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Abstract

The fluorescence dynamics of the dye 3,3-diethyloxadicarbocyanine iodide (DODCI) was used to probe the
microenvironment of cytochrome ¢ oxidase (CcO) and cardiolipin. The dye was partitioned between an aqueous and
a hydrophobic phase. The ‘bound’ and ‘free’ populations of DODCI could be separated by analysis of the
time-resolved fluorescence decay of the dye. The anisotropy decay of the DODCI bound to CcO showed a unique
‘dip and rise’ shape that was analyzed by a combination of rotational correlation times with time-dependent weight
factors for each lifetime component. Rotational dynamics studies revealed the existence of a restricted motion of the
dye bound at the enzyme surface. Adriamycin, an anticancer, albeit cardiotoxic drug, was previously proposed to
affect the surface structure of CcO, most likely by causing a disorder to the surface lipid arrangement. A drastic
change in the rotational correlation time of the dye bound to the enzyme surface was observed, which suggested a
depletion of cardiolipin layer due to complexation with the drug. The effect of Adriamycin on cardiolipin was drastic,
leading to its phase separation. The present study suggests that the effect of Adriamycin on CcO is primarily a
segregation of the cardiolipins. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cytochrome ¢ oxidase (CcO) is the terminal
respiratory enzyme and performs a key role in
energy synthesis in the mitochondria [1,2]. CcO
functions as a redox proton pump [3-5] that is
coupled to the electron transfer process through
a chain constituted of a homodinuclear copper
center (Cu,), heme a, and a binuclear center
called heme a;-Cuy. Cytochrome c is the physio-
logical electron donor that binds to CcO at a low
ionic strength of the medium, and transfers elec-
trons to Cu,.

Bovine CcO contains 13 subunits. This multi-
subunit enzyme complex spans the inner mito-
chondrial membrane and remains in contact with
the membrane phospholipids. The existence of a
boundary of immobilized lipids between the hy-
drophobic protein surface and the adjacent fluid
bilayer regions in bovine CcO was suggested by
Jost et al. [6]. The number of membrane phospho-
lipids that co-purify with CcO differs among vari-
ous preparations. Commonly, bovine CcO con-
tains 20—60 mol of phospholipid /mol of enzyme
[7]. Some lipid-rich preparations of this enzyme,
however, may have as many as 130 phospholipid
molecules [8]. The major constituents of the lipids
are phosphatidylethanolamine and phosphatidyl-
choline, which are easily extracted or exchanged
by detergents [9-12]. However, some cardiolipins
(diphosphatidylglycerol) bind tightly to the en-
zyme and are not easily extractable [7,13,14].

The enzymatic activity (electron transfer) of
bovine CcO is greatly influenced by some of the
surrounding boundary lipids [7,13,15]. Several
studies have shown that the electron transport
activity of CcO is diminished by 30-50% of its
original activity when tightly bound cardiolipins
are depleted from the enzyme when solubilized in
non-ionic detergents [10,13,16]. The restoration of
full enzyme activity can be achieved by the addi-
tion of cardiolipin, but not other phospholipids, to
the cardiolipin-depleted enzyme [10,13,16,17].
However, the recovery of the enzyme activity has
also been reported by the addition of other phos-
pholipids to the cardiolipin-depleted enzyme
[15,18,19]. Studies by Robinson et al. [20] sug-
gested that out of 3—4 mol of tightly bound cardi-

olipin per aa, complex, at least two are required
for full electron transport activity of the enzyme.

The crystal structure of bovine CcO shows the
presence of eight bound phospholipids per
monomer; five of them are phosphatidyl-
ethanolamine and three are phosphatidylglycerol
[21]. The crystal form was obtained from an aque-
ous solution of the enzyme dissolved in a non-ionic
detergent, decyl maltoside [22]. The lipids are
located on the membrane surface of CcO in both
the matrix and the cytosolic sides, but their hy-
drocarbon tails are directed toward the inside of
the transmembrane region, as would be expected
if these phospholipids were arranged in a lipid
bilayer. Chemical analysis of the crystalline en-
zyme indicates the presence of only one equiva-
lent of cardiolipin per monomer [23]. Although
no cardiolipin was detected in their earlier crystal
structure [21], it was suggested that some unas-
signed electron density in the inter-monomer
space might arise from two cardiolipin molecules
in the dimer. Recently, Yoshikawa [24] confirmed
the presence of one cardiolipin per monomer in
their refined structure.

The functional role of cardiolipin in controlling
the activity of bovine CcO is unknown. The re-
quirement of cardiolipin for CcO activity was
proposed to be one of the causes of short-term

o) M

A

(,:Hz HZC\
HC CH,

DODCI

0 OH
OCH,OH
I Jon

0O OH
ne®

HO
NH,

ADRIAMYCIN

Fig. 1. Chemical structure of Adriamycin and DODCI.
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toxicity observed during treatment of patients with
the anti-cancer drug, Adriamycin (Fig. 1) [25-29].
Adriamycin and its derivatives are among the
most efficient antimitotics used in clinical therapy
[30]. However, the cardiotoxicity induced by Adri-
amycin sets a crucial limit to the maximum dosage
that may be administered, since the toxic effect is
cumulative [25] and related to the impairment of
mitochondrial functions [31]. The exact mecha-
nism of Adriamycin-cardiomyopathy is not known.
Several factors, including increased oxidative
stress, the depression of antioxidants, tissue
degradation by a free radical mechanism and the
complex formation with cardiolipins in the inner
mitochondrial membrane, have been suggested to
contribute to Adriamycin-cardiotoxicity [30,32,33].
Although it is generally believed that the mecha-
nism of inhibition of the cytochrome ¢ oxidase
activity by Adriamycin is a perturbation in the
cardiolipin environment, very little is known about
the effect of Adriamycin on the enzyme structure.

In the present work, a fluorescent dye, 3,3"-di-
ethyloxadicarbocyanine iodide (DODCI) (Fig. 1)
was used as a reporter for the lipid environment
of CcO. We have studied the dynamics of the dye
in CcO dissolved in lauryl maltoside by time-
resolved fluorescence anisotropy. We also studied
the dynamics in cardiolipin and asolectin disper-
sions. The changes in the rotational dynamics in
CcO, cardiolipin and asolectin caused by Adri-
amycin were monitored. The findings of the pre-
sent study support the model that the major ef-
fect of Adriamycin on CcO is a perturbation in
the cardiolipin environment that causes signifi-
cant structural changes in the enzyme.

2. Experimental procedures

2.1. Chemicals

Cardiolipin and asolectin (soybean phospho-
lipid, type II-S) were purchased from Sigma (St.
Louis, MO). The major composition of asolectin
is made up of roughly equal proportions of phos-
phatidylethanolamine, phosphatidylcholine and

phosphatidylinositol, and it was used after an
acetone wash and drying. 3,3'-diethyloxadicarbo-
cyanine iodide (DODCI) was purchased from
Molecular Probes Inc. (Eugene, OR). Lauryl mal-
toside (LM) was a Fluka (Ronkonkoma, NY)
product. Adriamycin hydrochloride was obtained
from Farmitalia, Italy. Other reagents used were
of the purest grade available commercially.

2.2. Purification of cytochrome c oxidase

Bovine CcO was extracted from beef heart
following the method of Yonetani [34]. The pel-
lets of CcO obtained following purification were
dissolved in a lauryl maltoside solution (0.4%) in
100 mM phosphate buffer (pH 7.4). The purity of
the isolated enzyme was checked by optical spec-
tra and enzyme activity (electron transfer). The
concentration of CcO was determined by using
A (reduced minus oxidized =25 mM ' cm ') at
605 nm [35]. The electron transfer activity of CcO
was ~160 s~' at 25°C, pH 7.4 in 0.04% LM,
measured by the loss of absorbance of ferrocy-
tochrome ¢, monitored at 550 nm. Bovine CcO,
isolated by Yoentani’s method, usually contains
less than 20 lipid molecules per monomer. The
enzyme preparations were stored as small aliquots
at —40°C.

2.3. Time-resolved fluorescence spectroscopy

The time-resolved fluorescence experiments
were carried out using picosecond dye-laser pulses
from a synchronously pumped cavity-dumped
dye-laser (Rhodamine 6G) driven by the fre-
quency-doubled output (532 nm) of a CW mode-
locked Nd-YAG laser described elsewhere in de-
tail [36]. Fluorescence decay curves were col-
lected using a time-correlated single photon
counting set-up coupled to a microchannel plate
photomultiplier (Hamamatsu 2809). The width of
the dye-laser pulse was ~ 4 ps and the half-width
of the instrument response function was typically
~ 80 ps. The shortest fluorescence lifetimes that
can be measured in this set-up are in the range of
a few tens of ps. The excitation frequency for
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recording DODCI (~ 0.4 uM) fluorescence decay
was 574 nm, and the emission was recorded at
610 nm, except for DODCI in buffer alone, which
was measured at 590 nm. Emission profiles were
collected at the magic angle (54.7°) to eliminate
any contribution from anisotropy decay. A Schott
WG 590 nm cut-off filter was used to remove
scattering from samples. To get the fluorescence
decay curves, 1-3 X 10* counts were collected in
the peak channel (total counts, 5-10 X 10°). Each
data set was collected in 512 channels and each
channel width was 38 ps.

The observed fluorescence decay curves are the
convolution of the excitation function and the
fluorescence decay function. The deconvoluted
fluorescence decay function (/) can be written as
a sum of exponentials:

I(t) = ) ogexp(—t/7) k=1-4 (D
3

To get the amplitudes (o;) and lifetimes (7,),
an iterative reconvolution was applied using non-
linear least squares regression by Marquardt’s
algorithm for parameter optimization. The good-
ness of an exponential fit was determined from
the randomness of the weighted residuals dis-
tribution at a near-unity value of the reduced x°.

In the time-resolved anisotropy experiments,
the polarized components of fluorescence compo-
nents were collected after correcting for the
geometry factor (G-factor) of the instrument [37].
The G-factor is defined as the ratio of the
observed signals for the parallel and the perpen-
dicular orientations of the polarizer when a de-
polarized emission source is kept in place of the
sample. The G-factor-corrected data sets can be
fitted with more reliability, because of a decrease
in the number of fitting parameters due to a
common scale factor for the parallel and the
perpendicular decays. The G-factors at various
emission wavelengths were determined by using
cresyl violet as a standard. The G-factor correc-
tion in the anisotropy measurements was done by
adjusting the collection time for the perpendicu-
lar component as a product of the G-factor and
the collection time for the parallel component.
The polarized fluorescence decays [/ , /(t), I, ()]

were used to calculate the anisotropy decay func-
tion, r(z) [38], as given by:

1,(1)= %[1 +2r(D]I(1)
1 @
1,() =301 =r(O]I()
where
I(t) = X,oyexp(—t/7;)
and

r(t) =rOZBiexp(—t/d>i) (3)

where r, is the initial anisotropy, B; is the pre-
exponent (2,8, =1) and ¢, is the anisotropy de-
cay constant. The goodness of the fits of the
polarized decays to Eq. (2) was examined by the
random distribution of the weighted residuals,
reduced x* value and a good match of the calcu-
lated anisotropy function to the experimental r(z).
Steady-state fluorescence measurements (exci-
tation wavelength = 574 nm) were performed us-
ing a Shimadzu RF540 spectrofluorimeter, and
optical spectra were recorded by a Shimadzu UV-
2100 spectrophotometer. All spectroscopic mea-
surements were carried out at ~ 22°C.

3. Results

Fluorescent cyanine dyes have been widely used
as a probe of various biophysical measurements
in cells, organelles and vesicular systems [39-48].
These dyes are hydrophobic as well as cationic,
and show an equilibrium distribution between the
aqueous medium and the membrane [49,50]. Upon
binding to the membrane phase, the cyanine dyes
usually show a significant red-shift in the emission
and absorption wavelengths. The use of a cyanine
dye, DODCI (Fig. 1) in the present study is justi-
fied for several reasons. First, it can be used as a
probe for the lipid environment of CcO, because
of its relatively high affinity to lipids. Secondly,
the fact that DODCI contains a positively charged
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group suggests that the lipid-bound dye popula-
tion will be sensitive to exogenously added ionic
molecules (e.g. Adriamycin). Thirdly, the charac-
teristics of its fluorescence lifetime and anisotropy
in membranes and various micellar phases have
been reported in great detail [37,50,51], which aid
the understanding of the systems presently being
studied.

3.1. Binding of DODCI to CcO-optical spectra

The absorption spectrum of pure DODCI in an
aqueous medium shows a band at ~ 576 nm that
shifts to 586 nm upon binding to CcO. The opti-
cal difference spectra were recorded as a function
of the increasing concentration of DODCI to
monitor the absorbance changes upon its binding
with CcO (5 pM, 100 mM Tris buffer, 0.05% LM,
pH 7.4). The association constant was calculated
to be ~4x10° M~' from a double reciprocal
plot [52] of the change in absorbance at 599 nm
vs. the concentration of DODCI. This indicates a
fairly strong binding of DODCI to CcO.

3.2. DODCI binding to lipids, detergents and CcO
— fluorescence lifetimes

The steady state fluorescence spectrum of
DODCI in aqueous solution shows an emission
peak at ~ 590 nm. Upon the binding of DODCI

Table 1
Fluorescence lifetimes of DODCI in different environments

to the lipids or the detergent used in the present
study, the emission band is red-shifted to ~ 610
nm. The fluorescence decay of free DODCI (in
aqueous buffer) follows single-exponential kinet-
ics with a lifetime of 0.67 ns (Table 1), which
matched with earlier reports [50]. DODCI in an
aqueous vesicle (liposome) shows three lifetimes
of 0.70, 1.71 and 0.12 ns, respectively (Table 1).
The first lifetime is easily identified as arising
from the dye population that is partitioned to the
aqueous phase. The latter two were assigned to
two membrane-bound populations of the dye [50].
A dye fraction that was embedded in the hy-
drophobic part of lipid showed the longest lifetime
(1.71 ns), while the dye molecules that were in
close interaction with the polar lipid head re-
sulted in a short lifetime of 0.12 ns. Assignment
of the lifetime components to the dye populations
in different phases agreed with earlier reports
[50,51]. Clearly, the different populations of
DODCI that could be identified by their distinct
lifetimes serve as reporters of the nature of the
environment around them.

The lifetimes of DODCI in detergent and vari-
ous lipids are presented in Table 1. The typical
time-resolved decay of fluorescence values of
DODCI in different solvent media are shown in
Fig. 2. The partitioning of DODCI in LM was
studied because LM is the detergent medium
used to solubilize CcO in the present study. In

DODCI* (0.4 pM) in ° o T, a, T3 ag X
(ns) (ns) (ns)

Phosphate buffer 0.67 1.01
Phosphate + Adriamycin (0.05 mg/ml) 0.68 1.12
Cardiolipin (0.06 mg/ml) 0.68 0.40 1.6 0.60 1.08
Cardiolipin + Adriamycin (0.05 mg/ml) 0.68 0.25 ~0.2 0.75 1.15
LM (0.1%) 0.69 0.32 1.8 0.68 1.04
CcO (10 pM) in 0.1% LM 0.68 0.36 1.8 0.08 0.18 0.56 1.16
CcO, LM + Adriamycin (0.1 mg/ml) 0.68 0.53 1.8 0.06 0.18 0.41 1.19
Asolectin (0.1 mg/ml), 0.1% LM 0.68 0.15 1.8 0.85 1.08
Asolectin, LM + Adriamycin (0.1 mg/ml) 0.68 0.34 1.7 0.66 1.09
Liposome (0.11 mg,/ml)® 0.70 0.51 1.71 0.23 0.12 0.26 1.19

“The buffer used in these measurements is 100 mM phosphate, pH 7.4.

°r and « refer to lifetime and amplitude, respectively. The uncertainty in the values of 7 and « is less than 5%.
“Liposomes were made by sonication of asolectin in 30 mM sodium phosphate, 150 mM NaCl, pH 7.5 [50].
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Fig. 2. Effect of Adriamycin on the fluorescence decay of
DODCIT in cardiolipin. Fluorescence decay of DODCI in: (a)
phosphate buffer (100 mM), pH 7.4; (b) cardiolipin (0.06
mg/ml); (¢) cardiolipin mixed with Adriamycin (0.05 mg/ml).
The instrument response is shown in (d). In the top panel, the
residuals for the corresponding decay curves are shown.

LM, DODCI shows only one bound-dye compo-
nent with lifetime of 1.8 ns, and none with lifetime
of 0.12 ns, indicating that the dye binds near the
non-polar hydrocarbon chains. Asolectin that was
dissolved in LM for better transparency of the
solution shows only one bound-dye population.
Cardiolipin was dispersed in aqueous buffer in
the absence of detergent and without sonication
to obtain reasonable clarity of the solution. Car-
diolipin also shows a single bound-dye component
(1.6 ns). Cardiolipin dispersed in LM also gave
similar results. This is in contrast to the observa-
tions made with liposomes (made by sonication of
asolectin in the absence of any detergent) de-
scribed earlier where a second bound component
(0.12 ns) is also detected [50]. It is to be noted
here that no vesicle is formed when the lipids are
dissolved in LM [37,51]. The major difference

between liposomes and detergent-solubilized lipid
is that the former has an ordered structure but
the latter contains highly dynamic lipid—detergent
mixed micellar aggregates [37,51].

In LM-solubilized CcO, DODCI shows two
bound-dye populations (Table 1). The presence of
the shorter lifetime component (0.18 ns) in a
larger proportion (56%) relative to the longer
lifetime component (1.8 ns, 8%) indicates that the
dye binds preferentially to CcO rather than to
the detergent. Hence, this shorter lifetime com-
ponent (0.18 ns) serves as a useful probe to follow
the structural changes in CcO.

3.3. Anisotropy decay of DODCI bound to CcO

Fluorescence anisotropy is related to the rota-
tional dynamics of the emission dipole of the
fluorophore. The time-resolved decay of fluores-
cence anisotropy is calculated using Eq. (2), from
the decay of the parallel and perpendicular com-
ponents of fluorescence emission of the dye as
shown in Fig. 3. When a fluorophore exists in
different environments exhibiting multiple fluo-
rescence lifetimes, the anisotropy decay becomes
complex due to the contributions from various
components. In such systems, different fluo-
rophore populations may show variation in their

12

Fl. Count/1000

0 4 8 12
Time (ns)

Fig. 3. The parallel and perpendicular components of time-re-
solved fluorescence decay of DODCI (0.4 pM) in: CcO (10
mM); 100 mM phosphate buffer; and 0.1% LM at pH 7.4. The
time-resolved anisotropy decay [r(¢)] was calculated using Eq.
(2) from these results.
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Fig. 4. Anisotropy decay of DODCI (0.4 uM) in: (a) CcO (10
wM, 100 mM phosphate buffer, 0.1% LM, pH 7.4); and (b)
Adriamycin-treated CcO (0.1 mg/ml Adriamycin). The decay
curve marked (b) is shifted down vertically for better clarity.

dynamic behavior, and hence the measured
anisotropy decay has to be analyzed by a correct
and physically meaningful model for the interpre-
tation of data. Observation of unusual anisotropy
decay was reported for fluorophores in lipid bilay-
ers and lipid/proteins systems [53-55]. Such
anisotropy decay curves have a peculiar ‘dip and
rise’ shape that cannot be analyzed by a simple
summation of multiple rotational correlation
times (see Eq. (3)). The anisotropy decay of
DODCI in CcO also shows an unusual ‘dip and
rise’ shape (Fig. 4a). We have adopted the method
of analysis proposed by Ludescher et al. [55], with
some modifications, and tested it on the present
case of DODCI-CcO. The basic features of the
analysis are described below.

The observed anisotropy decay in the shorter
time-scale is a weighted average of the
anisotropies of all components. It is, therefore,
necessary to use an associative model in which
each dye population, characterized by a distinct
fluorescence lifetime and anisotropy decay, con-
tributes to the resultant anisotropy decay. After a
sufficiently long time-scale, the rotational diffu-
sion of only the species with long lifetimes con-
tributes to the anisotropy decay. This situation
arises in experiments with reasonably large biopo-
lymers where the lifetimes of multiple fluo-
rophore populations are significantly different.
The time-dependent relative increase in the con-
tribution from the long lifetime components may

cause the anisotropy curve to rise or fall at long
time-scale.

The time-dependent weighting factors are de-
duced as follows: for a fluorophore existing in
multiple environments, the fluorescence decay,
I(2), can be expressed as:

16 = Y a,1,(0) )

i=1

n being the total number of distinct environments
and 3,q; = 1. The fractional intensity, g,(¢), due
to each component is given by:

o, (1)
g(t) = NON 3

Fig. 5 shows plots of g,(¢) for a three lifetime-
component system. The fluorescence decay of
DODCI in CcO was used as I(z). It is obvious
from the plots that the short lifetimes have a
small contribution to g,(¢) over longer periods of
time, but they contribute maximally over a shorter
time. The opposite is true for longer lifetimes.

In order to establish the significance of the
time-dependent weight factors, we constructed
several anisotropy decay curves as a function of
&(t). Values of g/(¢) were calculated for various
combinations of the fractional population of the
fluorophore. The parameters used in the simula-
tion are listed in Table 2. Fig. 6a shows the
simulated anisotropy curves obtained by the vari-
ation of the two bound populations of DODCI

12 — T T T T

09

06

g(t)

03

00 |

0 3 6 9 12
time(ns)

Fig. 5. Time-dependent weighting factors, g;(¢), for a three-
lifetime component system, calculated using Eq. (5). i=1
(1, =0.68 ns), i =2 (1, =1.8 ns), i =3 (13 = 0.18 ns).
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Table 2

The amplitude values (o) used in the simulations [using Eq. (9)] to construct the anisotropy curves shown in Fig. 6*

Trace a Trace b Trace ¢ Trace d Trace e Trace f
Fig. 6a o 0.37 0.37 0.37 0.37 0.37 0.37
a, 0.58 0.48 0.38 0.28 0.18 0.08
as 0.05 0.15 0.25 0.35 0.45 0.55
Fig. 6b o 0.00 0.03 0.11 0.21 0.29 0.37
a, 0.26 0.25 0.21 0.16 0.12 0.08
as 0.74 0.72 0.68 0.63 0.59 0.55

“The fixed parameters are, 7, = 0.68 ns, 7, = 1.8 ns, 7; = 0.18 ns, &, = 0.58, b, =4.9, b5 =5.0, B, = 0.40, B = 0.95.

keeping the free dye (0.68 ns) population (0.36)
constant. It shows that the ‘dip’ in r(¢) decreases
with an increasing population of the longer com-
ponent (1.8 ns). However, the presence of a con-
stant fraction of 7, (0.68 ns) maintains the ‘dip
and rise’ nature of r(¢), even at the high popula-
tion of the longer component (1.8 ns). Fig. 6b
presents the decay curves constructed by varying
the amplitudes of all of the three lifetime compo-
nents (Table 2). For a small population of the
short lifetime components, the ‘dip and rise’ fea-
ture almost vanishes. Hence, it is evident that the
extent of ‘dip and rise’ is dependent on g;(¢).
Here, we use g;(¢) to derive an expression for
analyzing the experimental anisotropy decay, r(2).
For a heterogeneous system, r(¢) is a linear com-
bination of anisotropy decays from all species.

r(t) =Y g®r(t) (6)

i=1
and r,(¢) can be written [56,57] as:

() = r(O)[Bexp(—1/6,)
+(1 - Bi)eXP(_t/d)p)] ™

where ¢, is the rotational correlation time of the
fast internal motion of species i, B; is the pre-ex-
ponential term and ¢, is the rotational correla-
tion time of overall tumbling of the protein to
which the dye is bound. 3, is a measure of the
extent to which the emission is depolarized by
each rotational component. It is related to the
generalized order parameter [57], and is referred

to here as the structure factor. Hence, r(¢) can be
written as:

r(t) =r(0)| X g(1)

i=1

X (Biexp(—1/db;) + (1 - B}

X exp(—1/d,) (8)
. . : = .
(a) b
03 ¢ 1
o d
= e
= f
S o02¢t 1
=
=
E
2
01 1 1 1 1 1
0 2 4 6 8
time(ns)
(b) 2
03} > ]
= d
= e
2 f
E 0.2
=
E
w
01— : : : -
0 2 4 6 8
time(ns)

Fig. 6. Simulated anisotropy curves for a three-component
system calculated using Eq. (9). (a) The amplitude of the first
component (o;) was kept constant and the remaining two
were varied to generate the plots a—f. (b) All amplitudes were
varied in the traces a—f. The amplitude values used in the
simulation are listed in Table 2.
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Table 3
Rotational correlation time of DODCI in different environments
A ¢y by By b3 B3 Ty T30 oy X2
(ns) (ns) (ns)
DODCI? in
CcOin LM 0.58 49 0.40 5.0 0.95 0.186 0.015 0.31 1.21
CcO in LM + Adriamycin 0.54 52 0.44 1.6 0.96 0.170 0.012 0.30 1.20
B ¢y By by By Ty X2
(ns) (ns)
DODCI® in
Phosphate buffer 0.20 1.12
LM 0.45 0.09 13 0.91 0.33 1.17
Asolectin in LM 0.50 0.25 17 0.75 0.28 1.20
Asolectin in LM + Adriamycin 0.48 0.22 18 0.78 0.30 1.22
Cardiolipin 0.49 0.50 7 0.50 0.17 1.15
Cardiolipin + Adriamycin 0.50 0.30 1.11

“Data analyzed by fitting to Eq. (9). The uncertainties in the calculated values of ¢, B and r are less than 10%. Sample

conditions are the same as in Table 1.

®Data analyzed by fitting to Eq. (2). The uncertainties in the calculated values of &, B and r are less than 10%. Sample

conditions are the same as in Table 1.

If &, > &, the exp(—1/d,) term becomes close
to unity. This is true for a dimer of CcO (~ 420
kDa), which by an empirical estimate (1 ns of
rotational correlation time per 2400 Da mass)
should give rise to a b, of ~ 175 ns [58,59]. In the
present case, another simplification is made not-
ing that there is a component always present that
corresponds to the free dye population. This com-
ponent shows a rotational time of 0.2-0.5 ns in
various media used in the present study (Table 3)
and it is not expected to contribute to the resid-
ual anisotropy. Hence, r(¢) can be written for the
present three lifetime components system as:

r(t) =r(0)
[g/(Dexp(—1/d)) + g, (1)
{Brexp(—1/d,) + (1 — B,)}
+8;(O{Bsexp(—t/dy) + (1 =B (9)

where r,(1 —B,) =r,,, the residual anisotropy of
the ith component. The non-zero values of 7,
arise from restricted motion of the bound dye.
The experimental anisotropy curves of DODCI
in CcO could be successfully fitted to Eq. (9) to
extract the rotational parameters. A fit to the
experimental anisotropy decay of DODCI in CcO
is shown as a solid line in Fig. 4a. The distribution

of residuals for this fit is plotted in the topmost
trace of Fig. 4 showing the goodness of the fit.
The rotational correlation times (¢;), the residual
anisotropies (r,) and the structure factors (B;)
recovered from the fit are listed in Table 3a.
¢, corresponds to the motion of the dye in aque-
ous phase. DODCI in aqueous buffer (100 mM
phosphate, pH 7.4) has a rotation time of 0.2 ns
(Table 3b). However, in the presence of deter-
gents /lipids, the motion of the ‘free’ dye becomes
slower (~ 0.5 ns) due to an increase in the vis-
cosity of the medium and also possibly due to
weak interactions with the surfactant monomers.
The motion of the dye molecules bound to CcO
experiences retardation and shows a much longer
rotational time. Both of the bound-dye compo-
nents show the same rotational time (¢, = 4.9 ns,
&3 =5 ns) that possibly corresponds to local mo-
tions of the dye bound to the protein. Global
motion of this large protein is expected to be
much slower. Although the two bound dye popu-
lations have similar values of ¢, and ¢;, they
show a large difference in the values of residual
anisotropy and structure factor. One of them
(1,=1.8 ns, ¢, =4.9 ns) shows a large residual
anisotropy (r,,. = 0.18) as well as a small value for
the structure factor (8, = 0.4) suggesting that this
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dye population experiences hindered rotation.
This is further consistent with our earlier pro-
posal that the longer lifetime (1.8 ns) arises from
the dye buried in the hydrophobic phase. The
other population of the bound dye (7, = 0.18 ns,
;3 =5 ns) shows a small residual anisotropy (75,
=0.015) and a near-unity value for the structure
factor (B, = 0.95), indicating less hindrance in ro-
tation of these dye molecules. As discussed ear-
lier, this population corresponds to the dye
molecules strictly bound to CcO. Analysis of the
anisotropy decay data with a non-associative
model did not give any consistent or physically
meaningful parameters, indicating that the fluo-
rescence dynamics of the dye molecules in the
present case involves the partitioning of the dye
in different phases, in which both the lifetime and
the associated fluorescence depolarization dy-
namics were modulated.

3.4. Effect of Adriamycin on CcO

Upon the addition of Adriamycin to CcO, the
lifetimes of the DODCI fluorescence remained
unchanged. However, the amplitudes of 7, and T,
(0.67 ns and 0.18 ns, respectively, see Table 1)
show appreciable changes, whereas that of T, (1.8
ns) remains almost the same (Table 1). This sug-
gests that the population of the dye bound to the
enzyme phase decreases and the population in
aqueous phase increases on addition of Adri-
amycin. This indicates that Adriamycin probably
interacts with the lipids of CcO, which is consis-
tent with earlier studies [26—29]. For a better
understanding of the effect of Adriamycin on the
lipids of CcO, we studied the interaction of Adri-
amycin with asolectin and cardiolipin. Adriamycin
does not affect the lifetime of DODCI in aqueous
buffer (Table 1). Upon the addition of Adri-
amycin to asolectin, a significant portion of the
bound-dye was released into the aqueous phase.
The effect of Adriamycin on cardiolipin was rather
drastic, as shown in Fig. 2. The fluorescence de-
cay of DODCI in aqueous buffer is shown in
trace (a) of Fig. 2. Upon binding to cardiolipin,
the decay time became significantly longer (trace
b), which is consistent with the appearance of the
1.6 ns lifetime. When Adriamycin was added, a

strong quenching was observed (trace c), and the
analysis shows that the whole population of the
bound dye (1.6 ns) disappeared. Instead, a short
lifetime (~ 0.2 ns) was observed, probably due to
the dyes bound to the Adriamycin—cardiolipin
complex. It is to be noted that the determination
of a precise value of this lifetime was difficult to
obtain because of high scattering from the com-
plex. Eventually, the cardiolipin—Adriamycin
complex was separated from the solution phase.
Thus ,it is evident that the effect of Adriamycin
was much stronger on cardiolipin than on other
phospholipids, and this is consistent with an ear-
lier report that the affinity of Adriamycin for
cardiolipin is ~ 80 times higher than that for
phosphatidic acid [26]. The above discussions bol-
ster our suggestion that Adriamycin affects cardi-
olipin as well as other phospholipids bound to
CcO.

To assess the changes in the structural dy-
namics of CcO and the lipids caused by Adri-
amycin, we determined the rotational correlation
times from anisotropy data (Table 3). The polar-
ized fluorescence of DODCI in LM and in the
lipids was satisfactorily fitted to Eq. (2). The val-
ues of ¢, (~0.5 ns) in Table 3 represent the
rotational time of the dye in the aqueous phase,
as mentioned earlier. ¢, represents the global
motion of the detergent micelles (LM), or the
lipid-detergent aggregates (Table 3b) [37,51]. A
rotational correlation time of 13 ns for LM sug-
gests that it forms relatively large micelles with an
estimated aggregation number of > 60 (under the
present experimental conditions). An increase in
¢, in asolectin—LM is consistent with the forma-
tion of lipid—micelle aggregates. When Adri-
amycin was added to asolectin, the observed
change in the rotational correlation time (&,) of
the bound dye was insignificant, suggesting that
Adriamycin does not perturb the phospholipid
structure. On the other hand, the complexation of
Adriamycin with cardiolipin resulted in a com-
plete disappearance of ¢, (7 ns). The rotational
correlation time of the Adriamycin—cardiolipin
complex could not be determined because the
complex precipitated.

When CcO is treated with Adriamycin (Fig.
4b), the rotational correlation time of one of the



T. Kanti Das, S. Mazumdar / Biophysical Chemistry 86 (2000) 15-28 25

two bound-dye components (¢;) shows a signifi-
cant change (from 5 to 1.6 ns). The other rotatio-
nal time (&, ) does not show any significant change.
The decrease in ¢, is much larger than the un-
certainties associated with the data (Fig. 4, Table
3a). This population of the bound dye is repre-
sented by the lifetime component 7, (0.18 ns) that
has been shown in the previous section to be
specifically bound to CcO. Moreover, the ampli-
tude of this lifetime component decreased sig-
nificantly upon Adriamycin treatment. The de-
crease in ¢, indicates an increased mobility of
the surface-bound dyes due to the effect of Adri-
amycin. This is best explained by the dissociation
of a fraction of the lipids containing the dye from
the protein and/or a significant perturbation of
the lipid environment.

4. Discussions

The fluorescence dynamics data presented in
this paper clearly suggest that the structural
changes in cardiolipin and cytochrome ¢ oxidase
affected by Adriamycin can be detected. The
drastic effect of Adriamycin on cardiolipin that
was observed here is consistent with a sequester-
ing of the cardiolipin molecules. Thus, our studies
are in good agreement with the models proposed
by others that describe Adriamycin-induced car-
diotoxicity in terms of a segregation of cardiolip-
ins [30]. Our results also show that Adriamycin
indeed has some interaction with other phospho-
lipids indicated by a significant change in the
population of the bound-dye component (Table
1). However, the fact that neither the lifetime nor
the rotational dynamics of the asolectin-bound
dye show any appreciable change upon treatment
with Adriamycin suggests that the phospholipids
in asolectin are neither phase-separated nor form
a strong complex with Adriamycin. Thus, the in-
teraction of Adriamycin with the phospholipids in
asolectin is much weaker than that with cardi-
olipin. In CcO, a significant decrease of the bound
dye population upon addition of Adriamycin sug-
gests that the lipids of CcO indeed interact with
Adriamycin. Among these lipids, only cardiolipin
is probably segregated from the protein, which is

manifested by a large decrease in the rotational
time of the CcO-bound dye (Table 3a).

The interaction of Adriamycin with the lipids is
likely to be electrostatic in nature. In CcO, the
phospholipids are attached to the protein surface
by salt bridges and/or hydrogen bond interac-
tions between their polar head groups and the
amino acid side chains, the main chain imides, or
the carbonyl groups [21]. They are also stabilized
by hydrophobic interactions between the non-
polar lipid tails and the hydrophobic amino acid
residues in the transmembrane region. The posi-
tively charged Adriamycin molecules are likely to
weaken the salt bridges and the hydrogen-bond-
ing, thus decreasing the stabilization energy of
lipid-binding. Negatively charged lipids would be
affected the most in comparison to the neutral
lipids. This is consistent with an earlier report
that the neutral lipid DPPC (dipalmitoyl-
phosphatidylcholine) shows no association with
Adriamycin [30]. Among the negatively charged
lipids, cardiolipin has the highest affinity (associa-
tion constant of 1.6 x 10° M~ ") to bind Adri-
amycin. The higher affinity of cardiolipin, relative
to the other negatively charged phospholipids, has
been proposed to be the result of the stacking of
the neighboring anthraquinone planes in a 2:4
cardiolipin—Adriamycin complex that imparts
some additional stabilization energy [30].

We now address the question of how CcO is
inactivated by Adriamycin. It is known that cardi-
olipin has a definite role in maintaining the origi-
nal enzyme activity. However, the mechanism by
which cardiolipin acts to influence enzyme activity
is poorly understood. Proposals have been made
that cardiolipin may perturb the conformation of
the enzyme that facilitates the electron transfer
from cytochrome c [20]. It also has been proposed
that CcO exists in two conformations; cardiolipin
facilitates interconversion between them and also
causes an electrostatic enhancement of the sur-
face concentrations of both cytochrome ¢ and
protons [17]. However, none of the proposals pre-
sented to date explains the cardiolipin effect sat-
isfactorily. The structural model of Yoshikawa
[23,24] suggests that cardiolipin may play a role in
stabilizing the dimer structure. Thus, it seems
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that monomers are formed in the cardiolipin-
depleted enzyme. However, it is not known
whether the enzyme activity comes only from the
dimers and not from the monomers. Although an
exact mechanism of the control of electron trans-
fer by cardiolipin is not known, it has been es-
tablished that cardiolipin binds the oxidase speci-
fically and influences the electron transfer rate.
The structural effect of Adriamycin on CcO may
be reconciled with the cardiolipin effect on activ-
ity, which implies that the inactivation of CcO by
Adriamycin occurs primarily due to a sequester-
ing of cardiolipins.

The cardiotoxic effect of Adriamycin, however,
is not limited to the inactivation of CcO. There
are other membrane-proteins in the electron
transport chain, e.g. complex I, complex III and
glycerol-3-phosphate dehydrogenase, that require
cardiolipin for their maximum electron transport
activity [60—63]. Adriamycin is known to inhibit
complex I and complex III [61]. Thus, it appears
that the general mechanism of inhibition of the
electron transport chain by Adriamycin is through
an interaction with cardiolipin, a phospholipid
specific to the inner mitochondrial membrane.
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