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We consider three models of cholesterol distribution in the plane of a bilayer of DMPC. We analyse recent
2H-NMR data obtained from deuterated fluorescent probes and show that, on the characteristic time-scale
of 2H-NMR, it is in accord with a random distribution of cholesterol in a fluid-like DMPC bilayer in a

single phase at least for T > 35°C and for 0 < ¢ <0.42

In the last 15 years considerable effort has gone
into studying the thermodynamics of cholesterol
in lipid bilayer membranes (see, for example, Refs.
1-11), and attempts have been made to deduce
the distribution of cholesterol in the plane of the
bilayer from an analysis of some of these measure-
ments. Some of the conclusions have been only
semi-convincing because to the complexity of what
was being measured. Thus, for example the ques-
tion of the resolution of differential scanning
calorimetry measurements into two or more peaks
[4,5,12] together with improved measuring capabil-
ity has not shed substantial light on the proposals
regarding lipid-cholesterol complexes [2,10,13-15]
while the analysis of Hoffman et al. [16] is com-
plicated, in the case of cholesterol, by questions
concerning the dependence of lifetimes upon
cholesterol concentration.

Recently, ZH-NMR spectra were obtained for a
*H-labeled fluorescent probe, 1,6-diphenyl-1,3,5-
hexatriene (DPH) reconstituted in dimyristoyl-
phosphatidylcholine (DMPC) multilamellar bi-
layers containing cholesterol [17]. These spectra
were analysed in terms of an ordering matrix as a
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function of cholesterol concentration, ¢, for vari-
ous temperatures, T, greater than the pure lipid
main transition temperature, 7. = 23°C. Results
were reported for a wide range of cholesterol
concentration (0 < ¢ < 0.5), and it is our intention
in this report to analyse these results by consider-
ing different models of cholesterol distribution in
the plane of the bilayer, We will show that the
experimental data for the order parameters offers
support for the view that cholesterol is randomly
distributed in a single homogeneous phase for the
range of temperatures considered here.

The distribution of cholesterol in the plane of
the bilayer can be characterized by a set of prob-
abilities { p,(T, ¢)} for finding a lipid hydro-
carbon chain in an environment labelled 4. The
first question to consider is how many phases
there might be for 7> 7. All recent evidence
suggests that for 0 <¢<0.42 and for T>35°C
the DMPC-cholesterol bilayer is in a single phase
[6,17-19] and that this single phase may extend to
lower values of T> T especially at lower values
of c¢. The strongest evidence for this comes from
the work of Knoll et al. [19] using the inverse
contrast variation technique. They find that at
T'=35°C, ¢=0.42 there is only a slight hetero-
geneity. It is possible that this heterogeneity is
masked by fast lateral diffusion of the DPH mole-
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cules on the time-scale of H-NMR measurements
[17]. That these measurements [17] can be fitted
by a line-shape appropriate to a single phase is in
accord with the existence of an apparent single
phase, on the ?H-NMR time-scale, for 0 < ¢ < 0.5
and T2 25°C. The second broad (high-tempera-
ture) peak in DSC measurements is at a maximum
at ¢=0.16 and is not significant above about
28°C. We therefore assume that we are dealing
with a single phase, at least for 7> 35°C.
Accordingly, if we denote by S,4(7, ¢) the
measured average value of the «,B-component of
an order parameter tensor at temperature 7' and
cholesterol concentration ¢, then we can write

Sup(To €)=Y pa(T, ¢)S,p(A. T, c) 1)
A

where S,5(A, T, ¢) is the average value of that
component of the order parameter in environment
A. Such an averaging is justified by the fact that
the characteristic time-scale of *H-NMR is ap-
prox. 107> s during which each DPH molecule
should experience most environments. Clearly,
without a knowledge of S,4(4, T, ¢) it is not
possible to decide which distribution best de-
scribes the case of cholesterol. We shall consider
three models: (a) the Random model in which the
cholesterol molecules are randomly distributed in
the bilayer; (b) the Repulsive model in which no
two cholesterols may be adjacent; (c) the 1:1
Complex model in which one lipid molecule is
bound, in some sense, to each cholesterol [10,14].
The complexes are then randomly distributed in
the plane of the bilayer. We assume that the DPH
molecules are distributed like those liptd hydro-
carbon chains in the plane of the bilayer which are
not part of a complex. Although they are shorter
than chains and are more rigid, they have ap-
proximately the same cross sectional area (per-
pendicular to the long axis) as hydrocarbon chains
in their fluid state in a bilayer.

We will consider models of cholesterol distri-
bution in which we distinguish only two environ-
ments: Environment 0 where a DPH molecule has
only lipid chains as its nearest neighbours and
environment 1 where it has at least one cholesterol
or one complex as its nearest neighbour. We as-
sume that because of the extended nature of DPH
only one adjacent cholesterol or complex is suffi-

cient to determine S 4(1, 7, ¢) and that so strong
is the effect of cholesterol or complex that this
quantity is independent of ¢. We than have

Sap(T, ¢) =S“B(O, T, c)po(c)+ Sep(1, TY(— po(c)) (2)

where p,(c) is the probability that a DPH mole-
cule has zero cholesterols or complexes adjacent to
it. This kind of model has been successfully used
to study protein lateral distribution in lipid bi-
layers [16,20,21].

We have used a lattice model to evaluate the
probabilities [20,21]. We represent the plane of
one half of the bilayer by a triangular lattice each
site of which can be occupied by a lipid hydro-
carbon chain, a cholesterol molecule or a DPH
molecule. A 1:1 complex occupies three such
sites. In the case of the Random model we have

P () =(1-x)°, x=c/(2—¢) (3)

In the case of the Repulsive model we have been
unable to obtain an analytic expression for p{*(¢)
and have evaluated it using computer simulation
as described elsewhere [20]. In the case of the 1:1
Complex model we assume that DPH molecules
may not replace either of the lipid chains which
are bound to a cholesterol. This does not neces-
sarily imply that there cannot be exchange of
lipids which are bound to a cholesterol. We then
have, to at least a very good approximation, [20].

ey =(1—x)°. x=c¢/(2-3¢c) C))

Before presenting our results it is appropriate
to comment on the models. Although earlier re-
sults were analysed in terms of the Random model
[16] it was necessary to make assumptions about
the behaviour of various quantities and, from an
inspection of the figure showing the analysis (Fig.
2A in Ref. 16), there are suggestions that the
random distribution does not account for the
cholesterol data as well as it does for the data of
other molecules (Figs. 2B, C in Ref. 16). The
Repulsive model will have six lipid hydrocarbon
chains adjacent to each cholesterol which is simi-
lar to the model of Engelman and Rothman [2]. It
can be argued that lipid hydrocarbon chains in a
fluid phase, even at high cholesterol concentra-
tions will project an area onto the plane of the
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SQP(O,T, C)

Fig. 2. §,.(0, T, c) for the 1:1 Complex model. The tempera-

tures are (a) 25°C, (b) 30°C, (c) 35°C, (d) 40°C, (e) 45°C,

(f) 50°C, (g) 55°C. For comparison, S,,(0,7,c) for the Ran-
dom model is shown for 25° C (h).

bilayer greater than approx. 18 A?, the all-trans
area, assumed in Ref. 2 so that about six chains is
a more appropriate number than seven [2]. An
appealing aspect of the Repulsive model arises
from the fact that we are not aware of any reports
suggesting that substantially more than 50 mol%
(¢ = 0.5) of cholesterol can be incorporated into a
DMPC bilayer. If no two cholesterols can be
adjacent then the maximum number of cholesterols
which can be thus placed on a triangular lattice
corresponds to ¢ =0.5. The approximate maxi-
mum concentration can, thus, be accounted for by
this single assumption though there are sugges-
tions that the maximum may be ¢ =043 [19].
There is little point in studying models in which
the cholesterols are constrained to be further apart
because cholesterol concentrations up to 50 mol%
would not be permitted in such models, contrary
to observation.

Instead of trying to model the behaviour of
8,50, T, c) we have simply inserted the observed
experimental value for S,,(7T, ¢) [17] on the left-

hand side of Eqn. 2 and, using our calculated
probabilities, solved for S,4(0, T, ¢). We have in-
terpolated the published measurements as best we
could to obtain values at ¢ = 0.4 and ¢ = 0.45, and
extrapolated to ¢ = 1.0 to obtain S_4(1, 7, 1.0) for
the Random model. There are not substantial
errors in our estimates. The results of choosing
Sep(T, ¢) to be SEA(T, ¢), SE(T, ¢) or SE(T, ¢)
(Table II in Ref. 17) for two models are shown in
Fig. 1A (Random) and Fig. 1B (Repulsive) where
SP, T, c), SH(O, T, c) and SE(O, T, ¢) are
plotted. Fig. 2 shows a plot of S2(0, 7, ¢) for the
1:1 Complex model. It will be recalled that these
are the order parameters of a DPH molecule which
is adjacent only to lipid hydrocarbon chains. The
fact that the hydrocarbon chains can be ‘stiffened’
by the presence of cholesterol leads to the ¢ de-
pendence.

It is clear that only the Random model gives
reasonable value for the quantities plotted. That
an increasing concentration of cholesterol would
cause these quantities to decrease (or increase) to
the extent that the Repulsive or the 1:1 Complex
models yield, is implausible. It is for this reason
that we have plotted only one component in the
case of the Complex model. In the case of the
Random model, note that for 7 z 35°C
SP(0, T, ¢) is approximately constant (except at
55°C) for a range of ¢, as ¢ increases from 0, and
that this range gets larger as T increases. This is
followed by an increase in that order parameter.
Analogous behaviour is seen in the other two
components. This behaviour is similar to that re-
ported for lateral diffusion coefficients [8] and
viscosity [22]. Although for higher temperatures,
the DPH order parameters for the Random model
appear to decrease (or increase) for 0 < ¢ < 0.3, we
are not convinced that this should be taken too
seriously, Our models in which there are only two
environments considered must be the simplest
possible. On the other hand it is difficult to imag-
ine how a refining of the Repulsive or 1:1 Com-
plex models could change the results where such
extreme decreases of the order parameters are
manifested.

We conclude, then, that the results of recent
2H-NMR studies [17] are in favour of cholesterol
being randomly distributed in the plane of a
DMPC bilayer above T=T_, at least for T2



35°Cand 0 £ ¢ £0.42. For T = 25°C, where there
may be phase separation, we are not willing to
commit ourselves to a conclusion.

We thank Janet Burke for her assistance with
these studies. This work was supported by NSERC
of Canada.
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