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ABSTRACT: Cholesterol is an indispensible component of
cellular membranes in higher eukaryotes and plays a vital role in
many cellular functions. 7-Dehydrocholesterol (7-DHC) and
desmosterol represent two immediate biosynthetic precursors of
cholesterol in the Kandutsch−Russell and Bloch pathways of
cholesterol biosynthesis, respectively. Although 7-DHC and
desmosterol differ from cholesterol merely by a double bond,
accumulation of these two immediate biosynthetic precursors due
to defective cholesterol biosynthesis leads to severe developmental
and neurological disorders. In this context, we explored the role of
cholesterol and its immediate biosynthetic precursors (7-DHC and desmosterol) on the dynamics and heterogeneity of fluid phase
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and gel phase DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)
membranes, using fluorescence lifetime distribution analysis of Nile Red (9-diethylamino-5H-benzo[α]phenoxazine-5-one) using the
maximum entropy method (MEM). We show here that the membrane interfacial dynamic heterogeneity, manifested as the width of
the fluorescence lifetime distribution of Nile Red, exhibited by 7-DHC and desmosterol vastly differ from that displayed by
cholesterol, particularly in fluid phase membranes. We conclude that a subtle alteration in sterol structure could considerably alter
dynamic membrane heterogeneity, which could have implications in pathogenicity associated with defective cholesterol biosynthesis.

■ INTRODUCTION

Cholesterol is an essential component of cellular membranes in
higher eukaryotes and plays a crucial role in membrane
organization, dynamics, function, sorting, endocytosis of
membrane proteins, early embryonic development, and entry
of pathogens into host cells.1−7 A hallmark of cholesterol
organization in cellular membranes is its nonrandom
distribution in a variety of ways (termed as membrane
microdomains).8−10 Domain organization is believed to be
crucial for the maintenance of membrane function.
Cholesterol is the major sterol found in membranes of

higher eukaryotes and is the final product of a stringently
regulated, multistep enzymatic pathway.11−13 There are two
pathways for cholesterol biosynthesis, namely Bloch11 and
Kandutsch−Russell13 pathways (see Figure 1). Interestingly,
the relative contribution of these two pathways displays age,
tissue, and cell-type dependence.14−16 The unique molecular
structure of cholesterol has been fine-tuned over a very long
time scale of natural evolution.17,18 In an elegant hypothesis,
Bloch speculated that the cholesterol biosynthetic pathway
parallels sterol evolution (termed the “Bloch hypothesis”).19 In
other words, cholesterol has been evolutionarily selected over a
very long time scale for its ability to optimize physical
properties of cell membranes of higher eukaryotes to maintain

optimal membrane function. From this perspective, cholesterol
precursors could be viewed as molecules with properties that
differentially affect cellular function in organisms of increasing
complexity. Importantly, a variety of inherited metabolic
disorders have been attributed to defects in cholesterol
biosynthesis pathways (see below).20,21 For this reason,
comparative studies of the effects of cholesterol and its
evolutionary biosynthetic precursors on membrane physical
properties assume relevance.
In the Kandutsch−Russell pathway of cholesterol biosyn-

thesis, 7-dehydrocholesterol (7-DHC) is the immediate
biosynthetic precursor of cholesterol (Figure 1). 7-DHC is
reduced to cholesterol in the final step of biosynthesis by the
enzyme 3β-hydroxy-steroid-Δ7-reductase (7-DHCR). 7-DHC
varies from cholesterol only by a double bond at the seventh
position of the sterol ring (see Figure 1).13 7-DHC gets
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accumulated in a neurological disorder termed Smith−Lemli−
Opitz syndrome (SLOS), which is a severe congenital and
developmental malformation syndrome.22,23 The molecular
etiology leading to SLOS lies in mutations in the gene
encoding 7-DHCR. SLOS is clinically diagnosed by elevated
plasma levels of 7-DHC and reduced levels of cholesterol to 7-
DHC ratio.22−26 In the Bloch pathway, however, desmosterol
is the immediate biosynthetic precursor of cholesterol, which
differs from cholesterol merely in a double bond in the flexible
alkyl side chain at the 24th position (Figure 1). In the final step
of the Bloch pathway, desmosterol is converted to cholesterol
by the enzyme 3β-hydroxy-steroid-Δ24-reductase (24-DHCR).
Accumulation of desmosterol results in desmosterolosis,27

caused by mutations in the gene encoding 24-DHCR.
Desmosterolosis is clinically characterized by elevated levels
of desmosterol accompanied by reduced levels of cholesterol,
resulting in severe developmental and neurological dysfunc-
tions.20,27,28

As stated above, the chemical structure of cholesterol has
been intricately fine-tuned over the course of natural
evolution.17,18 This is validated by the fact that several
structural features such as an intact alicyclic chain, free 3β−
OH group, planar Δ5(6) double bond, angular methyl groups,
and a branched 7-carbon alkyl chain at the 17β-position, were
all found to be essential for complex biological functions
carried out by cholesterol.29−32 As a result, the function of

membrane proteins (such as receptors and ion channels) that
require cholesterol are not supported by even very close
analogues of cholesterol differing from cholesterol in a subtle
way.25,26,28,33−36

Biological membranes are known to display heterogeneity
that could be manifested as spatial or temporal domains.9

Spatial heterogeneity is known to give rise to microdomains in
membranes, whereas temporal heterogeneity regulates dynam-
ic properties of membranes.9,37 Interestingly, cholesterol has
been previously reported to modulate membrane hetero-
geneity.37,38 In this work, we have monitored the role of
cholesterol and its immediate biosynthetic precursors (7-DHC
and desmosterol) in the dynamics and heterogeneity of fluid
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine)
and gel phase DPPC (1,2-dipalmitoyl-sn-glycero-3-phospho-
choline) membranes. For this, we utilized fluorescence lifetime
distribution analysis of the fluorescent probe Nile Red (9-
diethylamino-5H-benzo[α]phenoxazine-5-one) using the max-
imum entropy method (MEM). Nile Red is a polarity-sensitive
fluorescent membrane probe39 and has been effectively used
for monitoring temporal heterogeneity in model and biological
membranes.37,38 We show here that immediate biosynthetic
precursors of cholesterol, 7-DHC and desmosterol, differ
considerably from cholesterol in inducing membrane hetero-
geneity. Our results demonstrate that subtle alterations in
sterol structure could alter dynamic membrane heterogeneity
in a significant manner, with potential implications in
pathophysiology associated with defective cholesterol biosyn-
thesis.

■ EXPERIMENTAL SECTION
Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine

(DMPC), cholesterol, desmosterol, and 7-DHC were
purchased from Sigma Chemical Co. (St. Louis, MO).
DPPC and POPC were obtained from Avanti Polar Lipids
(Alabaster, AL). Nile Red was from Molecular Probes/
Invitrogen (Eugene, OR). The concentration of stock solution
of Nile Red was measured using its molar absorption
coefficient (ε) of 45 000 M−1 cm−1 at 552 nm.40 See the
Supporting Information (section S1) for more details.

Sample Preparation. All experiments were carried out
using large unilamellar vesicles (LUVs) of either DPPC or
POPC with diameters of ∼100 nm containing increasing
concentrations (0−50 mol %) of a given sterol (cholesterol or
7-DHC or desmosterol) and 1 mol % fluorescent probe (Nile
Red). In particular, 320 nmol of total lipid (phospholipid and
sterol) and 3.2 nmol of fluorescent probe were mixed well and
dried under a stream of nitrogen while being warmed gently
(∼35 °C). Large unilamellar vesicles (LUVs) were prepared as
described previously41 (see the Supporting Information
(section S2) for more details).

Steady State Fluorescence Measurements. Steady
state fluorescence measurements were performed using a
quartz cuvette of 1 cm path length in a Hitachi F-4010
spectrofluorometer (Tokyo, Japan). For all measurements,
Nile Red was excited at 550 nm and excitation/emission slits
with 5 nm bandpass were used (see the Supporting
Information (section S3) for more details).

Time-Resolved Fluorescence Measurements. Pico-
second time domain fluorescence intensity decay measure-
ments were carried out using a time-correlated single photon
counting (TCSPC) setup (see the Supporting Information
(section S4) for more details).

Figure 1. A schematic showing the Bloch and Kandutsch−Russell
pathways for cholesterol biosynthesis. The chemical structures of the
immediate biosynthetic precursors of cholesterol in both pathways are
shown, along with the structure of cholesterol. 7-DHC and
desmosterol are immediate biosynthetic precursors of cholesterol in
the Kandutsch−Russell and Bloch pathways, respectively, and are
reduced to cholesterol in the final steps of the pathways by the
enzymes 7 DHCR and 24 DHCR. 7-DHC and desmosterol differ
from cholesterol only in a double bond at the 7th position in the
sterol ling and 24th position in the alkyl chain, respectively
(highlighted in their chemical structures).
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Maximum Entropy Method (MEM) Analysis of
Fluorescence Intensity Decay. Fluorescence decay data
were analyzed using MEM, which offers an unbiased approach
of data analysis37,38,42−44 (see the Supporting Information
(section S5) for more details).

■ RESULTS
Nile Red is an uncharged fluorescent probe and its
fluorescence is dependent on the polarity of its immediate
environment due to a large change in its dipole moment upon
excitation.45−47 In particular, it has been used for monitoring
heterogeneity in membranes (manifested as the width of the
fluorescence lifetime distribution of Nile Red) specifically for
membranes containing cholesterol.37,38,48 Figure 2 shows the

fluorescence emission spectra of Nile Red in (a) DPPC and
(b) POPC membranes in the presence of 50 mol % sterol
(cholesterol or 7-DHC or desmosterol). The inset shows the
corresponding emission maxima. Figure 2a shows that the
emission maximum of Nile Red in gel phase DPPC membranes
was 591 nm. The corresponding emission maximum for Nile
Red in fluid (liquid-disordered) phase POPC membranes was
615 nm (see Figure 2b) and exhibited a considerable red shift
of 24 nm. This is due to increased water penetration in the
fluid phase resulting in a polar environment for the
fluorophore.

The phase properties of membranes depend on the amount
of sterol present in them. Above a threshold concentration of
cholesterol, both DPPC and POPC exist in the liquid-ordered
phase,49,50 characterized by ordered lipid acyl chains (like gel
phase) and high lateral mobility (like fluid phase). In DPPC
membranes containing 50 mol % cholesterol (liquid-ordered
phase), the emission maximum of Nile Red was found to be at
589 nm, thereby exhibiting a slight blue shift of 2 nm relative
to DPPC alone (see Figure 2a). The emission maximum of
Nile Red in DPPC containing 50 mol % 7-DHC and
desmosterol was found to be at 589 and 598 nm, respectively.
As stated above, the emission maximum of Nile Red in

POPC membranes was found to be at 615 nm (see Figure 2b).
In POPC membranes containing 50 mol % cholesterol, the
emission maximum of Nile Red displayed a large blue shift
(∼23 nm) and was at 592 nm (see Figure 2b). This shift in
emission maximum could be due to a more compact
environment (relative to fluid POPC membranes) around
Nile Red in the liquid-ordered phase, resulting in less water
penetration. Interestingly, the fluorescence emission maximum
of Nile Red in POPC membranes with 50 mol % of either 7-
DHC or desmosterol was found to be 610 nm.

Analysis of Time-Resolved Fluorescence of Nile Red
in Membranes Containing Cholesterol and Its Immedi-
ate Biosynthetic Precursors. Fluorescence lifetime and the
width of the fluorescence lifetime distribution of membrane
incorporated Nile Red analyzed by MEM provide information
about membrane properties such as polarity and dynamic
(temporal) heterogeneity.37,38 Fluorescence lifetimes of Nile
Red in membranes containing cholesterol and its immediate
biosynthetic precursors were analyzed first by the discrete
analysis method. All fluorescence decays could be fitted well
with a triexponential function. A standard decay profile with its
triexponential fitting and the statistical parameters used to test
the goodness of the fit is shown in Figure S1. Representative
values of fluorescence lifetimes of Nile Red in DPPC and
POPC membranes, calculated using eq S1 (see the Supporting
Information), are shown in Tables 1 and 2. The amplitude-

Figure 2. Fluorescence emission spectra of Nile Red in (a) DPPC and
(b) POPC membranes. Representative fluorescence spectra of Nile
Red in membranes in the absence of sterol (, brown), and
containing 50 mol % of cholesterol (−−− , blue), 7-DHC (---, red),
or desmosterol (−-−, green) are shown. Fluorescence emission
spectra are intensity-normalized at the respective emission maximum.
Fluorescence measurements were carried out at room temperature
(∼23 °C). The excitation wavelength used was 550 nm. The ratio of
Nile Red to total lipid was 1:100 (mol/mol), and the total lipid
concentration was 0.21 mM in all cases. See the Experimental Section
for other details.

Table 1. Representative Fluorescence Lifetimes of Nile Red
in DPPC Membranes in the Presence of Sterolsa

sterol content (mol %) α1 τ1 (ns) α2 τ2 (ns) α3 τ3 (ns)

(a) Cholesterol
0 0.19 0.55 0.39 2.88 0.42 5.46
10 0.05 0.27 0.28 3.03 0.67 6.96
30 0.03 0.70 0.23 4.75 0.74 7.36
50 0.03 0.71 0.17 6.91 0.80 7.10

(b) 7-DHC
0 0.19 0.63 0.28 2.42 0.53 4.98
10 0.19 0.59 0.32 2.87 0.49 6.12
30 0.03 0.45 0.27 2.49 0.70 6.56
50 0.07 0.63 0.18 2.52 0.75 6.74

(c) Desmosterol
0 0.22 0.69 0.35 3.21 0.43 5.26
10 0.11 0.58 0.21 2.04 0.68 5.63
30 0.06 1.35 0.29 2.91 0.65 5.71
50 0.11 0.93 0.23 3.17 0.66 6.25

aThe excitation wavelength was 575 nm, and emission was monitored
at 620 nm in all cases. The concentration of total lipid was 0.21 mM,
and the ratio of Nile Red to total lipid was 1:100 (mol/mol).
Measurements were carried out at room temperature (∼23 °C). See
the Experimental Section for other details.
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averaged mean fluorescence lifetimes (τm) were calculated
using eq S2 and are shown in Figure 3. We decided to use the
mean fluorescence lifetime as a key parameter for analyzing the
lifetime data of Nile Red incorporated into membranes, as it is
independent of the number of exponentials used to fit the
time-resolved fluorescence decay.
The amplitude-averaged mean fluorescence lifetimes of Nile

Red in gel phase DPPC membranes containing various sterols
are shown in Figure 3a. The mean fluorescence lifetime of Nile
Red in DPPC membranes was found to be ∼3.5 ns. We
observed a progressive increase in mean fluorescence lifetime
of Nile Red with increasing cholesterol content in the
membrane. At the highest concentration of cholesterol used
(50 mol %), the mean fluorescence lifetime of Nile Red was
∼6.9 ns, amounting to an increase of ∼97%. Figure 3a shows
the change in amplitude-averaged mean fluorescence lifetime
of Nile Red with increasing concentrations of 7-DHC and
desmosterol. In both cases, we observe an increase in mean
fluorescence lifetime with increasing sterol concentration
(∼5.4 ns and ∼4.9 ns for 7-DHC and desmosterol,
respectively). However, the extent of increase in lifetime
(∼54% and 40% for 7-DHC and desmosterol, respectively) is
much less relative to that observed with cholesterol.
Figure 3b shows the amplitude-averaged mean fluorescence

lifetime of Nile Red in fluid phase POPC membranes
containing increasing concentrations of sterols. The mean
fluorescence lifetime of Nile Red in fluid phase POPC
membranes was estimated to be ∼3.4 ns. The mean
fluorescence lifetime exhibited an increase with an increase
in cholesterol content in the membrane and was ∼5.3 ns in the
presence of 50 mol % cholesterol (∼56% increase). In the case
of desmosterol, the corresponding change in mean fluores-
cence lifetime (∼3.7 ns) was relatively modest (increase of
∼9%). The corresponding change in mean fluorescence
lifetime with increasing concentrations of 7-DHC (∼3.3 ns)
was negligible, and the lifetime remained, more or less,
invariant. The pattern of change in mean fluorescence lifetime
of Nile Red with increasing sterol concentration, therefore,

turned out to be very different for cholesterol and 7-DHC/
desmosterol.
The increase in mean fluorescence lifetime of Nile Red with

increasing cholesterol could indicate the existence of liquid-
ordered-like phase, as reported previously.38,39 Since Nile Red
is an environment-sensitive probe and its fluorescence lifetime
is reduced in a polar environment,51 we interpret the increase
in fluorescence lifetime of Nile Red with increasing cholesterol
in fluid phase POPC membranes (Figure 3b) as being due to
the reduction in water penetration in liquid-ordered phase
membranes relative to fluid (liquid-disordered) phase mem-
branes. Another factor contributing to the increase in lifetime
could be slightly deeper location of Nile Red in membranes
containing cholesterol.39 However, the change in mean
fluorescence lifetime in fluid phase POPC membranes in the
presence of 7-DHC and desmosterol appears relatively modest
or negligible. This could be due to the difference in membrane
organization in the case of 7-DHC/desmosterol relative to
cholesterol. It is interesting to conjecture whether such subtle
yet distinct differences at the membrane level could contribute
to pathogenicity associated with desmosterol and 7-DHC.
The mechanism underlying the change in mean fluorescence

lifetime of Nile Red with increasing sterols in the case of gel
phase DPPC membranes (Figure 3a) is more complicated.

Table 2. Representative Fluorescence Lifetimes of Nile Red
in POPC Membranes in the Presence of Sterolsb

sterol content (mol %) α1 τ1 (ns) α2 τ2 (ns) α3 τ3 (ns)

(a) Cholesterol
0 0.12 0.50 0.30 2.85 0.58 4.30
10 0.09 0.64 0.11 2.57 0.80 4.27
30 0.03 0.72 0.17 2.68 0.80 5.24
50 0.06 0.55 0.10 4.10 0.84 5.85

(b) 7-DHC
0 0.11 0.46 0.20 2.49 0.69 4.15
10 0.09 0.48 0.37 2.79 0.54 4.44
30 0.14 0.55 0.20 2.30 0.66 4.26
50 0.17 0.26 0.22 2.03 0.61 4.57

(c) Desmosterol
0 0.10 0.51 0.35 2.95 0.55 4.34
10 0.13 0.88 0.15 2.93 0.72 4.09
30 0.10 0.48 0.35 2.86 0.55 4.47
50 0.10 0.53 0.34 2.89 0.56 4.58

bThe excitation wavelength was 575 nm, and emission was monitored
at 620 nm in all cases. The concentration of total lipid was 0.21 mM,
and the ratio of Nile Red to total lipid was 1:100 (mol/mol).
Measurements were carried out at room temperature (∼23 °C). See
the Experimental Section for other details.

Figure 3. Amplitude-averaged mean fluorescence lifetimes of Nile
Red in (a) DPPC and (b) POPC membranes as a function of
increasing concentration of cholesterol (○, −−−, blue), 7-DHC (△,
---, red), and desmosterol (□, −-−, green). Mean fluorescence
lifetimes were calculated from Tables 1 and 2 using eq S2. The ratio
of Nile Red to total lipid was 1:100 (mol/mol), and the total lipid
concentration was 0.21 mM in all cases. The excitation wavelength
used was 575 nn and the emission was monitored at 620 nm.
Measurements were carried out at room temperature (∼23 °C). Data
points shown are means ± SE of at least six independent
measurements. The lines joining the data points are provided merely
as viewing guides. See the Experimental Section for other details.
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This is due to the complex and heterogeneous nature of the gel
phase membrane. Previous reports on the diffusion of
fluorescent lipid probes monitored using FRAP have suggested

the presence of two populations of diffusing probes.52−58 The
relatively slow component is believed to represent probe
diffusion in the bulk of the gel phase membrane whereas the

Figure 4. Representative MEM lifetime distribution of Nile Red in DPPC membranes with increasing concentrations of cholesterol. Panels a−d
show the lifetime distribution of Nile Red in DPPC membranes containing (a) 0, (b) 10, (c) 30, and (d) 50 mol % cholesterol, respectively. Here w
represents the width of the fluorescence lifetime distribution (represented as full width at half-maximum, FWHM) for the major peak whose value
is indicated on the respective distribution of fluorescence lifetime. All other conditions are as in Figure 4. See the Experimental Section for other
details.

Figure 5. Representative MEM lifetime distribution of Nile Red in POPC membranes with increasing concentrations of cholesterol. Panels a−d
show the lifetime distribution of Nile Red in POPC membranes containing (a) 0, (b) 10, (c) 30, and (d) 50 mol % cholesterol, respectively. Here w
represents the width of the fluorescence lifetime distribution (represented as full width at half-maximum, FWHM) for the major peak whose
position in each panel is indicated on the respective distributions of fluorescence lifetime with a number. All other conditions are as in Figure 4. See
the Experimental Section for other details.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c04338
J. Phys. Chem. B 2020, 124, 6312−6320

6316

https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04338?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04338?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04338?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04338?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04338?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04338?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04338?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c04338?fig=fig5&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c04338?ref=pdf


faster component could be due to probe diffusion in
submicroscopic linear defects formed at the interstices of
relatively homogeneous gel phase regions of the membrane.
Such defects are thought to be an intrinsic feature of gel phase
membranes. The complication in interpreting the change in
mean fluorescence lifetime of Nile Red with increasing sterols
in the case of gel phase DPPC membranes arises due to the
heterogeneous distribution of Nile Red in these two
populations.
Lifetime Distribution of Nile Red in Membranes

Containing Sterols. For fluorophores in complex systems,
fluorescence decay kinetics generally exhibits considerable
heterogeneity. Fluorescence lifetime distribution in such cases
represents a powerful method for characterizing complex
microheterogeneous assemblies such as membranes. The width
of the lifetime distribution estimated using MEM provides
information on the integrity and heterogeneity of complex
assemblies.37,38,48 The advantage of the MEM approach is that
it is robust and model-free.42−44 The fluorescence lifetime
distributions of Nile Red in DPPC and POPC membranes
containing different concentrations of cholesterol, obtained by
MEM analysis are shown in Figures 4 and 5 (for details of
MEM analysis, see section S5 of the Supporting Information).
The representative peak positions and widths of the
fluorescence lifetime distribution (full width at half-maximum
(FWHM), denoted as w in Figures 4 and 5) of Nile Red in
DPPC (Figure 4) and POPC (Figure 5) membranes with
increasing concentrations of cholesterol are shown. It should
be noted while comparing FWHM between different panels in
Figures 4 and 5 that the X-axis (lifetime) is in log scale and not
to the same scale in all panels since the peak positions are
different.
The peak value of fluorescence lifetime of Nile Red could be

representative of the effective polarity of a specific location in
the membrane where the fluorophore resides.51 The peak
positions of the lifetime distribution of Nile Red in membranes
containing cholesterol and its immediate biosynthetic
precursors are shown in Figure 6. Figure 6a shows that the
peak position of the lifetime distribution of Nile Red in DPPC
membranes increases with increasing sterol concentration. The
increase in the peak value of Nile Red at the highest cholesterol
concentration (50 mol %) was ∼60%, while the corresponding
increase in membranes containing highest concentration of 7-
DHC and desmosterol was ∼43% and ∼29%, respectively
(similar trend as in Figure 3a). Figure 6b displays the peak
position of the fluorescence lifetime distribution of Nile Red in
POPC membranes with increasing concentrations of sterols.
The figure shows that there is a considerable increase (∼43%)
in the peak value of Nile Red at the highest cholesterol
concentration used (50 mol %). In contrast, the corresponding
increase in 7-DHC (∼9%) and desmosterol (∼2%) was
modest. The pattern of change here is similar to what was
observed in Figure 3b. The salient feature is that the increase
in the peak position of the fluorescence lifetime distribution of
Nile Red for 7-DHC and desmosterol is much less (∼9 and
2%) compared to the corresponding change with cholesterol
(∼43%).
Figure 7 shows FWHM of the lifetime distribution of Nile

Red in membranes containing cholesterol and its immediate
biosynthetic precursors in DPPC (Figure 7a) and POPC
(Figure 7b) membranes. Interestingly, with 10 mol %
cholesterol in DPPC membranes, the FWHM increases
considerably (∼86%), probably indicating increased mem-

brane heterogeneity due to the appearance of a coexisting gel/
liquid-ordered phase (with more contribution from gel phase),
as apparent from the phase diagram of DPPC−cholesterol.59,60
With a further increase in cholesterol concentration, the
FWHM exhibited a reduction, indicating the presence of a
coexisting gel/liquid-ordered phase (with more contribution
from liquid-ordered phase). In the case of 7-DHC and
desmosterol, the initial increase in the FWHM was less than it
was for cholesterol (∼54% and 42%, respectively). In contrast
to cholesterol results, the FWHM did not exhibit any reduction
in membranes containing either desmosterol or 7-DHC above
10 mol % sterol concentration. Figure 7b shows the FWHM of
Nile Red in POPC membranes with increasing sterol
concentration. The figure shows that there is an enormous
increase (∼259%) in FWHM at 30 mol % cholesterol, followed
by a plateau. In the case of 7-DHC and desmosterol, the
increase in FWHM with sterol concentration continued above
30 mol % concentration (as opposed to results with
cholesterol).

■ DISCUSSION
The overall objective of this work is to study the effect of
cholesterol and its immediate biosynthetic precursors (7-DHC
and desmosterol) on the organization and dynamics of gel and
fluid phase membranes, with the long-term goal of addressing
pathogenicity associated with accumulation of these immediate
biosynthetic precursors due to defective cholesterol biosyn-

Figure 6. Peak value of fluorescence lifetime (calculated from MEM
distribution of the Nile Red lifetime) in (a) DPPC and (b) POPC
membranes as a function of increasing concentration of cholesterol
(○, −−−), 7-DHC (△, ---), and desmosterol (□, −-−). All other
conditions are as in Figure 3. The color coding is the same as in
Figure 3. Data points shown are means ± SE of at least six
independent measurements. The lines joining the data points are
provided merely as viewing guides. See the Experimental Section for
other details.
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thesis. For this, we explored temporal (dynamic) heterogeneity
exhibited by these closely related sterols in gel (ordered) and
fluid (liquid-disordered) membranes utilizing the polarity-
sensitive fluorescent membrane probe, Nile Red. Dynamic
membrane heterogeneity has been previously shown to be a
sensitive indicator of the immediate environment in which the
fluorescent membrane probe is localized.37,38,48,61−64 We have
previously shown, using the parallax method,65 that Nile Red is
localized at the interfacial region in membranes,39 a region
characterized with unique dielectric properties and dynamics
that facilitates a number of important membrane functions.66,67

The dynamic heterogeneity obtained from analysis of the
FWHM of Nile Red therefore corresponds to the membrane
interface. Our present results show that membrane interfacial
dynamic heterogeneity exhibited by 7-DHC and desmosterol
vastly differ from that displayed by cholesterol, particularly in
fluid phase membranes. This is in spite of the fact that 7-DHC
and desmosterol are structurally very similar to cholesterol,
differing merely by a double bond. Heterogeneity appears less
in membranes containing 7-DHC or desmosterol relative to
membranes containing cholesterol. In addition, water perme-
ability appears to be higher in the case of membranes
containing 7-DHC and desmosterol.
In a previous paper, we monitored the ability of various

sterols in the cholesterol biosynthetic pathway to modulate
membrane dipole potential.68 The membrane dipole potential

represents an important electrical property of membranes and
has its origin in the electrostatic potential difference within the
membrane due to the nonrandom arrangement of dipoles of
polar groups in lipids and water molecules at the membrane
interface.69−72 Membrane dipole potential, whose magnitude
could vary between 200 and 1000 mV, could act as a crucial
determinant in the function of membrane receptors such as
GPCRs.70,71 Although cholesterol has previously been shown
to increase membrane dipole potential,73 our results showed
that 7-DHC and desmosterol differ profoundly in their ability
to increase membrane dipole potential (relative to cholester-
ol).68 From a more biochemical perspective, the cholesterol-
dependent function of membrane proteins74 has been shown
to be affected when cholesterol is replaced with 7-DHC or
desmosterol. For example, we have previously shown that 7-
DHC and desmosterol cannot support the function of the
serotonin1A receptor,25,26,28 an important G-protein coupled
neurotransmitter receptor that requires membrane cholesterol
for its function.74,75

On a broader perspective, our results demonstrate that a
small change in sterol structure could considerably alter
dynamic membrane heterogeneity with implications in
pathogenicity associated with defective cholesterol biosyn-
thesis. To the best of our knowledge, these results constitute
one of the first reports on the difference in dynamic (temporal)
membrane heterogeneity displayed by cholesterol and its
immediate biosynthetic precursors (7-DHC/desmosterol). We
have previously shown that the 7-DHC and desmosterol differ
considerably with cholesterol with respect to their ability to
increase membrane dipole potential.68 These previous results,
along with our present results, could represent the
physicochemical basis of altered membrane organization in
the presence of 7-DHC/desmosterol, which could provide
novel insight into the mechanism of pathogenicity induced by
accumulation of these precursors. We envision that a
comprehensive understanding of a structure−function relation-
ship of close biosynthetic precursors of cholesterol could lead
to a better understanding of the molecular basis of diseases
caused by altered sterol biosynthesis.
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