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Abstract

Cholesterol is the most representative sterol present in membranes of higher eukaryotes, and is the end product of a long
and multistep biosynthetic pathway. Lathosterol and zymosterol are biosynthetic precursors of cholesterol in Kandutsch-
Russell and Bloch pathways, respectively. Lathosterol differs with cholesterol merely in the position of the double bond in
the sterol ring, whereas zymosterol differs with cholesterol in position and number of double bonds. In this work, we have
monitored the effect of cholesterol and its biosynthetic precursors (lathosterol and zymosterol) on membrane organization
and dynamics in fluid and gel phase membranes. Toward this goal, we have utilized two fluorescent membrane probes, DPH
and its cationic derivative TMA-DPH. Our results using these probes show that cholesterol and its biosynthetic precursors
(lathosterol and zymosterol) exhibit similar trend in maintaining membrane organization and dynamics (as reported by fluo-
rescence anisotropy and apparent rotational correlation time), in fluid phase POPC membranes. Notably, although lathosterol
and zymosterol show similar trend in maintaining membrane organization and dynamics, the corresponding change for
cholesterol is different in gel phase DPPC membranes. These results demonstrate that the position and number of double
bonds in sterols is an important determinant in maintaining membrane physical properties. Our results assume significance
since accumulation of precursors of cholesterol have been reported to be associated with severe pathological conditions.
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Abbreviations
CDPX2 X-linked chondrodysplasia punctata 2
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DPH 1,6-diphenyl-1,3,5-hexatriene
DPPC 1,2-dipalmitoyl-sn-glycero-3- phosphocho-

line
LUV large unilamellar vesicle
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3- phospho-

choline
TMA-DPH 1-[4-(trimethylammonio)

phenyl]-6-phenyl-1,3,5-hexatriene CHOLESTEROL

. 21y, 22 24 26

Introduction 20

Cholesterol is an essential component of higher eukaryotic
cellular membranes and regulates various crucial processes
such as membrane structure, dynamics, sorting, traffick-
ing, embryogenesis and entry of pathogens (Liscum and
Underwood 1995; Porter et al. 1996; Simons and Ikonen
2000; Mouritsen and Zuckermann 2004; Kumar et al. 2016;
Kumar and Chattopadhyay 2021). An important charac-
teristic feature of cholesterol organization in biological
and model membranes is its non-random distribution in a
variety of ways (membrane domains, sometimes referred as
“lipid rafts”) (Xu and London 2000; Mukherjee and Max-
field 2004; Chaudhuri and Chattopadhyay 2011). Membrane
domains have been proposed to be crucial for maintenance
of the structure and function of cellular membranes.
Cholesterol is the key sterol present in cellular mem-
branes of higher eukaryotes, and is the final product of a
multi-step and stringently controlled enzymatic biosyn-
thetic pathway (Kandutsch and Russel 1960; Bloch 1965;
Nes 2011). There are two pathways proposed for cholesterol
biosynthesis, namely, Bloch (Bloch 1965) and Kandutsch-
Russell (Kandutsch and Russel 1960) pathways. Interest-
ingly, the relative contributions of thse two pathways exhibit
a marked dependence on age, tissue and cell-type (Zhang
et al. 1996; Thelen et al. 2006; Mitsche et al. 2015). The
chemical structure of cholesterol has been fine-tuned over a
long time span of natural evolution (Brown and Galea 2010;
Kumar and Chattopadhyay 2016). In an elegant hypothesis,
Konrad Bloch proposed that the pathway of cholesterol
biosynthesis parallels evolution of sterols (referred as the
“Bloch hypothesis”, Bloch 1983). In this context, the bio-
synthetic precursors of cholesterol could be considered as
molecules with structural features that differentially influ-
ence cellular function in organisms of increasing complexity.
Importantly, an array of hereditary metabolic disorders has
been reported to be associated with defects in cholesterol
biosynthetic pathway (Waterham 2006; Chattopadhyay and
Paila 2007; Porter and Herman 2011). Keeping this in mind,
a comprehensive understanding of the effect of cholesterol
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Fig. 1 Chemical structures of cholesterol and its biosynthetic precur-
sors, lathosterol and zymosterol. Lathosterol differs with cholesterol
only in the position of the double bond at the 7th position in the sterol
ring. Zymosterol, on the other hand, differs with cholesterol in posi-
tion and number of double bonds (it has double bonds at 8th position
in the sterol ring and 24th position in the alkyl side chain). The subtle
difference in structures are highlighted in the chemical structures of
the sterols

and its biosynthetic precursors on membrane physical prop-
erties assumes relevance.

Lathosterol is a biosynthetic precursor of cholesterol in
the Kandutsch-Russell pathway and differs from choles-
terol merely in the position of the double bond in the sterol
ring (see Fig. 1). The enzyme sterol A3-desaturase converts
lathosterol to 7-dehydrocholesterol and mutations in this
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enzyme result in the accumulation of lathosterol, causing a
pathological condition known as lathosterolosis (Waterham
2006). Zymosterol, on the other hand, is the biosynthetic
precursor of cholesterol in the Bloch pathway and differs
with cholesterol in position and number of double bonds (it
has two double bonds, at 8 position in the sterol ring and
24" position in the alkyl side chain (Fig. 1)). Zymosterol is
converted to lathosterol by first getting converted to zymos-
tenol (a double bond is removed from 24" position) by C-4
demethylation complex followed by isomerization by the
enzyme, sterol A7-A8 isomerase. Mutations in this enzyme
result in the accumulation of zymosterol (and zymostenol),
which results in a disease known as chondrodysplasia punc-
tata 2 (CDPX2) (Platt et al. 2014).

Cholesterol is predominantly a hydrophobic molecule
with a near planar tetracyclic fused steroid ring and a flex-
ible isooctyl hydrocarbon chain (see Fig. 1). Previous work
has shown that structural characteristics such as an intact
alicyclic chain, a free 3p-OH moiety, a planar A>©® double
bond, angular methyl groups and a branched 7-carbon alkyl
chain at the 17f-position, have all been found to be essential
for the complex biological behavior shown by cholesterol
(Kumari et al 1982; Ranadive and Lala 1987; Rog et al.
2007; Poyry et al. 2008). Due to this reason, the organiza-
tion, function and trafficking of membrane proteins, main-
tained by cholesterol, is often not supported even with close
analogs and biosynthetic precursors of cholesterol (Paila
et al. 2008; Singh et al. 2009; Jafurulla et al. 2014; Sharma
et al. 2021). For example, sterols that differ merely by a
double bond from cholesterol, have been demonstrated to
have different lateral pressure profiles in membranes (Ollila
et al. 2007), and are not able to support the function of mem-
brane receptors which require cholesterol (Vainio et al. 2006;
Singh et al. 2007, 2009; Paila et al. 2008).

In this work, in order to study the effect of cholesterol
and its biosynthetic precursors on physical properties of
membranes, we explored the effect of cholesterol and its
biosynthetic precursors (lathosterol and zymosterol) on
physical properties of gel (DPPC) and fluid (POPC) phase
membranes. For this, we have utilized two fluorescent mem-
brane probes, DPH and its cationic derivative TMA-DPH.
Our results using these probes show that cholesterol and
its biosynthetic precursors (lathosterol and zymosterol)
exhibit similar trend in maintaining membrane properties
(as reported by fluorescence anisotropy and apparent rota-
tional correlation time), particularly in fluid phase mem-
branes. Notably, although lathosterol and zymosterol exhibit
similar trend in maintaining membrane properties, the cor-
responding trend for cholesterol is different in gel phase
DPPC membranes. We interpret these results in the light
of changes in the position and number of double bonds in
cholesterol biosynthetic precursors which could influence
membrane organization and dynamics differentially. These

results could be relevant in diseases where lathosterol and
zymosterol gets accumulated due to defective steps in cho-
lesterol biosynthetic pathway.

Materials and Methods
Materials

DMPC, cholesterol, and lathosterol were obtained from
Sigma Chemical Co. (St. Louis, MO). DPPC, POPC and
zymosterol were purchased from Avanti Polar Lipids (Ala-
baster, AL). DPH and TMA-DPH were from Molecular
Probes/Invitrogen (Eugene, OR). Stock solutions of DPH
and TMA-DPH were prepared in methanol and their con-
centrations were estimated from their molar absorption
coefficient (¢) of 88,000 M~! cm™! at 350 nm (Sahu et al.
2019). See Supplementary Information (Section S1) for
more details.

Sample Preparation

All fluorescence experiments were performed with 100 nm
diameter large unilamellar vesicles (LUVs) of either DPPC
or POPC, containing increasing amounts (0—50 mol%) of
sterol (cholesterol or lathosterol or zymosterol) and 1 mol%
fluorescent membrane probe (DPH or TMA-DPH). In par-
ticular, 640 nmol of total lipid (phospholipid and sterol) and
6.4 nmol of fluorescent probe (DPH or TMA-DPH) were
mixed well and dried using a stream of nitrogen while being
warmed gently (~35 °C). LUVs of 100 nm were prepared
as described previously (MacDonald et al. 1991; Mukher-
jee and Chattopadhyay 2005; Shrivastava et al. 2008). See
Supplementary Information (Section S2) for more details.

Steady State Fluorescence Measurements

Steady state fluorescence anisotropy measurements were
performed using 1 cm path length quartz cuvette in a Hitachi
F-4010 spectrofluorometer (Tokyo, Japan) using a Hitachi
polarization accessory. See Supplementary Information
(Section S3) for more details.

Time-Resolved Fluorescence Measurements

Mean fluorescence lifetimes were calculated from time-
resolved fluorescence intensity decays measured using IBH
5000F coaxial nanosecond flashlamp instrument (Horiba
Jobin Yvon, Edison, NJ) equipped with DataStation software
in the time-correlated single photon counting mode. See
Supplementary Information (Section S4) for more details.
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Fig.2 Fluorescence anisotropy of DPH in (a) POPC and (b) DPPC
membranes as a function of increasing concentration of cholesterol
(blue circle, —, blue), lathosterol (green triangle, — —, green) and
zymosterol (red square, —, red). The bottom panels represent fluo-
rescence anisotropy of TMA-DPH in (c) POPC and (d) DPPC mem-
branes with increasing concentration of cholesterol (blue circle, —),
lathosterol (green triangle, — —) and zymosterol (red square, —).

Results and Discussion

Effect of Cholesterol and its Biosynthetic Precursors
on Membrane Order in DPPC (Gel) and POPC (Fluid)
Membranes

DPH is a hydrophobic rod-shaped symmetric fluorescent
probe which partitions into membrane bilayer and resides at
an average depth of ~8 A from the bilayer center (Kaiser and
London 1998). The membrane bilayer is a quasi-two-dimen-
sional anisotropic fluid and therefore any change in mem-
brane order may not be uniform along the bilayer normal
and limited to a specific location in the membrane. For this
reason, it is prudent to measure change in membrane order at
more than one location in the membrane. Interestingly, such
depth-dependent modulation of membrane order induced by
heat shock (Revathi et al. 1994) and alcohol (Kitagawa and
Hirata 1992) has been previously reported. For this reason,
we explored the effects of cholesterol and its biosynthetic
precursors on membrane dynamics using DPH and TMA-
DPH. The amphipathic molecule TMA-DPH is positively
charged due to the trimethylammonium moiety, and the posi-
tive charge is anchored at the membrane interface (Prender-
gast et al. 1981). The DPH moiety in TMA-DPH is located
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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. All meas-
urements were carried out at room temperature (~23 °C). Data points
shown represent means+S.E. of at least three independent experi-
ments. The lines joining the data points are provided merely as view-
ing guides. See “Materials and Methods” for other details

at an average depth of ~ 11 A from the center of the bilayer
(Kaiser and London 1998) and provides information from
the membrane interface due to its relatively shallow location
in the membrane.

Fluorescence anisotropy is associated with the rate of
rotational diffusion (Lakowicz 2006) of fluorescence probes
embedded within the membrane bilayer that is sensitive to
the packing of lipid fatty acyl chains and amount of sterols.
The change in fluorescence anisotropy of DPH with increas-
ing concentration of sterols is shown in Fig. 2a. The figure
shows that fluorescence anisotropy of DPH increases in
POPC membranes (fluid phase) with increasing concentra-
tion of cholesterol, with a large (~ 155%) increase in fluo-
rescence anisotropy with 50 mol% cholesterol. This indi-
cates that the fluid phase membrane becomes more rigid
(ordered) in presence of increasing concentration of cho-
lesterol. The corresponding increase in the value of fluo-
rescence anisotropy of DPH in POPC membranes in pres-
ence of 50 mol% lathosterol and zymosterol was found to
be~164% and ~ 134%, respectively (Fig. 2a).

Figure 2b shows the fluorescence anisotropy of DPH in
DPPC membranes containing increasing amount of ster-
ols. In DPPC membranes containing increasing amounts of
cholesterol, the anisotropy exhibits a slight reduction (4%)
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up to 50 mol% cholesterol. This is consistent with previ-
ous findings in which it was reported that incorporation
of cholesterol in gel phase DPPC membranes makes them
somewhat less ordered (although the extent of disordering
is much less relative to the extent of ordering in fluid phase
membranes) (Arora et al. 2004; Shrivastava et al. 2008). In
case of lathosterol containing DPPC membranes, the fluo-
rescence anisotropy of DPH exhibits a reduction (~8%) up
to 50 mol% and the anisotropy value decreases (~9%) when
50 mol% zymosterol was used as sterol content. Interest-
ingly, our results show that whereas lathosterol and zymos-
terol exhibit similar extents of membrane ordering, they
differ from the extent of membrane ordering exhibited by
cholesterol in gel phase DPPC membranes.

The change in fluorescence anisotropy of TMA-DPH with
increasing concentration of sterol is shown in Fig. 2¢, d. In
POPC membranes containing increasing amounts of choles-
terol, TMA-DPH anisotropy shows a progressive increase
up to the maximum concentration of sterol (Fig. 2¢), result-
ing in a significant (~38%) increase in anisotropy when
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Fig.3 Mean fluorescence lifetimes of DPH in (a) POPC and (b)
DPPC membranes as a function of increasing concentration of cho-
lesterol (blue circle, —), lathosterol (green triangle, — —) and
zymosterol (red square, —). All other conditions are as in Fig. 2.
Data points shown are means+S.E. of at least four independent
measurements. See ‘“Materials and Methods”, and Tables S1 and S2
for more details. The bottom panels show apparent rotational cor-
relation time of DPH in (c) POPC and (d) DPPC membranes with

50 mol% cholesterol was used in POPC membranes. The
corresponding increase in fluorescence anisotropy of TMA-
DPH in POPC membranes was ~42% and ~34% when
lathosterol and zymosterol were used (Fig. 2¢). These results
suggest that cholesterol, lathosterol and zymosterol show
similar trends in maintaining the membrane order in POPC
membranes.

Figure 2d shows that the anisotropy of TMA-DPH in
DPPC (gel phase) membranes exhibited a slight decrease
(~4%) at the highest concentration of cholesterol used
(50 mol% cholesterol). The fluorescence anisotropy of
TMA-DPH in DPPC membranes showed reduction of ~ 7%
and ~ 8% when 50 mol% lathosterol or zymosterol was
used (Fig. 2d). These results suggest that lathosterol and
zymosterol (but not cholesterol) behave in a similar manner
in maintaining membrane order in gel phase DPPC mem-
branes, irrespective of the fluorescent probe used to measure
anisotropy.
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increasing concentration of cholesterol (blue circle, —), lathosterol
(green triangle, — —) and zymosterol (red square, —). The apparent

rotational correlation time for DPH was calculated from fluorescence
anisotropy values from Fig. 2 [panels (a) and (b)] and mean fluores-
cence lifetimes from panels (a) and (b) of this figure using Eq. 1. The
lines joining the data points are provided merely as viewing guides.
See text for more details
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Fluorescence Lifetime of DPH in Membranes
Containing Cholesterol and its Biosynthetic
Precursors

Fluorescence lifetime of DPH is sensitive to the change in
polarity in its immediate environment (Prendergast 1991;
Stubbs et al. 1995). The representative fluorescence lifetimes
of DPH in fluid (POPC) and gel (DPPC) phase membranes,
calculated using Eq. S2, are shown in Tables S1 and S2. The
intensity-averaged mean fluorescence lifetimes were calcu-
lated using Eq. S3, and are shown in Fig. 3a, b. Figure 3a
shows the mean fluorescence lifetime of DPH in POPC
membranes is~9.1 ns which is less than the value observed
in gel phase DPPC membranes (~ 10.8 ns, see Fig. 3b) indi-
cating the decrease in environment polarity experienced by
DPH in gel phase, which could be attributed to reduction in
water penetration in gel phase due to more compact arrange-
ment of the lipid fatty acyl chains in the gel phase. Figure 3a
shows a continuous increase in DPH fluorescence lifetime in
POPC membrane with increasing concentrations of choles-
terol (~27% increase in presence of 50 mol% cholesterol).
The corresponding increase in membranes containing
lathosterol or zymosterol was less (~21% and ~22% in pres-
ence of 50 mol% lathosterol and zymosterol, respectively).
The increase in the mean fluorescence lifetime of DPH with
increasing concentration of sterols in the fluid phase POPC
membranes (shown in Fig. 3a) could be due to the reduc-
tion in water penetration (Stubbs et al. 1995; Ho and Stubbs
1992; Subczynski et al. 1994). The mean fluorescence life-
time of DPH in gel phase DPPC membranes in presence
of increasing amount of cholesterol show minimal increase
(~3% increase with 50 mol% cholesterol, see Fig. 3b). The
mean fluorescence lifetime exhibits negligible change in
case of increasing concentration of lathosterol and zymos-
terol (~ 1% and ~2% in presence of 50 mol% lathosterol or
zymsoterol respectively, see Fig. 3b).

Apparent Rotational Correlation Times of DPH
in Membranes Containing Cholesterol and its
Biosynthetic Precursors

In order to ensure that the fluorescence anisotropy values
reported in Fig. 2a, b are independent of lifetime-induced
artifacts, the apparent (average) rotational correlation
times were calculated using Perrin’s equation (Lakowicz
20006):

_<T>r
fe T ro—r’ M

where r, is the fundamental anisotropy (the fluores-
cence anisotropy of a fluorophore in the absence of any
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depolarizing processes), r is the steady state fluorescence
anisotropy (from Fig. 2a, b), and <t > is the intensity-
averaged mean fluorescence lifetime taken from Fig. 3a, b.
The value of r, for DPH is 0.36 (Shinitzky and Barenholz
1974). The values of the apparent rotational correlation
times, calculated using Eq. 1, are plotted in Fig. 3c, d. Itis
evident from the figure that the apparent rotational correla-
tion time shows similar trend with increasing sterol con-
centration (see Fig. 2a, b). This indicates that the changes
observed in fluorescence anisotropy are independent from
lifetime-induced artifacts.

Our results suggest that cholesterol, and its biosyn-
thetic precursors lathosterol and zymosterol show similar
trends in maintaining the membrane order in fluid phase
POPC membranes. Notably, lathosterol and zymosterol
show very similar effect on membrane order as opposed
to cholesterol in gel phase DPPC membranes. This is an
interesting observation since cholesterol and lathosterol
differ only in the position of the double bond in the sterol
ring, while zymosterol differs with cholesterol in an extra
double bond in the alkyl side chain and position of dou-
ble bond in sterol ring. Previous work from our (Arora
et al. 2004; Shrivastava et al. 2008; Haldar et al. 2012)
and other groups (Nyholm et al. 2003; Berring et al. 2005;
Stottrup and Keller 2006; Huster et al. 2005; Hac-Wydro
et al. 2014) have shown that the position and number of
double bonds in sterols play a vital role in determining the
suitability of sterols in maintaining membrane physical
properties.

These results appear interesting since the accumula-
tion of biosynthetic precursors of cholesterol have been
reported to result in severe (sometimes fatal) diseases
(Waterham 2006; Chattopadhyay and Paila 2007; Por-
ter and Herman 2011). For example, accumulation of
lathosterol results in a neurological disorder, that is,
lathosterolosis (Brunetti-Pierri et al. 2002; Rossi et al.
2007; Yaplito-Lee et al. 2020). On the other hand, accu-
mulation of zymosterol results in the disease condition
known as CDPX2 (Platt et al. 2014) with symptoms such
as growth deficiency, skeletal abnormalities, skin defects
and craniofacial defects (Derry et al. 1999). The observa-
tion that lathosterol and zymosterol was found to exhibit
similar effect on membrane order (as opposed to cho-
lesterol), only in what is believed to be biologically less
relevant gel phase (DPPC) membranes merits comment.
While it is now generally believed that biological mem-
branes cannot be fully represented by any pure phase (fluid
or gel), the overall idea of fluid membranes has evolved
considerably since the classical “Fluid mosaic model” was
proposed by Singer and Nicolson close to 50 years back
(Singer and Nicolson 1972). Experimental data on natu-
ral membranes using Fluorescence Recovery After Pho-
tobleaching (FRAP), Single Particle Tracking (SPT) and
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Fluorescence Correlation Spectroscopy (FCS) have shown
that lateral diffusion of lipids and proteins in natural mem-
branes is often constrained (termed corralled diffusion or
anomalous diffusion), not expected in fluid phase mem-
branes (Kusumi et al. 2005; Ganguly et al. 2008; Ganguly
and Chattopadhyay 2010; Shrivastava et al. 2022). This
was discussed comprehensively in an elegant article by
Engelman (see Engelman 2005) in which it was stated that:
“Many experimental observations now support the patchi-
ness of membranes as a principle. Fluidity must be rec-
onciled with order”. We therefore caution that correlating
our results with accumulation of biosynthetic precursors
of cholesterol in certain diseases could be complicated.
Comparative studies on the effects of cholesterol and its
biosynthetic precursors on membrane physical properties
are significant in the context of pathogenicity that results
due to deregulation of the sterol biosynthetic pathway
(Waterham 2006; Porter and Herman 2011). Monitoring
the change in membrane physical properties under these
conditions constitute an important step to understand the
molecular basis of such pathogenicity. Our results show
that cholesterol, lathosterol and zymosterol exert simi-
lar effect on membrane organization and dynamics in
fluid phase (POPC) membranes. In contrast, although
lathosterol and zymosterol show similar behavior in gel
phase (DPPC) membranes, the behavior of cholesterol is
different under these conditions, as monitored by fluores-
cence anisotropy and apparent rotational correlation time.
Taken together, our results suggest that the fine-tuning of
the structure—function relationship in sterols could play
a significant role in understanding the molecular basis of
diseases associated with altered sterol biosynthesis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00232-023-00278-w.
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