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The location of ubiquinone-10 in phospholipid bilayers was analyzed using a variety of physical techniques. 
Specifically, we examined the hypothesis that ubiquinone localizes at the geometric center of phospholipid 
bilayers. Light microscopy of dipalmitoylphosphatidylcholine at room temperature in the presence of 
0.05-0.5 mol fraction ubiquinone showed two separate phases, one birefringent lamellar phase and one phase 
that consisted of isotropic liquid droplets. The isotropic phase had a distinct yellow color, characteristic of 
melted ubiquinone. [13C]NMR spectroscopy of phosphatidylcholine liposomes containing added ubiquinone 
indicated a marked effect on the 13C-spin lattice relaxation times of the lipid hydrocarbon chain atoms near 
the polar head region of the bilayer, but almost no effect on those atoms nearest the center of the bilayer. 
X-ray diffraction experiments showed that for phosphatidylcholine bilayers, both in the gel and liquid-crystal- 
line phases, the presence of ubiquinone did not change either the lamellar repeat period or the wide-angle 
reflections from the lipid hydrocarbon chains. In electron micrographs, the hydrophobic freeze-fracture 
surfaces of bilayers in the rippled (Pfl') phase were also unmodified by the presence of ubiquinone. These 
results indicate that the ubiquinone which does partition into the bilayer is not localized preferentially 
between the monolayers, and that an appreciable fraction of the ubiquinone forms a separate phase located 
outside the lipid bilayer. 

Introduction 

According to the chemiosmotic mechanism of 
energy transduction in mitochondria, ubiquinone 
(coenzyme Q10; unless otherwise specified, 
ubiquinone refers only to ubiquinone-10) acts as a 
proton pump by undergoing sequential oxidation 
and reduction reactions on the outer and inner 
surfaces of the inner mitochondrial membrane [1]. 
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** To whom correspondence should be addressed. 
Abbreviations: DMPC, 1,2-dimyristoylphosphatidylclioline; 
DPPC, dipaimitoylphosphatidylcholine; T 1, spin-lattice relaxa- 
tion time. 

Model liposome systems consisting of phosphati- 
dylcholine and ubiquinone have been used to dem- 
onstrate that ubiquinone can shuttle electrons 
across the membrane from externally-added di- 
thionite to ferricyanide that has been trapped in- 
side the liposome [2-5], indicating that, by anal- 
ogy, a similar physical mechanism for proton 
translocation could operate in mitochondria. 

The mechanism by which ubiquinone is reduced 
and oxidized in lipid bilayers cannot be de- 
termined without a detailed understanding of the 
physical organization and orientation of 
ubiquinone in the membrane. Several models have 
been proposed for the organization of ubiquinone 
in membranes, but a consensus among researchers 
about its location in the membrane has yet to 
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emerge. Recently, several groups have approached 
this problem by measuring the effects of added 
ubiquinone on the physical properties of phos- 
pholipid bilayers and by determining the proper- 
ties of ubiquinone in these bilayers. An assump- 
tion implicit in such studies is that most of the 
added ubiquinone partitions into the bilayer and 
that measurements of the physical properties of 
the lipid vesicles will serve to monitor 
ubiquinone-phospholipid interactions. In some re- 
ports on ubiquinone organization in bilayers, mole 
fractions of ubiquinone as high as 0.50 have been 
used [6,7]. The main finding of these reports is that 
added ubiquinone does not greatly alter the physi- 
cal properties of phospholipid bilayers [6-8]. One 
additional conclusion that has persisted from these 
studies is that ubiquinone is aggregated between 
opposing lipid monolayers in the bilayer [6-10]. In 
the present report, NMR and electron microscopic 
evidence is presented which is inconsistent with 
the localization of ubiquinone at the geometric 
center of the bilayer. Further, the previously re- 
ported effects of added ubiquinone on the X-ray 
diffraction and thermal properties of phospholipid 
bilayers [6-10] are reinterpreted in light of the 
finding that at high mole fractions of ubiquinone 
to phospholipid (more than 0.05), an appreciable 
fraction of the ubiquinone forms a separate phase 
outside of the bilayer. 

Materials and Methods 

Ubiquinone-10 (from yeast) was purchased from 
Calbiochem, while dimyristoylphosphatidylcholine 
(DMPC), dipalmitoylphosphatidylcholine (DPPC) 
and egg lecithin were purchased from Avanti Bio- 
chemicals. Ubiquinone/lipid suspensions were 
prepared as follows. Appropriate mixtures of 
ubiquinone and lipid were co-dissolved in chloro- 
form, rotary evaporated to dryness, and hydrated 
with doubly distilled water. The suspension was 
extensively vortexed under nitrogen and equi- 
librated above the lipid's phase-transition temper- 
ature for at least 2 h. 

For light microscopy, a small drop of sample 
was placed on a clean microscope slide and im- 
mediately covered with a glass cover slip. The 

specimens were examined with a Zeiss PMI light 
microscope equipped with polarization optics. 

For X-ray diffraction experiments, the lipid/ 
ubiquinone suspensions were sealed in quartz 
capillary tubes and mounted in an X-ray camera 
equipped with a point collimator and a flat plate 
film cassette loaded with three sheets of Kodak 
No-Screen X-ray Film. All X-ray experiments were 
performed at 20°C with exposure times between 1 
and 7 h. X-ray patterns were analyzed by standard 
techniques as described previously [11]. 

Freeze-fracture samples were rapidly frozen in a 
manner described by Costello and Corless [12]. 
Small samples (0.1 ~1), prepared without cryopro- 
tectants, were sandwiched between two copper 
strips and punged into liquid propane. The frozen 
specimens were inserted into a hinged double rep- 
lica device adapted for use on a Balzers BA 360 
freeze-fracture unit. Fracturing was done at 
-150°C. The fractured specimens were im- 
mediately replicated with platinum from a 45 ° 
angle and carbon from a 90 ° angle. The replicas 
were cleaned with chloroform-ethanol (1 : 1, v/v), 
picked up on uncoated 400-mesh electron micro- 
scope grids, and viewed with a Philips 301 electron 
microscope. 

For the 13C-NMR experiments, egg phos- 
phatidylcholine (0.4 g) was dissolved in chloro- 
form either in the presence or absence of 0.05 mol 
fraction of ubiquinone and dried under a stream 
of nitrogen gas. 2.3 ml 2H20 was added to the 
dried mixture and multilamellar vesicles were gen- 
erated by swirling the flask. The suspension was 
then sonicated to clarity over nitrogen in a sonica- 
tor bath (1-2 h), and the resulting liposomes were 
transferred to a 10 mm NMR tube. ~3C-NMR 
spectroscopy was performed at 36°C on a JEOL 
FX 90Q NMR spectrometer at 22.5 MHz. The 
spin-lattice relaxation times (T~) of the phos- 
phatidylcholine carbon atoms were determined 
using the fast inversion recovery technique of Canet 
et al. [13]. The assignments of the phosphati- 
dylcholine ~3C-NMR resonances were made as in 
Cushley and Forrest [14]. 

The partitioning of ubiquinone between the bi- 
layer and aqueous phases was quantified with the 
rapid extraction procedure using n-pentane as de- 
scribed by Degli Esposti et al. [15]. 
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Fig. 1 shows light micrographs of  a DPPC-  
ubiquinone dispersion with a mole fraction of  
ubiquinone of  0.2. Fig. 1A and C are of  different 
fields of  the same sample observed under  normal  
bright field illumination, while Fig. 1B and D are 
of  these same fields taken with crossed polarizers 
inserted. In Fig. 1A circular fluid droplets of  vary- 
ing diameter  can be seen in water. Some of these 
profiles appear  clear, while others, particularly the 
largest ones, have a distinct yellow color. When  
the polarizing filters are inserted (Fig. 1B), the 
circular objects which are clear by direct light are 

Results 

i 

seen to be birefringent, m a n y  with a black cross on 
white background (arrow) which is characteristic 
of  multilamellar vesicles [16]. However,  the large, 
yellowish droplets are non-birefr ingent  (asterisks 
locate the same circular object in both  1A and B). 
These same circular profiles are also seen in Fig. 
1C, along with a large striated region at the corner 
right hand side of  this field. This striated region is 
highly birefringent (Fig. 1D) and is identical in 
appearance to solid ubiquinone observed in 
ub iqu inone /wa te r  mixtures at this temperature. 
At  lower concentrat ions of  ubiquinone (mole frac- 
tion, 0.05), smaller amounts  of  the yellow liquid 
droplets appear, but  their presence is still obvious. 

Fig. 1. Light micrographs of a DPPC-ubiquinone dispersion (mole fraction ubiquinone 0.2) with 70% water at 20°C. Figs. 1A and C 
were taken with normal bright field illumination, while 1B and D are of the same fields with crossed polarizers inserted. The asterisks 
in 1A and B identify a large, non-birefringent droplet which had a yellow color. The arrow in 1B points to a typical birefringent 
vesicle. All micrographs were taken at the same magnification as indicated by the scale marker in 1D. 
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No solid ubiquinone could be found at mole frac- 
tions below 0.05. At higher concentrations of 
ubiquinone (mole fractions 0.5) a larger percentage 
of yellow droplets and solid ubiquinone are seen 
relative to the lipid. 

The amount of ubiquinone partitioning into the 
bilayer was calculated by removing the aqueous 
phase ubiquinone by a rapid extraction with n- 
pentane. This method was previously described by 
Degli Esposti et al. [15], and the results obtained 
with lipid preparations used in the present study 
appear  in Table I. For ubiquinone added to egg 
phosphatidylcholine multilamellar vesicles, a con- 
stant fraction of ubiquinone (approx. 60%) parti- 

tioned into the bilayer over the range 0.05-0.2 
mole fraction ubiquinone. Essentially the same 
results were obtained using DPPC in place of egg 
phosphatidylcholine. The apparent partition coef- 
ficient (PuQ) derived from these results ranges 
from 64 to 73 (Table I), very similar to the value of 
74 reported by Degli Esposti et al. [15] for the 
partitioning of added ubiquinone-10 into egg 
phosphatidylcholine liposomes. 

If  ubiquinone resides at the center of the phos- 
pholipid bilayer, changes in the mobility of the 
lipid acyl chain atoms near the center of the 
bilayer would be anticipated. Specifically, the de- 
gree of disorder in the middle of the membrane 
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Fig. 2. The effect of ubiquinone on the mobility of egg phosphatidylcholine carbon atoms in liposomes. 13 C-NMR spectroscopy of egg 
phosphatidylcholine liposomes prepared in the presence and absence of 0.05 mole fraction of ubiquinone was performed and the 
spin-lattice relaxation times (7"1) of the phosphatidylcholine carbon atoms were determined using the 180-~--90-PD inversion recovery 
pulse sequence as described by Canet et al. [13]. The T 1 ratio was calculated as the ratio of a given carbon atom's T 1 in the presence 
and absence of added ubiquinone. Other details are as described in Materials and Methods. 
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TABLE I 

PARTITIONING OF UBIQUINONE INTO EGG PHOS- 
PHATIDYLCHOLINE BILAYERS 

The appropriate mole fraction of ubiquinone-10 was co-dis- 
solved with 26 /~moles of egg phosphatidylcholine in chloro- 
form. After removal of the chloroform, doubly distilled water 
(1.0 ml) was added and multilamellar vesicles generated by 
extensive vortexing under nitrogen. Liposomes were prepared 
by sonicating the above vesicles to clarity in a sonicator bath. 
Partitioning of ubiquinone into the bilayer was determined 
using the procedure of Degli Esposti et al. [15]. 

System Mole fraction ubiquinone PUQ 

Added Incorporated 

Multilamellar vesicles 0.05 0.029 73 
0.10 0.059 69 
0.20 0.110 64 

Liposomes 0.05 0.046 658 

should increase due to the disruptive influence of a 
large, branched molecule such as ubiquinone. To 
test this, 13C-NMR spectroscopy was carried out 
on ubiquinone-containing phosphatidylcholine 
liposomes to look at the effect of added ubiquinone 
on the spin-lattice relaxation times (T~) of the 
carbon atoms on the phospholipid hydrocarbon 
chains. The ubiquinone-containing liposomes were 
made by co-sonicating egg phosphatidylcholine 

i #  _ 

and 0.05 mole fraction ubiquinone; over 90% of 
the added ubiquinone was incorporated into the 
resulting bilayer phase (Table I). Fig. 2 presents a 
plot of the ratio of the Tt's of the individual acyl 
chain carbon atoms in the presence and absence of 
added ubiquinone [i.e., T 1 ratio = Tl(phosphatidyl- 
choline + ubiquinone)/Tl(phosphatidylcholine)]. 
There was almost no effect of added ubiquinone 
on the motional freedom (T1) of the terminal three 
carbons of the hydrocarbon chain. In fact, a small 
decrease (10-15%) in T a appeared for these three 
atoms. On the other hand, significant increases in 
T t were observed for those carbon atoms of the 
acyl chain nearest the polar head region of the 
bilayer, and significant decreases in T a were ob- 
served for the two carbon atoms adjacent to the 
phosphate moiety in the polar head group (Fig. 2). 

As reported previously by others, X-ray diffrac- 
tion patterns of gel state DPPC consist of several 
lamellar orders of a periodicity of 6.4 nm and a 
sharp wide-angle reflection at 0.42 nm surrounded 
by a diffuse band at 0.41 nm, while X-ray patterns 
of liquid crystalline egg phosphatidylcholine con- 
tain a lamellar periodicity of 6.3 nm and a broad 
wide-angle band at 0.46 nm [17]. For both gel state 
DPPC and liquid crystalline egg PC these low-an- 
gle and wide-angle reflections are unmodified by 
the addition of ubiquinone (mole fractions from 
0.05 to 0.7). At the higher concentration range of 

Fig. 3. Freeze-fracture electron micrographs of DMPC with 70% water quenched from 19°C in the absence (A) and presence (B) of 0.1 
mole fraction ubiquinone. The ripples characteristic of the Pfl' phase of DMPC can be observed in both preparations. The 
micrographs are mounted so that the platinum deposition direction is approximately from the bottom of the field. 
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ubiquinone (mole fraction 0.5-0.7), reflections 
characteristic of solid ubiquinone could be de- 
tected in addition to the reflections from the phos- 
pholipid. 

Freeze-fracture experiments were performed be- 
cause it has been suggested that ubiquinone ag- 
gregates between adjacent monolayers of the bi- 
layer [6-9], and it is well established that freeze- 
fracturing exposes the hydrophobic core of the 
bilayer. Of particular interest was the Pfl' or 'rip- 
pled' phase of phosphatidylcholine bilayers [17], 
because periodic ripples which are observed on the 
hydrophobic fracture surface would be obscured if 
ubiquinone formed a phase in the center of the 
bilayer. Fig. 3 shows DMPC frozen at 19°C in the 
absence (Fig. 3A) and presence (Fig. 3B) of 0.1 
mole fraction added ubiquinone. There are no 
detectable differences in the morphology of the 
fracture faces. In both cases the DMPC is in the 
Pfl' phase. Ripples are present and have the same 
periodicity (about 13 nm) with and without added 
ubiquinone. 

Discussion 

With the exceptions of the elegant NMR stud- 
ies of Kingsley and Feigenson [18] and the spectral 
work of Degli Esposti et al. [15], most recent 
studies designed to localize ubiquinone in phos- 
pholipid bilayers have used some form of artificial 
bilayer with mole fractions of ubiquinone (to 
phospholipid) far in excess of the value normally 
associated with the mitochondrial membrane. The 
latter value generally falls in the range of 0.01-0.02 
mole fraction of ubiquinone [19,20] while the model 
systems reported in the literature have rarely used 
mole fractions of ubiquinone-10 less than 0.1 
[6-8,10]. Inherent in much of the model mem- 
brane work is the assumption that not only does 
added ubiquinone partition into the bilayer, but 
that most of the added ubiquinone partitions into 
the membrane phase perhaps between opposing 
monolayers of the bilayer [6-10]. The results of 
the present study show that (1) not all the added 
ubiquinone partitions into the bilayer phase, (2) 
the ubiquinone which does partition into the bi- 
layer does not aggregate in the geometric center of 
the bilayer, and (3) ubiquinone in the membrane 
disorders the head group region of the bilayer. 

Experiments like that shown in Fig. 1 indicate 
that at mole fractions of ubiquinone as low as 
0.05, non-birefringent yellow ubiquinone-rich 
droplets can be clearly distinguished from birefrin- 
gent lipid vesicles in the light microscope. Thus 
there are two phases present, a 'lipid-rich' phase 
and a 'ubiquinone-rich' phase. The presence of 
melted ubiquinone droplets in these suspensions at 
room temperature (Fig. 1A), well below the melt- 
ing point of pure ubiquinone (49°C), indicates 
that some phospholipid has probably partitioned 
into the ubiquinone-rich droplets. 

Table I shows that just over 40% of the 
ubiquinone is not incorporated into the bilayer 
when added to egg phosphatidylcholine multi- 
lamellar vesicles over the range 0.05-0.2 mole 
fraction ubiquinone. The latter value gives rise to 
an apparent ubiquinone partition coefficient of 
roughly 70, very similar to the value reported by 
Degli Esposti et al. [15] for the partitioning of 
ubiquinone-10 into egg phosphatidylcholine lipo- 
somes. Co-sonication of lipid and ubiquinone led 
to a marked increase in the incorporation of 
ubiquinone into the bilayer phase, again consistent 
with the observations of Degli Esposti et al. [15]. 

To date, the only work which has attempted to 
quantify the partitioning of ubiquinone into phos- 
pholipid bilayers is that of Degli Esposti et al. [15]. 
Two points should be noted here. First, the actual 
partitioning of ubiquinone between the aqueous 
and membrane phases must be weighed by the 
relative volumes of the two phases. Because the 
aqueous phase, particularly with liposomes, is gen- 
erally in excess, an appreciable fraction of the 
added ubiquinone will remain in the aqueous 
phase. Second, the partition coefficient represents 
the equilibrium distribution between the aqueous, 
aggregated form of ubiquinone and the bilayer, 
and not the partitioning of ubiquinone monomer 
from an aqueous solution into the bilayer. The 
latter value is, no doubt, much greater than 70-74. 
So on thermodynamic grounds, and accepting the 
presence of some free energy of stabilization asso- 
ciated with the ubiquinone aggregates, there is 
good reason to expect that an appreciable amount 
of added ubiquinone in the model systems will not 
partition into the bilayer. Degli Esposti et al. also 
found that the uptake of ubiquinone into the lipid 
phase eventually saturated [15]. With ubiquinone-8 



and egg phosphatidylcholine, a maximum incor- 
poration of roughly 0.1 mole fraction was ob- 
served. No attempt was made in the present study 
to determine the maximum incorporation of 
ubiquinone. 

Previous studies of ubiquinone interactions with 
phospholipid bilayers certainly have recognized 
the presence of more than one phase of ubiquinone 
[6,15,18], but the exact nature of these phases has 
yet to be well defined. Kingsley and Feigenson 
reported two distinct -OCH 3 peaks in 1H-NMR 
spectra of co-sonicated ubiquinone/DMPC sus- 
pensions [18]. They assigned the low-field peak to 
ubiquinone dispersed within the bilayer and the 
high-field peak to a separate, 'ubiquinone-rich' 
phase. This second peak appeared at concentra- 
tions as low a 0.02 mole fraction ubiquinone [18]. 
Because either externally added or internally 
trapped lanthanide shift reagents affected both 
-OCH 3 resonances, this was taken to indicate that 
both pools of ubiquinone were present in 'vesicle- 
like' structures [18]. 

Degli Esposti et al. [15] using ultraviolet ab- 
sorption spectroscopy, also demonstrated that two 
pools of ubiquinone existed in the presence of 
phospholipid vesicles at mole fractions of 
ubiquinone as low as 0.01. Based upon the absorp- 
tion maxima of the two pools, they concluded that 
one represented ubiquinone in a nonpolar environ- 
ment while the other corresponded to ubiquinone 
aggregates forming in the aqueous phase. This 
conclusion was supported by the observation that 
a brief pentane extraction could remove the aque- 
ous, but not the membrane-bound, pool of 
ubiquinone. The results of Degli Esposti et al. [15] 
are consistent with our observations in Fig. 1. At 
this time, it is not obvious how the lanthanide shift 
results of Kingsley and Feigenson [18], which indi- 
cate a vesicle-like nature for the ubiquinone-rich 
phase, correlate with the ubiquinone aggregates 
shown in Fig. 1 and postulated by Degli Esposti et 
al. [15]. 

The freeze-fracture images (Fig. 3) give evi- 
dence that ubiquinone does not aggregate in the 
geometric center of the bilayer. The P/~' phase of 
saturated lecithins contains periodic ripples in the 
hydrophobic fracture faces [17]. Hydrophobic 
molecules, such as hexane, which accumulate in 
the geometric center of the bilayer produce mounds 
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and depressions in the fracture faces which can 
obscure the rippled structure [21]. No mounds or 
depressions were observed in the fracture faces of 
bilayers containing ubiquinone, and ubiquinone 
had no effect on the appearance of the periodic 
ripples (Fig. 3A and B). The X-ray results also 
provide evidence which indicate that ubiquinone 
does not aggregate in the center of the bilayer, as 
the lamellar repeat period is not modified by up to 
0.7 mole fraction added ubiquinone. Aggregations 
of ubiquinone between the monolayers of the bi- 
layer would be expected to increase the thickness 
of the bilayer and thus increase the lamellar repeat 
period. Previous X-ray work with ubiquinone/ 
phospholipid suspensions reported only wide-angle 
reflections and not the lamellar repeat periods [7]. 

Our conclusion that only limited amounts of 
added ubiquinone enter the bilayer, and that much 
of the ubiquinone is in a separate, aqueous phase, 
is also consistent with earlier differential scanning 
calorimetry and fluorescence polarization results 
which indicate that ubiquinone-10 does not mod- 
ify the phase transition temperatures of the bilayer 
[8,10]. These calorimetry and fluorescence polari- 
zation results have previously been interpreted to 
support the idea that ubiquinone localizes between 
opposing monolayers of the bilayer [8,10]. A more 
reasonable interpretation is that there is not enough 
ubiquinone in the bilayer to significantly perturb 
the physical properties of the membrane which 
these techniques monitor. Likewise, if some amount 
of phospholipid does partition into the aggregated, 
aqueous pool of ubiquinone, this could well 
account for the observed changes in the thermal 
properties of ubiquinone by added phospholipids 
[6,8]. Previous studies of ubiquinone interactions 
with lipid bilayers have recognized the presence of 
a separate phase of ubiquinone [6], but they have 
failed to appreciate that this phase might (1) not 
be present within a bilayer structure and (2) have 
its own properties modified by the partitioning of 
phospholipids into it. 

While not all the added ubiquinone partitions 
into the phospholipid phase in these model mem- 
brane systems, there is no question that some does. 
Therefore any observed effects of added 
ubiquinone on the physical properties of the bilayer 
can be attributed to the membrane-associated frac- 
tion of ubiquinone. 13C-NMR spectroscopy was 
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used to measure the effect of added ubiquinone on 
the spin-lattice relaxation times (T 1) of the various 
lipid carbon atoms in egg phosphatidylcholine 
liposomes. The T 1 values of the lipid carbon atoms 
directly reflect the relative motion of the nuclei 
and it is well-established that motional freedom 
increases from the surface to the interior of the 
bilayer [22]. It was anticipated that those regions 
of the bilayer most affected by the incorporation 
of ubiquinone would show the biggest changes in 
T1. Such an approach has been used previously to 
look at the incorporation of phytol, vitamin E and 
phytanic acid into phosphatidylcholine vesicles 
[14,23]. Spin-lattice relaxation times are particu- 
larly sensitive in those regions of the bilayer where 
a destabilization occurs leading to increases in 
measured Tls (i.e., T 1 ratio larger than 1.0; Refs. 
14 and 23). 

The results in Fig. 2 indicate that added 
ubiquinone has a major effect on the carbon atoms 
of the phosphatidylcholine hydrocarbon chains 
nearest the polar head region and essentially no 
effect on the three acyl carbon atoms closest to the 
center of the bilayer. This observation is incon- 
sistent with the model of Katsikas and Quinn 
[6-9]. It is difficult to imagine how the ubiquinone 
which is incorporated into the bilayer in this ex- 
periment (0.046 mole fraction) could be situated 
solely at the center of the bilayer and so signifi- 
cantly affect atoms near the head region but not 
affect the hydrocarbon chain packing of the termi- 
nal carbon atoms. These results are not incon- 
sistent with the finding of Kingsley and Feigenson 
[18] that the quinone rings of longer-chain 
ubiquinones are buried deeper in the bilayer than 
those of shorter-chain ubiquinones, because they 
did not quantify how deeply any of the rings were 
buried. The lack of apparent disruptive effect of 
the branched isoprene side-chain of ubiquinone 
differs from the marked effects seen with the 
branched chains of phytol and phytanic acid 
[14,23]. This may reflect the lower level of incorpo- 
ration of ubiquinone into the bilayer and suggests 
that the marked effect seen near the head region is 
due to interactions between the lipid hydrocarbon 
side chains and the bulky p-benzoquinone moiety 
of ubiquinone. In this regard, it is interesting to 
note that Cain et al. [24] have used X-ray diffrac- 
tion to show that ubiquinone-3 resides in the bi- 

layer between adjacent lipid molecules with the 
quinone moiety in the head group region and the 
hydrocarbon chain penetrating into the lipid hy- 
drocarbon core. These shorter chain analogues also 
have been found to modify the thermotropic prop- 
erties of phosphatidylcholine bilayers [7]. 

In summary, our data do not support the con- 
cept that ubiquinone-10 is localized at the geomet- 
ric center of the bilayer in phospholipid membrane 
model systems. In fact, our t3C-NMR data (Fig. 2) 
are more consistent with the quinone head group 
being situated near the polar end of the lipid 
hydrocarbon chains. The location and orientation 
of the isoprene side chain of ubiquinone in the 
bilayer remains an important topic for further 
investigation. The bulk of the available evidence 
shows that ubiquinone and phospholipids tend to 
form two phases in aqueous suspensions even at 
low ratios of ubiquinone to phospholipid. Data 
from such suspensions should be interpreted with 
the realization that limited amounts of ubiquinone 
will enter the bilayer, making the organization of 
the bilayer relatively unaffected by the presence of 
ubiquinone. Likewise, direct measurements made 
on the ubiquinone in the bulk phase will not allow 
much insight into the nature of the interactions 
between ubiquinone and the lipid within the bi- 
layer. 
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