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THE REDOX STATE INFLUENCES THE INTERACTION OF
UBIQUINONES WITH PHOSPHOLIPID BILAYERS
A DSC study
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Differential scanning calorimetry (DSC) has been used to study the interaction of ubiquinones (UQn) and their reduced forms,
ubiquinols (UQnH;), with dipalmitoylphosphatidylcholine (DPPC) in multilamellar vesicles. The influence of the redox state has
been investigated by comparing the effect of two ubiquinones with four (UQ4) and ten isoprene units (UQ10). In the presence of in-
creasing amounts of UQ4 or UQ4H,, concomitant shift of the gel to liquid crystalline phase transition towards lower temperatures
and vanishing of the pre-transition are observed. Short-chain homologues are thus inserted parallel to phospholipid chains, their
quinone ring close to the polar headgroups of the DPPC, with a larger degree of penetration for the reduced form. In addition, broad-
ening and skewing of the main transition peak claim for a lateral self-organization in highly concentrated regions of UQ4 and
UQ4H,, with a redox state influence on the distribution in size and shape of lipid domains. The lipid thermotropic behavior is not af-
fected by the presence of UQ10 which remain homogeneously dispersed within the midplane of the phospholipid bilayer, while ef-

fect of reduced UQ10H, argues for a different organization.
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Introduction

Ubiquinones (UQn or coenzymes Q) [1-5] act as lipo-
philic electron carriers diffusing between enzymatic
complexes in the respiratory chains of mitochondrial [6]
and bacterial [7] membranes. They consist of a redox-
active 2,3-dimethoxy-5-methylbenzoquinone ring with
a hydrophobic isoprenoid chain in position 6. Ubi-
quinones differ from one to the other in the length of
their side chain as indicated by a number (n)
following the name which ranges between 2 and 10
isoprene units (2-methyl-2-butene) [8, 9]. They
mediate the electron transfer in the mitochondrial
inner membrane and also participate in the trans-
location of protons across the membrane [10, 11].
Ubiquinols, the two-electron reduction products of
ubiquinones, are important natural antioxidants [3]:
they can inhibit peroxidation by reaction with ROO*
radicals [12, 13], or regenerate vitamin E, another
important liposoluble antioxidant [14].

In previous works, we studied the location and
the molecular organization of a series of ubiquinones
with different chain lengths in model membranes:
Langmuir monolayers [15, 16] and liposomes [17].
Our conclusions pointed out that both transversal and
lateral organizations of ubiquinones are strongly in-
fluenced by the isoprene chain length. Our data
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leaded us to establish a clear distinction between
short- (UQ2, UQ4) and long-chain (UQ6, UQ10)
homologues. This result is important considering the
mobile carrier character of UQn. But the redox state
could also be decisive in determining the localization
of UQn in the membrane during the redox cycle. Sev-
eral groups have investigated ubiquinol-10 organiza-
tion in phospholipid bilayers. One can mention the
early works of Aranda et al. using Fourier transform
infrared spectroscopy, and calorimetry, [18-20], as
well as a more recent study of this group us-
ing >'P-NMR and small angle X-ray diffraction mea-
surements on phosphatidylethanolamine bilayers
[21]. The intrinsic fluorescence of prenylquinone
compounds, including UQI10H,, was also recently
used to determine the motional properties of the mole-
cule [22]. Another work brought some new insights
on this subject with original NMR experiments [23].
Other important contributions aimed to measure the
antioxidant activity of ubiquinol-10 in liposomes
[12, 24, 25]. Most of the cited works propose that the
redox state influences the organization of UQ10 in
phospholipid bilayers, even if this question is still un-
der debate ([23] for a discussion). However, these
studies have only focused on the behavior of
ubiquinol-10 and not on reduced shorter analogs, ex-
cept the comparative analysis on prenylquinones by
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Jemiola-Rzeminska et al. [26]. In addition, attention
was mainly paid to the hydroquinone ring transversal
position in bilayer and not to the influence of the re-
dox state on the lateral organization of ubiquinones.
Thus, the present study aims to compare the interac-
tion of ubiquinones in both oxidized and reduced
forms with dipalmitoyl-phosphatidylcholine (DPPC)
in multilamellar vesicles, using differential scanning
calorimetry (DSC). Ubiquinone with four isoprene
units (UQ4) was chosen as representative of short-
chain homologues, while UQ10 is the longest one (ten
isoprene unites, i.e. 50 carbon atoms) but the
predominant form in animals and humans.

Experimental
Materials and methods

DPPC (synthetic, L-a type, purity grade 99%) and
UQ10 (synthetic, purity grade 98%) were purchased
from Sigma (France) while UQ4 (synthetic, purity
grade 95%) was from Fluka (France). Organic sol-
vents (chloroform and methanol) were of HPLC grade
and were purchased from Fisher Scientific (France).
Ultra-pure water was treated on an Elgastat UHQ 2
system (resistivity of 18 MQ cm).

Liposomes preparation

The pure DPPC and mixed UQ/DPPC multilamellar
vesicles with molar ratio ranging from 0.01 to 0.1
were prepared as described in the following proce-
dure. Samples were placed under a nitrogen gas flow
and simultaneously heated at 55-60°C. Once the sol-
vent was completely evaporated, they were stored in a
desiccator under vacuum at room temperature for at
least 2 h in order to eliminate any traces of solvent.
The formation of multilamellar vesicles was achieved
by adding the appropriate volume of ultra-pure water.
The samples were heated at 60°C (i.e., above the tem-
perature of the gel to liquid crystalline phase transi-
tion of pure DPPC) and vortexed (Vortex Top-mix,
Bioblock, France) several times to obtain homo-
geneous multilamellar suspensions.

Reduction of ubiquinones

Reduction of ubiquinones was achieved according to
the protocol described by Rieske [27]. Ubiquinone
(5mL, 10 M in ethanol) was added to 15 mL of a so-
dium phosphate buffer (0.1 M, pH 7.4) contain-
ing 0.25 M in sucrose. A pinch of sodium dithionite
(Aldrich) was added, and the mixture was shaken vig-
orously until it was colourless. The aqueous solution
was extracted with cyclohexane and evaporated under
vacuum. The remaining light-yellow sirup was then
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diluted in chloroform/ethanol (50:50, v:v) solution.
To retard autoxidation, the solution was slightly acid-
ified with dilute HCL.

Differential scanning calorimetry

DSC measurements were performed using a Setaram
DSC 111 model microcalorimeter (France). A heating
rate of 0.5°C min™' in the 25-50°C temperature range
was chosen. The phospholipid vesicles were prepared
as stated above, so that the final DPPC concentration
was 75 mM. A volume of 18 pL of multilamellar
suspensions was introduced into a specific pan
(Setaram). Another pan containing 18 puL of water was
used as reference. The accuracy for enthalpy changes
is within 5% after DSC calibration. Precision on T,
AH and ATy, was evaluated from nine independent
measurements carried out under the same conditions.

Results

Figure 1 shows the heating curves of multilamellar
vesicles of pure DPPC, and of mixtures containing the
following UQn/DPPC molar ratios: 0.01, 0.05 and
0.1. DPPC exhibits the two well-known endothermic
transitions: a pretransition at about 35°C and a main
transition at 41.1°C. The pretransition arises from the
conversion of a lamellar gel phase (L;) to a rippled
gel phase (Py), whereas the higher temperature transi-
tion corresponds to a conversion of a P phase to a
lamellar liquid crystalline (L) phase [28]. We deter-
mined the thermodynamic parameters related to the
main transition (i.e., the temperature at which the
heat-flow reaches its maximum): 7,=41.1+0.1°C, the
cooperativity of the transition given by the peak width
at half-height: AT;,=0.30£0.05°C, and the enthalpy
of the transition determined from the area under DSC
curve: AH=30%1 kJ mol'. These values are in
keeping with data reported in the literature [29, 30].

The presence of ubiquinones induces the broad-
ening of the DPPC main transition, which may reflect
a reduced cooperativity between the acyl chains of
DPPC. However, the main transition of DPPC is
much more affected by the presence of UQ4 than by
UQ10, whatever the redox state. Indeed, the higher
the proportion of UQ4, the more the main transition
peak 7) shifts towards lower temperatures, i7) continu-
ously broadens and iii) decreases in intensity. The re-
duced form, UQ4H,, has a significantly more marked
effect than the oxidized UQ4. In the case of UQ10, no
effect on the transition is observed, while UQ10H, in-
duces a decrease in intensity and slight shifting and
broadening of the main transition peak.

The DPPC pretransition is also sensitive to the
presence of ubiquinones. With UQ4, the pretransition
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Fig. 1 DSC heating curves of multilamellar vesicles as function of the UQn/DPPC molar ratio indicated

shifts towards lower temperatures when molar ratio
is 0.01 and completely vanishes for higher molar ra-
tios. In the case of UQ4H,, the pretransition peak is
completely vanished from 0.01 molar ratio. No effect
on the pretransition is observed in the presence of
UQI10; for UQ10H,, a shifted peak is only visible
when molar ratio is 0.01.

The thermodynamic parameters of the main tran-
sition, Ty, ATy, and AH were deduced from curves,
and plotted vs. UQn molar ratio (Figs 2 and 3, Ta-
ble 1). T, linearly decreases with the UQn molar ratio
(Fig. 2). This effect is pronounced for UQ4 and
UQ4H,, while T, is slightly and not affected at all by
UQI0H, and UQ10, respectively. In addition, the
diminution of T, is significantly more marked for the
reduced form UQ4H, than for UQ4. Indeed, ATy,
(i.e., the difference between T, with and without
ubiquinone), is equal to 1.0 and 2.3°C respectively in
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the presence of 0.10 UQ4/DPPC and UQ4H,/DPPC
molar ratio, while for the same proportion of UQ10
ATy, is null, and equal to 0.1°C in the presence of
UQI10H,. Thus, the influence of the redox state on T},
is only significant for UQ4. The peak width at
half-height, AT),, is approximately linearly de-
pendent on the UQn concentration (Fig. 3) and is
overall more affected by UQ4 than by UQ10. Re-
duced forms cause larger AT}, variations than corre-
sponding oxidized ones, with significant broadening
effects in the presence of 0.05 and 0.10 UQ4H, molar
ratios and for 0.10 UQ10H,. Lastly, a significant de-
crease of AH with the ubiquinone molar ratio is ob-
served only in the presence of UQ10H,. Minimum
values of 15 and 17 kJ mol ' are reached at respec-
tively 0.05 and 0.10 UQ10H, molar ratios. Surpris-
ingly, a lower AH value was found with 0.01 UQ4H,
molar ratio than with larger ubiquinone proportions.
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Fig. 2 Main transition temperature of mixed multilamellar
vesicles as a function of the UQn/DPPC molar ratio
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Fig. 3 Temperature width at half height of mixed
multilamellar vesicles as a function of the UQn/DPPC
molar ratio

However, it should be kept in mind that determined
AH represents only an estimate of the transition
enthalpy. Indeed, baseline subtraction, contribution
of the wings of the transition and also accuracy on the
sample mass determination, could render some appar-
ent AH variations of several kJ mol™' insignificant.
Previously given accuracy (+1 kJ mol™") determined
by the sharp main transition of DPPC liposomes
should be larger in case mixed vesicles and should
display a broader DPPC main transition. Conse-
quently, only the large AH variations observed with
UQI10H,/DPPC mixtures are considered to be
significant.

To study the asymmetry changes of the main
transition peak, we plotted the asymmetry index, 4,
vs. the UQn molar ratio. 4, is defined by the following
equation [31]:

[(Tonset - Tl ) / (Tendset - Tl )]sample
[(Tonset - T| ) / (Tendsct - ]"l )]DPPC

where Topser and Tengser are the temperatures of the in-
tercept between the baseline and the tangent on the
peak respectively, in its increasing part (Tonset), 10 its
decreasing part (Tenaser)- 15 1S the interception point of
these two tangents and its value is generally identical
to T If A is greater than 1, the peak is more asym-
metric than for pure DPPC, while a value of A, lower

A, =
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Table 1 Enthalpy values of the main phase transition of

UQn/DPPC vesicles
UQn/DPPC AH/kJ mol™
molar ratio/% UQ4 UQ4H, UQI10  UQIOH,
1 26 22 28 22
5 33 29 30 15
10 31 24 32 17

than 1 indicates than the peak is less asymmetric. This
A parameter is significant only in the presence of a
single transition peak.

A, was plotted vs. the UQn molar ratio (Fig. 4).
First, A4, is slightly affected by UQ10 since values are
included between 1 and 1.3 for the oxidized form, 2
and 2.2 in the presence of UQI10H,. Second, 4, in-
creased significantly with UQ4 amounts: its value
reached 5 in the presence of 0.10 UQ4/DPPC molar
ratio. This increase is slightly less marked for UQ4H,,
with an asymmetry index equal to 4.1 for the same
ubiquinone proportion.
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Fig. 4 Asymmetry index values of mixed multilamellar
vesicles as a function of the UQn/DPPC molar ratio

Discussion

The presence of UQ4 and UQ4H, in phospholipid
bilayers leads to a decrease in 7}, and an increase in
ATj. According to the classification of Jain and
Wu [32, 33], both these oxidized and reduced forms
would be of type A: they would be located in C;—Cjg
methylene region, parallel to the aliphatic chains of
DPPC. Their polar benzoquinone rings are probably
oriented towards the interfacial zone between the hy-
drophobic and polar parts of the bilayer. This is con-
sistent with our previous works and other authors
have drawn the same conclusion by studying the lo-
calization of short-chain UQn in phospholipid vesi-
cles by fluorescence anisotropy [34] or by fluores-
cence spectroscopy and linear dichroism [35, 36].
Moreover, the pretransition is very sensitive to the
presence of small quantities of UQ4 and UQ4H, since
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this is no longer detected for UQn molar ratios higher
than 1%. Other studies have shown [31] that the pene-
tration of even a small amount of host substances in
the hydrophobic core of bilayer could force phos-
pholipids into a single conformational phase, proba-
bly the P, rippled gel phase. This confirms that
short-chain ubiquinone and ubiquinol are inserted be-
tween the phospholipid aliphatic chains. Their
benzo(hydro)quinone rings could interact with
phospholipid polar headgroups by dipole—dipole in-
teractions. The ubiquinols strong polar character
could confer to UQ4H, a higher degree of penetration
than UQ4, i.e. its hydroquinol ring would be closer to
polar headgroups of DPPC. This assumption can ex-
plain why UQ4H, has a more marked effect on the
lipid thermotropic phase behavior than its oxidized
form. Interestingly, AH remains constant in the pres-
ence of increasing amounts of UQ4 and UQ4H,. This
could indicate that both forms are intercalated be-
tween DPPC acyl chains, hydrophobic interactions
being prominent, without electrostatic interactions
between ubiquinone ring and PC polar headgroups.
The effect of short-chain homologues on the
broadening of the lipid main transition peak is con-
centration and redox state dependent and reflects dim-
inution in the cooperativity of the transition, i.e. a de-
crease of the average number of molecules per coop-
erative unit [29]. During the main transition, the co-
operative units of the minor phase of pure DPPC can
be described as large, nearly circular and highly com-
pact domains, in which all molecules melt coopera-
tively [32]. Then, changes in size distribution might
appear in the presence of ubiquinones, as observed by
Borona et al. with DPPC liposomes containing
pthalate esters [33]. According to this model, UQ4
and UQ4H,; could stabilize the gel to liquid crystalline
phase domain boundaries. Consequently, domains of
the minor phase become more ramified and smaller,
increase in number and the non-homogeneity of the
composition induces the broadening of the main tran-
sition peak [29, 31]. This effect would be more
marked in the presence of UQ4H, than UQ4, with
thus an influence of the ubiquinone redox state on the
shape, size and number of lipid domains. In addition,
comparable skewing towards lower temperatures of
the transition peak in the presence of UQ4H, and
UQ4 (increasing 4;), suggests that short-chain ubiqui-
nones are preferentially soluble in the liquid crystal-
line phase, with similar gradient of concentrations
from the surface to the inner part of the domains [33].
Consequently, we can argue that UQ4 and UQ4H,
could induce such localized and enriched zones in bi-
ological membranes, even if the overall concentration
is low, with a difference in the distribution in size and
shape of lipid domains depending on the ubiquinone
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redox state. This could be of great importance for the
redox functions of respiratory chains proteins that are
very sensitive to their lipid environment, especially to
the presence of ubiquinones [34].

The natural UQ10 and its reduced form UQ10H,
exert a significantly less marked influence on thermo-
dynamic parameters (T, AT, AH, 4;). They would
be of the type C according to the classification of Jain
and Wu [35, 36]: rather located in the core of the
bilayer, interacting with the Cy—C;¢ methylene
groups. In case of UQ10, unaffected thermotropic be-
havior suggests that molecules lie between the two
leaflets, parallel to the bilayer plan with their quinone
rings interacting with one another. This assumption is
in agreement with conclusions from nuclear magnetic
resonance studies [37, 38]. On the other hand, some
authors have proposed [39], on the basis of fluores-
cence anisotropy experiments, that the quinone rings
of UQ10 interact with the interfacial zone, while the
isoprene chains remain anchored at the center of the
bilayer. However, other studies based on fluorescence
spectroscopy and linear dichroism measurements [40]
have indicated that, even if their rings tend to oscil-
late, UQ10 would statistically spend more time
between the two layers, parallel to the bilayer plane.

In the presence of increasing amounts of
UQI10H, significant diminutions of AH are observed
from 0.01 mole ratio, nevertheless with small associ-
ated variations in Ty, and AT),,. This claims for a dif-
ferent organization compared to the oxidized form
UQI10. In addition, the vanishing of pretransition ob-
served from 0.01 mole ratio argues for the molecule to
be partly inserted between the aliphatic chains, con-
trary to UQ10. Due to the more polar nature of
UQ10H; we can propose the hydroquinone ring to be
statistically more able to interact with the interfacial
zone than UQ10 and explaining a partial insertion of
the molecule between alkyl chains. According to
Castelli et al. [41] diminution of enthalpy can be asso-
ciated with presence of interstitial impurities, able to
substitute phospholipid molecules. In the case of
UQ10H, we can propose the molecules are organized
themselves to substitute phospholipid molecules. A
large part of an individual isoprene chain would re-
main anchored in the hydrophobic midplane, while
polar rings would interact one another at the
phospholipid alkyl chains level to minimize contacts
with the hydrophobic environment. With this model,
association of UQ10H, molecules through ring inter-
actions can act as interstitial impurities and explain
the observed decrease in AH.

Then, in our experiments (molar ratios below
0.10) we can argue for a homogeneous molecular dis-
persion of UQ10 between the two phospholipid leaf-
lets, while UQ10H, molecules could probably orga-
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nize to substitute phospholipid molecules. Such a re-
dox specific organization of long-chain ubiquinones
within bilayers has some interesting implications with
regards to their biological functions, and not only for
the respiratory chain role. Indeed, other long-chain
natural polyisoprenes, such as dolichol, tocopherol or
squalene were found to lay in or near the core of the
lipidic bilayer, respectively by means of DSC, X-ray
diffraction and neutron diffraction experiments on
lipid bilayers ([42] and references therein). Due to
their specific transversal membrane organization,
polyisoprenes, as other branched lipids, were sug-
gested to play a role in the inhibition of proton leak-
age across biological membranes [43]. In fact, if oxi-
dized UQ10 are good candidates for this function in
mitochondrial membranes, the proposed specific
organization of reduced form would be more able to
allow proton leakage.

Conclusions

To conclude, we have shown that the influence of
small quantities of UQ4 and UQI10 on the
thermotropic phase behavior of DPPC multilayer ves-
icles depends on the redox state. Both UQ4 and
UQA4H, are inserted parallel to phospholipid mole-
cules, their (hydro)quinone rings close to the polar
heads of the DPPC, the reduced form UQ4H, having a
higher degree of penetration than UQ4. In addition, a
self-organization in highly concentrated regions lo-
calized at the boundary of lipid domains is proposed,
with an influence of the redox state on the distribution
in size and shape of these domains. Long-chain UQ10
and UQ10H, would be rather localized in the center
of the bilayer. More specifically oxidized UQ10 re-
mains homogeneously dispersed within the bilayer,
whereas reduced forms UQ10H, are probably self-or-
ganized at the hydroquinone ring level to partially
substitute DPPC molecules.

These results argue for such a redox effect to oc-
cur in biomembranes too, with related consequences
for biological activities of the different UQn homo-
logues. First of all, it is obvious from our conclusions
that natural long-chain ubiquinones are more efficient
to act against proton leakage across membranes when
oxidized instead of reduced. On the other hand, the
particular redox-dependent organization of UQ4, spe-
cially the capacity for lateral segregation, can play a
role for their interactions with respiratory chain pro-
teins during electrons and protons transport pro-
cesses. Interestingly, this property can be correlated
with the prominent therapeutic efficiency of short-
chain exogenous ubiquinones observed in some clini-
cal studies. Consequently, it is clear that the biologi-
cal activity of ubiquinone analogues is not only
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modulated by their isoprene chain-length, but by their
redox state as well.
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