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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

Introduction

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 

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 Δ5-desaturase converts 
lathosterol to 7-dehydrocholesterol and mutations in this 

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
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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 8th position in the sterol ring and 
24th 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 24th position) by C-4 
demethylation complex followed by isomerization by the 
enzyme, sterol Δ7-Δ8 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 3β-OH moiety, a planar ∆5(6) double 
bond, angular methyl groups and a branched 7-carbon alkyl 
chain at the 17β-position, have all been found to be essential 
for the complex biological behavior shown by cholesterol 
(Kumari et al 1982; Ranadive and Lala 1987; Róg et al. 
2007; Pöyry 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 (ε) of 88,000 M−1 cm−1 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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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 Å 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 

at an average depth of ~ 11 Å 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%) 

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, ––). 

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



193Role of Cholesterol and its Biosynthetic Precursors on Membrane Organization and Dynamics:…

1 3

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. 2c, 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. 2c), result-
ing in a significant (~ 38%) increase in anisotropy when 

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. 2c). 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.

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 

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 
2006):

where ro is the fundamental anisotropy (the fluores-
cence anisotropy of a fluorophore in the absence of any 

(1)𝜏c =

< 𝜏 > r

r0 − r

,

depolarizing processes), r is the steady state fluorescence 
anisotropy (from Fig. 2a, b), and < τ > is the intensity-
averaged mean fluorescence lifetime taken from Fig. 3a, b. 
The value of ro 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. It is 
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; Hąc-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.

Acknowledgements  A.C. gratefully acknowledges support from CSIR 
Bhatnagar Fellowship. We gratefully acknowledge members of the 
Chattopadhyay laboratory and Dr. Parijat Sarkar (Stanford University) 
for their comments and suggestions.

Author Contributions  AC, YDP and SS: conceptualized the project and 
designed experiments. SS and YDP: performed experiments. SS and 
YDP: analyzed the data. SS and AC: wrote the manuscript. AC: edited 
the manuscript, organized access to research facilities and funding, and 
provided overall supervision and mentoring.

Funding  CSIR Bhatnagar Fellowship, R90807

Data Availability  The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Conflict of interest  The authors declare that there is no conflict of in-
terest.

References

Arora A, Raghuraman H, Chattopadhyay A (2004) Influence of cho-
lesterol and ergosterol on membrane dynamics: a fluorescence 
approach. Biochem Biophys Res Commun 318:920–926

Berring EE, Borrenpohl K, Fliesler SJ, Serfis AB (2005) A comparison 
of the behavior of cholesterol and selected derivatives in mixed 
sterol-phospholipid Langmuir monolayers: a fluorescence micros-
copy study. Chem Phys Lipids 136:1–12

Bloch K (1965) The biological synthesis of cholesterol. Science 
150:19–28

Bloch KE (1983) Sterol structure and membrane function. CRC Crit 
Rev Biochem 14:47–92

Brown AJ, Galea AM (2010) Cholesterol as an evolutionary response 
to living with oxygen. Evolution 64:2179–2183

Brunetti-Pierri N, Corso G, Rossi M, Ferrari P, Balli F, Rivasi F, 
Annunziata I, Ballabio A, Dello Russo A, Andria G, Parenti G 
(2002) Lathosterolosis, a novel multiple-malformation/mental 
retardation syndrome due to deficiency of 3β-hydroxysteroid-Δ5-
desaturase. Am J Hum Genet 71:952–958

Chattopadhyay A, Paila YD (2007) Lipid-protein interactions, regula-
tion and dysfunction of brain cholesterol. Biochem Biophys Res 
Commun 354:627–633

Chaudhuri A, Chattopadhyay A (2011) Transbilayer organization of 
membrane cholesterol at low concentrations: implications in 
health and disease. Biochim Biophys Acta 1808:19–25

Derry JMJ, Gormally E, Means GD, Zhao W, Meindl A, Kelley RI, 
Boyd Y, Herman GE (1999) Mutations in a Δ8-Δ7 sterol isomerase 
in the tattered mouse and X-linked dominant chondrodysplasia 
punctata. Nat Genet 22:286–290

Engelman DM (2005) Membranes are more mosaic than fluid. Nature 
438:578–580

Ganguly S, Chattopadhyay A (2010) Cholesterol depletion mimics the 
effect of cytoskeletal destabilization on membrane dynamics of 
the serotonin1A receptor: a zFCS study. Biophys J 99:1397–1407

Ganguly S, Pucadyil TJ, Chattopadhyay A (2008) Actin cytoskeleton-
dependent dynamics of the human serotonin1A receptor correlates 
with receptor signaling. Biophys J 95:451–463

Hąc-Wydro K, Wydro P, Flasiński M (2014) The comparison of zymos-
terol vs cholesterol membrane properties-the effect of zymosterol 
on lipid monolayers. Colloids Surf B Biointerfaces 123:524–532

Haldar S, Kanaparthi RK, Samanta A, Chattopadhyay A (2012) Dif-
ferential effect of cholesterol and its biosynthetic precursors on 
membrane dipole potential. Biophys J 102:1561–1569

Ho C, Stubbs CD (1992) Hydration at the membrane protein-lipid 
interface. Biophys J 63:897–902

Huster D, Scheidt HA, Arnold K, Herrmann A, Müller P (2005) Des-
mosterol may replace cholesterol in lipid membranes. Biophys J 
88:1838–1844

Jafurulla M, Rao BD, Sreedevi S, Ruysschaert J-M, Covey DF, Chat-
topadhyay A (2014) Stereospecific requirement of cholesterol in 
the function of the serotonin1A receptor. Biochim Biophys Acta 
1838:158–163

Kaiser RD, London E (1998) Location of diphenylhexatriene (DPH) 
and its derivatives within membranes: comparison of different 
fluorescence quenching analyses of membrane depth. Biochem-
istry 37:8180–8190

Kandutsch AA, Russell AE (1960) Preputial gland tumor sterols: III. 
A metabolic pathway from lanosterol to cholesterol. J Biol Chem 
235:2256–2261

Kitagawa S, Hirata H (1992) Effects of alcohols on fluorescence aniso-
tropies of diphenylhexatriene and its derivatives in bovine blood 
platelets: relationships of the depth-dependent change in mem-
brane fluidity by alcohols with their effects on platelet aggregation 
and adenylate cyclase activity. Biochim Biophys Acta 1112:14–18

https://doi.org/10.1007/s00232-023-00278-w


196	 S. Shrivastava et al.

1 3

Kumar GA, Chattopadhyay A (2016) Cholesterol: an evergreen mol-
ecule in biology. Biomed Spectrosc Imaging 5:S55–S66

Kumar GA, Chattopadhyay A (2021) Membrane cholesterol regu-
lates endocytosis and trafficking of the serotonin1A receptor: 
insights from acute cholesterol depletion. Biochim Biophys Acta 
1866:158882

Kumar GA, Jafurulla M, Chattopadhyay A (2016) The membrane as 
the gatekeeper of infection: cholesterol in host-pathogen interac-
tion. Chem Phys Lipids 199:179–185

Kumari SN, Ranadive GN, Lala AK (1982) Growth of a yeast mutant 
on ring A modified cholesterol derivatives. Biochim Biophys Acta 
692:441–446

Kusumi A, Nakada C, Ritchie K, Murase K, Suzuki K, Murakoshi 
H, Kasai RS, Kondo J, Fujiwara T (2005) Paradigm shift of the 
plasma membrane concept from the two-dimensional continuum 
fluid to the partitioned fluid: high-speed single-molecule track-
ing of membrane molecules. Annu Rev Biophys Biomol Struct 
34:351–378

Lakowicz JR (2006) Principles of Fluorescence Spectroscopy, 3rd edn. 
Springer, New York

Liscum L, Underwood KW (1995) Intracellular cholesterol transport 
and compartmentation. J Biol Chem 270:15443–15446

MacDonald RC, MacDonald RI, Menco BP, Takeshita K, Subbarao 
NK, Hu LR (1991) Small-volume extrusion apparatus for prepa-
ration of large, unilamellar vesicles. Biochim Biophys Acta 
1061:297–303

Mitsche MA, Donald JG, Hobbs HH, Cohen JC (2015) Flux analysis of 
cholesterol biosynthesis in vivo reveals multiple tissue and cell-
type specific pathways. ELife 4:07999

Mouritsen OG, Zuckermann MJ (2004) What’s so special about cho-
lesterol? Lipids 39:1101–1113

Mukherjee S, Chattopadhyay A (2005) Influence of ester and ether 
linkage in phospholipids on the environment and dynamics of 
the membrane interface: a wavelength-selective fluorescence 
approach. Langmuir 21:287–293

Mukherjee S, Maxfield FR (2004) Membrane domains. Annu Rev Cell 
Dev Biol 20:839–866

Nes WD (2011) Biosynthesis of cholesterol and other sterols. Chem 
Rev 111:6423–6451

Nyholm TKM, Nylund M, Slotte JP (2003) A calorimetric study of 
binary mixtures of dihydrosphingomyelin and sterols, sphingomy-
elins, or phosphatidylcholine. Biophys J 84:3138–3146

Ollila OHS, Róg T, Karttunen M, Vattulainen I (2007) Role of sterol 
type on lateral pressure profiles of lipid membranes affecting 
membrane protein functionality: comparison between cholesterol, 
desmosterol, 7-dehydrocholesterol and ketosterol. J Struct Biol 
159:311–323

Paila YD, Murty MRVS, Vairamani M, Chattopadhyay A (2008) Sign-
aling by the human serotonin1A receptor is impaired in cellular 
model of Smith-Lemli-Opitz syndrome. Biochim Biophys Acta 
1778:1508–1516

Platt FM, Wassif C, Colaco A, Dardis A, Lloyd-Evans E, Bembi B, 
Porter FD (2014) Disorders of cholesterol metabolism and their 
unanticipated convergent mechanisms of disease. Annu Rev 
Genomics Hum Genet 15:173–194

Porter FD, Herman GE (2011) Malformation syndromes caused by 
disorders of cholesterol synthesis. J Lipid Res 52:6–34

Porter JA, Young KE, Beachy PA (1996) Cholesterol modification 
of hedgehog signaling proteins in animal development. Science 
274:255–259

Pöyry S, Róg T, Karttunen M, Vattulainen I (2008) Significance of 
cholesterol methyl groups. J Phys Chem B 112:2922–2929

Prendergast FG (1991) Time-resolved fluorescence techniques: 
methods and applications in biology. Curr Opin Struct Biol 
1:1054–1059

Prendergast FG, Haugland RP, Callahan PJ (1981) 1-[4-(Trimethyl-
amino)phenyl]-6-phenylhexa-1,3,5-triene: synthesis, fluorescence 
properties, and use as a fluorescence probe of lipid bilayers. Bio-
chemistry 20:7333–7338

Ranadive GN, Lala AK (1987) Sterol-phospholipid interaction in 
model membranes: role of C5–C6 double bond in cholesterol. 
Biochemistry 26:2426–2431

Revathi CJ, Chattopadhyay A, Srinivas UK (1994) Change in mem-
brane organization induced by heat shock. Biochem Mol Biol Int 
32:941–950

Róg T, Pasenkiewicz-Gierula M, Vattulainen I, Karttunen M (2007) 
What happens if cholesterol is made smoother: importance of 
methyl substituents in cholesterol ring structure on phosphatidyl-
choline-sterol interaction. Biophys J 92:3346–3357

Rossi M, D’Armiento M, Parisi I, Ferrari P, Hall CM, Cervasio M, 
Rivasi F, Balli F, Vecchione R, Corso G, Andira G, Parenti G 
(2007) Clinical phenotype of lathosterolosis. Am J Hum Genet 
143A:2371–2381

Sahu SS, Sarkar P, Shrivastava S, Chattopadhyay A (2019) Differential 
effects of simvastatin on membrane organization and dynamics in 
varying phases. Chem Phys Lipids 225:104831

Sharma A, Kumar GA, Chattopadhyay A (2021) Late endosomal/lyso-
somal accumulation of a neurotransmitter receptor in a cellular 
model of Smith-Lemli-Opitz syndrome. Traffic 22:332–344

Shinitzky M, Barenholz Y (1974) Dynamics of the hydrocarbon layer 
in liposomes of lecithin and sphingomyelin containing dice-
tylphosphate. J Biol Chem 249:2652–2657

Shrivastava S, Paila YD, Dutta A, Chattopadhyay A (2008) Differential 
effects of cholesterol and its immediate biosynthetic precursors on 
membrane organization. Biochemistry 47:5668–5677

Shrivastava S, Sarkar P, Preira P, Salomé L, Chattopadhyay A (2022) 
Cholesterol-dependent dynamics of the serotonin1A receptor uti-
lizing single particle tracking: analysis of diffusion modes. J Phys 
Chem B 126:6682–6690

Simons K, Ikonen E (2000) How cells handle cholesterol. Science 
290:1721–1726

Singer SJ, Nicolson GL (1972) The fluid mosaic model of the structure 
of cell membranes. Science 175:720–731

Singh P, Paila YD, Chattopadhyay A (2007) Differential effects of cho-
lesterol and 7-dehydrocholesterol on the ligand binding activity 
of the hippocampal serotonin1A receptor: implications in SLOS. 
Biochem Biophys Res Commun 358:495–499

Singh P, Saxena R, Paila YD, Jafurulla M, Chattopadhyay A (2009) 
Differential effects of cholesterol and desmosterol on the 
ligand binding function of the hippocampal serotonin1A recep-
tor: implications in desmosterolosis. Biochim Biophys Acta 
1788:2169–2173

Stottrup BL, Keller SL (2006) Phase behavior of lipid monolayers con-
taining DPPC and cholesterol analogs. Biophys J 90:3176–3183

Stubbs CD, Ho C, Slater SJ (1995) Fluorescence techniques for probing 
water penetration into lipid bilayers. J Fluoresc 5:19–28

Subczynski WK, Wisniewska A, Yin J-J, Hyde JS, Kusumi A (1994) 
Hydrophobic barriers of lipid bilayer membranes formed by 
reduction of water penetration by alkyl chain unsaturation and 
cholesterol. Biochemistry 33:7671–7681

Thelen KM, Falkai P, Bayer TA, Lütjohann D (2006) Cholesterol syn-
thesis rate in human hippocampus declines with aging. Neurosci 
Lett 403:15–19

Vainio S, Jansen M, Koivusalo M, Róg T, Karttunen M, Vattulainen 
I, Ikonen E (2006) Significance of sterol structural specificity. 
Desmosterol cannot replace cholesterol in lipid rafts. J Biol Chem 
281:348–355

Waterham HR (2006) Defects of cholesterol biosynthesis. FEBS Lett 
580:5442–5449



197Role of Cholesterol and its Biosynthetic Precursors on Membrane Organization and Dynamics:…

1 3

Xu X, London E (2000) The effect of sterol structure on membrane 
lipid domains reveals how cholesterol can induce lipid domain 
formation. Biochemistry 39:843–849

Yaplito-Lee J, Pai G, Hardikar W, Hong KM, Pitt J, Marum J, Amor 
DJ (2020) Successful treatment of lathosterolosis: a rare defect in 
cholesterol biosynthesis—A case report and review of literature. 
JIMD Reports 56:14–19

Zhang Y, Appelkvist E-L, Kristensson K, Dallner G (1996) The lipid 
compositions of different regions of rat brain during development 
and aging. Neurobiol Aging 17:869–875

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Sandeep Shrivastava1 · Yamuna Devi Paila1,3 · Amitabha Chattopadhyay1,2

 *	 Amitabha Chattopadhyay 
	 amit@ccmb.res.in

1	 CSIR-Centre for Cellular and Molecular Biology, Uppal 
Road, Hyderabad 500 007, India

2	 Academy of Scientific and Innovative Research, 
Ghaziabad 201 002, India

3	 Present Address: Moderna Inc, Cambridge, MA 02139, USA


	Role of Cholesterol and its Biosynthetic Precursors on Membrane Organization and Dynamics: A Fluorescence Approach
	Abstract
	Graphical abstract

	Introduction
	Materials and Methods
	Materials
	Sample Preparation
	Steady State Fluorescence Measurements
	Time-Resolved Fluorescence Measurements

	Results and Discussion
	Effect of Cholesterol and its Biosynthetic Precursors on Membrane Order in DPPC (Gel) and POPC (Fluid) Membranes
	Fluorescence Lifetime of DPH in Membranes Containing Cholesterol and its Biosynthetic Precursors
	Apparent Rotational Correlation Times of DPH in Membranes Containing Cholesterol and its Biosynthetic Precursors

	Anchor 14
	Acknowledgements 
	References




