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The diffusion and location of a functional, fluorescent ubiquinone molecule, NBDHA-Q, were determined as a
function of temperature using microscopic observation, fluorescence recovery after photobleaching and fluorescence
spectroscopy in protein-free, pure-lipid dimyristoylphosphatidylcholine and dimyristoylphosphatidylcholine /
cholesterol multibilayers. The data reveal that in a liquid-crystalline membrane (1) ubiquinone is highly mobile, (2)
ubiquinone uniformly diffuses laterally with the same diffusion coefficient (3-10~% cm?/s at 25°C) as the
phospholipids in which it resides, (3) the diffusion coefficients of ubiquinone and phospholipid both decrease at the
exothermic phase transition of the phospholipid, (4) cholesterol affects the diffusion coefficients of ubiquinone and
phospholipids to the same degree, (5) cholesterol induces a lateral phase separation progressively excluding
ubiquinone from cholesterol-containing domains. These data suggest that ubiquinone does not reside at the
membrane surface or in the mid-plane for any appreciable length of time. Rather, the data indicate that ubiquinone
is highly mobile laterally and transversely, spending the majority of its time in the acyl chain region of the
membrane, where its lateral and transverse diffusion is limited by the lateral diffusion and the transverse
microviscosity gradient of the phospholipids and where its lateral location can be affected by the presence of
cholesterol. In addition, based upon a comparison of the diffusion coefficients for ubiquinone, phospholipids and
mitochondrial redox complexes, we hypothesize that no significant portion of the ubiguinone pool remains bound to
redox complexes for any significant length of time relative to that for electron transport as resolvable by
fluorescence recovery after photobleaching.
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Abbreviations: FRAP, fluorescence recovery after photobleaching;

FQ, fluorescence quenching; D, lateral diffusion coefficient; Q,

ubiquinone, (coenzyme Q); Q,,, ubiquinone with ‘»’ isoprenoid units;
NBDHA-Q (Q(Q;(NBDHA), fluorescent ubiquinone analogue com-
posed of NBD hexanoic acid conjugated to 2,3-dimethyl-5-methyl-6-
(10-hydroxyldecyl)quinone; NBD-Q,,, a fluorescent ubiquinone,
analogue composed of NBD conjugated to the benzoquino! head-
group of ubiquinone; Dil, 3,3’-dioctyldecylindocarbocyanine; DPH,
diphenylhexatriene; P, poise; DMPC, dimyristoylphosphatidyl
choline; asolectin, soybean phospholipids; PE, phosphatidylethanol-
amine; MBL, multibilayers; SUV, single unilamellar vesicles; T,
main phase transition temperature.
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The mobility and location of ubiquinone is thought
to be of fundamental importance to understanding the
bioenergetic function of this lipoidal molecule in mito-
chondrial electron transport **. The concept of
ubiquinone as a pool of mobile carriers has been
developed and refined over the years [1-6]. Experi-
mental evidence for the physical mobility of ubiquinone
was shown in the kinetic results of Schneider et al.
[7-10]. However, a direct determination of a lateral

** Electron transfer refers to the actual transmission of reducing
equivalents between redox components. Electron transport is
inclusive of the overall process of electron transfer and lateral
diffusion of redox components.



diffusion coefficient (D) for any ubiquinone remained
unknown prior to reports from this laboratory on a
fluorescent ubiquinone in mitochondrial inner mem-
branes [11,12].

Chazotte and Hackenbrock [13,14] concluded that
the bioenergetic function of ubiquinone in the mito-
chondrial inner membrane is mediated by a multicolli-
sional, obstructed, long-range ***, diffusion process
and that this process is rate-limiting for maximum
(uncoupled) rates of ubiquinone-mediated electron
transport based on studies with protein-diluted (phos-
pholipid-enriched) mitochondrial inner membranes by
fluorescence recovery after photobleaching (FRAP). In
marked contrast, Lenaz and co-workers [15-18], using
fluorescence quenching (FQ), a short-range *** ap-
proach, concentrated mostly on pure-lipid single uni-
lamellar vesicles (SUV) and reported D values for
various ubiquinone analogues in excess of three orders
of magnitude greater than those reported by us and
concluded that ubiquinone diffusion is not rate-limiting
in electron transport. The important test in resolving
these differences would be FRAP measurements in
protein-free membranes where long-range and short-
ranges D values should be equivalent.

It has been conjectured that the mobility of
ubiquinone is affected by its location in the bilayer’s
transverse plane. Since fluidity gradients have been
reported to occur along the phospholipid acyl chains
(e.g., Ref. 19) it has been argued that very rapid
diffusion might be possible if ubiquinone were specifi-
cally located at the bilayer midplane and not interca-
lated with the phospholipid acyl chains [15,16]. This
specific location is thought to have the lowest viscosity.
Based on various conflicting physical measurements of
ubiquinone by fluorescence, NMR and calorimetry,
primarily in mode! membranes, arguments have been
advanced for the absence and the presence of a sepa-
rate (not interacting with phospholipid acyl chains) or
enriched ubiquinone-phase in the bilayer midplane as
well as for multiple locations in the bilayer [20-31].
Thus, the transverse location of ubiquinone is still
debated due to these conflicting results.

We present here studies on the two-dimensional
mobility of a functional, fluorescent ubiquinone ana-
logue as a function of temperature and cholesterol
concentration in a protein-free membrane. We report
that within experimental error the D values for phos-
pholipid and the ubiquinone molecule were the same.
Our findings lead us to argue against the membrane
surface or midplane as specific sites for the location of
ubiquinone. Rather, for the majority of the time
ubiquinone appears to be located in the region formed

**% Short-range diffusion is defined to be <10 nm by Eisinger et
al. [60] and long-range diffusion is defined to be ~ um.
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by the acyl chains of the membrane where its lateral
and transverse diffusion is limited by the lateral diffu-
sion and transverse microviscosity gradient of the phos-
pholipids and where its lateral location can be affected
by cholesterol. Comparison of the D values of
phospholipid and ubiquinone in this study with our
previous studies on phospholipids, ubiquinone and re-
dox complexes in inner membranes leads us to hypoth-
esize that no appreciable portion of the inner mem-
brane ubiquinone population remains bound to redox
complexes for any significant length of time relative to
electron transport.

Material and Methods

Multibilayer (MBL) membranes for FRAP measure-
ments were prepared as described previously [32] using
premixed lipid/ fluorophore solutions (NBDHA-Q or
3,3'-dioctyldecylindocarbocyanine (Dil) as fluoro-
phore). The lipid/ fluorophore ratio of 4000/1 was
chosen to be sufficient for fluorescence studies, low
enough to eliminate membrane perturbation and no
greater than the actual mole fraction (0.01-0.02) of
ubiquinone in the inner mitochondrial membrane (cf.
Ref. 24). The sealed, hydrated MBL membranes were
attached to glass microscope slides and cycled several
times between 4 and 37°C prior to making FRAP
measurements [32]. SUVs in suspension for fluores-
cence measurements were prepared from premixed
lipid /NBDHA-Q (4000/1) solutions by hydration for
1-2 h at room temperature followed by sonication for
15 min at 24 W using a Branson Model 185 sonicator.

The fluorescent ubiquinone analogue, NBDHA-Q
(Fig. 1), was synthesized by Drs. C.-A. Yu and L.Q. Gu
(University Oklahoma, Stillwater, OK) as described
elsewhere [33]. This functional analogue when reconsti-
tuted in ubiquinone-depleted mitochondrial inner
membranes gives a ubiquinol-cytochrome ¢ oxido-
reductase activity of 6 umol oxidized/min per mg
protein [12]. Dil was obtained from Molecular Probes
(Eugene, OR). Dimyristoylphosphatidylcholine (DMP-
C) and cholesterol were purchased from Sigma (St.
Louis) or Applied Science (Deerfield, IL) and stored in
chloroform / methanol (1:1, v/v) and were used with-
out further purification. All chemicals were reagent
grade and water was double distilled and deionized.
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Fig. 1. Structural formula of the fluorescent ubiquinone, NBDHA-Q
(Q,C,9 NBDHA). See Yu et al,, [33].
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Fig. 2. Photomicrographs of DMPC MBLs all containing a NBDHA-Q: phospholipid ratio of 1:4000 (A) phase image; (B) polarized image; (C)

the fluorescent image of pure (cholesterol-free) DMPC MBLs. (D) DMPC plus 20 mol© cholesterol. fluorescent image; (E) DMPC plus 20

mol% cholesterol, polarized image: (F) DMPC plus 50 mole% cholesterol. fluorescent image. Temperature. 30°C. < 400 magnification. Note the
progressive displacement of NBDHA-Q fluorescence from the lamellar to the defect regions in Figs. 2C, D and F.

FRAP measurements were carricd out by standard laser was used for excitation of the fluorescent ana-
methods [34] using the instrument described in a previ- logues. Sample temperature was measured using a
ous publication [35]. The 488 nm line of the argon-ion Digitec thermometer and was controlled using a micro-



scope temperature stage coupled to a thermostated
water bath. Fluorescence recovery curves were ana-
lyzed by the method of Axelrod et al. [36].

Fluorescence spectra were obtained using a Perkin-
Elmer 650-40 spectrofluorometer. The appropriate ex-
citation wavelength for each sample was initially deter-
mined by the automatic scan mode of the instrument.
Slit width for the excitation and emission monochro-
mators were set at 2 nm. The sample temperature was
measured with a Sensortek thermometer in a ther-
mostated cuvette and was controlled by a Forma 2067
water bath. Microscopic observations were made using
a Zeiss WL microscope equipped with phase and fluo-
rescence optics and appropriate polarization filters. An
Olympus OM-2N camera operated in the automatic
exposure mode and Ektachrome ASA 400 film were
used for microphotography.

Comparisons were made by a first order approxima-
tion between the FRAP determined D of our fluores-
cent ubiquinone probe and the D predicted for differ-
ent sizes and shapes of the molecule based upon
diphenylhexatriene (DPH)-derived membrane viscosi-
ties. In this approach the membrane is approximated
as a continuous fluid and the diffusion of ubiquinone is
quasi-three-dimensional within the thin viscous sheet
of the membrane. There is no exact theory to currently
describe the hydrodynamic behavior of such a molecule
within the bilayer (e.g., Refs. 37, 38). The Saffman-Del-
briick treatment [39-41] typically used for membranes,
is only appropriate for the two-dimensional diffusion of
a cylinder that projects onto the bilayer surface in
contact with the aqueous phase. The Stokes-Einstein
approach has been used as an approximation for the
diffusion of small molecules within membranes {16,42].
On these bases we used the Stokes-Einstein equations
[43,44], probable molecular dimensions for Q,,, Q,
and NBDHA-Q adapted from Trumpower [45] and
viscosities reported by steady-state fluorescence polar-
ization measurements of DPH in DMPC bilayers as a
function of temperature [46] for these calculations. We
note that such derived viscosity measurements cannot
be considered exact for a number of reasons, e.g.,
greater anisotropic environment in the membrane com-
pared to solution.

Results

Two-dimensional distribution of NBDHA-Q in DMPC
MBL

Phase, polarized and fluorescence microscopy were
used to observe the effects of both NBDHA-Q and
cholesterol incorporation on MBL structure and to
ascertain the two-dimensional distribution of NBDHA-
Q in MBL. The incorporation of NBDHA-Q or choles-
terol did not alter the general appearance of the MBL
which exhibited typical homogeneous, multilamellar
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domains bordered by crystal defect (disordered-non-
lamellar) regions [47,48] (Fig. 2A,B). Below (or above)
the 7,, no evidence was seen for the type of large scale
defects in the multilamellar domains like those re-
ported by Schneider et al. [49] in the P,, membrane
phase. In the absence of cholesterol, NBDHA-Q exhib-
ited a strong and uniform fluorescence in the lamellar
domains and was virtually nonexistent in the defect
regions (Fig. 2C). At 20 mol% cholesterol the general
structure of the MBL was unaffected (Fig. 2E), but the
fluorescent NBDHA-Q decreased in the lamellar do-
mains and accumulated in the defect regions (Fig. 2D).
The amount of fluorescent NBDHA-Q in the defect
regions progressively increased commensurate with a
decrease in the lamellar domain fluorescence as the
cholesterol content was progressively increased until
most of the NBDHA-Q was present in the multibilayer
defect regions at 50 mol% cholesterol (Fig. 2F). These
results reveal that incorporation of cholesterol into the
bilayer causes the lateral displacement of NBDHA-Q
from the lamellar to the defect domains of MBL indi-
cating that the ubiquinone analogue is located in the
transverse domain of the bilayer occupied or affected
by cholesterol.

Transbilayer location of NBDHA-Q

The relative transverse location of the fluorophore
moiety of NBDHA-Q in the membrane was inferred
from the comparison of the wavelength of the emission
maximum for the fluorescence spectra (cf. Refs. 50, 51)
of NBDHA-Q in solvents having different dielectric
constants (polarities). NBDHA-Q in DMPC vesicles
gave rise to a single, narrow peak with an emission
maximum between 531-532 nm. This wavelength is
close to that found for the reference solvents ethanol
and methanol (Table I), but clearly not equivalent to
that seen in aqueous buffer (see also Table II [52]).
While it is not possible to precisely establish a location
of NBDHA-Q in the transverse plane of the membrane
bilayer from this data it is likely that its fluorophore
moiety was closer to the polar headgroups of the
phospholipids and its electron-transferring end, which
is functional in electron transport and must therefore
reach redox complex active sites, was closer to the
bilayer midplane *. Since water is known to penetrate
to at least C-2 of the fatty acyl chains [53], it is likely
that the fluorophore was positioned proximate to C-2.

* The thlckness of a bilayer is generally considered to be on the
order of 50 A and of that approx. 35 A constitutes the acyl chain
(hydrocarbon) region [73, 704] Given such dimensions, a nearly
linear molecule [45] ~ 30 A long oriented roughly parallel to the
acyl chains [70] with one (fluorescent) end nearer the polar head-
groups would have to have its opposite end closer to the bilayer
midplane, or else it must project out of the bilayer and would be
nonfunctional in electron transport.
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Likewise, the diffusion studies discussed below indicate
a- ubiquinone location internal in the bilayer. We also
determined that the fluorophore moiety of NBDHA-Q
retained the same relative transverse location in the
membrane irrespective of temperature. This follows
from the observations that the emission maxima (Table
1), relative intensity and peak width at half-height for
the fluorescence spectra of NBDHA-Q (data not
shown) were essentially unchanged at a range of tem-
peratures both above and below the phase transition of
the DMPC membrane. Thus, based on fluorescence
emission criteria, we conclude that NBDHA-Q is inter-
nal in the bilayer with the fluorophore moiety of the
molecule closer to the phospholipid polar headgroups
such as the C-2 region of the acyl chains and the
electron transferring end closer to the bilayer mid-
plane.

NBDHA-Q and phospholipid diffusion in DMPC MBL
The D values for NBDHA-Q and phospholipid
(DiI) in pure DMPC MBL determined by FRAP were
found to be virtually the same at temperatures at or
above the T, (23.7°C) of the membrane bilayer (Fig. 3).
Diffusion was rapid above the T,, with both D values
at 4.8-107% cm?/s at 32°C. An approximate 150-fold
drop in the D values was observed from 32 to approx.
23°C. At temperatures below 23.7°C the D values
decreased further with the D values of phospholipid

TABLE 1
Fluorescence characteristics of NBDHA-Q

Medium ? Emission  Temperature Dielectric
(Max. nm.) constant (20° C)
Hexane 507 23 1.89
Benzene 512 23 2.284
Ethanol 528 23 243
Methanol 532 23 33,63
H 4 isolation
mediuim P 554 23 -
Water - 80.37
DMPC ¢ 532 30
532 20
532 19
531 16.6
531 14.8
532 145°¢
Mitochondrial
inner membrane ¢ 531 23

? 0.16 uM NBDHA-Q (Q,C;,NBDHA).

® 40 mosM mitochondrial isolation medium made as 7.5-fold dilution
of 220 mM mannitol, 70 mM sucrose and 2 mM Hepes without
bovine serum albumin at pH 7.4.

¢ After 25 min at temperature.’

¢ Main phase transition temperatures are 23.7°C for DMPC vesicles
and —4°C for mitochondrial inner membranes. At each tempera-
ture the membranes were allowed to temperature equilibrate for
10 min prior to the initial reading. A 4000 DMPC:1 NBDHA-Q
ratio was used in the vesicles.
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Fig. 3. Comparison of ubiquinone and phospholipid diffusion as a
function of temperature in MBL. FRAP-determined D values of
NBDHA-Q (®) and Dil (m) in pure DMPC MBLs.

decreasing on average, 7-fold lower than that for
NBDHA-Q. We believe that the higher D values for
NBDHA-Q compared to phospholipid below the 7, in
pure DMPC reflects a location for NBDHA-Q closer
to the bilayer midplane compared to the phospholipid
headgroups. We found the fluorescence recovery of
NBDHA-Q and phospholipid to be essentially com-
plete and unicomponent at all temperatures studied
indicating that the mobile fractions of both diffusants
were approx. 100% of their respective populations. We
also found no significant FRAP-detectable, tempera-
ture-induced change in the NBDHA-Q fluorescent in-
tensity in MBL prior to photobleaching, indicating that
NBDHA-Q remained in the lamellar domains at all
temperatures studied. Thus, there was only one de-
tectable uniformly mobile population for both
phospholipid and the ubiquinone analogue indicating
no significantly faster or slower diffusants in the re-
spective populations or displacement of ubiquinone
into the crystal defect regions of the MBL. We con-
clude that in the liquid crystalline membrane bilayer
both ubiquinone and phospholipid are highly mobile,
homogeneous diffusants with like D values.

NBDHA-Q diffusion in DMPC / cholesterol MBL

D values for NBDHA-Q in DMPC MBL progres-
sively decreased above the T, and increased below the
T,, when cholesterol was progressively increased in the
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Fig. 4. Effect of cholesterol content and temperature on FRAP-de-
termined D values of NBDHA-Q diffusion in MBL. 0 mol% choles-
terol (@), 20 mol% cholesterol (M), 50 mol% cholesterol (O).

MBL from 0 to 50 mol% (Fig. 4). Thus cholesterol
diminished the abrupt shift in D values of Q at the T,
(c.f. Figs. 3 and 4) which indicated again that NBDHA-
Q is located proximate to cholesterol in the bilayer.
Such temperature-dependent trends are consistent with
similar cholesterol studies [32,54,55]. The fluorescent
intensity of NBDHA-Q in the lamellar regions moni-
tored by FRAP measurements decreased concomitant
with the increase in MBL cholesterol content. This
finding was in concert with our photographic results
(Figs. 2C, D and F) and indicated that ubiquinone was
progressively excluded from the lamellar bilayer re-
gions with increasing amounts of cholesterol. Yet in all
instances in the cholesterol/DMPC bilayers, fluores-
cence recovery of the NBDHA-Q that remained in the
lamellar regions was essentially complete, indicative of
an approx. 100% mobile fraction, and unicomponent,
indicative of a single pool without distinctly fast and
slow diffusant populations. These results indicated
again that ubiquinone is located in the cholesterol
region of the bilayer where direct or indirect physical
interactions between NBDHA-Q and cholesterol can
occur.

Diffusion of NBDHA-Q related to bilayer viscosity
Using Stokes-Einstein equations as a first approxi-
mation (see Materials and Methods) a reasonable
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agreement was noted for the D of NBDHA-Q detero-
mined by FRAP and the D predicted for a 30 X 6 A
long rod shape from DPH-derived viscosities in DMPC
over a range of temperatures (Fig. 5). The long rod
shape is considered the preferred shape for ubi-
quinones (e.g., Refs. 33, 45, 56) with the size based
upon CPK molecular models [45]. A reverse approach
of calculating approximate viscosities based upon
FRAP-determined D values yielded similar agreement
{data not shown). (The Stokes-Einstein equations are
not valid below the membrane T, since in the gel-state
lipids the basic hydrodynamic assumptions are physi-
cally incorrect. Hence, such fittings, although mathe-
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Fig. 5. Comparison of D values determined by FRAP or calculated
for various shapes based on DPH-derived viscosities as a function of
temperature at and above the T,, (~ 23°C) in DMPC bilayers. D for
NBDHA-Q determined by FRAP. DPH viscosites from Lentz et al.
[37]. Ubiquinone dimensions derived from Trumpower [45], Qo
approx. 56 X6 A and Q; and NBDHA-Q approx. 30X 6 A in size.
Calculations carried out per Methods substituting ‘the. appropriate
expression for the frictional coefficient, f, into the equation D=
kT /f, where k= Boltzman constant and T = temperature, =
viscosity, @ = major axis or radius, e.g., fsphere = 67na. FRAP-de-
termined D for NBDHA-Q (0) determined by FRAP. D calculated
based on DPH-derived DMPC bilayer viscosity for 50 A sphere (o),
21 A sphere (), 21%6 A prolate ellipsoid (2), 21X5 A prolate
ellipsoid (a),30%x6 A prolate ellipsoid (@), 2{X6. A long rod (@),
30%x6 A long rod (®), 21 A disk edge-on (X), 21 %6 A prolate
ellipsoid length-wise (+). Note that calculations of D values for a
longer rod-shaped ubiquinone, 56 X6 ;\, from DPH-derived viscosi-
ties yielded the same shaped plot as for the shorter rod-shaped
ubiquinones shown here, but offset slightly to'lower D values.
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matically calculable, are not presented in Fig. 5.) Based
upon these calculated agreements between D values
and viscosity it can be concluded that our FRAP-de-
termined, near identical D values for ubiquinone and
phospholipid are accurate values and are a reflection
of the common viscosity of the fluid DMPC lipid
bilayer through which both Q and phospholipid must
diffuse.

Discussion

Diffusion of ubiquinones, phospholipids and lipids in
model membranes

Our finding that the D values for phospholipids and
ubiquinones are virtually the same in liquid-crystalline
(T'>T,) pure lipid bilayer membranes and that both
are capable of long-range diffusion agrees with our
earlier studies which revealed similar D values for
NBDHA-Q and phospholipid in the 10™° ¢cm?/s range
and long-range diffusion in the protein-dense mito-
chondrial inner membrane [11-14]. This finding for the
D values of lipoidal molecules is in agreement with
other studies on diffusion in liquid-crystalline mem-
branes [32,48,55,57]. This finding is also consistent with
the self-diffusion-like nature of ubiquinone diffusion,
i.e., since the phospholipids are in essence a solvent for
proteins and lipoidal molecules, similarly sized
molecules such as ubiquinones and phospholipids
should diffuse at the same rate [48,57-60). The fact
that the D of NBDHA-Q decreased above 7,, and
increased below T, with increasing cholesterol content
in the bilayer clearly indicates that NBDHA-Q is inte-
gral to the bilayer, interacting with the phospholipid
acyl chains in a transverse bilayer location affected by
cholesterol and diffusing at a rate similar to the phos-
pholipids above the 7.

The similarity in D values of Q and phospholipid is
supported by our experimentally based theoretical cal-
culations on the relationship of viscosity and D in the
DMPC bilayer. We found that the apparent viscosity
derived from DPH measurements in the phospholipid
bilayer, which reflect the local environment affecting
DPH motions, could be used to reasonably predict the
D values for NBDHA-Q. By using a range of tempera-
tures to give a range of viscosities, we determined that
the classically preferred long rod shapes for
ubiquinones best fit our FRAP data. The agreement
we noted between D values predicted by the apparent
viscosity and reported by FRAP reflects the common
viscosity through which both phospholipid and
ubiquinone must diffuse. In contrast, the DPH and
NBDHA-Q determinations do not agree with the D
values at 25°C in the 107® cm?/s range and the resul-
tant approx. 0.05 P viscosity based on the criteria of
Lenaz and Fato [17] and Fato et al. [16]. This low
viscosity calculated by these investigators using the

Stokes-Einstein equations was thought by them to re-
flect a location for ubiquinone exclusively in the bilayer
midplane. However, others [4,20,28,29,33,45,61-67] and
Lenaz [16,17] on structural, kinetic and physical
grounds reported that ubiquinone must access regions
near the phospholipid polar headgroups where effec-
tive viscosities are greater than at the bilayer midplane
[19]. In addition, we note that the presence of function-
ally required integral proteins in mitochondrial inner
membrane would increase the effective membrane vis-
cosity, further decreasing the rate of long-range lateral
diffusion in the inner membrane [14]. Therefore, our
results that both NBDHA-Q and phospholipids experi-
ence the same environment, hence the similar D val-
ues (~3-107% cm?/s in lipid model membrane and
~4-107? in native inner membrane), are compatible
with electron transport requirements.

Recently Ferguson-Miller and coworkers [52,68]
used a different fluorescent ubiquinone having the
NBD fluorophore attached to the quinol ring of
ubiquinone-10 which was shown to partition in the
bilayer interior of both phospholipid and mitochondrial
inner membranes. in close agreement with our results,
their NBD-Q,, had D values at 25°C of 3-107° and
1.1-107% cm?/s in mitochondria and lipid (asolectin)
vesicles, respectively, virtually the same as for the D
values of their NBD-PE phospholipid probe. In agree-
ment with our findings that the fluorophore moiety of
our Q probe was located in the acyl chain region of the
membrane, their fluorescence emission maxima data
showed NBD-PE (fluorophore in headgroup region) at
537 nm and their Q probe was at 529 nm (fluorophore
in acyl chain region). Since, our shorter chain, func-
tional NBDHA-Q, their longer chain NBD-Q,; and
the bilayer phospholipids all have the same D values
for a particular membrane, it must be concluded that
native ubiquinone most likely diffuses in the low 10~%
cm? /s range in model membranes and in the mid 10~°
cm? /s range in mitochondrial inner membranes.

Our FRAP-determined, unobstructed, long-range D
values in pure phospholipid in theory should be the
same as that determined by an accurate short-range
method. However, in contrast to our findings, Lenaz
and co-workers [15-17] using a FQ based approach,
estimated short-range D values for ubiquinones in the
107° cm? /s range. Consequently, their studies are not
in agreement with our conclusion that the diffusion-
based collisions of ubiquinone with its redox partners
in the native inner membrane is rate-limiting for maxi-
mum rates of mitochondrial electron transport. We
have discussed elsewhere [13,65] the problems with and
the relevance of, the FQ approach in the estimation of
D values which yields values orders of magnitude higher
than that determined by FRAP and other techniques.
We have also shown that functionally mitochondrial
electron transport must be a long-range process {14].



Recently, an experimental and theoretical analysis of
the FQ approach [69] has led Lenaz and co-workers
[18] to revise their D values downward by an order of
magnitude to the 1077 c¢m?/s range, closer to the
values we report for D values in protein-free mem-
branes, but in our opinion still an order of magnitude
too high. Following Lenaz and coworkers’ reasoning,
shorter chain Q,,s which are located closer to the more
viscous polar headgroup region and oriented parallel
to the lipid acyl chains [20,27,70] would be expected to
have lower D values than Q,, which they hypothesized
is oriented parallel to and located in the highly fluid
bilayer midplane. However experimentally they found
only a approx. 3—4-fold range of D values with Q,
being the highest and Q,, the lowest [16]. Thus, the
relationship among the experimental D values re-
ported by Lenaz tends not to support the exclusive
bilayer midplane location, rather we believe it tends to
support the FRAP-based findings in which the shorter
chain NBDHA-Q probe and the long chain NBD-Q,,
probe diffuse at the same rate consistent with the
viscosity of the phospholipids in which they reside.

The relationship of ubiquinone location, diffusion and
kinetics

Our results on ubiquinone’s diffusion and location
(i.e., the acyl chain region) in model membranes are
consistent with our earlier reports on the fundamental
significance of ubiquinone diffusion in mitochondrial
electron transport which showed that (1) multi-re-
doxcomponent electron transport rates are affected by
the density and distribution of the redox components
in the inner membrane [7-10], (2) electron transport is
a multicollisional, obstructed, long-range, diffusional
process [14] and (3) the diffusion-based collisions of
ubiquinone with its redox partners is a rate-limiting
step [13). Kinetic and ultrastructural studies showed
that cholesterol incorporation into the mitochondrial
inner membrane induces clustering of the integral pro-
teins thereby increasing electron transport rates [9].
The similar effect of cholesterol on the diffusion and
distribution of ubiquinone in the present study and of
integral proteins in our earlier study [9], coupled with
the functional requirement of ubiquinone for a low
resistance to motion in the inner membrane [14], may
well explain the observed absence of cholesterol from
the native inner membrane.. In addition, analogous to
the treatment of Jacobson et al. [71] for a transiently
bound diffusant, we hypothesize that our FRAP results
showing that ubiquinones have the same D as
phospholipids in two different environments, unob-
structed diffusion in pure phospholipid membranes
(~3-107% cm?/s at 25°C) and obstructed diffusion in
mitochondrial inner membranes (~4-107° cm?/s)
[14], but not the same D for proteins in inner mem-
branes (~4-1071° cm?/s) [12,14], indicate that no
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significant portion of the ubiquinone population re-
mains bound to redox complexes for any significant
length of time relative to that for electron transport.

A transbilayer electron transport capability for al-
most all ubiquinone homologues in model membranes
has been shown by others [27,61,62,72] which suggests
a capability for transbilayer diffusion and/or marked
oscillation of the ubiquinone headgroup in addition to
the lateral diffusion we report. Transbilayer excursions
of ubiquinone are required for shuttling reducing
equivalents to opposite sides of the bilayer as required
in the Q-cycle [4] and possibly to interact with redox
component active sites [67]. It would appear that
ubiquinones must experience a significant portion of
the total volume in the membrane bilayer in order to
carry out bioenergetic functions. These functional stud-
ies are supported by our present findings but are in
conflict with some physical studies in model mem-
branes arguing for a separate or ubiquinone-rich phase
at the bilayer midplane (e.g., Refs. 22, 23).

Based on our diffusion and fluorescence studies we
ascribe a location to ubiquinone that is integral to the
bilayer and interacting with the phospholipid acyl
chains below C-2. This may be an equilibrium position
that is isoprenoid chain-length dependent but allowing
ubiquinone to oscillate across the membrane midplane
to experience a large fraction of the total membrane
volume, as suggested by our approximate diffusion-
viscosity calculations. Such a concept is consistent with
the fact that ubiquinones like Q; and longer are all
capable of restoring high rates of electron transport to
ubiquinone-depleted mitochondria [56]. We have not
detected a separate or ubiquinone-rich phase in the
cholesterol-free inner membrane or pure DMPC MBL.
In these contexts our findings are in concert with the
report of Stidham et al. [24], who found (1) no
ubiquinone-induced *C NMR-detectable perturbation
of the terminal acyl carbons, (2) no freeze fracture
electron microscopy-detectable change in the Py, phase
appearance of the DMPC bilayer midplane and (3) no
modification of the membrane’s X-ray diffraction angu-
lar reflections. The agreement of our findings with
those of Stidham et al. for ubiquinone’s membrane
behavior versus a separate or ubiquinone-rich phase in
other physical studies {20-23,25,26-31] is that the lat-
ter used very high ubiquinone concentrations, €.g.,
0.05-0.50 mol fraction, in order to make their physical
measurements, compared to the actual 0.01-0.02 mol
fraction in the inner membrane. High concentrations
alone may be the reason for a finding of a separate or
ubiquinone-rich phase in these studies. Consistent with
the Random Collision Model and the bioenergetic
functions of ubiquinone, we believe the data collec-
tively indicate that ubiquinone is highly mobile, trans-
versely as well as laterally, in the fluid phospholipid
milieu of the membrane bilayer.
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