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Refsum disease diagnostic marker phytanic acid alters the physical state
of membrane proteins of liver mitochondria
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Abstract Phytanic acid (3,7,11,15-tetramethylhexadecanoic
acid), a branched chain fatty acid accumulating in Refsum
disease to high levels throughout the body, induces uncoupling of
rat liver mitochondria similar to non-branched fatty acids (e.g.
palmitic acid), but the contribution of the ADP/ATP carrier or
the aspartate/glutamate carrier in phytanic acid-induced uncou-
pling is of minor importance. Possible deleterious effects of
phytanic acid on membrane-linked energy coupling processes
were studied by ESR spectroscopy using rat liver mitochondria
and a membrane preparation labeled with the lipid-specific spin
probe S-doxylstearic acid (5-DSA) or the protein-specific spin
probe MAL-TEMPO (4-maleimido-2,2,6,6-tetramethyl-piperi-
dine-1-oxyl). The effects of phytanic acid on phospholipid
molecular dynamics and on the physical state of membrane
proteins were quantified by estimation of the order parameter or
the ratio of the amplitudes of the weakly to strongly immobilized
MAL-TEMPO binding sites (WIS ratio), respectively. It was
found, that phytanic acid (1) increased the mobility of
phospholipid molecules (indicated by a decrease in the order
parameter) and (2) altered the conformational state and/or the
segmental mobility of membrane proteins (indicated by a drastic
decrease in the WIS ratio). Unsaturated fatty acids with multiple
cis-double bonds (e.g. linolenic or arachidonic acid), but not non-
branched FFA (ranging from chain length C10:0 to C18:0), also
decrease the WIS ratio. It is hypothesized that the interaction of
phytanic acid with transmembrane proteins might stimulate the
proton permeability through the mitochondrial inner membrane
according to a mechanism, different to a protein-supported fatty
acid cycling.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Phytanic acid (3,7,11,15-tetramethylhexadecanoic acid) is a
characteristic diagnostic marker of Refsum disease, which ac-
cumulates to highly elevated levels in blood and tissue due to
a defective o-oxidation step in phytanoyl-CoA degradation
(for review see [1,2]). Being an amphipathic compound, phy-
tanic acid is assumed to accumulate in membranes. Protono-
phoric activity of phytanic acid was observed in studies with
phospholipid bilayer membranes [3,4] and mitochondria [5,6]
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and, therefore, phytanic acid is substantial to depolarize ener-
gized membranes which probably caused a depletion of the
cellular ATP level. Skulachev was the first to postulate that
the protonophoric activity of long-chain FFA is the result of a
spontaneous transbilayer passage of the undissociated FFA
from the external side of the inner membrane to the matrix
side and that the ADP/ATP carrier partly mediates the reverse
transport of the fatty acid anion (fatty acid cycling model) [7].
It has been discussed that other mitochondrial anionic carrier
systems as the aspartate/glutamate carrier and, to a lesser
extent the dicarboxylate carrier contribute to the protono-
phoric effect of FFA as well [8-10].

In studies with liver mitochondria, we found that phytanic
acid undergoes in its protonated form a fast flip-flop move-
ment within the membrane and, in addition, interacts strongly
with the ADP/ATP carrier. However, its protonophoric activ-
ity was only weekly sensitive to carboxyatractyloside [5,6,11].
Moreover, there are indications that incorporation of phy-
tanic acid into phospholipid model membranes alters mem-
brane properties quite different compared to the straight chain
analogue palmitic acid. Thus, phytanic acid decreased the
phase transition temperature, whereas palmitic acid elevated
it [12]. In addition, from NMR spectroscopic studies it was
reported that phytanic acid induced a conformational change
of the head groups in phosphatidylcholine bilayers [13]. All
these findings point to a further membrane-perturbating ac-
tion of phytanic acid. To get more insight into the interaction
of phytanic acid with membrane constituents, we studied its
action on phospholipid and membrane protein molecular dy-
namics in membranes of rat liver mitochondria by ESR spec-
troscopy. Membranes were labeled with 5-doxylstearic acid as
lipid-specific spin probe or 4-maleimido-2,2,6,6-tetramethylpi-
peridine-1-oxyl as protein-specific spin probe.

We found that phytanic acid increased the mobility of
phospholipid molecules similar to palmitic acid. However,
contrary to unbranched FFA, phytanic acid changes the con-
formational and/or segmental mobility of membrane proteins.
A possible consequence of this finding in respect to the phy-
tanic acid uncoupling of mitochondria is discussed.

2. Materials and methods

2.1. Mitochondria and membranes

Rat liver mitochondria with respiratory control ratios routinely
greater than 5 were prepared from adult female Wistar rats (mean
weight 150-180 g) according to our standard protocol [5]. The mito-
chondrial pellet was resuspended in 250 mM sucrose solution. A
membrane preparation from the mitochondrial suspension was ob-
tained essentially as described in [14]. Briefly, mitochondrial pellets
were suspended in 30 ml ice-cold lysing buffer containing 10 mM
HEPES, 2 mM EGTA, 2 mM EDTA, at pH 7.4 and the resulting
suspension was then spun down at 30000X g for 10 min. This proce-
dure was repeated two more times to remove any residual protein.
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The resulting pellet was resuspended in lysing buffer. Protein was
assayed by a modified Biuret method.

2.2. Spin labeling and ESR measurements

2.2.1. 5-DSA spin labeling. Mitochondria (2 mg protein/ml) sus-
pended in the ‘respiration medium’ (see below) were supplemented
with the lipid-specific anisotropic spin probe 5-doxylstearic acid (as
ethanolic solution) at the probe to mitochondrial phospolipid molec-
ular ratio of about 100. The concentration of phytanic or palmitic
acid was 70 nmol FFA/mg protein. The ESR spectra were recorded at
9.77 GHz on a Bruker ECS 106 ESR spectrometer. Instrumental
operating parameters were: incident microwave power = 16 mW, mod-
ulation amplitude=1 @G, time constant=81.92 ms, conversion
time = 163.84 ms, field sweep =100 G. ESR measurements were per-
formed at 22°C with a mitochondrial equivalent of 2 mg protein/ml.
The order parameter was calculated from the 7-tensor elements 77,
and 7", , according to Gafney [15]. A decrease in the order parameter
indicates an increase in membrane fluidity in phospholipid regions.

To examine interactions of phytanic acid with membrane
proteins, mitochondrial membranes were covalently labeled with the
thiol group-specific 4-maleimido-2,2,6,6-tetramethylpiperidine-1-oxyl
(MAL-TEMPO).

2.2.2. MAL-TEMPO spin labeling. To an aliquot (5-7 mg pro-
tein) of the membrane preparation MAL-TEMPO was added to a
final concentration of 20 ug/mg protein in the absence or presence
of fatty acids (50 nmol/mg protein). The resulting mixture was shaken
by hand and incubated at 4°C for 18-24 h. The samples were then
centrifuged and washed repeatedly with the buffer to remove not
covalently bound spin label. Finally, the samples were resuspended
in 1 ml lysis buffer. Labeling of intact mitochondria suspended in
250 mM sucrose solution was done similarly. Instrumental operating
parameters were: incident microwave power =159 mW, modulation
amplitude =1 G, time constant = 1.28 ms, conversion time = 10.24 ms,
field sweep=100 G.

2.3. Other methods

Oxygen consumption of mitochondria was measured polarograph-
ically using a Clark-type electrode in a thermostated chamber main-
tained at 25°C. The ‘respiration medium’ was composed of 110 mM
mannitol, 60 mM KCIl, 60 mM Tris-HCI, 10 mM K,HPOy, 0.5 mM
Na,EDTA, 5 mM succinate and 2 uM rotenone as respiratory sub-
strate (pH 7.4). Mitochondria were partly uncoupled by addition of
25 nmol FFA/mg protein. The involvement of the ADP/ATP carrier
or the aspartate/glutamate carrier in the protonophoric effect was
estimated from the depression of FFA-stimulated respiration after
addition of carboxyatractyloside or glutamate, respectively.

2.4. Chemicals

Fatty acids, glutamate, succinate, carboxyatractyloside and 5-DSA
were from Sigma. MAL-TEMPO was from Aldrich. Fatty acids were
dissolved in ethanol up to 50 mM.

3. Results

3.1. Susceptibility to recoupling

Palmitic and phytanic acid added in equal concentrations to
incubations of rat liver mitochondria (supplemented with suc-
cinate plus rotenone as respiratory substrate) exert a similar
protonophoric effect. Respiration in State 4 was stimulated to
40£4 and 35.5%14 nmol O,/min/mg protein with 25 nmol of
either FFA per mg protein (n=15), respectively. The recou-
pling of phytanic acid-stimulated respiration by carboxyatrac-
tyloside, glutamate or the combination of both was smaller
than that seen when the same effectors were added to mito-
chondria uncoupled by palmitic acid (Fig. 1). This indicates
that the ADP/ATP carrier and the aspartate/glutamate carrier
are of minor importance in mediating the protonophoric effect
of phytanic acid. Thus, some other unidentified proteins could
be involved in the phytanic acid cycling and/or that phytanic
acid exerts a membrane-perturbating effect allowing an in-
creased proton flux across the inner membrane. We consid-
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Fig. 1. Recoupling of palmitate- and phytanate-stimulated State 4
respiration by carboxyatractyloside, glutamate or a combination of
both. Mitochondria (2 mg/ml) were incubated in 2 ml medium as
described in Section 2. State 4 respiration (15+2 nmol O,/min/mg
protein) was stimulated by addition of 25 nmol palmitic or phytanic
acid per mg protein to 40+4 nmol O,/min/mg protein (palmitate)
and 35.5%4 nmol O,/min/mg protein (phytanate). Respiration was
decreased by addition of carboxyatractyloside (5 uM) and/or gluta-
mate (5 mM). The data represent mean values=S.D. of five sepa-
rate preparations. The recoupling was calculated from the effector-
induced decrease in FFA-stimulated respiration and the net stimula-
tion of State 4 respiration by FFA.

ered the possibility that the incorporation of the branched
chain phytanic acid into the phospholipid bilayer regions
weakens the interaction between phospholipid molecules
and, therefore, increased their mobility.

3.2. Effect on phospholipid mobility

The effect of phytanic acid and palmitic acid on the order
parameter of membrane phospholipids was examined with
5-DSA as a spin probe. Due to the rigid connection between
the doxylradical moiety and the hydrocarbon tail, intercalated
5-DSA senses the motional freedom of phospholipid hydro-
carbon tails. Fig. 2 shows typical ESR spectra of 5-DSA in-
corporated in mitochondrial membranes in the absence and in
the presence of phytanic acid. The spectra reflect the super-
position of the ESR signals of free (indicated by arrows) and
immobilized 5-DSA. Addition of phytanic acid added to mi-
tochondrial membranes (approximately 20 mol % of total
membrane lipids) supports further incorporation of free
5-DSA into the mitochondrial membrane. In comparison to
the control, a significant decrease in the order parameter was
found in palmitic or phytanic acid-treated mitochondria (Fig.
3). This observation indicates that both fatty acids increase
similarly the phospholipid mobility in the microenvironment
of 5-DSA.

3.3. Effect on the physical state of membrane proteins

The well-known affinity of FFA to proteins suggests that
membrane-incorporated FFA might change the physical state
of membrane proteins, namely their conformational or seg-
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Fig. 2. ESR spectra of 5-doxyl stearic acid immobilized to rat liver
mitochondria. A: Spectrum in the absence of phytanic acid. The ar-
rows indicate the resonance lines arising from the spin label free in
solution. The parallel (7”,) and perpendicular (7",) tensor compo-
nents of the hyperfine splittings were measured. The order parame-
ter was calculated from these values. B: Spectrum in the presence
of phytanic acid (50 nmol/mg protein). The spectra represent the
mean of 10 scans.

mental protein mobility. To investigate such an effect of phy-
tanic acid, mitochondrial membranes were labeled with the
protein-specific spin probe MAL-TEMPO. MAL-TEMPO is
immobilized at two types of sulfhydryl group binding sites of
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Fig. 3. Order parameter changes in mitochondrial membranes fol-
lowing addition of palmitic or phytanic acid. The data represent
mean values* S.D. obtained from six mitochondrial preparations.
The difference between the order parameter of palmitate- or phyta-
nate-treated mitochondria and untreated was found to be significant
(P<0.001; paired Student’s t-test).
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Fig. 4. Typical low-field EPR spectra of MAL-TEMPO-labeled rat
liver mitochondria: untreated mitochondria (control); mitochondria
treated with palmitic acid (50 nmol/mg protein); mitochondria
treated with phytanic acid (50 nmol/mg protein). The spectra repre-
sent the mean of 20 scans.

membrane proteins which differ by their mobility (Fig. 4).
Attachment of MAL-TEMPO to more rigid sulfhydryl groups
(e.g. those at protein pockets) resulted in a broad resonance
signal (S) at the low-field site of the low-field ESR spectrum
(strong immobilization). Covalent binding of MAL-TEMPO
to sulfhydryl groups closer to the protein-water interface re-
sulted in a sharp resonance signal (W) at the high-field site of
the low-field ESR spectrum (weak immobilization). The ESR
spectra of labeled proteins of phytanic acid-treated mitochon-
dria showed that the ratio of weakly immobilized to strongly
immobilized SH groups (W/S ratio) was decreased with re-
spect to untreated mitochondria (control), but not when mi-
tochondria were treated with palmitic acid (Fig. 4). The WIS
ratio calculated from the signal amplitudes of weakly bound
and strongly bound MAL-TEMPO is considered to be a sen-
sitive indicator of the segmental motion of spin label sites on
proteins. Fig. 5 collects the W/S ratios obtained from different
membrane preparations. In contrast to the drastic reduction
of the WIS ratio by phytanic acid (W/S=1.6%0.2), palmitic
acid increased the W/S ratio slightly (from W/S=3.70+0.7 to
4.05£1.0) with respect to the untreated membranes. More-
over, when MAL-TEMPO was applied to intact mitochondria
the WIS ratios were similarly changed by fatty acids.
Moreover, the effect of a variety of FFA on W/S ratio was
studied. Straight chain FFA, such as palmitic acid and other
saturated fatty acids with chain length ranging from 10 to 18
carbon atoms did not significantly affect the W/S ratio com-
pared with the FFA-free control (results not shown). How-
ever, a decrease in the W/S ratio was also seen when mito-
chondria were pre-treated with unsaturated FFA, such as
oleic, linoleic, linolenic or arachidonic acid (results not
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Fig. 5. Effect of palmitate or phytanate on W/S ratio. Mitochondria
or inner membranes were treated with 50 nmol/mg protein of palmi-
tate or phytanate prior to labeling with MAL-TEMPO. The data
represent mean values = S.D. obtained from six (membrane fraction)
and four (mitochondria) preparations.

shown). Their decreasing effect on the W/S ratio increases
with the increasing number of double bonds.

4. Discussion

Refsum disease exhibits serious complications, such as
blindness, neurodegeneration and cardiac arrhythmia which
might be partly attributed to an impaired cellular energy me-
tabolism due to an enrichment of phytanic acid in the mito-
chondrial inner membrane. Transmembranal proteins, such as
the ADP/ATP carrier, the aspartate/glutamate carrier, the di-
carboxylate carrier and the uncoupling protein, are involved
in the protonophoric activity of FFA in a tissue-dependent
manner (for review, see [16,17]). The protonophoric activity of
phytanic acid is comparable to that of the unbranched ana-
logue palmitic acid, but its sensitivity to effectors of the ADP/
ATP carrier or the aspartate/glutamate carrier is much weaker
in liver mitochondria. Both carrier proteins account for only
about 25% to the protonophoric effect of phytanic acid (the
situation is different in heart and skeletal muscle mitochondria
where the ADP/ATP carrier contributes to about 50% to the
protonophoric effect of phytanic acid; results not shown).
Therefore, it can be supposed that some other mechanisms
might contribute to the protonophoric effect of the phytanic
acid enriched in mitochondrial membranes. The present study
indicates that phytanic acid has two membrane-perturbating
effects in liver mitochondria. Firstly, incorporation of phy-
tanic acid increased the mobility of phospholipid molecules
which is, however, similar to that produced by palmitic
acid. Secondly, contrary to unbranched FFA (ranging from
chain length C10:0 to C18:0), phytanic acid modifies the
structural organization of the mitochondrial inner membrane
by changing the membrane protein conformation.

A more likely explanation of phospholipid bilayer proton
permeability is the existence of hydrogen-bonded water wires
inside the bilayer along which protons migrate [18,19]. Incor-
poration of the branched chain phytanic acid in phospholipid
regions of the mitochondrial inner membrane decreased the
phospholipid packing which might contribute to the forma-
tion of water wires [20]. However, comparison of the proton
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permeability of liposomes (prepared from mitochondrial inner
membrane phospholipids) with that of mitochondria demon-
strates that the proton permeability of the bulk phospholipid
bilayer regions accounts for only a small proportion of mito-
chondrial proton permeability [21]. Furthermore, no correla-
tion between liposome proton permeability and phospholipid
fatty acid composition was found [22]. Therefore, it is tempt-
ing to speculate that the interaction of phytanic acid with
membrane proteins different to the above mentioned anion
carriers, contributes substantially to the protonophoric activ-
ity of phytanic acid in liver mitochondria. These proteins
might mediate the protonophoric effect by an additional
mechanism, different to a protein-supported fatty acid cycling.
One possibility could be that phytanic acid stimulates an al-
ready existing proton leak pathway across the mitochondrial
inner membrane via an alteration of the conformational state
of transmembranal proteins. Thus, it has been reported that
o-helical hydrophobic polypeptides form proton selective
channels when incorporated into lipid bilayers [23].

Surprisingly, a phytanic acid-like effect on the W/S ratio
was exerted with arachidonic acid and other FFA with multi-
ple cis-double bonds. Conformational computer calculations
suggest that arachidonic acid is most stable in a ‘benched’
conformation when it is bound at the protein interface, where-
as unbranched saturated FFA prefer an all-trans conforma-
tion of the hydrocarbon tail [24]. Speculating that the phy-
tanic acid exists in a ‘benched’ conformation at the protein
interface [25], the similar effect of phytanic acid and unsatu-
rated FFA on WIS ratio suggests that the marked decrease of
the WIS ratio is due to the interaction of ‘benched’ hydro-
carbon tail with the interface of membrane proteins.

Acknowledgements.: The authors express their thanks to Professor
Lech Wojtczak (Nencki Institute of Experimental Biology, Warsaw)
and to Dr. Rainer Schifer (Institute of Neurochemistry, Otto-von-
Guericke-University Magdeburg) for critically reading the manu-
script. We wish to thank Mrs. H. Goldammer and K. Ehrecke for
their skillful help in performing the experiments.

References

[1] Eldjarn, L., Stokke, O. and Try, K. (1976) in: Handbook of
Clinical Neurology (Vinken, P.J. and Bruyn, G.W., Eds.), pp.
519-541, North-Holland Publishing Co., Amsterdam.

[2] Verhoeven, N.M., Wanders, R.J., Poll-The, B.T. and Saudubray,
J.M. (1998) J. Inherit. Metab. Dis. 21, 697-728.

[3] Gutknecht, J. (1987) Biochim. Biophys. Acta 898, 97-108.

[4] Gutknecht, J. (1988) J. Membr. Biol. 106, 83-93.

[5] Schonfeld, P., Wieckowski, M.R. and Wojtczak, L. (1997) FEBS
Lett. 416, 19-22.

[6] Wojctzak, L., Wieckowski, M.R. and Schonfeld, P. (1998) Arch.
Biochem. Biophys. 357, 76-84.

[7] Skulachev, V.P. (1991) FEBS Lett. 294, 158-162.

[8] Samartsev, V.N., Smirnov, A.V., Zeldi, I.P., Markova, O.V.,
Mokova, E.N. and Skulachev, V.P. (1997) Biochim. Biophys.
Acta 1319, 251-257.

[9] Samartsev, V.N., Mokova, E.N. and Skulachev, V.P. (1997) Bio-
chim. Biophys. Acta 1319, 251-257.

[10] Wieckowski, M.R. and Wojtczak, L. (1997) Biochem. Biophys.
Res. Commun. 323, 414-417.

[11] Schonfeld, P. (1997) FEBS Lett. 420, 167-170.

[12] Yue, J., Thewalt, J.L. and Cushley, R.J. (1988) Chem. Phys.
Lipids 49, 205-213.

[13] Yue, J. and Cushley, R.J. (1990) Biochim. Biophys. Acta 1047,
1-10.

[14] Gabbita, S.P., Subramaniam, R., Allouch, F., Carney, J.M. and
Butterfield, D.A. (1998) Biochim. Biophys. Acta 1372, 163-
173.



P. Schonfeld, H. StruylFEBS Letters 457 (1999) 179-183

[15] Gaftney, B.J. (1976) in: Spin Labeling - Theory and Applications
(Berliner, L.J., Ed.), pp. 567-571, Academic Press, New York.

[16] Wojtczak, L. and Schonfeld, P. (1993) Biochim. Biophys. Acta
1183, 41-57.

[17] Skulachev, V.P. (1998) Biochim. Biophys. Acta 1363, 100-124.

[18] Deamer, D.W. and Nicholls, J.W. (1989) J. Membr. Biol. 107,
91-103.

[19] Deamer, D.W. and Akeson, M. (1994) Adv. Chem. Ser. 253, 41—
54.

[20] Owenson, B. and Pratt, L.R. (1984) J. Phys. Chem. 88, 6048—
6052.

183

[21] Brookes, P.S., Rolfe, D.F.S. and Brand, M.D. (1997) J. Membr.
Biol. 155, 167-174.

[22] Brookes, P.S., Hulbert, A.J. and Brand, M.D. (1997) Biochim.
Biophys. Acta 1330, 157-164.

[23] Oliver, A.E. and Deamer, D.W. (1994) Biophys. J. 66, 1364
1379.

[24] Rich, M.R. (1993) Biochim. Biophys. Acta 1178, 87-96.

[25] Lemotte, P.S., Keidel, S. and Appel, Ch.M. (1996) Eur. J. Bio-
chem. 236, 328-333.



