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Abstract

Differential scanning calorimetry and Raman spectroscopy have been used to examine the effects of ubiquinones (UQn) on the thermotropic
phase behavior of dipalmitoylphosphatidylcholine (DPPC) in multilamellar vesicles, for UQ/DPPC molar ratios ranging from 0.01 to 0.1. The
influence of the side chain length has been investigated by comparing the effect of a series of UQ with 2 (UQ2), 4 (UQ4), 6 (UQ6) and 10 isoprene
units (UQ10).

In the presence of increasing amount of UQ2 or UQ4, concomitant shift of the gel to liquid crystalline phase transition towards lower temperatures
and vanishing of the pretransition are observed. Short-chain ubiquinones are thus inserted parallel to phospholipid chains, their benzoquinone ring
being close to the DPPC polar headgroups. In addition, broadening and skewing of the main transition peak support the fact that UQ2 and UQ4
are laterally self-organized in highly concentrated regions located at the boundary of lipid domains. The lipid thermotropic behavior is not affected
by the presence of other analogues of the series, UQ6 and UQ10. They remain homogeneously dispersed within the midplane of the phospholipid
bilayer. Such a chain length dependence on the location and the organization of ubiquinones analogues may be correlated with their biological

activities in biomembranes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Ubiquinones (UQn or coenzymes Q) [1-5] act as lipophilic
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 (see Fig. 1). Ubiquinones differ from one to the
other in the chain 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]. These key compo-
nents mediate the electron transfer in the mitochondrial inner
membrane and also participate in the translocation of protons

* Corresponding author. Tel.: +33 1 42862046; fax: +33 1 42862085.
E-mail address: Sophie.Bernard@univ-paris5.fr (S. Bernard).
1 Present address: URCA-UMR CNRS 6142, Unité MéDIAN, UFR de Phar-
macie, 51 rue Cognacg-Jay, 51096 Reims Cedex, France.

0040-6031/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2006.05.009

across the membrane [10,11]. Apart from this bioenergetic func-
tion, ubiquinols, the reduced form of UQn, are important natural
antioxidants, preventing biomolecules from peroxidation [3].
Indeed, ubiquinols can inhibit peroxidation by reaction with
ROO* radicals [12,13], or regenerate Vitamin E, another impor-
tant liposoluble antioxidant [14]. More recently, roles in the
control of cell growth [15-17] and apoptosis [18,19] have also
been reported.

Studying the location and the molecular organization of
ubiquinones with different chain length in model membranes
can lead to the interpretation of their biological functions. In
a previous paper [20], we studied mixed monomolecular films
containing phospholipids and UQ2 or UQ10. Our conclusions
pointed out that UQ2 tended to have their benzoquinone rings
located nearer the headgroup of phospholipids, their side chain
parallel to phospholipid acyl chains, while UQ10 seemed to lie
parallel to the membrane plane in the bilayer center. Similar con-
clusions were drawn by authors using phospholipid bilayers as
model membranes and techniques such as 'H NMR [21], NMR
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Fig. 1. Molecular structure of ubiquinones: n=2, UQ2; n=4, UQ4; n=6, UQS;
n=10, UQ10.

measurements of 13C-labeled ubiquinones [22], linear dichroism
and fluorescence quenching experiments [23,24], and combina-
tion of differential scanning calorimetry and X-ray diffraction
analysis [25]. More recently, comparison of prenylquinones
effectiveness in perturbation of the lipid thermotropic properties
was studied by differential scanning calorimetry and gave results
consistent with this model of short- and long-chain dependence
on ubiquinone location in membrane [26]. Finally, Hauss et al.
[27] have shown by neutron diffraction experiments that the
polyisoprene domain of UQ10 and of squalane [28], lie in the
center of the hydrophobic core parallel to the membrane plane
and not parallel to the lipid chains. Thus, in addition to their
biological roles, quinone polyisoprenoids may inhibit proton
leakage.

However, these studies have mostly focused on the influence
of short and long isoprenoid chains only, with little consid-
eration regarding the interaction of middle chain homologues
(3<n<T7). Additionally, the possibility of a lateral organization
of ubiquinones within membranes was recently raised [29] and
remains to be extensively studied in model membranes. This
concept takes into account the notion that UQ10 may not entirely
exist in the freely diffusible, unbound form in the mitochon-
drial membranes and may instead be distributed in separate and
distinct pools [30,31]. Thus, the present study aims to com-
pare the interaction of a series of ubiquinones with 2 (UQ2), 4
(UQ4), 6 (UQ6) and 10 isoprene units (UQ10), with dipalmitoyl-
phosphatidylcholine (DPPC) in multilamellar vesicles, using
combination of differential scanning calorimetry (DSC) and
Raman spectroscopy.

The thermotropic behavior of phospholipids is highly sensi-
tive to the presence of foreign substances able to alter the lipid
packing within the bilayer [32]. Differential scanning calorime-
try (DSC) is the prevailing calorimetric method to investigate the
thermotropic phase behavior of liposomes and monitor the effect
of host molecules on the gel to liquid crystalline acyl chains melt-
ing transition [32-36]. Spectroscopic techniques, such as Raman
spectroscopy, can provide information about chains melting but
also about interchain interactions by plotting the ratio intensities
of some characteristic Raman bands versus temperature [37-41].
DSC and Raman spectroscopy constitute powerful, non-invasive
and complementary techniques to explore the organization of
biological substances in lipid bilayers. Hence, by combining
DSC and Raman data, we can investigate the type of interac-
tion, the depth of the penetration into the bilayer, as well as the
hydrocarbon chain structures.

2. Materials and methods
2.1. Materials

DPPC (synthetic, L-a type, purity grade 99%) was purchased
from Sigma (France). UQ2 (synthetic, purity grade 98%), UQ6
(natural) and UQ10 (synthetic, purity grade 98%) were also
obtained from Sigma, while UQ4 (synthetic, purity grade 95%)
was from Fluka (France).

Organic solvents (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 M2 cm).

2.2. Liposome preparation

The pure DPPC and mixed UQ/DPPC multilamellar vesi-
cles with molar ratio ranging from 0.01 to 0.1 were prepared as
described in the following procedure. According to the nature
of the experiment (DSC or Raman spectroscopy), the appropri-
ate amounts of DPPC were weighed in small glass test tubes
and then diluted in chloroform. When necessary, the adequate
volume of UQ stock solutions was added to obtain mixtures
containing the required UQ/DPPC molar ratios.

Then, the sample tubes were placed under a nitrogen gas flow
and simultaneously heated at 55-60 °C. Once the solvent was
completely evaporated, the tubes were stored in a desiccator
under vacuum at room temperature for at least 2 h in order to
eliminate any traces of solvent. Thus, a film of perfectly dehy-
drated lipids was formed on the wall of the glass tubes. The
formation of multilamellar vesicles was then achieved by adding
the appropriate volume of ultra-pure water or D,O (Sigma) for
Raman experiments. The samples were heated at 60°C (i.e.,
above the temperature of the gel to liquid crystalline phase tran-
sition of pure DPPC) and vortexed (Vortex Top-mix, Bioblock,
France) several times for about 15 min to obtain homogeneous
multilamellar suspensions.

2.3. Differential scanning calorimetry

DSC measurements were performed using a Setaram DSC
111 model microcalorimeter (France). A heating rate of
0.5°Cmin~1! 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 L of water was used as
reference. The accuracy for enthalpy changes is within 5% after
DSC calibration.

2.4. Raman spectroscopy

Experiments were performed on a computerized Jobin Yvon
Ramanor HG2S double monochromator spectrometer with a
2017 Spectra Physics Ar* laser. We used the 514.5 nm laser line
with a power of 400 mW at the laser head, and the spectral reso-
lution was approximately 4 cm~1. The scattered light, detected
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ataright angle from the incident light, was collected on the pho-
tocathode of a cooled photomultiplier (EMI) and amplified by a
dc operational amplifier.

The phospholipid vesicles were prepared as stated above,
so that the water concentration was always 83% D,0 weight
with respect to the total weight of DPPC and UQ (i.e., in a full
state of hydration). Samples were enclosed into sealed 1 mm
diameter glass capillaries and placed into a small cryostat with
nitrogen circulation and temperature regulation from the Société
de Matériel Cryogénique (SMC-TBT, Air Liquide, France),

Samples were heated at 60 °C before cooling, equilibrated
for 15 min at a lower temperature, and then heated for measure-
ments. They were left to equilibrate for 10 min to stabilize the
temperature before spectrum was recorded. Each spectrum was
the average of five spectra, carried out with a step of 0.3cm~1
and an integration time of 0.5s.

3. Results
3.1. Pure DPPC liposomes

The DSC thermogram obtained by heating multilamellar
vesicles of pure DPPC from 25 to 50 °C shows the two well-
known endothermic transitions (Fig. 2): 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 (Lé) to a rippled
gel phase (Pé), whereas the higher temperature transition cor-
responds to a conversion of a P, phase to a lamellar liquid
crystalline (L) phase [34].

We determined the thermodynamic parameters related to
the main transition (i.e., the temperature at which the heat
flow reaches its maximum): Ty, =41.1+0.1°C, the coopera-
tivity of the transition given by the peak width at half-height:
ATy2=0.30£0.05°C and the enthalpy of the transition deter-
mined from the area under DSC curve: AH=304+ 1kJmol~L.
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Fig. 2. DSC heating thermogram (solid line) and Raman intensity ratio r (sym-
bols) of DPPC multilamellar vesicles in water. Both methods highlight the
pretransition L/B — Pé and the main transition P’B — L. (Inset) example of
Raman spectra recorded at 27°C (L},) and 50°C (L). From left to right, ver-
tical arrows indicate the position of vs(CHy), vas(CH2) and vs(CH3) bands,
respectively.

These values are in keeping with data reported in the lit-
erature [32,42]. Accuracy on Tm,, AH and ATy, was evaluated
from nine independent measurements carried out under the same
conditions.

Raman spectra of multilamellar vesicles of pure DPPC
were recorded in the C-H stretching mode region of the
methyl and methylene groups of the alcyl chains of DPPC
(2750-3050 cm 1), for temperatures ranging from 20 to 50 °C.
Bands located at 2850 and 2880 cm~* correspond to the symmet-
ric vs(CHy) and antisymmetric v45(CH2) C-H stretching vibra-
tion of the methylene groups of the acyl chains of DPPC, respec-
tively. The band at 2935cm~! is a superposition of two vibra-
tions. The former (2925 cm—1) is the symmetric C—H stretching
vibration of the methyl endgroups of the chains vs(CHz) and the
latter (2935cm~1) is an IR active band (Raman inactive). This
band becomes Raman active upon heating because of symmetry
changes as lipid chains change from all-trans conformation
to gauche conformation [43]. The inset in Fig. 2 depicts the
spectra obtained at 27 and 50°C (i.e., before and after the
main transition temperature, respectively). The appearance of
gauche conformers leads to significant changes in the Raman
spectrum of DPPC vesicles. The intensity of the vas(CH2)
mode, located at ca. 2880 cm~1, significantly decreases as well
as its spectral width and its frequency is slightly modified.
Simultaneously, the intensity of the vs(CH3) band at 2935 cm—1
increases. Lastly, the intensity of the vs(CH>) mode located
at ca. 2850cm~1 does not vary, but its frequency increases
slightly.

Fig. 2 shows the Raman intensity ratio » = I»935/I2gg0 Versus
temperature for pure DPPC liposomes. The transition tempera-
ture is measured on the profiles at the middle point of the tran-
sition region. DPPC presents a sharp transition at 41.3 £ 0.4 °C,
a value which is very close to the Ty, obtained by DSC (Fig. 2).
Accuracy takes into account the resolution of the platinum probe
used to measure temperature (0.1 €2, corresponding to 0.3°C)
and the precision on the Ty, determination from the experimen-
tal points (sigmoid fit).

3.2. UQn/DPPC liposomes

3.2.1. DSC study

Fig. 3 shows the heating thermograms of multilamellar vesi-
cles of pure DPPC, and of mixtures containing the following
UQn/DPPC molar ratios: 0.01, 0.05 and 0.1. Globally, the pres-
ence of UQn induces the broadening of the DPPC main transi-
tion, 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 short-chain UQn (UQ2 and
UQ4) than by the long-chain ones (UQ6 and UQ10). Indeed, the
higher the proportion of UQ2, the more the main transition peak
(i) shifts towards lower temperatures, (ii) continuously broad-
ens and (iii) decreases in intensity. The main phase transition
peak for an UQ2/DPPC molar ratio of 0.10 shows two shoul-
ders at temperatures about 37 and 38 °C. UQ4 has a less marked
effect than UQ2. Moreover, the DPPC main transition is much
less affected by UQ6 and, in the case of UQ10, no effect on the
transition is observed.
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Fig. 3. DSC heating thermograms of multilamellar vesicles as a function of the UQr/DPPC molar ratio indicated.

DSC profiles (Fig. 3) indicate that the pretransition of DPPC
MLV is also sensitive to the presence of ubiquinones. Indeed,
with UQ2 and UQ4, the pretransition shifts towards lower tem-
peratures when molar ratio is 0.01. For higher molar ratios, this
transition completely vanishes. In the case of UQB, the pretransi-
tion peak shifts towards the lower temperatures and its intensity
decreases as the mole ratio increases. No effect on the pretran-
sition is observed in the presence of UQ10.

The thermodynamic parameters of the main transition, Ty,
ATy and AH were deduced from thermograms, and plotted
versus UQn molar ratio, for all the four ubiquinones studied
(Figs. 4 and 5 and Table 1).

Tm, linearly decreases with the UQn molar ratio (Fig. 4).
This effect is pronounced for short-chain ubiquinones (UQ2
and UQ4), while Ty, is slightly or not affected at all by long-
chain ones (UQ6 and UQ10). Indeed, ATy, (i.e., the difference
between Ty, with and without ubiquinone), is equal to 1.5°C
in the presence of 0.10 UQ2/DPPC molar ratio, while for the
same proportion of UQ10, ATy, is null. The peak width at half-

height, ATy, is approximately linearly dependent on the UQn
concentration (Fig. 5). The peak half-width is comparatively
more affected by short-chain ubiquinones (0.4< ATy, <1.3)
than with long-chain ones (ATi2 <0.5). Lastly, a significant
increase of AH with the ubiquinone molar ratio is noted only
in the presence of UQ2. A maximum value of 48kImol~1 is
reached at 0.05 UQ2 molar ratio. For the other UQn, AH values
are almost similar, especially in the presence of 0.05 and 0.10
UQn/DPPC molar ratios. Surprisingly, with 0.01 molar ratio,
we found close AH values with UQ4 and UQ10, but a signif-

Table 1
Enthalpy values of the main phase transition of UQnr/DPPC vesicles
UQn/DPPC molar ratio (%) uQ2 uQ4 uQé6 uQ10
AH (kImol1)
1 39+1 26+1 34+1 28+1
5 48+1 33+1 34+1 30+1
10 48+1 31+1 34+1 32+1
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Fig. 4. Main transition temperature of mixed multilamellar vesicles obtained
from DSC measurements as a function of the UQn/DPPC molar ratio.

icantly higher value with UQ6. 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 apparent AH variations
of several kJmol~! insignificant. Previously given accuracy
(£1 kI mol—1) determined by the sharp main transition of DPPC
liposomes should be larger in case of mixed vesicles that should
display a broader DPPC main transition. Consequently, only
the large AH variations observed with UQ2/DPPC mixtures are
considered to be significant.

To study the asymmetry changes of the main transition peak,
we also plotted the asymmetry index, As, versus the UQr molar
ratio. As is defined by the following equation [44]:

_ [(Tonset - Ti)/(Tendset - Ti)]sample
[(Tonset - Ti)/(Tendset - Ti)]DPPC

Tonset and Tendset are the temperatures of the intercept between
the base line and the tangent on the peak, respectively, in its
increasing part (Tonset), in its decreasing part (Tendset)- 7i 1S the
interception point of these two tangents and its value is gener-
ally identical to Ty,. If A is greater than 1, the peak is more

As
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Fig. 5. Temperature width at half-height of mixed multilamellar vesicles as a
function of the UQn/DPPC molar ratio.
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Fig. 6. Asymmetry index values of mixed multilamellar vesicles as a function
of the UQn/DPPC molar ratio.

asymmetric than for pure DPPC, while a value of As lower than
1 indicates than the peak is less asymmetric than the pure DPPC
one. This As parameter is significant only in the presence of a
single transition peak.

As was plotted versus the UQn molar ratio for the four
ubiquinones studied (Fig. 6). First, As is slightly affected by
UQ10 and UQ§, since values are included between 1 and 1.3 for
UQ10, 2 and 2.5 for UQ6. Second, As increased significantly
with UQ2 and UQ4 amounts: its value reached 5 in the pres-
ence of 0.10 UQ4/DPPC molar ratio. Note that As could not be
calculated for vesicles containing 0.10 UQ2/DPPC molar ratio,
since the deconvolution process of the main transition peak (see
Fig. 5) introduced accuracy and yielded meaningless As values.

3.2.2. Raman analysis

Fig. 7 shows the Raman intensity ratio r (I2935/I2880) Vver-
sus temperature for mixed liposomes containing the following
UQn/DPPC molar ratios:; 0.01, 0.05 and 0.10.

In the presence of UQn, the temperature profiles are shifted
towards lower temperatures. This shift is more marked as the
chain length of UQn decreases. Indeed, plotting the main tran-
sition temperature versus UQn molar ratio (Fig. 8), shows that
the Ty, is much more affected by the presence of UQ2 and UQ4
than with UQ6 and UQ10, as observed by DSC. In fact, for a
0.05 ubiquinone molar ratio, Ty, values are 38.5°C with UQ6
or UQ10, and only 35.7 °C in the presence of UQ2 or UQ4.

However, these Ty, values are significantly different from
those provided by DSC measurements, whereas both methods
give similar data for pure DPPC liposomes. The Raman data
show a much more noticeable effect of ubiquinones on modi-
fying the main transition temperature than DSC. Hence, from
calorimetric data, no influence of UQZ10 on the main transition
temperature (T, =41.1°C) is observed, whereas Raman spec-
troscopy gives a T, value lower than 38 °C for 0.10 UQ10/DPPC
molar ratio. Similarly, with 0.05 UQ2/DPPC molar ratio, DSC
and Raman spectroscopy give main transition temperature val-
ues equal to 40.4 and 35.7°C, respectively. Indeed, at 0.05
UQn/DPPC molar ratio, the difference 7S¢ — 7Raman js 4. 8°C
for UQ2 and UQ4, and 2.8 and 2.5°C for UQ6 and UQ10,
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Fig. 8. Main transition temperature values of mixed multilamellar vesicles
obtained from Raman spectra as a function of the UQn/DPPC molar ratio.

respectively. This observed difference may be due to the contri-
bution of isoprenoid chains in the vibrational coupling between
adjacent chains revealed by the Raman intensity ratio r, espe-
cially by modifying the intensity of the v,5(CH2) mode located
at 2880 cm~1. Hence, during the main transition, positive val-
ues of 7RSC — 7Raman correspond to a positive contribution of
isoprenoid chains to the r ratio at a given temperature. Thus,
some vibrational uncoupling between isoprenoid chains and
alkyl chains of phospholipids leads to an artificial increase of the
interchains disorder. It is noteworthy that vibrational coupling
between hydrocarbon chains of ubiquinones and phospholipids
might lead to an increase of the order and to negative contribu-

tions to the Raman intensity ratio and then to negative values of
TnI?SC _ Trﬁaman.

4. Discussion

Several studies have shown that the insertion of host
molecules into lipid bilayers resulted in an increase of the aver-
age volume accessible to a single phospholipid molecule (i.e.,
the introduction of “free volumes™) [32,45]. The system tends
to maximize its entropy by filling free volume by trans-gauche
isomerization, resulting in a decrease of the main transition
temperature. Moreover, insertion of molecules in the bilayer
can induce a decrease in the cooperativity of the transition,
highlighted by the broadening of the peak (i.e., the increase in
ATypp.). The peak symmetry indicates that the compounds are
rather soluble in one of the two phases. Jain and Wu [35] have
shown that, during a transition phase, the location of foreign
molecules in phospholipid bilayers can be deduced from the
nature of the effect on this transition. By studying around 100
biologically interesting compounds (fatty acids, alcohols, elec-
trolytes and ionophores), they have underlined that four types of
effects could be generally observed, each one related to a precise
localization of the additive in the bilayer.

4.1. UQ2 and UQ4

4.1.1. Transversal location within the liposomal bilayer

The presence of short-chain ubiquinones (UQ2 and UQ4) in
phospholipid bilayers generates a decrease in T, and an increase
in ATy. According to the classification by Jain and Wu, these
two ubiquinones could belong to type A [33,35] and be located
in C1—Cg methylene region, parallel to the aliphatic chains of
phospholipids. Their polar benzoquinone rings are probably ori-
ented towards the interfacial zone between the hydrophobic and
polar parts of the bilayer. Other authors have drawn the same
conclusion by studying the localization of short-chain UQn in
phospholipid vesicles by fluorescence anisotropy [46] or by flu-
orescence spectroscopy and linear dichroism [24,30].

Moreover, the pretransition is highly sensitive to the presence
of small quantities of UQ2 and UQ4 since such behavior is no
longer detected for UQn molar ratios higher than 1%. Other
studies have shown [44] that the penetration of even a small
amount of host substances into the hydrophobic core of bilayer
could force phospholipids into a single conformational phase,
probably the Pg rippled gel phase. This confirms that UQ2 and
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UQ4 are inserted between the phospholipid aliphatic chains.
Their benzoquinone rings could interact with phospholipid polar
headgroups through dipole—dipole interactions.

Finally, two assumptions can explain why UQ2 has a more
pronounced effect on the lipid thermotropic phase behavior than
UQ4. On the one hand, its strong polar character could provide
UQ2 molecule with a higher degree of penetration than UQ4
(i.e., its benzoquinone ring being closer to DPPC polar heads).
On the other hand, the disturbing effect induced by the inser-
tion of UQ4 molecules could be partly compensated by van der
Waals interactions between isoprenoid chains and phospholipid
hydrocarbon chains. In such case, both ubiquinones would have
the same degree of penetration and only the relative importance
of the van der Waals interactions would explain the noted dif-
ferences. Interestingly, AH remains constant in the presence of
UQ4, which could indicate that UQ4 is intercalated between
DPPC acyl chains, with prominent hydrophobic interactions.
On the contrary, significant increases of AH versus molar ratio
are observed with UQ2 containing vesicles. These observations
suggest that electrostatic interactions between UQ2 and PC polar
heads are probably due to a higher degree of penetration of
UQ2 than UQ4. Lastly, as previously noted, positive values of
TDRSC _ 7Raman reflect a vibrational uncoupling between chains
of both compounds, which is incompatible with DPPC-UQn
attractive van der Waals interactions.

4.1.2. Lateral organization

The effect of short-chain ubiquinones on the broadening of
the lipid main transition peak is concentration dependent and
reflects reduction in the cooperativity of the transition (i.e., a
decrease of the average number of molecules per cooperative
unit) [32]. During the main transition, the cooperative units of
the minor phase of pure DPPC can be described as large, nearly
circular and highly compact domains in which all molecules
melt cooperatively [47]. Then, changes in size distribution might
appear in the presence of ubiquinones, as observed by Bonora
et al. with DPPC liposomes containing phtalate esters [45].
According to this model, ubiquinones are likely to stabilize the
gel at liquid crystalline phase domain boundaries. Consequently,
domains of the minor phase become more ramified and limited,
while an increase in number and the non-homogeneity of the
composition broaden of the main transition peak [32,44]. This
interpretation is consistent with the results of a Monte-Carlo
simulation used to study the effects of an anaesthetic on the
phospholipid phase transition [48]. This study concluded that
anaesthetic molecules preferentially lie in the boundary region
between lipid clusters of different phases, giving rise to the
formation of an increasing number of smaller size clusters. In
addition, a skewing towards lower temperatures of the transition
peak in the presence of UQ2 and UQ4 (increasing As), suggests
that these ubiquinones are soluble in the liquid crystalline
phase, with a gradient of concentrations from the surface
down to the inner part of the domains [45]. Consequently, it
can be argued that short-chain ubiquinones could induce such
localized and enriched zones in biological membranes, even
with a low overall concentration, which is of great importance
since the functions of respiratory chains proteins are highly

sensitive to their lipid environment, especially to ubiquinones
[30].

4.2. UQ6 and UQI0

Surprisingly, UQ6 exerts a significantly less marked influence
on thermodynamic parameters (T, AT12, AH, Ag) than UQ4
with its two isoprene units deficiency. Especially, the markedly
weak Ty, variation could indicate that the degree of penetration
of UQ6 molecules is insignificant. Moreover, UQ10 molecules
have no effect on the thermodynamic behavior of DPPC lipo-
somes. Thus, UQ6 and UQ10 would be of type C according to
the classification by Jain and Wu [33,35] and located at the core
of the bilayer, interacting with the Cg—C1 methylene groups.
The weak influence of UQ6 on the pretransition confirms that
its insertion between the aliphatic chains is limited. The benzo-
quinone rings have to be confined between the Cg-C16 methylene
groups, probably associated to each other in order to minimize
their interactions with the hydrophobic environment. The iso-
prenoid chain of UQ6 molecule could remain anchored in the
bilayer centre.

Regarding UQ10, unaffected thermotropic behavior indicates
that molecules lie between the two leaflets, parallel to the bilayer
plan with their interacting benzoquinone rings. Two nuclear
magnetic resonance studies [21,22] had previously reached the
same conclusion. On the other hand, some authors have sug-
gested [46], on the basis of fluorescence anisotropy experiments,
that the benzoquinone rings of UQ10 interact with the interfacial
zone, while the isoprenoid chains remain anchored at the cen-
ter of the bilayer. However, other studies based on fluorescence
spectroscopy and linear dichroism measurements [24] have indi-
cated that, even if their rings tend to oscillate, UQ10 stays longer
between the two layers, parallel to the bilayer plane. Such ele-
ments are in keeping with our informative DSC and Raman data
on the location and organization of ubiquinones within bilayers.

The endothermic peak at about 45°C corresponding to the
typical melting of UQ10 isoprenoid chains (data not shown)
cannot be observed, thus indicating the absence of aggrega-
tion of UQ10 molecules, either within or outside the bilayer,
in our experimental conditions and confirms the relevance of
the proposed location model. Interestingly, some authors have
studied the distribution of higher proportions (>0.10) of UQ10
within phospholipid bilayers and suggested that aggregate for-
mation occurs for molar ratios higher than 0.20 [49]. Then, in
our experiments (molar ratios below 0.10) we can argue for an
homogeneous molecular dispersion of UQ10, and to a lesser
extent of UQ6, between the two phospholipid leaflets. Such a
specific organization and homogeneous molecular dispersion of
long-chain ubiquinones within bilayers have some interesting
implications with regards to their biological functions. Indeed,
other long-chain natural polyisoprenoids, such as dolichol, toco-
pherol or squalene, were found to lie in or near the core of the
lipidic bilayer, by means of DSC, X-ray diffraction and neutron
diffraction experiments on lipid bilayers, respectively (see ref.
[28] and references therein). Due to their specific transversal
membrane organization, polyisoprenoids, like other branched
lipids, were thought to play a crucial role in the inhibition of
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proton leakage across biological membranes [50]. In fact, it
seems obvious that long-chain ubiquinones are highly eligible
candidates for this function in mitochondrial membranes since
maintaining the electrochemical protons gradient is essential for
ATP synthesis and other bioenergetic functions.

4.3. Conclusion

To conclude, we have shown that the influence of small quan-
tities of ubiquinones on the thermotropic phase behavior of
DPPC multilayer vesicles depends heavily on the isoprenoid
chain length. Indeed, this effect is all the more marked as the
ubiquinone lateral chain is short, and our data lead us to establish
a clear distinction between short- (UQ2 and UQ4) and long-
chain (UQ6 and UQ10) homologues. The former category exerts
a strong influence on the thermodynamic parameters, whereas
the latter has a very slight or even no influence at all. UQn spe-
cific locations within the phospholipid bilayer obviously account
for such effect. Short-chain ubiquinones are inserted parallel
to phospholipid molecules, their benzoquinone ring close to
the polar heads of the DPPC, while long-chain ones would be
localized at the center of the bilayer. Additionally, we have
underlined a difference in the lateral organization since long-
chain ubiquinones remain homogeneously dispersed within the
bilayer, whereas short-chain ones are self-organized in highly
concentrated regions localized at the boundary of lipid domains.
Finally, itis interesting that mid-chain analogues, UQ4 and UQ6,
exhibit fully distinct behaviors, while their lateral chains have a
two isoprene unit difference.

These results support the hypothesis that such a chain length
organization dependence may occur in biomembranes too with
related consequences for the biological activities of the different
UQn homologues. Our conclusions clearly suggest that natu-
ral long-chain ubiquinones are more efficient than short-chain
homologues against proton leakage across membranes. On the
other hand, the specific organization of short-chain ubiquinones,
especially their capacity for lateral segregation, can enhance
their interactions with respiratory chain proteins, and subse-
quently the overall processes. Interestingly, this property can
be correlated with the prominent therapeutic efficiency of short-
chain exogenous ubiquinones observed in some clinical studies.
Consequently, the biological activity of ubiquinone analogues
is largely modulated by their physico-chemical properties that
are mainly dependent on the isoprenoid chain length. Thus, the
nature of the lateral chain of ubiquinone homologues constitutes
a crucial criterion for selecting of new therapeutic derivatives.
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