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ABSTRACT: As the SH-reactive fluorescein derivative eosin-5-maleimide (EMA) specifically label$Tys

in the second loop facing the matrix space (lo

op M2) of the ADP/ATP carrier in bovine heart

submitochondrial particles [Majima, E., Koike, H., Hong, Y.-M., Shinohara, Y., and Terada, H. (1993)
Biol. Chem. 26822181-22187], we studied the interaction of non-SH-reactive eosin Y, an analog of

EMA, with the carrier under various conditions to ¢
ADP transport by binding to loop M2 in submitoch
transport (0.33:M) was found to be very similar to

haracterize its binding. Eosin Y was found to inhibit
ondrial particles, but not in mitochondriaK; s
ity (0.53uM) for specific binding to the carrier.

Bound eosin Y was displaced by the transport substrates ADP and ATP, but not by untransportable GTP,
suggesting that eosin Y bound to the specific binding site of ADP and ATP. The three-dimensional
structure and electrostatic features of eosin Y were very similar to those of ADP, and the hydrophobic

property and divalent charge of eosin Y were very important for its binding to the carrier. Based on

these results, the features of the binding site of th

The 30-kDa ADP/ATP carrier in the mitochondrial
membrane mediates the transport of ADP and ATP across
the inner mitochondrial membrane. Its functional unit is a
dimeric carrier, each monomer with a six transmembrane
structure 1—5). Interconversion between the two distinct
conformations, the c- and m-states, of the carrier is thought
to be directly associated with its transport activity: the
substrate binding site in the c-state conformation faces the
cytosolic side, while that in the m-state conformation faces
the matrix side §). The transport inhibitor carboxyatrac-
tyloside (CATRY} fixes the c-state conformation acting from
the cytosolic side, whereas bongkrekic acid (BKA) fixes the
m-state conformation acting from the matrix side. Despite
extensive studies 3¢5), the mechanisms of substrate
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e transport substrates are considered.

Chart 1: Chemical Structures of Eosin Derivatives
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recognition and transport in relation to these conformational
states are not fully understood.

There are three loops of the ADP/ATP carrier facing the
matrix space, loops M1, M2, and M3. By chemical
modifications of four cysteine residues with the SH-reagents
NEM and EMA, and disulfide bridge formation of cysteine
residues catalyzed by copperghenanthroling) we found
that a pair of each of these three loops cooperatively regulates
transport function of the dimeric carrief7€9). It is
noteworthy that the SH-reactive fluorescein derivative EMA
very quickly and specifically labels C¥8 in loop M2,
possibly because divalent negatively charged EMA (for
chemical structure, see Chart 1) is electrostatically attracted
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to the positively charged site(s) of loop M2, and the resulting EMA labeling was terminated with 50 mM DTT. After
collapse of the salt bridge(s) of this loop facilitates the pretreatment of particles with NEM, free NEM was removed
labeling of Cy3%° by the maleimide moiety of EMA. by passing the samples through a column of Sephadex G-50
Therefore, Cy®° could be located at a position close to the Then the samples were subjected to SIPAGE in a 12.5%
noncovalent binding site of EMA7J. As this modification polyacrylamide gel under reducing conditions by the method
is counteracted by ADP, loop M2 could also constitute the of Laemmli (18), and the fluorescence intensities of the
primary binding site of ADP. In addition, we proposed that proteins labeled with EMA were determinet).(
the cooperative swinging of these three loops is directly  peasurement of ADP TransporMitochondria (2 mg of
associated with the transport activity of the ADP/ATP carrier protein) and their submitochondrial particles (2 mg of
(8 9). protein) were suspended in medium A supplemented with 1
Fluorescein derivatives have been used as models ofug of oligomycin/mg of protein in a total volume of 1.0 mL
adenine nucleotides in studies of enzymes with nucleotideat 0 °C. After 5 min, PHJADP was added at a final
binding sites such as ATPasd9(11), NAD(P)"-dependent  concentration of 2M, ADP uptake was terminated after
dehydrogenased42 13), and kinasesl4, 15), and they have 10 s by addition of %M CATR to mitochondria or 15M
also been used as probes to monitor conformational changegKA to the particles, and ADP incorporation was determined
of enzymes such as NK*-ATPase 16). Eosin Y, an by its radioactivity 7). The effect of eosin Y on ADP uptake
analog of EMA, has the same eosin moiety consisting of a was determined by preincubation of mitochondria or sub-
brominated xanthene ring and carboxyphenyl ring, but it mitochondrial particles with various concentrations of eosin
cannot modify SH-residues due to lack of an SH-reactive Y for 10 min at 0°C in the dark. For determination of the
maleimide ring (for chemical structures, see Chart 1). As kinetic parameters of the transport, the initial rate of ADP

EMA specifically labels CyS° of the carrier, eosin Y was  uptake was determined by the method of ie and
expected to interact specifically with the EMA binding site. Klingenberg (9).
If so, study of the noncovalent interaction of eosin Y with

the carrier .Sh_OUId provide useful |nfor_rnat|on about _the submitochondrial particles was determined from the amounts
substrate binding and transport mechanism of the carrier. of eosin Y released by BKA by the method of Weidemann
We studied details of the interaction of the non-SH-reactive gt a1 @0) with slight modifications. Submitochondrial
EMA analog eosin Y with the ADP/ATP carrier in bovine  particles (2 mg of protein/mL) in medium A were incubated
heart submitochondrial particles under various conditions. yith eosin Y for 60 min at 0C in the dark. The suspension
We also determined the physicochemical properties andyyas then divided into two parts, one of which was further
structural features of eosin Y. Based on our results, we jhcypated with 25:M BKA for 30 min at 0°C to displace
discuss the features of the binding site of ADP and ATP gqgin ¥ bound to the carrier. These two parts were then
and the mechanism of their binding with the ADP/ATP  centrifuged at 15000 for 30 min at 4°C, the supernatants
carrier in relation to its transport function. were diluted 300-fold with 100 mM Tris-HCI buffer (pH
7.2), and the amounts of eosin Y in the supernatants were
EXPERIMENTAL PROCEDURES determined from the fluorescence intensities at 560 nm with
Reagents.EMA was purchased from Molecular Probes €Xcitation at 530 nm. As the concentrations in the super-
(Eugene). Fluorescein and eosin Y were from Wako Pure Natants of the BKA-treated and untreated samples represen
Chemical Industries (Osaka), and eosin S and erythrosin Bthose of free plus bound eosin Y to the carrier, and free eosin
were from Fluka (Buchs). These xanthene dyes were more Y, respectively, the amount of eosin Y bound to the carrier
than 98% pure judged by reversed-phase HPLC on an ODSWas determined from their difference.
column. Pal-CoA and CATR were from Sigma (St. Louis),  The effects of various compounds on the binding of eosin
and hydroxylapatite was from Bio-Rad (Richmond). BKA Y to the carrier in submitochondrial particles were examined
was a gift from Prof. Duine (Delft University of Technology). by incubation of the particles (2 mg of protein/mL) with 200
Preparations of Mitochondria and Submitochondrial Par- #M eosin Y for 60 min at 0C, and then with test compounds
ticles. Mitochondria were prepared from bovine heart at various concentrations for 30 min afQG.
according to SmithX7) in medium consisting of 250 mM Fluorescence Change of Eosin Y Bound to the Carrier.
sucrose, 0.2 mM EDTA, and 10 mM Tris-HCI buffer, pH  The change of fluorescence of eosin Y bound to the carrier
7.2 (medium A). Submitochondrial particles containing 5 was measured with carrier preparations solubilized with
mM ATP were prepared by sonication of bovine heart CHAPS by the method of Block and Vignai®1). The
mitochondria as described previousE).( The amounts of  carrier in mitochondrial membranes solubilized with 2%
protein in mitochondria and submitochondrial particles were CHAPS was mixed with hydroxylapatite gel (20 mg of
determined with a BCA protein assay kit (Pierce, Rockford) protein/g of wet gel) equilibrated with 0.6% CHAPS, 0.1 M
in the presence of 1% SDS using bovine serum albumin asNa,SQ;,, and 10 mM MES buffer (pH 6.5). The supernatant
a standard. obtained by centrifugation at 1009€r 5 min was promptly
EMA-Labeling of the ADP/ATP Carrier Submitochon- used as the carrier preparation. This preparation§.8f
drial particles (2 mg of protein/mL) in medium A, with or  protein/mL) was added to eosin Y solution (final concentra-
without treatment with NEM (100 nmol/mg of protein) for tion, 15 nM) in medium A at 18C. The pH of this mixture
10 min, were incubated with EMA at a final concentration in a total volume of 2.0 mL was 6.6. After 30 s, a test
of 20 uM at 0 °C for 30 s in the dark. The effect of eosin compound was added, and the fluorescence intensity of eosir
Y on EMA labeling was examined by preincubation of the Y at 560 nm with excitation at 525 nm was monitored
particles with eosin Y for 10 min at €C in the dark, and  continuously.

Assay of Eosin Y BindingThe binding of eosin Y to
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Determination of pK Values. The K, (pK; and [Ky)
values of fluorescein derivatives were determined from the
pH-dependent changes of the absorption spe2a23).

Determination of the Hydrophobic Propertyhe capacity

Majima et al.

Comparison of Electrostatic Potentialdzor comparison
of the electrostatic similarities of two compounds A and B,
their electrostatic potentials were evaluated by AM1. Point
charges derived from the electrostatic potential of each

factor k' on reversed-phase HPLC, as a measure of themolecule were first determined, and then their electrostatic

hydrophobic property24), was determined according to eq
1
K= (tg— t/tg 1)

wheretr andty are the retention times of test compounds
and an unretained reference compound, respectively. Re
versed-phase HPLC of 5 nmol of test compounds on a
column of TSK gel ODS-120T (0.4& 15 cm, Tosoh) was
performed with a linear gradient {®7% for 5 min, and
then 27-72% for 50 min) of acetonitrile containing 0.05%
trifluoroacetic acid at a flow rate of 1.0 mL/min. The value
of log k was determined from the elution times of test
compoundstg) and that of the solventd), monitored by
fluorescence intensity and absorbance at 210 nm.

Three-Dimensional Superpositiotn conformational analy-

potentials on and 4.0 A outside the van der Waals surface
of each molecule were computed from the charges. The
molecular similarity between two molecules, of which
superposition had already been determined, was evaluatec
in terms of the electrostatic potential,by the Carbo’s index

of similarity (Rag) according to eq 426), which ranges
between—1 and 1, perfect similarity beinBag = 1:

Ry = (fPAPB df)/(fPA dr pr dT)ll2 (4)

The values opa andpg were calculated with each grid point

at 0.3 A intervals within the distance of 4.0 A from the edge
of the van der Waals surface of the molecule, and the space
within the van der Waals surfaces was excluded from the
grid points.

sis, initial conformers were generated by stepwise incrementRESULTS

of 60° with each rotatable bond, and then these structures

were optimized by the AM1 semiempirical molecular orbital

method. As a consequence, 2, 38, and 46 geometrically

optimized low-energy minimum conformers were obtained
for eosin Y, ADP, and GDP, respectively. In the three
dimensional superposition, combinations of all the low-
energy minimum conformers were taken into consideration.
For including small conformational changes around the
rotatable bonds (eq 2), the torsional variables and the energ
term arising from the conformational flexibility of com-
pounds A and B were introduced into the target function of
superpositionF. By a combination of the extended con-
formational search and three-dimensional flexible super-
position described here, the problem of conformational
dependence on a least-squared superpositioning could b
excluded 25):

F=3w]r,(0,) — rg(©p))° + SAEO,) + AE(Og)]
2

wherew; is the weight ofith atomic corresponding pair;

is the ith corresponding atomic position vectd, is the
torsion angleSis the scaling factor in the dimension of{
AE), and AE(®) is the conformational energy. For mini-
mizing the target functiof, the first term in eq 2 with fixed

© values was first minimized by the Monte Carlo method,
which overcame the local minimum problems, and then
minimization of the totalF value as a function 0® was
performed. The value AAE(®) of the second term in eq 2
was determined by molecular mechanics calculation in which
only ® was involved as an independent variable. “The
goodness of superposition” of molecules A and B was

Effect of Eosin Y on Labeling of the Carrier with EMA.
As halogenated fluorescein derivatives such as eosin Y,
erythrosin B, and eosin S (see Chart 1), which are potent
generators of singlet oxyger7), could cause damage of
the ADP/ATP carrier mediated by singlet oxygen, we
examined the effects of 400M fluorescein, eosin Y, and
erythrosin B on membrane proteins in bovine heart sub-
mitochondrial particles. No generation of singlet oxygen by

Yhese fluorescein dyes was observed on ESR spectrometry

for at least 90 min at room temperature in the dark, whereas
production of singlet oxygen was observed when the dyes
were exposed to visible light (50 W) for 10 min, although
not for 5 min. In addition, no change in protein bands on
SDS-PAGE was observed when submitochondrial particles
Svere incubated with 20PM eosin Y at 0°C for 90 min in

the dark. Therefore, we concluded that fluorescein deriva-
tives at less than 40@M did not cause singlet oxygen-
mediated damage of proteins in submitochondrial particles
when the particles were incubated with dyes in the dark for
at least 90 min at 0C. Accordingly, unless otherwise noted,
the effects of fluorescein derivatives on the ADP/ATP carrier
in bovine heart submitochondrial particles were examined
at 0°C in the dark within 90 min.

Bovine heart submitochondrial particles (2 mg of protein/
mL) were treated with 2&@M EMA for 30 s at 0°C in the
dark. SDS-PAGE showed three fluorescent bands labeled
by EMA (Figure 1A). The dominant 30-kDa fluorescent
band was that of the ADP/ATP carrier, a faint 34-kDa band
possibly that of the phosphate carri@),(and another faint
45-kDa band that of an unidentified protein. Amino acid
sequence analysis showed that €ysn loop M2 was

evaluated by the root mean squared deviation difference SPecifically labeled by EMA under the present experimental

(RMSD) value, determined by eq 3, of the first term in eq 2
at the minimum point of the totdf value. On systematic

conditions, as we reported previoush).( The SH-reagent
NEM, which predominantly labels C8f&in loop M1 but not

search by these procedures, the best superposition of the tw@ther cysteine residues on incubation for a short peffod (

compounds A and B was determined:
RMSD’ = 3 w;r 5(©,) — 1gi(©g)7/n (3)

wheren is the number of corresponding atomic pairs.

should not have any effect on the labeling by EMA. In fact,
EMA-labeling of the carrier was not affected by treatment
of particles with 2 mM NEM for 10 min at OC (compare
Figure 1B with Figure 1A). In contrast, EMA-labelings of
the 34-kDa and 45-kDa proteins were inhibited by pretreat-
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Ficure 1: Effect of eosin Y on the labeling by EMA of membrane
proteins in bovine heart submitochondrial particles without (A) and
with (B) NEM pretreatment. Bovine heart submitochondrial
particles (2 mg of protein/mL) were treated with various concentra-
tions of eosin Y for 10 min, and then with 20M EMA for 30 s

at 0°C in medium A (pH 7.2). These treatments were carried out
in the dark. After reaction with 50 mM DTT, the particles (28

of protein) were subjected to SB®AGE and fluorography. For
examination of the effect of NEM (B), the patrticles were first treated
with NEM (100 nmol/mg of protein) for 10 min at €C.

Table 1: Values of 50% Inhibitory Concentrations {§)Cof Various
Fluorescein Derivatives for EMA-Labeling of the ADP/ATP Carrier
and ADP Uptake, and Theiria and Capacity Factdt' Values

ICs0 (uM)?
compound EMA-labeling ADP uptake Kp pK, logk?®
fluorescein >3000 600+ 10.5 4.4 6.3 0.92
eosin Y 38.9+4.2 3.33+051 27 36 1.17
erythrosin B 17.6:4.2 1.124+0.47 3.8 1.22
eosin S 78.3t 12.9 5.05-0.41 -9 3.2 1.20

a Submitochondrial particles (2 mg of protein/mL) suspended in
medium A in the presence of dg of oligomycin/mg of protein (pH
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Ficure 2: Inhibitory effect of eosin Y on ADP transport in
mitochondria and submitochondrial particles. Suspensions of mi-
tochondria (2 mg of protein/mL) and submitochondrial particles
(2 mg of protein/mL) in medium A supplemented withuly of
oligomycin/mg of protein were treated with®HJADP (final
concentration, 2QquM) at 0 °C. After 10 s, ADP uptake was
terminated with CATR and BKA, respectively. Incorporated ADP
was determined from its radioactivity. The effect of eosin Y was
examined by pretreatment of the mitochondria (Mito) or submito-
chondrial particles (SMP) with various concentrations of eosin Y
for 10 min at 0°C in the dark.
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Ficure 3: Quantitative determination of the inhibitory effect of
eosin Y on ADP transportia the ADP/ATP carrier. The initial
transport rate:) of ADP through bovine heart submitochondrial
particle membranes was determined at various concentrations of

7.2) were incubated with various concentrations of fluorescein analogs ADP ([ADP]) in the presence of fixed concentrations of eosin Y.

for 10 min at 0°C in the dark. Then the suspensions were divided
into two parts. One part was used for study of the effect on EMA-
labeling, and the other for study of the effect on ADP uptake (cf.
Experimental Procedured)In three separate runs, the values of kbg
were essentially the sameOverlapping [, values.? Not determined
due to esterification of the carboxyl group.

ment with NEM, as shown in Figure 1B, indicating that the

A: Relationships between d/and 1/[ADP] at various eosin Y
concentrations. B: Relationship between the slope in (A) and eosin
Y concentration. The experimental conditions were as for Figure
2. All straight lines were drawn according to least-squares analyses.

by incubation of mitochondria or submitochondrial particles
with eosin Y for 10 min at ®C. As shown in Figure 2,
eosin Y at up to 2QuM did not inhibit ADP uptake by

cysteine residues in these proteins were not specifically mitochondria, but at higher concentrations caused slight

reactive with EMA.

Next, we examined the effect of eosin Y on EMA-labeling
of Cys'®®. For this, we treated the particles with various
concentrations of eosin Y for 10 min, and then with EMA
for 30 s at 0°C in the dark. As shown in Figure 1A, the
fluorescence intensity of the 30-kDa band labeled by EMA

inhibition, its 1Gso value being 11&M. Eosin Y is suggested
to inhibit transport activity of the ADP/ATP carrier by acting
from the cytosolic side determined by the ATP-hydrolysis-
related swelling of rat liver mitochondria (¢ 35uM) (28).

In contrast, this dye strongly inhibited ADP uptake by
submitochondrial particles concentration-dependently, s IC

decreased with increase in the concentration of eosin Y, value being about 8M. These results indicated that eosin
whereas those of the 34-kDa and 45-kDa bands remainedY is a potent inhibitor of adenine nucleotide transpaet

almost constant. The concentration of eosin Y for 50%
inhibition of EMA-labeling (IGo) was determined to be about
40 uM (Table 1). As expected, the fluorescence intensity
of the 30-kDa carrier was the same with and without NEM,
showing that NEM did not affect eosin Y inhibition of EMA-
labeling of the carrier in the particles (Figure 1B). These

the ADP/ATP carrier by interaction with the binding site of
ADP and ATP in loop M2 from the matrix side like EMA
).

We measured the initial transport rate of ADP (n
submitochondrial particles at @C as a function of ADP
concentration (JADP]). From the linear relationship between

results showed that eosin Y and EMA both bound to a site 1/v and 1/[ADP] (Figure 3A), th&K,, and Vya values for

in loop M2 containing Cy%*.
Effect of Eosin Y on ADP TransporfThe effect of eosin
Y on ADP transportiia the ADP/ATP carrier was studied

ADP transport were determined to be &8l and 4.9 nmol
(mg of proteinj! min~1, respectively, by least-squares
analysis (correlation coefficiemt= 0.990). These values
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FiGURE 4: Effects of the transport inhibitors BKA, Pal-CoA, and bound (uM)

CATR on the binding of eosin Y to submitochondrial particles. Fgure 5: Scatchard plot of the binding of eosin Y to the ADP/
Bovine heart submitochondrial particles were incubated with 200 ATP carrier in submitochondrial particles. Bovine heart submito-
#M eosin Y fa 1 h at 0°C, and then with various concentrations  chondrial particles were incubated with various concentrations of
of BKA, Pal-CoA, and CATR for 30 min in medium A. These  egsin Y fa 1 h at 0°C in the dark. Then bound eosin Y was released
treatments were performed in the dark. The concentration of eosin by treatment with 25:M BKA for 30 min at 0°C in the dark, and

Y released was determined fluorometrically. the total concentration (free plus bound) of eosin Y was determined.
Separately, with the same particle preparation, the unbound free
were similar to those reported by Lauquin et 2B)( Next, eosin Y concentration at the same initial eosin Y concentration was

determined without BKA treatment. The concentration of bound

the inhibitory effect of eosin ¥ on ADP transport was eosin Y was determined from the difference between these values.

examined by pretreatment of the particles with various

concentrations of eosin Y for 10 min at°C in the dark. 514 proteins other than the carrier was not affected by BKA
The slopes of the double reciprocal plots, shown in Figure (see Experimental Procedures), the eosin Y released by BKA
3A, were replotted as a function of the eosin Y concentration jgicated its amount specifically bound to the carrier. A
(Figure 3B), and from the intercept on theaxis of the  gcatchard plot of the binding of eosin Y to the ADP/ATP
straight line ( = 0.989), theK; value of eosin Y was  carrier in submitochondrial particles is shown in Figure 5.
determined as 0.38M, which was about 160-fold less than  Thg resylts of this curvilinear Scatchard plot were analyzed
the K value of ADP transport. according to the two-site model. The numbers of binding
Binding of Eosin Y to the ADP/ATP CarrietWe next  sites (maximum binding amount of eosin ) andn, and
examined the affinity of eosin Y to the carrier relative to the dissociation coefficientsy, andKq, were determined as
those of the well-known inhibitors CATR acting from the n, = 1.0 nmol/mg of protein ant, = 11 nmol/mg of protein,
cytosolic side, BKA acting from the matrix side, and Pal- andKy, = 0.53uM andKg, = 38 uM. It is noteworthy that
CoA acting from both sides3(). Submitochondrial particles  the Kg, value was similar to thé; value of ADP transport

were first incubated with 20@M eosin Y fa' 1 h at 0°C, shown above, and was very close to Kaevalues of adenine
and then with various concentrations of each of these nuycleotide analogs3().
inhibitors for 30 min at 0°C. After separation of the In addition, the value oh; was in very good agreement

particles, the amount of eosin Y released was determinedwith the maximum amounts of BKA binding and untrans-
from its fluorescence intensity in the supernatant at 560 nm portable adenine nucleotide derivativesl(0—1.5 nmol/mg
with excitation at 530 nm. As shown in Figure 4, release of protein) @, 31, 32). As these amounts correspond to the
of bound eosin Y by BKA increased linearly with increase amount of the dimeric ADP/ATP carrier in bovine heart
of BKA concentration to about 1M and then almost  submitochondrial particles3(, 32), eosin Y should bind to
leveled off, indicating that bound eosin Y was released nearly the dimeric carrier with 1:1 stoichiometry. Namely, the
completely by BKA at 15«M. The effect of Pal-CoA was  primary binding site is a pair of M2 loops of the dimerized
less than that of BKA, the titer being observed at about 35 carrier. Although the nature of the secondary binding site
uM. CATR added to the matrix side did not have any effect for eosin Y is not clear, the much higher valuesnefand
at 50uM, whereas 4gM CATR added to the cytosolic side K, than those with the primary binding site suggest that the
completely inhibited the binding of eosin Y (data not shown). binding of eosin Y to the secondary site is rather nonspecific.
These results indicated that eosin Y bound to a site common  Change in Fluorescence of Bound Eosin Xs eosin Y
to BKA and Pal-CoA. The ineffectiveness of CATR added s fluorophoric, its fluorescence might be changed by binding
to the matrix side was due to its inaccessibility to the carrier, to the carrier. We solubilized the bovine heart mitochondrial
and the inhibition by CATR added to the cytosolic side was ADP/ATP carrier with the mild detergent CHAPS and
due to the induction of the c-state conformation, as observedobtained the solubilized carrier in a fraction not adsorbed to
previously g, 9). hydroxylapatite gel. Results of SB®AGE of the solubi-
Next, we determined the binding of eosin Y to the ADP/ lized preparation showed a very strong band of the ADP/
ATP carrier quantitatively. We determined the amount of ATP carrier, its relative amount being more than 90% judging
binding of eosin Y to the carrier utilizing the fact that BKA  from the intensity of its band stained with Coomassie brilliant
specifically releases bound eosin Y as described above.blue, besides a few faint bands due to unidentified proteins.
Namely, submitochondrial particles were incubated with a Of these proteins, only the carrier was labeled by EMA. The
known concentration of eosin Y solution at@Q in the dark. changes in the intrinsic fluorescence due to tryptophan at
Then eosin Y specifically bound to the carrier was released 345 nm with excitation at 300 nm showed that BKA readily
by addition of a sufficient amount of BKA. As the bound to the solubilized carrier, but that ADP was necessary
nonspecific binding of eosin Y to the phospholipid membrane for the binding of CATR, indicating that the solubilized
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decrease in the fluorescence to a similar level to that induced
by ADP plus 150 nM BKA (compare Figure 6B with Figure
6A). In contrast, CATR at 150 nM did not cause any change
in the fluorescence, and subsequent addition of ADP to a
final concentration of 15«M decreased the fluorescence
greatly to the same level as that caused by ADP plus 150
nM BKA (Figure 6C). The decrease in the fluorescent
intensity by CATR was observed only when ADP or ATP
was present (Figure 6D). However, the untransportable

;S:C nucleotide GTP, either alone or in cooperation with CATR,
had no effect on the fluorescence change (Figure 6E).
(C) CATR (D) ADP, ATP (E) GTP As the decrease in the fluorescent intensity was associatec
| ADP b | CATR with release of bound eosin Y, the above results suggested
} that the transportable nucleotides ADP and ATP displaced
the bound eosin Y, and as a result the carrier was able to
W show transition from the m-state conformation to the c-state

conformation, whereas the untransportable nucleotide GTP
did not have this effect. BKA, which fixes the carrier in
the m-state acting from the matrix side, released bound eosin
Y without ADP. In contrast, CATR, which fixes the c-state
H20 conformation acting from the cytosolic side, could displace
FIGURE 6: Effects of various compounds on the binding of eosin bound eosin Y only when the transportable nucleotides were
Y to the ADP/ATP carrier solubilized with CHAPS. A preparation  present, because they induced the conversion of the m-state
of bovine heart mitochondria solubilized with CHAPS (g of capyier to the c-state. Therefore, we conclude that eosin Y
protéin/mL) was added to 15 nM eosin ¥ solution at pH 6.6 and binds to the m-state carrier and’ fixes this conformation
18 °C. After 30 s, various test compounds were added in the : & - A
indicated orders, and the fluorescent intensity of bound eosin Y  Effects of Various Fluorescein Destives. To determine
was monitored at 560 nm with excitation at 525 nm. Change in the structural requirements of eosin Y (tetrabromofluorescein)
fluorescent i“ti_“SitY feLatiVe ;%:thg A“Wtﬁ\f,‘vipé ‘é\’g]fl‘ggttiosnoglfbtigéed for binding to the ADP/ATP carrier, we examined the
carrier preparation Is snhown . S H : : H H
fluorescpentpintensity represents the release of bound eosin Y. Theafflnltles Of.the ﬂuorescem. derivatives fluorescein, erythrosin
final concentrations of the added test compounds wepeM.BDP, B and eosin S (for chemical structures, see Chart 1) to the
ATP, and GTP, and 150 nM BKA and CATR. The effect on the carrier and their effects on ADP transport. The fluorescein
fluorescence intensity of dilution by addition of test compounds derivatives have a xanthene ring (A/B/C-ring) and a car-
was shown by the effect of addition of the same volumel(Bof boxyphenyl ring (D-ring), and divalent anionic charges are
water. derived from a phenolic OH group in the C-ring and
carboxylic acid group in the D-ring, except in eosin S, in
which the carboxylic acid group is esterified. The xanthene
rings of all the derivatives except fluorescein are halogenated
either with four bromo groups (eosin Y and eosin S) or with

carrier was essentially in the m-state conformation (BKA
conformation) as observed by Block and Vign&$)( Thus,

from these results, the solubilized carrier preparation was
active as in the mitochondrial membrane. four iodo groups (erythrosin B).

carrier preparation was increased, but was decreased to théhhibited ADP transport and EMA-labeling of C¥8 in
same level as that of free eosin Y when the carrier was sybmitochondrial particles, but fluorescein had little effect.
inactivated by heat-treatment at 3C for 1 h, decrease in  The |G, values of ADP uptake and EMA-labeling at pH
the fluorescent intensity was concluded to be due to releasez 2 are summarized in Table 1. The order of ADP transport
of eosin Y from the carrier. The effects of various jnhibition was the same as that of inhibition of EMA-
compounds on bound eosin Y were examined by their |abeling, i.e., fluoresceirr < eosin S< eosin Y < erythrosin
additions to the solubilized carrier preparation (aof B The results in Table 1 suggest that the halogeno groups
protein/mL) after its incubation with 15 nM eosin Y at 18 on the xanthene ring and divalent negative charges are
°C. Change in the fluorescence intensity of eosin Y was jmportant for exhibition of these activities. The greategC
monitored continuously at 560 nm with excitation at 525 yajye of eosin Y (3.3%M) than itsK; value (0.33:M) for
nm, at which the difference in fluorescent intensity between App transport inhibition could be due to the difference
bound and free eosin Y was maximal. between experimental procedures: theyMas determined
The fluorescent intensity of eosin Y in the presence of from the ADP uptake in 10 s, whereas tievas determined
the solubilized carrier was decreased instantly on addition from the initial velocity of ADP uptake (see Experimental
of ADP (final concentration 1’xM) to about half the total Procedures). Therefore, a higher concentration of eosin Y
change (Figure 6A). No further change was observed onwas necessary for determination of thedC
addition of 150uM ADP (data not shown), indicating that We determined thelq, values of the fluorescein deriva-
the change caused by 48 ADP was the maximum induced tives (Table 1). As all the g, values of the fluorescein
by ADP. Addition of BKA (150 nM) after ADP addition  derivatives were less than 7, these derivatives were in anionic
caused further decrease (Figure 6A). BKA (150 nM) in the forms, either divalent or monovalent, under the conditions
absence of ADP decreased the fluorescent intensity considerfor testing their effects on ADP transport and EMA-labeling.
ably, and a second addition of BKA (150 nM) caused further We then determined the values of the capacity faktan
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A)

eosin-Y
C (

ADP

Ficure 8: Electrostatic potential maps of adenine, guanine, and
the A/B-ring of eosin Y. Electrostatic potentials were determined
as described under Experimental Procedures, and electrostatic
potentials are shown by contours efL18, —60, 0, 60, and 120

kcal/mol.
, very small RMSD value of 0.32 A (see eq 3). The
eosin-Y ADP corresponding moieties of eosin Y and ADP in the super-

FiIGURE 7: Three-dimensional structures of eosin Y, ADP, and GDP PoOsition are shown in Figure 7C. The energies of the
(A), superimposition of eosin Y on ADP (B), and corresponding conformers of eosin Y and ADP on their best superpositions

moieties of eosin Y and ADP (C). The method for computation of were only about 0 and 3 kcal/mol, respectively, higher than
superposition is described under Experimental ProcedureswiThe  thgse at their ground minima, showing that their superposi-
value in egs 2 et\)nd 3 was as&gged als_ LlJ(nléybInd(C), qureSpodegtions were quite reasonable.

atomic pairs to be superimposed are linked by discontinuous lines. The A/B-ring moiety and the bonds C(OE(1)—C(2)
HPLC as a measure of the hydrophobic properties of including the carboxylate moiety of eosin Y corresponded
compounds Z4) according to eq 1 (see Experimental well to the adenine moiety and the ribose ring of ADP,
Procedures) on an ODS column at pH 2.1, in which all the respectively. In addition, the phenolic OH group in the
test compounds had a predominantly neutral molecular form.C-ring of eosin Y was located close to tifephosphoryl

As summarized in Table 1, lof increased in the order group of ADP. The superposition of GDP was very similar
fluorescein< eosin Y < eosin S< erythrosin B. The more  to those of ADP and eosin Y. There was no definite
potent inhibitory activities of erythrosin B than those of eosin difference among their stable conformations. Therefore, we
Y should be due to its higher hydrophobicity. Although next computed the electrostatic potential maps of the A/B-
eosin S was more hydrophobic than eosin Y, its effects werering moiety of eosin Y, the adenine moiety of ADP, and the
less than those of eosin Y, possibly due to its monovalent guanine moiety of GDP to determine which moieties of the
anionic form. It is noteworthy that these activities of eosin A/B-ring and the adenine ring were different from that of
S were still about half those of eosin Y. With the divalent the guanine ring. As shown in Figure 8, N(1), N(3), and
fluorescein derivatives, the magnitude of ADP uptake N(7) of adenine; N(3), C(650O, and N(7) of guanine; and

inhibition, log (1/1Gy), increased linearly with log (r = C(3=0 of the A/B-ring took high negative potentials,
0.999), showing that the hydrophobic property is decisively whereas other moieties took positive or null potentials. The
important for ADP transport inhibition. electrostatic potential maps of adenine and guanine were

Three-Dimensional Structures and Electrostatic Potentials essentially the same as those reported previo&dy 89,
of Eosin Y, ADP, and GDPThe two-dimensional structure  and we confirmed that there was a distinct difference between
of erythrosin B has been shown to be similar to that of the the electrostatic properties of adenine and guanine (Carbo’s
synform of AMP (33). However, from analyses of three- index of similarity R = 0.35) as reported previousiBg,
dimensional structures, tlamti-forms of adenine nucleotides  39). In addition, we found common electrostatic features
are reported to be responsible for their binding to enzymes between adenine and the A/B-rin® & 0.66): the high
(34—36). Accordingly, we determined the most stable negative potentials of N(1) of adenine and the corresponding
conformations of eosin Y, ADP, and the nontransportable C(3=0 of the A/B-ring. It is noteworthy that the positive
nucleotide GDP by a combination of extensive conforma- electrostatic potential at N(1) of guanine was in contrast to
tional search and three-dimensional flexible superposition, the negative potentials of the corresponding N(1) of adenine
as shown in Figure 7A. The conformation of the carboxy- and C(3y=O of the A/B-ring. Therefore, the absence of a
phenyl ring of eosin Y was perpendicular to the rigid negative potential at N(1) of the guanine ring was a definite
xanthene ring to minimize its steric effect, as observed with difference in its electrostatic properties from those of ADP
erythrosin B (2, 37. As shown in Figure 7B, eosin Y was and eosin Y. Accordingly, the negative potential of N(1)
well, but not completely, superimposed on ADP with the of adenine and the corresponding C(3) of eosin Y could be
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of importance for specific binding to the carrier. The carrier
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addition, N(1) of the adenine ring and the corresponding

recognizes the adenine moiety of ADP and the xanthene ringC(3=0 of eosin Y, both of which have high negative

moiety of eosin Y that are distinct from the guanine moiety

electrostatic potentials, should be responsible for hydrogen

of GDP. These electrostatic properties should be importantbonding with loop M2, and thg-phosphate group of ADP

for molecular recognition of the substrate binding site.

DISCUSSION

In this study, we found that the non-SH-reactive fluores-
cein derivative eosin Y strongly inhibited ADP transport and
the labeling of Cy¥° by EMA in bovine heart submito-
chondrial particles but scarcely at all in mitochondria. The
Ki value of eosin Y for transport (0.33M) was similar to
theKq value of its primary binding to the carrier (0.23/).
These results together with the fact that EMA-labeling
inhibited ADP transport®) showed that eosin Y as well as
EMA bound to the carrier at a position close to &ysn
loop M2, causing inhibition of adenine nucleotide transport.
From the inhibitory effects of ADP, ATP, BKA, and CATR
on the binding of eosin Y to the carrier, eosin Y was
concluded to bind to the m-state carrier from the matrix side,
but not to the c-state carrier. A similar dependence of affinity
on the carrier conformation was observed with[135-
(dimethylamino)naphthoyl]ladenine nucleotidd§)( From
the maximum number of eosin Y molecules bound to the
primary site i), eosin Y was concluded to bind to a pair of
M2 loops of the dimeric carrier with 1:1 stoichiometry.

Fluorescein derivatives have been used as models of

adenine nucleotides and probes to monitor conformational
changes of proteins10—16). We found that there are
common structural features between eosin Y andatt@
form of ADP, which are responsible for binding to enzymes
with a nucleotide binding site3¢—36). The brominated
A-ring together with the B-ring and carboxyphenyl moiety
(D-ring) of eosin Y corresponds well to the adenine ring
and ribose moiety, respectively, of ADP. In addition, the
phenolate anionic moiety of the C-ring corresponds to the
phosphate anionic moiety of ADP. In the optimized structure
of eosin Y, its xanthene ring is oriented perpendicular to
the carboxyphenyl ring to minimize a steric effect. This
conformation is essentially the same as that of erythrosin B
based on the crystallographic analysis reported by C8dy (
As the conformation of erythrosin B bound to LDH reported
by Wassarman and Lent42) is the same as that of free
erythrosin B, the eosin Y bound to the ADP/ATP carrier

might take essentially the same conformation as that of the

free form (see Figure 7).

As the hydrophobicity and divalent negative charges of
eosin Y were found to be important for its interaction with
the carrier, the hydrophobic brominated A/B-ring moiety of
eosin Y should be located in the hydrophobic region of the
substrate binding site of loop M2. Therefore, hydrophobic
binding could be involved in the interaction of the adenine
ring of ADP with its binding domain on the matrix side. In
fact, the hydrophobic binding of erythrosin B has been
suggested to be important in its binding to LDERJ. As it

is suggested that for the interaction of adenine nucleotides

with their related enzymes, the hydroxyl group of ribose of
ADP forms a hydrogen bond with the carboxyl group of the
enzymes41), the hydroxyl group of ribose and the carbonyl
group of the phenyl carboxylate moiety (D-ring) of eosin Y
are expected to form a hydrogen bond with loop M2. In

and the C(6) phenolate moiety of eosin Y could interact
electrostatically with the phosphate binding site of the carrier.

Although the stable conformations of ADP and eosin Y
are very similar to that of GDP, their electrostatic properties
are different from that of GDP. Possibly, differences
between the hydrogen bonding abilities of N(1) and €{6H.
of the adenine ring and those of C{2)IH, and C(6¥0 of
the guanine ring could be a reason why GDP and GTP are
not transported by the ADP/ATP carrier. Accordingly, the
electrostatic interaction and/or hydrogen bonding of properly
oriented ADP and ATP, and eosin Y in their binding site
should be important for specific recognition and subsequent
binding with loop M2. Owing to the stronger binding of
eosin Y than those of transport substrates, especially due to
its high hydrophobicity, eosin Y is a potent inhibitor of the
transport, whereas ADP and ATP are transported owing to
their weaker binding.

According to the amino acid sequence of the bovine heart
mitochondrial ADP/ATP carrier42), hydrophobic amino
acid residues such as PhieLeut™s, 11e%, [1e'63 and Ph&*
and charged amino acid residues and hydrogen-bond-forming
amino acid residues are localized in the center portion of
loop M2. As a dimer of the carrier is the functional unit,
and as the paired M2 loops as well as paired M1 loops and
M3 loops are suggested to be aligned symmetric&)\9),
the hydrophobic amino acid residues of M2 loops may
assemble together by electrostatic interaction and hydrogen
bonding, forming a hydrophobic region. These assembled
segments could constitute a major binding site showing
hydrophobic interaction and hydrogen bonding with eosin
Y as well as EMA, and ADP and ATP in the m-state carrier.
As a result, eosin Y and adenine nucleotides should bind to
a dimer form of the carrier with 1:1 stoichiometry. It is
noteworthy that hydrophobic amino acids and hydrogen-
bond-forming amino acids are involved in the binding site
of the adenine rings of various ATP and/or ADP binding
proteins such as adenylate kinase ardh\FPase 85, 36).

In contrast, in view of the finding that eosin Y did not interact
extensively with the carrier from the cytosolic side, the
hydrophobic region of the substrate binding site may not be
dominant in the c-state carrier. Therefore, gain and loss of
the hydrophobic region formed by the assembled M2 loops
may be associated with the interconversion of the m- and
c-states of the carrier. Examination of this possibility is
underway.
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