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ABSTRACT: Cholesterol is the most representative sterol present in vertebrate membranes and is the end
product of the long and multistep sterol biosynthetic pathway. 7-Dehydrocholesterol (7-DHC) and
desmosterol are the immediate biosynthetic precursors of cholesterol in the Kandutsch-Russell and Bloch
pathway. In this article, we have monitored the effect of cholesterol and its two immediate biosynthetic
precursors on biophysical and dynamic properties of fluid and gel phase membranes. Toward this goal,
we have used fluorescent membrane probes, DPH and TMA-DPH, and the hydrophobic probe, pyrene.
Our results using these probes show that although both 7-DHC and desmosterol differ with cholesterol in
one double bond, they exhibit differential effects on membrane organization and dynamics. Importantly,
we show that the effect of cholesterol and desmosterol on membrane organization and dynamics is similar
in most cases, while 7-DHC has a considerably different effect. This demonstrates that the position of the
double bond in sterols is an important determinant in maintaining membrane order and dynamics. These
results assume relevance since the accumulation of cholesterol precursors have been reported to result in
severe pathological conditions.

Cholesterol is an essential constituent of eukaryotic
membranes and plays a crucial role in membrane organiza-
tion, dynamics, function, and sorting (1, 2). It is often found
distributed nonrandomly in domains or pools in biological
and model membranes and is thought to contribute to a
segregated distribution of membrane constituents (1–3).
Cholesterol is proposed to maintain a laterally heterogeneous
distribution of lipids and proteins on the plasma membrane
because of its putative role in inducing domains such as lipid
rafts (4). Many of these domains are believed to be important
for the maintenance of membrane structure and function.
Such membrane domains have been implicated in important
cellular functions such as signal transduction (5) and entry
of pathogens into the cell (6).

Cholesterol is the most representative sterol present in
vertebrate membranes and is the end product of the long
and multistep sterol biosynthetic pathway. There are two
major pathways for cholesterol biosynthesis, the Kandutsch-
Russell (7) and Bloch (8) pathways. Konrad Bloch speculated
that the sterol biosynthetic pathway parallels sterol evolution
(the Bloch hypothesis). According to this hypothesis, cho-
lesterol has been selected over a very long time scale of
natural evolution for its ability to optimize certain physical
properties of eukaryotic cell membranes with regard to
biological functions (8). Cholesterol precursors should

therefore have properties that gradually support the cellular
function of higher organisms as they progress along the
pathway toward cholesterol. Defects in the cholesterol
biosynthetic pathway have been identified with several
inherited metabolic disorders (9). Comparative studies of the
effects of cholesterol and its evolutionary precursors on
membranes therefore assume significance.

7-Dehydrocholesterol (7-DHC1) is an immediate biosyn-
thetic precursor of cholesterol in the Kandutsch-Russell
pathway and is reduced to cholesterol in the final step by
the enzyme 3�-hydroxy-steroid-∆7-reductase (7-DHCR).
7-DHC differs with cholesterol only in a double bond at the
7th position in the sterol ring (see Figure 1) (10). Desmosterol
is the immediate biosynthetic precursor of cholesterol in the
Bloch pathway and differs with cholesterol only in a double
bond at the 24th position in the flexible alkyl side chain
(Figure 1). Desmosterol is converted to cholesterol in the
final step of the pathway by the enzyme 3�-hydroxy-steroid-
∆24-reductase (24-DHCR). Interestingly, it has been recently
reported that mice lacking cholesterol (strictly speaking, a
low cholesterol, high desmosterol Dhcr24-/- knockout mouse
model) are viable and exhibit a mild phenotype (they are
smaller in size and are sterile) (11). These results are
somewhat surprising since it is believed that cholesterol is
an exceedingly fine-tuned molecule, perfected over millions
of years of evolution, in order to optimize its biological
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function. Previous studies have shown that structural features,
such as an intact alicyclic chain, a free 3�-OH group, a planar
∆5(6) double bond, angular methyl groups, and a branched
7-carbon alkyl chain at the 17�-position, have all been found
to be necessary for the complex biological function displayed
by cholesterol (12–15). Close structural analogues of cho-
lesterol, such as ergosterol, are known to give rise to
membrane properties that are markedly different from those
observed in membranes containing cholesterol (16, 17). A
consequence of this fact is that the function of membrane
proteins, supported by cholesterol, is often not maintained
even with close analogues of cholesterol. For example, sterols
that differ from cholesterol only in a double bond have been
shown to exhibit different lateral pressure profiles (18) and
are not able to support the function of membrane receptors
that require cholesterol (19, 20). In addition, it has been
reported that the activity of inward-rectifier K+ channels is
modulated even by optical isomers of cholesterol, thereby
exemplifying the specificity of interaction (21).

Keeping in mind the importance of comparative studies
of the effects of cholesterol and its precursors on membrane
properties, in this work, we have monitored the effect of
cholesterol and its two immediate biosynthetic precursors
(7-DHC and desmosterol) on the biophysical and dynamic
properties of fluid (POPC) and gel (DPPC) phase membranes.
For this, we have used fluorescent membrane probes, DPH
and TMA-DPH, and the hydrophobic probe, pyrene. Our
results using these probes show that although both 7-DHC
and desmosterol differ with cholesterol in a double bond,
they exhibit differential effects on membrane organization
and dynamics.

EXPERIMENTAL PROCEDURES

Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), cholesterol, 7-dehydrocholesterol (7-DHC), des-
mosterol, and pyrene were obtained from Sigma Chemical
Co. (St. Louis, MO). 1,2-Dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) were purchased from Avanti Polar
Lipids (Alabaster, AL). 1,6-Diphenyl-1,3,5-hexatriene (DPH)
and 1-[4-(trimethylammonio)phenyl]-6-phenyl-1,3,5-hexatriene
(TMA-DPH) were from Molecular Probes (Eugene, OR).
Lipids were checked for purity by thin layer chromatography
on silica gel precoated plates (Sigma) in chloroform/
methanol/water (65:35:5, v/v/v) and were found to give only
one spot in all cases with a phosphate-sensitive spray and
on subsequent charring (22). The concentration of DPPC and
POPC was determined by phosphate assay subsequent to total
digestion by perchloric acid (23). DMPC was used as an
internal standard to assess lipid digestion. The concentration
of the stock solution of DPH, TMA-DPH, and pyrene in
methanol was estimated from their respective molar absorp-
tion coefficients (ε) of 88,000 M-1 cm-1 at 350 nm for DPH
and TMA-DPH and 54,000 M-1 cm-1 at 335 nm for pyrene.
All other chemicals used were of the highest purity available.
The solvents used were of spectroscopic grade. Water was
purified through a Millipore (Bedford, MA) Milli-Q system
and used throughout.

Sample Preparation. All experiments were done using
large unilamellar vesicles (LUVs) of 100 nm diameter of
either POPC or DPPC containing increasing concentrations
(0–50 mol %) of a given sterol (cholesterol or 7-DHC or
desmosterol) and 1 mol % fluorescent probe (DPH, TMA-
DPH, or pyrene). In general, 640 nmol of total lipid
(phospholipid and sterol) and 6.4 nmol of fluorescent probe
were mixed well and dried under a stream of nitrogen while
being warmed gently (∼35 °C). After further drying under
a high vacuum for at least 3 h, the lipid mixture was hydrated
(swelled) by adding 1.5 mL of 10 mM sodium phosphate,
150 mM sodium chloride at pH 7.4 buffer, and each sample
was vortexed for 3 min to uniformly disperse the lipids and
form homogeneous multilamellar vesicles. The buffer was
always maintained at a temperature well above the phase
transition temperature of the phospholipid used as the vesicles
were made. The lipids were therefore swelled at a temper-
ature of 40 °C for POPC and 60 °C for DPPC samples. LUVs
of 100 nm diameter were prepared by the extrusion technique
using an Avestin Liposofast Extruder (Ottawa, Ontario,
Canada) as previously described (24). Briefly, the multila-
mellar vesicles were freeze–thawed five times using liquid
nitrogen to ensure solute equilibration between trapped and
bulk solutions, and then extruded through polycarbonate
filters (pore diameter of 100 nm) mounted in the extruder
fitted with Hamilton syringes (Hamilton Company, Reno,
NV). The samples were subjected to 11 passes through
polycarbonate filters to give the final LUV suspension.
Background samples were prepared the same way except
that the fluorescent probe was not added to them. The optical
density of the samples measured at 358 nm was less than
0.15 in all cases, which rules out any possibility of scattering
artifacts in the anisotropy measurements. Samples were
incubated in the dark for 12 h at room temperature (∼23
°C) for equilibration before measuring fluorescence. All

FIGURE 1: Chemical structures of the sterols used. 7-Dehydrocho-
lesterol and desmosterol are immediate biosynthetic precursors of
cholesterol in the Kandutsch-Russell (7) and Bloch (8) pathways,
respectively. 7-Dehydrocholesterol differs with cholesterol only in
a double bond at the 7th position in the sterol ring, and desmosterol
differs with cholesterol only in a double bond at the 24th position
in the flexible alkyl side chain (highlighted in their chemical
structures).
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experiments were done with multiple sets of samples at room
temperature (∼23 °C).

Steady State Fluorescence Measurements. Steady state
fluorescence anisotropy measurements were performed with
a Hitachi F-4010 spectrofluorometer using a Hitachi polar-
ization accessory. Quartz cuvettes with a path length of 1
cm were used. For monitoring DPH and TMA-DPH fluo-
rescence, the excitation wavelength was set at 358 nm, and
emission was monitored at 430 nm. Excitation and emission
slits with bandpasses of 1.5 and 10 nm were used for all
measurements. The excitation slit used was the minimum
possible to minimize any photoisomerization of DPH and
TMA-DPH during irradiation. Fluorescence was measured
with a 30 s interval between successive openings of the
excitation shutter to reverse any photoisomerization of DPH
and TMA-DPH (25). Anisotropy values were calculated from
the following equation (26):

r)
IVV -GIVH

IVV + 2GIVH
(1)

where IVV and IVH are the measured fluorescence intensities
(after appropriate background correction) with the excitation
polarizer oriented vertically and the emission polarizer
vertically and horizontally oriented, respectively. G is the
grating factor and is the ratio of the efficiencies of the
detection system for vertically and horizontally polarized
light, and is equal to IHV/IHH. All experiments were done
with multiple sets of samples, and average values of
anisotropy are shown in Figures 2 and 3.

For measuring pyrene fluorescence, samples were excited
at 335 nm. Excitation and emission slits were set at 5 nm.
The excimer to monomer fluorescence intensity ratio was
determined by measuring fluorescence intensity at the
monomer (393 nm) and excimer (480 nm) peaks. The ratio
of the first (373 nm) and third (384 nm) vibronic peak
intensities (I1/I3) was monitored from pyrene emission
spectra.

Time-ResolVed Fluorescence Measurements. Fluorescence
lifetimes were calculated from time-resolved fluorescence
intensity decays using IBH 5000F coaxial nanosecond
flashlamp equipment (Horiba Jobin Yvon, Edison, NJ) with
DataStation software in the time-correlated single photon
counting mode. This machine uses a thyratron-gated nano-
second flash lamp filled with nitrogen as the plasma gas (∼1
bar) and is run at 40 kHz. Lamp profiles were measured at
the excitation wavelength using Ludox (colloidal silica) as
the scatterer. To optimize the signal-to-noise ratio, 5000
photon counts were collected in the peak channel. All
experiments were performed using excitation and emission
slits with a bandpass of 4 nm. The sample and the scatterer
were alternated after every 10% acquisition to ensure
compensation for shape and timing drifts occurring during
the period of data collection. This arrangement also prevents
any prolonged exposure of the sample to the excitation beam,
thereby avoiding any possible photodamage of the fluoro-
phore. The data was stored and analyzed using DAS 6.2
software (Horiba Jobin Yvon, Edison, NJ). Fluorescence
intensity decay curves so obtained were deconvoluted with
the instrument response function and analyzed as a sum of
exponential terms:

F(t))∑ i
Ri exp(-t/τi) (2)

where F(t) is the fluorescence intensity at time t, and Ri is a
pre-exponential factor representing the fractional contribution
to the time-resolved decay of the component with a lifetime
τi such that ΣiRi ) 1. The program also includes statistical
and plotting subroutine packages (27). The goodness of the
fit of a given set of observed data and the chosen function
was evaluated by the �2 ratio, the weighted residuals (28),
and the autocorrelation function of the weighted residuals
(29). A fit was considered acceptable when plots of the
weighted residuals and the autocorrelation function showed
random deviation about zero with a minimum �2 value not
more than 1.4. Intensity-averaged mean lifetimes 〈τ〉 for
biexponential decays of fluorescence were calculated from
the decay times and pre-exponential factors using the
following equation (26):

〈τ 〉 )
R1τ1

2 +R2τ2
2

R1τ1 +R2τ2
(3)

RESULTS

Fluorescence Anisotropy of DPH and TMA-DPH in
Membranes Containing Cholesterol and Its Immediate Bio-
synthetic Precursors. The change in fluorescence anisotropy
of DPH with increasing sterol concentration is shown in
Figure 2. Fluorescence anisotropy is correlated to the
rotational diffusion rate (26) of membrane-embedded probes,

FIGURE 2: Fluorescence anisotropy of DPH in (a) POPC and (b)
DPPC membranes as a function of increasing concentration of
cholesterol (O, s), 7-DHC (4, - -) and desmosterol (0, ---). The
ratio of DPH to total lipid was 1:100 (mol/mol), and total lipid
concentration was 0.43 mM in all cases. The excitation wavelength
used was 358 nm, and emission was monitored at 430 nm.
Measurements were carried out at room temperature (∼23 °C). Data
points shown are the means ( SE of at least three independent
measurements. The lines joining the data points are provided merely
as viewing guides. See Experimental Procedures for other details.
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which is sensitive to the packing of lipid fatty acyl chains
and sterols. Figure 2a shows that with increase in cholesterol
concentration, DPH anisotropy in fluid POPC membranes
shows a continuous increase with a large (∼146%) change
in anisotropy when 50 mol % cholesterol was incorporated.
This could possibly indicate that the membrane becomes
more ordered (rigid) with increasing concentration of cho-
lesterol when added to membranes in the fluid phase. This
is in agreement with earlier studies in which DPH anisotropy
values were reported for POPC (16) membranes containing
cholesterol.

Although the biophysical characterization of the effect of
cholesterol on membranes is well documented by the use of
DPH fluorescence (16), the effect of immediate precursors
of cholesterol in its biosynthetic pathway (such as 7-DHC
and desmosterol) on the organization and dynamics of
membranes has not been studied in detail, especially using
fluorescent membrane probes. The increase in fluorescence
anisotropy of DPH in POPC membranes is less (∼121%)
when 7-DHC was used as the sterol component (Figure 2a).
In contrast to this, the increase in DPH fluorescence
anisotropy in the case of desmosterol (∼144%) was similar
to what was observed in the case of cholesterol. The effects
of 7-DHC and desmosterol therefore appear to be different
on the dynamics (order) of fluid phase POPC membranes,
in spite of the fact that both of these sterols differ with

cholesterol only in a double bond. It is important to note
here that the anisotropy values determined remained identical
even after the dilution of membrane samples indicating the
absence of any scattering artifacts (30).

Figure 2b shows the corresponding changes in DPH
anisotropy when sterols were incorporated in the gel phase
DPPC membranes at room temperature (∼23 °C). Since the
fatty acyl chains in DPPC are saturated, it represents a
relevant system, as the interaction between saturated fatty
acyl chains and sterols has been implicated in raft-type
domains. In DPPC membranes containing increasing amounts
of cholesterol, the anisotropy value shows a small (∼8%)
decrease up to 50 mol % cholesterol. This is in agreement
with previous results in which it was shown that incorpora-
tion of cholesterol makes the gel phase DPPC membranes
somewhat less ordered (16). In contrast to what was observed
in the case of cholesterol containing DPPC membranes, the
fluorescence anisotropy of DPH in DPPC membranes
exhibits a reduction (∼5%) only up to 20 mol % when
7-DHC was used as the sterol component (Figure 2b). At
higher concentrations of 7-DHC, the anisotropy values
stabilize with increasing 7-DHC concentrations up to 50 mol
%. However, the anisotropy value shows a decrease (∼9%)
when 50 mol % desmosterol was used.

DPH is a rod-like molecule and partitions into the interior
of the bilayer. However, its precise location and orientation
in the membrane is not known, as DPH does not localize at
a unique location in the membrane. In addition, since the
membrane is considered as a two-dimensional anisotropic
fluid, any possible change in membrane order may not be
uniform and restricted to a unique location in the membrane.
It is important to monitor the change in membrane order at
more than one location in the membrane. We have previously
shown that stress such as heat shock can induce anisotropic
changes in membrane order, i.e., the change in membrane
order was different when monitored in different regions in
adult rat liver cell plasma membranes (31). Interestingly, such
depth-dependent modulation of membrane order induced by
alcohols (32) and local anesthetics (33) has also been
reported. We therefore monitored the differential effects of
cholesterol and its immediate precursors on membrane
dynamics using TMA-DPH. TMA-DPH is a derivative of
DPH with a cationic moiety attached to the para position of
one of the phenyl rings (34). While DPH is known to
partition into the hydrophobic core of the membrane, the
amphipathic TMA-DPH is oriented in the membrane bilayer
with its positive charge localized at the lipid-water interface.
Its DPH moiety is localized at ∼11 Å from the center of the
bilayer and reports the interfacial region of the membrane
(35). In contrast to this, the average location of DPH has
been shown to be ∼8 Å from the center of the bilayer (35).

The change in fluorescence anisotropy of TMA-DPH with
increasing sterol concentration is shown in Figure 3. Figure
3a shows that with increase in cholesterol concentration,
TMA-DPH anisotropy in fluid POPC membranes shows a
continuous increase up to the highest concentration of
cholesterol used. There is considerable (∼34%) increase in
anisotropy when 50 mol % cholesterol was incorporated in
POPC membranes. This could possibly indicate that the
membrane interfacial region (where the DPH moiety in
TMA-DPH is localized) becomes more ordered (rigid) with
increasing concentration of cholesterol when added to

FIGURE 3: Fluorescence anisotropy of TMA-DPH in (a) POPC and
(b) DPPC membranes as a function of increasing concentration of
cholesterol (O, s), 7-DHC (4, - -), and desmosterol (0, ---).
The ratio of TMA-DPH to total lipid was 1:100 (mol/mol), and
total lipid concentration was 0.43 mM in all cases. The excitation
wavelength used was 358 nm, and emission was monitored at 430
nm. Measurements were carried out at room temperature (∼23 °C).
Data points shown are the means ( SE of at least three independent
measurements. The lines joining the data points are provided merely
as viewing guides. See Experimental Procedures for other details.
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membranes in the fluid phase. This is consistent with results
using DPH in fluid phase POPC membranes (shown in Figure
2a), although the increase in anisotropy of DPH was much
higher. The corresponding increase in fluorescence anisotropy
of TMA-DPH in POPC membranes is somewhat less
(∼31%) when 7-DHC was used (Figure 3a). Interestingly,
the increase in fluorescence anisotropy of TMA-DPH
(∼26%) was even less, when desmosterol was used as the
sterol component.

The corresponding changes in TMA-DPH anisotropy when
sterols were incorporated in the gel phase DPPC membranes
at room temperature (∼23 °C) are shown in Figure 3b. In
DPPC membranes containing increasing amounts of cho-
lesterol, the anisotropy value shows a small (∼7%) decrease
up to 50 mol % cholesterol. The fluorescence anisotropy of
TMA-DPH in DPPC membranes exhibits a reduction (∼4%)
only up to 20 mol % when 7-DHC was used as the sterol
component (Figure 3b). At higher concentrations of 7-
DHC, the anisotropy values stabilize with increasing 7-
DHC concentrations up to 50 mol %. This suggests that
7-DHC does not influence the membrane order and dynamics
in gel phase membranes beyond a certain concentration.
When desmosterol was used, the anisotropy value shows a
decrease (∼8%) up to 50 mol % sterol concentration.

Time-ResolVed Fluorescence Measurements of DPH in
Membranes Containing Cholesterol and Its Immediate Bio-
synthetic Precursors. Fluorescence lifetime serves as a
faithful indicator of the local environment in which a given
fluorophore is placed (36). In addition, it is well-known that
the fluorescence lifetime of DPH is sensitive to polarity
changes in its environment (37). All fluorescence decays
could be fitted well with a biexponential function. A typical
decay profile with its biexponential fitting and the statistical
parameters used to check the goodness of the fit is shown in
Figure 4. The representative fluorescence lifetimes of DPH
in fluid and gel phase membranes, obtained using eq 2, are
shown in Tables 1 and 2. The intensity-averaged mean
fluorescence lifetimes were calculated using eq 3 and are

shown in Figure 5. We chose to use the mean fluorescence
lifetime since it is independent of the number of exponentials
used to fit the time-resolved fluorescence decay.

Figure 5a shows an increase (∼21%) in the mean lifetime
of DPH with increasing cholesterol concentration in the fluid

FIGURE 4: Time-resolved fluorescence intensity decay of DPH in
DPPC membranes. Excitation wavelength was at 358 nm and
emission was monitored at 430 nm. The sharp peak on the left is
the lamp profile. The relatively broad peak on the right is the decay
profile, fitted to a biexponential function. The two lower plots show
the weighted residuals and the autocorrelation function of the
weighted residuals. All other conditions are as in Figure 2. See
Experimental Procedures for other details.

Table 1: Representative Fluorescence Lifetimes of DPH in POPC
Membranes in the Presence of Sterolsa

sterol content (mol %) R1 τ1 (ns) R2 τ2 (ns)

(a) cholesterol

0 0.75 7.27 0.25 13.63
5 0.69 7.39 0.31 12.66
10 0.66 7.62 0.34 12.75
20 0.61 8.14 0.39 12.68
30 0.49 8.08 0.51 12.26
40 0.76 9.36 0.24 15.58
50 0.89 10.00 0.11 19.44

(b) 7-dehydrocholesterol

0 0.65 7.02 0.35 12.01
5 0.34 5.98 0.66 10.31
10 0.84 8.02 0.16 16.45
20 0.79 8.01 0.21 15.67
30 0.77 8.20 0.23 16.31
40 0.74 7.98 0.26 15.27
50 0.62 7.83 0.38 14.13

(c) desmosterol

0 0.38 6.23 0.62 10.76
5 0.50 7.05 0.50 11.87
10 0.31 6.44 0.69 10.95
20 0.79 8.79 0.21 14.51
30 0.56 8.48 0.44 13.10
40 0.68 9.23 0.32 14.60
50 0.63 9.43 0.37 14.04

a The excitation wavelength was 358 nm, and emission was mon-
itored at 430 nm in all cases. Concentration of total lipid was 0.43 mM,
and the ratio of DPH to total lipid was 1:100 (mol/mol). See Exper-
imental Procedures for other details.

Table 2: Representative Fluorescence Lifetimes of DPH in DPPC
Membranes in the Presence of Sterolsa

sterol content (mol %) R1 τ1 (ns) R2 τ2 (ns)

(a) cholesterol

0 0.45 8.42 0.55 13.73
5 0.47 8.33 0.53 13.94
10 0.66 9.15 0.34 14.97
20 0.55 8.83 0.45 14.47
30 0.79 9.49 0.21 18.08
40 0.87 9.51 0.13 19.83
50 0.82 9.52 0.18 17.87

(b) 7-dehydrocholesterol

0 0.55 8.96 0.45 14.13
5 0.24 6.05 0.76 12.12
10 0.21 5.35 0.79 11.42
20 0.27 5.15 0.73 11.44
30 0.27 5.89 0.73 11.77
40 0.21 4.85 0.79 11.00
50 0.27 4.60 0.73 10.49

(c) desmosterol

0 0.24 7.50 0.76 12.43
5 0.60 9.58 0.40 14.22
10 0.47 8.88 0.53 13.25
20 0.36 8.37 0.64 12.75
30 0.77 9.73 0.23 14.52
40 0.64 9.29 0.36 13.62
50 0.67 9.44 0.33 14.41

a The excitation wavelength was 358 nm, and emission was mon-
itored at 430 nm in all cases. Concentration of total lipid was 0.43 mM,
and the ratio of DPH to total lipid was 1:100 (mol/mol). See Exper-
imental Procedures for other details.
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phase POPC membranes. Since DPH lifetime is known to
be reduced by the presence of water in its immediate
environment (37, 38), we interpret the increase in DPH
lifetime with increasing cholesterol due to a decrease in water
penetration in the bilayer (39) because of the rigidification
of the fluid membrane upon cholesterol incorporation (Figure
2a). Figure 5a shows that the corresponding increase in DPH
lifetime due to the incorporation of increasing concentrations
of 7-DHC in the membrane is considerably less (∼16%).
This may indicate that water penetration is more in the case
of 7-DHC, possibly due to the relatively less rigidifying effect
of 7-DHC in POPC membranes as previously shown by
change in fluorescence anisotropy (Figure 2a). The extent
of increase in the mean lifetime of DPH in the case of
desmosterol is similar (∼23%) to what was observed in the
case of cholesterol. The mean fluorescence lifetime of DPH
in the gel phase DPPC membranes (∼11.8 ns) is considerably
higher than what was observed in fluid phase POPC
membranes (∼9.5 ns), indicating the reduction in polarity
experienced by the fluorophore in gel phase, possibly due
to decreased water penetration. The effect of increasing
concentration of cholesterol on the mean fluorescence
lifetime of DPH in gel phase DPPC membranes appears to
be minimal (∼1% decrease). The mean fluorescence lifetime
exhibits a very small decrease (∼4%) in the case of
desmosterol (see Figure 5b). In contrast, the corresponding
reduction in the mean lifetime of DPH is considerably larger
(∼17%) when 7-DHC was used as the sterol component.

In order to ensure that the anisotropy values measured for
DPH (Figure 2) are not influenced by lifetime-induced
artifacts, the apparent (average) rotational correlation times
were calculated using Perrin’s equation (26):

τc )
〈τ 〉 r
ro - r

(4)

where ro is the limiting anisotropy of DPH, r is the steady
state anisotropy, and 〈τ〉 is the mean fluorescence lifetime
taken from Figure 5. Although Perrin’s equation is not strictly
applicable to this system, it is assumed that this equation
will apply to a first approximation, especially because we
have used mean fluorescence lifetimes for the analysis of
multiple component lifetimes. The values of the apparent
rotational correlation times, calculated this way using a value
of ro of 0.36 (40), are shown in Figure 6. As is evident from
the figure, the apparent rotational correlation times show
more or less similar trends with increasing sterol concentra-
tion as seen in Figure 2. This shows that the observed
changes in anisotropy values are largely free from lifetime-
induced artifacts.

EnVironment and Dynamics Experienced by the Hydro-
phobic Probe Pyrene in Membranes Containing Cholesterol
and Its Immediate Biosynthetic Precursors. The fluorescence
emission spectrum of pyrene is sensitive to environmental
polarity (41). Pyrene also forms excimers with very different
fluorescence characteristics, and the ratio of excimer/
monomer is known to be dependent on membrane dynamics
(42, 43). Figure 7 shows the fluorescence emission spectra

FIGURE 5: Mean fluorescence lifetimes of DPH in (a) POPC and
(b) DPPC membranes as a function of increasing concentration of
cholesterol (O, s), 7-DHC (4, - -), and desmosterol (0, ---).
Mean fluorescence lifetimes were calculated using eq 3. All other
conditions are as in Figure 2. Data points shown are the means (
SE of at least three independent measurements. The lines joining
the data points are provided merely as viewing guides. See
Experimental Procedures for other details.

FIGURE 6: Apparent rotational correlation times of DPH in (a) POPC
and (b) DPPC membranes as a function of increasing concentration
of cholesterol (O, s), 7-DHC (4,- -), and desmosterol (0, ---).
Apparent rotational correlation times were calculated from fluo-
rescence anisotropy values of DPH from Figure 2 and mean
fluorescence lifetimes from Figure 5 using eq 4. The lines joining
the data points are provided merely as viewing guides. See text for
other details.
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of pyrene in the fluid phase POPC and gel phase DPPC
membranes and also in the presence of sterols. A charac-
teristic feature of the structured emission spectra is the
maxima at 373, 384, and 393 nm. This type of structured
vibronic band intensities, displayed by fluorophores, such
as pyrene and dehydroergosterol (44), are known to be
environmentally sensitive. This property has previously been
effectively used for elucidating the microenvironments of
pyrene (43, 45). The ratio of the first (373 nm) and third
(384 nm) vibronic peak intensities (I1/I3) in the pyrene
emission spectrum provides a measure of the apparent
polarity of the environment. A reduction in the I1/I3 ratio is
indicative of decreased polarity. The change in the ratio of
vibronic peak intensities (I1/I3) in pyrene emission spectra
in fluid phase POPC membranes with increasing sterol
concentration is shown in Figure 8a. Increasing sterol
concentration in general resulted in a decrease in the peak
intensity ratio, which could imply a reduction in apparent
polarity experienced by pyrene. The reduction in polarity
experienced by pyrene could possibly be due to a reduction
in water penetration in the bilayer as a result of the
rigidification of the fluid membrane upon sterol incorporation
(Figure 2a). The decrease in the peak intensity ratio with
increasing concentrations of sterol used is similar for
membranes containing cholesterol and desmosterol. Interest-
ingly, the reduction in the peak intensity ratio with increasing

sterol concentration appears to be sharper when 7-DHC was
used, particularly toward higher concentrations. This is
somewhat surprising if the reduction in water penetration as
a result of the bilayer rigidification would be the sole reason
for the decrease in polarity experienced by pyrene. However,
the apparent polarity experienced by pyrene could also be
influenced by the presence of double bonds, particularly in
the shallow region of the bilayer. This is due to the fact that
pyrene has been recently reported to be predominantly
localized in the interfacial region of the membrane (46). The
additional double bond at 7th position in 7-DHC is in ring
B and therefore localized at a shallow position (an area of
the membrane more likely to be sampled by pyrene due to
its interfacial localization). This is in contrast to the additional
double bond in desmosterol (at 24th position), which is at
the flexible alkyl chain region of the molecule and localized
deep into the hydrophobic interior of the membrane. This
means that the polarity experienced by the interfacial probe
pyrene in the case of membranes containing 7-DHC would
be considerably influenced by the presence of the additional
double bond in the shallow region of the membrane, thereby
resulting in reduced peak intensity ratio. Figure 8b shows
the corresponding changes in the ratio of pyrene vibronic
peak intensities when sterols were incorporated in gel phase
DPPC membranes. Interestingly, incorporation of all sterols
in gel phase DPPC membranes led to an almost identical
reduction in the peak intensity ratio up to 20 mol %. Beyond
this point, there is a considerable increase in I1/I3 ratio at
higher concentrations of 7-DHC, while increasing concentra-

FIGURE 7: (a) Fluorescence emission spectra of pyrene in POPC
membranes containing no sterol (s), 50 mol % cholesterol (---),
50 mol % 7-DHC (- -), and 50 mol % desmosterol (- - -). (b)
Fluorescence emission spectra of pyrene in DPPC membranes
containing no sterol (s), 50 mol % cholesterol (---), 50 mol %
7-DHC (- -), and 50 mol % desmosterol (- - -). The spectra
are intensity-normalized at the respective emission maxima.
Measurements were carried out at room temperature (∼23 °C). The
excitation wavelength used was 335 nm. The ratio of pyrene to
total lipid was 1:100 (mol/mol), and total lipid concentration was
0.43 mM in all cases. See Experimental Procedures for other details.

FIGURE 8: Change in the ratio of the first (373 nm) and third (384
nm) vibronic peak intensities of pyrene (I1/I3) in (a) POPC and (b)
DPPC membranes as a function of increasing concentration of
cholesterol (O, s), 7-DHC (4, - -), and desmosterol (0, ---).
Data points shown are the means ( SE of at least three independent
measurements. All other conditions are as in Figure 7. The lines
joining the data points are provided merely as viewing guides. See
Experimental Procedures for other details.
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tions of cholesterol and desmosterol led to an additional slight
reduction in the peak intensity ratio (see Figure 8b).

Another commonly used parameter related to pyrene
fluorescence is the excimer/monomer fluorescence intensity
ratio (42, 43). This parameter is indicative of the extent of
pyrene excimerization, which is believed to depend on the
monomer lateral distribution and dynamics (diffusion) in the
membrane. Nonetheless, the exact mechanism of excimer-
ization is not clear (47). Lateral diffusion in membranes is
often described in terms of the free volume model (48, 49).
The free volume framework is a semiempirical approach
based on statistical mechanical considerations of density
fluctuations in the lipid bilayer. According to this model,
transient voids that are created in the lipid bilayer by such
density fluctuations are filled by the movement of neighbor-
ing lipid molecules into the void. It is generally agreed that
the greater the free volume available for pyrene, the higher
the level of excimer formation (43).

Figure 9a shows the excimer/monomer ratio in fluid phase
POPC membranes with increasing sterol concentration. There
appears to be a marked difference in the extent of excimer
formation with increasing concentrations of cholesterol/
desmosterol and 7-DHC. The excimer/monomer ratio shows
a small, gradual reduction in the case of cholesterol/
desmosterol. Even in gel phase DPPC membranes, the
excimer/monomer ratio shows an increase in the case of
7-DHC and decrease in the case of cholesterol/desmosterol.
Assuming the excimer/monomer ratio to be indicative of free
volume in the membrane bilayer (43), 7-DHC appears to

increase the free volume with increasing concentration in
fluid POPC bilayers. In contrast to this, cholesterol and
desmosterol appear to reduce the free volume slightly.
Although the change in excimer/monomer ratio in gel phase
membranes (see Figure 9b) is similar to what was observed
in fluid phase membranes (Figure 9a), the interpretation of
the change in excimer/monomer ratio in gel phase is difficult.
This is due to the fact that diffusion in the gel phase is known
to be influenced by submicroscopic linear defects formed at
the interstices of relatively homogeneous gel phase regions
of the membrane (48, 50). The regions of defects are
characterized by greater disorder and enhanced diffusion
rates.

DISCUSSION

The overall goal of this work is to explore the effect of
cholesterol and its two immediate biosynthetic precursors
(7-DHC and desmosterol) on organization and dynamics of
fluid and gel phase membranes. For this, we have utilized
the fluorescent membrane probes, DPH and TMA-DPH, and
the hydrophobic probe, pyrene. While fluorescence anisot-
ropy of probes such as DPH provides information on
rotational dynamics in the local (short-range) scale, measure-
ments using pyrene offer more long-range information. Taken
together, our results show that the effect of cholesterol and
desmosterol on membrane organization and dynamics is
similar in most cases, while 7-DHC has a markedly different
effect on membrane organization and dynamics. This is an
interesting result since both desmosterol and 7-DHC differ
only in a double bond with cholesterol. This shows that the
position of the double bond is crucial in determining the
suitability of sterols in maintaining membrane order and
dynamics.

Our results on the similarity in effect of cholesterol and
desmosterol on membrane organization and dynamics are
in agreement with a previous report in which it was shown
that the biophysical properties of desmosterol closely mimic
that of cholesterol (51). By utilizing NMR, ESR, and laurdan
fluorescence spectroscopic approaches, these authors reported
that properties such as lipid packing are very similar in the
presence of cholesterol and desmosterol. Our present results
show that cholesterol and desmosterol share common
characteristics in terms of lipid packing at various regions
(depths) and long-range diffusion (pyrene excimer/monomer
measurements). As mentioned earlier, monitoring lipid
dynamics at various locations along the bilayer normal is
relevant since sterols are known to influence lipid dynamics
in a location-specific manner (51). More importantly, our
results show that the influence of 7-DHC, an immediate
precursor of cholesterol in the Kandutsch-Russell pathway
and differing in a double bond, on membrane dynamic
properties is considerably different from what is observed
with cholesterol and desmosterol. This is supported by results
from monolayer studies showing that the packing of 7-DHC
is different from the packing of cholesterol and desmosterol
in DPPC monolayers (52).

Interestingly, it has been recently reported using atomistic
simulations that cholesterol and desmosterol differ in their
tilt angles with desmosterol having a larger tilt angle (53).
It is believed that the tilt angle is a measure of the ordering
capability of sterols in membranes (the lower the tilt angle,

FIGURE 9: Pyrene excimer (480 nm)/monomer (393 nm) fluores-
cence intensity ratio in (a) POPC and (b) DPPC membranes as a
function of increasing concentration of cholesterol (O, s), 7-DHC
(4, --), and desmosterol (0, ---). Data points shown are the means
( SE of at least three independent measurements. All other
conditions are as in Figure 7. The lines joining the data points are
provided merely as viewing guides. See Experimental Procedures
for other details.
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the higher the ordering ability). On such a basis, it has been
suggested that desmosterol will be less efficient in forming
raft type of domains. A similar conclusion has recently been
derived using approaches based on fluorescence quenching
(54). This study also reported that the ability of 7-DHC to
form raft-like domains is higher than that of cholesterol. As
mentioned earlier, the position of the additional double bond
appears to be important in the ability to form raft-like
domains.

These results assume relevance since accumulation of
cholesterol precursors have been reported to result in severe
(sometimes fatal) diseases. For example, the accumulation
of 7-DHC results in a neurological disorder, namely, the
Smith-Lemli-Opitz Syndrome (SLOS) (55). SLOS is a
congenital and developmental malformation syndrome as-
sociated with defective cholesterol biosynthesis. SLOS is
caused by mutations in the gene encoding 7-DHCR, an
enzyme required in the final step of Kandutsch-Russell
pathway of cholesterol biosynthesis. SLOS is clinically
diagnosed by reduced plasma levels of cholesterol along with
elevated levels of 7-DHC (10, 55). However, accumulation
of desmosterol results in desmosterolosis (56) and is caused
by mutations in the gene encoding 24-DHCR, an enzyme
required in the ultimate step of the Bloch pathway of
cholesterol biosynthesis. Desmosterolosis is clinically char-
acterized by the elevated levels of desmosterol accompanied
by the reduced level of cholesterol (57).

Comparative studies of the effects of cholesterol and its
biosynthetic precursors on membrane properties are signifi-
cant in the context of the pathogenicity that results because
of the deregulation of the biosynthetic pathway. Monitoring
the effects on membrane physical properties under these
conditions constitute a necessary step to understand the
molecular basis of such pathogenicity. Our results show that
the effect of cholesterol and desmosterol on membrane
organization and dynamics is similar, while 7-DHC has a
considerably different effect on membrane organization and
dynamics, although both desmosterol and 7-DHC differ with
cholesterol only in a double bond. The fine tuning of the
structure–function relationship in sterols constitutes a chal-
lenging problem and could be useful in understanding the
molecular basis of diseases caused by altered sterol
biosynthesis.
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