiIC16(3), DiIC18(3),
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DiIC18(5), A®-Dil, DilA%12-C18(3), DiOC7(3),
DiOC16(3), DiOC18(3), DiOA%12-C18(3),
DiSC16(3), and DiSC18(3) were purchased from
Molecular Probes, Inc. (Eugene, OR). The purity
of all the dyes was judged as 95% or greater by
HPLC. NADH, potassium ferricyanide, antimycin
A, bovine serum albumin (crystallized and lyophi-
lized), cytochrome ¢, sodium ascorbate and DMSO
were purchased from the Sigma Chemical Co. (St.
Louis, MO). Coenzyme Q; was a gift of the Eisai
Co. (Tokyo, Japan). DiOA%2-C18(3), DilA%!-
C18(3), and A%-Dil were dissolved in methanol,
whereas the other compounds were dissolved in
DMSO. All solutions were protected from light and
could be stored at —20° for periods of up to 1 week.

Preparation of mitochondria, submitochondrial
particles and complex I. Mitochondria were prepared
from fresh bovine hearts, obtained from a local
slaughterhouse, by the method of Hatefi et al. [23].
Non-phosphorylating SMP were prepared from
either fresh or frozen mitochondria as described by
Low and Vallin [24]. Binary complex I-1II (NADH-
cytochrome ¢ reductase) was prepared from
mitochondria according to the procedure of Hatefi
et al. [25], and complex I was purified from this
preparation by the method of Hatefi ez al. [23, 25].

Assays. NADH oxidase and succinate oxidase
activities of submitochondrial particles were deter-
mined as described previously [20]. Cytochrome
oxidase (EC 1.9.3.1) activity was determined
spectrophotometrically following a decrease in
absorbance at 550 nm at room temperature using
reduced cytochrome ¢ as a substrate. The assay
contained, in 1 mL, 120 mM sodium phosphate (pH
8.0), 0.5mg of reduced cytochrome ¢, 3.3 uM
antimycin A, and 0.05 mg of SMP protein. Enzymatic
activities of SMP and complex I using the artificial
electron acceptor ferricyanide (final concentration
1 mM) were determined by the method of Galante
and Hatefi [26]. NADH-coenzyme Q; reductase
activity (final concentration 50 uM coenzyme Q,)
was determined by the method of Hatefi et al. [25]
Antimycin A (final concentration 3.3 uM) and KCN
(final concentration 10 mM) were added for the
determination of reduction of ferricyanide and
coenzyme Q, when SMP was used as the enzyme
source. For the spectrophotometric assays, a unit of
activity is defined as the amount of enzyme that
oxidizes 1umol of NADH/min at 25° (NADH
oxidase) to 1 gmol of reduced cytochrome ¢/min at
25° (cytochrome oxidase). For the oxygen electrode
assays (succinate oxidase), a unit of activity is defined
as the amount of enzyme that reduces 1 ng atom of
oxygen/min at 30°. Cytochrome ¢ was reduced by
treatment with sodium ascorbate, followed by
dialysis against 180 nM sodium phosphate (pH 8.0).
Protein concentration was determined using the
biuret method [27] with bovine serum albumin as a
standard.

RESULTS

Effects of long alkyl side-chain carbocyanine dyes
on NADH, succinate and cytochrome oxidase

W. M. ANDERSON and D. TRGOVCICH-ZACOK

activities. The structures of the carbocyanine dyes
used in this study are shown in Fig. 1. A%-Dil (Fig.
2) inhibited all three oxidase activitiecs: NADH
oxidase, succinate oxidase, and cytochrome oxidase.
The 1C5, for NADH oxidase was 20 uM, 30 uM for
succinate oxidase, and 20uM for cytochrome
oxidase. The rise in NADH oxidase activity between
40 and 80 uM A®-Dil, followed by a steep drop
between 90 and 100 uM A®-Dil is unexplainable at
present. Tests of other concentrations within this
range confirmed that this was indeed a real rise and
fall. This finding suggests that A®-Dil has different
effects upon NADH oxidase activity between 40 and
80 uM than it does at lower or higher concentrations.

DiIC18(3) (Fig. 3) inhibited cytochrome oxidase
with an 1Csq of 17 uM. NADH oxidase was inhibited
moderately, but maximum inhibition was not much
more than 50% over the range of concentrations of
DiIC18(3) used in this study. Succinate oxidase was
not inhibited at any concentration of DiIC18(3)
tested.

DiIC18(5) (Fig. 4) inhibited both NADH oxidase
and cytochrome oxidase activities. The IC5, for
cytochrome oxidase was 60 uM, while the inhibition
pattern for NADH oxidase had a definite biphasic
characteristic, with inhibition up to 60 uM followed
by reactivation almost to control activity. Succinate
oxidase activity was unaffected up to 80uM
DiIC18(5), followed by dramatic activation above
this concentration of DiIC18(5).

The other three indocarbocyanines, DilC12(3),
DiIC16(3), and DilA*!2-C18(3), did not inhibit any
of the three electron transport chain activities at any
concentration tested (data not shown). No further
examination was done with these three compounds.

DiOA*12-C18(3) (Fig. 5) inhibited NADH oxidase
with an ICs, of 38 uM, moderately inhibited
cytochrome oxidase, and slightly inhibited succinate
oxidase activity at higher (80-100uM) concen-
trations. Both NADH oxidase and cytochrome
oxidase appeared to be inhibited in a biphasic
manner.

DiOC7(3) (Fig. 6) inhibited all three oxidase
activities. Both NADH oxidase and cytochrome
oxidase activities were abolished completely between
40 and 60 uM DiOC7(3), while succinate oxidase
activity was about 15% at 60 uM DiOC7(3). The
ICsp for NADH oxidase was 12uM, 13 uM for
cytochrome oxidase, and 25 uM for succinate oxidase
activity. The other two oxacarbocyanines tested,
DiOC16(3) and DiOC18(3), were non-inhibitory to
all three electron transport chain activities (data not
shown). The two thiacarbocyanines tested were also
non-inhibitory to all three electron transport chain
activities (data not shown). Table 1 summarizes the
inhibitory efficiencies of the five long alkyl side-
chain carbocyanine dyes that affected electron
transport chain activity.

Effects of the five inhibitory carbocyanines on
NADH-ubiquinone reductase activities. To determine
if the five inhibitory carbocyanines might have
multiple sites of inhibition, these compounds were
tested for their effects on reduction of ferricyanide
and coenzyme Q; by the NADH-ubiquinone
reductase portion of the mitochondrial electron
transport chain, using both SMP and purified
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Fig. 1. Structures of the long alkyl side-chain carbocyanine dyes.

complex I as the source of the enzyme. A
concentration of carbocyanine yielding ~50%
inhibition of NADH oxidase was used in this study.
All five carbocyanines inhibited both the reduction
of ferricyanide anc coenzyme Q; when SMP was
used as the enzyme source. Inhibition ranged from

39% of control activity (control equals 100%) for
DiIC18(3) to 48.3% of control activity for A°-Dil.
Reduction of coenzyme Q, was also inhibited by all
five carbocyanines. Inhibition ranged from 30% for
DiIC18(3) to 37.3% of control activity with
DiOC7(3). Using purified complex I as the source
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Fig. 2. Effect of increasing concentrations of A’-Dil on mitochondrial NADH, succinate, and cytochrome

oxidase activities. Assays were performed in triplicate, and values are means = SEM. Assays for NADH

oxidase (1 mL) contained 0.05 mg of SMP protein. Assays for succinate or cytochrome oxidase (3 mL)

contained 0.05 mg/mL of SMP protein. Key: (0) NADH oxidase; (A) succinate oxidase; and (@)

cytochrome oxidase. Control specific activities (U/mg protein) for NADH oxidase were 1561.7; for
succinate oxidase, 507.9; and for cytochrome oxidase, 523.6.
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Fig. 3. Effect of increasing concentrations of DiIC18(3) on mitochondrial NADH, succinate, and

cytochrome oxidase activities. For details of assay conditions and control specific activities, see the

legend of Fig. 2. Key: () NADH oxidase; (A) succinate oxidase; and (@) cytochrome oxidase. Assays
were performed in triplicate, and values are means = SEM.



Inhibition of electron transport by long side-chain carbocyanines 1307

200

180 1

160
»

b 140 1
<

S 120
&
£
(]

&) 100
t

o 80 1
b
[
B.

w -

40 1

20 1

0 v T T T Y
0 20 40 60 80 100

PMDIIC18(5)

Fig. 4. Effect of increasing concentrations of DilC18(5) on mitochondrial NADH, succinate, and

cytochrome oxidase activities. For details of assay conditions and control specific activities, see the

legend of Fig. 2. Key: (O) NADH oxidase; (A ) succinate oxidase; and (@) cytochrome oxidase. Assays
were performed in triplicate, and values are means + SEM.
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Fig. 5. Effect of increasing concentrations of DiOA®'2-C18(3) on mitochondrial NADH, succinate, and

cytochrome oxidase activities. For details of assay conditions and control specific activities, see the

legend of Fig. 2. Key: (O) NADH oxidase; (A) succinate oxidase; and (@) cytochrome oxidase. Assays
were performed in triplicate, and values are means + SEM.
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Fig. 6. Effect of increasing concentrations of DiOC7(3) on mitochondrial NADH, succinate, and

cytochrome oxidase activities. For details of assay conditions and control specific activities, see the

legend of Fig. 2. Key: (0) NADH oxidase; (A ) succinate oxidase; and (@) cytochrome oxidase. Assays
were performed in triplicate, and values are means + SEM.

Table 1. Inhibitory efficiency of long alkyl side-chain carbocyanine dyes

Inhibitory efficiency® (1Csy, uM)

Dye NADH oxidase Succinate oxidase Cytochrome oxidase
A°-Dil 20 30 20
DiIC18(3) Moderate inhibition No inhibition 17
DiIC18(5) Biphasic pattern No inhibition 60
DiOA*"C18(3) 38 No inhibition Moderate inhibition
DiOC7(3) 12 25 13

* DilC12(3), DiIC16(3), DilA*12-C18(3), DiOC16(3), DiOC18(3), DiSC16(3), and DiSC18(3)
were non-inhibitory to any of the three oxidase activities at any concentration tested.

of the enzymatic activity, none of the five
carbocyanines significantly inhibited reduction of
either ferricyanide or coenzyme Q;. These results
indicate that (1) there appear to be multiple
inhibitory sites for these five long aliphatic side-
chain carbocyanines within the mitochondrial
electron transport chain, but (2) the membrane
environment must play a necessary role in these
binding sites.

DISCUSSION

Carbocyanine dyes with long alkyl side-chains

have been used in a wide variety of studies in recent
years. The two most commonly used compounds are
DiIC18(3), also referred to as Dil, and DiOC18(3),
also referred to as DiO. DiIC18(3) has been used
for staining neurons [28-30] and in the study of
neuronal development [31, 32]. Both DiIC18(3) and
DiOC18(3) have been used to study membranous
structure in general [33] and endoplasmic reticulum
membranes in particular in living cells [34], while
DiIC16(3) has been used to study membrane fusion
induced by an electric field [35]. DiIC18(3) has been
an important tool in the investigation of proliferation
of smooth muscle cells expressing retrovirally
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introduced human genes after carotid artery injury
[36] and in examining muscle regeneration in general
after injury [37]. Malarial parasite invasion of
erythrocytes has been studied using DilC16(3)
[38], and DiIC18(3)-labeled low-density lipoprotein
(LDL) was used to elucidate LDL binding and
subsequent metabolism by the human parasite
Schistosoma mansoni [39]. DiIC18(3) has also been
used to detect tumor-specific cytotoxic T lymphocyte
clones [40]. Chazotte et al. [41-43] used low
concentrations of both DiIC16(3) and DiIC18(3)
and a technique termed fluorescence recovery after
photobleaching (FRAP) to determine the lateral
diffusion of redox components in the mitochondrial
inner membrane in support of the random collision
model of mitochondrial electron transport.

Five of the six indocarbocyanines examined in this
study have a bridging group of three carbons, while
DiIC18(5) has a five-carbon bridging group. Alkyl
side-chains range from twelve carbons [DiIC12(3)]
to eighteen carbons [DilA%2-C18(3), A°-Dil,
DiIC18(3) and DiIC18(5)]. Two of the indo-
carbocyanines have unsaturated alkyl side-chains,
A%-Dil with one double bond and DilA%I%
C18(3) with two double bonds. All of the four
oxacarbocyanines examined have a three-carbon
bridging group with alkyl side-chains ranging from
seven carbons [DiOC7(3)] to eighteen carbons
[DiOC18(3)]. DIOA*!2-C18(3) contains alkyl side-
chains with two double bonds. The two thia-
carbocyanines studied have a three-carbon bridging
group, and saturated alkyl side-chains ranging from
sixteen carbons [DiSC16(3)] to eighteen carbons
[DiSC18(3)].

Our previous studies with indocarbocyanines [20],
thiacarbocyanines [21], and oxacarbocyanines [22],
all possessing relatively short alkyl side-chains,
revealed that these compounds preferentially inhibit
the NADH-ubiquinone reductase portion of the
mitochondrial electron transport chain. The length
of the side-chain did not play a role in the
indocarbocyanine inhibition study, since both
compounds, 1,1',3,3,3’ 3’-hexamethylindodicarbo-
cyanine iodide (HIDC) and 1,1',3,3,3',3’-hexameth-
ylindotricarbocyanine iodide (HITC), contain
methyl side-chains. Several of the thiacarbocyanines
with side-chains longer than two carbons were
non-inhibitory, but with the oxacarbocyanines,
the longer side-chains, DiOC5(3) and DiOC6(3),
were the most potent inhibitors of NADH-ubiqui-
none reductase activity.

In the present study, lengthening the side-chain
beyond six carbons had some interesting effects upon
its inhibitory capacity for mitochondrial electron
transport chain activities. Unlike the shorter
side-chain carbocyanines, these longer side-chain
compounds affected NADH oxidase, succinate
oxidase, and cytochrome oxidase activities [A%-Dil,
DiOC7(3), and to some extent DiOA*12-C18(3)], or
inhibited both NADH oxidase and cytochrome
oxidase activities. The length of the side-chain did
not appear to play any significant role in the degree
or inhibition or tvpe of activities affected. For
example, an intermediate length side-chain and
a lon§ chain oxacarbocyanine, DiOC7(3) and
DiOA>2-C18(3), respectively, were inhibitory,
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whereas two  long-chain  oxacarbocyanines,
DiOC16(3) and DiOC18(3), were not inhibitory.
The same held true for the indocarbocyanines, with
three long-chain compounds, A®-Dil, DiIC18(3),
and DiIC18(5), all with eighteen carbon side-chains,
being inhibitory, whereas a twelve-, sixteen-
and eighteen-carbon indocarbocyanine [DilC12(3),
DiIC16(3), and DiIA*2-C18(3)] demonstrated no
inhibitory effect on mitochondrial electron transport
chain activities. The one exception was the
thiacarbocyanines. Previously, we demonstrated that
thiacarbocyanines with side-chains longer than two
carbons were non-inhibitory to mitochondrial
respiratory chain activities {21]. This appears to hold
true, since neither DiSC16(3) nor DiSC18(3) showed
any effect on NADH oxidase, succinate oxidase, or
cytochrome oxidase activities in this study. Two of
the three carbocyanines containing unsaturated side-
chains, A®-Dil and DiOA®!2-C18(3), were inhibitory,
whereas DilA%!2-C18(3) was without effect. Thus,
there is no general correlation of either length
of side-chain or degree of unsaturation with
mitochondrial electron transport chain inhibitory
capacity.

Previous studies with all three classes of
carbocyanine dyes [20-22] indicated that the
membrane environment of the electron transport
chain played an important role on the inhibitory
capacity of these dyes. The present study indicates
that with respect to the activities of NADH-
ubiquinone reductase, as determined using both
SMP and isolated complex I, significant inhibition is
observed only when the enzyme is in its native
membrane environment. Thus, with the long side-
chain carbocyanines, the membrane provides a
necessary component for inhibition. Thisis supported
by studies on the partitioning of carbocyanine with
long alkyl chains into membranes. Axelrod [44]
observed that DiIC18(3) partitioned into the red cell
membrane with the chromophore parallel to the
surface of the cell and the alkyl side-chain in the
bilayer parailel to the phospholipid alkyl chains.
Spink et al. [45] studied partitioning of carbocyanine
with alkyl chains ranging from eight to twenty-two
carbons in model membranes and concluded that
compounds with alkyl side-chains from eight to
twelve carbons partitioned in the fluid phase, while
compounds with alkyl side-chains of twenty and
greater partitioned in the gel phase. Since all the
dyes used in this study, with the exception of
DiOC7(3), fall into the range of eight to twenty-two
carbons, it is logical to assume that they would all
(a) have the same relative hydrophobicity and (b)
partition into the fluid phase of the inner
mitochondrial membrane. However, the inhibitory
long alkyl side-chain carbocyanines appear to have
a specific rather than a general membrane
perturbation effect on mitochondrial electron
transport. This was especially evident for DilC18(3)
(see Fig. 3) which dramatically inhibited cytochrome
oxidase, moderately inhibited NADH oxidase, and
had no effect on succinate oxidase activity. Also,
only five of the twelve long alkyl side-chain
carbocyanines tested were inhibitory, although the
seven non-inhibitory carbocyanines must partition
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into the fluid phase of the mitochondrial inner
membrane.

There appears to be only one report on the toxicity
of carbocyanines with long alkyl side-chains. St.
John [46], studying the effects of DiIC18(3) on
embryonic rat motorneurons, found that this
compound was toxic to these neurons, whereas
DiIC12(3), which stained the neurons to the same
extent, appeared to be non-toxic. Our present
findings support this conclusion, since DiIC18(3)
was found to inhibit cytochrome oxidase with an ICs
of 20 uM, exhibited moderate inhibition on NADH
oxidase, and was the most potent of the five
carbocyanine inhibitors of NADH reduction of
coenzyme Q; and ferricyanide. DiIC12(3), however,
was non-inhibitory to the three oxidase activities, in
our hands. Should this correlation hold true, our
results would suggest that DiIC18(3), A°-Dil,
DiIC18(5), DiOC7(3), and DiOA*12-C18(3) would
be cytotoxic, whereas DiIC12(3), DiIC16(3),
DiIA%12-C18(3), DiOC16(3), DiOC18(3),
DiSC16(3), and DiSC18(3) would be non-cytotoxic.
Cytotoxicity was determined in our study of the
thiacarbocyanines {21} where we observed that
for compounds with short bridging groups the
cytotoxicity to tumor cells decreased with increased
length of the alkyl side-chain. Further studies will
be necessary to clarify this point with respect to
carbocyanines with long alkyl side-chains.

REFERENCES

1. Hollingworth RM, Ahammadsahib KI, Gadelhak G
and McLaughlin JL., New inhibitors of complex I of
the mitochondrial electron transport chain with activity
as pesticides. Biochem Soc Trans 22: 230-233, 1994.

2. Jewess PJ, Insecticides and acaricides which act at the
rotenone-binding site of mitochondrial NADH : ubi-
quinone oxidoreductase; Competitive displacement
studies using a °‘H-labelled rotenone analogue.
Biochem Soc Trans 22: 247-251, 1994.

3. Finel M and Majander A, Studies on the proton-
translocating NADH : ubiquinone oxidoreductases of
mitochondria and Escherichia coli using the inhibitor
1,10-phenanthroline. FEBS Lett 339: 142-146, 1994.

4. Konishi K, Adachi H, Ishigaki N, Kanamura Y, Adachi
I, Tanaka T, Nishioka I, Nonaka G-I and Horikoshi
I, Inhibitoryeffects of tanninson NADH dehydrogenase
of various organisms. Biol Pharm Bull 16: 716-719,
1994.

5. Ferreira J, Wilkinson C and Gil L, The locus of
inhibition of NADH oxidation by benzothiadiazoles in
beef heart submitochondrial particles. Biochem Int 12:
447-459, 1986.

6. Bironaité DA, Cénas NE, Anuseviciius ZJ, Medintsev
AG, Akimenko VK and Usanov SA, Fungal quinone
pigments as oxidizers and inhibitors of mitochondrial
NADH : ubiquinone reductase. Arch Biochem Biophys
297: 253-257, 1994.

7. Esposti MD, Ghelli A, Crimi M, Estornell E, Fato R
and Lenaz G, Complex I and complex III of
mitochondria have common inhibitors acting as
ubiquinone antagonists. Biochem Biophys Res Commun
190: 1090-1096, 1993.

8. Anderson WM, Patheja HS, Delinck DL, Baldwin
WW, Smiley ST and Chen LB, Inhibition of bovine
heart mitochondrial and Paracoccus denitrificans
NADH — ubiquinone reductase by dequalinium
chioride and three structurally related quinolinium
compounds. Biochem Int 19: 673685, 1989.

W. M. ANDERSON and D. TRGOVCICH-ZACOK

9. Ahmed I and Krishnamoorthy G, The non-equivalence
of binding sites of coenzyme quinone and rotenone in
mitochondrial NADH-CoQ reductase. FEBS Letz 300:
275-278, 1992.

10. Pecci L, Montefoschi G, Fontana M and Cavallini D,
Aminoethylcysteine ketimine decarboxylated dimer
inhibits mitochondrial respiration by impairing electron
transport at complex I level. Biochem Biophys Res
Commun 199: 755-760, 1994.

11. Friedrich T, Ohnishi T, Forche E, Kunze B, Jansen R,
Trowitzsch W, Hofle G, Reichenback H and Weiss H,
Two binding sites for naturally occurring inhibitors
in mitochondrial and bacterial NADH :ubiquinone
oxidoreductase (complex I). Biochem Soc Trans 22:
226-229, 19%4.

12. Freidrich T, Van Heek P, Leif H, Ohnishi T, Forche
E, Kunze B, Jansen R, Trowitzsch-Keinast W, Hofle
G, Reichenbach H and Weiss H, Two binding sites
of inhibitors in NADH :ubiquinone oxidoreductase
(complex I). Relationship of one site with the
ubiquinone-binding site of bacterial glucose:ubi-
quinone oxidoreductase. Eur J Biochem 219: 691-698,
1994.

13. Majander A, Finel M and Wikstrtém M, Diphenyl-
eneiodonium inhibits reduction of iron—sulfur clustersin
the mitochondrial NADH-ubiquinone oxidoreductase
(complex I). J Biol Chem 269: 21037-21042, 1994.

14. Veitch K and Hue L, Flunarizine and cinnarizine inhibit
mitochondrial complexes I and II: Possible implication
for Parkinsonism. Mol Pharmacol 45: 158-163, 1994.

15. Ramsay RR, Salach JI, Dadgar J and Singer TP,
Inhibition of mitochondrial NADH dehydrogenase by
pyridine derivatives and its possible relation to
experimental and idiopathic Parkinsonism. Biochem
Biophys Res Commun 135: 269-275, 1986.

16. Ramsay RR, Salach JI and Singer TP, Uptake of the
neurotoxin 1-methyl-4-phenylpyridine (MPP*) by
mitochondria and its relation to the inhibition of the
mitochondrial oxidation of NAD*-linked substrates by
MPP*. Biochem Biophys Res Commun 134: 743-748,
1986.

17. Mizuno Y, Son N and Saitoh T, Dopaminergic
neurotoxins, MPTP and MPP*, inhibit activity
of mitochondrial NADH-ubiquinone oxidoreductase.
Proc Jpn Acad 62: 261-263, 1986.

18. Hoppel CL, Greenblatt D, Kwok H-C, Arora PK,
Singh PK and Sayre LM, Inhibition of mitochondrial
respiration by analogs of 4-phenylpyridine and 1-
methyl-4-phenylpyridinium cation (MPP*), the neuro-
toxic metabolite of MPTP. Biochem Biophys Res
Commun 148: 684-693, 1987.

19. Jackson-Lewis V and Przedborski S, Neuroleptic
medications inhibit complex I of the electron transport
chain. Ann Neurol 35: 244-245, 1994.

20. Anderson WM, Chambers BB, Wood JM and
Benninger L, Inhibitory effects of two structurally
related carbocyanine laser dyes on the activity of bovine
heart mitochondrial and Paracoccus denitrificans
NADH-ubiquinone reductase. Evidence forarotenone-
type mechanism. Biochem Pharmacol 41: 677-684,
1991.

21. Anderson WM, Delinck DL, Benninger L, Wood JM,
Smiley ST and Chen LB, Cytotoxic effect of
thiacarbocyanine dyes on human colon carcinoma cells
and inhibition of mitochondrial NADH-ubiquinone
reductase via a rotenone-type mechanism by two of
the dyes. Biochem Pharmacol 45: 691-696, 1993.

22. Anderson WM, Wood JM and Anderson AC, Inhibition
of mitochondrial and Paracoccus denitrificans NADH-
ubiquinone reductase by oxacarbocyanine dyes. A
structure-activity study. Biochem Pharmacol 45: 2115-
2122, 1993.

23. Hatefi Y, Haavik AG and Jurtshuk P, Studies on the



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Inhibition of electron transport by long side-chain carbocyanines

electron transport system. XXX. DPNH-cytochrome ¢
reductase I. Biochim Biophys Acta 52: 106-118, 1961.
LowHand Vallin], Succinate-linked diphosphopyridine
reduction in submitochondrial particles. Biochim
Biophys Acta 69: 361-374, 1963.

Hatefi Y, Haavik AG and Griffiths DE, Studies on the
electron transfer system. XL. Preparation and
properties of mitochondrial DPNH-coenzyme Q
reductase. J Biol Chem 237: 1676-1680, 1962.
Galante YM and Hatefi Y, Purification and molecular
and enzymic properties of mitochondrial NADH
dehydrogenase. Arch Biochem Biophys 192: 555-568,
1979.

Jacobs EE, Jacobs M, Sanadi DR and Bradley LD,
Uncoupling of oxidative phosphorylation by cadmium
ions. J Biol Chem 223: 147-156, 1956.

Serbedzija GN, Bronner-Fraser M and Fraser SE, Vital
dye analysis of cranial neural crest cell migration in
the mouse embryo. Development 116: 297-307, 1992.
Holmgqvist BI, Ostholm T and Ekstrom P, Dil tracing
in combination with immunocytochemistry for analysis
of connectivities and chemoarchitectonics of specific
neural systems in a teleost, the Atlantic salmon. J
Neurosci Methods 42: 45-63, 1992.

Friedman DI, Johnson JK, Chorsky RL and Stopa EG,
Labeling of human retinohypothalamic tract with the
carbocyanine dye. Dil. Brain Res 560: 297-302, 1991.
Kadhim HJ, Bhide PG and Frost DO, Transient axonal
branching in the developing corpus callosum. Cereb
Cortex 3: 551-566, 1993.

Pedersen PH, Marienhagen K, Mork S and Bjerkvig
R, Migratory pattern of fetal rat brain cells and human
glioma cells in the adult rat brain. Cancer Res 53: 5158~
5165, 1993.

Ragnarson B, Bengtsson L and Haegerstrand A,
Labeling with fluorescent carbocyanine dyes of cultured
endothelial and smooth muscle cells by growth in dye-
containing mediurn. Histochemistry 97: 329-333, 1992.
Feng 1], Carson JH, Morgan F, Walz B and Fein
A, Three-dimensional organization of endoplasmic
reticulum in the ventral photoreceptors of Limulus. J
Comp Neurol 341: 172-183, 1994.

Dimitrov DS and Sowers AE, A delay in membrane
fusion: Lag times observed by fluorescence microscopy

BP 49/9-F

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

1311

of individual fusion events induced by an electric field
pulse. Biochemistry 29: 8337-8344, 1990.

Clowes MM, Lynch CM, Miller AD, Miller DG,
Osborne WR and Clowes AW, Long-term biological
response of injured rat carotid artery seeded with
smooth muscle cells expressing retrovirally introduced
human genes. J Clin Invest 93: 644-651, 1994.
Robertson TA, Papadimitriou JM and Grounds MD,
Fusion of myogenic cells to the newly sealed region of
damaged myofibres in skeletal muscle regeneration.
Neuropathol Appl Neurobiol 19: 350-358, 1993.
Haldar K and Uyetake L, The movement of fluorescent
endocytic tracers in Plasmodium falciparum infected
erythrocytes. Mol Biochem Parasitol 50: 161-177,1992.
Bennett MW and Caulfield JP, Specific binding of
human low-density lipoprotein to the surface of
schistosomula of Schistosoma mansoni and ingestion
by the parasite. Am J Pathol 138: 1173-1182, 1991.
Toes RE, den Haan JM, Feltkamp MC, Blom RJ,
Melief CJ, Claassen E and Kast WM, In vivo detection
of fluorescent tumor-specific cytotoxic T cell clones. J
Immunol Methods 163: 23-32, 1993,

Chazotte B and Hackenbrock CR, The multicollisional,
obstructed, long-range diffusional nature of mito-
chondrial electron transport. J Biol Chem 263: 14359~
14367, 1988.

Chazotte B and Hackenbrock CR, Lateral diffusion of
redox componentsin the mitochondrialinner membrane
is unaffected by inner membrane folding and matrix
density. J Biol Chem 266: 5973-5979, 1991.

Chazotte B, Wu ES and Hackenbrock CR, The mobility
of a fluorescent ubiquinone in model lipid membranes.
Relevance to mitochondrial electron transport. Biochim
Biophys Acta 1058: 400409, 1991.

Axelrod D, Carbocyanine dye orientation in red
cell membrane studied by microscopic fluorescence
polarization. Biophys J 26: 557-573, 1979.

Spink CH, Yeager MD and Feigenson GW, Partitioning
behavior of indocarbocyanine probes between
coexisting gel and fluid phases in model membranes.
Biochim Biophys Acta 1023: 25-33, 1990.

St. John PA, Toxicity of “Dil” for embryonic rat
motorneurons and sensory neurons in vitro. Life Sci
49: 2013-2021, 1991.



