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Abstract Mitochondria-targeted antioxidants consisting

of a quinone part conjugated with a lipophilic cation via a

hydrocarbon linker were previously shown to prevent

oxidative damage to mitochondria in vitro and in vivo. In

the present work, we studied the permeation of a series of

compounds of this type across a planar bilayer phospho-

lipid membrane. For this purpose, relaxation of the

electrical current after a voltage jump was measured. With

respect to the characteristic time of the relaxation process

reflecting the permeation rate, hydrophobic cations can be

ranked in the following series: 10(plastoquinonyl) decyl-

rhodamine 19 (SkQR1) [ 10-(60-plastoquinonyl) decyltri-

phenylphosphonium (SkQ1) [ 10-(60-methylplastoquinonyl)

decyltriphenylphosphonium (SkQ3) [ 10-(60-ubiquinonyl)

decyltriphenylphosphonium (MitoQ). Thus, the permeation

rate increased with (1) an increase in the size of the

hydrophobic cation and (2) an increase in hydrophobicity

of the quinone moiety. SkQ1 containing plastoquinone was

shown to be more permeable through the membrane

compared to MitoQ containing ubiquinone, which might be

the reason for more pronounced beneficial action of SkQ1

in vitro and in vivo. The above approach can be recom-

mended for the search for new antioxidants or other

compounds targeted to mitochondria.
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Introduction

Hydrophobic ions with delocalized charge represent an

interesting class of molecules capable of permeating

through the lipid part of cellular membranes in contrast to

other charged molecules and inorganic ions (Liberman

et al. 1969; LeBlanc 1969; Liberman and Skulachev 1970).

They are used for measuring transmembrane electrical

potential of subcellular organelles such as mitochondria

(Grinius et al. 1970; Bakeeva et al. 1970; Rottenberg

1984). The mechanism of permeation of hydrophobic ions

has been studied most intensively with tetraphenylborate,

dipicrylamine (DPA), and some analogues of these mole-

cules (Ketterer et al. 1971; Andersen and Fuchs 1975;

Benz 1988; Melikyan et al. 1996; Zimmermann et al. 2008)

by measuring relaxation of the electrical current across a

bilayer lipid membrane (BLM) after applying a voltage. It

is generally accepted that the rate constant of translocation

of hydrophobic ions through a bilayer membrane is deter-

mined by the free energy profile near the center of the

membrane. In the absence of surface potentials, the total

free energy of transferring a hydrophobic ion from solution

to a given position in the membrane can be approximated

as DG0 ¼ DG0
Born þ DG0

Dipole þ DG0
Hydro (Flewelling and

Hubbell 1986b), where DGBorn
0 is the electrostatic ‘‘image’’

energy, which is positive for all ions (negative or positive)

and is inversely proportional to the ionic radius; DGHydro
0 is

the hydrophobic energy of attraction; and having opposite

signs for positive and negative ions, DGDipole
0 emerges from

the interaction of the ion charge with the membrane dipole

potential and determines much higher free energy profile in
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the membrane core for cations than for anions of similar

structure. Therefore, the rate constant of translocation for

anions greatly exceeds that for cations (104-fold and even

more) (Flewelling and Hubbell 1986a; Pickar and Benz

1978).

In addition to slower permeation, hydrophobic cations

exhibit substantially weaker binding to membranes than

structurally similar anions (Flewelling and Hubbell 1986a).

This apparently accounts for the appearance of only a few

publications about the permeation of cations through lipid

bilayers. In one of these, the translocation of the cationic

fluorescent dyes octadecylrhodamine (R18) and indocar-

bocyanine (DiI) from one monolayer of a phospholipid

bilayer membrane to the other was monitored by mem-

brane current relaxation and fluorescent quenching

measurements, and the estimated time constants were about

10-1 s (Melikyan et al. 1996). The translocation rate con-

stant, ki, of the spin-labeled tetraphenylphosphonium in

liposomes was estimated by measuring time-dependent

changes in the electron paramagnetic resonance spectrum,

7.4 � 10-4 s-1 (Cafiso & Hubbell 1982). At the same time,

tetraphenylphosphonium (TPP?) was shown to increase the

membrane conductivity (Liberman and Topaly 1969;

Severina et al. 2007).

The mitochondrial interior is the only intracellular

compartment negatively charged relative to its environment

(i.e., the cytosol); therefore, on entering the cell, penetrating

cations will be specifically accumulated within mitochon-

dria. It was proposed that penetrating cations can be used by

mitochondria as ‘‘electric locomotive molecules’’ for

accumulation of uncharged substances attached to these

cations (Severin et al. 1970). Recently, the principle of the

‘‘electric locomotive molecule’’ was used by M. P. Murphy

for the addressed delivery of antioxidants, namely, vitamin

E (Smith et al. 1999) and ubiquinone (Kelso et al. 2001),

into mitochondria. So-called MitoQ (10-[60-ubiquinonyl]

decyltriphenylphosphonium), composed of ubiquinone and

decyltriphenylphosphonium cation, seemed to be promis-

ing. In fact, MitoQ was shown to be accumulated and

reduced by mitochondria and to protect them (as well as cell

cultures) against oxidative stress (Kelso et al. 2001, 2002;

Murphy and Smith 2007; Smith et al. 1999; James et al.

2005; Jauslin et al. 2003; Saretzki et al. 2003). We have

confirmed the data of Murphy and coworkers and found

that, at least under our conditions, the window between anti-

and pro-oxidant concentrations of MitoQ is narrow

(Skulachev 2007). It was recently shown by our group that

plastoquinone-based SkQ1 exhibited higher antioxidant

activity than MitoQ in aqueous solution and in a lipid

environment (Antonenko et al. 2008b). In a system of

mitochondria, the window between anti- and pro-oxidant

activity of SkQ1 was shown to be substantially broader

(Skulachev 2007; Antonenko 2008a, b).

Here, we investigated the permeation kinetics of anti-

oxidant hydrophobic cations through a planar BLM for a

series of structurally related compounds shown in Fig. 1.

The process of permeation is an important step in the action

of mitochondria-targeted antioxidants since the compound

must be delivered to mitochondria in advance to exert

antioxidant activity. Triphenylphosphonium cation was

conjugated with a 10-carbon linker (C10) to plastoquinone

(SkQ1), methylplastoquinone (SkQ3) or ubiquinone (Mi-

toQ). In SkQR1, the rhodamine 19 cation was linked

through a C10 bridge to plastoquinone. For comparison,

dodecyltriphenylphosphonium (C12TPP) and R18 lacking

redox groups were employed. Structure dependence of the

estimated rate constants of translocation across the inter-

face (k) and the interior of the membrane (ki) for these

compounds is discussed.

Materials and Methods

BLMs were formed from a 2% solution of Escherichia coli

lipid extract, diphytanoylphosphatidylcholine (DPhPC) or

a mixture of DPhPC and diphytanoyl phosphatidylglycerol

(DPhPG) (all lipids were from Avanti Polar Lipids, Ala-

baster, AL) in n-decane on a hole in a Teflon partition

separating two compartments of a chamber containing

aqueous buffer solutions (Mueller et al. 1963). A chamber

with a 0.8-mm-diameter hole was used in the current-

relaxation experiments. Hydrophobic cations were added

from stock solutions in ethanol into the bathing solutions

on both sides of the BLM and routinely incubated for at

least 10 min with constant stirring. MitoQ, SkQ1, SkQ3,

SkQR1 and C12TPP were synthesized by Drs. G. Korshu-

nova and N. Sumbatyan in our group as described

elsewhere (Skulachev 2007; Antonenko et al. 2008a). R18

was from Fluka (Buchs, Switzerland). In most of the

experiments, the solution was 100 mM KCl, 10 mM Tris,

10 mM morpholinoethanesulfonic acid (MES, pH 7.0) or

10 mM KCl, 2 mM Tris, 2 mM MES (pH 7.0). All

experiments were carried out at room temperature

(23–25�C).

Electric currents (I) were recorded under voltage-clamp

conditions. Voltage was applied to BLMs with Ag-AgCl

electrodes placed directly into the experimental chamber.

The current measured by means of a patch-clamp amplifier

(OES-2; OPUS, Moscow, Russia) was digitized using

an NI-DAQmx (National Instruments, Austin, TX) and

analyzed with a personal computer, using WinWCP

Strathclyde Electrophysiology Software designed by J.

Dempster (University of Strathclyde, UK; http://spider.

science.strath.ac.uk/sipbs/page.php?page=software_ses). In

the current-relaxation experiments the voltage was switched

10 T. I. Rokitskaya et al.: Translocation of Mitochondria-Targeted Antioxidants
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from zero to some particular value of U (usually [ 100 mV)

at t = 0 and the current across the membrane (I[t]) started

to decrease from an initial level, I(0), to a steady-state

level, I(?). At the beginning of each experiment we

recorded capacitance response of an unmodified membrane

(a control recording of the current after a voltage jump).

The recording in the presence of a hydrophobic cation was

analyzed after subtraction of the control recording.

Results and Discussion

The system was incubated for 10 min with constant stirring

after addition of a hydrophobic cation to the membrane-

bathing aqueous solution to complete the binding of the

cation to the BLM. The current across the membrane, I(t),

which was maximal at the first moment after application of

voltage U (usually [ 100 mV), spontaneously decreased in
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Fig. 1 Chemical structures of

hydrophobic cations studied in

the present work
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time from an initial level I(0) to a steady-state level I(?)

(the current-relaxation process). This relaxation was

accounted for by the redistribution of the cations between

the two half-membrane leaflets after application of the

voltage. Figure 2 shows the current relaxation after a

voltage jump of U = 150 mV for six different hydrophobic

cations taken at 0.5 lM concentration. Figure 2 also shows

monoexponential fits of the experimental curves with

s = 7.5 s (SkQR1), 36 s (SkQ1), 70 s (MitoQ), 47 s

(SkQ3), 24 s (C12TPP) and 0.38 s (R18). R18 was tested to

compare our data with previously published results

(Melikyan et al. 1996). Rather good monoexponential

approximations were obtained in all cases. Interestingly,

current relaxation was absent in the case of TPP? cation at

concentrations up to 90 lM, although the membrane con-

ductance increased to 4 � 10-8 S/cm2 (data not shown).

Obviously, this resulted from low membrane affinity of

TPP? and/or low value of ki (Cafiso and Hubbell 1982). It

should be noted that the addition of quinone-containing

hydrophobic cations at micromolar concentrations led to

membrane destabilization, especially at high voltages,

which limited the resolution of our measurements.

The time course of the current across a BLM after

application of voltage U at time t = 0 was shown to be a

monoexponential curve (Ketterer et al. 1971):

IðtÞ ¼ 2zFccki sinhðzu=2Þ 2ki coshðzu=2Þe�t=s þ k

2ki coshðzu=2Þ þ k
ð1Þ

and

s ¼ 1

k þ 2ki coshðzu=2Þ ð2Þ

where u ¼ U
RT=F, c is the concentration of hydrophobic ions

in aqueous solution, z is the valence of the lipid-soluble ion

and c is a ratio of surface and bulk concentrations of the ion

(adsorption constant). The ratio of the initial and stationary

currents should be

Ið0Þ
Ið1Þ ¼

2ki coshðzu=2Þ þ k

k
ð3Þ

The relaxation of the current was most pronounced in

the case of SkQR1, exhibiting high amplitude and velocity.

Figure 3a shows an example of a recording of the electrical

current for SkQR1. The relaxation after switching off the

potential can be called the ‘‘off’’ response. Figure 3b shows

the relaxations at different U values (‘‘on’’ responses) and

the current relaxation after switching off the voltage to zero

level (‘‘off’’ responses). Amplitudes of ‘‘on’’ and ‘‘off’’

responses were similar in the case of U = 50 mV, whereas

at U [ 100 mV the amplitude of the ‘‘on’’ responses

exceeded considerably that of the ‘‘off’’ responses.

Figure 3c, d shows the dependence of s and I(0)/I(?) on

the value of U for SkQR1. The magnitude of s decreased

with the increase in U, while I(0)/I(?) increased with U.

These data are in qualitative agreement with Eqs. 2 and 3,

where the term depending on U, i.e., k þ 2ki coshðzu=2Þ,
was in the denominator and the numerator, respectively.

Figure 4 shows similar data for SkQ1 having the TPP?

group instead of rhodamine 19 (Fig. 1). To increase the

signal-to-noise ratio, higher U values were applied (125,

150, 175 and 200 mV) in these experiments. The ‘‘off’’

responses approached the baseline for the voltages used

except for U = 200 mV (curve 5 in Fig. 4a), showing that

the ‘‘off’’ response was smaller in the case of SkQ1 com-

pared to SkQR1. Again, the dependence of s and I(0)/I(?)

on the value of U (Fig. 4b, c) was in qualitative agreement

with Eqs. 2 and 3.

The studied hydrophobic cations (SkQR1, SkQ1, SkQ3

and MitoQ) increased the steady-state current leading to

low values of I(0)/I(?) (Figs. 2–4). These data differed

from the results obtained for hydrophobic anions, where

the value of I(0)/I(?)was about 100 or even higher

(Andersen and Fuchs 1975). Equation 3 suggests that a low

value of I(0)/I(?)requires ki \ k, which means that the

limiting step of the whole process is the translocation of the

cation from one surface of the membrane to the other. This

conclusion also allows us to explain the differences in the

amplitudes of the ‘‘on’’ and ‘‘off’’ responses. In fact, the

translocation rate constant depends exponentially on the

value of U, i.e. k
0
i ¼ ki � expðzFU

2RTÞ, while the escape constant

to the aqueous phase, k, is voltage-independent. At high

voltages, k
0
i exceeds k and a substantial portion of bound

hydrophobic cations translocates to the other surface. The

‘‘off’’ response assumes U = 0 mV, and we have again

k
0
i \ k, which favors release of the cation to the aqueous

phase rather than translocation across the membrane.

The dependence of s and I(0)/I(?) on the value of U

(Figs. 3b, c and 4b, c and other experiments) was fitted

with Eqs. 2 and 3 as solid lines and corresponding values

of ki and k are summarized in Table 1. The table also

contains the constants for SkQ3 and MitoQ. In agreement

with the above consideration, the values of ki were about 30

times lower than k in the case of SkQ1 and SkQ3, while the

ratio of these constants was substantially lower for SkQR1

(about 10). The differences in the ratio of ki and k for

SkQR1 and SkQ1 can explain the differences in their ‘‘on’’

and ‘‘off’’ responses (Figs. 3a, 4a). The values of k for the

compounds studied were substantially less than those of

tetraphenylborate and DPA (Brock et al. 1981; Junges and

Kolb 1983).

Figure 5 shows the dependence of membrane steady-

state conductance on the concentration of SkQ1, SkQ3 and

MitoQ. The conductance scales the concentration in

agreement with Eq. 1, which gives the value of k1 ¼
z2F2

RT c � c k�ki

2kiþk in the limit of t ? ?. The reduced conduc-

tance of SkQ3 can be associated with the low value of ki

12 T. I. Rokitskaya et al.: Translocation of Mitochondria-Targeted Antioxidants
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Fig. 2 Time courses of

electrical current after

application of a voltage jump of

U = 150 mV (at t = 0, i.e.,

‘‘on’’ response) in the presence

of a 0.5 lM concentration of

different hydrophobic cations

(SkQR1, SkQ1, MitoQ, SkQ3,

C12TPP and R18) and their best

fits by a monoexponentinal

function with s = 7.5 s

(SkQR1), s = 36 s (SkQ1),

s = 70 s (MitoQ), s = 47 s

(SkQ3), s = 24 s (C12TPP) and

s = 0.38 s (R18). Planar

bilayers were formed from

E. coli lipids. The solution was

10 mM MES, Tris, 100 mM

KCl (pH 7.0)
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Fig. 3 (a) An example of a

recording of the electric current

(top trace) for SkQR1 in

response to applied voltage

(bottom trace). (b) ‘‘On’’ and

‘‘off’’ responses after voltage

jumps of U = 50 mV (curves 1
and 2), 100 mV (3 and 4) and

150 mV (5 and 6) in the

presence of 0.5 lM SkQR1.

Other conditions were the same

as in the legend to Fig. 2. (c, d)

Voltage dependence of the

characteristic time s (c) and the

ratio I0/I? (d). Solid curves
are best fits according to Eqs. 2

and 3
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(Table 1). Besides, the cation conductance depends on the

adsorption constant c. The values of c were estimated using

Eq. 1 for I(0) and are shown in Table 1 for SkQ1, SkQ3,

SkQR1 and MitoQ. The compounds can be ranked in the

following series of the decrease of their membrane affinity:

SkQ3 [ SkQ1 [ MitoQ * SkQR1. Our data suggested

time, s

cu
rr

en
t, 

pA

-20

0

20

40

60

80

100

potential, V

0.00

0 50 100 150 200

0.05 0.10 0.15 0.20

, s

20

30

40

50

60

70

potential, V

0.00 0.05 0.10 0.15 0.20 0.25

I 0/
I

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

A

B C

1

2

3

4

5

Fig. 4 (a) ‘‘On’’ responses after

voltage jumps of U = 125 mV
(curve 1), 150 mV (2), 175 mV
(3) and 200 mV (4) and ‘‘off’’

response after U = 200 mV (5)

in the presence of 0.5 lM

SkQ1. White lines are best fits

by a monoexponential function

with s = 45.1 s (1), s = 33.8 s

(2), s = 28.5 s (3), s = 22.9 s

(4) and s = 58.5 s (5). Planar

bilayers were formed from E.
coli lipids, and the buffer was

2 mM MES, Tris, 10 mM KCl

(pH 7.0). (b, c) Voltage

dependence of the characteristic

time s (b) and the ratio I0/I? (c)

Table 1 Translocation rate constants through the membrane barrier

(k) and the interface (ki) and adsorption constant (c) for different

lipophilic cations

k (s-1) ki (s-1) c (cm)

SkQ1 (1.8 ± 0.1) � 10-2 (5.3 ± 0.3) � 10-4 2 � 10-2

SkQ3 (1.8 ± 1.0) � 10-2 (1.8 ± 0.8) � 10-4 3 � 10-2

SkQR1 (6.9 ± 0.9) � 10-2 (4.8 ± 0.6) � 10-3 1.6 � 10-2

MitoQ (9.5 ± 2) � 10-3 (2.7 ± 0.4) � 10-4 1.6 � 10-2
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Fig. 5 Dependence of membrane conductance on the concentration

of hydrophobic cation
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that MitoQ has less membrane affinity than SkQ1 and

SkQ3, in agreement with the higher hydrophobicity of

plastoquinone and methylplastoquinone compared to ubi-

quinone (Rich & Harper, 1990).

In our voltage-jump experiments, we usually used

hydrophobic cations at a concentration of 0.5 lM, which

was far from the saturating concentration, as seen from

Fig. 5. The fact that SkQ1 and SkQ3 can generate electrical

potential across a planar membrane close to the theoretical

(Nernstian) limit (Antonenko et al. 2008a) excludes the

possibility of an increase in the electrical current due to

nonspecific membrane perturbation. However, the diffu-

sion potential of MitoQ was lower than Nernstian,

especially at high concentrations, which indicated mem-

brane leakage resulting in additional conductance shunting

the MitoQ diffusion potential. This may explain why

steady-state conductance was higher with MitoQ than with

SkQ1 (Fig. 5).

The studied hydrophobic cations contained a quinone

unit that can be in an oxidized or reduced form. All of the

above data were obtained for the oxidized form in which

the cations were synthesized. To obtain a reduced form of

SkQ1, its water/ethanol (9:1) solution was incubated with

NaBH4. The voltage-jump experiment in the presence of

reduced SkQ1 showed current relaxation of low amplitude

that was hardly detectable (Fig. 6). Steady-state conduc-

tance was also reduced. These data agree with a

substantially lower partition coefficient of reduced forms of

quinol compared to quinone (Jemiota-Rzeminska et al.

2001; Rich and Harper 1990).

The experiments described above were performed on

membranes made of a total lipid extract of E. coli. To gain

insight into the dependence of the current relaxation on the

lipid composition, SkQR1-mediated relaxation was studied

in membranes made of DPhPC with varying amounts of

negatively charged lipid DPhPG. The value of s did not

depend on the DPhPG content (data not shown), while the

parameter I(0)/I(?)increased considerably with the

DPhPG content (Fig. 7). It is worth noting that total lipid of

E. coli contains a high percentage of negatively charged

lipids (about 15% phosphatidylglycerol and 10% cardio-

lipin). It is generally believed that the translocation rate

constant ki does not depend on the surface potential of the

membrane, being a function of the free energy profile

across the membrane (Mclaughlin 1977; Sokolov and

Mirsky 2004). We think that the presence of DPhPG in the

BLM decreased the constant k and increased c, leading to

an increase in the concentration of hydrophobic cations in

BLM. It was shown that in fact the binding of 2-(4-dim-

ethylaminostyryl)-1-ethylpyridinium to the membrane

increased in the case of a negatively charged membrane

compared to a neutral membrane (Sedgwick and Bragg

1993). The sensitivity of the parameters I(0)/I(?) and s to

the change in the ratio of k/ki can be calculated using

Eqs. 2 and 3. Such a calculation shows that when the k/ki

ratio increased sevenfold, the value of s increased 1.5-fold,

while the parameter I(0)/I(?) increased 4.5-fold. Thus, the

parameter I(0)/I(?) is more sensitive to the change in

parameter k compared to s, consistent with the experi-

mental data of Fig. 7.

Another important parameter that is used in the analysis

of current transients is the transferred electrical charge, Q

(Andersen and Fuchs 1975; Melikyan et al. 1996). Analysis

of the dependence of Q on the applied voltage indicates

that the movement of hydrophobic ions is influenced by a
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Fig. 6 ‘‘On’’ responses after voltage jumps of U = 150 mV in the

case of 0.5 lM oxidized SkQ1 and reduced SkQ1 (SkQ1H2). White
line is the best fit by a monoexponential function with s = 34.5 s.

Other conditions were the same as in the legend to Fig. 4
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Fig. 7 Dependence of the ratio I0/I? on the anionic lipid content of

DPhPG in the membrane-forming solution in the presence of 0.5 lM

SkQR1 at U = 150 mV. Planar bilayers were formed from a mixture

of lipids (DPhPC and DPhPG) with varying weight ratio; the solution

was 10 mM MES, Tris, 100 mM KCl (pH 7.0)
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certain fraction of the applied potential (b), which means

that the ions are located at a certain distance from the

membrane–solution interface. The dependence of Q on the

applied voltage can be expressed as

Q ¼ s � ðIð0Þ � Ið1ÞÞ

¼ 2zFccki sinhðbzu=2Þ 2ki coshðbzu=2Þ
ð2ki coshðbzu=2Þ þ kÞ2

ð4Þ

At k = 0 Eq. 4 transforms into

Q ¼ 2zFccki tanhðbzu=2Þ ð5Þ

This equation is used frequently to determine the value

of b, thus estimating the location of the hydrophobic ion. It

was shown that b = 0.77 for tetraphenylborate (Andersen

and Fuchs 1975).

Figure 8a, b shows data on the voltage dependence of

the transferred charge Q for R18 and SkQR1, respectively.

The Q(U) dependence for R18 was linear at low voltages

and saturated at voltages higher than 100 mV, in agreement

with previously published data (Melikyan et al. 1996). In

contrast, the dependence for SkQR1 was strongly super-

linear (Fig. 8b). This effect can be associated with the high

value of k/ki in the case of SkQR1. In fact, the data can be

well fitted by Eq. 4 with k/ki = 7 and b = 0.76. The

experiment was carried out at T = 28�C in order to

accelerate the relaxation process. The value of k/ki at room

temperature (23–25�C) was about 14 (Table 1), apparently

due to the higher temperature sensitivity of ki compared to

k. The data for R18 were approximated by Eq. 5. It can be

seen from Fig. 2 that I0 [[ I? and therefore ki [[ k.

The fittings gave b = 0.85 for R18. The value of b is in

good agreement with the published data (Melikyan et al.

1996), where b was estimated to be 0.85 for the case of

DOPC/DOPE membranes. It can be concluded that the

positively charged rhodamine part of the SkQR1 molecule

is located somewhat deeper in the membranes compared to

R18. However, the value of b was close to unity, sug-

gesting predominantly surface localization of the cationic

part of the SkQR1 molecule, which was in agreement with

published data (James et al. 2007), where the localization

of the TPP? part of MitoQ was studied.

Summarizing the current-relaxation data, hydrophobic

cations can be ranked with respect to the characteristic time

of the relaxation process and, hence, their permeation

through the membrane in the following series: SkQR1 [
SkQ1 [ SkQ3 [ MitoQ (Fig. 2). Table 1 shows that ki of

SkQR1 is about 10 times higher compared to SkQ1. These

compounds differ in the cation moieties, namely, rhoda-

mine 19 and TPP? in SkQR1 and SkQ1, respectively

(Fig. 1). In the case of penetrating anions, ki was shown to

increase by two orders of magnitude with an increase in the

effective radius of the compound differing for triphenyl-

cyanoborate and tetraphenylborate (Benz 1988). The size

of rhodamine is obviously greater than that of TPP?, which

can explain the difference in the permeation ability of

SkQR1 and SkQ1. As to electrically neutral molecules,

their permeability decreases with the increase in the mol-

ecule size (Xiang and Anderson 1994; Walter and

Gutknecht 1986). However, the electrostatic component of

the free energy profile DGBorn
0 decreases with the increase

in the size of the molecule, which should facilitate the

translocation (Benz 1988).

Our data show that small changes in the structure of a

quinone unit of the compounds considerably affected their

permeation across the membrane. The compounds C12TPP,

SkQ1, SkQ3 and MitoQ, which carry identical cationic

moieties, differed in the permeation ability in the series

C12TPP [ SkQ1 [ SkQ3 [ MitoQ. It can be assumed that

the membrane partition coefficient can significantly con-

tribute to the rate of the translocation process because of

the influence of DGHydro
0 on the free energy profile of the

molecule across the membrane. Consistent with this

assumption, the partition coefficient of plastoquinone is

higher compared to that of ubiquinone. Moreover, the

potential, mV
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Fig. 8 Potential dependence of the transferred charge (circles) and

fitting lines according to Eq. 4 for 0.5 lM R18 (a) and 0.5 lM

SkQR1 (b) in the bathing solution
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partition coefficient of oxidized quinone is higher than that

of the fully reduced form (Jemiota-Rzeminska et al. 2001;

Rich and Harper 1990), which can explain a strong

decrease in the current relaxation of SkQ1 upon its

reduction (Fig. 6). SkQ3 should be more hydrophobic

compared to SkQ1 due to the presence of the methyl res-

idue in the quinone moiety. However, the permeation of

SkQ3 was slower than that of SkQ1. This suggests that

hydrophobicity is not the only parameter affecting the

transmembrane permeation of these compounds.

Two different mechanisms of permeation of molecules

across the BLM are discussed in the literature, i.e., the

solubility–diffusion theory and the flip–flop theory. The

first mechanism which suggests the linear relationship

between the rate of permeation and the partition coefficient

on a logarithmic scale can be applied to comparatively

small molecules lacking amphipathic properties (Orbach

and Finkelstein 1980). The second mechanism that is dis-

cussed in relation to amphipathic compounds implies an

inverse dependence on the partition coefficient. In fact, the

rate of flip–flop of natural phosphatidylcholines and their

lyso-forms was higher for the compounds carrying shorter

hydrocarbon chains (Homan and Pownall 1988; Fujii et al.

1985). Based on the available experimental data, it is

hardly possible at present to distinguish between the two

mechanisms. The complex structure of the compounds

having hydrophilic and hydrophobic parts favors the sec-

ond mechanism, while the dependence of the permeation

on the partition coefficient supports the first. Additional

efforts involving more compounds are required to address

this problem. The present work characterized the mem-

brane permeation of several mitochondria-targeted

antioxidants that are potentially important for pharmacol-

ogy. It was shown, in particular, that SkQ1 is more

permeable through the membrane compared to MitoQ,

which can be a reason for its more pronounced protective

action in vitro and in vivo (Skulachev 2007).
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