
Yefim A. Liberman became famous as an outstanding

experimenter due to his work on planar bilayer phospho-

lipid membranes (BLM) [1-3]. These experiments,

launched in the 1960s, contributed to the proof of the

chemiosmotic hypothesis of oxidative phosphorylation,

the author of which, Peter Mitchell, was later awarded the

Nobel Prize. In our experiments we also used BLM as a

test system for studies of penetrating properties of the new

class of antioxidants of SkQ1 type and their analogs syn-

thesized in our laboratory [4-8]. While conducting these

experiments on the BLM, we encountered certain diffi-

culty: at low SkQ concentrations the value of SkQ diffu-

sion potential did not reach the values calculated on the

basis of the Nernst equation (about 60 mV per 10-fold gra-

dient of the cation), and increasing the concentration of

the tested cation led to destabilization of the BLM due to

the detergent effect of this type of compounds. More sta-

ble “colored” (thick) phospholipid membranes provided

higher values of diffusion potentials. However, it is the

“black” BLM, and not the “colored” membranes, that

can serve as an adequate model of biological membranes,

which always have areas of phospholipid bilayer.

In the early work of Liberman and Topaly (1969), it

was noted that similar in structure penetrating cations and

anions (tetraphenylphosphonium and tetraphenylborate)

have completely different permeability through neutral

membranes, the permeability of anions being substantial-

ly higher [9]. They suggested the formation of a layer of

dipoles at the membrane-water interface to be responsible

for this phenomenon; these dipoles were assumed to be

oriented with their positive charge towards the inside of

the membrane. Further research conducted in different

laboratories not only confirmed this suggestion, but also

made it possible to determine the contribution of various

phospholipid components in the formation of this dipole

potential [10]. In particular, it was shown that a significant

proportion of the dipole potential is formed by carbonyls,

which are part of the ester bond of fatty acids and glycerol

in phospholipids [11]. Synthetic phospholipids differing
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Abstract—Using dialkylphospholipid (diphytanyl phosphatidylcholine) instead of the conventional diacylphospholipid

(diphytanoyl phosphatidylcholine) in planar lipid bilayer membranes (BLM) led to an increase in the diffusion potential of

the penetrating cation plastoquinonyl-decyl-triphenylphosphonium (SkQ1), making it close to the Nernst value, and accel-

erated translocation of SkQ1 across the BLM as monitored by the kinetics of a decrease in the transmembrane electric cur-

rent after applying a voltage (current relaxation). The consequences of changing from an ester to an ether linkage between

the head groups and the hydrocarbon chains are associated with a substantial reduction in the membrane dipole potential

known to originate from dipoles of tightly bound water molecules and carbonyl groups in ester bonds. The difference in the

dipole potential between BLM formed of the ester phospholipid and that of the ether phospholipid was estimated to be

100 mV. In the latter case, suppression of SkQ1-mediated proton conductivity of the BLM was also observed.

DOI: 10.1134/S0006297912090118

Key words: BLM, phospholipid, proton conductivity, dipole potential, SkQ1



ETHER-LINKED PHOSPHOLIPIDS INCREASE PERMEABILITY OF BLM FOR SkQ1 1039

BIOCHEMISTRY  (Moscow)   Vol.  77   No.  9   2012

only in the type of this bond (esters and ethers) were

shown to have dipole potentials with about 120 mV differ-

ence, the ether potential value being smaller. In this paper,

we present results of studies of permeability of SkQ1 and

its analogs for BLM made of phospholipids with residues

of phytanic acid (diphytanoyl PC) or residues of phytol

(diphytanyl PC; Fig. 1). In accordance with the predic-

tions of the dipole potential theory, the permeability of the

studied cations was substantially higher in the case of

diphytanyl PC (when compared to diphytanoyl PC).

MATERIALS AND METHODS

The permeability of planar bilayer phospholipid

membranes (BLM) was measured in a Teflon cell with

two compartments separated by a Teflon septum with a

hole 0.6-mm in diameter, where a membrane was formed

from one of the two phospholipids: diphytanoyl PC or

diphytanyl PC (both at the concentration of 20 mg/ml in

decane). Electrical parameters were measured by two

AgCl electrodes immersed in a cell on the two sides of the

Fig. 1. Structures of diphytanyl PC, diphytanoyl PC, C12R4, and SkQ1.

Diphytanyl PC

Diphytanoyl PC

SkQ1P

OH

OH

H3C

H3C



1040 IL’YASOVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  77   No.  9   2012

membrane using a Keithley 6617 amplifier (Keithley,

USA) for measuring transmembrane electrical potential

difference and the patch-clamp amplifier OES-2 (Opus,

Russia) for measuring the current through the membrane.

RESULTS AND DISCUSSION

The structures of the compounds used in this study

are shown in Fig. 1. Figure 2 shows the kinetics of the

generation of SkQ1 diffusion potential on BLM com-

posed of either diphytanoyl PC or diphytanyl PC. The

potential was positive in the compartment with the lower

SkQ1 concentration. The process was initiated by the

addition of 1 µM SkQ1 to one of the compartments that

originally contained 0.1 µM SkQ1. The kinetics of the

potential generation for diphytanyl PC was faster than

that for diphytanoyl PC (see Fig. 2). In addition, the

magnitude of the stationary potential was greater for

diphytanyl PC. Figure 3 presents the values of SkQ1 dif-

fusion potential as a function of the concentration of this

cation in one of the two compartments of the experimen-

tal cell separated by the BLM. SkQ1 concentration in the

other compartment was constant at 0.1 µM. As seen from

the figure, the potential values on the diphytanoyl PC

BLM were significantly lower than Nernstian (dashed

line), which corresponds to the results of our previous

experiments [3-7]. However, for a diphytanyl PC BLM

the potentials were close to Nernstian values.

Figure 4 shows the time dependence of current

through the BLM in the presence of SkQ1 in response to

an application of 150 mV potential to the diphytanyl PC

membrane. The application of the potential difference

leads to the appearance of a current that decreases with

time (current relaxation). As shown earlier, this process is

associated with redistribution of the SkQ1 cation between

the two sides of the membrane in response to the applica-

tion of the transmembrane electric field [8]. Significant

binding of SkQ1 at the “membrane–water” interface is

an important condition for current relaxation. The gray

curve in Fig. 4 represents an approximation to the data

with a monoexponential curve I = I∞ + (I0 –

I∞)·exp(–t/τ). The characteristic relaxation time (τ) for

this process was 11 sec. The subsequent recording shows

the current relaxation in response to the removal of the

potential. The gray curve in this part of the figure repre-

Fig. 2. Kinetics of generation of SkQ1 diffusion potential. The ini-

tial SkQ1 concentration in both cell compartments was 0.1 µM.

One micromolar SkQ1 was added at zero time to one of the com-

partments. The incubation mixture contained 10 mM Tris, 10 mM

MES, and 10 mM KCl (pH 7.0).
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sents an approximation with a monoexponential model

with a relaxation time of 23 sec. It should be noted that we

could not obtain reliable records of SkQ1 current relax-

ation for the diphytanoyl PC membrane. For membranes

prepared from total E. coli phospholipid, the relaxation

time values were significantly higher (τ was close to

60 sec) [8]. Thus, we conclude that the data on the cur-

rent relaxation also suggest a significantly higher perme-

ability of SkQ1 through the diphytanyl PC membrane

than through the diphytanoyl PC membrane.

Reliable data on cation permeability for the studied

lipids were obtained for the cationic derivative of rhod-

amine B – C12R4 (Fig. 1). Figure 5 shows recordings of

the current induced by C12R4 in response to the applica-

tion of 100 mV potential for membranes composed of

these lipids. The relaxation kinetics are clearly much

faster for diphytanyl PC (the time scale for the upper

panel is 10 sec, while for the bottom panel it is 0.35 sec).

The characteristic relaxation time τ for diphytanyl PC is

0.03 sec, and for diphytanoyl PC it is 1.36 sec (gray curves

in Fig. 5).

As noted above, the higher cation permeability

through the diphytanyl PC membranes is caused by the

lower value of the dipole potential of lipids that have ether

linkages and therefore contain no carbonyl groups. The

magnitude of the dipole potential change can be estimat-

ed in our experiments on the basis of the ratio of perme-

abilities of C12R4 for these two membranes in accordance

with the equation [12]

∆V = (RT/F)log(τ1/τ2) = 98 mV.

This value was shown to be somewhat less than

120 mV observed for hexadecyl phosphatidylcholine

membranes [11], but the values are rather similar. For

dioleoyl phosphatidylcholine membranes the difference

of 110 mV was observed [13]. The difference in these val-

ues may be due to differences in the contributions of other

components of the dipole potential, particularly in the

differences between the structure of tightly bound water

for the membranes composed of lipids containing phytol

and hexadecyl alcohol.

The question arises whether the magnitude of the

dipole potential of artificial membranes corresponds to

that of natural membranes. Unfortunately, the literature

provides no quantitative estimates of the dipole potential

on the plasma membranes of cells or mitochondria,

although there are a few studies indicating the involve-

ment of the dipole potential in a number of processes tak-

ing place in plasma membranes [14]. We think that the

presence of peptides and proteins in natural membranes

should substantially decrease the dipole potential deter-

mined by phospholipids, since they inevitably disturb the

Fig. 4. Recording of current through a diphytanyl PC BLM in the

presence of 2 µM SkQ1 upon application to the membrane of

+150 mV, followed by removal of the potential. The gray curves

are monoexponential approximations with time constants of 11

and 23 sec. Medium composition: 100 mM KCl, 10 mM Tris,

pH 7.4.
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Fig. 5. Recording of the current in diphytanoyl PC BLM (a) or

diphytanyl PC BLM (b) in the presence of 0.1 µM C12R4 upon

application to the membrane of +100 mV potential. The gray

lines are monoexponential curves with time constants of 1.36 sec

(a) and 0.03 sec (b). Medium composition: 100 mM KCl, 10 mM

Tris, pH 7.4.
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continuity of the layer of dipoles of carbonyl groups of

phospholipid ester bonds. So the dipole potential of mito-

chondrial membranes should be closer to that of the

diphytanyl PC BLM, and the permeability of these mem-

branes to SkQ1 should be higher than that of diphytanoyl

PC BLM.

In addition to the influence of the nature of the

phospholipid on the permeability of the cations, we also

examined the generation of the diffuse potential of hydro-

gen ions caused by formation of ∆pH on the BLM. The

fact is that in earlier experiments we observed some

induction of proton conductivity of membranes caused by

SkQ1. This effect could be attributed to the combined

action of the penetrating cation SkQ1 and fatty acids

[15], which appear in the phospholipid as a result of its

spontaneous hydrolysis. Since diphytanyl PC contains

residues of only phytol, spontaneous hydrolysis would

lead to the formation of phytol, which cannot be proto-

nated (in contrast to a fatty acid anion that can bind H+,

this process being necessary for the creation of proton

conductivity of a BLM). Figure 6 shows the generation of

diffusion potential of H+ in the presence of 1 µM SkQ1.

Addition of KOH to one of the compartments caused a

pH change of 1 unit. As a result, a small but measurable

potential (positive in the compartment with lower H+

concentration) was generated for the diphytanoyl PC

BLM. In the case of the diphytanyl PC membrane, no

potential could be observed, i.e. SkQ1 did not cause the

appearance of measurable proton conductivity in such a

BLM. Our results support the conclusion that SkQ1-

induced proton conductivity of a BLM is determined by

the presence of fatty acids produced in the course of

hydrolysis of ester bonds between the residues of fatty acid

and glycerol in the phospholipid molecule.

Determining the conditions for obtaining Nernstian

diffusion potentials for an SkQ1 gradient on a BLM

opens up the possibility to use such a BLM as an SkQ1-

sensitive electrode for measuring the absorption of SkQ1

by animal cells, mitochondria, and bacteria. This possi-

bility to measure SkQ1 concentration has several advan-

tages over other analytical methods such as chromatogra-

phy. In this case, it becomes possible to directly measure

the kinetics of SkQ1 absorption or release by living sys-

tems without the stage of sampling, separation of chemi-

cal components, and their subsequent analysis. Such

measurements were effective for measuring the concen-

tration of tetraphenylphosphonium cation in the incuba-

tion medium to estimate the value of membrane potential

in isolated mitochondria and permeabilized hepatocytes

[3, 16, 17].

The authors express their gratitude to G. A.

Korshunova and N. V. Sumbatyan for the synthesis of the

penetrating cations and to D. A. Cherepanov for his sug-

gestion to study diphytanyl PC.
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