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v

Cholesterol is a Janus-faced molecule. The very property that makes it 
useful in cell membranes, namely its absolute insolubility in water, also 
makes it lethal.

This quote from the 1985 Nobel Laureates Michael Brown and Joseph Goldstein (Brown 
and Goldstein, 1985 Nobel Lecture: 284–324) aptly introduces the concept of cholesterol 
homeostasis. We need cholesterol, but too much cholesterol can be detrimental, even lethal. 
And so biology’s elegant solution to this conundrum is the intricate, multilayered homeo-
static mechanisms that mammals have evolved. Furthermore, the absolute insolubility of cho-
lesterol in water presents special technical challenges to the study of cholesterol homeostasis. 
This volume of Methods in Molecular Biology brings together a compendium of “How-to” 
guides for many key techniques in tackling the investigation of cholesterol homeostasis.

Sydney, NSW, Australia Ingrid C. Gelissen 
  Andrew J. Brown 

Preface
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Chapter 1

An Overview of Cholesterol Homeostasis

Ingrid C. Gelissen and Andrew J. Brown

Abstract

Cholesterol has long been implicated in diverse aspects of human health and disease. As this lipid is both 
vital and lethal, ensuring that its levels are kept in check is important for maintaining health. However, 
studying cholesterol homeostasis can be challenging due to the extreme hydrophobic nature of cholesterol 
and the membranous world it inhabits. This volume of Methods in Molecular Biology brings together 
21 techniques covering the gamut of cholesterol homeostasis.

Key words Cholesterol sensing, Cholesterol uptake, Cholesterol transport, Cholesterol synthesis, 
Cholesterol efflux

1  Introduction

At its simplest, cholesterol homeostasis in the cell involves sensing 
sterol levels and appropriately responding by altering the balance 
between cholesterol uptake and synthesis on the one hand, with 
cholesterol export or efflux on the other. Regulated transport of 
cholesterol is also needed; from where it enters the cell (plasma 
membrane) or is made (endoplasmic reticulum) to other organelles 
and extracellular locations. Here, we briefly review each of these 
major aspects of cholesterol homeostasis (see Fig. 1), introducing 
the chapters that relate to each.

2  Cholesterol Sensing

Michael Brown and Joseph Goldstein labeled cholesterol “a 
Janus- faced molecule” during their Nobel Prize acceptance speech 
in 1985 [1]. Figuratively, cholesterol may be Janus-faced, but 
physically this planar molecule does in fact have two faces, one 
rough and one smooth. These features help cholesterol interact 
with specific lipids and proteins in the membrane, underpinning its 
functions as well as its homeostasis.
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Cholesterol homeostasis begins with sterol sensing in the 
membranes of the cell, which then governs homeostasis at the level 
of the whole organism. Cholesterol sensing occurs either directly 
by binding to specific proteins, and/or by altering the properties 

Fig. 1 Overview of the cholesterol homeostatic machinery. Cholesterol (yellow hexagon) is synthesized from 
acetyl-CoA in the endoplasmic reticulum (ER) (1) or taken up through the LDLR (2). When sterol levels are low, 
Insig (orange) dissociates from Scap (blue), enabling Scap to escort SREBP (green) (3) to the Golgi for process-
ing by Site-1 and Site-2 proteases (4). This releases an SREBP TF that translocates to the nucleus and upregu-
lates SREBP target genes (5). These include HMGCR, SM, and LDLR (indicated by green arrows). When sterol 
levels are high, cholesterol negatively regulates SM and oxysterols (black squares) negatively regulate HMGCR 
(indicated by the red barred lines), causing their degradation. Cholesterol binds to Scap, and oxysterols bind to 
Insig, causing the retention of Scap/SREBP in the ER. Oxysterols, such as 24(S), 25-epoxycholesterol (denoted 
24,25-EC), also act as ligands for the LXR (bright red)-retinoid X receptor (RXR, purple) heterodimer, releasing 
the LXR TF and upregulating transcription of LXR target genes (indicated by red arrows) (6). These include 
ABCA1 and ABCG1, which synergize to export cholesterol from the cell (7), and Idol (pink), which mediates 
degradation of LDLR (indicated by the red barred line) (8). Excess cholesterol can also be esterified by ACAT 
(light orange) for storage in an inactive form (9). LDL-derived cholesterol entering the cell via the LDLR is 
transported via the endosomes to fuse with lysosomes where cholesteryl esters are hydrolyzed. Free choles-
terol is released from lysosomes in a process involving handoff between soluble NPC2 and membrane-bound 
NPC1 (10). Cholesterol can be transported to other organelles including peroxisomes (11) and mitochondria 
(12). Adapted from [2]

Ingrid C. Gelissen and Andrew J. Brown
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of the membrane in which the cholesterol and sensing proteins 
reside (reviewed in ref. [2]).

In Chapter 2, Di Scala and Fantini provide a computational 
approach to model cholesterol–protein interactions, before pre-
senting an in vitro experimental approach for their validation. In 
Chapter 3, Jafurulla and Chattopadhyay review the many 
approaches to manipulating cell cholesterol levels in culture, 
including cyclodextrins to deliver or deplete cholesterol, agents to 
complex cholesterol in the plasma membrane, and inhibitors that 
block cholesterol synthesis at different points in the pathway. 
Moreover, they focus on stereoisomers of cholesterol, which have 
particular utility in interrogating the structural stringency of 
cholesterol- membrane protein interactions. We then follow with 
step-by-step guides for some of the key approaches to manipulat-
ing cell cholesterol levels in Chapter 4.

3  Cholesterol Uptake

The discovery of the low-density lipoprotein (LDL) receptor was 
central to the work Michael Brown and Joseph Goldstein won 
their Nobel prize for in 1985. Typically, cholesterol packaged in 
lipoproteins like LDL enters the cell via receptor-mediated endo-
cytosis. Levels of the LDL receptor are thus a key determinant of 
LDL levels, which as the major cholesterol-carrying lipoprotein in 
the circulation contributes to the cholesterol deposits seen in 
atherosclerosis. In Chapter 5, Loregger, Nelson, and Zelcer 
describe a fluorescent assay for measuring LDL uptake in cells. 
Zerenturk and Calkin follow (Chapter 6) with a new model of 
atherosclerosis which overexpresses Idol. This inducible E3 ubiq-
uitin ligase targets LDL receptors for proteasomal degradation. 
The resulting reduced levels of LDL receptors in the livers of the 
mice give rise to a more human-like lipoprotein profile and 
increased atherosclerosis, especially on a Western diet.

4  Intracellular Cholesterol Transport

After receptor-mediated endocytosis of LDL, the endosomes fuse 
with lysosomes that hydrolyze the cholesteryl esters in the core of 
the lipoprotein particles to free cholesterol. From there, the itiner-
ary of cholesterol remains rather sketchy. But recent insights have 
been gleaned from the study of a rare lysosomal storage disease, 
Niemann-Pick Type C (NPC), sometimes called Childhood 
Alzheimer’s Disease. The molecular defects are in either of two 
proteins, NPC1 or NPC2, and at the cellular level this disease is 
characterized by striking cholesterol accumulation. In Chapter 7, 
Du, Lukmantara, and Yang generate a cell model for this disease by 

Cholesterol Homeostasis

http://dx.doi.org/10.1007/978-1-4939-6875-6_2
http://dx.doi.org/10.1007/978-1-4939-6875-6_3
http://dx.doi.org/10.1007/978-1-4939-6875-6_4
http://dx.doi.org/10.1007/978-1-4939-6875-6_5
http://dx.doi.org/10.1007/978-1-4939-6875-6_6
http://dx.doi.org/10.1007/978-1-4939-6875-6_7
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deleting NPC1 using CRISPR/Cas9 technology. The ability to 
detect cholesterol accumulation is not only important for the diag-
nosis of cholesterol defects like NPC, but also in depth character-
ization of transport pathways. In Chapter 8, Li, Lee, and Pfeffer 
utilize a bacterial toxin that binds to cholesterol, Perfringolysin O 
(engineered so that it is nontoxic), as a tool to measure intracellu-
lar cholesterol accumulation using flow cytometry. McCauliff and 
Storch (Chapter 9) describe assays of cholesterol transfer between 
model membranes and purified NPC2. Modzel, Lund, and 
Wustner (Chapter 10) use sophisticated imaging and computa-
tional approaches to track fluorescent analogs of cholesterol.

Membrane contacts exist between many organelles, including 
between peroxisomes and lysosomes [3]. These contacts are 
enhanced by LDL, and indeed cholesterol is transported from 
lysosomes to peroxisomes [4]. In Chapter 11, Luo, Liao, Xiao, and 
Song present a biochemical method for monitoring cholesterol 
transfer from lysosomes to peroxisomes.

Membrane cholesterol content increases dramatically from the 
endoplasmic reticulum to the plasma membrane. The mitochon-
drion, echoing its prokaryotic origin, is a particularly cholesterol- 
poor organelle, but still needs cholesterol for membrane 
maintenance and for the synthesis of steroids, oxysterols, and bile 
acids. Kennedy, Charman, and Karten (Chapter 12) trace choles-
terol trafficking to mitochondria by taking advantage of a 
mitochondrial- specific enzyme approach.

5  Cholesterol Synthesis

Cholesterol is not a simple molecule. At 27-carbons, it comprises 
four fused rings, an aliphatic side-chain, and a hydroxyl group. 
Constructing this complicated molecule from the two-carbon 
building blocks of acetyl-CoA clearly requires a lengthy biosyn-
thetic pathway that comprises more than 20 steps [5]. Like other 
processes in cholesterol homeostasis, there are multiple levels of 
regulation, including transcriptionally and posttranslationally. 
Nearly all of the cholesterol synthetic enzymes are under the con-
trol of the chief transcriptional conductor of lipid metabolism, 
sterol-regulatory element binding protein (SREBP), which as the 
name suggests binds to sterol responsive elements (SREs) in the 
promoters for many of the genes involved in cholesterol homeosta-
sis. In Chapter 13, we describe in silico and luciferase-based experi-
mental approaches for mapping SREs in gene promoters that we 
have used successfully to pinpoint dual SREs in the promoters of 
two cholesterol synthesis genes, DHCR7 and DHCR24.

The best known example of posttranslational regulation in 
cholesterol synthesis is the proteasomal degradation of the key 

Ingrid C. Gelissen and Andrew J. Brown
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rate-limiting step, 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase (HMGCR). In response to increased sterol status, HMGCR 
becomes ubiquitinated and then extracted from the membranes of 
the endoplasmic reticulum into the cytosol for degradation by 26S 
proteasomes. In Chapter 14, Morris and Debose-Boyd detail an 
assay to monitor this extraction using an in vitro protease digestion 
method of an epitope engineered into a luminal loop of HMGCR.

A key rate-limiting step beyond HMGCR is squalene mono-
oxygenase (SM). We provide an approach to probe the membrane 
topology of cholesterol-related proteins, using SM as an example 
(Chapter 15).

The activity of individual enzymes in cholesterol synthesis can 
be assayed by determining the conversion of a stably labeled sterol 
substrate into a deuterated product by gas chromatography linked 
to mass spectrometry (GC-MS), as we describe in Chapter 16. 
Jenner and Brown (Chapter 17) present a GC-MS method for an 
array of sterols, including cholesterol synthetic precursors, phytos-
terols, and oxysterols. They also utilize direct infusion of tissue 
extracts onto tandem MS for analyzing cholesteryl esters.

Rates of cholesterol synthesis can be measured in tissue slices 
or whole animal models using tritiated water, as detailed by Lopez, 
Chuang, and Turley in Chapter 18. This landmark method has 
been applied over many decades and been instrumental in develop-
ing our current understanding of cholesterol synthesis in the whole 
animal as well as contributions from individual organs.

6  Cholesterol Efflux

Apart from SREBP, cholesterol excess is sensed by another tran-
scription factor, the nuclear Liver X Receptor (LXR), which is acti-
vated by sterol ligands (oxysterols and certain intermediates in 
cholesterol synthesis). LXR upregulates a suite of genes, including 
those encoding two proteins that export cholesterol from the cell. 
The ATP-binding cassette proteins, ABCA1 and ABCG1, facilitate 
cell cholesterol export to nascent and mature high-density lipopro-
teins (HDL), respectively. Yamauchi, Yokoyama, and Chang 
(Chapter 19) describe methods for monitoring ABCA1-dependent 
sterol efflux. Importantly, they note that newly synthesized choles-
terol is preferentially effluxed over premade cholesterol, say from 
LDL. Yang and Gelissen (Chapter 20) focus on a tritiated choles-
terol assay in cultured cells for assessing ABC-transporter medi-
ated cholesterol export, using various cell systems. And finally 
turning to another in vivo model, Kockx, Jessup, and Kritharides 
(Chapter 21) present a macrophage-specific reverse cholesterol 
transport assay in mice.

Cholesterol Homeostasis

http://dx.doi.org/10.1007/978-1-4939-6875-6_14
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http://dx.doi.org/10.1007/978-1-4939-6875-6_18
http://dx.doi.org/10.1007/978-1-4939-6875-6_19
http://dx.doi.org/10.1007/978-1-4939-6875-6_20
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7  Beginnings and Endings

And thus ends the first chapter of this book. It is appropriate that 
we began the chapter with Janus, the Roman god of beginnings 
and endings. With his two faces, he looks to the past and to the 
future. The past of cholesterol research is long and distinguished, 
and considering the wealth of talented researchers active in this 
field (just some of whom have contributed to this volume), the 
future looks very bright indeed.
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Chapter 2

Hybrid In Silico/In Vitro Approaches for the Identification 
of Functional Cholesterol-Binding Domains in Membrane 
Proteins

Coralie Di Scala and Jacques Fantini

Abstract

In eukaryotic cells, cholesterol is an important regulator of a broad range of membrane proteins, including 
receptors, transporters, and ion channels. Understanding how cholesterol interacts with membrane pro-
teins is a difficult task because structural data of these proteins complexed with cholesterol are scarce. 
Here, we describe a dual approach based on in silico studies of protein–cholesterol interactions, combined 
with physico-chemical measurements of protein insertion into cholesterol-containing monolayers. 
Our algorithm is validated through careful analysis of the effect of key mutations within and outside the 
predicted cholesterol-binding site. Our method is illustrated by a complete analysis of cholesterol-binding 
to Alzheimer’s β-amyloid peptide, a protein that penetrates the plasma membrane of brain cells through a 
cholesterol-dependent process.

Key words Alzheimer’s β-amyloid peptide, Cholesterol-binding motif, Langmuir monolayer, 
Molecular docking, Molecular dynamics simulations, Transmembrane domain

1 Introduction

Among eukaryotic membrane lipids, cholesterol (Fig. 1) is unique 
for several reasons. In contrast with other membrane lipids, which 
contain one (sphingolipids) or two (glycerophospholipids) acyl 
chains, whose variability may generate a high degree of biochemical 
diversity, cholesterol has only one molecular structure [1]. It con-
tains two structural elements that are not found in other membrane 
lipids, i.e., carbon rings (the sterane backbone) and branched ali-
phatic groups (methyl and iso-octyl). The asymmetric distribution 
of these chemical groups defines two topologically distinct surfaces 
of the cholesterol molecule: one with reliefs, referred to as the 
“rough” face, and the other one devoid of this roughness, referred 
to as the “smooth” face (Fig. 1). According to the nomenclature of 
cyclic compounds proposed by Rose et al. [2], the smooth and 
rough faces are respectively identified as the α and β faces [1, 3].
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Apart from its bifacial geometry, cholesterol has unexpected 
conformational flexibility properties that are conferred by the rota-
tional movements of the carbon–carbon bonds at the level of the 
iso-octyl chain. Schematically, two types of cholesterol conformers 
have to be considered for studying protein–cholesterol interactions 
at the molecular level [4]. As shown in Fig. 1, these conformers 
differ by the angle between the sterane unit and the iso-octyl chain, 
which defines either “straight” or “bent” structures. Straight con-
formers are particularly adapted for interacting with the apolar part 
of sphingolipids, whereas bent conformers are generally bound to 
a membrane-spanning protein [5].

Finally, the amphipathic nature of cholesterol, with its polar 
OH group at one end and the iso-octyl group at the opposite, sug-
gests a preferential orientation of the cholesterol molecule within a 
lipid bilayer, i.e., parallel to bulk membrane lipids with the OH 
group facing the polar-apolar interface. This thermodynamic 
constraint facilitates the search for a fit between cholesterol and a 
membrane-embedded domain of the studied protein because it 
significantly restricts the possibilities of forming a biologically rel-
evant complex.

In this chapter, we describe a procedure for the prediction of a 
cholesterol-binding site on Alzheimer’s β-amyloid peptide (Aβ). 
The choice of this particular protein is motivated by the fact that it 
lacks any predictable cholesterol-binding motif based on amino 

Fig. 1 Structure and conformational flexibility of cholesterol. In textbooks, cho-
lesterol is often represented in such a way that the four rings of the sterane 
backbone are clearly visible (left panel). In this case, it is not possible to assess 
the distinct topologies of the α (smooth) and β (rough) faces. A 180 ° rotation of 
the molecule (middle panel) unmasks the two faces of cholesterol. Note that the 
iso-octyl chain of this particular conformer is not tilted with respect to the main 
axis of cholesterol, giving the molecule a “straight” structure that is compatible 
with an interaction with membrane lipids. Upon protein binding (a process that 
can be quantified by a variation in free energy, ΔG), cholesterol may adopt a 
“bent” shape due to the rotational flexibility of the iso-octyl chain (right panel)

Coralie Di Scala and Jacques Fantini
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acid sequences such as CARC or CRAC motifs [3]. Therefore, the 
molecular modeling study in this case has to start from zero (“ab 
initio” modeling). Nevertheless, we will also give some clues for 
generating a cholesterol-protein complex based on the detection 
of a consensus cholesterol-binding motif. Finally, we will describe 
the experimental procedure used in our laboratory for checking 
the validity of the models obtained in silico.

2 Materials

For modeling studies, we suggest using a high performance gam-
ing computer (either Mac or PC) with a large HD monitor, a good 
video card, and at least 8 GB RAM. The websites that we regularly 
use are UniProt (http://www.uniprot.org) for protein sequence 
data and the Protein Databank (http://www.rcsb.org) for 3D 
structures. The software packages used for molecular modeling, 
structure analysis, and visualization are Hyperchem Professional 
(Hypercube, Inc., Gainesville, FL), DeepView - Swiss-PdbViewer 
(http://spdbv.vital-it.ch), and Molegro Molecular Viewer (CLC 
bio, Waltham, MA, http://www.clcbio.com). The surface pres-
sure data were analyzed with the FilmWare X program (Kibron 
Inc., Helsinki, Finland). We developed our own software (NTB 
extractor) for transferring the FilmWare data (.ntb) to Microsoft 
Exel (.xls). The graphs are generated using Origin (OriginLab 
Corp., Northampton, MA).

Surface pressure measurements are performed with a microtensi-
ometer specifically designed for small working volumes (800 μL of 
the aqueous phase in which the protein or peptide is diluted), the 
MicroTroughX (Kibron Inc., Helsinki, Finland). A simple but reli-
able homemade setup for measuring surface tension has also been 
described by Fantini and coworkers [6].

3 Methods

 1. The first step is to obtain a workable file for the cholesterol 
molecule. Whatever the modeling program used, it should 
accept .pdb files, so that you can download the cholesterol 
molecule from the Protein Data Bank (cholesterol as ligand of 
cholesterol- binding protein) or by searching “cholesterol 
molecule pdb” in Google. The other solution is to generate 
cholesterol ab initio with your modeling software, but this may 
be painful because there are several asymmetric carbons that 
require special attention. As an example we have used the 
Swiss- PDB viewer program to extract a cholesterol molecule 

2.1 Computers, 
Websites, 
and Softwares

2.2 Langmuir Trough

3.1 Cholesterol 
Modeling

Cholesterol Binding Domains in Membrane Proteins

http://www.uniprot.org
http://www.rcsb.org
http://spdbv.vital-it.ch
http://www.clcbio.com
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from the PDB file 3D4S (cholesterol bound to the human 
β2-adrenergic receptor) [7].

 2. Go to the 3D4S entry of the ProteinDatabank. Download the 
file in pdb format and save it on your computer desktop.

 3. Open Swiss-PDB viewer, then open the 3D4S file. In the con-
trol panel window, you have the list of all amino acid residues 
and ligands. At the end of the list, there are two cholesterol 
molecules noted CLR402 and CLR403. You can create a .pdb 
file with one of these cholesterol molecules, e.g., CLR403. To 
do so, you can select all listed items other than CLR403 and 
delete these items with the “Remove selected residue” com-
mand of the “Build” menu. Then you just have to save the file 
now containing only CLR403 (“File” menu, “Save,” “Current 
layer”). At this point, you have a cholesterol.pdb file.

 4. Open this file with Hyperchem. Check the cholesterol mole-
cule for atom valence, double bond (ring B of sterane), and 
hydrogen atoms (Fig. 2). Correct the structure if necessary.

 5. Start an energy minimization process. In the Hyperchem pro-
gram, geometry optimization is achieved using the 
 unconstrained optimization rendered by the Polak–Ribière 
conjugate gradient algorithm. A typical process is shown in 
Fig. 2. In starting conditions, the value of the gradient is 
2.3 kcal/(Å mol). At the end of the process (termination con-
dition), the gradient is <0.01. These conditions can be changed 

Fig. 2 Generating a workable cholesterol file. (1) Cholesterol downloaded from a 
PDB file (e.g., 3D4S). Note that it lacks the double bond (orange disk). (2) 
Cholesterol with the double bond (arrow). (3) Cholesterol with hydrogen, yet dis-
playing a specific orientation of the iso-octyl chain (orange disk). (4) Cholesterol 
after geometry optimization with the Polak–Ribière algorithm (the change in the 
orientation of the iso-octyl chain is indicated by an arrow). (5) A sphere model of 
the cholesterol molecule shown in panel 4 (carbon in blue, oxygen in red, hydro-
gen in white). The molecule is viewed from the β face, in a typical “textbook” 
representation

Coralie Di Scala and Jacques Fantini
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in the software but are usually fine for small biomolecules such 
as cholesterol and peptides.

 6. Save the file as a new file, e.g., “chol PR” (for cholesterol 
Polak–Ribière), not to be confused with the initial file you 
have downloaded from PDB or generated ab initio with 
Hyperchem. You can save this file with various extensions, but 
here we will use the pdb compatible .ent format. In this case, 
your file is named “chol PR.ent.”

 1. As a first example of protein docking onto a simple protein 
motif, we will study the interaction of cholesterol with a mini-
mal cholesterol-binding motif, e.g., a phenylalanine tetrapep-
tide (Phe4). This modeling exercise will illustrate the process of 
formation of coordinated CH-π stacking interaction, a hall-
mark of protein–cholesterol interaction [8]. A workable struc-
ture of the Phe4 tetrapeptide can be generated ab initio with 
Hyperchem by using the “Databases menu” and select four 
times the amino acid Phe. Apply the Polak–Ribière algorithm 
and save the file in the .pdb format.

 2. Keep the Phe4 file open and use the “Merge” function of the 
“File” menu of Hyperchem to insert cholesterol (chol PR.ent) 
in the same window. Now you can select cholesterol and Phe4 
independently.

 3. Select the rendering method. For modeling purposes, “sticks” 
or “tubes” are suitable, but you may use the “sphere” rendi-
tion as well if you prefer. At this stage, you may also adjust the 
background (black or white) and the atom colors (carbon in 
green, oxygen in red, hydrogen in white).

 4. Search for a potential geometric fit between Phe4 and choles-
terol. There are many possibilities for starting conditions, 
including totally random orientations. For instance, you can 
put two phenyl rings (Phe-2 and Phe-3) of the Phe4 tetrapep-
tide onto the α face of cholesterol (Fig. 3a).

 5. Apply the Polak–Ribière algorithm. The result is shown in Fig. 3b. 
Note that Phe-1 and Phe-4 are still in the same conformation, 
whereas the orientations of the phenyl rings of Phe-2 and 
Phe-3 have changed. In fact, both rings now form a flat struc-
ture that lies on the α face of cholesterol (Fig. 3c). The driving 
force of this process is the formation of CH-π stacking interac-
tion between the first ring of sterane and the phenyl ring of 
Phe-3 (Fig. 3d). From this point, you can proceed for several 
rounds of molecular dynamics simulations to evaluate the 
robustness of this docking exercise. A typical example of 
molecular dynamics (MD) simulations of a protein–choles-
terol complex with iterative snapshot and energy measure-
ments has been published by Fantini et al. [9]. MD simulations 

3.2 Docking 
a Phenylalanine 
Tetrapeptide (Phe4) 
onto Cholesterol: 
Looking for CH-π 
Stacking

Cholesterol Binding Domains in Membrane Proteins
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are mandatory to check the robustness of the docking process 
before any experimental validation. Indeed, there are many 
examples of protein-ligand complexes obtained with docking 
programs that reached a high dock score but failed in MD 
simulations [10]. Such cases are particularly frustrating since 
the ligand literally “flies away” from its initial binding site as 
MD simulations are running. As emphasized by Chen in a 
recent review on potential docking caveats [10], the key “dif-
ference between docking and MD is the variable, time.” In 
essence, docking considers chiefly the binding affinity. In con-
trast, MD simulations calculate the movement of the complex 
and predict its evolution over the time. Unfortunately, due to 
hardware limitations, the simulation time of MD is usually less 
than 1 ms (and most often in the sub-ms range). Under these 
circumstances, further validation of docking results with appro-
priate bioassays is strongly recommended [10]. In the last part 
of this chapter, we will discuss how to assess the validity of in 
silico predicted protein–cholesterol interactions by experimental 
approaches.

Fig. 3 Docking a phenylalanine tetrapeptide (Phe4) onto cholesterol. (a) Starting 
conditions: the Phe4 tetrapeptide is in yellow and cholesterol in atoms colors 
(carbon green, oxygen red, hydrogen white). (b) Obtaining a complex after apply-
ing the Polak–Ribière algorithm. (c) Evaluation of the surface of interaction 
between the Phe4 tetrapeptide (in blue) and cholesterol. (d) Visualization of the 
CH-π interaction between the first ring of sterane (cholesterol in yellow) and the 
phenyl ring of Phe-2

Coralie Di Scala and Jacques Fantini
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 1. Open a window on your computer screen with the amino acid 
sequence. As an example we will study the 21–38 fragment of 
Aβ (21-AEDVGSNKGAIIGLMVGG-38).

 2. Run Hyperchem. Use the “Databases” menu and the “amino 
acid” command to build the peptide fragment. Since you plan 
to generate an α-helix structure, check that “α-helix” is selected 
in the “Databases” window.

 3. Once the peptide is built, apply the Polak–Ribière algorithm. 
Save the file.

 1. Open the Aβ21–38 file with Hyperchem.
 2. Merge with the cholesterol file (chol PR.ent).
 3. Bring Aβ21–38 and cholesterol together in random or user- 

defined orientations and run the Polak–Ribière algorithm. You 
may try several possible starting conditions before you reach a 
good geometric fit. An example of a possible fit is illustrated in 
Fig. 4. In this case, the β face of cholesterol interacts tightly 
with the Aβ peptide. The binding process has significantly 
tilted the iso-octyl chain in a perfect example of a protein-
bound cholesterol conformer. The amino acid residues that 
interact with cholesterol are chiefly Gly-25, Lys-28, and Ile-32 
(Fig. 4). The identification of these residues is important for 
validating the model by physico-chemical approaches (i.e., test 
of mutant vs. wild-type peptides).

3.3 Protein 
Modeling: Generating 
a α-Helix Structure 
from an Amino Acid 
Sequence

3.4 Docking 
of Cholesterol 
onto a α-Helix 
(Aβ21–38)

Fig. 4 Interaction of cholesterol with Aβ21–38. This model illustrates two major concepts of molecular interac-
tions: geometry complementarity and chemical compatibility. Note that the β face of cholesterol interacts with 
the α-helical peptide. The complex is reinforced by the bending of the iso-octyl chain of the sterol which 
optimally spouses the peptide shape. Two distinct views of the complex are shown. In each case, a surface 
view is accompanied by a transparent rendition, allowing location of the α-helix (red) and the atoms of amino 
acid residues

Cholesterol Binding Domains in Membrane Proteins
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The model of the Aβ21–38/cholesterol complex can be compared 
with published in silico studies of the Aβ/cholesterol interaction. 
As an example, we will analyze the data obtained with Aβ1–40 
(Fig. 5). When merged with this longer peptide (compared with 
Aβ21–38), cholesterol spreads on a large region comprised between 
Phe-20 and Met-35 [11]. MD simulations of this complex allowed 
characterization of a very good fit, which involves a series of van 
der Waals interactions. Interestingly, the three amino acid residues 
of Aβ21–38 that were predicted to be in physical contact with cho-
lesterol, i.e., Gly-25, Lys-28, and Ile-32, were also found to be 
important for cholesterol/Aβ1–40 complex [11]. In particular, in 
both cases the closest contact was with the methylene groups of 
Lys-28. Therefore, a first approach to validate both models is to 
assess the importance of this amino acid residue for the choles-
terol/Aβ-binding reaction. For the sake of comparison, a residue 
that is not involved in the process (e.g., Gly-29) should be evalu-
ated in parallel. We will now describe the way to measure the bind-
ing of cholesterol to wild-type and mutant Aβ peptides.

This technique is based on surface tension measurements of a sim-
ple system consisting of a lipid monolayer spread on the surface of 
a water phase [4, 6]. The surface tension of pure water is 
72.8 mN/m. When a surfactant (e.g., a lipid) is present at the 
water surface, it decreases the value of the surface tension propor-
tionally to its amount. The surface pressure π is defined as the dif-
ference between γ0, the surface tension of pure water, and γ, the 
surface tension measured in the presence of the surfactant: 

3.5 Comparison 
of Data with a 
Published Model 
of the Aβ-Cholesterol 
Complex

3.6 Langmuir 
Monolayer Technique

Fig. 5 Interaction of cholesterol with Aβ1–40. This model has been previously 
described by Di Scala et al. [4, 11, 14]. The location of Val-24, Gly-25, Lys-28, 
Gly-29, and Ile-32 is indicated on the model on the left. The model on the right is 
shown in a membrane compatible orientation with respect to cholesterol

Coralie Di Scala and Jacques Fantini
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π = γ0−γ. For instance, if a lipid monolayer decreases the initial 
surface tension to 56.3 mN/m, the surface pressure for this 
monolayer is π = 72.8–56.3 = 16.5 mN/m. Increasing the 
amount of lipid molecules in the monolayer will further decrease 
surface tension, resulting in an increased surface pressure [12]. 
This rule applies as long as the monolayer is intact. If the area is 
maintained constant, the monolayer eventually collapses when the 
number of lipid molecules exceeds the available surface on water, 
resulting in a precipitous drop of surface pressure. For this reason, 
protein-lipid interactions measured this way are usually per-
formed within the range of 10–30 mN/m. The injection of a 
protein (or a peptide) underneath a lipid monolayer induces an 
increase of the surface pressure when the protein (or the peptide) 
penetrates the monolayer. This process can be followed in real-
time (kinetics studies) by dipping a platinum probe in the water 
bathing the monolayer [4].

 1. Clean the platinum probe in the flame of a Bunsen burner (1 s) 
and hang it on its support.

 2. Add 800 μL of ultrapure water into the tank, dip the microten-
siometer probe at the air-water interface (about 1–2 mm is 
enough), and calibrate the apparatus to adjust the surface ten-
sion to 72.8 mN/m. Accordingly, the surface pressure π is 
0 mN/m.

 3. The purity of the aqueous subphase (pure water or buffer) can 
be assessed by following the surface pressure value over the 
time which should remain perfectly stable at the basal value of 
π = 0 mN/m.

 4. Start again steps 1 and 2 and then inject 8 μL of peptide in the 
subphase to check its surfactancy. This control ensures that you 
are working with the appropriate concentration of peptide, 
and confirms that under these conditions, the molecule of 
interest does not modify the surface pressure by itself.

 5. Start again steps 1 and 2 and spread a few drops (ideally less 
than 1 μL with a 10 μL Hamilton microsyringe) of lipid solu-
tion at the air-water interface. Wait 5 min for evaporation of 
the solvent. Check that the monolayer remains stable and note 
the initial surface pressure value (π0).

 6. Inject the protein or peptide (8 μL) in the subphase at the 
appropriate concentration. Do not worry that the needle of the 
microsyringe goes through the monolayer: once the needle is 
removed, the monolayer reseals instantaneously. Record surface 
pressure variations and note the final surface pressure value 
(πmax). The difference between the final and the initial surface 
pressure (Δπmax = πmax−π0) is characteristic of the type of interac-
tion. The kinetics of interaction of wild-type and mutant Aβ22–
35 peptides with cholesterol monolayers are shown in Fig. 6. 

Cholesterol Binding Domains in Membrane Proteins
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In agreement with in silico studies, the K28R mutant did not 
interact with cholesterol. In contrast, a mutation at position 29 
(G29A), which is not involved in cholesterol binding, had no 
inhibitory effect on Aβ–cholesterol interactions.

 7. It is important to perform the experiments at various values of 
the initial surface pressure. In fact, the insertion of the protein 
into the lipid monolayer is expected to become more and more 
difficult as the initial pressure surface increases, i.e., with con-
densed monolayers containing a high number of lipid mole-
cules. Indeed, the strength of lipid–lipid interactions is higher 
in a densely packed monolayer than in a loose monolayer. 
Thus, when the lipid-protein interaction is specific, the value of 
Δπmax gradually decreases as π0 increases. The extrapolated 
value of π0 at Δπmax = 0 is referred to as the critical pressure of 
insertion πc (Fig. 7). When the value of critical pressure of 
insertion is ≥30 mN/m (i.e., the mean surface pressure of the 
plasma membrane) the interaction is considered biologically 
relevant [12].

4 Notes

Docking is becoming more and more popular, especially for drug 
screening and design. In a recent overview, Chen listed no less 
than 50 docking programs [10]. The strategy described in the 
present article does not use any of these programs. Instead, we 
propose an alternative process that combines both the search for an 
optimal protein-cholesterol fit and the possibility to run MD simu-
lations with the same software. Our method takes into account the 

4.1 Docking 
Algorithms

Fig. 6 Kinetics of interaction of Aβ22–35 wild-type (wt) and mutant peptides with 
cholesterol monolayers. Cholesterol monolayers were prepared at an initial 
 surface pressure of 20 mN/m. After equilibration (5 min to allow solvent evapo-
ration), the indicated peptide was injected underneath the monolayer at a con-
centration of 10 μM. The data show the evolution of the surface pressure as a 
function of time

Coralie Di Scala and Jacques Fantini
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mutual induced-fit mode of interaction, i.e., the conformational 
flexibility of both partners (protein and ligand). In our experience, 
the binding of cholesterol to a membrane protein generally pro-
ceeds through such mechanisms [3]. Since our method may lead 
to the characterization of several distinct cholesterol–protein com-
plexes resulting from distinct starting conditions, it is of high inter-
est to evaluate the affinity of each complex. The “ligand energy 
inspector” (Tools menu) of the Molegro Molecular Viewer soft-
ware is a simple way to assess and compare the predicted energy of 
interaction of a series of molecular complexes. For each complex, 
the data are presented as a list of amino acid residues that physically 
interact with each atom of cholesterol [13, 14]. Finally, an impor-
tant issue to consider is the environment of the ligand and the 
protein. The docking may be performed in vacuum to speed up the 
process, yet the introduction of water and lipid molecules is of 
course preferred, even if it will considerably increase the time of 
simulation, even at the docking step.

In some cases, the membrane-spanning domain displays a con-
sensus cholesterol-binding motif such as the CARC motif defined 
by the linear array (K,R)−X1–5−(Y,F)−X1–5−(L,V) according to 
Baier et al. [13]. The CARC motif is oriented in such a way that 
the OH group of cholesterol faces the cationic group of the basic 
residue (either Lys or Arg) of CARC, consistent with the estab-
lishment of a hydrogen bond [3, 12]. The aromatic residue may 
interact with one of the sterane rings of cholesterol through a CH-π 
bond (Fig. 3). Finally, the branched aliphatic residue of CARC 
(Leu or Val) may contact the iso-octyl chain of cholesterol, which 
could further stabilize the complex by a series of van der Waals 
interactions [3]. Overall, the basic principles that govern choles-
terol binding to transmembrane domains fully apply to 

4.2 Consensus 
Cholesterol- Binding 
Motifs

Fig. 7 Graphical determination of the critical pressure of insertion. Cholesterol 
monolayers are prepared at several distinct surface pressures (usually 
10–30 mN/m). For each monolayer, the maximal surface pressure increase 
Δπmax induced by the peptide (or the protein) is plotted against the initial surface 
pressure π0. The critical pressure of insertion πc is extrapolated as the theoretical 
value of π0 at Δπmax = 0

Cholesterol Binding Domains in Membrane Proteins
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CARC–cholesterol interactions. The search for a fit between 
cholesterol and a CARC motif is thus a good approach for testing 
in silico the biochemical logic of protein–cholesterol interactions, 
especially for membrane proteins.

The Langmuir system has several advantages over other methods 
for studying lipid–protein interactions. On one hand, the actual 
molar ratio of lipids in the monolayer can be easily controlled. 
Accordingly, mixed monolayers containing several lipid species can 
be prepared. This point is important because in other reconstituted 
membrane lipid systems (e.g., liposomes or black lipid mem-
branes), the lipid distribution in each monolayer is generally not 
determined. On the other hand, Langmuir monolayers can be 
probed with low protein amounts (nM–μM range) that may reflect 
in vivo conditions. Combined with in silico approaches, the 
Langmuir setup provides a robust and reliable method for studying 
lipid–protein interactions [12].
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Chapter 3

Structural Stringency of Cholesterol for Membrane Protein 
Function Utilizing Stereoisomers as Novel Tools: A Review

Md. Jafurulla and Amitabha Chattopadhyay

Abstract

Cholesterol is an important lipid in the context of membrane protein function. The function of a number 
of membrane proteins, including G protein-coupled receptors (GPCRs) and ion channels, has been shown 
to be dependent on membrane cholesterol. However, the molecular mechanism underlying such regula-
tion is still being explored. In some cases, specific interaction between cholesterol and the protein has been 
implicated. In other cases, the effect of cholesterol on the membrane properties has been attributed for the 
regulation of protein function. In this article, we have provided an overview of experimental approaches 
that are useful for determining the degree of structural stringency of cholesterol for membrane protein 
function. In the process, we have highlighted the role of immediate precursors in cholesterol biosynthetic 
pathway in the function of membrane proteins. Special emphasis has been given to the application of ste-
reoisomers of cholesterol in deciphering the structural stringency required for regulation of membrane 
protein function. A comprehensive examination of these processes would help in understanding the molec-
ular basis of cholesterol regulation of membrane proteins in subtle details.

Key words Cholesterol, Cholesterol-binding motif, ent-Cholesterol, epi-Cholesterol, GPCRs, Ion 
channels, Stereoisomers, Stereospecificity

1 Introduction

Biological membranes exhibit a vast degree of functional and com-
positional heterogeneity and provide an ideal environment for the 
function of a variety of membrane lipids and proteins. A compre-
hensive understanding of diverse membrane functions requires 
deciphering molecular details of interactions between membrane 
components. Work from a number of groups has led to our current 
understanding of the requirement of specific lipids in the function 
of membrane proteins [1]. An important membrane lipid in this 
context is cholesterol, which exhibits heterogeneous (nonrandom) 
distribution in membranes and has been shown to modulate func-
tions of several membrane proteins [1–8]. In this context, two 
important classes of membrane proteins studied are seven trans-
membrane domain G protein-coupled receptors (GPCRs) and ion 
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channels. GPCRs constitute an important superfamily of proteins 
that mediate a variety of physiological processes and serve as major 
drug targets in all clinical areas [9] (see below). Ion channels, on 
the other hand, are transmembrane proteins that regulate ionic 
permeability across cell membranes.

Although the cholesterol-dependent function for several pro-
teins and peptides has been reported, the molecular details and 
specificity of their interaction are still emerging. Recent technical 
advancements, and ready availability of multiple agents for modu-
lation of membrane cholesterol and close structural analogs of cho-
lesterol, have made it possible to delineate the structural stringency 
associated with the interaction of cholesterol with membrane pro-
teins and receptors. In this article, we provide an overview of the 
approaches, particularly utilizing structural analogs of cholesterol, 
for addressing structural stringency of cholesterol for the function 
of membrane proteins, with special emphasis on stereoisomers of 
cholesterol.

2 Requirement of Cholesterol for the Function of Membrane Proteins

The detailed mechanism underlying the modulation of the struc-
ture and function of membrane proteins and receptors by mem-
brane cholesterol is not completely understood and appears to be 
complex [5, 10, 11]. It has been proposed that cholesterol could 
modulate the function of membrane receptors by a direct (specific) 
interaction, which could induce conformational change(s) in the 
receptor, or by altering the physical properties of the membrane in 
which the receptor is embedded. Yet another possibility could be a 
combination of both. Importantly, the concept of “nonannular”-
binding sites of lipids in membrane proteins has been proposed as 
specific interaction sites [11, 12]. These sites are characterized by 
lack of accessibility to the annular lipids, i.e., annular lipids cannot 
compete and displace the lipids at these sites [13, 14].

Work from our laboratory and others has comprehensively 
demonstrated the role of membrane cholesterol in the organiza-
tion, dynamics, function, and stability of GPCRs (reviewed in refs. 
[2–7, 9]). For example, cholesterol has been shown to play an 
important role in the function and stability of the serotonin1A 
receptor [15–17], β2-adrenergic receptor [18–20], cholecystokinin 
receptor [21], serotonin7a receptor [22], oxytocin receptor [23, 
24], and human type-1 cannabinoid receptor [25]. In addition, 
cholesterol has been shown to play a crucial role in the function 
and organization of several ion channels [8]. For example, the spe-
cific role of cholesterol in the activation, trafficking, and desensiti-
zation of the nicotinic acetylcholine receptor has been previously 
reported [26–31]. Cholesterol has been shown to modulate the 
agonist effectiveness of GABAA receptors and an optimal 
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requirement of cholesterol for the channel function has been 
reported [32–35]. In addition, membrane cholesterol has been 
shown to modulate the function of multiple types of K+ channels 
(reviewed in refs. [8, 36], see below), the channel opening probability 
(lifetime), and the rate of desensitization of NMDA receptors [37].

As mentioned above, previous work from our laboratory has 
shown an absolute requirement of membrane cholesterol in the 
function of the serotonin1A receptor (reviewed in refs. [3, 5, 7]). 
We employed several approaches to explore the specific role of mem-
brane cholesterol in the organization, dynamics, and function of the 
serotonin1A receptor. These approaches include: (1) acute modula-
tion of membrane cholesterol using MβCD; (2) complexation of 
membrane cholesterol (without physical depletion) by agents such 
as nystatin and digitonin; (3) chemical modification of cholesterol to 
cholestenone using cholesterol oxidase; and (4) use of metabolic 
inhibitors of cholesterol biosynthesis such as statins and AY 9944. 
Interestingly, we utilized the loss in membrane cholesterol associ-
ated with receptor solubilization [38, 39] as an effective strategy to 
explore specific cholesterol effects on receptor function. We will 
discuss some of these approaches in detail later in the review.

Several structural features of proteins believed to assist prefer-
ential association with cholesterol have been recently reported [5, 
7, 40, 41]. Prominent sites among them are CRAC (cholesterol 
recognition/interaction amino acid consensus) motif [41–44], 
CCM (cholesterol consensus motif) [45], SSD (sterol-sensing 
domain) [46, 47], and CARC (inverse CRAC) motif [41, 48, 49]. 
These cholesterol-binding sequences or motifs have been proposed 
to contain an aromatic amino acid that could interact with the near 
planar ring structure of cholesterol [45, 50], and a positively 
charged residue capable of participating in electrostatic interac-
tions with the 3β-hydroxyl group of cholesterol [43, 50, 51]. In 
this context, it is important to note that the proposed “nonannular”-
binding sites of lipids in membrane proteins could be considered 
specific interaction sites [11, 12] with possible locations at inter or 
intramolecular (interhelical) protein interfaces. Detailed analysis of 
the role of individual amino acids in these putative cholesterol 
interaction sites could help us understand the specific requirement 
of cholesterol observed for the function, organization, dynamics, 
and signaling of membrane proteins.

3 Approaches for Altering the Content and Availability of Membrane Cholesterol

A convenient way of exploring the structural stringency of lipids 
for the function of integral membrane proteins is to replace or 
modifty the lipid of interest to close structural analogs and examine 
the protein function. It therefore becomes important to look for 
specific tools to modulate or exchange the lipid of interest with its 
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close structural analogs. In many instances, enzymes that modify 
specific sites of lipids have been utilized for this purpose. The role 
of membrane cholesterol in the function of membrane proteins has 
been studied by a number of groups using a variety of agents to 
modulate the availability of membrane cholesterol. These include 
inhibitors of cholesterol biosynthesis (e.g., statins, triparanol, 
AY9944), cholesterol oxidase that oxidizes membrane cholesterol, 
agents physically modulating the cholesterol content (e.g., methyl- 
β- cyclodextrin (MβCD)), and cholesterol sequestering compounds 
(e.g., amphotericin B, digitonin, nystatin, filipin). We discuss some 
of these approaches in detail below.

Acute and specific depletion of membrane cholesterol is possible 
due to the development of cyclodextrins that act as effective cata-
lysts of cholesterol efflux from membranes [52]. Among a variety 
of cyclodextrins available with broad specificity for membrane lip-
ids, the oligomer with seven methylated-glucose residues (MβCD) 
displays higher specificity for cholesterol relative to phospholipids 
(see Fig. 1a). The polar nature and small size of cyclodextrins com-
pared to other lipid carriers, allow them to come close to the mem-
brane without partitioning and favor efficient efflux of cholesterol. 
MβCD has therefore been extensively utilized and has evolved as a 
convenient tool to selectively and efficiently modulate membrane 
cholesterol by incorporating it in a central nonpolar cavity [53–56]. 
The stoichiometry of 1:2 (mol/mol) has been reported for such 
cholesterol-cyclodextrin complexes [56–58].

Complexation of membrane cholesterol, which effectively reduces 
the availability of cholesterol without physical depletion, represents 
a strategy to minimize any nonspecific effects associated with cho-
lesterol depletion from membranes. When used at appropriate 
concentrations, cholesterol complexing agents partition into mem-
branes and sequester cholesterol. These agents include digitonin, 
filipin, nystatin, and amphotericin B. Digitonin is a plant glycoal-
kaloid saponin detergent known to form water-insoluble 1:1 com-
plex with cholesterol [59–61]. Nystatin [55, 62–65] and 
amphotericin B [62, 63, 66–70] are sterol-binding antifungal 
polyene antibiotics that are known to sequester membrane choles-
terol (see Fig. 1). They effectively partition into membranes and 
sequester cholesterol (1:1 (mol/mol) complex) and form channels 
in the membrane. On the other hand, filipin is a fluorescent sterol- 
binding antifungal polyene antibiotic, often utilized to stain  free 
cholesterol in fixed cells [54, 63]. These agents reduce the avail-
ability of cholesterol for its interaction with membrane receptors.

A chronic and more physiological way of reducing membrane cho-
lesterol content is by inhibiting cholesterol biosynthesis. A number 
of cholesterol biosynthesis inhibitors have been used for reducing 
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Fig. 1 Compounds that modulate availability of membrane cholesterol. (a) The chemical structure of 
β-cyclodextrin (containing seven glucose residues). Cyclodextrins can solubilize a variety of hydrophobic com-
pounds by trapping them in their inner cavity. The oligomer with seven methylated-glucose residues (MβCD, 
where R denotes a methyl group) displays higher specificity for cholesterol relative to phospholipids. The 
stoichiometry of 1:2 (mol/mol) has been reported for such cholesterol-cyclodextrin complex. The chemical 
structures of cholesterol complexing agents such as (b) digitonin, (c) filipin, (d) amphotericin B, and (e) nystatin. 
Digitonin is a plant glycoalkaloid saponin detergent, while filipin, amphotericin B, and nystatin belong to the 
group of sterol-binding antifungal polyene antibiotics. Complexation of membrane cholesterol, which effec-
tively reduces the availability of cholesterol without physical depletion, has been utilized as a strategy to mini-
mize any nonspecific effects associated with use of MβCD to remove membrane cholesterol. Cholesterol 
complexing agents partition into membranes and sequester cholesterol. See text for more details

Structural Stringency of Cholesterol for Protein Function
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membrane cholesterol in metabolically active cells. For example, 
statins are a group of globally best selling drugs that are widely 
used for reducing membrane cholesterol. They act as competitive 
inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG- 
CoA) reductase, a key rate-limiting enzyme in early cholesterol 
biosynthesis [71–73]. In addition, several distal inhibitors of cho-
lesterol biosynthesis have been utilized. For example, AY9944 and 
BM15766 inhibit 7-dehydrocholesterol reductase (7-DHCR), an 
enzyme that catalyzes the last step in the Kandutsch-Russell path-
way [74], and results in the accumulation of 7-dehydrocholesterol 
(7-DHC). This mimics one of the most serious autosomal reces-
sive disease conditions called Smith-Lemli-Opitz Syndrome 
(SLOS) [75–79]. On the other hand, triparanol, another distal 
inhibitor of cholesterol biosynthesis, acts on 24- dehydrocholesterol 
reductase (24-DHCR), which catalyzes the last step in the Bloch 
pathway of cholesterol biosynthesis [80]. This results in accumula-
tion of desmosterol which mimics another autosomal recessive dis-
order called desmosterolosis [78, 79, 81–84]. The use of these 
distal cholesterol biosynthesis inhibitors (AY9944, BM15766 and 
triparanol) has been limited because of severe effects resulting from 
accumulation of cholesterol precursors [85].

Oxidation of membrane cholesterol by the enzyme cholesterol oxi-
dase is yet another approach to modify the chemistry of cholesterol 
within the membrane without physical depletion. Cholesterol oxi-
dase is a water-soluble enzyme that catalyzes the oxidation of cho-
lesterol to cholestenone (cholest-4-en-3-one) at the membrane 
interface [86, 87]. The impact of oxidation of hydroxyl group of 
cholesterol appears to be relatively mild on membrane physical 
properties, and thereby is thought to minimize the nonspecific 
effects of cholesterol modulation.

4  Structural Analogs Utilized for Deciphering Stringency of Membrane 
Cholesterol in Protein Function

An efficient and quick way to explore structural stringency of cho-
lesterol for a given process is to replace cholesterol with its close 
structural analogs. This is often conveniently achieved by depleting 
cholesterol using MβCD or metabolic inhibitors, and replacing it 
with its structural analogs either by utilizing a preformed sterol- 
MβCD complex, or by supplementation in reconstituted LDL par-
ticles in the culture medium of cells. Yet another convenient 
approach to explore the structural stringency of cholesterol for 
protein function is membrane solubilization using appropriate 
detergents [88, 89]. Membrane solubilization is often associated 
with delipidation (loss of lipids), and results in differential extents 
of lipid solubilization [38, 39]. Since membrane lipids play an 

3.4 Enzymatic 
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important role in maintaining the function of membrane proteins 
and receptors, such delipidation upon solubilization often results 
in loss of protein function. This phenomenon has been effectively 
utilized to explore molecular details of specific lipid requirements 
for the function of membrane proteins [90, 91] and has been 
recently reviewed [89].

As mentioned above, work from our laboratory and others has 
shown the crucial role of membrane cholesterol in the organization, 
dynamics, function, and stability of GPCRs [2–7, 9]. Availability of 
the above-mentioned agents and structural analogs of cholesterol 
(see sections 4.1 and 4.2) has made it possible to examine the struc-
tural stringency of cholesterol necessary for the function of several 
membrane proteins and peptides. These include ion channels, GPCRs, 
model peptides such as gramicidin and toxins such as Vibrio cholerae 
cytolysin and streptococcal streptolysin O. We discuss below some of 
the close structural analogs of cholesterol that have been utilized for 
exploring the stringent requirement of cholesterol in the function 
of membrane proteins and peptides.

7-DHC and desmosterol are two close structural analogs of cho-
lesterol, which differ with cholesterol merely in an additional 
double bond at the 7th position in the sterol ring and the 24th 
position in alkyl side chain, respectively (see Fig. 2b, c). 7-DHC 
and desmosterol are immediate biosynthetic precursors of choles-
terol in the Kandutsch-Russell and Bloch pathways, respectively. 
Malfunctioning of enzymes that catalyze the conversion of 7-DHC 
and desmosterol to cholesterol (7-DHCR and 24-DHCR) results 
in low levels of serum cholesterol and accumulation (high levels) of 
the respective immediate precursors. This leads to fatal neurologi-
cal disorders such as the Smith-Lemli-Opitz Syndrome (SLOS) 
and desmosterolosis [78, 79]. Availability of these structural ana-
logs of cholesterol in relatively pure form has been useful to address 
the underlying mechanism of malfunctioning of proteins under 
such disease conditions.

Work from our laboratory and others has utilized these struc-
tural analogs to explore the function of important membrane 
 proteins such as ion channels and GPCRs. For example, previous 
work from our laboratory has explored whether 7-DHC or desmo-
sterol could replace cholesterol in supporting the function of the 
serotonin1A receptor, an important neurotransmitter receptor [92, 
93]. An interesting aspect of our results is that the requirement of 
cholesterol for the function of the serotonin1A receptor was shown 
to be considerably stringent. Our results showed that while desmo-
sterol could support the receptor function [84], 7-DHC could not 
[77, 94, 95]. In addition, cholesterol has been shown to inhibit the 
activity of a prokaryotic Kir (KirBac1.1) channel, while replacement 
with desmosterol has been reported to enhance channel activity 
[96]. In contrast, it has been shown that replacement of cholesterol 

4.1 Biosynthetic 
Precursors 
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with 7-DHC or desmosterol has relatively mild effect on the func-
tion of two structurally related peptide receptors, the oxytocin 
receptor and the cholecystokinin receptor [23].

Stereoisomers of cholesterol such as enantiomer of cholesterol 
(ent-cholesterol) and epi-cholesterol (a diastereomer of cholesterol) 
have been developed as novel tools to differentiate the specific and 

4.2 Stereoisomers 
of Cholesterol

Fig. 2 Chemical structures of (a) cholesterol, and its structural analogs; (b) 7-dehydrocholesterol (7-DHC) and 
(c) desmosterol are immediate biosynthetic precursors of cholesterol in the Kandutsch-Russell and Bloch 
pathways, respectively, which differ with cholesterol merely in an additional double bond at the 7th position in 
the sterol ring and the 24th position in the alkyl side chain; (d) ent-cholesterol and (e) epi-cholesterol are 
stereoisomers of cholesterol. The enantiomer of cholesterol (ent-cholesterol) is the nonsuperimposable mir-
ror image of natural cholesterol and exhibits similar physicochemical properties. epi-Cholesterol, on the other 
hand, is a diastereomer of cholesterol, that differs with cholesterol only in the orientation of the hydroxyl 
group at carbon-3, which is inverted relative to natural cholesterol. Adapted from ref. 89. See text for more 
details
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general effect of cholesterol in protein function. ent-Choles-
terol is the nonsuperimposable mirror image of natural choles-
terol (see Fig. 2d) and exhibits similar biophysical properties in the 
membrane (such as compressibility, phase behavior, and dipole 
potential) as natural cholesterol [97–99]. In addition, ent- 
cholesterol has been shown to support normal growth of a mutant 
mammalian cell line similar to its natural counterpart [100]. epi- 
Cholesterol, on the other hand, is a diastereomer of cholesterol 
that differs with cholesterol only in the orientation of the hydroxyl 
group at carbon-3, which is inverted relative to natural cholesterol 
(Fig. 2e). epi-Cholesterol has been shown to exhibit differences in 
membrane biophysical properties (such as condensing ability, tilt 
angles, and phase transition) relative to natural cholesterol 
(reviewed in refs. [97, 98]). ent-Cholesterol is often utilized to 
distinguish whether the effect of cholesterol observed is due to 
specific interaction with membrane components such as proteins 
and peptides, or due to general membrane (nonspecific) effects 
[97–103]. The selectivity of natural cholesterol and its enantiomer 
on the function of several peptides and proteins has been studied 
in detail. We discuss some of these examples below.

G protein-coupled receptors (GPCRs) are important superfamily 
of transmembrane proteins that primarily transduce signals from 
outside the cell to the cellular interior [104–106]. GPCRs mediate 
a vast variety of physiological processes and therefore serve as major 
drug targets in all clinical areas [9, 107–109]. Recent work from 
our laboratory has addressed the stereospecific requirement of 
cholesterol utilizing ent-cholesterol and epi-cholesterol for the 
function of the serotonin1A receptor. In order to determine the 
structural stringency of cholesterol, we replenished solubilized 
membranes (which contain significantly less cholesterol compared 
to native membranes [38, 39]) with ent-cholesterol or epi- 
cholesterol and examined if they could support receptor function. 
Our results showed that ent-cholesterol behaved similarly to native 
cholesterol in supporting the function of the serotonin1A receptor, 
although epi-cholesterol could not support receptor function 
[110] (see Fig. 3). Our results therefore point out the requirement 
of membrane cholesterol for the serotonin1A receptor function to 
be diastereospecific, yet not enantiospecific. These results also 
highlighted the equatorial configuration of the 3-hydroxyl group 
of cholesterol as a key structural feature for its ability to support 
the serotonin1A receptor function. These results, along with our 
previous observations with other close structural analogs of choles-
terol [77, 84, 94, 95], extended our understanding of the degree 
of specificity of interaction of membrane cholesterol with the sero-
tonin1A receptor. In an earlier study, it has been shown that epi- 
cholesterol could not support the specific ligand binding to the 
oxytocin receptor (a peptide binding GPCR for which the specific 

4.2.1 G Protein-Coupled 
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requirement of membrane cholesterol for its function has been 
demonstrated [23]). Taken together, these results demonstrate 
the stringent requirement of cholesterol structure for the function 
of GPCRs.

Ion channels are transmembrane proteins that regulate ionic per-
meability across cell membranes and are crucial for normal func-
tioning of cells. Malfunctioning of ion channels has been implicated 
in a number of diseases collectively known as “channelopathies” 
[111]. Membrane cholesterol has been shown to modulate the 
function of several ion channels, such as multiple types of K+ chan-
nels, including inwardly rectifying, Ca2+-sensitive and voltage- gated 
K+ channels, voltage-gated Na+ and Ca2+ channels, volume-regu-
lated anion channels (reviewed in ref. 8). In many cases, cholesterol 
inhibited the channel function either by decreasing the channel 
opening probability (lifetime) or the number of active channels. In 
contrast, cholesterol is observed to be essential for the function of 
the nicotinic acetylcholine receptor (nAChR) [27, 30] and GABAA 
receptors [32–34]. Although cholesterol has been shown to modu-
late the function of a number of ion channels, the structural strin-
gency of cholesterol (stereospecificity in particular) and details of 
molecular interaction have been explored only in a few cases. For 
example, the enantioselectivity of cholesterol for the function of 
inward rectifier K+ channels from bacteria (KirBac1.1 and KirBac3.1) 
and human (Kir2.1) has been studied. While natural cholesterol is 
known to inhibit these channels, its enantiomer, ent-cholesterol, 
does not inhibit the channel function. It was therefore concluded 
that the regulation of channel function by the membrane choles-
terol is through possible direct channel- cholesterol interaction 
[102]. In addition, the stereoselectivity of cholesterol in the func-
tion of inward rectifier K+ channels has been previously explored 
utilizing the diastereomer of cholesterol  (epi- cholesterol) [112]. 
Similarly, epi-cholesterol has been shown to be significantly less effi-
cient than natural cholesterol in inhibiting the activity of prokaryotic 
Kir (KirBac1.1) channels [96]. These results show an absolute 
requirement of cholesterol for maintaining channel function with 
possible direct interaction with the protein.

In contrast, the cholesterol dependence of agonist stimulated 
channel conductance of the nicotinic acetylcholine receptor has been 
shown to be supported by both ent-cholesterol and epi- cholesterol 
[113]. In yet another study, channel formation of gramicidin in the 
presence of stereoisomers of cholesterol was studied. Gramicidin is 
a 15-residue linear antimicrobial peptide that forms prototypical 
ion channels specific for monovalent cations and serves as an excel-
lent model for studying the organization, dynamics, and function 
of membrane-spanning channels [114–116]. Both natural and 
ent-cholesterol were observed to support the formation of identical 
gramicidin ion channels [101]. The results with the nicotinic 

4.2.2 Ion Channels
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acetylcholine receptor and gramicidin channels were therefore 
attributed to a nonspecific mode of regulation of protein function 
by membrane cholesterol (i.e., through influence on membrane 
physical properties).

Cholesterol homeostasis in cells is stringently maintained through 
interaction of key proteins that sense membrane cholesterol levels. 
Among the proteins involved, sterol regulatory element-binding 
protein 2 (SREBP-2) and SREBP cleavage-activating protein 
(Scap) play important roles in cholesterol homeostasis. Cellular 
cholesterol regulates its own synthesis by modulating the activa-
tion of SREBP-2 transcription factors [117]. When in excess, cho-
lesterol in the endoplasmic reticulum (ER) is sensed by Scap which 
upon conformational change assists binding of Insig, a protein that 
tethers the SREBP-Scap complex at ER in inactive form [118–
120]. When cholesterol levels fall below a certain threshold, 
SREBP-2 is transported to the Golgi by Scap and is activated upon 
proteolytic cleavage. The activated (cleaved) fragment gets translo-
cated to nucleus that induces expression of proteins involved in 
biosynthesis and uptake of cholesterol.

In a recent study, cholesterol enantioselecivity for proteins 
involved in cholesterol homeostasis was explored [103]. This study 
showed that activation of SREBP-2, the master transcriptional reg-
ulator of cholesterol metabolism, is suppressed by ent-cholesterol 
with similar efficiency as natural cholesterol. In agreement with 
this, the expression of target genes of SREBP-2 such as LDLR 
(LDL receptor), HMGCR (HMG-CoA reductase), and SQLE 
(Squalene epoxidase/monooxygenase) is suppressed by ent- 
cholesterol, similar to natural cholesterol. Importantly, ent- cholesterol 
induced the conformational change in the cholesterol-sensing pro-
tein Scap like its natural counterpart, which would result in reten-
tion of SREBP-2 in ER. Taken together, these results show that 
ent-cholesterol exhibits similarly homeostatic responses as natural 
cholesterol. On this basis, it has been suggested that cholesterol 
could also maintain its homeostasis through alterations in mem-
brane properties beyond those specific cholesterol–protein interac-
tions currently recognized [103].

Enantioselectivity of some of the enzymes involved in cholesterol 
metabolism has been previously examined. Cholesterol oxidase 
that catalyzes oxidation of cholesterol is one of the well-studied 
and extensively utilized enzymes. Cholesterol oxidase is a water- 
soluble enzyme that catalyzes the oxidation of cholesterol to 
cholestenone (cholest-4-en-3-one) at the membrane interface [86]. 
The stereospecificity of cholesterol recognition by cholesterol 
oxidase has been explored earlier [121]. Results showed that while 
ent-cholesterol serves as a substrate for cholesterol oxidase, the 
kinetics of oxidation is slower and oxidation was incomplete as 
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compared to its natural analog. In another study, acyl CoA cho-
lesterol acyltransferase (ACAT), an ER resident enzyme that cata-
lyzes cholesterol esterification, has been shown to be enantioselective 
for cholesterol, with ent-cholesterol being a poor substrate [122]. 
In contrast, proteasomal degradation of squalene monooxygenase, 
a key enzyme in cholesterol biosynthesis, has been shown to be 
accelerated by ent-cholesterol similarly to natural cholesterol, 
although to a lesser extent [103]. While enzyme substrate interac-
tion is thought to be very stringent, studies with close structural 
analogs, especially the stereoisomers help broaden our understand-
ing of stringency of their interaction.

The mechanism of action of several pore-forming toxins to selec-
tively permeabilize host membranes is explained by their specific 
interaction with sterols in eukaryotic membranes, and cholesterol 
in particular, in higher eukaryotes. The requirement of cholesterol 
for the activity of bacterial pore-forming toxins such as Vibrio chol-
erae cytolysin [123] and streptococcal streptolysin O [124] has 
been reported earlier. In the case of Vibrio cholerae cytolysin, cho-
lesterol has been shown to be required for membrane permeabili-
zation, and cytolysin could not permeabilize membranes when 
cholesterol was replaced with ent-cholesterol [125]. These results 
highlight the enantioselectivity of cholesterol for its function. 
On the other hand, cholesterol has been shown to be essential for 
the membrane binding of streptococcal streptolysin O, which 
exhibited permeabilization of membranes in the presence of ent- 
cholesterol, albeit with less potency [125]. Bacterial toxins such as 
Staphylococcus aureus α-hemolysin and Streptococcus agalactiae 
CAMP factor, whose erythrocyte lysis is dependent on membrane 
cholesterol, did not exhibit enantioselectivity [126]. These results 
suggest a lower degree of structural specificity in toxin-sterol inter-
actions, and the change in cholesterol-dependent membrane prop-
erties, but not direct interaction, could affect the function of these 
bacterial toxins.

It is important to mention here that in all the above-mentioned 
examples where the stereospecificity of cholesterol has been explored, 
ent-cholesterol has been particularly utilized to differentiate the spe-
cific and general role of cholesterol in protein function. The crucial 
assumption in these studies is that the specific cholesterol  binding 
site would be geometrically stringent enough that it could differenti-
ate the enantiomers. While such stringency would require more than 
two specific interactions between the ligand and the receptor, at least 
four geometrical constraints are proposed to be required to distin-
guish the enantiomers [97, 98]. However, in a protein that is non-
rigid, defining such geometrical constraints would be difficult. 
Interestingly, a possibility of a non- enantioselective pattern of bind-
ing in a non-geometrically constrained protein cleft (such as a non-
annular lipid binding site, as discussed above) has been earlier 
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proposed [97, 98]. It is therefore important to keep this caveat in 
mind when interpreting a finding of lack of enantioselectivity.

5 Conclusion and Future Perspectives

Advances in techniques to modulate the accessibility of membrane 
cholesterol, along with the availability of close structural analogs of 
cholesterol, have made it possible to delineate the structural strin-
gency of cholesterol required for maintaining the optimum func-
tion of several membrane proteins such as GPCRs and ion channels. 
In particular, the stereoisomers of cholesterol have been useful in 
examining the specific effect of cholesterol from its general effects 
on membrane properties. Taken together, these approaches have 
helped us address the molecular details of regulation of membrane 
protein function by cholesterol. Insights from such studies could 
help us understand details of functioning of important membrane 
proteins in healthy and diseased conditions with impaired choles-
terol metabolism.
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Chapter 4

Manipulating Cholesterol Status Within Cells

Winnie Luu, Ingrid C. Gelissen, and Andrew J. Brown

Abstract

Cellular cholesterol levels are intricately controlled to maintain homeostasis. Here, we describe ways in 
which cellular cholesterol status can be manipulated for the study of cholesterol homeostasis, including 
sterol starvation (by culturing cells in lipoprotein-deficient serum and pretreating/treating with the 
cholesterol- lowering drug, statin) and sterol enrichment (using cholesterol complexed to cyclodextrin, 
and low-density lipoprotein). We also describe how to prepare lipoprotein-deficient serum and complex 
cholesterol to cyclodextrin.

Key words Cholesterol, Lipoprotein-deficient serum, Statins, Chinese hamster ovary cells, LDL

1 Introduction

Cholesterol homeostasis is maintained by balancing cholesterol 
uptake, synthesis, and efflux (Fig. 1). Cholesterol can be synthe-
sized by enzymes largely under the control of the major transcrip-
tion factor, sterol-regulatory element-binding protein (SREBP)-2. 
SREBP-2 is produced in the endoplasmic reticulum (ER) as an 
inactive protein, complexed with SREBP-cleavage-activating pro-
tein (Scap). When cholesterol levels in the cell are low or insuffi-
cient, Scap escorts SREBP-2 to the Golgi to be activated. In the 
Golgi, SREBP-2 becomes proteolytically cleaved by site-1 and -2 
protease (S1P/S2P), releasing the active N-terminal fragment to 
the nucleus to upregulate a set of genes to promote cholesterol 
synthesis [e.g., 3-hydroxy-3-methylglutaryl coenzyme A reductase 
(HMGCR); the classical rate-limiting enzyme of cholesterol syn-
thesis] and uptake via the low-density lipoprotein (LDL) receptor. 
When cholesterol levels are sufficient or in excess, Scap is retained 
in the ER by the Insig retention protein, preventing the activation 
of SREBP-2 and hence inhibiting the activation of cholesterogenic 
target genes. Excess cholesterol upregulates genes involved in cho-
lesterol export via the nuclear receptors, liver X receptor/retinoic 
acid receptor. This is a classic example of feedback regulation in 
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that excess cellular cholesterol inhibits SREBP-2 activation, inhib-
iting cholesterol synthesis and uptake, and promoting efflux.

In this chapter, we describe ways in which cellular cholesterol 
status can be manipulated in cell culture studies for the study of 
cholesterol homeostasis, including sterol starvation and sterol 
enrichment. Cellular cholesterol levels can be manipulated in sev-
eral ways (described in Subheading 3.3); for example, lowering 
basal cellular cholesterol status before a treatment to upregulate 
the expression of cholesterol synthesis genes. One way to do this is 
to pretreat and/or treat cells with a class of drugs that target 
HMGCR called the statins. As statins competitively inhibit a very 
early step in the mevalonate pathway, they also inhibit the forma-
tion of essential non-sterol products such as isoprenoids. Thus, a 
small amount of mevalonate (the product of HMGCR) is added to 
allow for the production of these products [1]. Statin pretreat-
ment/treatment is usually performed in low cholesterol medium 
using lipoprotein-deficient serum (LPDS; Subheading 3.1) to 
decrease basal cholesterol levels. Cellular cholesterol can also be 
depleted using cyclodextrins, including methyl-β-cyclodextrin 
(MBCD) and (2-hydroxypropyl)-β-cyclodextrin (HPCD) [2]. To 
increase cholesterol status, cells can be treated with cholesterol 
(delivered to cells complexed to MBCD; Chol/CD; Subheading 
3.2) or LDL, and this can be performed in media containing  full 
serum, further enhancing cholesterol levels. Sterols can also be 

Fig. 1 Methods to manipulate cellular cholesterol homeostasis. Cellular cholesterol is balanced by cholesterol 
synthesis, uptake, and efflux. Cholesterol status can be lowered by treating cells with statins (HMGCR inhibi-
tors), cyclodextrins, and LPDS. On the other hand, cells can be enriched in cholesterol by treating with Chol/
CD, LDL, and in full serum. Please see text for more information. Adapted from [8]

Winnie Luu et al.
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depleted (e.g., by statin pretreatment) to lower basal levels before 
treating with Chol/CD or LDL to maximize effects.

Cell types suited for studying the regulation of cholesterol 
homeostasis can vary, depending on the genes of interest or 
research questions. We routinely use a subline of Chinese hamster 
ovary (CHO) cells, CHO-7, which were adapted from CHO-K1 
cells to grow in LPDS medium so their basal cellular cholesterol 
remains low and therefore easy to manipulate, making them an 
ideal cell line for studying cholesterol metabolism (e.g., [3, 4]). 
Genetically manipulated CHO sub-lines such as sterol-regulatory 
deficient (SRD) cells, revealed different roles of the cholesterol 
homeostatic machinery [5], and can be employed in cholesterol 
studies. For example, SRD1 cells express high levels of active 
(nuclear) SREBP-2 and thus lack transcriptional regulation, and 
therefore can be used to exclude the possibility of transcriptional 
involvement in posttranscriptional effects. Table 1 highlights some 
useful CHO cell lines for the study of cholesterol metabolism, 
including the growth media and special characteristics.

Table 1 
Cell lines generally used to study cholesterol homeostasis (generated by the Dallas laboratory of 
Michael Brown and Joseph Goldstein)

CHO 
sub-lines Growth mediaa Special characteristics Reference

CHO-K1 10 % (v/v) FCS/Ham’s F12 Parental CHO cells

CHO-7 5 % (v/v) NCLPDS/DMEM/F12 Adapted to grow in 
LPDS

[10]

CHO/
pGFP-
Scap

5 % (v/v) NCLPDS/DMEM/F12 Stably expresses 
pGFP-Scap useful for 
fluorescence 
microscopy

[11]

SRD1 5 % (v/v) NCLPDS/DMEM/F12 supplemented 
with 1 μg/mL 25HC

Express high levels of 
nuclear SREBP

[10]

SRD2 5 % (v/v) NCLPDS/DMEM/F12 supplemented 
with 1 μg/mL 25HC

[10]

SRD3 5 % (v/v) NCLPDS/DMEM/F12 supplemented 
with 2 μg/mL 25HC

[12]

SRD4 5 % (v/v) NCLPDS/DMEM/F12 supplemented 
with 1 μg/mL 25HC

Mutation in Scap [13]

SRD5 5 % (v/v) FCLPDS/DMEM/F12 supplemented 
with 1 μg/mL 25HC

Mutation in Scap [14]

SRD6 5 % FCS/DMEM/F12 supplemented with 5 μg/
mL cholesterol, 1 mM mevalonate

Express low levels of 
nuclear SREBP

[15]

SRD8 5 % (v/v) NCLPDS/DMEM/F12 supplemented 
with 1 μg/mL 25HC

Mutation in Scap [16]

(continued)

Manipulating Cholesterol Status
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2 Materials

 1. Cell lines of interest, such as SRD1 cells.
 2. Lipoprotein-deficient serum (LPDS) (described in Subheading 

3.1).
 3. Cholesterol complexed to MBCD [Chol/CD; commercially 

available, or can be prepared in-house (described in Subheading 
3.2)].

 4. LDL (commercially available, or can be isolated in-house as 
described in [6]).

 5. Statin (e.g., 10 mM mevastatin, also called compactin, in 
DMSO).

 6. Mevalonate (0.5 M in 100 % ethanol).

 1. Serum: newborn calf serum to make newborn calf lipoprotein- 
deficient serum (NCLPDS) and fetal calf serum to make fetal 
calf lipoprotein-deficient serum (FCLPDS).

 2. Potassium bromide (KBr).
 3. Dialysis tubing cellulose membrane (25 mm; typical molecular 

weight cutoff of 14,000).
 4. 150 mM sodium chloride (NaCl) (see Note 1).
 5. Protein assay (e.g., bicinchoninic acid assay).

2.1 General 
Reagents

2.2 Preparation 
of NCLPDS or FCLPDS

CHO 
sub-lines Growth mediaa Special characteristics Reference

SRD9 5 % (v/v) NCLPDS/DMEM/F12 supplemented 
with 1 μg/mL 25HC

Mutation in Scap [17]

SRD12A/B 5 % FCS/DMEM/F12 supplemented with 5 μg/
mL cholesterol, 1 mM mevalonate, 20 μM 
sodium oleate

Lacks S1P [18]

SRD13A 5 % (v/v) NCS/DMEM/F12 supplemented with 
5 μg/mL cholesterol, 1 mM mevalonate, 
20 μM sodium oleate

A sterol-regulatory 
deficient CHO cell 
line lacking Scap

[19]

SRD14 5 % (v/v) NCLPDS/DMEM/F12 supplemented 
with 500 μg/mL G418

Lacks Insig-1 [20]

SRD15 5 % (v/v) FCS/DMEM/F12 supplemented with 
5 μg/mL cholesterol, 1 mM mevalonate, 
20 μM sodium oleate, 500 μg/mL G418

Lacks Insig-1 and -2 [21]

aOther media may also be suitable for various cell lines (e.g., CHO-K1 can also be maintained in F-12K medium)

Table 1
(continued)

Winnie Luu et al.
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 6. 0.22 μm sterile syringe filters.
 7. Ultracentrifuge.
 8. Fixed-angle rotor (e.g., Hitachi P70AT, Beckman Type 70 Ti) 

or equivalent.
 9. Ultracentrifuge tubes (see Note 2).
 10. Heat sealer and heat sealing caps.
 11. 14G, 18G, and 27½G needles and syringes.

 1. Cholesterol stock (15 mg/mL in 100 % ethanol).
 2. 5 % (w/v) MBCD in ultrapure water.
 3. Stirring heat block.
 4. Micro magnetic stir bars (5 mm × 2 mm).
 5. Vacuum centrifuge or freeze dryer to lyophilize the Chol/CD.

3 Methods

This method has been adapted from [7]. Please see Fig. 2 for an 
overview of the method.

 1. Thaw frozen serum at room temperature, or in the fridge over-
night (see Note 3).

 2. Set the waterbath to 56 °C and allow the temperature to equil-
ibrate (see Note 4).

 3. When the temperature is steady, place serum in waterbath for 
30 min, swirling the bottle every 5 min to allow even heat 
distribution.

 4. Cool on ice (see Note 5) and aliquot serum into sterile tissue 
culture tubes for storage at −20 °C, or further processing 
under Subheading 3.1.2.

 1. Transfer 300 mL of serum into a beaker.
 2. Adjust the density of serum to 1.215 g/mL with KBr by add-

ing 101 g per 300 mL serum.
 3. Stir at room temperature until the KBr is dissolved.
 4. Allow the serum solution to reach room temperature before 

loading into the ultracentrifuge tubes (see Note 6).
 5. Draw serum solution into a 50 mL syringe fitted with a 14G 

needle, and load 8 ultracentrifuge tubes with ~40 mL serum 
solution (see Note 7).

 6. Weigh each tube (including its ultracentrifuge cap) and bal-
ance each pair according to the ultracentrifuge specification 
(e.g., within 0.002 × g).

2.3 Preparation 
of Chol/CD

3.1 Preparation 
of LPDS

3.1.1 Serum 
Heat-Inactivation

3.1.2 Density Adjustment 
and Ultracen trifugation

Manipulating Cholesterol Status
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 7. Heat-seal the tubes and check for leaks before reweighing and 
placing the tubes into the ultracentrifuge rotor (see Note 8).

 8. Spin the tubes using the following ultracentrifugation 
settings:

ll Time: 22–24 h.
ll Speed: 250,000 × g, acceleration fast, deceleration slow.
ll Temperature: 10 °C.

 9. Turn on the vacuum, and start the centrifugation.
 10. After the centrifuge has stopped, release the vacuum.
 11. Remove the tubes from the ultracentrifuge (see Note 9). Two 

fractions should be observed; the top fraction containing lipo-
proteins, and the bottom containing LPDS (Fig. 2b, c).

 12. Carefully puncture the top of the tubes using a 27½ G needle 
to introduce an air hole (see Note 10).

Fig. 2 Preparation of LPDS. (a) Heat-inactivated serum was density-adjusted 
with potassium bromide (a), and transferred into ultracentrifuge tubes (b) with a 
syringe fitted with a 14G needle (c). Ultracentrifuge tubes were weighed with the 
ultracentrifuge caps (d), fitted with heat-sealing caps (e) for heat-sealing (f), and 
then ultracentrifuged. (b, c) After centrifugation, 2 fractions should be observed: 
top fraction containing lipoproteins, and bottom fraction containing LPDS (brown). 
(d) The pooled LPDS fraction was dialyzed against five changes of sodium chlo-
ride solution. Please see text for more information

Winnie Luu et al.
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 13. Clean the bottom of the tube with ethanol, and then puncture 
one or two holes on the bottom side of the tube with a sharp 
18G needle (see Notes 11 and 12).

 14. For each tube, collect approximately two-thirds of the 
NCLPDS fraction, or approximately half of the FCLPDS frac-
tion, allowing the LPDS fraction to drip into one clean beaker 
(Fig. 2c).

 1. Cut approximately ~2 m of dialysis tubing, and boil by micro-
waving in a 1 L beaker of ultrapure water for 10 min to soften 
the tubing.

 2. Rinse three times with ultrapure water and drain.
 3. Tie one end securely and run approximately 5 mL of LPDS 

through the tubing to ensure there are no leaks (see Note 13).
 4. Fill the tubing with the full volume of LPDS, leaving a lot of 

empty space for tying the tube and liquid expansion.
 5. Tie the tubing securely at the end and check the tubing for leaks.
 6. Fold the tubing over a stirring rod, and suspend in a beaker 

containing 5 L of 150 mM NaCl, ensuring that the LPDS is 
fully covered by the NaCl solution (Fig. 2d).

 7. Dialyze by gently stirring at 4 °C, ensuring that the stirrer does 
not hit the bottom of the tubing.

 8. Change the dialysis solution (5 L of 150 mM NaCl) four more 
times. Dialysis should be against five changes of NaCl solution 
over 48–72 h (see Note 14).

 9. After dialysis, cut the tubing at one end and empty the LPDS 
into a beaker (see Note 15).

 10. Take an aliquot to measure protein concentration (see Note 16).
 11. Adjust LPDS to a protein concentration of 50 mg/mL for 

NCLPDS, and 30 mg/mL for FCLPDS, using 150 mM NaCl 
(see Note 17).

 12. Filter-sterilize the LPDS through a 0.22 μm syringe filter, and 
store in suitable aliquots at −20 °C.

 13. Use the Amplex red assay to verify that the total cholesterol 
content of the LPDS is <5 % of the level in whole serum.

 1. Prepare 1.5 mL tubes each containing 500 μL of 5 % (w/v) 
MBCD in ultrapure water.

 2. Clean micro magnetic stir bars by washing and vortexing in 
ethanol three times, and place into the tubes containing the 
MBCD solution.

 3. Set the stirring heat block to 80 °C.
 4. Fill the heating block holes with water for better heat transfer, 

and place tubes in the heating block and stir.

3.1.3 Dialysis of LPDS

3.2 Preparation 
of Chol/CD

Manipulating Cholesterol Status
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 5. Add 10 μL of 15 mg/mL cholesterol stock into each tube, and stir 
gently until the cholesterol has dissolved (see Notes 18 and 19).

 6. Repeat step 5 until a total of 50 μL of cholesterol stock has 
been added to each tube.

 7. Stir at 80 °C for another 30 min, or until the cholesterol is 
stably incorporated into MBCD solution (i.e., when solution 
looks clear).

 8. Spin tubes at 1000 × g for 30 s, and remove the micro mag-
netic stir bar from the tubes.

 9. Snap freeze the solution using liquid nitrogen or dry ice for 
2 min (see Note 20).

 10. Lyophilize (using a Speedvac system) the frozen cholesterol/
MBCD overnight, or until all liquid is evaporated and a white 
fluffy powder remains.

 11. Store Chol/CD aliquots at −20 °C until use.
 12. Immediately before use, add 375 μL of ultrapure water into 

the tube, vortex well until the complex is dissolved (see Note 21). 
Under sterile conditions, filter the Chol/CD into new sterile 
tubes with 0.22 μm syringe filter (see Note 22).

Below is an example method to first decrease cellular cholesterol 
status, and then increase it to maximize the difference in choles-
terol status, and potentially increase observed effects. For details of 
further manipulations, please see Table 2.

 1. Seed SRD1 cells at 60–80 % confluence in 5 % (v/v) NCLPDS/
DMEM/F12.

 2. Pretreat cells overnight in 5 % (v/v) NCLPDS/DMEM/F12 
containing 5 μM mevastatin and 50 μM mevalonate.

 3. Treat cells in 5 % (v/v) NCLPDS/DMEM/F12 containing 
5 μM mevastatin and 50 μM mevalonate, with or without 
20 μg/mL Chol/CD for up to 8 h.

 4. Measure desired output. For an example of endogenous squa-
lene monooxygenase protein degradation in SRD1 cells, please 
see Fig. 3.

4 Notes

 1. If preparing the 150 mM NaCl solution in advance, this should 
be stored at 4 °C to avoid contamination of the LPDS.

 2. Purchase Polyallomer Quick-Seal Centrifuge Tubes specific to 
the rotor used.

3.3 Treatment 
of Cells to Manipulate 
Cholesterol Content

Winnie Luu et al.



49

Ta
bl

e 
2 

W
ay

s 
to

 m
an

ip
ul

at
e 

ce
llu

la
r c

ho
le

st
er

ol
 s

ta
tu

s

Ef
fe

ct
M

et
ho

d
Co

nd
iti

on
s

Co
m

m
en

ts

L
ow

er
 

ch
ol

es
te

ro
l 

st
at

us

St
at

in
 t

re
at

m
en

t
U

se
 5

 μ
M

 m
ev

as
ta

tin
 a

s 
a 

pr
et

re
at

m
en

t 
(e

.g
., 

ov
er

ni
gh

t)
 a

nd
/

or
 in

 t
he

 t
re

at
m

en
ta

• 
St

at
in

s 
in

hi
bi

t 
H

M
G

C
R

, d
ec

re
as

in
g 

ch
ol

es
te

ro
l 

sy
nt

he
si

s,
 w

hi
ch

 in
 t

ur
n 

up
re

gu
la

te
s 

SR
E

B
P-

2 
ta

rg
et

 
ge

ne
s 

(e
.g

., 
H

M
G

C
R

)
• 

Pr
et

re
at

in
g/

tr
ea

tin
g 

ce
lls

 w
ith

 s
ta

tin
s 

is
 d

on
e 

in
 t

he
 

pr
es

en
ce

 o
f 5

0 
μM

 m
ev

al
on

at
e 

to
 a

llo
w

 fo
r 

ad
eq

ua
te

 
is

op
re

no
id

 s
yn

th
es

is
 (

bu
t 

no
t 

en
ou

gh
 fo

r 
th

e 
m

ev
al

on
at

e 
to

 r
ee

nt
er

 t
he

 c
ho

le
st

er
ol

 s
yn

th
es

is
 p

at
hw

ay
)

In
hi

bi
to

rs
 o

f t
he

 
ch

ol
es

te
ro

l 
sy

nt
he

si
s 

en
zy

m
es

Fo
r 

ex
am

pl
e,

 t
re

at
in

g 
ce

lls
 w

ith
 in

hi
bi

to
rs

 o
f 

sq
ua

le
ne

 s
yn

th
as

e 
(e

.g
., 

Z
ar

ag
oz

ic
 a

ci
d 

A
 

tr
is

od
iu

m
 s

al
t 

at
 1

50
 μ

M
),

sq
ua

le
ne

 
m

on
oo

xy
ge

na
se

 (
e.

g.
, G

R
14

40
00

X
 a

t 
10

 μ
M

),
 o

r 
la

no
st

er
ol

 s
yn

th
as

e 
(R

04
8-

 80
71

 
at

 1
0 
μM

) 
fo

r 
up

 t
o 

8 
h 

[3
]

• 
Si

m
ila

r 
ef

fe
ct

s 
to

 s
ta

tin
 t

re
at

m
en

t

L
PD

S
U

se
 L

PD
S 

in
st

ea
d 

of
 fu

ll 
se

ru
m

 in
 t

he
 

pr
et

re
at

m
en

t 
an

d/
or

 t
re

at
m

en
t 

m
ed

iu
m

C
yc

lo
de

xt
ri

n
T

re
at

 c
el

ls
 w

ith
 5

 %
 (

w
/

v)
 M

B
C

D
 o

r 
1 

%
 

(w
/

v)
 H

PC
D

 fo
r 

up
 t

o 
8 

h
• 

T
re

at
in

g 
w

ith
 c

yc
lo

de
xt

ri
n 

ex
tr

ac
ts

 p
la

sm
a 

m
em

br
an

e 
ch

ol
es

te
ro

l, 
w

hi
ch

 lo
w

er
s 

th
e 

ov
er

al
l c

el
lu

la
r 

ch
ol

es
te

ro
l 

st
at

us

In
cr

ea
se

 
ch

ol
es

te
ro

l 
st

at
us

C
ho

l/
C

D
T

re
at

 c
el

ls
 w

ith
 2

0 
μg

/
m

L
 C

ho
l/

C
D

 fo
r 

up
 t

o 
8 

h,
 o

r 
5 
μg

/
m

L
 fo

r 
lo

ng
er

 in
cu

ba
tio

ns
, t

o 
av

oi
d 

ce
llu

la
r 

to
xi

ci
ty

• 
A

 r
ed

uc
tio

ni
st

 w
ay

 o
f d

el
iv

er
in

g 
ch

ol
es

te
ro

l w
ith

ou
t 

ad
di

ng
 o

th
er

 li
pi

ds
• 

A
 le

ss
 p

hy
si

ol
og

ic
al

 w
ay

 o
f d

el
iv

er
in

g 
ch

ol
es

te
ro

l

L
D

L
T

re
at

 c
el

ls
 w

ith
 5

0 
μg

/
m

L
 L

D
L

 fo
r 

up
 t

o 
16

 h
• 

A
 m

or
e 

ph
ys

io
lo

gi
ca

l w
ay

 o
f d

el
iv

er
in

g 
ch

ol
es

te
ro

l
• 

H
ow

ev
er

, t
he

re
 a

re
 li

pi
ds

 o
th

er
 t

ha
n 

ch
ol

es
te

ro
l i

n 
L

D
L

Fu
ll 

se
ru

m
U

se
 in

 c
el

l c
ul

tu
re

 m
ed

iu
m

, o
r 

in
 p

re
tr

ea
tm

en
t 

an
d/

or
 t

re
at

m
en

t 
m

ed
iu

m
a C

on
ce

nt
ra

tio
ns

 a
nd

 t
im

es
 o

f i
nh

ib
ito

rs
 a

nd
 t

re
at

m
en

ts
 li

st
ed

 a
re

 e
xa

m
pl

es
 u

se
d 

in
 o

ur
 la

b 
or

 r
ef

er
en

ce
s 

qu
ot

ed
 a

nd
 s

ho
ul

d 
be

 o
pt

im
iz

ed
 fo

r 
ea

ch
 s

pe
ci

fic
 c

el
l t

yp
e

Manipulating Cholesterol Status



50

 3. Thawing serum in a 37 °C waterbath may result in proteins 
and lipids concentrating at the bottom of the bottle and 
appearing as white globules.

 4. To equilibrate the temperature to 56 °C, insert a thermometer 
into a similar container filled with water (same volume as the 
serum).

 5. Heat-inactivated serum can be stored at −20 °C long term, at 
this step.

 6. Allowing the chilled solution to warm up to room temperature 
avoids condensation that can form on the outside of the tube, 
which can affect the weight of the tube.

 7. After drawing the serum into the syringe, wipe the needle with 
lint-free wipe before ejecting into the tube to avoid wetting the 
neck of the tube, as this would reduce spillage while the tube 
is filled. Be careful not to introduce air bubbles by slowly eject-
ing the serum to the side of the tube. If they are introduced, 
add more solution until the air bubbles are pushed out. Wipe 
off any residue on the tube with ethanol.

 8. Small pieces of sticky tape can be added to the bottom of the 
tubes to increase their weight.

 9. Be careful not to bump the tubes as lipoproteins at the top can 
easily contaminate the pure LPDS at the bottom.

 10. Place a lint-free wipe near the top of the tube while puncturing 
the tube to avoid spillage.

 11. Ensure different needles are used for the top (lipoprotein frac-
tion) and bottom (LPDS fraction) of the tube to avoid con-
taminating the LPDS with lipoproteins.

 12. Puncturing the bottom side of the tube rather than at the bot-
tom of the tube avoids the salt pellet, which is discarded.

Fig. 3 Chol/CD treatment accelerates squalene monooxygenase degradation. 
SRD1 cells were pretreated with 5 μM mevastatin and 50 μM mevalonate in 
LPDS containing media overnight, and then treated with 5 μM mevastatin and 
50 μM mevalonate, with or without Chol/CD, for 8 h. Cell lysates were subjected 
to SDS-PAGE and blotted for endogenous squalene monooxygenase (SM) and the 
housekeeping protein, α-tubulin. Cholesterol treatment accelerates SM degrada-
tion, as seen in [3, 9]
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 13. Dry the tubing using paper towel to make checking for leaks 
easier.

 14. Preparation of LPDS can be performed in one working week. 
We recommend/suggest the following working schedule for 
this protocol:

ll Day 1: Serum preparation and ultracentrifugation 
(Subheadings 3.1.1 and 3.1.2).

ll Day 2: Harvest LPDS (Subheading 3.1.2, steps 10–14), and 
start dialysis #1 overnight (Subheading 3.1.3, steps 1–7).

ll Day 3: Perform dialysis #2 from morning to afternoon, 
and dialysis #3 overnight.

ll Day 4: Perform dialysis #4 from morning to afternoon, 
and dialysis #5 overnight.

ll Day 5: Adjust LPDS protein concentration, and filter-ster-
ilize (Subheading 3.1.3, steps 9–13).

 15. LPDS can be stored in the fridge for a few days if needed, but 
needs to be frozen at −20 °C for long-term storage.

 16. When measuring protein concentration of LPDS, perform sev-
eral dilutions (e.g., 1:100, 1:200, 1:300, 1:400, and 1:500) of 
the LPDS to ensure an accurate determination.

 17. The FCLPDS has lower protein content than NCLPDS. These 
estimations are based on the fact that approximately 30 mg/
mL was the maximum amount we could consistently achieve in 
our lab using the conditions described.

 18. This protocol can also be used to complex other sterols to MBCD.
 19. To avoid ethanol evaporation, minimize opening of the tube, 

and wet the pipette tip with cholesterol/ethanol stock several 
times before dispensing it into the MBCD.

 20. Snap frozen Chol/CD can be stored at −20 °C overnight if 
necessary.

 21. Alternatively, Chol/CD can be reconstituted into the required 
cell culture media.

 22. Final concentration of Chol/CD is 2 mg/mL, and can be 
stored at 4 °C up to 1 month.
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Chapter 5

Assaying Low-Density-Lipoprotein (LDL) Uptake into Cells

Anke Loregger, Jessica K. Nelson, and Noam Zelcer

Abstract

Determination of LDL particle uptake into cells is a valuable technique in the field of cholesterol metabo-
lism. This allows assessment of LDL uptake capacity in different adherent and non-adherent cells types, as 
well as the effect of cellular, genetic, or pharmacological perturbations on this process. Here, we detail a 
general procedure that describes the production of fluorescently-labeled LDL particles and quantitative 
and non-quantitative assays for determining cellular LDL uptake.

Key words Cholesterol metabolism, LDL, LDLR, Endocytosis

1 Introduction

Cholesterol is vital for mammalian life [1]. Apart from its impor-
tant function as an integral component of cellular membranes, 
cholesterol is essential for diverse cellular processes and signaling 
pathways. However, cholesterol’s physiochemical properties, par-
ticularly its inherent insolubility in water, pose a challenge when it 
comes to transporting this molecule throughout the body. For this 
reason, cholesterol and other lipids are packaged into lipoprotein 
particles, which are trafficked systemically. Lipoproteins are parti-
cles that contain triacylglycerol, phospholipids, cholesterol, and 
amphipathic proteins called apolipoproteins (for a detailed review 
of lipoproteins see Hegele et al. [2]). The four major classes of 
lipoproteins are chylomicrons, very low-density lipoprotein 
(VLDL), low-density lipoprotein (LDL), and high-density lipo-
protein (HDL), which vary in their triacylglycerol, phospholipid, 
cholesterol, and protein composition. Amongst these, LDL consti-
tutes ~50% of the total lipoprotein mass in the plasma. It contains 
a single protein, ApoB100, and lipids (~25 and ~75% of mass, 
respectively), the latter consisting of ~6–8% free cholesterol,  
~45–50% cholesteryl ester, ~18–24% phospholipid, and ~4–8% 
triacylglycerols [2]. LDL is a major carrier of cholesterol to periph-
eral cells, accounting for over 60% of the total cholesterol in plasma.
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Extensive epidemiological studies have shown that elevated 
levels of circulating LDL-cholesterol is a well-established risk fac-
tor for atherosclerosis, which is the primary cause for coronary 
artery disease and ensuing cardiovascular complications that 
account for ~25% of world-wide deaths [3]. As such, the transport 
and uptake of LDL to hepatic and non-hepatic tissues is extensively 
coordinated and is an important determinant of LDL levels in the 
circulation. Endocytosis of LDL depends on the interactions of the 
sole protein in LDL, ApoB100 with a dedicated plasma membrane 
receptor, the LDL receptor (LDLR) [4]. The LDLR-LDL com-
plex is internalized from the plasma membrane by clathrin- 
mediated endocytosis where it dissociates as a result of the 
decreasing pH in the endosomal transport system. Subsequently, 
the LDL particle is delivered to lysosomes from which cholesterol 
can be salvaged for cellular use, whereas the receptor is recycled 
back to the cell surface for a new round of uptake.

Hepatic LDLR activity is a central determinant of circulating 
levels of LDL. Accordingly, mutations in the LDLR are the lead-
ing cause of autosomal dominant hypercholesterolemia [5]. In 
line with its crucial function in cholesterol homeostasis, LDLR 
abundance is tightly regulated at the transcriptional as well as 
post-transcriptional level. Transcriptional levels of the LDLR are 
primarily determined by the sterol response element-binding pro-
tein (SREBP) transcription factors [6]. On a post-translational 
level, the SREBP target gene proprotein convertase subtilisin/
kexin 9 (PCSK9) and the Liver X receptors (LXR) target gene 
inducible degrader of the LDLR (IDOL) control LDLR abun-
dance [7–10]. While both PCSK9 and IDOL increase lysosomal 
degradation of the LDLR, the underlying mechanism they use for 
doing so is distinct [8]. Acting as an E3 ubiquitin ligase, IDOL 
promotes ubiquitination of the intracellular tail of LDLR, thereby 
targeting it for lysosomal degradation. In contrast, PCSK9 is a 
secreted protein that binds to the extracellular domain of LDLR, 
and after internalization prevents receptor recycling back to the 
plasma membrane, thereby increasing its lysosomal degradation. 
These pathways are also of clinical relevance. Recently, antibodies 
that target PCSK9 and thereby increase hepatic LDLR levels and 
LDL clearance have shown strong LDL-lowering potency [11, 
12], and are being currently introduced into clinical practice [13]. 
Strategies to pharmacologically inhibit IDOL activity with small 
molecules are also being investigated, but are at an earlier phase of 
development.

To study the activity of the LDLR we describe below a general 
approach to determine LDL uptake into cells, using fluorescently-
labeled LDL. Originally, studies of LDLR function were carried 
out using radioactive assays based on the measurement of binding, 
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uptake and degradation of 125I-labeled LDL. Although radioactive 
assays have the advantage of being very sensitive, iodination of 
LDL is expensive, requires specific expertise and equipment, and 
handling radioactive material is subject to strict regulations. In 
contrast, performing these assays using fluorescently-labeled LDL, 
as described below, is an inexpensive and simple alternative that is 
suitable for both adherent and non-adherent cells and can be used 
to provide qualitative or quantitative information.

2 Materials

Prepare all solutions using ultrapure water (dH2O) and analytical 
grade reagents and follow all waste disposal regulations when dis-
posing of waste materials.

Human LDL can be purchased from different commercial suppli-
ers. Alternatively, the isolation procedure is included in this Chapter 
and reagents required listed below.

 1. EDTA stock solution 0.5 M (pH 8.0): 186.1 g of disodium 
EDTA (Na2EDTA) in 800 mL dH2O; adjust the pH to 8.0 
with NaOH (~50 mL): bring volume to 1 L with dH2O; stir 
vigorously on a magnetic stirrer (see Note 1).

 2. NaCl/EDTA solution (0.9% (w/v) NaCl/1 mM EDTA): 
Dissolve 9 g NaCl in 900 mL dH2O, add 2 mL of 0.5 M EDTA 
stock and bring volume to 1 L with dH2O.

 3. Make density solutions with KBr (1.225 and 1.100 g/mL) in 
NaCl/EDTA solution.

 4. EDTA-containing blood collection tubes.
 5. Beckman L-70 ultracentrifuge with a SW-40 rotor or equiva-

lent equipment.
 6. Suitable ultracentrifuge tubes.

 1. DyLight 488 NHS-Ester can be purchased. Alternatively, 
other DyLight Dyes, with absorption spectra ranging from 
350 to 770 nm are commercially available and can be substi-
tuted. Dissolve reagent in DMF to 10 mg/mL.

 2. PBS: To prepare 1 L of 1× PBS, dissolve 8 g NaCl, 0.2 g KCl, 
1.44 g Na2HPO4 and 0.24 g KH2PO4 in 800 mL of 
dH2O. Adjust the pH to 7.4 with HCl, and add dH2O to a 
final volume of 1 L.

 3. Dialysis tubing or dialysis slides with a molecular weight cutoff 
of 14 kDa.

2.1 Isolation 
of Human LDL

2.2 Labeling LDL

Assaying LDL Uptake
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 1. Simvastatin stock solution 5 mg/mL: Dilute commercially 
available simvastatin sodium salt in DMSO. Use as 2000× 
solution (final concentration: 2.5 μg/mL).

 2. 200 mM mevalonic acid: Dissolve 1 g of mevalonolactone in 
20 mL of 1 N NaOH. Stir overnight at RT and then transfer 
to 50 mL conical tube. Add 385 μL of 2 M HEPES (pH 7.4). 
Adjust the pH to 7.4 by drop-wise addition of concentrated 
HCl. Incubate at 37 °C overnight maintaining the pH at 7.4. 
Bring the volume to 38.4 mL with dH2O, then sterilize by 
filtration. Aliquot and store at −20 °C. Use as 2000× solution 
(final concentration: 100 μM).

 3. Sterol-depletion medium: Culture medium supplemented 
with 10% (v/v) lipoprotein-deficient FCS (see Note 2), 2.5 μg/
mL simvastatin and 100 μM mevalonic acid.

 4. DMEM-BSA (0.5% (w/v)): Dissolve 0.5 g BSA per 100 mL 
DMEM.

 5. PBS-BSA (0.5% (w/v)): Dissolve 0.5 g BSA per 100 mL PBS.

 1. RIPA (radioimmunoprecipitation assay) buffer: 150 mM 
NaCl, 1% (w/v) NP-40, 0.5% (w/v) SDS (sodium dodecyl 
sulphate), 50 mM Tris–HCl; pH 8.0. Protease inhibitors 
should be added freshly before use.

 2. Fluorescence microplate reader: Typhoon FLA-9500 imager 
or equivalent.

 3. Black 384-well microplates with a flat and transparent bottom 
or equivalent.

 4. BCA protein assay kit.

 1. FACS buffer: 2 mM EDTA, 0.5% (w/v) BSA (added freshly) 
in PBS; pH 7.4.

 2. Non-enzymatic dissociation reagent to release the cells from 
the cell surface, for example Trypsin or Trypsin-EDTA.

 3. FACS machine: Any FACS equipped with a laser capable of 
excitation at 488 nm and emission filters at 518 nm (for 
DyLight 488) can be used.

 1. 4% paraformaldehyde: Dilute 16% paraformaldehyde (w/v; 
Methanol-free; commercially available) with PBS.

 2. Mounting medium with DAPI (4′,6-diamidino-2- phenylindole; 
commercially available) (see Note 3).

 3. Glass coverslips.
 4. Fluorescent microscope with compatible filters or a confocal 

laser-scanning microscope, equipped with a 488-nm laser (for 
DyLight 488-labeled LDL) and a 405-nm laser (for DAPI).

2.3 LDL-Cholesterol 
Uptake Assay

2.4 Quantification 
of LDL- Cholesterol 
Uptake in Total Cell 
Lysates

2.5 Quantification 
of LDL- Cholesterol 
Uptake Using 
Fluorescence Assisted 
Cell Sorting (FACS)

2.6 Imaging 
of Cellular LDL-
Cholesterol Uptake
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3 Methods

Serum lipoproteins comprise a heterogeneous population of lipid–
protein complexes that can be grouped into different classes: very 
low (VLDL), low (LDL), and high (HDL) density, each having a 
different protein and lipid composition as also reflected in their 
density. The density of VLDL is <1.006 g/mL, of LDL 1.019–
1.063 g/mL, and that of HDL is 1.063–1.21 g/mL. This differ-
ence in density can be used to specifically isolate any given 
lipoprotein. To isolate human LDL (d 1.019–1.063 g/mL) from 
plasma, a one-step ultracentrifugation procedure [14] is described 
here. Important: As human plasma is potentially a source of blood- 
borne disease, wear gloves and eye protection during the whole 
procedure.

 1. Draw blood from a normolipidemic adult volunteer, and col-
lect blood into EDTA-containing tubes.

 2. Separate plasma from whole blood by centrifugation at 
1000 × g for 20 min at 4 °C and use freshly. Alternatively, pur-
chase human plasma.

 3. Add 2.695 g KBr to 7 mL of plasma (final density of 1.25 g/L).
 4. Transfer 3.5 mL density-adjusted plasma to a centrifuge tube. 

Gently overlay this with KBr solutions (Subheading 2.1, item 
3) as follows: Add first 2 mL of 1.225 g/mL solution, fol-
lowed by 4 mL of 1.100 g/mL solution, and then 3 mL of 
NaCl/EDTA solution (Subheading 2.1, item 2).

 5. Centrifuge the gradient using a swing-out bucket rotor (SW- 
40) at 105,000 × g for 20 h at 10 °C (with brakes set to “off”) 
in a Beckman L-70 ultracentrifuge (or equivalent).

 6. After centrifugation, collect the LDL fraction by slicing the 
tube using a tube slicer (see Note 4). To do so, firmly position 
the tube between two rubber rings and with care make a cut 
between the LDL fraction (above) and the HDL fraction 
(below) (Fig. 1). Subsequently, from the cut tube collect the 
LDL band with a pipette.

 7. To confirm whether one-step ultracentrifugation provides 
LDL of acceptable purity, one can subject the isolated LDL 
fraction to high-performance gel-permeation chromatography 
(HPGC). To do so, run 60 μL of isolated LDL on a Superose 
6 HR 10/30 column [15].

 8. Determine the LDL concentration by measuring ApoB using a 
commercially available nephelometric assay on an auto-analyzer 
system. ApoB is the only protein constituent of LDL and its 
levels can be directly used to standardize the uptake assay 

3.1 Isolation 
of Human LDL

Assaying LDL Uptake
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according to the equivalent number of LDL particles. 
Alternatively, use a BCA assay to determine the protein content 
of the isolated LDL and use this to standardize the uptake assay.

 9. LDL can be stored at 4 °C for up to 1 month. However, it is 
preferable to directly continue with the LDL labeling 
procedure.

DyLight 488-labeled LDL can be produced as previously described 
[16].

 1. Mix 1–10 mg of purified LDL with DyLight 488 NHS-Ester 
in a volume of 100 μL–1 mL. The amount of fluorescent-label-
ing reagent to use for each reaction depends on the amount of 
protein in the LDL fraction. Follow the manufacturer’s instruc-
tions and calculate the appropriate amount of fluorophore 
needed. For example, we label ~1 mg of LDL (as determined 
by ApoB mass) with ~20 μg of the DyLight 488 NHS-Ester in 
a total volume of 1 mL.

 2. Mix well by inverting the tube and incubate the reaction at 
room temperature for 1 h in the dark. Mix regularly. Do not 
vortex the tube as this can lead to LDL aggregation.

 3. Subsequently, to remove excess non-reacted dye, dialyze the 
reaction mixture 4 h for at least four times against 1 L PBS.

 4. Store DyLight488-labeled LDL in a light-protective tube in 
the dark at 4 °C for up to 1 month. Discard when formation of 
precipitates is observed.

We describe a general strategy for conducting the LDL uptake 
assay. Depending on the specific experiment, the cell type, number 
of cells, well size, and other experimental parameters may be 
adjusted. After performing the assay, several readouts to evaluate 
LDL uptake are available.

Day 1

3.2 Fluorescent 
Labeling of Isolated 
LDL

3.3 Cellular LDL- 
Cholesterol Uptake 
Assay

Fig. 1 Schematic diagram of lipoprotein-subclass separation after gradient den-
sity centrifugation

Anke Loregger et al.



59

 1. Seed cells in a 12-well plate and allow them to reach 70% con-
fluency (e.g. for human hepatic HepG2 cells, seed 250,000 
cells per well).
Day 2

 1. Wash cells twice with pre-warmed PBS.
 2. When grown in standard growth medium containing 10% 

(v/v) serum, most cells have low LDLR levels and low basal 
LDL uptake activity. Therefore, to increase LDLR abundance, 
cells should be incubated in sterol-depletion medium for 
16–24 h (see Note 5).
Day 3

 1. Wash cells twice with pre-warmed PBS.
 2. Incubate cells with 5 μg/mL DyLight488-labeled LDL in 

DMEM-BSA for 1 h at 37 °C. As controls, include cells that 
are treated as above, but with addition of excess (100 μg/mL) 
unlabeled LDL, and cells incubated with DMEM-BSA only. 
These controls can be later used to determine the specific LDL 
uptake into cells.

 3. To terminate the assay, wash cells twice with ice-cold PBS-BSA 
followed by one wash with ice-cold PBS (see Note 6).

At this point, cellular LDL uptake can be assessed as described 
under Subheadings 3.4–3.6, either by determining (readout 1) 
fluorescence in total cell lysates, (readout 2) cellular fluorescence 
by FACS, (readout 3) cellular fluorescence by imaging. Note that 
the first two readouts are quantitative, whereas the latter is qualita-
tive in nature.

Perform the LDL-uptake assay as described in Subheading 3.3.

 1. To cells from step 6, add ice-cold RIPA buffer (1 mL per 5 × 106 
cells) supplemented with protease inhibitors (see Note 7).

 2. Gently rock plate for 30 min at 4 °C in the dark to facilitate cell 
lysis.

 3. Collect total cell lysates by quantitatively transferring the lysate 
to a pre-chilled microcentrifuge tube.

 4. Centrifuge the tube at 4 °C for 10 min at 14,000 × g to remove 
cell debris.

 5. Transfer the supernatant to a fresh pre-chilled tube on ice and 
discard the original tube.

 6. The fluorescent signal in the total cell lysate can now be mea-
sured. Transfer 30 μL of each lysate to a well of a black 384-well 
microplate with a flat and transparent bottom (see Note 8).

3.4 Quantification 
of LDL- Cholesterol 
Uptake in Total Cell 
Lysates

Assaying LDL Uptake
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 7. To measure fluorescence on the Typhoon imager, set excita-
tion to 473 nm and filter LPB. Determine the scan area, sensi-
tivity, and resolution and scan plate. Once scan is completed, 
save the associated image for further analysis.

 8. Using image analysis software (e.g. Image J) to quantify the 
fluorescent signal in each well. Keep the size and position of 
the measured area consistent between wells. Preferably, use a 
grid- based measurement procedure. For each measured value, 
subtract the background (i.e. fluorescence measured from cells 
that have been incubated with an excess of non-labeled LDL).

 9. For each cell lysate, determine protein concentration using a 
BCA kit following the manufacturer’s instructions. Normalize 
the corrected fluorescence signal to protein level, and plot 
averages (see Note 9).

Perform the LDL-uptake assay as described in Subheading 3.3.

 1. To cells from step 6, add a non-enzymatic dissociation reagent 
to release the cells from the cell surface. Note that dissociation 
of some cell types may require the use of Trypsin or Trypsin- 
EDTA (see Note 10). Cover the cell monolayer and incubate 
at 37 °C until cells detach from the surface.

 2. Add 1 mL FACS-buffer to dissociated cells. If using trypsin, 
add medium containing serum to the cell suspension to inhibit 
further trypsinisation, which may damage cells. Alternatively, 
when culturing in serum-free conditions, soybean trypsin 
inhibitor can be used to stop trypsinisation.

 3. Transfer cell suspension to a microcentrifuge tube. From this 
point on, keep cells and all solutions cold.

 4. Centrifuge cells at 500 × g for 5 min at 4 °C.
 5. Wash cells once with cold FACS buffer.
 6. Resuspend cells in FACS buffer to a density of 1–3 × 106 cells 

per mL (typically 200–400 μL of buffer is required).
 7. Transfer cells to a FACS compatible tube and measure the flu-

orescent signal in the cells by FACS (Fig. 2).

If a qualitative assessment of LDL uptake in cells is sufficient, imag-
ing can be used instead of the quantitative assessments described 
under Subheadings 3.4 and 3.5 (see Note 11).

 1. Grow cells on glass coverslips to a confluence of approximately 
70%.

 2. Perform the LDL-uptake assay as described above in 
Subheading 3.3.

3.5 Quantification 
of Cellular LDL-
Cholesterol Uptake 
by Fluorescence 
Activated Cell Sorting 
(FACS)

3.6 Imaging 
of Cellular LDL-Uptake
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 3. Following the wash steps, fix the cells with 4% (w/v) parafor-
maldehyde in PBS for 20 min at room temperature in the dark.

 4. Wash the fixed cells three times with PBS.
 5. For long-term storage and visualization of the nucleus, mount 

the cells on microscope slides using mounting medium con-
taining DAPI (fluorescence excitation/emission maxima: 
358/461 nm).

 6. Examine the uptake of DyLight 488-labeled LDL into cells 
using a fluorescent microscope with compatible filters. 
Alternatively, a confocal laser scanning microscope equipped 
with a 488-nm laser (for DyLight 488-labeled LDL) and a 
405-nm laser (for DAPI) can be used (Fig. 3).

 7. Store microscope slides at 4 °C in the dark.

4 Notes

 1. The di-sodium salt of EDTA will not dissolve until the pH of 
the solution is adjusted to 8.0 by addition of NaOH.

 2. Lipoprotein-deficient FCS is commercially available or can be pre-
pared following the procedure described by Redgrave et al. [17].

 3. DAPI fluoresces when bound to DNA and is used as a nuclear 
counterstain.

Fig. 2 FACS analysis of LDL uptake in A431 cells. Cells were cultured in sterol- 
depletion medium for 16 h to induce expression of the LDLR. Subsequently, cells 
were incubated with 5 μg/mL LDL-DyLight 488 (grey) or unlabeled LDL (white) 
for 1 h at 37 °C, after which cells were washed and prepared for FACS analysis 
as described in the text. Note the large increase in cellular LDL content following 
uptake of DyLight488-labeled LDL

Assaying LDL Uptake
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 4. If a tube slicer is not available, the LDL band can be drawn out 
with a syringe and fine needle. Ensure that the ultracentrifuga-
tion tube has been pierced with a small needle at the top for air 
to be drawn in when the LDL band is removed.

 5. Dependent on the cell type, cells can be cultured in sterol- 
depletion medium for 12 to 30 h. This should be determined 
for each cell type.

 6. To assess LDL binding to cells (i.e. a proxy for LDL-LDLR 
association at the cell surface), LDL uptake assays can be con-
ducted at 4 °C, as this will prevent subsequent endocytosis of 
LDL. Keep buffers cold as well.

 7. Other lysis buffers are compatible with this protocol. The 
advantage of using RIPA is that this buffer allows protein 
extraction of cytoplasmic, membrane and nuclear proteins and 
is compatible with many downstream applications, including 
immunoblotting.

 8. Any instrument compatible with measuring DyLight 488 
(excitation: 493 nm; emission: 518 nm) can be used. We use a 
Typhoon FLA-9500 imager (GE Healthcare), a laser scanner 
with multiple imaging applications including sensitive and 
quantitative measurements of fluorescence. Subheading 3.4, 
steps 7 and 8 can be adjusted when using other instruments.

 9. Culturing cells in sterol-depletion medium should increase 
LDL uptake several fold. Treatment of cells with recombinant 
PCSK9 or with an IDOL-inducing LXR agonist (e.g. GW3695) 
will result in decreased LDLR abundance and LDL uptake. If 
required, these treatments can be included as controls in LDL 
uptake experiments.

 10. Trypsin solutions can range from 0.025 to 0.5% (w/v). 
Different cell lines require varying trypsin concentrations and 

Fig. 3 Imaging of fluorescent LDL uptake in A431 cells. Cells were grown on 
glass coverslips and cultured for 16 h in sterol-depletion medium to induce 
expression of the LDLR. Subsequently, cells were incubated with 5 μg/mL LDL- 
DyLight 488 or unlabeled LDL for 1 h at 37 °C, washed, fixed and prepared for 
fluorescent microscopy. Size bar is 10 μm

Anke Loregger et al.
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incubation times for detachment. These parameters should be 
determined for each cell line. If trypsin must be used to dissoci-
ate the cells, limit the treatment to the minimum required time.

 11. In parallel, immunofluorescence staining can be performed 
in order to immune-localize additional proteins of interest 
(e.g., LDLR).
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Chapter 6

The Use of L-sIDOL Transgenic Mice as a Murine Model 
to Study Hypercholesterolemia and Atherosclerosis

Eser J. Zerenturk and Anna C. Calkin

Abstract

There are many advantages to the use of mice as a model to study the regulation of cholesterol metabo-
lism. Common models of hypercholesterolemia include low-density lipoprotein receptor deficient (LDLR 
−/−) mice and apolipoprotein E deficient (ApoE) −/− mice. Herein, we describe the recently generated 
mouse model, L-sIDOL Tg mice, which express a dominant active form of Inducible Degrader Of the 
Low-density lipoprotein receptor (IDOL) in a liver-specific manner. This murine model offers significant 
advantages over previously established models for the study of hypercholesterolemia and atherosclerosis.

Key words Hypercholesterolemia, Atherosclerosis, Mouse model, LDL cholesterol, Liver, Transgenic, 
IDOL, LDLR

1 Introduction

Studies in mice have made a significant contribution to our under-
standing of the mechanisms that regulate cholesterol metabolism 
[1–5]. Mice provide considerable advantages in terms of ease of 
breeding, timeframe to generate litters, maintenance cost, and 
their ability to be genetically manipulated. However, mice are 
intrinsically resistant to the development of hypercholesterolemia 
and atherosclerosis, and their lipoprotein profile differs from that 
seen in humans, in part due to the lack of cholesterol ester transfer 
protein (CETP). This has been somewhat overcome by novel 
gene manipulations which have led to mouse models with lipo-
protein profiles that more closely resemble that seen in humans, 
with concomitant atherosclerotic lesion development. Commonly 
utilized mouse models of hypercholesterolemia and atherosclero-
sis include low-density lipoprotein receptor deficient (LDLR 
−/−) mice, apolipoprotein E deficient (ApoE −/−) mice and 
ApoE*3 Leiden mice [6–10]. Herein, we describe our recently 
developed novel mouse model of hypercholesterolemia and 
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diet-induced atherosclerosis, which has distinct advantages over 
the abovementioned models, for the study of cholesterol metabo-
lism and atherosclerosis.

Liver specific sIDOL transgenic (L-sIDOL Tg) mice express a 
dominant-active form of Inducible Degrader Of the LDLR 
(IDOL) termed “sIDOL” in a liver specific manner via the albu-
min promoter [11, 12]. IDOL is an E3 ligase linked to the regula-
tion of plasma cholesterol levels in humans [13–16]. IDOL-mediated 
degradation of hepatic LDLR in these mice results in reduced 
uptake of LDL cholesterol via the liver, leading to an elevation in 
plasma cholesterol levels. Hypercholesterolemia is exacerbated on 
a western diet in a time-dependent manner in these mice, and is 
associated with the development of atherosclerotic lesions [12]. 
Significant advantages of this mouse model over other available 
models include their susceptibility to lesion development on a 
western diet without the need for specialized diets such as those 
with added cholate. With respect to breeding strategy, these mice 
have the distinct advantage of being a monoallelic transgenic 
model. This makes the breeding strategy to generate a compound 
mutant to investigate a given gene of interest simpler and thus 
more time and cost effective. Moreover, wild type littermates are 
generated in a 1:1 ratio with L-sIDOL Tg mice, making the gen-
eration of experimental cohorts an efficient process. L-sIDOL Tg 
mice exhibit a lipid profile which mimics that seen in humans, with 
the majority of their cholesterol in the LDL fraction. This is in 
contrast to ApoE−/− and ApoE*3 Leiden mice, which carry much 
of their cholesterol in the very-low-density lipoprotein (VLDL) 
fraction. Finally, L-sIDOL mice are an uncomplicated model of 
hypercholesterolemia as this model exclusively targets IDOL- 
mediated LDLR degradation in the liver. This is in contrast to the 
widely used LDLR−/− mice, which harbor a global deletion of 
LDLR. Currently, the relative contribution of specific tissues to the 
phenotype of LDLR−/− mice is unclear, making this a complex 
model with which to study cholesterol metabolism. This can be a 
potentially confounding factor dependent upon the mechanisms of 
cholesterol metabolism to be studied. Furthermore, the presence 
of residual LDLR levels in L-sIDOL Tg mice affords investigators 
the potential to study effects on this pathway.

2 Materials

 1. L-sIDOL Tg mice (Jackson Laboratories).
 2. Wild type C57Bl/6J mice (Jackson Laboratories).
 3. Genetic model of interest (e.g., knockout or transgenic) as 

required.

2.1 Mice

Eser J. Zerenturk and Anna C. Calkin
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 1. Ear punch/tail clipper.
 2. Standard DNA isolation/PCR genotyping kit(s).
 3. Primers (For 5′-GCC AGG AGG GCT CTG TAC A-3′; Rev 

5′ GAA TAG AAT GAC ACC TAC TCA GAC AAT-3′).
 4. Agarose.
 5. Tris–acetate–EDTA (TAE) buffer. 50× TAE stock: 242 g Tris 

base, 57.1 mL acetate, 100 mL of 0.5 M EDTA, to 1 L with 
deionized H2O (dH2O).

 6. Nucleic acid stain.
 7. Deionized water.
 8. Gel casting tray and comb.
 9. Electrophoresis tank.
 10. DNA ladder standard.
 11. Gel imaging apparatus.

 1. Chow diet.
 2. Western diet.

3 Methods

 1. Breed mice to heterozygosity by mating L-sIDOL Tg mice 
with wild type C57Bl/6J mice (see Notes 1–3).

 2. To generate a compound mutant where the gene of interest is 
a single transgene model (*Tg), simply cross L-sIDOL Tg mice 
with your model of interest. This will generate all the required 
genotypes (wild type, L-sIDOL Tg, *Tg and L-sIDOL/* dou-
ble Tg) in a 1:1:1:1 ratio (see Note 4).

 3. To generate a compound L-sIDOL Tg mutant, where the 
model of interest is a homozygous knockout (Gene X −/−), 
requires a multistep breeding process. Homozygous knockout 
mice should first be crossed with L-sIDOL Tg mice, which will 
generate mice all heterozygous for the deletion of the gene of 
interest, of which 50% will carry the sIDOL transgene, based on 
Mendelian ratios (Table 1, cross 1). The second breeding step 
requires breeding homozygous knockout mice with L-sIDOL 
Tg mice heterozygote for the gene of interest. This will gener-
ate 50% of mice heterozygous for deletion of the gene of inter-
est and 50% homozygous knockout for the gene of interest 
(Table 1, cross 2). Of these mice, 50% will carry the sIDOL 
transgene in a 1:1:1:1 ratio. Thus, this step generates the spe-
cific genotype of interest, a mouse  homozygous negative for the 
gene of interest, which carries the sIDOL transgene (25%). 
Breeding of this genotype to knockout mice will generate the 

2.2 Genotyping 
Reagents

2.3 Diets

3.1 Breeding 
Strategy

L-sIDOL Tg Mice, a Novel Mouse Model of Hypercholesterolaemia
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two specific genotypes of interest as littermates in a 1:1 ratio 
(Table 1, cross 3), (see Note 4).

 1. Take a tail or ear clipping from mice, preferably at 2 weeks of 
age (see Note 5).

 2. Isolate DNA from tail/ear tissue samples according to the 
manufacturer’s instructions.

 3. Undertake genotyping PCR according to the manufacturer’s 
instructions using the abovementioned primer set.

 4. Prepare 1× TAE Buffer from 50× stock by adding 20 mL of 
50× stock to 980 mL of dH2O.

 5. Prepare 2% (w/v) agarose gel by adding 2 g of agarose to 
100 mL of 1× TAE buffer. Heat until dissolved. Cool until 
~37 °C, then add the nucleic acid stain (see Note 6). Pour into 
casting tray and add comb (see Note 7).

 6. Once gel is set, place in an electrophoresis tank. Fill tank with 
1× TAE buffer until it completely covers the gel.

 7. Load samples into gel as well as a DNA ladder standard.
 8. Run gel for ~20 min at 100 V.
 9. Image gel. A band will appear at ~550 base pairs to indicate the 

presence of the sIDOL transgene. This band will be absent in 
wild type mice.

 1. At 6–8 weeks of age, place mice on a western diet.
 2. Run experiment to the desired level of hypercholesterolemia 

and/or atherosclerosis. Figure 1 demonstrates the level of 
hypercholesterolemia achieved with a Western Diet containing 
21% (w/w) fat and 0.21% (w/w) cholesterol after 20 or 
30 weeks. The concomitant deposition of atherosclerotic lesions 
observed at these time points is shown in Fig. 2 (see Note 8).

3.2 Genotyping 
Strategy

3.3 Experimental 
Design

Table 1 
Breeding Strategy to generate a compound L-sIDOL Tg mutant mouse where the model of interest is 
a knockout mouse

Cross Mice generated Ratios

1. Gene X (−/−) L-sIDOL WT × Gene X (+/+) 
L-sIDOL Tg

Gene X (+/−), L-sIDOL WT
Gene X (+/−), L-sIDOL Tg

1:1

2. Gene X (−/−) L-sIDOL WT × Gene X (+/−), 
L-sIDOL Tg

Gene X (+/−) L-sIDOL WT
Gene X (+/−) L-sIDOL Tg
Gene X (−/−) L-sIDOL WT
Gene X (−/−) L-sIDOL Tg

1:1:1:1

3. Gene X (−/−) L-sIDOL WT × Gene X (−/−) 
L-sIDOL Tg

Gene X (−/−) L-sIDOL WT
Gene X (−/−) L-sIDOL Tg

1:1

Eser J. Zerenturk and Anna C. Calkin
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4 Notes

 1. Crossing wild type mice with L-sIDOL Tg mice should result 
in Mendelian ratios of 50% wild type and 50% transgenic. It is 
not recommended to breed mice to homozygosity as the 
sIDOL transgene is randomly inserted into the DNA. Any phe-
notype attributed to this random insertion could become 
markedly more apparent in the presence of two alleles. 
Furthermore, the abovementioned genotyping strategy is not 
designed to distinguish whether one or two copies of the trans-
gene are present.
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Fig. 1 Plasma Cholesterol levels in L-sIDOL Tg mice. Plasma cholesterol levels in wild type (WT) and L-sIDOL 
Tg mice following chow and western diet (WD) feeding for 20 or 30 weeks in male (a) and female (b) mice; 
high performance liquid chromatography (HPLC) chromatogram of plasma cholesterol after 20 weeks on WD 
(c). Data are expressed as mean ± SEM (a, b); *p < 0.05, **p < 0.01; ***p < 0.001 vs. matched WT. Adapted 
from Calkin et al. [12]
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 2. L-sIDOL Tg mice were generated on a C57Bl/6J background. 
To avoid any confounding factors due to strain variation, it is 
recommended to cross mice with “wild type” C57Bl/6J mice.

 3. If mice are not breeding, then separate them for ~1 week, 
before placing them back together.

 4. Ensure that the genetically modified mouse model of interest 
is of the same background strain (C57Bl/6J).

 5. If mice are ear clipped at 2 weeks of age, required genotypes can 
be confirmed prior to weaning which can save on agistment costs.

 6. As an alternative to adding the nucleic acid stain to the agarose 
gel itself, it can be added to the samples at the time of 
electrophoresis.

 7. If bubbles appear when pouring agarose gel, use a pipette tip 
to burst bubble or drag it away to the side.

 8. Dependent upon the level of hypercholesterolemia and/or 
atherosclerosis required, the content of cholesterol in the diet 
can be varied to modulate this. Alternatively, cholate can be 
added to the diet to further potentiate hypercholesterolemia 
and atherosclerosis.

Fig. 2 En face analysis of lesion deposition in L-sIDOL Tg mice. Representative images of en face assess-
ment of atherosclerotic lesions (Sudan IV) in wild type (WT) and L-sIDOL transgenic (Tg) mice after 20 and 
30 weeks of western diet, left; quantitation of en face lesion deposition in mice as detailed, right. Data are 
expressed as mean ± SEM; **p < 0.01 vs. matched WT; Adapted from Calkin et al. [12]
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Chapter 7

CRISPR/Cas9-Mediated Generation of Niemann–Pick C1 
Knockout Cell Line

Ximing Du, Ivan Lukmantara, and Hongyuan Yang

Abstract

Generating a cholesterol storage phenotype of Niemann–Pick Type C (NPC) disease is important for 
investigating the mechanisms of intracellular cholesterol trafficking, as well as screening drugs for potential 
treatment of NPC disease. The use of the CRISPR/Cas9 technology to knockout specific genes within the 
genome of mammals has become routine in the past few years. Here, we describe a protocol for producing 
a cellular NPC cholesterol storage phenotype in HeLa cells using the CRISPR-Cas9 system to disrupt the 
NPC1 gene. The protocol details the steps for single guide RNA oligo cloning, cell colony selection, and 
cell line verification by filipin staining and immunoblotting.

Key words Cholesterol, NPC1, CRISPR, Cas9, sgRNA, Filipin

1 Introduction

Niemann–Pick type C1 protein (NPC1) is a large membrane pro-
tein localized to late endosomes and lysosomes. Loss-of-function 
mutations in NPC1 cause NPC disease, characterized by abnormal 
cholesterol storage in late endosomes and lysosomes [1, 2]. 
Reproducing the cholesterol storage phenotype in NPC1-deficient 
cells is pivotal for studying intracellular cholesterol trafficking and 
homeostasis, understanding the molecular mechanisms of NPC1, 
and testing drugs for possible treatment of NPC disease. U18666A, 
a cationic amphiphile that blocks NPC1 function [3], and small- 
interference RNA or small-hairpin RNA that target the NPC1 
gene have been widely used to generate the NPC cholesterol stor-
age phenotype in cell models, albeit mostly in a transient manner. 
In the past few years, the use of the Clustered Regularly Interspaced 
Short Palindromic Repeats (CRISPR)-Cas9 genome editing tech-
nology has exploded and made it possible to generate stable NPC1- 
deficient cell lines, reproducing cholesterol storage phenotype in a 
permanent state.
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The CRISPR-Cas9 system is an adaptive immune system used 
by select microbes to defend themselves against invading viruses. 
Remarkably, this system has now been engineered and become a 
popular technique suitable for numerous applications, including 
genome editing in living cells of mammals and other organisms, 
generating animal models of human-inherited disorders, and spe-
cifically turning on or off the genes of interest [4]. Cas9 is an RNA- 
guided nuclease that is capable of binding to a target DNA, thereby 
introducing a double strand break (DSB) in a sequence specific 
manner [5]. The specificity of Cas9 is determined by a single guide 
RNA (sgRNA) that recognizes the complementary 20-nucleotide 
genomic sequence with a downstream protospacer-adjacent motif 
(PAM) sequence [6, 7]. Guided by sgRNA, Cas9 introduces DSBs 
approximately three nucleotides upstream of the PAM sequence 
[8]. DSBs are then repaired by the host DNA damage repair mech-
anisms. This can be accomplished by using either the homology- 
directed repair (HDR) pathway that precisely modifies a specific 
gene in the presence of a donor double-stranded or single-stranded 
DNA template, or the error-prone non-homologous end-joining 
(NHEJ) pathway, which gives rise to small insertions and dele-
tions, essentially knocking out a specific gene [9].

This chapter describes a protocol for employing the CRISPR- 
Cas9 system to disrupt the NPC1 gene in HeLa cells. The protocol 
consists of three main sections: cloning of a sgRNA oligo duplex 
into a Cas9 expression vector, selection of HeLa cells transfected 
with the sgRNA/Cas9 co-expression plasmid for single cell clones, 
and verification of the NPC1 gene disruption by immunoblotting 
and filipin staining.

2 Materials

 1. Cas9 expression plasmid: PX459 (pSpCas9-2A-Puro V2.0; 
Addgene).

 2. DNA oligos (standard desalted) for sgRNA constructions (see 
Note 1).

 3. Cloning enzymes: FastDigest BbsI (BpiI) (Thermo Scientific/
Fermentas), T4 Polynucleotide kinase (PNK) and T4 DNA 
ligase (New England BioLabs).

 4. 10× T4 PNK buffer (New England BioLabs).
 5. 10× T4 DNA ligase buffer (New England BioLabs).
 6. 10× Tango buffer (Thermo Scientic/Fermentas).
 7. 10 mM adenosine 5′-triphosphate (ATP).
 8. Ultrapure water (RNAse/DNAse-free).

2.1 Molecular 
Cloning

Ximing Du et al.
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 9. One Shot Stbl3 chemically competent E. coli (Life 
Technologies).

 10. Ampicillin sodium salt powder.
 11. Luria Broth (LB) medium.
 12. LB agar plates (LB medium supplemented with 2 % (w/v) of 

agar and 100 μg/mL of ampicillin).
 13. QIAprep spin miniprep kit (Qiagen).
 14. PureLink® PCR Purification Kit (Life Technologies).
 15. NucleoBond® Xtra Midi kits (Macherey-Nagel GmbH & Co. 

KG).
 16. Sequencing primer: GAGGGCCTATTTCCCATGATTCC.

 1. HeLa cell line.
 2. Dulbecco’s Modified Eagle’s Medium (DMEM), high 

glucose.
 3. Fetal bovine serum (FBS).
 4. Penicillin–streptomycin–glutamine (100×).
 5. Opti-MEM® Reduced Serum Medium.
 6. TrypLE™ Express Enzyme (1×), no phenol red (Gibco™).
 7. Lipofectamine® LTX Reagent with PLUS™ Reagent 

(Invitrogen™) or equivalent transfection reagent.
 8. Puromycin dihydrochloride.
 9. DPBS, no calcium, no magnesium.
 10. Cell culture dish (6-cm), 6-, 12-, and 96-well cell culture 

plates.
 11. Nunc Lab-Tek Chamber Slide system 8 wells, glass slide.

 1. Filipin complex from Streptomyces filipinensis, approximately 
50 μg/mL in PBS: For a quick preparation of the filipin solu-
tion, dip a yellow tip in the original stock of filipin powder, 
then quickly dip the yellow tip with the filipin powder attached 
into a microcentrifuge tube containing 15 μL of DMSO for 
dissolving. Dilute further in 9 mL of PBS for staining.

 2. 4 % Paraformaldehyde in PBS: In a fume hood, add 1 ampule 
(10 mL) of 16 % (w/v) paraformaldehyde solution (commer-
cially available) to 30 mL of PBS in a 50 mL falcon centrifuge 
tube. Make fresh on the day.

 3. ProLong® Gold Antifade Mountant (Life Technologies).
 4. Leica wide-field microscope (CTR5500) equipped with an 

EL6000 fluorescent lamp and a DFC300 FX digital camera 
(360/40-nm excitation and 470/50-nm band-pass emission) 
or equivalent microscope.

2.2 Cell Culture

2.3 Filipin Staining
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 1. TGX™ FastCast™ Acrylamide Solutions (10 % w/v) 
(Bio-Rad).

 2. 1× running buffer for Tris-Glycine SDS-PAGE.
 3. 1× Tris-Glycine Transfer Buffer.
 4. Nitrocellulose transfer membrane.
 5. Anti-NPC1 antibody (ab36983; Abcam).
 6. Donkey anti rabbit IgG (H+L) secondary antibody (Jackson 

ImmunoResearch Laboratories).
 7. Protease Inhibitor Cocktail.
 8. Laemmli 2× Sample Buffer (Sigma-Aldrich).
 9. Bicinchoninic Acid (BCA) Kit for Protein Determination.
 10. Cell lysis buffer: 50 mM Tris, pH 7.8, 100 mM NaCl, 1 % 

Triton X-100.
 11. Protease inhibitors.

3 Methods

Ultrapure water is used for all the reactions. All reagents are kept 
on ice and reactions are carried out at room temperature unless 
otherwise indicated.

 1. Dilute sgRNA oligos with water to 10 μM (see Note 2).
 2. Set up kinase treatment reaction in 200 μL PCR tubes to add 

phosphate group to the 5′ end of the oligos (see Table 1 for 
reaction components).

 3. Incubate at 37 °C for 45 min.
 4. Anneal the Forward and Reverse sgRNA oligos: combine for-

ward and reverse reactions into one tube after a brief centrifu-
gation. Incubate the combined forward and reverse reaction 
mixture at 100 °C for 5 min, then allow it to cool slowly to 
room temperature (see Note 3).

2.4 Western Blotting

3.1 Cloning of NPC1 
sgRNA into PX459 
Vector

Table 1 
Kinase treatment reaction of sgRNA oligos

Components Forward (μL) Reverse (μL)

Oligo (10 μM) 1 1

10× PNK buffer 1 1

H2O 6 6

ATP (10 mM) 1 1

Total volume 10 10
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 5. Digest PX459 backbone plasmid with BbsI for 2 h at 37 °C 
(see Note 4). Set up a reaction as shown in Table 2.

 6. Purify digested PX459 plasmid using PCR purification column 
and elute in 30 μL of H2O.

 7. Set up ligation as shown in Table 3. Incubate at room tempera-
ture for 1 h (see Note 5).

 8. Transform One Shot Stbl3 chemically competent E. coli cells 
(see Note 6) with 5 μL ligation mixture following the manu-
facturer’s instruction. Spread cells onto LB agar plates contain-
ing 100 μg/mL ampicillin, and incubate the plates at 37 °C 
overnight.

 9. Check the plate after overnight incubation. The plate should 
normally have over tens to hundreds of colonies. Pick 10 colo-
nies and inoculate individual colonies into 5 mL LB broth con-
taining 100 μg/mL of ampicillin. Incubate and shake the LB 
culture at 37 °C overnight. Extract plasmid DNA using 
QIAprep spin miniprep kit according to manufacturer’s 
instruction.

 10. Verify positive clones by sequencing with a forward primer 
(GAGGGCCTATTTCCCATGATTCC) located within the 

Table 2 
BbsI digestion reaction of PX459 backbone plasmid

Components Amount

BbsI (10 U/μi) 2 μL

10× digestion buffer 4 μL

PX459 2 μg

H2O 32 μL

Total volume 40 μL

Table 3 
Ligation of NPC1 sgRNA oligos with digested PX459 plasmid

Components Amount (μL)

Annealed sgRNA oligos 1

Digested PX458 1

T4 ligase 1

10× ligase buffer 1

H2O 6

Total volume 10

CRISPR/Cas9-Mediated Generation of Knockout Cell Lines
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human U6 promoter of the PX459 vector. Prepare the verified 
clones with the successful insertion of NPC1 sgRNA sequences 
between BbsI sites (PX459-NPC1-sgRNA) using NucleoBond® 
Xtra Midi kits for HeLa cell transfection (see Note 7).

 1. HeLa cells are grown in DMEM medium supplemented with 
10 % (v/v) FBS, 100 units/mL of potassium penicillin and 
100 μg/mL of streptomycin sulfate, and maintained in a 37 °C 
incubator with 5 % CO2 supply. Change medium every 
2–3 days and passage the cells before they reach full 
confluence.

 2. On the day of transfection, seed 106 cells/dish into two 6-cm 
culture dishes containing 3 mL of medium.

 3. Prepare transfection complex as follows: Dilute the targeting 
plasmid (PX459-NPC1-sgRNA) in one microcentrifuge tube 
by adding 3 μg of DNA into 500 μL of Opti-MEM Reduced 
Serum Medium. Add 3 μL of PLUS Reagent to the diluted 
DNA. Dilute Lipofectamine LTX Reagent in another micro-
centrifuge tube by adding 6 μL of the reagent into 500 μL 
Opti-MEM Reduced Serum Medium. Mix both tubes by 
inversion and incubate at room temperature for 5–10 min. 
Transfer all Lipofectamine LTX-Opti-MEM dilutions to the 
tube containing the diluted plasmid–Opti-MEM mixture. Mix 
well and incubate the mixture for 15–20 min at room 
temperature.

 4. Add the transfection complex dropwise to one newly seeded 
dish of cells. Leave another dish of cells non-transfected as a 
blank control. Replace the transfection medium with 4 mL of 
fresh medium 24 h post transfection.

 5. Two to 3 days post transfection, replace the medium on both 
the transfected cells and non-transfected cells with selection 
medium, containing DMEM medium supplemented with 
10 % (w/v) FBS, 100 units/mL of potassium penicillin, 
100 μg/mL of streptomycin sulfate, and 2 μg/mL of puromy-
cin (see Note 8). Replace the medium with fresh selection 
medium every second day. Typically, in the non-transfected 
dish, all cells are killed by puromycin 2–3 days post selection, 
while in the transfected dish, there are numerous cells surviv-
ing selection at this stage depending on the transfection effi-
ciency. Keep culturing the surviving cells in selection medium 
until no more dead cells are seen floating in the medium and 
distinct cell colonies are formed.

 6. The surviving cells are subjected to limited dilution as follows: 
Rinse cells in transfected dish with 4 mL of PBS, and add 
0.25 mL of TrypLE Express enzyme to the dish. Gently swirl 
the dish to let the enzyme cover all cells. Aspirate excessive 

3.2 HeLa Cell 
Transfection 
and Selection

Ximing Du et al.
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liquid and allow trypinization at room temperature for 
3–5 min. Gently resuspend the cells with 4 mL of medium, 
and count using a hemocytometer or an automated cell coun-
ter. Dilute 500 cells in 50 mL DMEM medium supplemented 
with 10 % (w/v) FBS, 100 units/mL of potassium penicillin, 
and 100 μg/mL of streptomycin sulfate in a sterile tissue cul-
ture tube. Transfer 100 μL/well to five 96-well plates using an 
8-channel pipette. Incubate the plates in a 37 °C incubator and 
change medium every 3–4 days (see Note 9). Examine the 
plates regularly over a period of 2 weeks after seeding and label 
the wells that have single cell colonies.

 1. Rinse single cell colonies in labeled wells of the 96-well plates 
with 100 μL of PBS, add 10 μL of TrypLE Express enzyme to 
the wells, and allow cells to be trypinized at room temperature 
for 3–5 min. Gently resuspend the cells in 100 μL of DMEM 
medium supplemented with 10 % (w/v) FBS, 100 units/mL 
of potassium penicillin, 100 μg/mL of streptomycin sulfate, 
and 2 μg/mL of puromycin. Transfer trypsinized cells to the 
individual well of a 12-well plates containing 900 μL of medium 
per each well.

 2. Allow cells to grow to 70–80 % confluence in the 12-well 
plates. Rinse each well with 1 mL of PBS. Add 100 μL of 
TrypLE Express enzyme to the wells, and allow cells to be 
trypinized at room temperature for 3–5 min. Gently resuspend 
the cells with 1 mL of medium. Transfer 250 μL of trypsinized 
cells to the individual well of Nunc Lab-Tek 8-well Chamber 
Slide. Transfer the residual cells to a 12-well plate to continue 
expansion, making sure that corresponding cell lines on the 
chamber slide are numbered identically in the 12-well plate.

 3. Aspirate the medium from the 8-well chamber 24–48 h post 
seeding, add 100 μL of 4 % paraformaldehyde (freshly pre-
pared from 16 % w/v stock) and fix cells for 30 min at room 
temperature. Remove the paraformaldehyde and rinse the 
wells with 200 μL of PBS for three times. Add 100 μL of filipin 
solution (approx. 50 μg/mL in PBS) to the wells and stain the 
cells in the dark for 30 min at room temperature. Remove the 
filipin solution and rinse the wells three times with 200 μL of 
PBS. Remove the chamber wall according to the manufactur-
er’s instruction. Apply the Antifade Mountant on top of the 
cells and cover with cover slip. Image the stained cells using a 
suitable microscope. In our lab, we use a Leica wide-field 
microscope (CTR5500) equipped with an EL6000 fluorescent 
lamp and a DFC300 FX digital camera (360/40-nm excitation 
and 470/50-nm band-pass emission) [10].

 4. Filipin staining results (Fig. 1) will indicate which cell clones 
grown in the 12-well plates are potentially NPC1-deficient, 

3.3 Cell Colony 
Expansion 
and Verification
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which is mediated by the CRISPR/Cas9 system. This can be 
further verified by immunoblotting using a NPC1 antibody as 
follows.

 5. Grow the individual cell lines, expanded under Subheading 
3.3, step 2, in a 12-well dish. When 70–80 % confluent, wash 
wells with 1 mL of PBS, add 100 μL of TrypLE Express 
enzyme to the wells, and allow cells to be trypinized at room 
temperature for 3–5 min. Gently resuspend the cells with 1 mL 
of medium, transfer 750 μL of trypsinized cells to the individ-
ual well of the 6-well plates (for screening), and pipette the 
remaining cells to the individual well of the new 12-well plates 
(to keep expanding). Add 1.25 and 0.75 mL of medium to the 
6-well plates and 12-well plates, respectively. Return the plates 
to the incubator and grow cells for 24–48 h.

 6. Remove medium from the 6-well plate. Scrape cells in 1 mL of 
PBS. Transfer cells to microcentrifuge tubes, and spin down at 
2000 × g for 5 min. Resuspend the cell pellets using 30 μL of 
cell lysis buffer (see Note 10) supplemented with protease 
inhibitors, and incubate the tubes on ice for 30 min. Spin down 
lysed cells at 18,000 × g for 15 min at 4 °C. Transfer 22 μL of 
the supernatant (i.e., the cell lysates) to chilled microcentrifuge 

Fig. 1 Filipin staining for screening of positive NPC1-deficient cell clones medi-
ated by CRISPR/Cas9. HeLa cells derived from single cell clones were grown in 
8-well chamber slides and fixed with 4 % paraformaldehyde for 30 min at room 
temperature. After washing, cells were stained with 50 μg/mL of filipin in PBS for 
30 min at room temperature. The stained cells were mounted, covered, and 
imaged using a Leica wide-field microscope with a UV filter set. Representative 
images designated as clone #1-4 are shown. Note that the #3 and #4 show a 
punctate cholesterol staining pattern and are indicative of positive NPC1- 
deficient clones

Ximing Du et al.
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tubes on ice. Determine protein concentration of the lysates 
using the BCA assay from 2 × 1 μL aliquots. Add 20 μL of 2× 
laemmli buffer to the remaining cell lysates and mix well. Load 
a total of 30 μg of cell lysate protein on a 10 % TGX FastCast 
gel, and transfer the gel to a nitrocellulose membrane, followed 
by blocking with 5 % skim milk diluted in TBST. Incubate the 
membrane with 1 μg/mL of NPC1 polyclonal antibody in 
TBST at 4 °C overnight. After incubating with the secondary 
antibody for 1 h at room temperature, image the NPC1 blot 
using a Gel Doc XR system (Bio-Rad) (Fig. 2).

4 Notes

 1. For sgRNA designing, we normally go to https://genome.
ucsc.edu/ and search for the genomic sequences of the genes 
to be deleted. Select around 200 bp nucleotides within either 
of the first few exons of the NPC1 gene, and proceed to 
http://crispr.mit.edu/ to acquire sgRNA sequence. Choose 
the sgRNA sequence with highest score. Design oligo with 5′ 
end overlap using the following design template to add in BbsI 
sites at both 5′ and 3′ ends:

5′-CACCGNNNNNNNNNNNNNNNNNNNN-3′
3′-CNNNNNNNNNNNNNNNNNNNNCAAA-5′

 2. Use ultrapure water to prepare 100 μM oligo stock. Prepare 
10 μM oligo by adding 10 μL of the oligo stock to 90 μL of 
water.

Fig. 2 Western blotting analysis of cell lysates prepared from NPC1 CRISPR clone 
#1-4 using a polyclonal anti-NPC1 antibody. Anti-GAPDH was blotted as a load-
ing control. Note that while NPC1 is abundant in clone #1 and #2, its levels are 
significantly lower in the other two clones, especially in clone #3, indicating a 
successful NPC1 gene disruption mediated by CRISPR/Cas9

CRISPR/Cas9-Mediated Generation of Knockout Cell Lines
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 3. Set up a heating block at 100 °C first. After incubation, turn 
off the heating block but keep incubating the tubes until the 
temperature decreases to room temperature. Briefly centrifuge 
the tubes during the cooling process.

 4. The plasmid can also be digested at 37 °C overnight to ensure 
a complete digestion.

 5. Ligation reaction can also be carried out at 4 °C overnight.
 6. Common competent cells such as the DH5α strain can also be 

used. We found no significant decrease in terms of transforma-
tion efficiency for this step.

 7. In most cases, a mini-prep with good quality DNA may be 
enough for the subsequent experiments.

 8. To define an optimal puromycin concentration, a killing curve 
of puromycin for different cell lines needs to be generated 
prior to selection. The lowest concentration potent enough to 
kill all non-resistant cells should be used. For HeLa cells, we 
found 1–2 μg/mL of puromycin is sufficient to kill non- 
transfected cells with 2–3 days.

 9. From this point onwards, it is essential that care is taken to avoid 
cross-contamination of individual cell lines. For example, when 
changing the medium in the 96-well plate, it is essential that each 
well is aspirated with a separate pipette tip to avoid cross-contami-
nating wells that contain individual cell lines. This may seem labo-
rious but is an essential part of making single clonal cell lines.

 10. For the lysis buffer, other detergents such as sodium dodecyl 
sulfate can be used instead of Triton X-100.
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Chapter 8

Quantitative Measurement of Cholesterol in Cell Populations 
Using Flow Cytometry and Fluorescent Perfringolysin O*

Jian Li $, Peter L. Lee $, and Suzanne R. Pfeffer

Abstract

Methods to quantify intracellular cholesterol are valuable for the study of its trafficking and storage in 
normal cells and in lysosomal storage disorders. Traditionally, cholesterol has been tracked using the small 
molecule, filipin. Filipin can be difficult to visualize and visualization can be cytotoxic as it requires UV 
illumination. Here we describe a method to measure cholesterol using a fluorescently labeled, mutant form 
of Perfringolysin O, a soluble protein toxin that binds cholesterol specifically. This approach has been used 
to measure the impact of NPC1 deficiency on lysosomal cholesterol levels and monitor the rescue of cho-
lesterol export under conditions that reduce the thickness of the lysosomal glycocalyx.

Key words Lysosome, Cholesterol, Perfringolysin O, Niemann Pick type C

1 Introduction

Cholesterol plays an important role in cell physiology as both a 
component of cellular membranes and a precursor of numerous 
biomolecules [1, 2]. Mammalian cells can synthesize cholesterol 
but also acquire it exogenously through the blood [3]. Exogenous 
cholesterol is acquired through the endocytic uptake of low density 
lipoprotein (LDL) molecules by LDL-receptor mediated endocyto-
sis [4]. Cholesterol esters that comprise the core of LDL are traf-
ficked through the endocytic pathway to late endosomes and 
lysosomes, where they are hydrolyzed by lysosomal acid lipases [5]. 
Upon hydrolysis, it is thought that the protein NPC2 binds choles-
terol in the lysosomal lumen and presents it to NPC1’s N-terminal 
domain after binding to its luminal domain 2 [6]. NPC1 then trans-
ports the cholesterol out of lysosomes to the endoplasmic reticu-
lum, plasma membrane and/or peroxisomes [7].

$These authors contributed equally to this work.
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The importance of lysosomal cholesterol export is demonstrated 
clearly in diseases such as Niemann–Pick Type C, in which mutations 
in NPC1 or NPC2 cause cholesterol and glycosphingolipids to accu-
mulate in lysosomes [8, 9]. Being able to follow and detect cholesterol 
accumulation is thus important for the diagnosis of cholesterol trans-
port defects, and for in depth characterization of intracellular choles-
terol transport pathways. The small molecule filipin, which binds to 
free cholesterol, has long been used to detect the intracellular localiza-
tion and cellular content of cholesterol. However, filipin staining is 
challenging as it is prone to photo bleaching, requires UV light excita-
tion which makes it difficult to visualize, and can be cytotoxic.

Perfringolysin O (PFO) is a Clostridium perfringens derived, 
soluble toxin that forms large, homo-oligomeric pore complexes 
capable of binding to cholesterol-containing membranes. Because of 
its specificity for cholesterol, PFO has been used to label intracellular 
cholesterol, specifically as a biotinylated derivative BCθ [10]. 
However, as PFO is cytolytic, one disadvantage of BCθ is its toxicity 
to cells. To alleviate BCθ’s cytotoxic properties, a mutant form of 
PFO, PFO*, was constructed; PFO* cannot insert its β-hairpins into 
the membrane and as such, does not form a pore at 4 °C [11]. PFO* 
has been used successfully to label plasma membrane- associated 
cholesterol after 125I labeling [11]. Here we describe the alternative 
use of fluorescently labeled PFO* to measure the accumulation of 
cholesterol within cells. This approach has been used to demonstrate 
the role of lysosomal membrane protein glycosylation in the trans-
port and accumulation of cholesterol in lysosomes of Chinese ham-
ster ovary cells [11]. It is essential to verify the localization of the 
fluorescent staining in a given cell type to fully understand the sig-
nificance of any changes that may seen in flow cytometry experi-
ments. CHO cells work especially well with this method.

2 Materials

 1. PFO* plasmid constructed and provided by Arun Radhakrishnan 
(University of Texas Southwestern Medical School, Dallas, 
USA) and amplified in DH5α bacterial cells.

 2. Rosetta 2 (DE3) chemically competent cells.
 3. Selective LB agar Miller plates: 100 μg/mL carbenicillin, 

25 μg/mL chloramphenicol, 10 g/L peptone, 5 g/L yeast 
extract, 10 g/L NaCl, 12 g/L agar.

 4. T7 primer—TAATACGACTCACTATAGG.

 1. Selective LB Miller broth: 100 μg/mL carbenicillin, 25 μg/
mL chloramphenicol, 10 g/L peptone, 5 g/L yeast extract, 
10 g/L NaCl.

 2. 1 M isopropyl β-p-thiogalactopyranoside in sterile water.

2.1 PFO* Plasmid 
Transformation

2.2 PFO* Expression 
in Rosetta 2 Cells

Jian Li et al.



87

 1. Phosphate Buffered Saline (PBS): 137 mM NaCl, 2.7 mM 
KCl, 10 mM Na2HPO4, 2 mM KH2PO4.

 2. Lysis buffer: PBS with 10 % glycerol (v/v).
 3. Protease inhibitor stock solutions: 0.1 M phenylmethanesulfo-

nyl fluoride (PMSF) dissolved in isopropanol (100×); 0.1 mg/
mL aprotinin dissolved in double distilled water (100×); 
0.1 mg/mL leupeptin dissolved in double distilled water 
(100×); 1 mg/mL pepstatin dissolved in methanol (1000×).

 4. Wash buffer: lysis buffer with 50 mM imidazole.
 5. Elution buffer: lysis buffer with 300 mM imidazole.
 6. EDTA.
 7. Ni-NTA resin.
 8. 18 mL Kontes FLEX column (15 mm × 100 mm).
 9. LABQUAKE shaker Rotisserie Mixer with Clips or equivalent 

instrument.
 10. Emulsiflex C-5 homogenizer.
 11. Amicon Ultra-4 10-kDa cutoff centrifugal filters.
 12. PD-10 desalting columns.
 13. Advanced Protein Assay (Cytoskeleton, Aurora, CO) or equiv-

alent protein assay.

 1. Alexa Fluor 647 NHS Ester (N-hydroxy Succinimidyl Ester).
 2. NanoDrop 2000 UV-Vis Spectrophotometer.
 3. 7 % (w/v) paraformaldehyde (PFA) working solution: Dissolve 

0.92 g of PFA in 11 mL sterile water; three drops (around 
50 μL per drop) of 1 M KOH are added and heated at 50 °C 
for 15 min. Vortex gently for a few times during heating. Add 
1.33 mL 10× PBS buffer (pH 7.4), mix and filter-sterilize the 
solution. Store at room temperature until use.

 4. PBS containing 0.1 % (w/v) Triton X-100.
 5. 1 % (w/v) Bovine Serum Albumin (BSA) in PBS.
 6. 10 mm Tris–HCl (pH 7.4).
 7. PD-10 desalting columns.
 8. FACScan Analyzer or equivalent flow cytometer.

CHO (Chinese Hamster Ovary) ldl-D cells were from Bill Balch 
(The Scripps Research Institute, San Diego).

 1. NPC1−/− CHO ldl-D clones were generated using the 
CRISPR technique.

 2. HeLa cells.

2.3 PFO* Purification

2.4 PFO*-Dye 
Conjugation and Flow 
Cytometry

2.5 Cell Culture

Measuring Cellular Cholesterol Using Fluorescent Perfringolysin O*
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 3. Minimum Essential Medium alpha (MEM alpha) and 
Dulbecco’s Modified Eagle Medium (DMEM).

 4. Fetal Bovine Serum (FBS) and LPDS (Lipoprotein Deficient 
Serum from fetal bovine).

 5. Penicillin/Streptomycin, 10,000 U/mL.
 6. 0.05 % (w/v) trypsin, 5 mM EDTA in PBS.
 7. N-acetylgalactosamine and d (+) galactose, dissolved in sterile 

water to make 100 mM and 8 mM stocks, respectively. Stocks 
are aliquoted and stored in −20 °C.

3 Methods

Procedures are carried out aseptically at room temperature, unless 
otherwise noted.

 1. Plasmid (50 ng) encoding bacterially expressed His-tagged 
PFO* is mixed with 50 μL Rosetta 2 (DE3) cells on ice and 
incubated for 30 min.

 2. Cells are then placed in a 42 °C circulating water bath for 30 s 
and chilled on ice for 2 min.

 3. Transformed cells are plated on selective LB agar Miller plates 
and incubated for 16 h at 37 °C (see Note 1).

 4. Single colonies are selected and screened by sequencing using 
T7 primer to check for the presence of the PFO* plasmid.

 1. A single PFO* positive colony is inoculated into 10 mL of 
selective LB Miller Broth and incubated 16 h with 200 rpm 
oscillation at 37 °C.

 2. The culture is transferred to 1 L selective LB Miller Broth and 
incubated with 200 rpm oscillation at 37 °C until the culture 
reached OD600 = 0.5–0.6 (see Note 2).

 3. Following incubation, cells are induced with 1:1000 ratio of 
isopropyl β-p-thiogalactopyranoside stock solution (1 mM 
final concentration) and incubated at 37 °C, orbitally oscillat-
ing at 200 rpm for 4 h.

 4. Cells are spun down at 4500 × G (max) for 15 min at 4 °C, 
using a swinging bucket JS-4.2A centrifuge. Pellets are washed 
once with cold distilled water and can be stored at −20 °C 
prior to purification.

 1. The pellet from the 1 L culture is suspended in 40 mL ice-cold 
lysis buffer with the addition of protease inhibitors at the fol-
lowing concentrations: 1 mM PMSF, 1 μg/mL leupeptin, 
1 μg/mL aprotinin, and 1 μg/mL pepstatin A. After ensuring 

3.1 PFO* Plasmid 
Transformation

3.2 PFO* Expression 
in Rosetta 2 Cells

3.3 PFO* Purification
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that the pellet was evenly suspended, the suspension is passed 
twice through an Emulsiflex C-5 homogenizer to lyse the cells. 
After lysis, the suspension will appear clearer. Be sure to keep 
the lysate on ice during homogenization. The lysate should be 
approximately 42.5 mL at this stage (see Note 3).

 2. The lysate is clarified by dividing into two 50 mL FALCON 
tubes and centrifuging at 13,000 rpm (19,650 × g) for 15 min 
at 4 °C for two cycles, keeping the supernatant and disposing 
of the pellet each time. We use a J2-HS centrifuge with a 
Faberlite F15-8x50c rotor.

 3. While the lysate is being clarified, wash 2 mL Ni-NTA resin (to 
remove any ethanol in the slurry) with 10 mL lysis buffer in a 
50 mL Falcon tube by spinning down the resin at 700 × g for 
2 min at 4 °C in an Allegra X-15R centrifuge or equivalent 
instrument, discarding the supernatant.

 4. Continue washing the Ni-NTA resin by repeating step 3 two 
additional times.

 5. Add the clarified lysate from step 2 to the washed resin and 
gently invert the tube 3–4 times to mix resin and cell lysate.

 6. Continue mixing the resin and lysate on a LABQUAKE shaker 
for 1 h at 4 °C to allow for Ni-NTA binding to equilibrate with 
the His-tagged PFO*.

 7. Once the incubation is complete, collect the beads in an 18 mL 
Kontes FLEX column. It is recommended to keep the flow-
through material at this stage to check the efficiency of Ni-NTA 
binding, and for later use in the rare event that initial binding 
is unsuccessful.

 8. Wash the collected resin five times with 8 mL wash buffer.
 9. Elute the protein four times with 2 mL elution buffer containing 

1 mM EDTA (final concentration). Allow the last wash to com-
plete before adding the initial elution volume. For subsequent 
elutions, allow the previous elution buffer to enter the bed com-
pletely before adding additional elution buffer (see Note 4).

 10. Concentrate the purified protein with an Amicon Ultra-4 
10-kDa cutoff centrifugal filter First rinse the filter with 1 mL 
lysis buffer and add 4 mL eluted protein to the filter, centrifuge 
at 3500 × g for 15 min at 4 °C, in a swinging bucket Allegra 
X-15R centrifuge or equivalent instrument.

 11. Remove the flow-through (about 3 mL) and add the remain-
der of the purified protein (4 mL) to the filter reservoir 
 containing the concentrated protein. Mix the reservoir well to 
ensure homogenous distribution of protein and centrifuge 
again as described in step 10.

 12. Transfer the concentrated protein to a new 15 mL falcon tube 
(around 2 mL) and store on ice.

Measuring Cellular Cholesterol Using Fluorescent Perfringolysin O*
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 13. Equilibrate a PD-10 desalting column four times with 6 mL 
lysis buffer with 1 mM EDTA.

 14. Apply the concentrated protein from step 12 to the equili-
brated PD-10 column and allow the protein to enter column 
completely.

 15. Add 0.5 mL additional lysis buffer with 1 mM EDTA to the 
column in order to adjust the total volume to 2.5 mL and dis-
card the flow-through.

 16. Elute the desalted protein from the PD-10 column with 
3.5 mL of lysis buffer with 1 mM EDTA.

 17. Measure the protein concentration of the final product. In our 
lab, we mix 2 μL of concentrated protein with 1 mL 1× 
Advanced Protein Assay and measuring OD600. On average we 
obtain ~10 mg total (3.5 mL of 3 mg/mL) protein from 1 L 
bacteria. Store protein at 4 °C until use. Figure 1 shows an 
SDS-PAGE of the purified protein.

 1. For dye conjugation, make 1.25 mL of 1 mg/mL purified 
PFO* by diluting the concentrated, purified protein with lysis 
buffer with 1 mM EDTA. Store the protein on ice prior to 
conjugation.

 2. Dissolve 100 μg NHS-647 dye with 50 μL DMSO to make a 
1.54 mM dye solution. Mix the dye well. In a 1.5 mL Eppendorf 
tube, add 49 μL dye to 1.201 mL lysis buffer (60 μM in 
1.25 mL), invert immediately 3–4 times to completely dissolve 
the dye. Wrap the tube with aluminum foil to limit exposure to 
light.

 3. Mix the protein solution from step 1 with the dye solution in 
a 1:1 volume ratio (3:1 dye to protein ratio) and incubate at 
room temperature for 1 h (see Note 5).

3.4 PFO*-Dye 
Conjugation

Fig. 1 Coomassie stained SDS-PAGE of purified PFO*. Purified PFO* (7 μg) was 
loaded onto a 10 % (w/v) gel and stained with Coomassie Blue R-250. Lane 1, 
purified PFO*; lane 2, protein molecular weight markers

Jian Li et al.
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 4. While the NHS-activated dye is conjugating to the PFO*, 
equilibrate a PD-10 desalting column four times with 6 mL 
lysis buffer with 1 mM EDTA and 10 mM Tris–HCl (pH 7.4) 
(see Note 6). Allow each equilibration volume to enter the 
packed bed completely. Add 1 mL equilibration buffer to the 
column and cap the bottom until use.

 5. Uncap the column, allow equilibration buffer to flow through 
the column, and add the PFO*-dye conjugate. Allow sample 
to completely enter the column.

 6. Elute protein with 3.5 mL lysis buffer with 1 mM EDTA and 
10 mM Tris–HCl (pH 7.4) and collect the eluate into a 15 mL 
Falcon tube. Cover the tube with aluminum foil and store at 
4 ° C (see Note 7).

 7. Protein and dye concentrations of the conjugate are measured 
by a NanoDrop 2000 UV-Vis Spectrophotometer, using 
Extinction Coefficients of 72,770 M−1 cm−1 for PFO* and 
239,000 M−1 cm−1 for Alexa Fluor 647 respectively. Most 
preparations will yield approximately 4 μM PFO* and 8 μM 
dye (see Note 8).

 1. 2 × 105 CHO ldl-D (WT) and NPC1 −/− CHO ldlD cells are 
seeded in 10 cm dishes and grown in MEM alpha medium 
supplemented with 7.5 % (v/v) FBS, 100 U/mL Penicillin, 
100 U/mL Streptomycin, 100 μM N-acetyl-galactosamine 
and 8 μM d (+) galactose (full medium). 5 × 105 HeLa cells are 
plated in 10 cm dishes and cultured in DMEM medium sup-
plemented with 7.5 % (v/v) FBS, 100 U/mL Penicilin, 
100 U/mL Streptomycin. After 24 h, cells are switched to the 
same medium with 5 % (v/v) LPDS (see Note 9) [12].

 2. After 72 h for CHO ldlD cells (WT or NPC1 −/−) and 24 h 
for HeLa cells, cells are washed once with 4 mL PBS; 2 mL 
0.05 % trypsin, 5 mM EDTA in PBS buffer is slowly added to 
each dish to cover the cell monolayer. Remove trypsin and 
incubate cells in the incubator. Check cells every 30 s until they 
round up under the microscope, gently tap dishes so that cells 
completely lift off from the dish. Resuspend cells in 10 mL full 
medium as used in step 1, transfer to 15 mL FALCON tubes, 
and pellet by centrifugation (5 min, 300 × g at 4 °C).

 3. 500 μL PBS is added to the cell pellets and cells are resus-
pended so that no visible clumps are detected. After resuspend-
ing cells, transfer to a 1.5 mL Eppendorf tube.

 4. Add 500 μL 7 % (w/v) PFA solution to cells so that the final 
PFA concentration is 3.5 %; gently invert tubes a few times to 
resuspend cells completely (see Note 10).

 5. Rotate on a LABQUAKE shaker for 20 min.

3.5 PFO* Labelling 
for Flow Cytometry
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 6. Pellet cells via centrifugation (5 min, 300 × g), remove the 
supernatant and add 1 mL PBS to each tube to resuspend cells 
completely.

 7. Pellet cells again via centrifugation (5 min, 300 × g), aspirate 
the supernatant and resuspend with 1 mL PBS containing 
0.1 % (w/vol) Triton X-100 to permeabilize cells.

 8. Rotate tubes on a LABQUAKE shaker for 5 min.
 9. Pellet cells, remove the supernatant and add 1 mL 1 % BSA 

(w/v) in PBS.
 10. Resuspend cells completely and rotate on a LABQUAKE 

shaker for 15 min.
 11. Pellet cells again via centrifugation (5 min, 300 × g). Remove 

supernatant and add 1 mL, 10 μg/mL PFO*-AF647, diluted 
in 1 % (w/v) BSA PBS (see Note 11).

 12. Resuspend cells completely, wrap with aluminum foil and 
rotate on a LABQUAKE shaker for 45 min.

 13. Pellet cells again via centrifugation (5 min, 300 × g). Wash 
once with 1 mL PBS as in step 6.

 14. Resuspend cells in 0.5 mL PBS, transfer to 5 mL FALCON 
Polystyrene Round-Bottom tubes (12 × 75 mm) and analyze 
by FACScan Analyzer as shown in Fig. 2.

4 Notes

 1. Carbenicillin is used to maintain the transformed PFO* plas-
mid while chloramphenicol maintains the rare tRNA plasmids 
supplied with the Rosetta 2 cells. Carbenicillin-only agar plates 
can be used if chloramphenicol (250 μg/10 mL LB agar Miller 
plate) is spread and allowed to dry before the addition of the 
transformed cells. If chloramphenicol is added on top of plates, 
colonies closer to the center of the plate should be selected to 
increase the chance that cells contain both the tRNA and PFO* 
plasmids.

 2. OD600 = 0.5–0.6 is optimal for expression and expression was 
sensitive to OD600. Care should be taken to avoid inducing the 
culture at OD600 > 0.8 as this may reduce the protein yield. 
Given the 1:100-fold inoculation, the culture usually reaches 
OD600 = 0.55 in 3–3.5 h.

 3. If other methods are used to lyse the cells, the volume of the 
resuspended cells should be adjusted accordingly. PMSF, leu-
peptin, aprotinin, and pepstatin A are added to minimize 
PFO* degradation by inhibiting endogenous bacterial prote-
ases. The efficiency of cell lysis can be approximated from the 
OD600 of the suspension before and after lysis.
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 4. After purification, PFO* protein will crash out and precipitate 
quickly in the absence of 1 mM EDTA and as such, addition 
of 1 mM EDTA to the elution buffer is crucial. Additionally, 
the protein should be kept in 1 mM EDTA containing buffer 
in all steps following elution from the Ni-NTA column. 
Glycerol may help stabilize purified PFO* and can be added to 
prolong storage at 4 °C. In the event that PFO* has precipi-
tated in a noncompatible buffer, 1 mM EDTA can be added to 
rescue and solubilize the protein.

Fig. 2 Flow cytometry analysis of cells stained by PFO*-AF647. A representative flow cytometry analysis of 
CHO ldl-D cells grown in FBS medium (A), HeLa cells grown in FBS or LPDS medium (B) and WT and NPC1−/− 
CHO ldl-D cells grown in FBS medium (C), stained with (B, C) or without (Control in A) 10 μg/mL 
PFO*-AF647. Over 4000 cells were analyzed for each sample
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structure, function, and role in regulation of 
steroid hormone biosynthesis. J Steroid 
Biochem Mol Biol 43:779–804

 2. Javitt NB (1994) Bile acid synthesis from choles-
terol: regulatory and auxiliary pathways. FASEB 
J 8:1308–1311

 3. Ikonen E (2008) Cellular cholesterol traffick-
ing and compartmentalization. Nat Rev Mol 
Cell Biol 9:125–138

 4. Brown MS, Goldstein JL (1974) Familial 
hypercholesterolemia: defective binding of 
lipoproteins to cultured fibroblasts associated 
with impaired regulation of 3-hydroxy-3- 

 5. The dye–protein ratio should be kept at around 3:1 to achieve 
an eventual 2:1 stoichiometry of labeling. A higher dye–pro-
tein ratio can result in fluorescence quenching and occlude 
PFO*’s ability to bind cholesterol. In contrast, lower dye–pro-
tein ratio may result in lower signal. In CHO cells, staining is 
primarily lysosomal; in other cell types, this should be verified 
by light microscopy and if needed, a lower ratio of dye to pro-
tein can be utilized.

 6. The 10 mM Tris added to the equilibration and elution buffers 
will quench unconjugated NHS-647 dye due to the presence 
of Tris’s primary amines.

 7. AF647-labeled PFO* can be stored at 4 °C up to 1 month. 
Longer storage will result in loss of cellular cholesterol staining 
capacity.

 8. Theoretical Extinction Coefficient of PFO* was obtained 
using “ProtParam tool” (expasy.org). To obtain protein and 
dye concentration, the conjugate was analyzed by the built-in 
program “Protein&Label” according to the manufacturer of 
NanoDrop 2000 UV-Vis Spectrophotometer.

 9. CHO (Chinese Hamster Ovary) ldl-D cells are defective in 
UDP-Gal/UDP-GalNAc 4-epimerase, leading to less N- and 
O-linked glycosylation in cells. N-acetyl-galactosamine and d 
(+) galactose were added back to medium so that cellular N- 
and O-linked glycosylation can be partially or fully restored. 
Other cell types can be used depending on the experimental 
design. LPDS medium treatment is optional.

 10. Resuspending cells directly in 3.5 % PFA solution causes aggre-
gration of cells and subsequent loss of cells for flow cytometry, 
as they stick to each other and to the walls of the tubes. 
Resuspending cells in PBS first followed by adding the same 
volume of 7 % (w/v) PFA (final PFA concentration is 3.5 %) 
dramatically decreases cell loss.

 11. 1 μg/mL and 100 μg/mL PFO*-AF647 were also tried. In 
our hands, we found that 10 μg/mL yielded similar signal as 
100 μg/mL and much higher than 1 μg/mL. Depending on 
cell types and permeabilization methods, optimization might 
be required to determine the concentration of PFO*-AF647 
that gives the best signal and resolution.
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Chapter 9

Transport Assays for Sterol-Binding Proteins:  
Stopped- Flow Fluorescence Methods for Investigating 
Intracellular Cholesterol Transport Mechanisms of NPC2 
Protein

Leslie A. McCauliff and Judith Storch

Abstract

In this chapter we describe the use of stopped flow fluorescence spectroscopy to analyze the kinetic 
 mechanisms of protein mediated cholesterol transfer to, from, and between model membranes. These 
assays allow for the detection of protein–membrane interactions that may occur during cholesterol transfer 
by simply modifying donor or acceptor concentrations, membrane composition, or buffer properties, and 
analyzing resultant transfer rates.

Key words Collisional transfer, Diffusional transfer, Cholesterol, Cholesterol trafficking, FRET, 
Stopped flow, Fluorescence, Model membranes, Small unilamellar vesicles

1 Introduction

Much is currently known about cholesterol synthesis and metabolism, 
about its extracellular transport in plasma lipoproteins and about 
the uptake of cholesterol-rich low density lipoprotein (LDL) via 
receptor-mediated endocytosis of the LDL receptor. Intracellular 
trafficking of cholesterol is crucial for maintaining cholesterol 
homeostasis, yet many questions remain regarding the mechanisms 
of intracellular cholesterol transport.

Cholesterol is extremely hydrophobic, and its transport has 
been shown to occur via vesicular and protein mediated mecha-
nisms [1]. Several of the processes involved in intracellular sterol 
transport, however, are still unclear. The lysosomal storage disor-
der Niemann Pick type C (NPC) disease presents a valuable model 
for understanding some of these processes, specifically with regards 
to the egress of LDL-derived cholesterol from the endosomal/
lysosomal system. In NPC disease, LDL-derived cholesterol accu-
mulates in the late endosomal/lysosomal (LE/LY) compartment, 
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leading to lysosomal and cellular dysfunction. Studies have 
 identified two endo/lysosomal proteins, NPC1 and NPC2, which 
are necessary for normal transport of cholesterol out of the LE/LY 
compartment. Questions remain, however, regarding the 
mechanism(s) by which these proteins mediate LE/LY cholesterol 
egress. Given the critical nature of normal LE/LY cholesterol 
egress in maintaining cellular and whole-body cholesterol homeo-
stasis, elucidating the mechanism(s) by which this transport occurs 
is of great fundamental importance.

In the present chapter, we describe an in vitro approach that 
utilizes purified NPC2 protein and model membranes to deter-
mine whether the mechanism of protein mediated cholesterol 
transport involves protein–membrane interactions. Two of the 
three assays described utilize the intrinsic fluorescence of trypto-
phan residues in the cholesterol-binding NPC2 protein to monitor 
movement of cholesterol from the protein to membranes, and 
from membranes to the protein. The third approach detailed below 
employs the fluorescent cholesterol analog dehydroergosterol 
(DHE) and its fluorescence resonance energy transfer (FRET) 
partner dansyl, as part of dansyl-phosphatidylethanolamine 
(Dansyl-PE), in two independent vesicle populations for determin-
ing the mechanism of protein-mediated cholesterol transport 
between membranes. All three approaches can also be utilized to 
elucidate the transport mechanism of sterol binding proteins other 
than NPC2, however it is important to note that variations in the 
protocols may be necessary. In particular, if cholesterol binding 
does not modulate the intrinsic tryptophan fluorescence of the 
protein of interest, fluorescent cholesterol analogs such as DHE or 
cholestatrienol (CTE) can be instead utilized in a FRET pairing to 
monitor cholesterol transport, in lieu of changes in tryptophan 
fluorescence.

The basis of the three assays is similar; all are used to distin-
guish between the presence of a diffusional versus collisional 
mechanism of cholesterol transport. In short, if transfer involves 
the diffusion of sterol through an aqueous medium, the rate limit-
ing step is dissociation of sterol from protein or membrane  
(Fig. 1a), which is unaffected by the acceptor. Thus, no change in 
the rate of sterol transfer would be observed as the concentration 
of donor or acceptor (either protein or membrane) increases [2, 3]. 
In contrast, the rate of sterol transfer for a collisional mechanism is 
proportional to the frequency of collisions between the protein 
and membrane (Fig. 1b), which is determined by the donor and 
acceptor concentrations [2, 3]. Therefore, if protein–membrane 
interactions are integral to the transfer of cholesterol between pro-
tein and membrane, the rate of transfer will increase as either the 
concentration of protein or the concentration of model mem-
branes increases.

Leslie A. McCauliff and Judith Storch
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Factors beyond donor and acceptor concentration can also 
elicit changes in sterol transfer rates, and these properties can  
be exploited in the outlined assays as an additional means of 
 distinguishing between collisional versus diffusional mechanisms of 
cholesterol transport. One such property is the phospholipid com-
position of membranes; if changes in sterol transfer rates are 
observed between membranes with varying phospholipid composi-
tions, it is likely that the protein is directly interacting with mem-
branes to transfer sterol. In the case of NPC2, as shown below, rates 
of sterol transfer from the protein to membranes increase dramati-
cally with the incorporation of lyso-bis phosphatidic acid (LBPA), a 
unique LE/LY phospholipid, in zwitterionic phosphatidylcholine 
acceptor membranes, supporting a collisional transfer mechanism 
[4, 5]. Buffer properties like pH and ionic strength can also affect 
rates of diffusional sterol transfer by proteins. For instance, the sol-
ubility of hydrophobic compounds decreases as ionic strength of 
the aqueous medium increase. Thus, sterol transfer rates would 
decrease as the salt concentration of the buffer increases for a dif-
fusional, but not a collisional transfer mechanism [4, 6].

There are important advantages to utilizing stopped flow mix-
ing in determining mechanisms of sterol transfer by proteins. First, 
rates of sterol transfer between protein and membranes can be 
quite rapid and may otherwise be undetectable in instances where 
either manual mixing is used, or with instrumentation that has 

Fig. 1 Potential mechanisms of cholesterol transport between protein and mem-
branes. (a) Aqueous diffusion of cholesterol between protein and membrane, in 
which the rate of sterol transfer is limited by the dissociation of cholesterol from 
the protein or membrane. (b) In a collisional mechanism, the rate of sterol trans-
fer is proportional to the number of interactions between protein and membrane

Stopped Flow Sterol Transfer between Protein and Membranes
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considerable dead time prior to data acquisition. Methods that 
require physical separation of protein from membrane, such as cen-
trifugation or column separation, are also unlikely to be able to 
detect rates of sterol movement; rather, these methods provide 
only the equilibrium distribution of the sterol between the protein 
and the membrane, i.e., the amount of ligand that can transfer 
given certain concentrations of protein and membranes, but not 
the rate at which the ligand transfers. Using stopped-flow mixing, 
on the other hand, we have for example been able to detect 
 cholesterol transfer rates from the NPC2 protein to membranes 
containing LBPA of approximately 5.0 s−1 (half-time of about 
0.14 s) [4]. In the case of NPC2, we are able to use unmodified 
protein (e.g., no tags or labels) and the native ligand, cholesterol, 
thereby obtaining rates of sterol transfer that are likely to be physi-
ologically relevant. Thus, in contrast to the stopped flow-based 
assays outlined in this chapter, equilibrium methods cannot be 
used to determine the mechanism(s) by which a sterol binding 
protein transfers ligand.

2 Materials

 1. Sodium citrate buffer: 20 mM sodium citrate, 150 mM NaCl, 
pH 5.0 (see Note 1).

 2. Delipidated protein (see Note 2).
 3. Cholesterol (> 98% purity). Resuspend in DMSO to a con-

centration between 500 μM and 2 mM, and store at −20 °C 
protected from light. (see Note 3).

 4. Egg phosphatidylcholine (EPC) (>99% purity) in chloroform 
at a concentration between 10 and 25 mg/mL. Store at 
−20 °C.

 5. Dehydroergosterol (DHE) (>99% purity). Resuspend in chlo-
roform to a concentration of 1 mg/mL and store at −20 °C 
protected from light.

 6. Dansyl-phosphatidylethanolamine (Dansyl-PE) in chloroform 
at 1 mg/mL (Avanti Polar Lipids, Alabaster, AL, USA). 
Protect from light and store at −20 °C.

 7. Nitrogen evaporator.
 8. Lyophilizer.
 9. Water bath.
 10. Sonicator equipped with a half inch (127 mm) diameter tapped 

bio horn (probe) with a removal flat tip.
 11. Ultracentrifuge and fixed angle rotor.
 12. Stopped flow spectrofluorometer and accompanying software.

Leslie A. McCauliff and Judith Storch
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 13. 299 nm long pass filter for detection of tryptophan fluorescence 
(used with excitation wavelength of 280 nm).

 14. 370 nm narrow band filter for detection of DHE fluorescence 
(used with excitation wavelength of 323 nm).

 15. 515 nm long pass filter for detection of Dansyl-PE fluores-
cence (used in a FRET pair with the DHE excitation wave-
length of 323 nm).

 16. A suitable assay for determining phospholipid concentration of 
vesicles via quantification of inorganic phosphate [7].

3 Methods

All procedures are performed at room temperature unless other-
wise noted.

 1. In a clean, dry, glass tube, prepare 1 mL of a 3 mM lipid 
 solution in chloroform. Refer to the specific transfer assay for 
necessary phospholipid compositions.

 2. Dry the preparation under nitrogen.
 3. Lyophilize overnight to remove trace solvent.
 4. Hydrate the dried film in 3 mL buffer (citrate buffer or  

other, see Subheading 2) to generate a 1 mM suspension of 
phospholipid.

 5. Sonicate under nitrogen using a half inch (127 mm) diameter 
flat tip probe for 45 min at 4 °C in order to avoid overheating, 
and thus degradation, of the lipid suspension. (On a Branson 
Sonifier 450, set the duty cycle to 70% and output control  
to 3) (see Note 4).

 6. Ultracentrifuge the sonicated supernatant at 105,000 × g for 
45 min in order to remove titanium residue and any remaining 
multilamellar vesicles (MLVs).

 7. Carefully remove the supernatant containing the SUVs and 
transfer to a brown vial. Keep on ice for immediate use or store 
at 4 °C for up to 1 week (for EPC vesicles).

 8. Determine phospholipid concentration of vesicles via quantifi-
cation of inorganic phosphate (see Note 5).

Transfer assays are performed using an SX20 Stopped Flow 
Spectrofluorometer (Applied Photophysics, UK), with a 20 μL SF 
cell volume and 1.1 ms deadtime, equipped with a water bath cham-
ber. Settings may need to be adjusted if alternate equipment is used.

 1. Prepare 100 mol% EPC SUVs (or other compositions, as 
desired) as per Subheading 3.1.

 2. Turn on stopped flow lamp and allow it to warm up.

3.1 Membrane 
Vesicle Preparation

3.2 Cholesterol 
Transfer from Protein 
to Membranes

Stopped Flow Sterol Transfer between Protein and Membranes
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 3. Set water bath to 25 °C or desired temperature, and allow 
 temperature to equilibrate.

 4. Set the excitation wavelength on the stopped flow to 280 nm 
and equip with a 299 nm long pass filter. Initially, set the 
monochromator slits to 0.5/0.5.

 5. Prepare 2 mL samples of 100, 200, and 500 μM EPC SUVs in 
buffer (see Note 6). Keep on ice while not in use.

 6. Prepare 4 mL of a 5 μM holo-protein sample by incubating 
5 μM protein in buffer with 5 μM cholesterol (final concentra-
tion) using the DMSO stock solution, for at least 20 min at 
room temperature. Final DMSO level should always be kept at 
less than 1% (v/v). Keep on ice while not in use.

 7. Load holo-protein preparation (donor) and buffer into the 
sample syringes in order to obtain blank readings (see Note 7).

 8. Trigger mixing of the donor with the buffer solutions. Acquire 
tryptophan fluorescence readings (arbitrary units) in triplicate 
over a period of 200 s. Adjust instrument settings to ensure abs-
ence of photobleaching (see Note 8).

 9. Load holo-protein preparation (donor) and SUVs (acceptor) 
into the sample syringes.

 10. Trigger mixing. Acquire tryptophan fluorescence readings in 
triplicate over a period of 200 s (Fig. 2).
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Fig. 2 Transfer of cholesterol from NPC2 to membranes. Example acquisition, in triplicate, monitoring trypto-
phan dequenching over time as 1 μM cholesterol is transferred from 1 μM NPC2 to 250 μM EPC SUVs. Curves 
were fitted with a single exponential function
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 11. Average the readings and fit curves using a single exponential 
function. If unavoidable photobleaching remained during 
blank readings, be sure to subtract these curves prior to obtain-
ing transfer rates via curve fitting.

 12. Repeat steps 9–11 using increasing concentrations of acceptor 
SUVs. If the rate of transfer increases as the concentration of 
acceptor increases, as in Fig. 3, the protein is likely directly 
interacting with membranes to transfer sterol, as the rate of 
collisional transfer is proportional to the product of  
the donor and acceptor concentration [2, 3]. If instead the rate  
of transfer remains constant as the concentration of acceptor 
SUVs increases, the protein is likely utilizing a diffusional 
mechanism, as the rate limiting step in this mode of transfer is 
the off rate of the cholesterol from the protein [2, 3] into the 
aqueous phase.

 1. Prepare 90 mol% EPC, 10 mol% cholesterol SUVs (or other 
sterol compositions, as desired) as per Subheading 3.1.

 2. Turn on stopped flow lamp and allow it to warm up.
 3. Set water bath to 25 °C or desired temperature, and allow tem-

perature to equilibrate.

3.3 Cholesterol 
Transfer 
from Membranes 
to Protein

Fig. 3 Transfer of cholesterol from membranes to NPC2. Rates of NPC2 trypto-
phan quenching were determined for the transfer of 2.5 μM cholesterol from 
250 μM SUVs to increasing concentrations of apo-NPC2 protein. The observed 
increase in transfer rate from donor membranes to NPC2 as the protein acceptor 
concentration increases indicates the presence of protein-membrane interac-
tions. Reprinted with permission from [5] Copyright 2016 American Chemical 
Society

Stopped Flow Sterol Transfer between Protein and Membranes
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 4. Set the excitation wavelength on the stopped flow to 280 nm 
and equip with a 299 nm long pass filter

 5. Prepare 2 mL samples of your delipidated protein (apo pro-
tein) at 1, 2, 5, 10, and 20 μM in buffer (see Note 6). Keep on 
ice while not in use.

 6. Prepare 6 mL of a 200 μM EPC/cholesterol SUV sample in 
buffer (see Note 9). Keep on ice while not in use.

 7. Load apo-protein preparation (acceptor) and buffer into the 
sample syringes in order to obtain blank readings. (see Note 7)

 8. Trigger mixing. Acquire tryptophan fluorescence readings 
(arbitrary units) in triplicate over a period of at least 200 s. 
Adjust instrument settings to ensure absence of photobleach-
ing (see Note 8).

 9. Load cholesterol containing SUVs (donor) and apo-protein 
(acceptor) into the sample syringes.

 10. Trigger mixing. Acquire fluorescence readings in triplicate 
over a period of at least 200 s.

 11. Average the readings and fit curves using exponential fitting 
(see Note 10). If photobleaching was unavoidable during 
blank readings be sure to subtract these curves prior to obtain-
ing transfer rates via curve fitting.

 12. Repeat steps 9–11 with increasing concentrations of  
donor SUVs; evaluate the results as described above (under 
Subheading 3.2, step 12), to determine whether a collisional 
mechanism or diffusional mechanism of transfer is employed 
by the protein to extract cholesterol from membranes.

 1. Prepare two populations of SUVs as per Subheading 3.1; 
donor vesicles contain 75 mol% EPC and 25 mol% DHE; 
acceptor vesicles contain 97 mol% EPC and 3 mol% Dansyl-PE, 
serving as an energy transfer quencher of DHE fluorescence.

 2. Turn on stopped flow lamp and allow it to warm up.
 3. Set water bath to 25 °C or desired temperature, and allow tem-

perature to equilibrate.
 4. Set the excitation wavelength on the stopped flow to 323 nm 

and equip with a 370 nm narrow band filter.
 5. Prepare a 10 mL sample of 100 μM DHE-containing (donor) 

SUVs in buffer (see Note 6). Keep on ice while not in use.
 6. Prepare 2 mL samples of Dansyl-PE containing (acceptor) 

SUVs at 100 μM, 200 μM, and 500 μM in buffer. Keep on ice 
while not in use.

 7. Prepare at least three additional 2 mL samples of the 100, 200, 
and 500 μM Dansyl-PE containing (acceptor) SUVs with 
2 μM apo-protein.

3.4 Intermembrane 
Transfer of Sterol
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 8. Finally, prepare at least three additional 2 mL samples of 
500 μM Dansyl-PE containing (acceptor) SUVs with 2, 5, and 
10 μM apo-protein.

 9. Load DHE containing (donor) SUVs and buffer into the sam-
ple syringes in order to obtain blank readings.

 10. Trigger mixing. Acquire relative DHE fluorescence readings 
(arbitrary units) in triplicate over a period of at least 200 s and 
up to 1000 s. Adjust instrument settings to ensure absence of 
DHE photobleaching (see Note 11).

 11. Rinse drive syringes and sample chamber well with buffer. 
Change to a 515 nm cut on filter.

 12. Load Dansyl-PE containing (acceptor) SUVs and buffer into 
the sample syringes in order to obtain blank readings.

 13. Trigger mixing. Acquire relative Dansyl fluorescence readings 
(arbitrary units) in triplicate over a period of at least 200 s and 
up to 1000 s. Further adjust instrument settings if necessary to 
ensure absence of Dansyl photobleaching.

 14. Load DHE containing (donor) SUVs and Dansyl-PE contain-
ing (acceptor) SUVs into the sample syringes in order to deter-
mine spontaneous rates of DHE (cholesterol) transfer between 
membranes, i.e., in the absence of protein.

 15. Trigger mixing and acquire relative Dansyl fluorescence read-
ings in triplicate over a period of at least 200 s and up to 1000 s 
(see Note 12).

 16. Average the readings and fit curves using exponential fitting.  
If photobleaching was unavoidably present during blank 
 readings, be sure to subtract these curves prior to obtaining 
transfer rates via curve fitting. (see Note 13).

 17. Repeat steps 14–16 with increasing concentrations of accep-
tor vesicles. The spontaneous rate of DHE transfer between 
membranes occurs via a diffusional mechanism and therefore 
should not change as acceptor vesicle concentration increases 
(Fig. 4a) [5, 8, 9].

 18. Load DHE containing (donor) SUVs and 100 μM Dansyl-PE 
containing (acceptor) SUVs, together with 2 μM apo-protein 
into the sample syringes.

 19. Trigger mixing. Acquire Dansyl fluorescence readings in tripli-
cate over a period of at least 200 s.

 20. Average the readings and fit curves using exponential fitting 
(see Note 10). If photobleaching was unavoidable during 
blank readings be sure to subtract theses curves prior to obtain-
ing transfer rates via curve fitting.

 21. Repeat steps 18–20 with increasing concentrations of Dansyl-PE 
(acceptor) SUVs, each containing 2 μM apo-protein, to deter-
mine whether protein-membrane interactions are present dur-
ing transfer (Fig. 4a).
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 22. Rinse drive syringes and sample chamber well with buffer.
 23. Load DHE containing (donor) SUVs and Dansyl-PE contain-

ing (acceptor) SUVs, together with 2 μM protein into the 
sample syringes.

 24. Trigger mixing. Acquire relative Dansyl fluorescence readings 
in triplicate over a period of at least 200 s.

Fig. 4 Transfer of DHE between two membrane populations. (A) Transfer of DHE 
from 50 μM donor SUVs (75/25 EPC/DHE) to increasing concentrations of accep-
tor SUVs (97/3 EPC/Dansyl-PE) in the presence (open triangle) of 1 μM NPC2 
suggests a collisional mechanism of transfer. In the absence (filled circle) of 
NPC2, no change in transfer rates is observed, demonstrating the characteristics 
of a diffusional transfer mechanism. (B) Variable transfer rates of DHE from 50 μM 
donor SUV (50/25/25 EPC/LBPA/DHE) to 250 μM Dansyl-PE containing acceptor 
SUV with (open triangle) or without (filled circle) LBPA in the presence of increa-
sing concentrations of NPC2 is indicative of a collisional transfer mechanism. 
Reprinted with permission from [5] Copyright 2016 American Chemical Society
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 25. Average the readings and fit curves using exponential fitting 
(see Note 10). If photobleaching was unavoidable during 
blank readings, be sure to subtract these curves prior to obtain-
ing transfer rates via curve fitting.

 26. Repeat steps 23–25 with Dansyl-PE (acceptor) SUVs contain-
ing increasing concentrations of protein to determine whether 
a collisional mechanism or diffusional mechanism of transfer is 
employed by the protein to transport sterol between mem-
branes. (Fig. 4b) (see Note 14).

4 Notes

 1. Sodium citrate buffer was employed in our studies to mimic 
the pH of the endo/lysosomal system, where the soluble 
NPC2 protein resides. Modify the buffer as necessary to reflect 
the pH of the inherent cellular compartment of the protein of 
interest.

 2. Acetone precipitation is an effective way to delipidate purified 
NPC2 protein samples [10]. Avoid acetone contamination of 
your sample, which can be detected by a peak at approximately 
400 nm (Fig. 5), by ensuring the sample has been sufficiently 
dried. Conversely, be careful not to overdry the pellet prior to 
resuspending in buffer, or it will be difficult to solubilize the 

Fig. 5 Acetone contamination in delipidated protein sample. Pure acetone (black 
trace) and a delipidated NPC2 protein sample in buffer (gray trace) were excited 
at 280 nm and emission spectrum were acquired. Acetone contamination in the 
protein sample indicates insufficient drying of the protein pellet following 
precipitation
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protein. Further note that we tended to experience significant 
losses in protein yield following precipitation. Thus, in instances 
where little purified protein is available it may be possible to 
bypass this step; we did observe similar kinetics between sam-
ples that were and were not delipidated following purification.

 3. The suggested cholesterol stock concentration of 500 μM to 
2 mM is based on maintaining a final DMSO concentration of 
at least <1% (v/v) in holo-protein preparations. Thus, the 
stock concentration of cholesterol will need to be determined 
based on the concentrations of holo-protein to be used in 
transfer assays, most notably the membrane to protein assays 
where increasing concentrations of protein are utilized.

 4. When sonicating the lipid suspension for production of SUVs, 
the suspension needs to be kept at a temperature that is higher 
than the phase transition temperature of the membrane lipid 
component with the lowest melting point. If this cannot be 
achieved with probe sonication, a water bath sonicator may 
also be used. Ultracentrifugation will still be necessary in order 
to remove multilamellar vesicles (MLVs).

 5. If reusing an SUV preparation after several days of storage at 
4 °C, it is advisable to ultracentrifuge the sample and repeat 
the phospholipid quantification assay to account for aggrega-
tion of some of the vesicles.

 6. The total volume of sample needed for each assay will depend, 
in part, upon the drive volume setting on your stopped flow. 
We kept the drive volume between 75 and 100 μL per syringe 
for all the transfer studies outlined in the chapter, and primed 
the sample handling unit between experimental conditions by 
driving the samples through three times (no data acquired). 
Thus, in order to acquire transfer data in triplicate, a minimum 
sample volume of approximately 450–600 μL was required for 
each condition in our transfer assays. The other factors to con-
sider when determining required volumes are the number of 
conditions the sample will be used in, including blank read-
ings, and the number of replicates desired.

 7. Although we acquire blank readings for both donor and 
 acceptor, it is especially critical to ensure that tryptophan fluo-
rescence of the protein alone remains steady over the assay 
period.

 8. If photobleaching is present, first reduce the monochromator 
slits; we have acquired data successfully at 0.1/0.1 settings. 
Alternatively, we have also experienced success by modifying 
the excitation wavelength by up to 10 nm. If some decrease in 
signal intensity over time remains after adjustments have been 
made, be sure to subtract these curves from the final data sets 
prior to determining transfer rates.
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 9. When using the protein as an acceptor (i.e., when assaying the 
rate of sterol transfer from membrane to protein), it is crucial 
to measure the equilibrium distribution of sterol between 
 protein and phospholipid membranes prior to deciding on  
the concentrations of membranes and protein to be used in the 
transfer assays. The relative partition coefficient will indicate 
the amount of acceptor protein needed to obtain the mini-
mum 1:1 relative partition ratio of membrane (donor) to pro-
tein (acceptor). A relative partition of 1:1 (and 1: >1) is 
required to ensure that unidirectional movement of sterol is 
monitored in the transfer assays. If relative partition is not 
determined and insufficient acceptor protein is used in the 
transfer assay, it is possible that back-transfer will obscure the 
true rate of sterol movement from membrane to protein  
[5, 11, 12, 13].

 10. When cholesterol or DHE are incorporated into donor 
 membranes, it may be necessary to use a double exponential 
function to fit curves due to flip-flop of the sterol in mem-
branes. This flip-flop will be observed as the kslow while actual 
transfer of sterol from donor to acceptor will be the kfast [3].

 11. We tended to experience photobleaching often with DHE, 
and have had success by reducing the excitation wavelength to 
between 270 and 300 nm, in addition to reducing the mono-
chromator slits.

 12. Intermembrane transfer of DHE can either be measured by 
DHE quenching or by the sensitized emission of Dansyl 
 fluorescence, as described. To monitor the former, replace  
the 370 nm narrow band filter and repeat the assay. Rates of 
transfer should be the same regardless of the fluorescence 
monitored.

 13. The spontaneous rate of sterol transfer between membranes is 
slow; reported rates are in the range of 0.0003 s−1 [5, 8, 9].

 14. In instances of limited protein supply, we have instead kept the 
concentration of protein in the assay constant while increasing 
the concentration of acceptor Dansyl-PE containing vesicles, 
as previously outlined in the protocol.
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Chapter 10

Synthesis and Live-Cell Imaging of Fluorescent Sterols 
for Analysis of Intracellular Cholesterol Transport

Maciej Modzel*, Frederik W. Lund*, and Daniel Wüstner

Abstract

Cellular cholesterol homeostasis relies on precise control of the sterol content of organelle membranes. 
Obtaining insight into cholesterol trafficking pathways and kinetics by live-cell imaging relies on two con-
ditions. First, one needs to develop suitable analogs that resemble cholesterol as closely as possible with 
respect to their biophysical and biochemical properties. Second, the cholesterol analogs should have good 
fluorescence properties. This interferes, however, often with the first requirement, such that the imaging 
instrumentation must be optimized to collect photons from suboptimal fluorophores, but good choles-
terol mimics, such as the intrinsically fluorescent sterols, cholestatrienol (CTL) or dehydroergosterol 
(DHE). CTL differs from cholesterol only in having two additional double bonds in the ring system, 
which is why it is slightly fluorescent in the ultraviolet (UV). In the first part of this protocol, we describe 
how to synthesize and image CTL in living cells relative to caveolin, a structural component of caveolae. 
In the second part, we explain in detail how to perform time-lapse experiments of commercially available 
BODIPY-tagged cholesterol (TopFluor-cholesterol®; TF-Chol) in comparison to DHE. Finally, using 
two-photon time-lapse imaging data of TF-Chol, we demonstrate how to use our imaging toolbox 
SpatTrack for tracking sterol rich vesicles in living cells over time.

Key words Cholesterol trafficking, Fluorescent sterols, Life-cell imaging, SpatTrack

1 Introduction

Fluorescence microscopy is one of the few methods that allows for 
studying the distribution of compounds at subcellular level and the 
only one that allows for tracking their transport in living cells. As 
cholesterol itself is not fluorescent, its analogs must be used to 
track it. While there are many extrinsically fluorescent analogs com-
mercially available, their properties differ—sometimes strongly—
from these of cholesterol itself. An alternative approach is to use 
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intrinsically fluorescent sterols—usually sterols containing a system 
of conjugated double bonds. While some of them—like dehydro-
ergosterol (DHE)—are commercially available, others, like choles-
tatrienol (CTL, Fig. 1), which is the closest structural analog of 
cholesterol, are not. Therefore, in order to indirectly image choles-
terol using the fluorescent analogs, these must first be synthesized. 
Alternatively, one can employ dye-tagged cholesterol analogs in 
which the attached fluorophore alters the properties of the choles-
terol probe as little as possible. In this approach, one can perform 
more advanced and prolonged imaging experiments, as the photo-
stability and brightness of such analogs is superior to CTL or 
DHE. However, one must accept that the resemblance of choles-
terol is affected [1]. One such analog with minimized alteration of 
cholesterol’s properties is the commercially available TopFluor-
cholesterol (i.e., cholesterol tagged with the BODIPY fluorophore 
at carbon 24, Fig. 1; TF-Chol). The physico-chemical properties 
of this cholesterol analog, its intracellular dynamics, applications in 
cell research and its limitations due to the attached fluorophore 
have been recently reviewed [2].
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Fig. 1 Structure of cholesterol and its fluorescent analogs. Upper left, cholesterol, upper right, cholestatrienol 
(CTL), lower left, dehydroergosterol (DHE), lower right, TopFluor-cholesterol (TF-Chol) or BODIPY-cholesterol
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Single particle tracking (SPT) is commonly used to follow the 
dynamics of fluorescently labeled membrane proteins, but has also 
been applied to follow the motion of intracellular vesicles. For 
example, SPT has been used to study the dynamics of GLUT4 
containing vesicles in adipose cells [3, 4] or the entry of hepatitis B 
virus-like vesicles in cells [5]. We used SPT to analyze the motion 
of intracellular vesicles containing TopFluor-cholesterol, which 
showed that the vesicular motion was largely dictated by the 
dynamics of the cytoskeleton with intermittent periods of active 
transport along cytoskeleton filaments [6]. Chen et al. found that 
cholesterol depletion with methyl-β-cyclodextrin increased the 
mobility of cholesterol containing endosomes in human carcinoma 
KB cells [7]. In contrast to this, cholesterol loading appears to 
reduce vesicle mobility. Niemann-Pick disease type C (NPC) is a 
neurodegenerative disease caused by loss-of-function mutations in 
either protein NPC1 or NPC2. The hallmark of NPC is the accu-
mulation of cholesterol and other lipids in late endosomes and 
lysosomes (LE/LYSs) [8–11]. Eventually a perinuclear lysosomal 
storage organelle, consisting of largely immobile LE/LYSs, is 
formed in the perinuclear area of the cell [12, 13]. Using SPT we 
showed that restoring cholesterol efflux from LE/LYs in NPC2−/− 
cells increased the mobility of LE/LYs containing functional 
NPC2 protein supporting that cholesterol loading reduces the 
mobility of endosomes [14].

A great number of particle tracking algorithms have been 
developed and implemented in different software suites. Here we 
describe the typical workflow in SpatTrack; a software suite we 
developed for spatial and temporal analysis of vesicle like structures 
in fluorescence microscopy images of cells. The advantage of 
SpatTrack is that it combines particle tracking and subsequent tra-
jectory analysis by the click of a mouse. However, the method 
described here should be broadly applicable to other particle track-
ing studies. Furthermore, since SpatTrack is made up of separate 
modules it is possible to import the particle trajectories from 
another tracking algorithm and do the trajectory analysis in 
SpatTrack.

There are two main elements to consider when acquiring 
images for SPT, (1) how fast the molecule of interest moves, and 
(2) the precision of the detected particle coordinates. Thompson 
et al. [15] showed that the error of the determined particle coor-
dinates is described by:
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where N is the number of photons collected, s is the standard devi-
ation of the point spread function (PSF), a is the pixel size, and b 
is the background noise including autofluorescence and noise of 
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the detector. The number of detected photons primarily depends 
on frame rate of acquisition (determined by the pixel dwell time of 
the scanning microscope) and on the laser intensity. Finding the 
optimum frame rate depends on the mobility of the molecule of 
interest. For rapidly moving molecules such as proteins or lipids in 
the PM, a frame rate on the millisecond scale may be required. On 
the other hand intracellular vesicles move significantly slower and a 
frame rate of 2–3 images per second may be sufficient. In order to 
connect the trajectories in time, the frame rate should be such that 
the particle displacement from one frame to the next is small. On 
the other hand, living cells are sensitive to high intensity laser light 
so acquiring images at too high a rate may introduce unnecessary 
photodamage. Furthermore, increasing the frame rate may cause 
photobleaching of the fluorophore and will also result in a decreased 
number of detected photons and thereby reduce the precision of 
the tracking algorithm as seen in Eq. 1. Increasing the laser power 
improves the signal-to-noise ratio but also causes photodamage, 
therefore, if possible, the detector gain should be increased before 
the laser power. As shown in Eq. 1, the error of the detected par-
ticle locations increases with increasing standard deviation of the 
PSF. Thus, an objective lens with a high numerical aperture is rec-
ommended. The pixel size affects the detection precision due to 
pixel noise. That is, due to the finite size of the pixel it is not pos-
sible to determine where the photon arrived. Therefore, it is rec-
ommended that the pixel size is about equal to the standard 
deviation of the PSF.

2 Materials

 1. 7-dehydrocholesterol (purity at least 95 %).
 2. Methanol.
 3. Ethanol.
 4. Hexane.
 5. Mercury acetate.
 6. Dichloromethane.
 7. Acetic acid.
 8. Acetic anhydride.
 9. 5 % (w/v) NaCl in distilled water.
 10. 10 % (w/v) sodium hydroxide in ethanol.
 11. 1:1 (v:v) ethanol–acetone.
 12. Eluent for chromatography (20 % (v/v) ethyl acetate in hex-

ane): Mix 100 mL of ethyl acetate and 400 mL of hexane 
(measured with a graduated cylinder) in a bottle. Store in a 
tightly closed bottle in a ventilated cabinet.

2.1 Synthesis 
and Purification of CTL
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 13. TLC visualization reagent: In a beaker, mix 3.5 mL of 85 % 
(v/v) ortophosphoric acid with 16.5 mL of distilled water 
(remember to add water first and then slowly pour in the acid). 
Add 3 g of CuSO4 and mix thoroughly.

 14. TLC plates (aluminum, coated with silica gel 60): Put the 
plates on a cutting board, with the silica layer facing down. Cut 
with a sharp knife to a size of approximately 3 × 5 cm.

 15. Silica gel preparation: Put silica gel (pore size 60 Å, 70–230 
mesh) in a beaker, adjusting the amount used to the size of the 
column, and add the eluent (item 12) until its level is about 
1 cm above the level of the gel. Mix thoroughly to remove all 
the air bubbles. Prepare immediately before using.

 16. Saturated solution of sodium bicarbonate: Weigh 10 g of 
sodium bicarbonate in a beaker. Add 100 mL of distilled water 
and mix thoroughly.

 17. Heat gun.
 18. Gravitational chromatography column (tap at the bottom).
 19. Cotton.
 20. Filter paper.
 21. Separating funnel—250 mL.
 22. Rotary evaporator.

 1. Fatty acid-depleted BSA.
 2. Buffer medium contained 150 mM NaCl, 5 mM KCl, 1 mM 

CaCl2, 1 mM MgCl2, 5 mM glucose, and 20 mM HEPES 
(pH 7.4).

 3. Methyl-β-cyclodextrin (MβCD) solution: 30 mM MβCD dis-
solved in buffer medium with 0.1 % (w/v) BSA.

 4. Rhodamine-labeled dextran (Rh-dextran; 70 kDa), and 1,1′- 
didodecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate 
(DiIC12(3)) can be purchased from Molecular Probes 
(Eugene, Oregon, USA).

 5. The succimidyl ester of Alexa 546 (purchased as a protein 
labeling kit from Molecular probes/Invitrogen, Thermo Fisher 
Scientific, Waltham, MA, USA).

 6. Dialysis tubing or slides.

 1. Cell culture supplies: Fetal calf serum (FCS), DMEM,  
Ham’s F12 medium (4.5 g/L glucose), and antibiotics/
supplements.

 2. Chinese hamster ovarian (CHO) cells or other cell line of 
interest.

 3. Enhanced green fluorescein tagged caveolin 1 (Cav1-eGFP; a 
generous gift from Prof. Bo van Deurs, University of Copenhagen).

2.2 Generation 
of Fluorescent 
Endocytotic Probes 
and Labeling Solutions

2.3 Transfection, 
Culture, and Imaging 
of Cells
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 4. Transfection reagent such as Lipofectamine (Invitrogen A/S, 
Taastrup, Denmark).

 5. Glass coverslips, pre-coated with poly-d-lysine as inlet to 
microscope dishes.

 6. Microscopy equipment.

3 Methods

The overall strategy of CTL synthesis is outlined in Fig. 2a. 
7-Dehydrocholesterol containing two double bonds instead  
of one, as in cholesterol, is the start compound [1]. First, the 
3β-hydroxygroup is protected by acetylation with acetic anhydride 
to produce 7-dehydrocholesterol acetate [2]. This is followed by 
oxidation using mercury (II) acetate as catalyst to obtain cholesta-
trienol acetate [3] and finally by hydrolysis (or deacetylation) using 
NaOH to produce CTL [4]. By this procedure, we typically reach 
a reaction yield of 30–40 % and a product stable for several months.

Crucial steps during the synthesis are the analysis of products 
of each step using thin layer chromatography (TLC) and the puri-
fication of the synthesized sterol using gel chromatography. Both 
steps are therefore described in detail first (Subheadings 3.1.1 and 
3.1.2). This is followed by a description of the actual synthesis in 
detail (Subheading 3.1.3).

 1. Draw a start line (with a pencil) parallel to the shorter side of 
the plate, about 5 mm above it.

 2. Place a drop of the solution to be analyzed on the starting line 
with a capillary or a pipette tip. Evaporate the solvent and, if 
the solution is diluted, repeat the procedure several times.  
If several solutions are to be analyzed in parallel, they can be 
placed on the same starting line, as long as the spots made by 
the drops are well separated.

 3. Place the plate in a beaker containing the eluent (see Subheading 
2.1, item 12) such that the lower part—below the starting 
line—is immersed. This usually corresponds to 3–4 mm of the 
eluent in the beaker. Cover the beaker with a glass or plastic lid 
(Fig. 2b).

 4. When the eluent covered approximately 95 % of the plate’s 
surface, take the plate out, dry it, drench with the visualization 
reagent (see Subheading 2.1, item 13) and heat with a heat 
gun set to 300 °C.

 1. Place a gravitational chromatography column upright in a 
holder.

 2. Place a bud of cotton in the bottom, narrow part of the 
column.

3.1 Synthesis 
and Purification of CTL

3.1.1 TLC

3.1.2 Column 
Chromatography
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 3. Pour the gel (prepared as described above) into the column.
 4. Allow the gel to deposit—if necessary another aliquot can be 

added, so that finally the gel takes about 2/3 of the column’s 
volume. Rinse it thoroughly with the eluent and allow it to 
stabilize (with the tap closed) for about 15 min.
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Fig. 2 Illustration of CTL synthesis. (a) Scheme of CTL synthesis; starting from 7-dehydrocholesterol having 
two double bonds [1], one protects the hydroxyl group against the subsequent oxidation reaction by acetylation 
to obtain 7-dehydrocholesterol acetate [2], oxidizes this sterol with mercury (II) acetate to CTL acetate [3] fol-
lowed by deacylation to obtain CTL [4]. Panel (b) shows the setup for TLC analysis; panel (c) shows TLC plates 
of more (left) and less (right) pure CTL acetate—the red oval shows which fraction should be collected. Panel 
(d) shows a sample crystal of CTL (the final product). Panel (e) shows the separatory funnel with two phases: 
the organic one containing the sterol at the bottom, and the aqueous one with the mercury leftovers above (two 
funnels of different sizes are shown)
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 5. Open the tap again to allow the eluent to drip out, so that its 
surface is barely above the surface of the gel. Then add a solu-
tion of the substance to be purified—so that its layer is no 
more than 3–5 mm thick. When it is absorbed on the gel, add 
more eluent.

 6. Collect the liquid flowing from the column to test tubes  
(see Note 1).

 7. If the column is to be used again, in order to purge it rinse it 
with pure methanol (two volumes of the column), then with 
the eluent again (3 volumes of the column)—discarding the 
solvent afterwards, and repeat from step 5.

Acetylation

 1. Suspend 7-dehydrocholesterol (2 g) in acetic acid (20 mL) in 
a flask. Add 5 mL of acetic anhydride and a magnetic stirring 
bar. Heat the mixture to 80 °C and stir for 6 h using a mag-
netic stirrer with a heater.

 2. Cool the mixture to room temperature and neutralize the acid 
with a saturated aqueous solution of sodium bicarbonate. Add the 
solution slowly until no more bubbles are formed (see Note 2).

 3. Extract 7-dehydrocholesterol acetate with hexane. Evaporate 
the solvent in a stream of dry nitrogen.

 4. Purify the product by gravitational column chromatography 
(see Subheading 3.1.2).

 5. Analyze all the fractions by TLC (see Subheading 3.1.1)— collect 
those containing pure 7-dehydrocholesterol acetate (the top 
spot on the TLC plate—see Fig. 2c), join them together and 
evaporate the solvent in a stream of dry nitrogen.

Oxidation

 1. Dissolve 7-dehydrocholesterol acetate (1.4 g) in 30 mL of 
ethanol with 6 mL of dichloromethane (DCM) in a dark glass 
bottle. Add a magnetic stirring bar and stir.

 2. Prepare a suspension of 4 g of mercury acetate in 40 mL of 
ethanol with 1.5 mL of acetic acid in a glass beaker and add 
dropwise to the stirred solution of 7-dehydrocholesterol 
 acetate (see Note 3).

 3. Close the bottle tightly and stir the solution on a magnetic 
 stirrer for 48 h.

 4. Filter the solution through a filter paper and wash the filtrate 
cake with DCM until the solvent after washing is colorless. 
Add the solvent used for washing to the filtrate.

 5. Wash the filtrate five times with 5 % (w/v) NaCl in distilled water 
to remove any traces of mercury. The volume of the 5 % (w/v) 
NaCl solution used for each rinse should be approximately three 

3.1.3 Chemical 
Synthesis of CTL
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times the volume of the organic phase. Mix the phases  thoroughly 
in a separating funnel. At regular intervals invert the funnel and 
open the tap to depressurize it. After approximately 2 min of 
mixing, leave the funnel in an upright position for 15 min for the 
phases to separate. Cover the funnel with aluminum foil during 
this time to protect it from light. After each wash, return the 
lower organic phase to the separating funnel, while discarding 
the upper aqueous phase to a mercury waste container (Fig. 2e). 
If an off-white precipitate appears in the organic phase in the 
separating funnel, remove the precipitate by using filter paper 
and wash the precipitate thoroughly with DCM. Discard the 
precipitate as mercury containing waste (see Note 4).

 6. Remove DCM by rotary evaporation (see Note 5).
 7. Purify the crude product, i.e., CTL acetate by gravitational 

column chromatography, eluting with 20 % ethyl acetate in 
hexane.

 8. Join the fractions containing CTL acetate together and evapo-
rate the solvent in a stream of dry nitrogen.

Hydrolysis

 1. Dissolve CTL acetate in 5 mL of 10 % (w/v) NaOH in ethanol 
in a dark glass bottle. Add a magnetic stirring bar and close the 
bottle tightly. Heat the solution to 50 °C and stir for 2 h using 
a magnetic stirrer with heater.

 2. Evaporate the solvent in a stream of dry nitrogen. Dissolve the 
product, i.e., free CTL, with DCM, filter it through a filter 
paper into a dark glass vial and evaporate the solvent using a 
stream of dry nitrogen.

 3. Dissolve the dry product, with heating, in a minimal amount 
of 1:1 (v:v) mixture of ethanol and acetone. Close the vessel 
tightly and allow the mixture to cool to room temperature, 
then leave in a freezer overnight. Filter off the crystals of CTL 
(Fig. 2d) through a filter paper, and store under nitrogen at 
−80 °C without access to light (see Note 6).

 1. Transferrin (Tf) iron loading and labeled with Alexa 546 to get 
Alexa 546-Tf has been previously described [16, 17]. Briefly, 
iron is loaded onto Tf by incubating with Ammonium iron(III) 
citrate for 20 min at 37 °C after vortexing. The Fe2Tf is puri-
fied over an S300 column followed by dialysis overnight and 
concentration by centrifugation at 1300 × g on a Sorvall 
T-6000D centrifuge. The loading efficiency can be determined 
by measuring absorption of the protein at 280 and 465 nm, 
respectively.

 2. Dissolve appropriate amounts of DiIC12 in ethanol and  
inject into a buffer solution (PBS or buffer medium) contai-
ning fatty acid-depleted BSA (0.1 % w/v) while vortexing  

3.2 Generation 
of Fluorescent 
Endocytotic Probes 
and Fluorescent Sterol 
Labeling Solutions

3.2.1 Endocytic Probes
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for 5 min [18, 19]. Dialyze the solution against PBS and store 
at 4 °C under nitrogen until use.

 3. Freshly prepare labeling solutions of Rh-dextran and Alexa 546-
Tf in buffer medium (which contains glucose to meet energy 
demand and ensure normal membrane traffic) from respective 
stock solutions (in PBS) to get a final concentration of 5 mg/mL 
for Rh-dextran and 20 μg/mL for Alexa 546-Tf, respectively.

 1. For cell labeling, CTL is first loaded onto methyl-β-cyclodextrin 
(MβCD) as previously described for DHE. Crystals of synthe-
sized CTL are dissolved in ethanol to obtain a 5 mM stock solu-
tion. Transfer 750 μL of this stock solution into a glass tube, and 
evaporate off the ethanol under nitrogen (see Note 7).

 2. Add 1000 μL of the 30 mM MβCD solution in buffer medium 
(with 0.1 % (w/v) BSA) to get a MβCD/CTL-ratio of 8:1 
(mol/mol). Carefully suspend the solution by vortexing and 
bath-sonicating the solution (see Note 8).

 3. After centrifugation at 20,000 × g for 20 min, the supernatant 
CTL/MβCD solution should be carefully collected and stored 
at 4 °C under nitrogen.

 4. Check the properties of the labeling solution and reproduc-
ibility of the loading procedure routinely by measuring its fluo-
rescence excitation and emission spectra using an appropriate 
spectrofluorometer (in our case an ISS Chronos spectro-
fluorometer, Laboratory of Fluorescence Dynamics, Urbana 
Campaign, IL, USA) (see Note 9).

 5. To make a labeling solution containing two different fluores-
cent sterols (i.e., DHE and TF-Chol), the same procedure as 
described above can be followed. That is, DHE and TF-Chol 
were added in appropriate amounts from an ethanol stock 
solution in a glass vial, evaporated together and suspended in 
1 mL of the 30 mM MβCD solution in buffer medium  
(with 0.1 % (w/v) BSA). The final concentrations of DHE  
and TF-Chol in the MβCD complexes were 3.75 mM and 
3.75–6 μM, respectively. Thus, DHE in this case was at least in 
600-fold excess compared with TF-Chol.

 6. To make a labeling solution containing only TF-Chol, dissolve 
this sterol probe in ethanol and follow the procedure described 
above, except that 100-fold less MβCD is used.

 1. For imaging, CHO cells are routinely seeded on glass cover-
slips as inlet to microscope dishes, which are pre-coated with 
poly- d- lysine as described [20].

 2. Transfect cells with Cav1-eGFP plasmid using Lipofectamine 
or an equivalent transfection reagent according to the manu-
facturer’s instructions. Allow cells to settle for 24 h, then wash 
and pulse-label with CTL/MβCD for 2 min at 37 °C. After 
labeling, wash the cells and chase in buffer medium.

3.2.2 Sterol Labeling 
Solutions

3.3 Transfection, 
Culture and Imaging 
of CHO Cells

3.3.1 Culture and 
Transfection of CHO Cells
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In our laboratory, we utilize a DMIRBE inverted wide field 
 microscope equipped with a 63 × 1.4 NA oil immersion fluotar 
objective (Leica Lasertechnik GmbH) with a Lambda SC smart-
shutter (Sutter Instrument Company) as illumination control. 
Images are acquired with a Hamamatsu Orca BT512 4-stage 
 peltier and water cooled (−80 °C) CCD camera (Hamamatsu 
Photonics Inc., HamamatsuCity, Japan) driven by ImagePro Plus 
and ScopePro (Media Cybernetics, Inc., Silver Spring, MD, USA) 
or with an Andor IxonEM blue EMCCD camera operated at −75 °C 
and driven by the Solis software supplied with the camera. CTL 
can be imaged in the UV using a specially designed filter cube 
obtained from Chroma Technology Corp. with 335-nm (20-nm 
bandpass) excitation filter, 365-nm dichromatic mirror, and  
405-nm (40-nm bandpass) emission filter. The eGFP-caveolin can 
be imaged using a standard fluorescein filter set [470-nm, (20-nm 
bandpass) excitation filter, 510-nm longpass dichromatic filter, and 
537-nm (23- nm bandpass) emission filter]. In both channels, we 
usually acquire 10–12 images along the optical axis with a distance 
of 0.5 μm between subsequent frames. The microscope stage is 
controlled with a z-stepping motor (Merzhäuser, Germany).

To detect colocalization of CTL and Cav1-eGFP or any other 
green probe (as TF-Chol) or red-emitting fluorescent molecule (as 
Rh-dextran), the axial and lateral chromatic aberration of the 
microscope in the UV channel compared to green and red chan-
nels has to be taken into account [21]. To this end, serial focal 
plane images of 0.1 μm TetraSpec fluorescent beads (Molecular 
Probes) mounted in gelvatol on a glass coverslip are acquired as 
described [22]. Lateral chromatic shift between corresponding 
bead images are corrected using the TurboReg plugin of ImageJ 
software written by Dr. Thevenaz (Swiss Federal Insitute of 
Technology, Lausanne, Switzerland). Hereby, a rigid body trans-
formation is applied to spatially register corresponding planes of 
CTL vs. Cav1-eGFP, DiIC12, Rh-dextran, and Alexa 546-Tf or of 
DHE vs. TF-Chol [23]. Axial chromatic aberration is measured by 
determining the in-focus position in the UV and red channel from 
obtained bead images, respectively. The point spread function 
(PSF) of the microscope has its intensity maximum at the in-focus 
position with some side-maxima given particular shape of the 
PSF. The in-focus position is also characterized by a peak maxi-
mum in combination with a half-width minimum of the autocor-
relation function of the PSF having a Gaussian shape. Thus, the 
in-focus position can be determined by these criteria from the 
autocorrelation function of the PSF as described [22].

Intrinsically fluorescent polyene-sterols as DHE or CTL have been 
shown previously to traffic mostly by non-vesicular transport from 
the plasma membrane (PM) to the endocytic recycling compartment 

3.3.2 Imaging of CTL 
Relative to Endocytic 
Probes and eGFP- Caveolin 
in CHO Cells

3.3.3 Assessment 
of and Correction 
for Chromatic Aberration

3.3.4 Sterol Trafficking 
from the PM to the ERC Is 
Independent of Caveolin 1
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(ERC) in CHO cells [24, 25]. This transport is enhanced upon 
overexpressing the soluble sterol carrier protein StARD4 and results 
in enrichment of DHE in the cytoplasmic leaflets of the ERC and 
PM, respectively [25, 26]. On the other hand, significant vesicular 
sterol trafficking can be found in time-lapse imaging of DHE and 
TF-Chol (see below and [27]). Also, recycling of DHE from the 
ERC back to the PM was strongly reduced in a CHO mutant cell 
line expressing a mutated Rme-1/EHD domain protein, a known 
regulator of recycling of Tf from the ERC [24, 28]. Thus, both 
vesicular and non-vesicular trafficking modes contribute to sterol 
exchange between PM and ERC in mammalian cells. Caveolin con-
sists of three isoforms which play a crucial structural role in establish-
ing and maintaining submicroscopic PM invaginations in certain cell 
types, named caveolae [29]. Caveolin has also been implicated in the 
regulation of cellular cholesterol balance, while trafficking and alter-
ations in cellular cholesterol content affect transport of caveolins 
[29, 30]. In addition, mutations in caveolin have been suggested to 
affect cellular cholesterol distribution [31].

Using the setup and tools described above, we set out experi-
ments to study trafficking of CTL from the PM to the ERC in 
CHO cells transiently transfected with Cav1-eGFP (Fig. 3). We 
found that cells expressing Cav1-eGFP showed similar transport 

Fig. 3 Transport of CTL from the plasma membrane in cells expressing Cav1-eGFP. CHO cells were transiently 
transfected with the plasmid coding for Cav1-eGFP followed by labeling with CTL/MβCD for 2 min at 37 °C. Cells 
were washed and incubated in buffer medium for either 7 min (upper panels) or 20 min (lower panels) at 37 °C 
followed by imaging on a UV-sensitive wide field microscope, as described in the main text. CTL and Cav1- 
eGFP co-localize in the perinuclear region (resembling mostly the ERC) in some cells (arrows) but CTL reaches 
this region also in cells not expressing Cav1-eGFP (arrowheads). Bar, 10 μm
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dynamics of CTL from the PM to the ERC compared to cells not 
expressing caveolins (CHO cells do not contain caveolins in the 
first place). Some Cav1-eGFP co-localized with CTL in the 
 perinuclear ERC/Golgi region after 20 min chase (arrows in  
Fig. 3), but CTL accumulated in the ERC also in cells not express-
ing Cav1-eGFP (arrowheads in Fig. 3). Thus, caveolins or at least 
caveolin 1 does not seem to have a controlling effect on sterol traf-
ficking between PM and ERC.

Next, we used the instrumentation and tools described above 
to look for endocytic events, i.e., for co-internalization of caveolin 
and PM sterol (Fig. 4). CHO cells transiently expressing Cav1- 
eGFP were pulse-labeled for 2 min at 37 °C with CTL/MβCD, 
washed and chased for 5 min in the presence of 20 μg/mL Alexa 
546-Tf in buffer medium. Labeled cells were imaged on  
a UV-sensitive wide field microscope, as described above 
(Subheadings 3.3.2 and 3.3.3). Even though CHO cells are less 
efficient in Tf uptake compared to TRVb-1 cells expressing the 
human Tf-receptor, we frequently observed fluorescent endosomes 
containing Alexa 546-Tf (Fig. 4a) [24]. Those endosomes also 
contained CTL and sometimes Cav1-eGFP (arrows in Fig. 4a), 
indicating that a portion of caveolin 1 is internalized by endo-
cytosis together with sterol. In a separate experiment, cells were 
pre- labeled with Rh-dextran for 5 min, washed and labeled with 
CTL/MβCD, and imaged as described above. While occasionally, 
endosomes containing Rh-dextran and Cav1-eGFP were found, 
 co- localization of such vesicles with CTL was rarely found  
(Fig. 4b). Thus, very little CTL seems to be transported to dextran 
containing endosomes following our protocol in CHO cells.

Finally, one can also label the PM using another lipid probe, as 
the lipophilic red emitting carbocyanine derivatives, as DiIC12, 
DiIC16, or DiIC18 (the number in the name indicates the length 
of the two aliphatic membrane anchoring chains on these probes, 
while the fluorophore forms the “head group”). These lipid ana-
logs have a long tradition in membrane biophysics, as they show 
characteristic phase preference in model membranes in dependence 
on the degree of host lipid unsaturation and membrane cholesterol 
content [32, 33]. While DiIC12 is a fluid-preferring probe, DiIC16 
and even more DiIC18 partition preferentially into phases or 
domains with saturated phospho- or sphingolipids. DiIC18 is also 
often used as a lipophilic probe in lipoproteins for uptake and traf-
ficking studies [34–36]. We showed previously that DiIC12 segre-
gates almost completely from DHE in giant unilamellar vesicles 
(GUVs) made of dipalmitoylphosphatidylcholine (DPPC), dio-
leoylphosphatidylcholine (DOPC) and DHE, while TF-Chol 
showed only a slight segregation from DiIC12 in a similar GUV 
system [17, 37]. DiIC12 and DiIC16 have also been used in endo-
cytic trafficking studies, where they were found to segregate in 
CHO-derived TRVb1 cells; DiIC12 co-localized with fluorescent 
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Tf in the sterol-rich ERC, while DiIC16 was sorted to LE/LYSs 
[18]. Upon cholesterol depletion or increased membrane unsatu-
ration, DiIC16 also accumulated in the ERC in these cells [38]. 
These effects seem to be cell-type dependent, as DiIC12 and 
DiIC16 co-localize with fluorescent Tf in basolateral and subapical 
early/recycling endosomes in polarized hepatic HepG2 cells [19]. 
When CHO cells transiently expressing Cav1-eGFP were pulse- 
labeled with CTL/MβCD followed by a brief labeling with DiIC12 
and chase for 10 min at 37 °C, we found co-localization of all three 
probes in the PM and in PM derived vesicles or surface invagina-
tions (arrows in Fig. 4). Overall, the co-localization of CTL and 
DiIC12 was higher than that of any of these probes with  
Cav1- eGFP, as often double-labeled vesicles having CTL and 
DiIC12 but no Cav1-eGFP were found (arrowheads in Fig. 4). 

Fig. 4 Co-localization of CTL with Cav1-eGFP and endocytic markers. CHO cells were transiently transfected 
with the plasmid coding for Cav1-eGFP followed by labeling with CTL/MβCD for 2 min at 37 °C. (a) Cells were 
washed and incubated in buffer medium containing 20 μg/mL Alexa 546-Tf for 5 min at 37 °C followed by 
imaging on a UV-sensitive wide field microscope, as described in the main text. Individual endocytic vesicles 
containing CTL, Alexa 546-Tf and Cav1-eGFP were found underneath the PM and towards the cell center 
(arrows in panel a). (b) Cells were incubated with 5 mg/mL Rh-dextran for 5 min before labeling with CTL/
MβCD. Cells were washed and incubated in buffer medium for 10 min at 37 °C followed by imaging as 
described above. (c) Cells were labeled with CTL/MβCD for 2 min at 37 °C, washed and labeled in the same 
way with DiIC12, washed and further incubated with in buffer medium for 10 min at 37 °C. Some endocytic 
vesicles containing CTL, DiIC12 and Cav1-eGFP (arrows) or only CTL and DiIC12 (arrowheads) were found 
close to the PM. Bar, 10 μm
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Co-localization of CTL and DiIC12 with Cav1-eGFP in CHO 
cells is not related to the phase preference of both lipid probes or 
to particular physicochemical properties of caveolae or caveolin- 
containing vesicles, as CTL and DiIC12 show opposite phase pref-
erence in model membranes [37]. Together, using the labeling 
strategy explained above, we can show that trafficking of fluores-
cent caveolin 1 overlaps with that of PM derived CTL, a close 
mimic of cholesterol. However, caveolin 1 does not seem to be 
required for sterol trafficking, nor is sterol particularly enriched in 
caveolar structures involving Cav1-eGFP at the cell surface. All 
these conclusions are in line with our earlier results [39, 40]. We 
cannot exclude, though, that the protocol we used for transient 
expression of Cav1-eGFP causes trafficking artifacts. To rule this 
out, one should employ cells with genome-edited expression of 
fluorescent caveolin in future studies [41].

TF-Chol is fluorescent in the visible spectrum and is significantly 
more photostable than DHE or CTL. Therefore, it is possible to 
acquire images of TF-Chol on a confocal or a multiphoton micro-
scope without special optics. TF-Chol’s excitation and emission 
maxima are at 495 and 507 nm, respectively. Consequently, on 
confocal microscope, the 488 nm laser line should be used to excite 
the fluorophore while the emission may be detected using for 
example a 510 ± 20 nm bandpass filter. Initially, we aimed to verify 
that TF-Chol can supplement sterol trafficking studies performed 
with polyene-sterols such as CTL or DHE. Therefore, we co- 
labeled CHO cells with DHE and TF-Chol, both loaded onto 
cyclodextrin as described in Subheading 3.2.2 above and in [17]. 
After 2-min pulse labeling, cells were washed and chased in buffer 
medium for 30 min at 37 °C. TF-Chol and DHE show almost 
perfect co-localization in CHO cells under these culture condi-
tions (Fig. 5a). This is in contrast to cells cultured under condi-
tions of excess fat storage, in which TF-Chol partitions artificially 
into lipid droplets in addition to its co-trafficking with DHE 
through endosomes [17, 42, 43]. Similarly, in HeLa cells which 
form abundant droplets under standard culture conditions, 
TF-Chol is mistargeted partially to droplets, while DHE or the 
cholesterol-binding polyene filipin indicate low abundance of non- 
esterified cholesterol in these organelles [17, 42]. However, we 
verified that in CHO cells under standard cell culture conditions, 
TF-Chol is a reliable marker of endosomal cholesterol distribution 
(see Note 10).

On the same wide field setup, we performed time-lapse imag-
ing experiments of double-sterol labeled cells, first in the UV chan-
nel to follow the dynamics of DHE until it is more or less bleached 
(100 ms acquisition time with electron multiplication (EM) factor 
50), followed by acquisition in the green channel to follow TF-Chol 
(50 ms without EM; Fig. 5b, b′). While both sterols label the same 

3.3.5 Labeling of CHO 
Cells with TF-Chol 
and Time-Lapse Imaging 
of Sterols
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vesicles in these cells, tiny peripheral vesicles in the DHE channel 
are hardly discernable and can therefore not be tracked. The DHE- 
rich perinuclear, large vesicles and the ERC, however, do not move 
significantly during this experiment. Dim peripheral vesicles can 
however be clearly seen in the subsequently acquired video seq-
uence for TF-Chol from the same field of view (see also a side- by- 
side comparison in the Supplemental Video 1). This result illustrates 
clearly the potential of TF-Chol for tracking of sterol-rich endo-
somes in living cells, thereby complementing studies performed 
with DHE or CTL.

In what follows, we focus on time-lapse imaging and tracking 
of TF-Chol in CHO cells. Further wide field time-lapse imaging 
was carried out on an Olympus IX70 microscope equipped with an 

Fig. 5 Time-lapse imaging of DHE and TF-Chol in CHO cells. (a, b) Cells were co-labeled with DHE and TF-Chol 
from a complex with cyclodextrin for 2 min at 37 °C, washed and incubated in buffer medium for additional 
30 min at 37 °C. Cells were imaged on a UV-sensitive wide field microscope, as described in the main text. (a) 
High co-localization of both sterol probes is found in CHO cells under these conditions (b), on the same system, 
double-labeled cells were repeatedly imaged, first in the UV channel to follow the dynamics of DHE (b) followed 
by imaging in the green channel to follow TF-Chol (b′), both at 2 Hz acquisition rate. Little dynamics but strong 
bleaching is found for DHE, while for TF-Chol no bleaching but significant vesicle movement in the cell periph-
ery could be discerned (see also Supplemental Video 1). (c) In a separate experiment CHO cells were labeled 
only with TF-Chol and imaged another wide field setup equipped with a 150× NA 1.4 objective with an acquisi-
tion rate of 2 Hz. Directed movement of sterol containing vesicles in the cell periphery was found. (c′) Shows 
selected frames of the zoom box in panel (c) with inverted LUT for better visibility of vesicle movement from 
the upper left to the lower part of the image. The vesicle is stretched in the beginning indicating active pulling 
by cytoskeleton-assisted motor proteins. Bar, 10 μm
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Andor camera and a 150× objective with NA = 1.4 (Fig. 5c). In 
this high-resolution imaging modality, we could observe extensive 
trafficking of vesicles containing TF-Chol, as indicated in the 
motional color coding in Fig. 5c. In particular, we found vesicles 
moving directionally, i.e., along a straight line and with significant 
elongation into tubes parallel to the movement direction (Fig. 5c 
box, enlarged in Fig. 5c′). Such vesicles move actively by specific 
motors along cytoskeleton tracks as microtubule or actin, as we 
have shown for TF-Chol in CHO cells [6]. In the same setup and 
identical recording, TF-Chol bleaches with a half-time of about 64 
frames (see Supplemental Material in [6]). In contrast, when time- 
lapse imaging is performed on a multiphoton microscope with an 
excitation wavelength of 930 nm, photobleaching of TF-Chol in 
CHO cells was virtually absent [6]. Fluorescence time-lapse mea-
surements of TF-Chol were performed using a custom-built setup 
based on an Olympus IX70 microscope. The objective used was a 
60× water immersion objective with a NA of 1.2. The excitation 
light source was a femtosecond Ti:Sa laser (Broadband Mai Tai XF 
W25 with a 10W Millennia pump laser, 80 MHz pulse-frequency, 
tunable excitation range 710–980 nm, Spectra Physics, Mountain 
View, CA). To collect TF-Chol’s emission, a 540 ± 25 nm filter 
was used (Bright-Line HC). The light was detected by a photo-
multiplier tube (Hamamatsu H7422P-40), operated in the photon 
counting mode. The data were acquired using simFCS soft ware 
developed by the Laboratory for Fluorescence Dynamics, 
University of California, Irvine. Tracking of vesicles containing 
TF-Chol in CHO cells is based on the data gathered on this micro-
scope and further discussed below.

Image denoising in SpatTrack is based on a bandpass filtering 
method first described by Crocker and Grier [44] which we found 
to be the best denoising algorithm for fluorescent particles in a 
comparison between different denoising algorithms for particle 
tracking [45]. First, two low-pass images are generated; (1) an 
image convolved by a Gaussian blur with a variance of one pixel to 
suppress image noise and (2) an image convolved with a boxcar 
filter with extent 2w+1, where w is an integer larger than the aver-
age radius of the particles but smaller than the smallest inter-sphere 
separation. The denoised image is generated by subtracting the 
boxcar filtered image from the Gaussian blurred image. Finally, all 
pixels with intensities below a given threshold are set equal to zero. 
The threshold is based on the average fluorescence of the denoised 
image. For example, when the intensity threshold is set to 5, all 
pixels with an intensity below 5× the average intensity of the image 
are set to zero. To account for possible photobleaching during the 
image acquisition (absent in multiphoton imaging but present in 
wide field imaging of TF-Chol, CTL and DHE), the threshold  
is calculated for each frame in the time-lapse image sequence.  

3.3.6 Image Optimization 
for Particle Detection
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The Image-denoiser GUI of SpatTrack along with an image of a 
CHO cell labeled with TF-Chol and imaged by multiphoton 
microscopy as described above is shown in Fig. 6a. The right panel 
in this GUI shows the corresponding denoised image.

Once the image sequence has been optimized for particle tracking, 
open the tracking GUI from the main SpatTrack window. Particle 
tracking in SpatTrack 2.0 has been considerably upgraded com-
pared to the earlier version, since we have implemented an improved 
tracking algorithm based on the Hungarian (Munkres’) algorithm 
to optimize the nearest neighbor distances between coordinates in 
one frame and the next [46]. This implementation is approximately 
10 times faster than the linking algorithm used in SpatTrack 1.0 
[14, 45]. Additionally, the tracking algorithm now allows for 
relinking of shorter trajectories caused by particle merging or split-
ting (see Note 11).

Particle tracking in SpatTrack is performed in three steps (1) 
particle detection, where the particles are located in each frame and 
the coordinates are refined to sub-pixel precision, (2) trajectory 
linking, where the detected coordinates are linked from one frame 
to the next and (3) trajectory merging, where the algorithm 
attempts to relink remaining short trajectories.

 1. Particle Detection. Particle detection requires two parameters 
(a) an intensity threshold and (b) a particle location diameter. 
If the fluorophore bleaches during image acquisition, the 
 particles will be dimmer in the last frame than in the first frame. 
Therefore, the intensity threshold is calculated for each frame in 
the image stack based on the user input. Specifically, the inten-
sity threshold is given by a percentage of pixel intensities. For 
example, if the threshold is set to 92, the detection algorithm 
will ignore all but the 8 % brightest pixels in the respective 
frame of the image stack. The particle location diameter ensures 
that only one particle coordinate is found within a particle. In 
a noisy image a particle could potentially contain more than 
one bright pixel which might be considered a particle coordi-
nate. Thus, the “Location Diameter” should ideally be set to a 
value larger than the estimated particle size but smaller than 
the distance between two neighbor particles. However, for 
particles undergoing merging or splitting, two particle cen-
troids may actually be within one “Location Diameter.” There-
fore, the “Location Diameter” should be set according to the 
expected behavior of the particles.

 2. Trajectory Linking. Frame-to-frame linking is performed by 
the simpletracker MatLab function developed by Jean-Yves 
Tinevez and available on the MatLab File Exchange at http://
www.mathworks.com/matlabcentral/fileexchange/34040-
simple- tracker. Initially, the Euclidean distance is calculated for 

3.4 Tracking 
of Vesicles Containing 
TF-Chol
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Fig. 6 Overview of the image denoising GUI of SpatTrack. (a) Multiphoton image sequence of a TF-Chol con-
taining CHO cell shown in the left panel and the denoised image is shown in the right hand panel. Image 
denoising was performed with an estimated object size of 8 pixels and with an intensity threshold of 90 % of 
all pixel intensities in the intermediate denoised image. (b) Example of particle tracking in SpatTrack in the 
denoised image of a cell labeled with TF-Chol. Particle tracking was performed with an intensity threshold of 
92 %, a location diameter of 7 pixels, a maximum displacement of 3 pixels, a minimum intermediate trajectory 
length of 5 pixels, a maximum gap closing distance of 1 frame and a maximum linking distance of 2 pixels. 
The minimum final trajectory length was set to 100 frames
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all particle coordinates in frame i with respect to all particle 
coordinates in frame i+1. Subsequently, the sum of particle-
particle distances is minimized by the Hungarian algorithm, 
such that each particle in frame i is connected to the nearest 
neighbor in frame i+1. To avoid unrealistically large link-dis-
tances, the user must supply the “Maximum Displacement” 
allowed in the “Trajectory Linking” panel of the tracking GUI 
(see Fig. 6b). Typically, the “Linking Distance” should be no 
larger than the particle size. If this is not possible, one might 
consider acquiring the time-lapse image sequence at a higher 
frame rate.

 3. Trajectory Merging. At this stage, there are likely a large num-
ber of trajectories that are shorter than the number of frames 
in the image series. These may arise from particles moving 
into or out of the focal plane or alternatively due to merging 
or splitting particles. SpatTrack includes the possibility to 
relink these incomplete trajectories. To do this, the “Merge 
Trajectories” box must be checked. Relinking requires three 
parameters. The “Minimum Intermediate Trajectory Link” 
which determines the shortest trajectory that the algorithm 
will consider for relinking. For example, it is very likely that a 
particle coordinate detected in only a single frame is due to 
noise rather than a true particle. Typically, we set the “Mini-
mum Intermediate Trajectory Link” to 5 frames. Thus, all tra-
jectories consisting of less than 5 steps are discarded prior  
to relinking. The second parameter is the “Maximum Gap 
Closing Distance.” This is the maximum number of frames 
allowed for linking the end of one trajectory to the start of 
another. Finally, the algorithm requires a “Maximum Linking 
Distance,” which is the largest distance, in pixels, over which 
two trajectories can be linked. For a more elaborate descrip-
tion of the linking algorithm, see Note 11.

 4. Minimum Final Trajectory Length. After the trajectory merg-
ing step, there are still likely a number of trajectories of inter-
mediate length. Thus, setting this to less than the full length of 
the number of frames in the time-lapse image sequence will 
often result in more trajectories. On the other hand, the statis-
tical power of the mean squared displacement (MSD) analysis 
decreases with trajectory length. Hence, it is up to the judge-
ment of the experimentalist to determine the minimum allowed 
trajectory length.

 5. Saving the Results. Finally, the trajectories can be saved as three 
separate .csv files containing the x- and y-coordinates for each 
trajectory as well as the particle intensities in each frame. 
Similarly, the tracking parameters can be saved so they may be 
reused in a later experiment.
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Within the Trajectory-Analysis GUI, SpatTrack allows the user to 
easily calculate the MSD of the trajectories and to determine the 
most likely diffusive process underlying the observed motion  
(Fig. 7). The type of motion is reflected in the particle trajectory, 
which essentially consists of a number of particle steps with a step 
length and direction determined by the type of motion. For  normal 
(Brownian) diffusion the step lengths are distributed according to 
a Gaussian distribution. In other words, the probability density 
function (PDF) or diffusion propagator for normal diffusion is:

 
P r t r,( ) = -( )1 2

ps
sexp / ,

 
(2)

where r is the step length and σ is the variance of the Gaussian 
function. For purely random motion the average of the Gaussian 
function is zero. However, the variance, which is also called the 
MSD, increases linearly with time. The variance is given by σ = 2dDt, 
where d is the dimensionality of the motion. Thus, for two- 
dimensional diffusion:

 MSD t Dt( ) = 4 ,  (3)

where D is the diffusion constant of the particle. For a particle 
moving by a combination of diffusion and flow the MSD is given by:

 MSD t Dt v t( ) = +4 2 2,  (4)

where v is the flow speed. Intracellular motion is often anoma-
lous either due to active transport of hindered diffusion. Both cases 
can be described by fractional Brownian motion where the MSD is 
given by:

 MSD t D t( ) = 4 a
a ,  (5)

where α is the anomalous exponent. For anomalous sub- 
diffusion 0 < α < 1 and a plot of the MSD as a function of time 
shows a downwards curvature (Fig. 8b). In contrast to this, we 
have 1 < α < 2 for anomalous super-diffusion, which is recognized 
by an upwards curved MSD vs time plot. We observed that intra-
cellular diffusion often is a mixture of different types of diffusion. 
Therefore, we implemented a model for anomalous sub-diffusion 
plus flow in SpatTrack. This model may either be used to describe 
the MSD of a trajectory switching between the two types of motion 
or more commonly for a population of particles where one sub-
population moves by diffusion plus flow while the other popula-
tion moves by hindered diffusion. The MSD for the mixed diffusion 
is given by:

 MSD t D t v t( ) = +4 2 2
a

a .  (6)

3.5 Trajectory 
Analysis

3.5.1 Introduction 
to Trajectory Analysis
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Rather than determining the second moment of the distribution 
of step sizes, the MSD is typically calculated as:

 
MSD t

N n
d

t

N n

t t t( ) =
-

( )
=

-

+nå1

1

2 P P, ,
 

(7)

where d2(Pt, Pt + ∆t) is the distance traveled from time t to time 
t + Δt squared (see Note 12).

 1. Loading the trajectories. The Trajectory-Analysis GUI is shown 
in Fig. 7 and can be opened from the main SpatTrack menu. 
The trajectories can either be loaded directly from the tracking 
GUI or from the .txt files containing the x- and y-coordinates 

3.5.2 Trajectory Analysis 
in SpatTrack

Fig. 7 Overview of the trajectory analysis GUI of SpatTrack. Here the MSD for 53 vesicles containing TF-Chol 
was calculated in the 1/4th range and fitted to the model for anomalous subdiffusion plus flow yielding a dif-
fusion constant of Dα = 1.4 × 10−3 μm2/sα, v = 1.0 × 10−2 μm/s and α = 0.85. The lower left panel shows 
trajectories classified as directed plotted in red and trajectories classified as hindered/normal plotted in blue. 
Finally, the bar plot in the lower right corner shows that the two types of trajectories have the same average 
fluorescence intensity
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and the particle intensities. To load the data directly from the 
tracking GUI open the Trajectory Analysis GUI and click on 
the load button. Alternatively, the data may be loaded from 
files. The advantage of this approach is that one can pool the 
trajectories from several cells in one experiment and, thus, 
increase the statistical power of the MSD analysis. Additionally, 
loading the trajectories from files allows one to use a different 
tracking algorithm provided that the files are organized 
 correctly. For more information on the file format, see the 
SpatTrack user guide (see Note 13).

 2. Calculating and Fitting the MSD. Once the trajectories have 
been loaded, set the pixel size and the frame rate. Additionally, 
the MSD analysis requires the range in which to calculate the 
MSD. As described in Note 12, the rule of thumb is to set the 
range to ¼ of the full MSD. Thus, set the range to 0.25. 
SpatTrack includes analytical expressions for four different 
types of diffusional motion (a) Normal diffusion, (b) diffusion 
plus flow, (c) anomalous diffusion and (d) anomalous diffusion 
plus flow. The latter was developed to describe the motion of 
endosomes which showed anomalous sub-diffusion on short 
time scales and directed diffusion on longer time scales [6]. 
However, it may also be useful where some particles are mov-
ing by anomalous sub-diffusion while other move by directed 
diffusion. To determine the best model to fit the MSD to,  
we suggest using the decision tree described in Fig. 2 of  
Lund et al. [14]. Importantly, the algorithm implemented in 
SpatTrack can calculate the MSD for trajectories that are not of 
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Fig. 8 Diffusion analysis in SpatTrack. (a) Schematic description of the trajectory relinking process; (b) scheme 
of possible diffusion processes and the resulting mean square displacement (MSD) of particles. The MSD is the 
second moment of the probability density function (PDF) of the underlying stochastic process. For Brownian 
motion (i.e., normal diffusion), the MSD grows linearly with time, and the slope is proportional to the diffusion 
coefficient, D. Thus, slow (normal) diffusion has a small slope (red curve) and fast (normal) diffusion has a larger 
slope (blue curve). In case of anomalous diffusion, the MSD changes with time as MSD ~tα with 0 < α < 1 for 
subdiffusion (yellow curve) and α > 1 for superdiffusion (green curve). See text for further explanations

Synthesis and Imaging of Fluorescent Sterols



134

the same length, do not start at the same time or have missing 
coordinates (i.e., gaps). The MSD for the 53 TF-Chol contain-
ing vesicles found in the tracking section above was best fitted 
to the model for anomalous diffusion plus flow which yielded 
Dα = 1.4 × 10−3 μm2/sα, v = 1.0 × 10−2 μm2/s and an anoma-
lous coefficient α = 0.85 (Fig. 7).

 3. Trajectory segmentation. In the Trajectory Analysis GUI, it is 
possible to separate trajectories of particles moving by diffu-
sion plus flow from trajectories of particles moving by normal 
or hindered subdiffusion. Trajectory separation is based on the 
asymmetry of each trajectory which is calculated from the 
radius of gyration (RoG) [47, 48]. The asymmetry is calcu-
lated as a R R2 2

2
1
2= / ,  where R1 and R2 are the larger and 

smaller principal radii of the RoG. For a circular trajectory 
R1 = R2 and, consequently, a2 = 1. On the other hand for a 
linear trajectory R2 = 0 and, thus, a2 = 0. Based on simulated 
trajectories, Saxton showed that the most probable a2 value for 
Brownian diffusion = 0.12. Thus, to separate directed trajecto-
ries from normal/hindered trajectories, we set the asymmetry 
to 0.1. The image in the lower left shows a frame of the 
TF-Chol vesicles overlaid with directed trajectories in red and 
normal/hindered trajectories in blue. Once the trajectories 
have been separated, the MSDs can be analyzed separately for 
the directed and the normal/hindered trajectories. For the dir-
ected trajectories this yielded a diffusion constant D = 9.1 × 10−4 
μm2/s and a speed of the directed motion, v = 9.9 × 10−3 μm/s 
(data not shown). The MSD for the normal/hindered fraction 
of trajectories was best fitted to the model for normal diffusion 
with a diffusion constant of D = 1.4 × 10−3 μm2/s (data not 
shown).

4 Notes

 1. It is advisable to change the tubes often—every 15 s or so—in 
particular when you expect your product to be eluted.

 2. Drip the bicarbonate slowly as the reaction can be violent.
 3. Weigh mercury acetate in a fume hood. When working with 

mercury (both acetate and mercury-containing waste), be sure 
to wear two layers of gloves.

 4. Several washings may be necessary. When you add DCM, mix 
the precipitate with it thoroughly. The precipitate is mercury 
(I) acetate, which is insoluble in water and the majority of 
organic solvents.

 5. Refer to the evaporator’s manual for the conditions under 
which it should be removed.
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 6. Preferably use dark glass vials.
 7. Evaporate the solvent slowly by gently rotating the glass tube 

manually during the evaporation process. In this way, you 
maintain the solution temperature and obtain at the same time 
a thin even film of the fluorescent sterol on the wall of the glass 
vial. Such a film makes the subsequent loading step onto cyclo-
dextrin more efficient.

 8. While the sterol-cyclodextrin solution is typically turbid right 
after dissolving the sterol from the ethanol-evaporated lipid 
film, it should become opalescent after sonication. This is a 
good indication for successful loading of CTL (or DHE) onto 
MβCD. Hold the glass tube against a ceiling light and watch 
the slight coloring when moving the tube slightly back and 
forth.

 9. Polyene-sterols such as DHE or CTL show three characteristic 
peaks in their emission spectrum, and the one at lowest energy 
(i.e., highest wavelength centered around 410 nm) shows a 
characteristic increase upon loading the sterol onto MβCD 
(not shown but see [49] for an example spectrum with DHE).

 10. We recommend assessing the extent of mistargeting of TF- 
Chol to lipid droplets prior to any live-cell imaging application 
of this cholesterol analog. Lipid droplets are mostly rich in tria-
cylglycerols (e.g., when feeding fibroblast cell cultures with 
oleic acid from an albumin complex or when adipocytes form 
after inducing differentiation of suitable fibroblast-like cells 
[17], [22]). Such droplets contain only little cholesterol in its 
non-esterified form in the phospholipid monolayer surround-
ing the droplets [22, 42, 50]. In contrast, specialized cell types 
that esterify primarily cholesterol, such as macrophages, con-
tain also significant non-esterified cholesterol in their droplets 
[51–53]. This is likely because the cholesteryl-ester rich core 
can also accommodate some cholesterol, in contrast to the 
triacylglycerol-rich emulsions forming the core of droplets in 
most of the cultured cells [54, 55]. The BODIPY group is a 
prominent marker of droplets, which in most cells are rich in 
triacylglycerols [56, 57]. Thus, it is very important to check 
the extent of mistargeting of TF-Chol due to passive partition-
ing into these organelles. This can be conveniently done using 
infrared droplet markers in multi-color imaging (as DeepRed- 
LipidTox®) together with DHE or CTL as a reference choles-
terol probe [17]. Alternatively, one can use filipin staining as a 
reference to assess the extent of mistargeting of TF-Chol [58]. 
Additional labeling with Alexa 546-Tf would allow one to 
highlight the ERC in parallel. Image analysis protocols for 
quantification of sterol content in droplets relative to the ERC 
can be found in our previous publications [17, 22, 59].
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 11. Relinking incomplete trajectories (see Fig. 8a): As described 
above the initial tracking process may lead to several incom-
plete trajectories (i.e., trajectories with a lower number of steps 
than the number of frames in the time-lapse image sequence). 
Incomplete trajectories could be due to a particle entering or 
leaving the focal plane during image acquisition but could also 
be caused by merging or splitting particles. Since a “trajectory” 
consisting of a single coordinate in a single frame is likely due 
to noise, the first step in the relinking algorithm is to remove 
very short trajectories. Commonly, we remove any trajectories 
shorter than five steps. Subsequently, the incomplete trajecto-
ries can be divided into three subclasses (a) trajectories which 
start at the first frame but end before the last frame, (b) trajec-
tories which start later than the first frame and ends before the 
last frame, and (c) trajectories which start later than the first 
frame and ends at the last frame. Trajectory relinking proceeds 
in three steps. The first step is gap closing which attempts to 
connect the end of one trajectory to the beginning of another 
trajectory within an allowed pixel wise distance and number of 
frames. In practice, the spatial and temporal allowed distances 
are given by the “Maximum Linking Distance [pixels]” and 
the “Maximum Gap Closing Distance [frames]” in the track-
ing GUI. From all possible trajectories fulfilling these criteria, 
the link is made between the two trajectories which minimize 
the Euclidean end-to- start distance but such that no end is 
connected to more than one start and vice versa. After this step 
the trajectory is still incomplete. In order for the trajectory to 
be complete the missing coordinates must be filled with coor-
dinates from another trajectory within the allowed spatial link-
ing distance in the same frames. Otherwise, the trajectory is 
eventually discarded. Particle merging is performed by linking 
the end of a trajectory that ends at time t to the middle of tra-
jectory at time t+1. Similarly, particle splitting is performed by 
connecting the beginning of a trajectory at time t+1 to the 
middle of a trajectory at time t. Common to both trajectory 
merging and splitting, the trajectories must be within the 
“Maximum Linking Distance [pixels].”

 12. Statistical Power of the MSD Calculation: From Eq. (7) it fol-
lows that the statistical reliability of the MSD decreases with 
increasing lag-time [60]. For example, for a trajectory of 100 
steps and a lag-time of 2 steps, the MSD is averaged over 
100–2 = 98 trajectory segments while a lag-time of 98 steps 
the MSD is averaged over 2 segments. This raises two ques-
tions (a) which lag-time yields the most accurate result and  
(b) how many steps should the trajectory consist of to reliably 
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determine the diffusional parameters. Based on simulated 
 trajectories of 1024 steps, Saxton showed that including all 
1024 points of the MSD resulted in a very broad distribution 
of diffusion constants while including only 8 or 4 time points 
narrowed the distribution of diffusion constants significantly [60]. 
Recently, this has been reexamined for a large set of real, 
microscopy based trajectories, which showed that determining 
the diffusion constant from the first 4 points in the MSD 
(excluding the point at t = 0) yielded an accuracy of 25 % for a 
trajectory of 100 steps which increased to 10 % for trajectories 
of 1000 steps [61]. Unfortunately, it is often not possible to 
obtain 1000 or more frames of a biological system due to pho-
tobleaching or particles leaving the focal plane. Moreover, for 
such an image sequence the effect of phototoxicity should be 
considered [46, 62]. Therefore, most trajectories from a bio-
logical system will likely consist of a few hundred steps. One 
way to improve the result is to calculate the ensemble average 
of several MSDs [60, 63]. However, doing so may hide sub-
populations with different types of motion [64]. Furthermore, 
even for an ensemble averaged MSD, the statistical significance 
decreases with increasing lag-time. Hence, a rule of thumb is 
to fit the first 1/4th of the time points in the MSD [60].

 13. Along with this publication comes an improved version  
of SpatTrack compared to our original publication [14]. In 
SpatTrack 2.0, we have implemented an improved tracking 
algorithm, which implements the simpletracker frame linking 
algorithm developed by Jean-Yves Tinevez and freely available 
at the MatLab File Exchange (http://www.mathworks.com/
matlabcentral/fi leexchange/34040-simple-tracker) 
Simpletracker uses the Hungarian algorithm to optimize the 
nearest neighbor distances between coordinates in one frame 
and the next and is approximately 10 times faster than the link-
ing algorithm implemented in SpatTrack 1.0 [14, 45]. The 
MSD algorithm can now calculate the average MSD of several 
trajectories where some of the particle coordinates are missing. 
You can download SpatTrack 2.0 together with an updated 
User Guide and sample images described in the text as stand- 
alone version at www.sdu.dk/bmb/spattrack. Please note that 
MatLab is not required to run the program, but the MatLab 
Runtime environment (version 8.5 2015a 64-bit for Windows 
available at http://www.mathworks.com/products/compiler/
mcr/) must be installed in the same folder as the main pro-
gram. Further download instructions can be found in the User 
Guide.
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Chapter 11

Measurement of Cholesterol Transfer from Lysosome 
to Peroxisome Using an In Vitro Reconstitution Assay

Jie Luo, Ya-Cheng Liao, Jian Xiao, and Bao-Liang Song

Abstract

Low-density lipoproteins (LDLs) are taken up by the cell mainly through receptor-mediated endocytosis. 
LDL-derived cholesterol leaves lysosome and further transports to downstream organelles for specific cellular 
needs. We recently report that cholesterol transfers from lysosome to peroxisome through lysosome–per-
oxisome membrane contact (LPMC). Here, we use iodixanol density gradient centrifugation to isolate lyso-
somes and peroxisomes separately for the in vitro reconstitution of LPMC. We also apply 3H-cholesterol-labeled 
lysosomes and peroxisomes in vitro to measure 3H-cholesterol transfer through LPMC.

Key words Lysosome, Peroxisome, Lysosome–peroxisome membrane contact, Cholesterol transfer, 
In vitro reconstitution assay

1 Introduction

Cholesterol is an essential lipid that is dynamically transported 
within eukaryotic cells for utilization in membrane synthesis and 
regulation, steroid hormone generation, and bile acid synthesis 
[1–4]. Most mammalian cells acquire exogenous cholesterol from 
low-density lipoprotein (LDL) particles in the circulation through 
LDL receptor (LDLR)-mediated endocytosis [5]. Upon receptor 
binding, LDL is internalized in clathrin-coated pits and routed to 
early endosomes and late endosomes/lysosomes, where LDL-
derived cholesteryl esters are hydrolyzed to unesterified choles-
terol. Liberated cholesterol then exports from lysosomes and 
translocates to other organelles to execute specific functions [6].

The importance of proper intracellular cholesterol trafficking is 
underscored by Niemann-Pick Type C (NPC) disease, a fatal lyso-
somal disorder characterized by massive cholesterol accumulation 
in virtually all cell types, especially neurons and hepatocytes [7]. 
NPC patients exhibit cerebellar ataxia, dementia, hepatospleno-
megaly, and usually die in the first or second decade of life. NPC 
disease is resulted from mutations in either the NPC1 gene, which 
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encodes a large transmembrane protein, or the NPC2 gene, which 
encodes a small soluble protein [8, 9]. Under normal physiological 
conditions, NPC2 binds to the 8-carbon isooctyl side chain of free 
cholesterol and escorts the molecule to the N-terminal domain of 
NPC1. NPC1, by attaching to the 3β-hydroxyl group of choles-
terol, further intercalates the molecule into the lysosomal mem-
brane [10]. Deficiency in NPC1 or NPC2 impedes the egress of 
cholesterol out of lysosomes, leading to NPC disease.

Our recent findings revealed a previously unappreciated 
component of intracellular cholesterol transport [11]. We demon-
strated that the lysosomal protein synaptotagmin VII (Syt7) and 
the peroxisomal lipid PI (4, 5)P2 mediated transient membrane 
contacts between lysosome and peroxisome, allowing cholesterol 
to move from one organelle to another. Intriguingly, we detected 
profound cholesterol accumulation well in advance of the manifes-
tation of neurological deficits in mice with peroxisomal disorders 
(PDs), implying that a cholesterol trafficking blockage may account 
for the pathological mechanism of PDs.

In this chapter, we describe the detailed procedures of lysosome 
and peroxisome purification, in vitro reconstitution of lysosome–
peroxisome membrane contact (LPMC), as well as in vitro 
3H-cholesterol transfer through LPMC.

2 Materials

 1. Phosphate buffered saline (PBS; 10×): 1.37 M NaCl, 27 mM 
KCl, 40 mM Na2HPO4, 17.6 mM KH2PO4, pH 7.0–7.2. 
Weigh 80 g of NaCl, 2 g of KCl, 14.4 g of Na2HPO4⋅12 H2O, 
and 2.4 g of KH2PO4 and transfer to a 1-L beaker containing 
about 850 mL of ultrapure water. Stir vigorously on a mag-
netic stirrer until everything dissolves completely. Make up to 
1 L with ultrapure water and sterilize by autoclaving. Store at 
room temperature. To make 1 L of 1× PBS, add 100 mL of the 
stock solution to 900 mL of ultrapure water. Adjust pH to 7.4 
with KOH.

 2. Complete culture media: Dulbecco’s Modified Eagle Medium 
(DMEM), 10 % (v/v) Fetal Bovine Serum (FBS), 100 units/
mL penicillin and 100 mg/mL streptomycin. Prepare the 
media in a laminar flow hood. Add 50 mL of FBS and 5 mL of 
100× penicillin/streptomycin to 445 mL of DMEM. Mix well 
and store at 4 °C. Preheat the media in a 37 °C water bath 
before use.

 3. 0.25 % (w/v) trypsin–EDTA. Store at 4 °C (see Note 1).
 4. Lysosome extraction buffer: Add 2 mL of a commercial 

Extraction Buffer 5× (e.g., from Sigma) to 8 mL of ultrapure 
water to make 10 mL of 1× lysosome extraction buffer. Store 

2.1 Lysosome 
and Peroxisome 
Purification
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at 4 °C. Ensure to add a protease inhibitor cocktail for mam-
malian cell and tissue extracts at a final concentration indicated 
by the supplier and keep on ice (see Note 2).

 5. Peroxisome extraction buffer (5×): 25 mM 3-(N-Morpholino)
propanesulfonic acid (MOPS) (pH 7.65), 1.25 M sucrose, 
5 mM EDTA (pH 8.0), and 0.5 % (v/v) ethanol. Prepare the 
following stock solutions: To make 100 mL of 1 M MOPS 
(pH 7.65), weigh 20.926 g of MOPS and transfer to a 100- 
mL beaker containing about 70 mL of ultrapure water. Stir 
vigorously on a magnetic stirrer until everything dissolves 
completely. Adjust pH with NaOH. Make up to 100 mL with 
ultrapure water and sterilize by autoclaving. Store MOPS buffer 
at room temperature.

To make 100 mL of 0.5 M EDTA (pH 8.0), weigh 14.612 g 
of EDTA and transfer to a 100-mL beaker containing about 
80 mL of ultrapure water. Stir vigorously on a magnetic stirrer 
while adjusting pH with NaOH pellets. The suspension will 
become clear when the pH is approximately 8.0. Make up to 
100 mL with ultrapure water and sterilize by autoclaving. Store 
your EDTA solution at room temperature.

To make the peroxisome extraction stock buffer, weigh 
42.79 g of sucrose and transfer to a 100-mL beaker containing 
about 50 mL of ultrapure water. Stir vigorously on a magnetic 
stirrer until everything dissolves completely. Then add 2.5 mL 
of 1 M MOPS (pH 7.65; see above), 1 mL of 0.5 M EDTA 
(pH 8.0; see above), and 0.5 mL of ethanol. Make up to 
100 mL with ultrapure water. Store at 4 °C. To make 10 mL 
of 1× peroxisome extraction buffer, add 2 mL of the stock 
solution to 8 mL of ultrapure water. Ensure to add a protease 
inhibitor cocktail for mammalian cell and tissue extracts at a 
final concentration indicated by the supplier and keep on ice 
(see Note 2).

 6. OptiPrep Density Gradient Medium (Sigma): a 60 % (w/v) 
solution of iodixanol in water. Store at room temperature.

 7. OptiPrep dilution buffer for lysosome extraction: Add 0.5 mL 
of the OptiPrep dilution buffer 20× (Sigma) to 9.5 mL of 
ultrapure water to make 10 mL of 1× OptiPrep dilution buffer 
(L). Keep on ice until use.

 8. OptiPrep dilution buffer for peroxisome extraction (20×): 
100 mM MOPS (pH 8.0), 20 mM EDTA (pH 8.0) and 2 % 
(v/v) ethanol. Add 10 mL of 1 M MOPS (pH 8.0; see under 5 
for recipe, adjust pH to 8.0), 4 mL of 0.5 M EDTA (pH 8.0; 
see under 5 for recipe) and 2 mL of ethanol. Make up to 
100 mL with ultrapure water. Store at 4 °C. To make 10 mL of 
1× OptiPrep dilution buffer (P), add 0.5 mL of the stock 
solution to 9.5 mL of ultrapure water. Keep on ice until use.

In Vitro Cholesterol Transfer through LPMC



144

 9. OptiPrep gradients for lysosome extraction: Prepare gradient 
solutions as indicated in Table 1. Keep all gradient solutions on 
ice until use (see Note 3). To make 100 mL of 2.3 M sucrose, 
weigh 78.729 g of sucrose and gradually pour into a 100-mL 
beaker containing 20 mL of ultrapure water and a fast stirring 
magnetic bar. Warm the suspension on a hot plate until every-
thing dissolves completely. Make up to 100 mL with ultrapure 
water. Store sucrose solution at 4 °C.

 10. OptiPrep gradients for peroxisome extraction: Prepare gradient 
solutions as indicated in Table 2. Keep on ice until use.

 11. RIPA buffer: 50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 
0.1 % (w/v) sodium dodecyl sulfate (SDS), 1.5 % (v/v) 
Nonidet P-40 (NP-40), 0.5 % (w/v) sodium deoxycholate, 
2 mM MgCl2.

Start with preparing the following stock solutions: To make 
100 mL of 1 M Tris–HCl (pH 8.0), weigh 15.76 g of Tris–HCl 
and transfer to a 100-mL beaker containing about 80 mL of 
ultrapure water. Stir vigorously on a magnetic stirrer until every-

Table 1  
Preparation of the OptiPrep gradients for lysosome extraction

Gradient
Final gradient 
percent (%)

OptiPrep density 
gradient medium 
volume (mL)

OptiPrep dilution buffer 
(L) volume (mL)

2.3 M sucrose 
volume (mL)

Final volume 
(mL)

1 27 0.864 0.941 0.115 1.92

2 22.5 0.9 1.351 0.149 2.4

3 19 OptiPrep fraction from step 13 in Subheading 3.1 2.4

4 16 0.6408 1.6032 0.156 2.4

5 12 0.432 1.575 0.153 2.16

6  8 0.096 0.569 0.055 0.72

Total volume (mL) 12

Table 2  
Preparation of the OptiPrep gradients for peroxisome extraction

Gradient
Final gradient 
percent (%)

OptiPrep density gradient 
medium volume (mL)

OptiPrep dilution buffer 
(P) volume (mL) Final volume (mL)

1 27.5 1.374 1.626  3

2 22.5 OptiPrep fraction from step 8 in Subheading 3.2  6

3 20 0.999 2.001  3

Total volume (mL) 12

Jie Luo et al.
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thing dissolves completely. Adjust pH with NaOH. Make up to 
100 mL with ultrapure water and sterilize by autoclaving. Store 
Tris–HCl solution at room temperature.

To make 100 mL of 10 % (w/v) SDS, weigh 10 g of SDS 
and transfer to a 100-mL beaker inside the hood containing 
about 80 mL of ultrapure water and a fast stirring magnetic 
bar. Warm the suspension to 68 °C on a hot plate until every-
thing dissolves completely. Cool down and adjust pH with 
HCl to 7.2. Make up to 100 mL with ultrapure water. Store 
SDS solution at room temperature. Please avoid exposing fine 
crystals of SDS to oneself and coworkers. Wear a mask and 
weigh SDS in the fume hood. Clean up afterwards.

To make 100 mL of 10 % NP-40, slowly pour 10 mL of 
NP-40 into a 100-mL graduated cylinder containing 80 mL of 
ultrapure water and a fast stirring magnetic bar. Stir vigorously 
for about 30–40 min. Make up to 100 mL with ultrapure 
water. Store NP-40 solution at room temperature.

To prepare the RIPA buffer using the stock solutions listed 
above, weigh 4.383 g of NaCl, 2.5 g of sodium deoxycholate 
and 0.2033 g of MgCl2⋅6 H2O and transfer to a 1-L beaker 
containing about 350 mL of ultrapure water. Stir vigorously 
on a magnetic stirrer until everything dissolves completely. 
Then add 25 mL of 1 M Tris–HCl (pH 8.0; see above), 5 mL 
of 10 % SDS (see above), and 75 mL of 10 % (v/v) NP-40 (see 
above). Make up to 500 mL with ultrapure water and sterilize 
by autoclaving. Aliquot and store at 4 °C.

 12. HMGCR solubilization buffer: 62.5 mM Tris–HCl (pH 6.8), 
15 % (w/v) SDS, 8 M urea, 10 % (v/v) glycerol, 100 mM DL- 
dithiothreitol (DTT). Slowly pour 50 mL of glycerol into a 
100-mL graduated cylinder containing 50 mL of ultrapure 
water and a fast stirring magnetic bar. Stir vigorously for about 
30–40 min and transfer (including the bar) to a 1-L beaker. 
Weigh 75 g of SDS (see above under 11 for safety consider-
ations) and 240 g of urea and slowly pour into the beaker 
inside the hood. Add 31.25 mL of 1 M Tris–HCl (pH 6.8; 
see above under 11 for recipe, adjust pH to 6.8). Warm the 
suspension to 68 °C on a hot plate until everything dissolves 
completely (see Note 4). Cool down and add 7.71 g of DTT 
(see Note 5). Make up to 500 mL with ultrapure water. Aliquot 
and store at room temperature (see Note 6).

 13. 4× Loading buffer: 150 mM Tris–HCl (pH 6.8), 12 % (w/v) 
SDS, 40 % (v/v) glycerol, 6 % (v/v) β-mercaptoethanol, 0.05 % 
(w/v) bromophenol blue. Weigh 60 g of SDS (see above under 
11 for safety considerations) and transfer to a 1-L beaker inside 
the hood containing about 150 mL of ultrapure water and a 
fast stirring magnetic bar. Warm the suspension to 68 °C on a 
hot plate until everything dissolves completely. Slowly pour 
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(including the bar) into a 500-mL graduated cylinder and add 
75 mL of 1 M Tris–HCl (pH 6.8; see above under 12) and 
200 mL of glycerol. Stir vigorously for about 30–40 min. Then 
add 30 mL of β-mercaptoethanol (see Notes 5 and 7) and 
0.25 g of bromophenol blue. Make up to 500 mL with ultra-
pure water. Save one aliquot at room temperature for current 
use and store the rest at −20 °C. To make 2× or 1× loading 
buffer, dilute the stock solution twofold or fourfold with ultra-
pure water respectively.

 14. Reconstitution buffer: 20 mM HEPES (pH 7.2), 250 mM 
sucrose, 1 mM MgCl2, 50 mM KCl, and 2 mM DTT. Start 
with preparing 100 mL of 1 M HEPES (pH 7.2). Weigh 
23.83 g of HEPES and transfer to a 100-mL beaker containing 
about 70 mL of ultrapure water. Stir vigorously on a magnetic 
stirrer until everything dissolves completely. Adjust pH with 
NaOH. Make up to 100 mL with ultrapure water and sterilize 
by autoclaving. Store HEPES buffer at 4 °C.
For the reconstitution buffer, weigh 8.55 g of sucrose, 0.02 g 
of MgCl2⋅6 H2O, 0.37 g of KCl, and 0.031 g of DTT and 
transfer to a 100-mL beaker containing about 80 mL of ultra-
pure water. Stir vigorously on a magnetic stirrer until every-
thing dissolves completely. Then add 2 mL of 1 M HEPES 
(pH 7.2; see above). Make up to 100 mL with ultrapure water. 
Store at 4 °C.

 1. Breaking buffer: 20 mM HEPES (pH 7.2), 250 mM sorbitol, 
150 mM potassium acetate, 5 mM magnesium acetate, 0.3 mM 
DTT. Weigh 4.55 g of sorbitol, 1.47 g of potassium acetate, 
0.107 g of (CH3COO)2Mg⋅4H2O, and 0.0046 g of DTT and 
transfer to a 100-mL beaker containing about 80 mL of ultra-
pure water. Stir vigorously on a magnetic stirrer until every-
thing dissolves completely. Then add 2 mL of 1 M HEPES 
(pH 7.2; see above under 14). Make up to 100 mL with ultra-
pure water. Store at 4 °C. Add a recommended amount of a 
protease inhibitor cocktail for mammalian cell and tissue 
extracts to 10 mL of the breaking buffer before use and keep 
on ice.

 2. BCA Protein Assay Kit. Store at room temperature.

 1. Ni Sepharose beads. Store at 4 °C.
 2. Wash buffer: 20 mM HEPES (pH 7.2), 2 mM EGTA (pH 8.0), 

250 mM sucrose, 1 mM MgCl2, 50 mM KCl, 1 mM DTT (see 
Note 8). Start with preparing 100 mL of 0.5 M EGTA (pH 8.0). 
Weigh 19.018 g of EGTA and transfer to a 100-mL beaker 
containing about 70 mL of ultrapure water. Stir vigorously on a 
magnetic stirrer while adjusting pH with NaOH pellets. The sus-
pension will become clear when the pH is approximately 8.0. 

2.2 Cytosol 
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Make up to 100 mL with ultrapure water and sterilize by auto-
claving. Store EGTA solution at room temperature.

For the wash buffer, weigh 8.55 g of sucrose, 0.02 g of 
MgCl2⋅6H2O, 0.37 g of KCl, and 0.031 g of DTT and transfer 
to a 100-mL beaker containing about 80 mL of ultrapure water. 
Stir vigorously on a magnetic stirrer until everything dissolves 
completely. Then add 2 mL of 1 M HEPES (pH 7.2; see above 
under 14) and 0.4 mL of 0.5 M EGTA (pH 8.0; see above). 
Make up to 100 mL with ultrapure water. Store at 4 °C.

 3. 0.1 M ATP. Weigh 0.0605 g of ATP and transfer to a 1.5-mL 
eppendorf tube containing 1 mL of ultrapure water. Mix on a 
rotator at 4 °C until everything dissolves completely. Aliquot 
and store at −80 °C.

 4. 0.1 M GTP: Weigh 0.0589 g of GTP and transfer to a 1.5-mL 
eppendorf tube containing 1 mL of ultrapure water. Mix on a 
rotator at 4 °C until everything dissolves completely. Aliquot 
and store at −80 °C (see Note 9).

 5. 3 M creatine phosphate: Weigh 0.908 g of creatine phosphate 
and transfer to a 1.5-mL eppendorf tube containing 1 mL of 
ultrapure water. Mix on a rotator at 4 °C until everything 
dissolves completely. Aliquot and store at −80 °C.

 6. 50 mg/mL creatine kinase: Weigh 0.05 g of creatine kinase 
and transfer to a 1.5-mL eppendorf tube containing 1 mL of 
ultrapure water. Mix on a rotator at 4 °C until everything 
dissolves completely. Aliquot and store at 4 °C.

 7. 1 mCi/mL 3H-cholesterol. Store at −20 °C (see Note 10).
 8. Scintillation cocktail. Store at room temperature in the dark.

3 Methods

Prepare cells in a laminar flow hood using proper aseptic technique. 
All procedures are carried out at 4 °C unless otherwise indicated. 
Ensure that you prechill reagents, supplies, and equipment in 
advance.

 1. Two days before harvesting, seed twelve 100 mm Petri 
dishes with 8 × 105 HeLa/NPC1-FLAG-mCherry cells each 
(see Notes 11 and 12).

 2. Warm the culture media, sterile PBS and trypsin–EDTA in a 
37 °C water bath for 20–30 min prior to harvesting (see 
Note 13).

 3. Aspirate the culture media and rinse cells with 5 mL of PBS to 
remove any traces of serum that may inhibit the action of trypsin 
in the next step. Discard PBS.

3.1 Lysosome 
Purification
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 4. Add 1 mL of trypsin–EDTA to the cell layer and rock the dish 
for complete coverage. Incubate cells in a 37 °C incubator for 
approximately 1–2 min. Examine cells under an inverted micro-
scope to ensure most (≥90 %) have detached (see Note 14).

 5. Add 2 mL of the culture media and pipette over the cell layer 
several times to dissociate any adherent cells from the bottom 
of the dish into the media.

 6. Collect and transfer the cell suspension from all twelve dishes 
into a precooled 50-mL conical tube and centrifuge at 1000 × g 
for 5 min. Discard the supernatant.

Steps 7–16 and 18–20 should be carried out at 4 °C. 
Ensure to use ice-cold reagents and pre-chilled supplies.

 7. Resuspend the cell pellet in 10 mL of PBS and centrifuge at 
1000 × g for 5 min. Discard the supernatant. Repeat this wash 
step one more time.

 8. Resuspend the pellet in 2.7 packed cell volumes (PCV) of the 
lysosome extraction buffer (see Note 15). Vortex vigorously. 
Then equally split the suspension into two 5-mL eppendorf 
tubes (see Note 16).

 9. Homogenize cells by passing through a 23G needle approxi-
mately 60–100 times so that 80–85 % cells have lysed (see 
Note 17).

 10. Centrifuge at 1000 × g for 10 min (see Note 18).
 11. Collect the supernatant in new eppendorf tubes. Keep 100–

200 μL to assay for the degree of purification in step 17. Equally 
split the rest into four 1-mL ultracentrifuge tubes (see Note 19).

 12. Centrifuge at 20,000 × g for 20 min using a HITACHI 
CS150GX ultracentrifuge or equivalent instrument. Discard 
the supernatant.

 13. Resuspend the pellet of all four tubes in 1.28 mL of the lyso-
some extraction buffer. Transfer the suspension to a 5-mL 
eppendorf tube. Then add 0.808 mL of the OptiPrep Density 
Gradient Medium and 0.44 mL of the 1× OptiPrep dilution 
buffer (L) to make a final concentration of the 19 % (v/v) 
OptiPrep fraction (see Note 20).

 14. Prepare a discontinuous density gradient in a 12-mL ultracentri-
fuge tube by adding the following solutions from the bottom to 
the top sequentially (Table 1): 1.92 mL of the 27 % OptiPrep 
media, 2.4 mL of the 22.5 % OptiPrep media, 2.4 mL of the 
above prepared 19 % OptiPrep fraction, 2.4 mL of the 16 % 
OptiPrep media, 2.16 mL of the 12 % OptiPrep media, and 
0.72 mL of the 8 % OptiPrep media (see Note 21).

 15. Centrifuge in a SW50.1 type rotor (Beckman Coulter) or 
equivalent instrument at 150,000 × g for 4 h with maximal 
acceleration and minimal deceleration (see Note 22).
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 16. After centrifugation, remove the tube and collect fractions of 
0.6 mL in 1.5-mL eppendorf tubes. A total of 20 fractions will 
be taken. Number them individually (see Note 23).

 17. Fractions collected from the above and that from step 11 are 
now resolved by SDS-PAGE electrophoresis to assay for the 
degree of purification. Take 24 μL of each sample, add 40 μL 
of the 3:2 buffer (see Note 6) and incubate at 37 °C for 30 min 
(or add 24 μL of the 2× loading buffer and incubate at 95 °C 
for 10 min) (see Note 24). Then load 20 μL of the mixture 
onto 8 % (w/v) SDS-PAGE gels. Routine western blotting 
procedures are carried out afterwards. The blots are probed 
with anti-LAMP1 (lysosome marker), anti-NPC1 (lysosome 
marker), anti-prohibitin (PHB) (mitochondrial marker), anti-
 GM130 (Golgi marker), anti-ABCD1 (peroxisome marker), 
anti-Rab5 (early endosome marker), and anti-calnexin (ER 
marker). A typical example of fractions taken from the iodixa-
nol density gradient is shown in Fig. 1.

 18. Combine fractions with purest lysosomes together in a 12-mL 
ultracentrifuge tube. Make up the rest of volume with the 
reconstitution buffer. Vortex vigorously (see Note 25).

 19. Centrifuge in a SW50.1 type rotor (Beckman Coulter) or 
equivalent instrument at 28,000 × g for 30 min with maxi-
mal acceleration and minimal deceleration. Discard the 
supernatant.

 20. Resuspend the lysosome pellet in 200 μL of the reconstitution 
buffer and keep on ice until use (see Note 26).

Fig. 1 The total 20 successive fractions along the iodixanol density gradient dur-
ing lysosome purification. Lanes 11–15 represent purified lysosomes. B, blank; 
Whole, whole cell lysate
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 21. Proceed to Subheading 3.4.

Initial steps of preparing cells for peroxisome purification are quite 
similar to those for lysosome purification except that HeLa/EGFP- 
His6- SKL cells are used (see Note 27). Steps 1–7 are therefore 
omitted. Please refer to the relevant parts in Subheading 3.1 for 
the details.

 1. Resuspend the pellet in 2.7 PCV of the peroxisome extraction 
buffer. Vortex vigorously. Then equally split the suspension 
into two 5-mL eppendorf tubes (see Notes 15 and 16).

 2. Homogenize cells by passing through a 23G needle approxi-
mately 60–100 times so that 80–85 % cells have lysed (see Note 28. 
Also see Note 17).

 3. Centrifuge at 1000 × g for 10 min (see Note 18).
 4. Collect the supernatant in new eppendorf tubes. Keep  

100–200 μL to assay for the degree of purification in step 12.
 5. Centrifuge at 2000 × g for 10 min (see Note 29).
 6. Collect the supernatant and further split into four 1-mL 

ultracentrifuge tubes (see Note 19).
 7. Centrifuge at 25,000 × g for 20 min using a HITACHI 

CS150GX ultracentrifuge or equivalent instrument. Discard 
the supernatant.

 8. Resuspend the pellet of all four tubes in 1.6 mL of the peroxi-
some extraction buffer. Transfer the suspension to a 10-mL 
conical tube. Then add 2.25 mL of the OptiPrep Density 
Gradient Medium and 2.15 mL of the 1× OptiPrep dilution 
buffer (P) to make a final concentration of the 22.5 % (v/v) 
OptiPrep fraction (see Note 20).

 9. Prepare a discontinuous density gradient in a 12-mL ultracen-
trifuge tube by adding the following solutions from the bot-
tom to the top sequentially (Table 2): 3 mL of the 27.5 % 
OptiPrep Media, 6 mL of the above prepared 22.5 % OptiPrep 
fraction, and 3 mL of the 20 % OptiPrep Media (see Note 30).

 10. Centrifuge in a SW50.1 type rotor (Beckman Coulter) or 
equivalent instrument at 100,000 × g for 1.5 h with maximal 
acceleration and minimal deceleration (see Note 22).

 11. After centrifugation, remove the tube and collect fractions of 
0.6 mL in 1.5-mL eppendorf tubes. A total of 20 fractions will 
be taken. Number them individually (see Note 31. Also see 
Note 23).

 12. Fractions collected from the above and that from step 4 are 
now resolved by SDS-PAGE electrophoresis to assay for the 
degree of purification. Please refer to step 17 in Subheading 
3.1 for the details. The blots are probed with anti-ABCD1 

3.2 Peroxisome 
Purification
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(peroxisome marker), anti-NPC1 (lysosome marker), anti- 
LAMP1 (lysosome marker), anti-GM130 (Golgi marker), 
anti-transferrin receptor (TNR) (plasma membrane marker), 
anti-gp78 (ER marker), and anti-Lamin B (nucleus marker). 
A typical example of fractions taken from the iodixanol density 
gradient is shown in Fig. 2.

 13. Combine fractions with purest peroxisomes together in a 5-mL 
eppendorf tube and keep on ice until use (see Note 32).

 14. Proceed to Subheading 3.4.

 1. Two days before harvesting, seed thirty 100-mm Petri dishes 
with 2 × 106 HEK293T cells each (see Note 33).

Perform steps 2–7 as described in Subheading 3.1.
 2. Resuspend the pellet in 1.5 PCV of the breaking buffer. Vortex 

vigorously. Then equally split the suspension into two 5-mL 
eppendorf tubes (see Note 34).

 3. Homogenize cells by passing through a 23G needle approxi-
mately 100–150 times so that 80–85 % cells have lysed (see 
Note 35. Also see Note 17).

 4. Transfer the supernatant to 1-mL ultracentrifuge tubes and 
centrifuge at 160,000 × g for 30 min.

 5. Repeat step 4 two more times (see Note 36).
 6. Collect the supernatant in a 10-mL conical tube. Save about 

10 μL to assay for protein concentration and keep the rest on 
ice until use (see Note 37). Prepare a series of diluted BSA 
standards ranging from 25 to 2000 μg/mL and the working 

3.3 Cytosol 
Purification

Fig. 2 The total 13 successive fractions along the iodixanol density gradient during 
peroxisome purification. Lanes 11–13 represent purified peroxisomes
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reagent following the instructions for BCA Protein Assay Kit. 
Dilute 2 μL of the supernatant in 98 μL of PBS. Combine 
25 μL of each standard or sample replicate with 200 μL of the 
working reagent and incubate at 37 °C for 30 min. Measure 
the absorbance at 595 nm on a Bio-Rad iMark™ microplate 
reader or equivalent instrument (see Note 38).

 7. Proceed to Subheading 3.4.

 1. Add 500 μL of Ni Sepharose bead slurry (250 μL packed beads) 
to 4 mL of PBS in a 5-mL eppendorf tube. Incubate with gentle 
rocking on a rotating shaker for 5 min (see Note 39).

 2. Centrifuge at 800 × g for 1 min. Discard the supernatant 
(see Note 40).

 3. Resuspend the beads in 4 mL of PBS. Incubate with gentle 
rocking for 5 min.

 4. Repeat steps 2–3 two more times.
 5. Centrifuge at 800 × g for 1 min. Discard the supernatant.
 6. Add purified peroxisomes prepared in Subheading 3.2 to the 

beads and incubate with gentle rocking for 2 h.
 7. Centrifuge at 800 × g for 1 min. Discard the supernatant (see 

Note 41).
 8. Wash the beads four times with the wash buffer (see Notes 42 

and 43).
 9. Resuspend the beads in 250 μL of the reconstitution buffer. 

Pipette to mix well.
 10. Add the following components to a 1.5-mL eppendorf tube 

sitting on ice: 20 μL of purified lysosomes (prepared in 
Subheading 3.1), 40 μL of the above prepared slurry (20 μL 
packed beads), purified cytosol (prepared in Subheading 3.3) 
diluted to 1 mg/mL, 2.5 μL of 0.1 M ATP, 2.5 μL of 0.1 M 
GTP, 2.5 μL of 3 M creatine phosphate, and 0.25 μL of 
50 mg/mL creatine kinase. Make up to 250 μL with the recon-
stitution buffer (see Note 44).

 11. Incubate with gentle rocking at 37 °C for 30 min.
 12. Centrifuge at 800 × g for 1 min. Discard the supernatant.
 13. Wash the beads four times with the reconstitution buffer (see 

Note 45).
 14. Resuspend the beads in 100 μL of the reconstitution buffer. 

Pipette to mix well. The overall workflow of the in vitro recon-
stitution of LPMC is summarized in Fig. 3. The suspension 
can be assayed for the following experiments:
(a) Confocal microscopy. Place 12 μL of the mounting media 

onto a glass slide. Add 3–5 μL of the above suspension 
into the media, coverslip and examine under a confocal 
microscope. A typical example is shown in Fig. 4.

3.4 In Vitro 
Reconstitution 
of LPMC
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(b) Western blot. Spin down the beads and resuspend in 40 μL 
of the 3:3:2 buffer (see Note 6) and incubate at 37 °C for 
30 min (or 40 μL of the 1× loading buffer and incubate at 
95 °C for 10 min). Then load 20 μL of the mixture onto 

Fig. 3 A schematic summary of the in vitro reconstitution of LPMC (modified 
from [11] with permission from Elsevier)

Fig. 4 The confocal images of Ni Sepharose beads from the in vitro reconstitution of 
LPMC in the absence (−) or presence (+) of the cytosol, ATP/GTP, and ATP- regenerating 
system as indicated. Boxed areas are shown at higher magnification in the bottom 
row. Scale bar, 20 μm (reproduced from [11] with permission from Elsevier)

In Vitro Cholesterol Transfer through LPMC
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8 % SDS-PAGE gels. Routine western blotting procedures 
are carried out afterwards. The blots are probed with anti-
FLAG and anti-EGFP. A typical example is shown in Fig. 5.

Before starting your experiments, please observe Note 10.

 1. Two days before harvesting, seed twelve 100-mm petri dishes 
with 2 × 106 HEK293T cells each.

 2. On the evening before harvesting, aspirate the culture media 
and rinse cells with 5 mL of PBS. Then add 10 mL of the culture 
media containing 1 μCi/mL 3H-cholesterol. Return cells to 
the incubator (see Note 46).

 3. 12 h later, aspirate the culture media and rinse cells with 5 mL 
of PBS containing 0.2 % (w/v) BSA (see Note 47). Discard 
radioactive media and PBS in accordance to institutional 
procedures.
Perform steps 4–13 as described in Subheading 3.1 to get 

200 μL of 3H-cholesterol-labeled lysosomes.

Perform steps 1–13 as described in Subheading 3.2 followed by 
steps 1–9 as described in Subheading 3.4 to get 500 μL of 
peroxisome- bound bead slurry (250 μL packed beads).

3.5 In Vitro 
3H-Cholesterol 
Transfer 
Through LPMC

3.5.1 3H-Cholesterol- 
Labeled Lysosome 
Purification

3.5.2 Peroxisome 
Purification

Fig. 5 The immunoblots from the in vitro reconstitution of LPMC in the absence 
(−) or presence (+) of the cytosol, ATP/GTP, and ATP-regenerating system as 
indicated. The intensity of FLAG+ band was quantified to give an estimation of 
lysosomes associated with peroxisome-bound Sepharose beads. Data are 
mean ± SD (from 3 independent repeats of experiments) (reproduced from [11] 
with permission from Elsevier)
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 1. Set up the in vitro reconstitution of LPMC in 1.5-mL eppendorf 
tubes as follows (Table 3):
(a) Start with tube F. Add 20 μL of 3H-cholesterol-labeled lyso-

somes (prepared in Subheading 3.5.1), 40 μL of peroxisome- 
bound bead slurry (20 μL packed beads) (prepared in 
Subheading 3.5.2), purified cytosol (prepared in Subheading 
3.3) diluted to 1 mg/mL, 1 mM ATP, 1 mM GTP, 30 mM 
creatine phosphate, and 0.05 mg/mL creatine kinase. Make 
up to 250 μL with the reconstitution buffer. Mix well and 
incubate with gentle rocking at 37 °C.

(b) Prepare tube E in the same manner 1 h after step a. 
Incubate with gentle rocking at 37 °C.

(c) Prepare tube D in the same manner 1.5 h after step a. 
Incubate with gentle rocking at 37 °C.

(d) Prepare tube C in the same manner 1 h and 50 min after 
step a. Incubate with gentle rocking at 37 °C.

(e) Prepare tube B 2 h after step a. Combine 40 μL of 
peroxisome- bound bead slurry (20 μL packed beads) (pre-
pared in Subheading 3.5.2), purified cytosol (prepared in 
Subheading 3.3) diluted to 1 mg/mL, 1 mM ATP, 1 mM 
GTP, 30 mM creatine phosphate, and 0.05 mg/mL cre-
atine kinase. Make up to 250 μL with the reconstitution 
buffer.

(f) Prepare tube A immediately afterwards. Add 20 μL of 
3H-cholesterol-labeled lysosomes (prepared in Subheading 
3.5.1) to 230 μL of the reconstitution buffer.

 2. Centrifuge tubes B-F at 800 × g for 1 min. Discard the 
supernatant.

 3. Wash the beads four times with the wash buffer (see Notes 42 
and 43).

3.5.3 3H-Cholesterol 
Transfer Through LPMC

Table 3  
Reaction setup for the in vitro 3H-cholesterol transfer assay

Tube # A B C D E F

3H-cholesterol-labeled lysosomes (20 μL) + − + + + +

Peroxisome-bound bead slurry (40 μL) − + + + + +

Cytosol (1 mg/mL) − + + + + +

1 mM ATP, 1 mM GTP, 30 mM creatine 
phosphate, and 0.05 mg/mL creatine kinase

− + + + + +

Reconstitution buffer Make up volume to 250 μL

Incubation time (min) − 0 10 30 60 120

In Vitro Cholesterol Transfer through LPMC
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 4. Add 1 mL of the scintillation cocktail into tubes A-F. Vortex 
vigorously.

 5. Place tubes into plastic liquid scintillation vials and measure 
the radioactivity of each sample in units of disintegration per 
minute (dpm) using a Beckman LS 65004 liquid scintillation 
counter or equivalent instrument.

 6. The radioactivity of tubes B-F is individually divided by that of 
tube A to get the percentage of 3H-cholesterol transfer through 
LPMC at different time points. The overall workflow and the 
representative results are shown in Fig. 6.

4 Notes

 1. For long-term storage, it is recommended to aliquot and store 
at −20 °C.

 2. It is best to prepare the extraction buffer fresh every time.
 3. The final osmolality of OptiPrep gradients should be balanced 

to around 290 mOsm using sucrose.
 4. This process may take about 40–60 min. Cover the beaker 

with aluminum foil to prevent evaporation during the heating 
process.

 5. The reducing reagent should be added after cooling down to 
avoid degradation.

 6. The HMGCR solubilization buffer tends to solidify at low 
temperatures. Warm at 37 °C prior to use. In our laboratory, 
we prefer to prepare two ready-to-use versions by mixing 
HMGCR solubilization buffer with 4× loading buffer at a ratio 
of 3:2 (referred to as 3:2 buffer), or mixing RIPA buffer, 
HMGCR solubilization buffer, and 4× loading buffer at a ratio 
of 3:3:2 (referred to as 3:3:2 buffer) and store both at room 
temperature.

 7. Due to the toxicity and strong odor, β-mercaptoethanol should 
be used in a fume hood.

 8. The addition of 2 mM EGTA to the reconstitution buffer 
makes the wash buffer.

 9. 0.1 M GTP aliquots may appear gel-like when thawing at room 
temperature. Warm at 37 °C before use.

 10. Diligently follow the guidelines designated by your Institutions 
Radiation Safety Program when handling radioactive materi-
als. Ensure that you wear personal protective equipment 
during operations. Dispose of radioactive waste properly 
according to guidelines designated by the Radiation Safety 
Program.
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 11. The procedures of lysosome purification described here are 
applicable to HeLa cells stably expressing NPC1-FLAG- 
mCherry and HEK293T cells. Steps of establishing HeLa cells 
stably expressing NPC1-FLAG-mCherry: (a) Amplify NPC1 
from mouse liver cDNA by standard PCR; (b) Insert NPC1 

Fig. 6 In vitro 3H-cholesterol transfer through LPMC. (a) A schematic summary of 
the in vitro 3H-cholesterol transfer assay. (b) Percentages of 3H-cholesterol 
retained on the peroxisome-bound Sepharose beads relative to the total 
3H-cholesterol in lysosomes were calculated to give an estimation of 3H-cholesterol 
transfer from lysosome to peroxisome over time. Data are mean ± SD (from 3 
independent repeats of experiments) (modified from [11] with permission from 
Elsevier)
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and 3× FLAG tag into the pmCherry-N1 vector using quick- 
change method; (c) Transiently transfect HeLa cells with the 
NPC1-FLAG-mCherry plasmid using Fugene® HD transfect 
reagent (Promega) or an equivalent transfection reagent; (d) 
48 h after transfection, change to the culture media containing 
400 μg/mL G418; (e) Culture cells until single colonies are 
formed; (f) Select cells that stably express NPC1-FLAG-
mCherry under a fluorescent microscope; (g) Maintain the 
stable cell line in the culture media containing 400 μg/mL 
G418.

 12. Purifying lysosomes for the in vitro reconstitution assay 
requires a large amount of cells. Cells usually reach 80–90 % 
confluency on the day of harvesting.

 13. It is best to use prewarmed solutions to minimize stress to cells.
 14. The temperature and time duration for incubation vary 

depending on cell type. It is fine to increase the incubation 
time if necessary. However, one may need to check for cell 
dispersal more frequently. Gentle agitation of the dish may 
help detachment. If using HEK293T cells, we suggest incu-
bating at room temperature since these cells are more easily 
detachable.

 15. The PCV should be about 1–2 mL in volume.
 16. Smaller volumes allow for more thorough homogenization 

during the next step.
 17. The number of strokes varies depending on cell type and buf-

fer composition and should be determined by end users. After 
every 20 strokes, place 5 μL of the lysate onto a glass slide, 
coverslip and examine under a microscope for lysis efficiency. 
The key of this step is to achieve enough cell breakage without 
jeopardizing lysosome integrity.

 18. This step is to pellet unlysed cells, nuclei, and large debris.
 19. It is necessary to split samples due to the limited tube capacity. 

Split samples will be pooled together later.
 20. Ensure to perform sufficient resuspension in the extraction 

buffer using pipetting and vortexing. This step is a prerequisite 
of successful isolation of lysosomes/peroxisomes using the 
iodixanol density gradient in the next step. Avoid resuspending 
the pellet in the OptiPrep Density Gradient Medium since it is 
viscous. Vortex vigorously every time when adding a new 
component.

 21. In this step, descending concentrations of solutions are over-
laid progressively on one another. Start with the 27 % (v/v) 
OptiPrep Media first. Load and place an extra-long gel loading 
pipettor tip against the inside wall of the tube. Then pipette 
gently so that the solution flow down slowly and steadily. Allow 
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all volume to drain completely. Then proceed with the 22.5, 
19, 16, 12, and 8 % OptiPrep Media successively.

 22. For safety reasons, ensure to balance the rotor with tubes of 
the same mass (use weighing balance).

 23. Avoid disturbing the layers when taking the tube out of the 
rotor. You will see several bands floating in the gradient. To col-
lect fractions, snugly fit a white pipettor tip onto the end of a 
blue one and withdraw from the top of the gradient gently. It is 
fine to collect less fractions in a bigger volume, e.g., 15 × 0.8 mL 
fractions.

 24. Reducing reagents such as DTT and β-mercaptoethanol are fre-
quently used to break protein disulfide bonds. When examining 
membrane proteins with multiple transmembrane segments, 
we recommend warming samples in the HMGCR solubiliza-
tion buffer because high concentration of urea may help to 
reduce protein aggregation and increase band resolution on 
the gels.

 25. This step is to reduce the concentration of the OptiPrep Media 
in the lysosome fractions.

 26. The pellet may be stored overnight at 2–8 °C if necessary. 
Never freeze since the freeze-thaw cycle may compromise lyso-
somal integrity.

 27. Steps for establishing HeLa cells stably expressing EGFP-His6- 
SKL: (a) Insert SKL and 6× His tag into the pEGFP-N1 vector 
using quick-change method; (b) Transiently transfect HeLa cells 
with the EGFP-His6-SKL plasmid using Fugene® HD transfect 
reagent or an equivalent reagent; (c) 48 h after transfection, 
change to the culture media containing 400 μg/mL G418; 
(d) Culture cells until single colonies are formed; (e) Select cells 
that stably express EGFP- His6- SKL under a fluorescent micro-
scope; (f) Maintain the stable cell line in the culture media con-
taining 400 μg/mL G418.

 28. Please note that it requires more strokes when homogenizing 
samples for peroxisome purification, since the composition of 
the peroxisome extraction buffer differs from that of the lyso-
some extraction buffer.

 29. This step is to pellet heavy mitochondria.
 30. Similarly, descending concentrations of solutions are overlaid 

progressively on one another. Start with the 27.5 % (v/v) 
OptiPrep Media first. Then proceed with the 22.5 % OptiPrep 
fraction and the 20 % OptiPrep Media successively.

 31. ER and lysosomes mainly float on the top of the gradient, 
and mitochondria restrict to the ring at the 27.5 %–22.5 % 
interface. Purest peroxisomes usually locate in the bottom 
layer.
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 32. The peroxisome fractions should be about 3 mL in volume. 
Purified peroxisomes may be stored overnight at 2–8 °C if nec-
essary. Never freeze since the freeze–thaw cycle may compro-
mise peroxisomal integrity.

 33. HEK293T cells are smaller in size and a greater number of 
cells are required to start with. Cells usually reach 80–90 % 
confluency on the day of harvesting.

 34. The PCV should be about 3–5 mL in volume.
 35. This is the most labor-intensive homogenization of the whole 

procedure.
 36. This step is to remove nuclei, vesicles and organelles from 

the cytosol. The pellet becomes smaller after each 
ultracentrifugation.

 37. Purified cytosol may be stored at −80 °C for several weeks. It 
is best to aliquot to avoid freeze–thaw cycles.

 38. The protein concentration should be about 5–10 mg/mL.
 39. Ni Sepharose beads are often supplied as a 50 % slurry suspen-

sion in PBS containing 20 % ethanol. It is best to wash off 
ethanol before use. Mix the suspension well and withdraw gen-
tly using a yellow pipettor tip with the end cut off (which pre-
vents damage to the beads and allows easy pipetting). After 
releasing the beads into PBS, pipette up and down several 
times to remove any traces that may stick to the tip.

 40. Extra care should be taken when removing supernatant from 
the beads.

 41. This step is to pellet EGFP-His6-SKL-labeled peroxisomes 
bound to the beads.

 42. The presence of EGTA in the wash buffer helps to dissociate 
organelles that may be in contact with peroxisomes.

 43. During each wash, resuspend the beads in 4 mL of the wash 
buffer and incubate with gentle rocking for 5 min. Then cen-
trifuge at 800 × g for 1 min and discard the supernatant.

 44. Components listed here are for one standard reaction. You can 
also evaluate critical determinants of LPMC by adding Syt7- 
C2AB to or omitting ATP/GTP or cytosol from the system.

 45. This wash step is to eliminate nonspecific binding to 
LPMC. Never use the wash buffer since the presence of EGTA 
may impair the formation of LPMC.

 46. Prewarm PBS and the culture media to 37 °C before use. It is 
best to prepare a master mix for all the dishes by adding 
150 μL of 1 mCi/mL 3H-cholesterol to 150 mL of the culture 
media.

Jie Luo et al.
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 47. The presence of BSA helps to absorb excess 3H-cholesterol 
that has not been taken up by cells during overnight incuba-
tion. We prepare PBS/0.2 % BSA fresh every time. Weigh 
0.14 g of BSA and transfer to a 100-mL beaker containing 
about 65 mL of 1× PBS. Stir vigorously on a magnetic stirrer 
until everything dissolves completely. Make up to 70 mL with 
1× PBS and filter through a 0.45-μm Millipore filter. Prewarm 
to 37 °C before use.
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Chapter 12

Measurement of Mitochondrial Cholesterol Import Using 
a Mitochondria-Targeted CYP11A1 Fusion Construct

Barry E. Kennedy, Mark Charman, and Barbara Karten

Abstract

All animal membranes require cholesterol as an essential regulator of biophysical properties and function, 
but the levels of cholesterol vary widely among different subcellular compartments. Mitochondria, and in 
particular the inner mitochondrial membrane, have the lowest levels of cholesterol in the cell. Nevertheless, 
mitochondria need cholesterol for membrane maintenance and biogenesis, as well as oxysterol, steroid, 
and hepatic bile acid production. Alterations in mitochondrial cholesterol have been associated with a 
range of pathological conditions, including cancer, hepatosteatosis, cardiac ischemia, Alzheimer’s, and 
Niemann–Pick Type C Disease. The mechanisms of mitochondrial cholesterol import are not fully eluci-
dated yet, and may vary in different cell types and environmental conditions. Measuring cholesterol traf-
ficking to the mitochondrial membranes is technically challenging because of its low abundance; for 
example, traditional pulse-chase experiments with isotope-labeled cholesterol are not feasible. Here, we 
describe improvements to a method first developed by the Miller group at the University of California to 
measure cholesterol trafficking to the inner mitochondrial membrane (IMM) through the conversion of 
cholesterol to pregnenolone. This method uses a mitochondria-targeted, ectopically expressed fusion con-
struct of CYP11A1, ferredoxin reductase and ferredoxin. Pregnenolone is formed exclusively from choles-
terol at the IMM, and can be analyzed with high sensitivity and specificity through ELISA or 
radioimmunoassay of the medium/buffer to reflect mitochondrial cholesterol import. This assay can be 
used to investigate the effects of genetic or pharmacological interventions on mitochondrial cholesterol 
import in cultured cells or isolated mitochondria.

Key words Mitochondrial cholesterol import, Pregnenolone, F2-fusion protein, CYP11A1, 
Radioimmunoassay

1 Introduction

Cholesterol is an essential component of all animal membranes, 
regulating membrane fluidity, permeability, curvature, membrane 
fusion and fission, and membrane protein function. The distribu-
tion of cholesterol among subcellular membranes is highly hetero-
geneous, with highest levels in the plasma membrane and very low 
levels in the endoplasmic reticulum and in mitochondria, particularly 
in the inner mitochondrial membrane (IMM). Thus, cholesterol 
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levels in mitochondria have been estimated to be 40-fold lower 
than in the plasma membrane and even 4.5-fold lower than in the 
ER [1]. Nevertheless, mitochondria require cholesterol for struc-
tural maintenance, biogenesis and as the precursor for the synthesis 
of steroids, oxysterols, and hepatic bile acids. Increased mitochon-
drial cholesterol levels are associated with several pathological con-
ditions, including cancer [2–4], myocardial ischemia [5, 6], 
hepatosteatosis [7–10], Alzheimer’s disease [11–13], and NPC1 
deficiency [13–15]. Elevated cholesterol levels decrease the fluidity 
and proton permeability of mitochondrial membranes [2, 16–18], 
and affect mitochondrial function (reviewed in [19–21]). Studies 
using cell or animal models with increased mitochondrial choles-
terol have shown alterations in a wide variety of mitochondrial 
function parameters depending on the model system, cell type, 
genetic background, and other factors. However, certain com-
monalities of mitochondrial alterations associated with high cho-
lesterol are beginning to emerge, for example increased oxidative 
stress and/or decreased mitochondrial antioxidant levels [7–13, 
22–28], decreased mitochondrial respiration [2, 5, 15, 27–30], 
and impaired membrane permeabilization during the mitochon-
drial permeability transition [3, 16, 19, 31, 32], although the 
underlying mechanisms remain unclear and may vary among 
different model systems.

The mechanism of cholesterol import into mitochondria is 
best known for steroidogenic cells, where the steroidogenic acute 
regulatory protein (StAR, now Stard1) acts in conjunction with a 
multiprotein complex spanning both membranes to move choles-
terol to the inner mitochondrial membrane (IMM), where the first 
step of steroidogenesis occurs (reviewed in [33–36]). At the IMM, 
cholesterol is converted to pregnenolone, which is the precursor 
for all other steroid hormones. In non-steroidogenic cells, traffick-
ing to mitochondria has been described for cholesterol from the 
plasma membrane [37], the ER [18, 19], late endosomes [14, 38], 
and lipid droplets [39, 40], and may involve cytosolic carrier pro-
teins, particularly for transport from the plasma membrane [37] 
and/or membrane contact sites, such as the mitochondria- 
associated membranes of the ER [41]. Stard1 and other members 
of the same protein family with a cholesterol-binding StAR-related 
lipid transfer (START) domain are key players in mitochondrial 
cholesterol import [14, 19, 33–36]. A multiprotein complex span-
ning both mitochondrial membranes is also required for choles-
terol transport to the IMM [42, 43]. Even though many of the 
proteins involved in mitochondrial cholesterol import have been 
identified, the exact mechanisms and regulation of transport in dif-
ferent cell types and environmental conditions are still largely 
unclear. Recent work, disputing some long-standing models for 
mitochondrial cholesterol import, illustrates the need for further 
mechanistic studies [43, 44].
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The association of diseases such as cancer with increased mito-
chondrial cholesterol levels has raised interest in the mechanisms of 
mitochondrial cholesterol import, and the consequences of altered 
mitochondrial cholesterol levels. However, the measurement of total 
mitochondrial cholesterol levels and of cholesterol transport to the 
mitochondrial membranes remains a key challenge. Investigations of 
other cholesterol trafficking pathways commonly rely on isotope-
labeled tracers, either provided in the form of biosynthetic precur-
sors, such as [3H]- or [14C]-labeled acetate or mevalonate, or in the 
form of exogenous isotope-labeled cholesterol or cholesterol esters, 
complexed to cyclodextrins or lipoproteins, to follow cholesterol. 
However, because of the relatively small amounts of cholesterol 
imported into mitochondria and the lengthy procedure to sufficiently 
purify mitochondria, the amounts of radiotracer and cells needed to 
quantify mitochondrial cholesterol with this approach would be pro-
hibitively high. Fluorescent analogues of cholesterol have been used 
for real-time, single-cell monitoring of cholesterol transport [45], 
but the very low levels of cholesterol in mitochondria would make it 
nearly impossible to quantify fluorescent analogues in mitochondria 
in the presence of the cholesterol-rich plasma membrane and endo-
somal membranes. Moreover, the fluorescent analogues that best 
mimic the biophysical characteristics of cholesterol, namely dehydro-
ergosterol and cholestatrienol, fluoresce in the low UV range, and are 
not easily detected with many microscopes [46]. More recently 
developed techniques, such as the tracing of cholesterol using the 
click chemistry probe alkyne-cholesterol [47, 48], may provide addi-
tional options for mitochondrial cholesterol measurements.

To circumvent the key challenge of quantifying very low levels 
of mitochondrial cholesterol in the presence of cholesterol-rich 
membranes, the assay described here uses the mitochondria- specific 
conversion of cholesterol to pregnenolone as an indicator for choles-
terol arrival at the IMM. A similar approach of using an organelle- 
specific enzymatic process to monitor cholesterol trafficking is 
commonly used to follow cholesterol trafficking to the ER, where 
the formation of cholesterol esters from isotope-labeled cholesterol 
reflects cholesterol delivery to the ER. Pregnenolone synthesis is 
catalyzed by CYP11A1 (formerly cytochrome P450 side chain cleav-
age enzyme, P450scc) at the IMM, and the transport of cholesterol 
to CYP11A1 is the rate-determining step of steroidogenesis. 
Pregnenolone can be measured with high sensitivity and specificity 
using enzyme-linked immunosorbent assays (ELISA) or radioim-
munoassays (RIA). Because pregnenolone is membrane-permeable, 
its concentration in the extracellular medium reflects pregnenolone 
synthesis—and thus cholesterol transport to the IMM—when 
downstream steroidogenesis from pregnenolone is inhibited. 
Pregnenolone formation has been used in steroidogenic cells to 
monitor cholesterol import to the IMM in studies that revealed the 
key role of Stard1 [49, 50].
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To adapt this technique to non-steroidogenic cells, the group 
of Walter Miller at the University of California, San Francisco, CA, 
developed a mitochondrially targeted fusion construct of CYP11A1, 
ferredoxin reductase, and ferredoxin, which conferred the ability 
to synthesize pregnenolone to non-steroidogenic cells when 
expressed ectopically [51, 52]. Non-steroidogenic COS-1 cells 
transfected with the so-called F2-fusion protein synthesized mea-
surable amounts of pregnenolone, which increased following co- 
transfection with Stard1, indicating increased mitochondrial 
cholesterol import in the presence of Stard1 [49, 50]. The approach 
relies on the key principle that through the activity of CYP11A1 in 
the F2-fusion protein, pregnenolone is exclusively formed from 
cholesterol at the IMM, so that the amount of pregnenolone in the 
medium reflects the sum of cholesterol that arrived at the IMM 
during the incubation period. It is crucial that CYP11A1 activity is 
high enough to ensure that cholesterol transport to the IMM (and 
not CYP11A1 activity) is the rate-determining step. The maximum 
CYP11A1 activity is determined using the membrane-permeable 
precursor 22-R-hydroxycholesterol (22-OH-Chol) for pregneno-
lone formation. 22-OH-Chol does not rely on active transport 
mechanisms to reach the F2-fusion protein, therefore its conver-
sion to pregnenolone is only limited by CYP11A1 activity. One 
main caveat of this approach is that the ectopic expression of the 
F2-fusion protein could change mitochondrial cholesterol traffick-
ing due to its CYP11A1 activity and removal of cholesterol from 
the IMM, especially if CYP11A1 activity is exceedingly high. 
Therefore, it should not be concluded that the amount of preg-
nenolone formed in cells transfected with the F2-fusion vector 
equals the amount of cholesterol that would reach the IMM in the 
parental cells not expressing the F2-fusion protein. However, when 
set up to ensure that CYP11A1 activity is not rate-limiting and that 
it is similar among cell models and conditions to be compared, this 
method can provide a powerful approach to investigate the effects 
of genetic or pharmacological manipulations—for example the 
depletion or overexpression of candidate transport proteins—on 
mitochondrial cholesterol import.

Our group has used this approach to elucidate the roles of 
Niemann–Pick Type C proteins and Stard3 in mitochondrial cho-
lesterol import [14, 38]. Other studies have investigated the role 
of Stard1 and its binding partners, effects of different Stard1 
mutations, other START proteins, and mitochondrial proteins 
potentially involved in cholesterol transport [41, 53–66]. Here, 
we describe the assay conditions for isolated mitochondria and 
cultured cells expressing the F2-fusion protein, as well as the 
analysis of pregnenolone by RIA. The measurement of pregneno-
lone  formation in isolated mitochondria and other cell fractions 
also serves to verify the exclusively mitochondrial activity of 
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CYP11A1, which is a key feature of this transport assay. The 
transfection with the F2-fusion expression vector and the selec-
tion of cells stably expressing the F2-fusion protein must be 
adapted and optimized for each cell line of interest, and are not 
described in detail.

2 Materials

Prepare all solutions using ultrapure water and analytical grade 
reagents. Nondisposable glassware used for stock solutions and in 
the RIA should be cleaned thoroughly, soaked for at least 2 h in 
1 M HCl, rinsed at least five times with deionized water, rinsed 
once with methanol, dried and capped until use.

 1. F2 expression vector (see Note 1).
 2. Cell lines of interest, stably expressing F2-fusion protein 

(see Note 2).
 3. Growth medium suitable for the cell lines of interest.

 1. Phosphate-buffered saline (PBS) 10× stock: Add 80 g NaCl, 
2 g KCl, 14.4 g Na2HPO4, and 2.4 g KH2PO4 to 800 mL of 
water. Adjust the pH to 7.4 with 1 M NaOH, and fill up to 1 L 
with water. Dilute 100 mL of the 10× stock into 1 L of water 
for the final 1× PBS.

 2. Mitochondria isolation buffer: 5 mM HEPES, 250 mM man-
nitol, 70 mM sucrose, 1 mM EGTA, pH 7.4. Add 0.65 g Na- 
HEPES, 22.77 g mannitol, 12 g sucrose, and 190 mg EGTA 
into 400 mL of water. Adjust the pH to 7.4 and fill up to a final 
volume of 500 mL with water. Add a protease inhibitor cocktail 
directly before use and keep on ice.

 3. Dounce glass–glass homogenizer or nitrogen cavitation cell 
disruption vessel (see Note 3)

 4. Mitochondria reaction buffer: 250 mM sucrose, 10 mM 
KH2PO4, 20 mM KCl, 15 mM triethylamine hydrochloride, 
5 mM MgCl2, pH 7.2. Dissolve 4.28 g sucrose, 68 mg 
KH2PO4, 74.5 mg KCl, 138.75 mg triethylamine hydrochlo-
ride, and 50.9 mg MgCl2 in approximately 30 mL water, adjust 
pH to 7.2 with KOH, and fill up to a volume of 50 mL with 
water in a graduated cylinder.

 5. Pyruvate/malate stock solution, 200 mM each: Dissolve 
312.2 mg malic acid and 220 mg sodium pyruvate in 10 mL 
mitochondria reaction buffer. Prepare a 20 mM working stock 
by diluting the 200 mM pyruvate/malate solution 10 times in 
mitochondria reaction buffer.

2.1 Cell Culture 
and Expression Vector

2.2 CYP11A1 
Activity Assay
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 6. NADPH: Prepare a 10 mM (7.44 mg/mL) working stock 
solution of NADPH in mitochondria reaction buffer.

 7. 22-R-hydroxycholesterol (22-OH-Chol, 5-cholesten- 
3β,22(R)-diol, CAS 17954-98-2): 5 mM in ethanol. Dissolve 
5 mg in 2.48 mL ethanol, and keep in screw-cap glass vial with 
Teflon-coated lid at −20 °C (see Note 4). On the day of the 
experiment, prepare a 50 μM working stock solution in mito-
chondria reaction buffer (1:100 dilution).

 8. Trilostane (2(5α)-androsten-3-cyano-4α,5α-epoxy-3-ol-17- -
one, CAS 13647-35-3): 10 mM stock solution in ethanol. 
Dissolve 5 mg in 1.52 mL EtOH, and keep in screw-cap glass 
vial with Teflon-coated lid at −20 °C. On the day of the experi-
ment, prepare a 100 μM working stock solution in mitochon-
dria reaction buffer (1:100 dilution) (see Note 5).

 9. Diethylether for lipid extraction of pregnenolone (see Note 6).
 10. Evaporator to dry lipid extracts under a stream of nitrogen gas 

in a fume hood.

 1. Phenol red-free, serum-free medium suitable for the cell lines 
of interest (see Note 7).

 2. 22-OH-Chol and trilostane stock solutions as above.
 3. Protein assay, such as the bicinchinonic acid assay or assays 

based on the Lowry or Bradford methods.

 1. Phosphate buffer: 0.1 M sodium phosphate buffer pH 7.0 
(61 mM sodium phosphate dibasic and 39 mM sodium phos-
phate monobasic) with 15 mM sodium azide and 155 mM 
sodium chloride. Gelatin (0.2 %) is added as indicated. Add 
8.175 g Na2HPO4⋅7H2O (dibasic, m.w. 268 g/mol), 2.7 g 
NaH2PO4⋅H2O (monobasic; m.w. 138 g/mol), 4.5 g NaCl 
(m.w. 58 g/mol), and 487.5 mg sodium azide (m.w. 65 g/mol) 
to approximately 350 mL water in a graduated cylinder and 
add water up to a volume of 500 mL. To prepare phosphate 
buffer with gelatin, add 0.2 g gelatin to 100 mL of complete 
phosphate buffer and heat the solution, until the gelatin is 
dissolved.

 2. 12 × 75 mm disposable glass tubes.
 3. Rabbit anti-pregnenolone antibody (MP Biomedicals 

#07172016).
 4. [7-3H(N)]-pregnenolone (1 mCi/mL, 11.5 Ci/mmol).
 5. Pregnenolone: 1 μg/mL stock solution in ethanol.
 6. Dextran-coated charcoal.
 7. Scintillation vials and scintillation fluid.

2.3 Mitochondrial 
Cholesterol Import 
Assay

2.4 Radioi-
mmunoassay 
of Pregnenolone
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3 Methods

This section describes the isolation of mitochondria from cultured 
cells, and the conditions for the measurement of pregnenolone for-
mation in isolated mitochondria and other subcellular fractions. 
This experimental design can be used to verify that the F2-fusion 
protein and CYP11A1 activity are restricted to mitochondria by 
measuring pregnenolone formation from the membrane- permeable 
precursor 22-OH-Chol in mitochondrial and non-mitochondrial 
cellular subfractions [14] (see Note 8). In the absence of 
22-OH-Chol, the assay can serve to measure mitochondrial cho-
lesterol import in isolated mitochondria, for example to study the 
effects of soluble recombinant proteins on the transport of choles-
terol to the IMM [53, 67] (see Note 9).

 1. Grow cells expressing the F2-fusion protein on six 10 cm 
dishes to 80 % confluency in full growth medium. The number 
of cells required depends on the cell type and yield of 
mitochondria.

 2. Wash cells once with approximately 5 mL cold PBS per dish. 
Aspirate PBS, wash, and scrape cell layer into 1 mL ice-cold 
PBS per 10 cm dish.

 3. Combine all cell suspensions into a 15 mL centrifuge tube and 
centrifuge at 800 × g for 4 min. Discard supernatant.

 4. Resuspend cell pellet in 1 mL ice-cold mitochondria isolation 
buffer with protease inhibitors. Our preferred method of cell 
disruption is by nitrogen cavitation, which affords very high 
yields of functional mitochondria with minimal damage to the 
cell organelles as no heat is generated and the rupture is a single 
insult [14, 38, 68] (see Note 3). Cell suspensions are placed in a 
cell disruption vessel connected to a nitrogen tank and put under 
high nitrogen pressure. The rapid release of the pressure rup-
tures the plasma membrane due to the rapid escape of dissolved 
nitrogen gas from the cells. If a glass–glass Dounce homoge-
nizer is used, precool the homogenizer, and lyse the cells on ice 
with 30 gentle strokes. Avoid pulling the pestle completely out 
of the solution to prevent foaming and bubble formation.

 5. Transfer cell homogenate into a microcentrifuge tube and cen-
trifuge at 800 × g, 4 °C for 5 min to remove nuclei and unbro-
ken cells.

 6. Discard the pellet, transfer the supernatant into a fresh micro-
centrifuge tube and centrifuge at 12,000 × g, 4 °C for 15 min 
to yield crude mitochondria. The supernatant can be collected 
as a non-mitochondrial fraction containing cytosol, ER and 
plasma membrane and be used to verify the absence of 
CYP11A1 activity outside of mitochondria.

3.1 Measurement 
of CYP11A1 Activity 
in Subcellular 
Fractions 
and Cholesterol Import 
Assay in Isolated 
Mitochondria
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 7. Resuspend the pellet of crude mitochondria in 500 μL mito-
chondria reaction buffer.

 8. Gently resuspend mitochondria in a small glass–Teflon homog-
enizer with two or three strokes.

 9. Use samples immediately or freeze at −80 °C for no longer 
than 1 week (see Note 10).

 1. Measure the protein content of the mitochondrial fraction, 
using a photometric protein assay, such as the bicinchinonic 
acid assay, or assays based on the Lowry or Bradford methods 
[69–74]. The amount of mitochondrial protein to use per 
reaction depends on the expression level of the F2-fusion pro-
tein and should be tested first by using increasing amounts of 
protein. For our F2-CHO cells, we used up to 60 μg protein 
of the crude mitochondrial fraction per reaction. To verify that 
CYP11A1 activity is exclusively in the mitochondrial fraction, 
also measure the protein content of the non-mitochondrial 
supernatant and an aliquot of the whole cell lysate, and include 
these fractions in the assay.

 2. Pipette the appropriate volume of the mitochondrial fraction 
into a 1.5 ml microcentrifuge tube. Add mitochondria reaction 
buffer up to a volume of 60 μL. Then add 10 μL of each work-
ing stock of 20 mM pyruvate/malate, 10 mM NADPH, 
100 μM trilostane, and 50 μM 22-OH-Chol for final concen-
trations of 2 mM pyruvate and malate, 1 mM NADPH, 10 μM 
trilostane, and 5 μM 22-OH-Chol (see Note 11). If several 
samples are measured, a mastermix of the four solutions can be 
prepared by mixing equal volumes of the four working stock 
solutions, and adding 40 μL per sample. It is recommended to 
prepare the mastermix for n + 1 samples.

 3. Incubate samples for 60 min at 37 °C.
 4. To stop the reaction, transfer the whole volume into a screw 

cap glass tube with Teflon-lined lid and add 400 μL PBS and 
1 mL diethylether inside a fume hood (see Note 6). Vortex 
vigorously for 1 min.

 5. Centrifuge the tubes at 2000 × g for 5–10 min.
 6. Transfer the organic upper phase to a fresh screw cap glass 

tube.
 7. Repeat the extraction of the aqueous phase once or twice to 

ensure complete extraction of the lipids (see Note 12).
 8. Combine all organic (upper) phases in a screw cap glass vial. 

The extracts can be stored under nitrogen at −20 °C.
 9. Dry the combined organic phases under a gentle stream of 

nitrogen gas in a fume hood.

3.2 Mitochondrial 
Cholesterol Import 
Assay in Isolated 
Mitochondria 
and Cellular 
Subfractions
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 10. Resuspend the lipids in warm (37 °C) phosphate buffer with 
gelatin (see below) and vortex vigorously. Samples can be fro-
zen or used directly in the RIA for pregnenolone.

 1. Plate F2-cells into 48-well plates at 200 cells/mm2 and grow 
for 48 h in the appropriate serum-containing growth medium.

 2. Wash cells twice with serum-free, phenol red-free medium and 
incubate in 300 μL serum-free, phenol red-free transport 
medium (see Note 13). For CHO cells, we added 10 μM trilo-
stane (final concentration) to the transport medium to mini-
mize the conversion of pregnenolone to other steroids. To 
determine the maximum rate of pregnenolone formation, add 
5 μM 22-OH-Chol (final concentration) to the transport 
medium (see Note 14). To determine the extent to which 
pregnenolone is degraded by the cells, add a known amount of 
pregnenolone at the beginning of the incubation period and 
determine its recovery at the end.

 3. After 24 h (or shorter incubation periods, see Note 15), collect 
medium from each well into separate microcentrifuge tubes 
and centrifuge at 800 × g for 5 min to pellet and remove any 
cells. Transfer the resulting supernatant to a new tube.

 4. Medium can be kept frozen at −80 °C until it is used in the 
RIA.

 5. If pregnenolone formation is assessed for shorter time periods, 
or by cells that are producing lower levels of pregnenolone, it 
may be necessary to collect medium from more cells and to 
extract the pregnenolone. Lipid extraction is performed as 
described above for isolated mitochondria. The dried lipid 
extracts are resuspended in 500 μL warm phosphate buffer 
with gelatin and can be used directly in the RIA.

 6. As a negative control, perform the same extraction with 
medium that has not been incubated with cells, but contains all 
treatments that have been added to the cells (“blank medium”). 
We also recommend preparing a positive control by adding a 
known amount of pregnenolone (we usually used 300 pg) to 
medium that was not incubated with cells, and performing the 
extraction (if applicable) and analysis in parallel to the extraction 
and analysis of the samples (see Note 16).

In the RIA, the samples are mixed with a known amount of radio-
labeled pregnenolone and antibodies specific for pregnenolone. 
The unlabeled pregnenolone in the sample and the radiolabeled 
trace pregnenolone compete for binding to the antibody. The 
pregnenolone antibody mixture is then mixed with a slurry of 
dextran- coated charcoal. Unbound pregnenolone, but not 
antibody- bound pregnenolone, is adsorbed by the dextran-coated 

3.3 Mitochondrial 
Cholesterol Import 
Assay in Cultured 
Cells

3.4 Pregnenolone 
RIA
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charcoal. The charcoal is pelleted by centrifugation, and radioactiv-
ity remaining in the supernatant is measured in a scintillation coun-
ter. The more unlabeled pregnenolone in the sample, the less 
radiolabeled pregnenolone will be bound to antibodies and remain 
in the supernatant. Therefore, radioactivity in the supernatant and 
pregnenolone levels in the sample are inversely related, and lower 
levels of radioactivity in the supernatant indicate higher amounts of 
pregnenolone in the sample. The assay relies on the specificity of 
the antibodies, and on the relative amounts of antibodies to radio-
labeled trace pregnenolone and unlabeled sample pregnenolone. It 
is crucial that the amounts of antibody and radiolabeled trace preg-
nenolone are carefully controlled, and that a standard curve and 
the appropriate controls are included in every assay. Controls 
include a Total Count Control (TCC) without unlabeled preg-
nenolone, antibodies, or charcoal. The TCC reflects the maximum 
counts, as it only contains the radiolabeled pregnenolone trace. A 
second control is the nonspecific-binding NSBC control, which 
contains the pregnenolone trace and the dextran-coated charcoal 
to assess any nonspecific binding of pregnenolone that would pre-
vent adsorption to the charcoal. This control should yield very low 
radioactivity in the supernatant, because the pregnenolone trace 
should be nearly completely bound to charcoal and removed from 
the supernatant. The third control is the maximum binding con-
trol (MBC), which contains the radiolabeled pregnenolone trace, 
antibodies, and dextran-coated charcoal. The radioactivity mea-
sured in the MBC should be close to the TCC, because virtually all 
radiolabeled pregnenolone trace should be bound by the antibod-
ies and remain in the supernatant. If any of the controls do not 
yield the expected values, the results of the assay must be discarded. 
In addition to the controls, a standard curve with known amounts 
of unlabeled pregnenolone added should be measured in every 
assay, and it should be ensured that the samples are within the 
dynamic range given by the standard curve (see Note 17).

 1. Prepare a serial dilution of nonradioactive pregnenolone: 
Warm 50 mL of phosphate buffer plus gelatin to 37 °C. Prepare 
four standard tubes (labeled “A–D”) of 4, 2, 1, 0.5 ng/mL 
pregnenolone in warm phosphate buffer plus gelatin: Add 
10 μL of the 1 μg/mL pregnenolone stock solution in ethanol 
to 2.5 mL warm phosphate buffer plus gelatin and vortex vig-
orously (tube A, 4 ng/mL). Add 500 μL from this solution to 
500 μL of warm phosphate buffer plus gelatin (tube B, 2 ng/
mL). Perform two more steps of a 1:1 serial dilution for tube 
C (1 ng/mL) and tube D (0.5 ng/mL). Tubes A to D are used 
to prepare the final standard curve in phosphate buffer plus 
gelatin as listed in Table 1.

 2. Set up and label disposable 12 × 75 mm glass tubes for con-
trols and standards in duplicate and for samples in triplicate as 
outlined in Table 1 (see Note 18).
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 3. Pipette an appropriate volume of medium sample into each 
sample tube. We commonly use between 50 and 75 μL of 
medium (see Note 19). Use only up to 5 μL of medium from 
22-OH-Chol treated cells, because of the much higher preg-
nenolone formation from 22-OH-Chol as precursor. Add 
blank medium (medium that was not incubated with cells but 
contains trilostane and any other treatments) to each sample as 
required to bring all samples up to the same volume of medium. 
Add cold phosphate buffer plus gelatin to a final volume of 
500 μL. Include a negative control of pure blank medium.

 4. Following appropriate radiation safety procedures, prepare a 
1 μCi/mL (37 kBq/mL) ethanolic stock of [7-3H(N)]-
pregnenolone in a screw-cap glass tube with a Teflon-coated 
cap. We recommend measuing the radioactivity of this solution 
to ensure correct dilution and calibration of the scintillation 
counter. The stock solution can be stored at −20 °C in a 
radiation- approved site and used for subsequent experiments.

 5. Dilute the [3H]-pregnenolone stock solution to 1.67 kBq/mL 
(100 dpm/μL) in warm phosphate buffer plus gelatin. Vortex 
vigorously. Verify the concentration by measuring an aliquot 
(100 μL) of this solution in the scintillation counter. For each 
sample and standard, 100 μL of the diluted [3H]-pregnenolone 
solution is required; we recommend preparing a sufficient 

Table 1  
Pipetting scheme for the RIA

Tube # Buffer (μL) Standard 3H trace (μL) Antibody (μL) Charcoal (μL)

1–2 TCC 800 – 100 – –

3–4 NSBC 600 – 100 – 200

5–6 0 pg MBC 500 – 100 100 200

7–8 25 pg 450 50 μL of tube D 100 100 200

9–10 50 pg 400 100 μL of tube D 100 100 200

11–12 100 pg 400 100 μL of tube C 100 100 200

13–14 200 pg 400 100 μL of tube B 100 100 200

15–16 300 pg 425 75 μL of tube A 100 100 200

17–18 400 pg 400 100 μL of tube A 100 100 200

19–20 500 pg 375 125 μL of tube A 100 100 200

Samples

1–3 Up to 75 μL To 500 – 100 100 200

TCC total count control, NSBC nonspecific binding control, MBC—maximal binding control; tubes A to D contain 
unlabeled pregnenolone in phosphate buffer at 4, 2, 1, and 0.5 ng/mL pregnenolone, respectively
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volume for n + 4 (where n = the number of standards plus the 
number of samples). Keep the solution on ice until use.

 6. Prepare a 90-fold dilution of the anti-pregnenolone antibody 
in phosphate buffer plus gelatin. Prepare 100 μL for n + 2 and 
store on ice until use.

 7. Add 100 μL of the 1.67 kBq/mL [3H]-pregnenolone solution 
to each standard and sample. Add 100 μL of the diluted anti-
body into all samples and standards except the TCC and 
NSBC. Add 100 μL of cold phosphate buffer with gelatin to 
the TCC and NSBC tubes. Cover the tubes with Parafilm, 
gently swirl, and incubate overnight at 4 °C (see Note 20).

 8. The following day, prepare a slurry of dextran-coated charcoal 
by mixing 100 mg of dextran-coated charcoal in 15 mL of cold 
phosphate buffer without gelatin. Because dextran-coated 
charcoal is not soluble, the solution must be continually stirred 
on ice for at least 30 min prior to use. Add 200 μL of diluted 
dextran-coated charcoal to all tubes except the TCC and NSBC 
tubes. Do not use a repeat pipettor as the charcoal can sedi-
ment during the pipetting, leading to uneven distribution 
across the samples. Stir the charcoal slurry while pipetting if 
possible. Swirl the tubes and incubate on ice for 30 min. After 
the incubation remove the dextran-coated charcoal by centrif-
ugation at 2000 × g at 4 °C for 15 min.

 9. Transfer the resulting supernatants into scintillation vials. Add 
4 mL of scintillation fluid, cap, and vortex each tube.

 10. Measure the radioactivity in a scintillation counter.
 11. The amount of pregnenolone is calculated based on the standard 

curve (see Note 21).

4 Notes

 1. The F2-fusion expression vector encodes a fusion construct 
(F2) of human CYP11A1, ferredoxin reductase, and ferre-
doxin with an N-terminal mitochondrial targeting sequence of 
the cytochrome c oxidase subunit VIII. The F2-fusion protein 
is targeted to the mitochondrial matrix and catalyzes the 
 conversion of cholesterol to pregnenolone. The original 
expression vector was generated by Miller and coworkers in 
the pECE backbone [51, 52]. The F2 open reading frame was 
later cloned into the EcoRI and KpnI restriction sites of the 
pcDNA3.1(+) vector, which allows selection of transfected 
cells with G418.

 2. Theoretically, any cell type/cell line can be used in these mea-
surements. We have mostly used Chinese hamster ovary (CHO, 
ATCC CCL61) cells [14, 38]. Previous studies have described 
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the use of COS1 cells [53]. For better control of the expression 
levels of the F2-fusion protein, it is preferable to use cell lines 
that allow the selection and generation of monoclonal, stably 
transfected cell lines. We recommend generating several lines 
with different levels of expression of the F2-fusion protein. 
If mitochondrial cholesterol transport is to be compared in 
separate cell lines, for example to determine the influence of a 
different genetic background on mitochondrial cholesterol 
import, the expression and CYP11A1 activity of the F2 fusion 
protein must be comparable.

 3. In our hands, nitrogen cavitation gave the highest yields of 
functional mitochondria. The disadvantage of this method is 
the necessity for a specialized high-pressure cell disruption ves-
sel (available from Parr Instruments, 4639 Cell Disruption 
Vessel). Traditional mechanical homogenization is a good 
alternative. For cultured cells, glass–glass homogenizers are 
preferable to glass–Teflon homogenizers, which are more suit-
able for tissue samples where the more extensive extracellular 
matrix aids the disruption. To minimize damage to mitochon-
dria and other cell organelles, it is important to keep the 
homogenizer on ice, and to avoid formation of bubbles.

 4. 22-OH-Chol is a membrane-permeable precursor for preg-
nenolone synthesis catalyzed by CYP11A1. Pregnenolone for-
mation from 22-OH-Chol is cholesterol transport-independent 
and is measured to determine maximum CYP11A1 activity. 
Therefore, it is important that the concentration of the stock 
solution remains constant. Avoid large volumes of air in the 
glass vial to minimize evaporation. Tightly close the stock vial 
and seal with Parafilm. If possible, aliquot the stock solution 
into smaller vials.

 5. Trilostane inhibits 3-beta hydroxysteroid dehydrogenase, and 
thus the formation of most steroids downstream of pregneno-
lone. Trilostane is added to minimize the conversion of preg-
nenolone to downstream steroids, so that the amount of 
pregnenolone in the medium reflects its cumulative synthesis 
during the incubation period. Even non-steroidogenic cells 
may express some steroidogenic enzymes, and we therefore 
recommend measuring pregnenolone formation in the absence 
and presence of trilostane during the validation of the cell lines. 
If the addition of trilostane does not increase the amount of 
pregnenolone detected in the medium, trilostane can be omit-
ted from the reaction mix (or cell culture medium). Given that 
genetic or pharmacological manipulations might affect ste-
roidogenic enzyme expression, the effects of trilostane addi-
tion should be tested for all conditions investigated. 
Pregnenolone can also be converted to 17-hydroxypregneno-
lone and dehydroepiandrosterone through activity of CYP17A1 
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(17-alpha hydroxylase) and for some cell types it may be neces-
sary to test whether pregnenolone is catabolized by CYP17A1 
by including a CYP17A1 inhibitor, such as abiraterone. 
However, it must be verified that the inhibitor does not affect 
CYP11A1 activity and that the inhibitor does not interfere 
with the RIA. Because CHO cells do not express CYP17A1, 
we did not test any inhibitors of this enzyme. Alternatively, 
cells and medium can be analyzed for the presence of steroids 
to determine how far pregnenolone is converted to other ste-
roids. For example, Huang et al. performed such an analysis 
for COS-1 cells, and concluded that these cells are not ste-
roidogenic and do not require the presence of trilostane or 
other inhibitors [53].

 6. When pregnenolone formation is measured in isolated mito-
chondria or other cellular fractions, lipid extraction is necessary 
to stop the reaction. We have used diethyl ether [38]; however, 
other solvents, for example dichloromethane or methyl tert-
butyl ether, or solid phase extraction are also suitable [75–77]. 
The same procedure is used to extract and concentrate preg-
nenolone from larger volumes of medium when shorter incu-
bation times or cells with very low levels of pregnenolone 
formation are used.

 7. For CHO cells, we used phenol-red free DMEM:Ham’s F12 
(1:1, v:v).

 8. The localization of the F2-fusion protein can also be confirmed 
by immunoblotting of subcellular fractions and/or immuno-
fluorescence staining of cells cultured on glass coverslips, using 
antibodies against any one of the three enzymes of the fusion 
protein, human CYP11A1, ferredoxin reductase or ferredoxin. 
We have had good success with anti-ferredoxin reductase anti-
bodies (Abcam; ab16874) in immunofluorescence staining 
[14]. For colocalization, we incubated the cells with Mitotracker 
Red, which is retained during fixation, prior to immunostain-
ing. Alternatively, cells can be co-stained with antibodies 
against mitochondrial marker proteins such as Tom20, or cyto-
chrome c oxidase subunits. A variety of  immunoblotting and 
immunofluorescence protocols are easily available elsewhere, 
and will not be described in more detail here.

 9. If this assay is used to study cell-type independent mitochon-
drial transport processes, mitochondria can be isolated from 
steroidogenic cells or—in larger quantities—from steroido-
genic tissues, instead of cells with ectopic expression of the 
F2-fusion protein [78, 79].

 10. The crude mitochondrial fraction still contains lysosomes and 
multivesicular endosomes. For a description of further purifi-
cation of mitochondria by density gradient ultracentrifugation 
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or immunoisolation, the reader is referred to previously pub-
lished protocols [14, 80–83].

 11. The preparation of four separate working stock solutions may 
appear cumbersome, but allows for the measurement of con-
trol samples without 22-OH-Chol (to determine pregneno-
lone formation from endogenous cholesterol) and samples 
without trilostane (to determine the proportion of pregneno-
lone that may be metabolized to downstream steroids).

 12. The assay relies on a quantitative extraction of pregnenolone 
formed in the reaction buffer during the 1 h incubation at 
37 °C, because it is not possible to add an internal standard. 
We recommend extracting the aqueous phase two or three 
times and combining the organic phases. In addition, buffer 
and a mitochondrial sample taken at time 0 min (i.e., without 
incubation at 37 °C) should be spiked with different known 
amounts of pregnenolone and extracted in parallel to the sam-
ples. The recovery from buffer alone will show the efficiency of 
the lipid extraction. The mitochondrial sample should contain 
only the exogenously added pregnenolone and show whether 
any of its components prevent the efficient extraction of preg-
nenolone or interfere with the RIA. To determine whether 
some pregnenolone is degraded/metabolized during the incu-
bation, a known amount of pregnenolone is added at the 
beginning of the incubation, and the difference in pregneno-
lone content of the spiked and non-spiked samples at 60 min is 
calculated. If pregnenolone is lost during the incubation, 
higher doses of trilostane or a CYP17A1 inhibitor should be 
considered.

 13. Phenol red interferes with the pregnenolone RIA. Serum must 
be avoided, because it contains steroids, including pregneno-
lone. For cells that require serum, even during relatively short 
incubation times, serum-free alternatives may be available. It 
may also be possible to use serum that has been pre-adsorbed 
with charcoal (“charcoal-stripping”) to remove steroid hor-
mones; however, we have not tested this technique. Charcoal- 
treated medium can be prepared in the lab [84, 85] or obtained 
commercially. The amount of pregnenolone still detectable in 
the serum should be tested by RIA.

 14. We recommend always including a measurement of maximum 
pregnenolone formation from 22-OH-Chol to verify that 
CYP11A1 activity remained constant between experiments 
and to ensure that the assay is working as expected. When 
unknown treatments are used, pregnenolone formation from 
22-OH-Chol serves as a control that the treatment had no 
direct effects on CYP11A1 activity. Maximum CYP11A1 activity 
should be at least tenfold higher than pregnenolone formation 
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from endogenous cholesterol to ensure that CYP11A1 activity 
is not rate-limiting. Earlier studies used the ratio of pregneno-
lone formation from endogenous cholesterol to pregnenolone 
formation from 22-OH-Chol as a measure for mitochondrial 
cholesterol import [53]. However, this approach assumes that 
any effects of CYP11A1 activity on cholesterol trafficking 
change linearly with increasing maximum activity. We recom-
mend avoiding comparisons between cell populations with 
widely different CYP11A1 expression and using the formation 
of pregnenolone from endogenous cholesterol directly as a 
measure for cholesterol arrival at the IMM without standard-
izing to maximum activity. As pointed out in the introduction, 
pregnenolone formation does not equal absolute rates of mito-
chondrial cholesterol import, as they would occur in cells with-
out F2-fusion protein, but serve to compare the capacity for 
mitochondrial cholesterol import of cells under different 
conditions.

 15. Pregnenolone levels in the medium reflect the cumulative cho-
lesterol transport to the IMM within the incubation period. 
The most suitable incubation period over which to measure 
cholesterol import depends on the experimental conditions, 
the cell type, and the question to be addressed. We determined 
a time course of pregnenolone production when first establish-
ing our F2-CHO lines, and then used single time point mea-
surements (at 24 h) for the routine analysis of cholesterol 
import under different conditions; aiming to choose an incu-
bation period during which sufficient pregnenolone had been 
formed for a reliable, direct measurement by RIA even under 
conditions of impaired mitochondrial cholesterol import, 
while not extending it too far beyond a time where pregneno-
lone levels have reached a plateau. We opted to use relatively 
long incubation times for our measurements, because it 
allowed us to select F2-cell lines with relatively low levels of 
maximum CYP11A1 activity and thus minimize the distur-
bance in overall cellular cholesterol homeostasis due to the 
ectopic expression of the F2-fusion protein.

 16. It is crucial to include all pharmacological treatments in the 
negative control. For example, the drug U18666A, which is 
commonly used to interfere with lysosomal cholesterol traf-
ficking, caused very high (false) readings in the pregnenolone 
RIA (unpublished observations). In particular sterol- and 
steroid- based compounds should be tested in the RIA.

 17. Advantages of the RIA are the very low detection limit of 
about 50 pg per sample and the possibility to measure medium 
samples directly without extraction. Key challenges (in addi-
tion to working with radioactive material), are the sensitivity 
to interference (see Note 16) and the dependence on the rela-
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tive amounts of three components, namely radiolabeled preg-
nenolone, antibodies, and charcoal, which all influence the 
sensitivity and dynamic range of the assay. Therefore, meticu-
lous control of the assay conditions is crucial. The linear 
dynamic range is somewhat limited (between 50 and 500 pg 
pregnenolone under the conditions described here), and it 
may be necessary to repeat the measurements of some samples 
with a higher or lower volume of medium to ensure that the 
samples are within the dynamic range of the assay. Steroids, 
including pregnenolone, have also been measured using 
enzyme-linked immunosorbent assays (ELISA), and by gas or 
liquid chromatography coupled with mass spectrometric 
detection [65, 86–89]. Commercial kits are available for 
ELISA and RIA.

 18. We always use disposable glass tubes for the preparation of the 
standard curve and samples for pregnenolone analysis to pre-
vent nonspecific binding to the plastic and/or leaching of 
interfering substances out of the plastic. The use of special 
low-binding plastic tubes may be possible but we have not 
tested this.

 19. We have not tested the use of larger volumes of medium 
directly in the RIA. Medium composition and pH could affect 
antibody binding to pregnenolone. If larger volumes of 
medium are used, the reliability of the RIA should be verified 
by measuring medium incubated with parental cells without 
the F2-fusion protein (to mimic the pH change during the 
incubation) and spiked with different known amounts of preg-
nenolone. Alternatively, medium samples can be extracted as 
described above for isolated mitochondria to concentrate preg-
nenolone from larger volumes of medium into one sample. 
Extraction can be useful if short incubation periods or cell lines 
with very low F2-fusion protein expression are used. As a nega-
tive control, the same volume of blank medium should be 
extracted in parallel, because medium components that inter-
fere with the RIA are also concentrated during the extraction.

 20. Samples must be incubated with trace and antibodies at least 
overnight at 4 °C to ensure equilibrium binding of unlabeled 
and labeled pregnenolone to the antibodies. Longer incuba-
tion times are possible, if the tubes are closed tightly.

 21. The standard curve is fitted by linear or exponential regression 
analysis to calculate the amount of pregnenolone per sample in 
picograms. Samples must lie within the range given by the 
standard curve. Pregnenolone concentrations in the medium 
are calculated from the volume of medium per sample, and can 
be further standardized to cell protein based on the volume 
and total cellular protein per well.
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Chapter 13

Identifying Sterol Response Elements Within Promoters 
of Genes

Laura J. Sharpe and Andrew J. Brown

Abstract

Cholesterol levels are under tight control within cells. This involves a complex interplay of balancing syn-
thesis, uptake, and export. A major player in the transcriptional regulation of cholesterol levels is sterol 
regulatory element binding protein (SREBP). SREBP is upregulated in conditions of low cholesterol, and 
then binds to sterol regulatory elements (SREs) that exist within the promoters of genes involved in cho-
lesterol synthesis and uptake.

Here, we describe a method to identify sterol response elements (SREs) using in silico and experimen-
tal approaches.

Key words Sterol response elements, SREBP, Transcription, Promoter, Regulation

1 Introduction

Cholesterol is a vital molecule in mammalian cells, but too much is 
toxic and can lead to disease. Cholesterol levels must therefore be 
maintained under tight control. This is achieved through a fine bal-
ance of synthesis, uptake, and export. The enzymes involved in each 
of these processes can be regulated by altering gene expression, pro-
tein levels, and activity. Gene expression levels are controlled transcrip-
tionally, and one of the major transcription factors involved in 
cholesterol homeostasis is sterol regulatory element binding protein-2 
(SREBP-2). SREBP-2 is activated in conditions of low cholesterol 
and then binds to sterol regulatory elements (SREs), largely found 
within the promoters of genes involved in cholesterol synthesis and 
uptake. This activates these genes, thus restoring cholesterol levels.

While most cholesterol synthesis genes have been shown to be 
SREBP-2 targets [1], only some of these have had their SREs 
mapped (for a review, see ref. [2]), meaning further work is required 
to pinpoint the precise regions required for regulation by SREBP- 2. 
We have recently identified the SREs present in the two terminal 
enzymes of cholesterol synthesis, DHCR24 [3] and DHCR7 [4]. 
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Interestingly, dual SREs were found in both these promoters, and 
we found evidence that they work cooperatively, a potential strategy 
for conserving energy. In completing this work, we found that pre-
diction programs (e.g., MatInspector) for identifying putative SREs 
in promoters were ineffective, and we therefore devised our own 
methods. We also made use of Genome Browser [5] to examine 
experimental data regarding the binding of SREBP to the genome.

Here, we describe our approach to identifying SREs, including 
in silico predictions and in vitro promoter assays. Although we 
refer specifically to SREs, it is likely that these methods could be 
modified to find other regulatory elements under the control of 
different transcription factors where the consensus sequence is 
insufficiently prescriptive.

2 Materials

 1. Firefly and Renilla luciferase plasmids (see Note 1).
 2. Dual-luciferase reporter assay system, including passive cell 

lysis buffer and LAR II and STOP & GLO reagents (Promega).
 3. HelaT cells and growth medium (RPMI supplemented with 

10% (v/v) fetal calf serum (FCS; see Note 2), lipoprotein- 
deficient FCS (FCLPDS) and antibiotics.

 4. Compactin (to decrease sterol status) and 25- hydroxycholesterol 
(to increase sterol status).

 5. TransIT-2020 transfection reagent (Mirus Bio) and opti-MEM 
transfection medium.

 6. Transcriptional Regulatory Element Database (TRED) https://
cb.utdallas.edu/cgi-bin/TRED/tred.cgi?process=home.

 7. Genome Browser https://genome.ucsc.edu/.

3 Methods

 1. From genomic DNA, clone approximately 1.5 kb of your pro-
moter of interest into a Firefly luciferase construct (see Note 3).

 2. Make progressive truncations of the promoter construct, e.g., 
500 bp, 300 bp, 100 bp (see Note 4).

 3. Set up HelaT cells in 24-well plates in RPMI supplemented 
with 10% (v/v) FCS. Use triplicate wells per condition.

 4. Transfect cells with TransIT-2020 (per well):
Mix 50 μl Opti-MEM with 250 ng Firefly luciferase plasmid 
(see Note 5) and 25 ng Renilla plasmid (see Note 6). Add 
0.275 μl TransIT-2020.

 5. Incubate at room temperature for 30 min.

3.1 Identify 
the Sterol- Sensitive 
Region

Laura J. Sharpe and Andrew J. Brown
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 6. Refresh media in the wells and do not include antibiotics  
(see Note 7).

 7. Gently add 50 μl transfection mixture per well.
 8. Incubate at 37°C with 5% CO2 for 24 h.
 9. Treat cells in RPMI supplemented with 10% (v/v) FCLPDS 

and either compactin (5 μM) to decrease sterol status and thus 
activate SREBP, or 25-hydroxycholesterol (10 μM) to increase 
sterol status and thus inhibit SREBP.

 10. Incubate at 37°C with 5% CO2 for 24 h.
 11. Wash cells with PBS, and remove any residual liquid.
 12. Add 100 μl passive lysis buffer per well.
 13. Gently agitate the plate for 30 min, tapping after 15 min to 

ensure even distribution (see Note 8).
 14. Pipette 20 μl lysate into wells of a white 96-well plate with 

clear, flat bottoms.
 15. Measure luciferase output using a luminometer and LAR II 

and STOP & GLO reagents (see Note 9).
 16. Normalize the Firefly luciferase values for transfection effi-

ciency by dividing these values by the corresponding Renilla 
values for each well.

 17. To determine the sterol-responsiveness of each construct, 
divide the normalized values of the compactin-treated wells 
(active SREBP) by the average values of the 25- hydroxycholesterol 
treated wells (inhibited SREBP) (see Note 10).

 18. Graph these ratios and determine which constructs are sterol- 
responsive, and which are not, and thereby narrow down the 
region containing the SREs (see Fig. 1 for a mockup example).

Fig. 1 Example luciferase data. In this example, the constructs containing at least 
250 bp of the promoter are all sterol responsive (~3), whereas the empty vector 
and the 100 bp promoter are not (~1, indicating no difference between sterol and 
statin treatment). Therefore, the sterol responsive region is located between 100 
and 250 bp in the promoter

Sterol Response Elements in Promoters
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 1. Survey the literature and record all available SRE sequences 
(see Note 11).

 2. Create a matrix indicating the relative abundance of each 
nucleotide in each position. (For an example of our latest 
human SRE matrix and a sequence logo representation, see 
Fig. 2a and b).

 3. Using the Matrix Search function in TRED  (https://
cb.utdallas.edu/cgi-bin/TRED/tred.cgi?process=home), 
input the known SRE sequences into the  sequence box, 
and use the matrix in the positional weight matrix box and 
analyze the results.

 4. Choose the lowest scoring SRE and use its score in the cutoff box 
to perform a search of your promoter of interest (see Note 12).

 5. To check for existing information on SREBP binding sites,  
use Genome Browser (https://genome.ucsc.edu/). Use the 
Genome option to select Human GRCh37/hg19 (see Note 13).

 6. Search for your gene of interest and select it.

3.2 Predict SREs

Fig. 2 SRE consensus sequences. (a) An example of an SRE matrix. The second 
column indicates the prior probability, i.e., the expected frequency of each nucle-
otide in any given sequence. Scores in the table are occurrence count for each 
position. (b) SRE sequences used to generate (a) were used to create a consen-
sus sequence with WebLogo 3.3. (c) Suggested mutations to make in the pre-
dicted SRE sequence—each base represents to what the corresponding base 
should be mutated

Laura J. Sharpe and Andrew J. Brown
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 7. Scroll in the browser to the 5′ untranslated region (see Note 14).
 8. Click on track search and search for “SREBP”.
 9. Select all tracks (see Note 15) and click view in browser.
 10. Peaks will be visible in the promoter region of the gene if it is 

an SREBP target (see Fig. 3a for an example with DHCR24).
 11. Zoom in to view the bases surrounding the peaks to assist in 

narrowing down the region of SREBP binding (and thus the 
SRE sequences) (see Fig. 3b for an example with DHCR24) 
(see Note 16).

 1. Using the predictions made in Subheading 3.2, create mutant 
SRE constructs in the smallest sterol-responsive construct 
made in Subheading 3.1 (see Note 17) (see Fig. 2b and c for 
suggested base mutations).

 2. Perform luciferase assays as described in Subheading 3.1, steps 
3–18.

 3. Analyze the results to confirm the bona fide SREs based on the 
mutants that are no longer sterol-responsive (see Note 18).

4 Notes

 1. We use pGL3-basic (Firefly luciferase) from Promega, and an 
in-house pRL-PBGD (Renilla luciferase) construct [3], but 
any Renilla luciferase driven by a housekeeping promoter 
should work.

 2. We use HelaT cells as they are highly transfectable and can 
have their cholesterol status easily manipulated.

3.3 Confirm SREs

Fig. 3 Genome Browser for DHCR24. (a) A graphical view of Genome Browser showing SREBP data for DHCR24. 
(b) A zoomed in view of the blue highlighted section in A. The yellow highlighted sequences are the known 
SREs in DHCR24 [3]

Sterol Response Elements in Promoters
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 3. Any cloning method should work, but note that promoters 
may have a high GC content and therefore a specialized GC 
buffer may be of assistance.

 4. In our experience, most SREs are located within 300 bp of the 
transcription start site.

 5. Include an empty vector control in every experiment.
 6. A master mix of OptiMEM and Renilla luciferase plasmid can 

be made, then Firefly plasmids and TransIT-2020 added 
separately.

 7. We have found that refreshing the media at this step (rather 
than simply adding transfection mix directly) significantly 
increases transfection efficiency.

 8. At this stage, the plate can be frozen at −20°C if desired.
 9. This step will be highly dependent on your luminometer—

please consult the manufacturer’s instructions.
 10. Dividing by the average values provides a method for obtain-

ing error bars. We typically get a ratio of ~3 for a sterol- 
responsive construct, and a ratio of ~1 for a non-sterol-responsive 
construct or empty vector.

 11. The reader should make value judgements on each paper to 
determine whether the published SRE has high confidence and 
should be included for the matrix.

 12. Remember to also check the reverse complement, as the pro-
gram does not automatically check this for you.

 13. This build of the genome has the most SREBP information 
available.

 14. The direction of the gene on the chromosome will be indi-
cated by arrows.

 15. Include SREBP1 as this will supply additional confirmation.
 16. Many adjustments can be made to alter the appearance of the 

peaks and the browser window, and the reader is encouraged 
to experiment with these.

 17. For example, we used 300 bp for DHCR24 [3] and 250 bp for 
DHCR7 [4].

 18. This could then be followed up with creating double muta-
tions if single mutations are still partially sterol-responsive.

Laura J. Sharpe and Andrew J. Brown
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Chapter 14

Membrane Extraction of HMG CoA Reductase 
as Determined by Susceptibility of Lumenal Epitope 
to In Vitro Protease Digestion

Lindsey L. Morris and Russell A. DeBose-Boyd

Abstract

Although many aspects of the endoplasmic reticulum (ER)-associated degradation (ERAD) pathway have 
been elucidated, methods to detect and examine intermediate steps in the process are lacking. Here, we 
describe the use of a protease protection assay to study the metabolically regulated ERAD substrate HMG 
CoA reductase. Studies utilizing this assay reveal that ubiquitinated reductase becomes extracted across the 
ER membrane prior to its cytosolic release and proteasomal degradation through reactions mediated by 
distinct AAA-ATPases. A similar approach could be applied to other substrates to determine whether 
membrane extraction is an intermediate step in their ERAD.

Key words Trypsin, Protease, Lumenal, Membrane extraction, ER-associated degradation

1 Introduction

Accelerated endoplasmic reticulum (ER)-associated degradation 
(ERAD) of the cholesterol biosynthetic enzyme 3-hydroxy- 3-
methylglutaryl coenzyme A (HMG CoA) reductase is triggered by 
its sterol-induced binding to ER membrane proteins called Insig-1 
and Insig-2 [1, 2]. This binding is mediated by the membrane 
domain of reductase, which spans the ER membrane eight times. 
Subsequent ubiquitination of the reductase membrane domain by 
Insig-associated ubiquitin ligases marks the enzyme for cytosolic 
dislocation and proteasomal degradation through poorly under-
stood mechanisms mediated by the AAA-ATPase Valosin- 
containing protein (VCP)/p97 and augmented by the nonsterol 
isoprenoid geranylgeraniol (GGOH) [2, 3].

Protease protection assays have been routinely used to define 
the topology of proteins that traverse membranes of the 
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endoplasmic reticulum (ER) one or more times [4–7]. In recent 
work [8], we developed an assay that measures sterol-induced 
extraction of reductase across ER membranes by determining sus-
ceptibility of a lumenal epitope in the enzyme to in vitro digestion 
with the protease trypsin. Intact membranes isolated from cells 
expressing a form of reductase containing T7 epitopes in the 
N-glycosylated lumenal loop between transmembrane domains 7 
and 8 were subjected to in vitro digestion with the protease tryp-
sin. Trypsinolysis produced protected fragments of reductase that 
were observed in anti-T7 immunoblots. A substantial fraction of 
the lumenal T7 epitopes became susceptible to trypsin digestion 
when cells were treated with the oxysterol 25-hydroxycholesterol 
(25-HC) and GGOH prior to harvest and subcellular fraction-
ation, indicating exposure of the region to the cytosol. Importantly, 
sterol-induced membrane extraction of reductase as determined by 
susceptibility of the lumenal T7 epitopes to trypsin was inhibited 
by RNA interference (RNAi)-mediated knockdown of Insigs or 
VCP/p97 (an ATPase known to mediate membrane extraction 
and cytosolic dislocation of ERAD substrates [9]), confirming the 
physiologic relevance of the reaction. In combination with assays 
for cytosolic dislocation and degradation, the membrane extrac-
tion assay allows for the elucidation of sequential events in reduc-
tase ERAD and the identification of participating factors. Similar 
approaches can be utilized to examine mechanisms for ERAD of 
other types of substrates in cultured mammalian cells or model 
systems such as Saccharomyces cerevisiae.

2 Materials

This membrane protection assay is best used with a target protein 
that is engineered to contain an epitope tag in a lumenal loop or 
alternatively when an antibody is available that specifically recog-
nizes a lumenal loop of the protein of interest. In addition, if study-
ing membrane extraction of a protein, MG-132 treatment of cells 
may be necessary to acquire an accumulation of the protein on the 
cytosolic surface of the membrane, allowing a more substantial 
proportion of the protein to be susceptible to trypsin digestion.

All solutions should be prepared using Milli-Q water. Buffer C 
and 4× SDS loading buffer are stored at room temperature. All 
other solutions should be stored at 4 °C. Trypsin and trypsin 
inhibitor should be stored at −20 °C.

 1. Cells expressing protein of interest: Triplicate 60-mm or 100- 
mm near-confluent dishes of cells for each condition that will 
be tested are usually sufficient. Studies reported in Morris et al. 
[8] utilized Chinese hamster ovary (CHO) cells to examine 
the sterol-regulated extraction of HMG CoA reductase from 
ER membranes.

2.1 Cell Lysis 
Components

Lindsey L. Morris and Russell A. DeBose-Boyd
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 2. Buffer A: 10 mM HEPES-KOH [pH 7.4], 10 mM KCl, 
1.5 mM MgCl2, 5 mM sodium EDTA, 5 mM sodium EGTA, 
250 mM sucrose, 5 mM dithiothreitol (DTT), and 0.1 mM 
leupeptin (see Note 1).

 (a)  Combine 5 mL of 1 M Hepes-KOH, 0.75 mL of 1 M 
MgCl2, 2.5 mL of 2 M KCl, 5 mL of 500 mM EDTA, 
5 mL of 500 mM EGTA, and 62.5 mL of 2 M sucrose. 
Add up to 400 mL of H2O and adjust the pH to 7.6 using 
dropwise addition of 10 N KOH. Adjust the final volume 
to 500 mL with water. Solution should be filter sterilized 
and stored at 4 °C.

 (b)  If adding 5 mM DTT and 0.1 mM leupeptin (please note, 
these are omitted in the recipe for buffer B, Subheading 
2.2), add 2.4 mL of 10 mg/mL leupeptin and 2.5 mL of 
1 M DTT after the pH has been adjusted.

 3. 22.5-gauge needle.
 4. 1 mL syringe.
 5. 1× phosphate-buffered saline (PBS)
 6. Microcentrifuge (Eppendorf 5415) or ultracentrifuge (Sorvall 

MX-120) depending on whether or not membrane and cyto-
solic fractions will be analyzed.

 1. Buffer B: Buffer A (without DTT and leupeptin) supplemented 
with 100 mM NaCl. Prepared in same manner as Buffer A 
except 10 mL of 5 M NaCl is added prior to volume adjust-
ment with water and pH adjustment with 10 N KOH. This 
solution should also be filter sterilized and stored at 4 °C.

 2. Buffer C: 62.5 mM Tris–HCl [pH 6.8], 15% (w/v) SDS, 8 M 
urea, 10% (v/v) glycerol, and 100 mM DTT (see Note 2).

 3. Coomasie Bradford Protein Assay.
 4. Trypsin.
 5. Trypsin inhibitor powder.
 6. 10% (v/v) NP-40.
 7. 4× SDS loading buffer: prepared using 12 g sodium dodecyl 

sulfate, 6 mL 2-mercaptoethanol, 30 g glycerol, 15 mL 1 M 
Tris–HCl pH 6.8 and adjusted to 100 mL with water. 
Bromophenol blue added to give solution color.

 8. SDS-Page and Immunoblot equipment and reagents.

3 Methods

 1. Prechill all buffers on ice.
 2. Scrape triplicate 60-mm or 100-mm dishes of cells into culture 

medium; combine and transfer cells to prechilled 15- or 50-mL 
Falcon tubes.

2.2 Trypsin 
Protection Assay 
Components

3.1 Isolation of Cell 
Membranes

Membrane Extraction of HMG CoA Reductase
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 3. Pellet cells at 500 × g for 5 min at 4 °C.
 4. Aspirate the medium and resuspend cell pellets in 1 mL cold PBS.
 5. Transfer to prechilled 1.5 mL tube and pellet cells by spinning 

again for 5 min at 4 °C.
 6. Resuspend cell pellets in 500 μL of Buffer A (see Note 1).
 7. Homogenize cells by passing through a 22.5-gauge needle 30 

times.
 8. Pellet nuclei at 1000 × g for 7 min at 4 °C. Transfer 400 μL of 

the post-nuclear supernatant (PNS) to new 1.5 mL tubes.
 9. Centrifuge the PNS at 16,000 x g for 12 min or 100,000 x g 

for 45 min at 4 °C. The supernatant from 100,000 x g spins 
may be saved if the cytosolic fraction is desired. The resulting 
pellets are designated as the membrane fraction.

 1. Harvest cells and prepare membrane fractions according to 
Subheading 3.1 described above. Use of freshly isolated mem-
brane fractions is recommended; these membranes can remain 
on ice for up to 2 h prior to trypsin digestion.

 2. Resuspend membrane pellets in 100 μL Buffer B by pipetting 
up and down 30 times. Pool samples where appropriate.

 3. Determine protein concentrations of membrane suspensions 
using Coomassie Bradford Protein Assay or equivalent assay.

 4. Aliquot 56 μL of membrane suspensions to new 1.5 mL tubes 
(typical experiments utilizing 100-mm and 60-mm dishes will 
yield approximately 100 μg and 30 μg of membrane protein, 
respectively).

 5. Prepare 5 mg/mL trypsin solution by dissolving trypsin in 
200 μL Buffer B per mg trypsin (see Note 3).

 6. Add 2 μL Buffer B (negative control) or 5 mg/mL trypsin to 
membrane suspensions. Gently mix and incubate at 30 °C for 
30 min (see Notes 4 and 5).

 7. Before trypsin reaction is complete, prepare a solution of tryp-
sin inhibitor (50 μL Buffer B per mg trypsin inhibitor) (see 
Note 3).

 8. Terminate trypsin proteolysis by transferring 1.5 mL tubes to 
ice and by the addition of 2 μL trypsin inhibitor solution. 
Vortex samples to ensure distribution of inhibitor.

 9. To further terminate trypsinolysis and prepare samples for 
SDS-PAGE and immunoblot analysis, add Buffer C in equal 
volume to that of membrane suspensions and 4× SDS loading 
buffer (1× final concentration).

 10. Heat samples at 37 °C for 20 min and subject to SDS-PAGE, 
followed by immunoblot analysis.

 11. An example of SDS-Page of HMG CoA reductase, subjected 
to this assay, is presented in Fig. 1 (see Notes 6–8).

3.2 Trypsin 
Proteolysis

Lindsey L. Morris and Russell A. DeBose-Boyd
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Fig. 1 Sterol and nonsterol isoprenoids enhance susceptibility of a lumenal T7 epitope in HMG-Red-T7 to trypsinolysis. 
(a) topology of HMG CoA reductase, Scap, and calnexin denoting the location of two T7 epitope tags in reductase 
encoded by pCMV-HMG-Red-T7, the epitope in Scap recognized by monoclonal IgG-9D5 [10], and the region in cal-
nexin recognized by anti-calnexin IgG (Novus Biologicals, Littleton, CO). Sites for N-linked glycosylation in HMG CoA 
reductase and Scap are indicated (see Note 6). (b and c) UT-2/pHMG-Red-T7 cells, a line of reductase-deficient 
Chinese hamster ovary cells [11] expressing reductase containing lumenal T7 epitopes, were set up for experiments 
on day 0 at a density of 5 × 105 cells per 100-mm dish in a 1:1 mixture of Ham’s F-12 medium and Dulbecco’s modi-
fied Eagle’s medium containing 100 units/mL penicillin and 100 μg/mL streptomycin sulfate (medium A) supple-
mented with 5% (v/v) fetal calf serum (FCS) and 0.2 mM mevalonate. On day 2, the cells were depleted of sterols by 
refeeding them medium A supplemented with 5% (v/v) lipoprotein-deficient serum (LPDS), 10 μM of the reductase 
inhibitor compactin, 50 μM mevalonate, and 1 μM MG-132 (to block reductase ERAD) in the absence or presence of 
1 μg/ml 25-HC plus 10 mM mevalonate as indicated. Following incubation at 37 °C for 16 h, the cells were harvested 
for subcellular fractionation. The resulting membrane fractions were resuspended in Buffer B and digested with 
2–20 μg trypsin for 30 min at 30 °C (b) or with 10 μg trypsin for the indicated amount of time at 30 °C (c). Following 
treatments, reactions were terminated and the samples were subjected to SDS-PAGE, followed by immunoblot analy-
sis with anti-T7 IgG (against reductase, EMD Biosciences, Darmstadt, Germany), IgG-9D5 (against Scap), and anti-
calnexin IgG (see Note 7)

4 Notes

 1. While many cell lysis procedures include the use of protease 
inhibitors, this procedure does not include any to ensure tryp-
sin will not be inhibited.

 2. Buffer C, which is added at the end of trypsinization, is a buf-
fer specifically used to solubilize reductase and may not be nec-
essary or optimal for other proteins of interest.

Membrane Extraction of HMG CoA Reductase
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 3. Trypsin and trypsin inhibitor solutions were prepared fresh for 
each new experiment.

 4. Prior to trypsin treatment, an aliquot of membrane suspension 
may be treated with a detergent, such as NP-40, to serve as a 
positive control for trypsin digestion.

 5. While a trypsin concentration of 5 mg/mL was suitable for 
studying membrane extraction of reductase, it may be neces-
sary to optimize trypsin concentrations with a concentration 
curve when studying other ERAD substrates.

 6. The glycosylation state of protected fragments can be deter-
mined by: (1) treating membranes with 10 μL of 7× denatur-
ation buffer (3.5% (w/v) SDS and 7% (v/v) 2-mercaptoethanol) 
and incubated at 100 °C for 10 min immediately following 
trypsin inhibitor treatment, (2) after samples cool add 9 μL 
10× G5 buffer (500 mM sodium citrate, pH 5.5) plus either 
5 μL H20 (Endo H treatments) or 5 μL 10% (v/v) NP-40 
(PNGase F treatments) containing 17× leupeptin, pepstatin, 
and aprotinin, (3) add 1 μL (500 units) Endo H or PNGase F 
to samples, spin briefly and incubate at 37 °C overnight, and 
(4) add 33 μL 4× sample buffer and incubate for 5 min at 
100 °C.

 7. Integral membrane proteins, such as calnexin, serve as valuable 
controls for membrane integrity when immunoblotting samples 
from trypsin protection assays. Commercially available antibod-
ies can be found that recognize lumenal portions of calnexin.

 8. RNA interference (RNAi) experiments can be conducted to 
verify that susceptibility of lumenal epitope(s) in proteins of 
interest to in vitro protease digestions results from extraction 
across the ER membrane and exposure to cytosol. For exam-
ple, RNAi-mediated knockdown of VCP/p97, the ATPase 
that plays a key role in membrane extraction and cytosolic dis-
location of ERAD substrates [9], blocks the in vitro trypsin 
digestion of the lumenal T7 epitopes in reductase [8].
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Chapter 15

Determining the Topology of Membrane-Bound Proteins 
Using PEGylation

Vicky Howe and Andrew J. Brown

Abstract

Biochemical methods can help elucidate the membrane topology of hydrophobic membrane proteins 
where X-ray crystallography is difficult or impractical, providing important structural data. Here, we 
describe the method of PEGylation, which uses a cysteine-reactive molecule, maleimide polyethylene gly-
col (mPEG), to determine the cytosolic accessibility of introduced cysteine residues. This accessibility is 
visualized using Western blotting to detect a band shift that indicates cysteine labeling by mPEG. Using 
scanning cysteine mutagenesis, followed by PEGylation, one can map the accessibility of the introduced 
cysteines, hence inferring the membrane topology of the protein.

We used PEGylation to determine the membrane topology of the sterol regulatory domain of a cho-
lesterol synthesis enzyme, squalene monooxygenase, identifying that it is anchored to the membrane via a 
re-entrant loop.

Key words Membrane topology, Microsome, PEGylation, Western blot, Squalene monooxygenase

1 Introduction

The hydrophobic nature of membrane proteins often makes crystal-
lization difficult or impossible, meaning structural data cannot be 
obtained using traditional X-ray crystallography techniques. For such 
proteins, alternative biochemical methods may be useful. One such 
technique, known as PEGylation, uses a membrane-impermeable 
cysteine-reactive reagent, maleimide polyethylene glycol (mPEG), 
to determine cysteine positions relative to the membrane [1, 2]. 
Single cysteine mutations are introduced systematically in regions of 
interest within the protein and PEGylation is performed on the sin-
gle cysteine mutants. mPEG chemically labels cysteines that are 
cytosolically exposed, while membrane- buried or luminal residues 
remain unlabeled. This can be detected using SDS-PAGE and 
Western blotting, as PEGylation results in a band shift correspond-
ing to the mass of mPEG. Triton X-100, a non-denaturing deter-
gent, is used as a positive control. Triton X-100 solubilizes 



202

membranes but does not disrupt secondary protein structures. 
Therefore, the level of PEGylation in a Triton X-100-treated micro-
some acts as a reference for the relative exposure of the residue when 
not treated with Triton X-100. For example, no PEGylation indi-
cates that a residue is likely membrane-buried or luminal, while full 
accessibility (equal to the Triton X-100 condition) indicates a cyto-
solic orientation (Fig. 1). An mPEG-accessible residue that is less 
PEGylated than its Triton X-100-treated condition is likely to be on 
a membrane- cytosol interface. If however, the Triton X-100-treated 
control sample is unPEGylated, this may indicate that the residue is 
sterically hindered by protein structures. This can be confirmed by 
pretreating microsomes with a denaturing detergent, sodium 
dodecyl sulfate (SDS), prior to PEGylation, which should render the 
cysteine residue accessible, allowing it to be PEGylated (Fig. 1). By 
mapping the accessibility of the introduced cysteines relative to the 
Triton X-100 condition, the general membrane topology of a mem-
brane protein can be inferred and regions such as re-entrant loops or 
transmembrane domains can be identified.

PEGylation can also be used to identify conformational changes 
that result in altered cysteine accessibility, e.g., the cholesterol- 
induced conformational change observed in squalene monooxy-
genase [3] or Ca2+-induced conformational changes in inositol 
triphosphate receptors [4]. However, depending on the magnitude 
of the conformational change and whether this occurs in a mem-
brane-spanning or sterically- hindered region, this may or may not 
be detectable by PEGylation.

PEGylation can be performed on purified protein or in cell 
lysates. As mPEG reacts with all cysteines in a sample, the quantity 
of mPEG must be in excess of that of cysteines in the reaction. -In 

Fig. 1 Mock-up Western blots demonstrating that relative PEGylation indicates membrane orientation of cys-
teine residues. Residues that are membrane-buried or luminally-oriented are inaccessible to the membrane- 
impermeable mPEG, so no PEGylation is observed (lane 2). Triton X-100 solubilizes the membrane, allowing 
these residues to be PEGylated, acting as a positive control (lane 3). Cytosolically-exposed residues are able to 
be PEGylated in the absence of Triton X-100 (lane 5). Residues not PEGylated even with Triton X-100 are likely 
to be sterically hindered (lanes 8 and 9). Such residues can be PEGylated in the presence of SDS (lane 10). 
However, this gives no indication of the position of such residues relative to the membrane. Lanes 1, 4, and 7 
are controls without the addition of mPEG

Vicky Howe and Andrew J. Brown
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mixed protein samples, enrichment of the protein of interest can 
be helpful to reduce the number of cysteine-containing proteins. 
For example, for proteins residing in the endoplasmic reticulum 
(ER) membrane, intact microsomes can be isolated first, then 
PEGylation performed and detected using Western blot with an 
antibody specific to the protein of interest. Here, we describe a 
method for PEGylating an ER membrane protein (squalene mono-
oxygenase) tagged with a V5 epitope tag.

2 Materials

 1. Dulbecco’s phosphate-buffered saline (PBS): 137 mM NaCl, 
2.7 mM KCl, 8.1 mM disodium hydrogen phosphate, 
1.47 mM potassium dihydrogen phosphate.

 2. Buffer A: 10 mM HEPES-KOH pH 7.4, 10 mM KCl, 1.5 mM 
MgCl2, 5 mM Na EDTA, 5 mM Na EGTA, 250 mM sucrose.

 3. Protease inhibitors (PI): cocktails are suitable and available 
from various suppliers.

 4. Protein quantification assay, e.g., bicinchoninic acid (BCA) 
assay.

 1. mPEG: MAL-dPEG®
4-(m-dPEG®

12)3, available from Quanta 
Biodesign, prepared as a 200 mM stock in dimethylsulfoxide 
(DMSO) (see Note 1).

 2. Triton X-100: 10% (v/v) solution diluted in deionized water.
 3. Dithiothreitol (DTT): 1 M stock.
 4. 5× Laemmli buffer: 10% (w/v) SDS, 0.2% bromophenol blue, 

0.25 M Tris–HCl (pH 6.8), 25% (v/v) glycerol.

 1. 12% (w/v) polyacrylamide gels for SDS-polyacrylamide gel 
electrophoresis (PAGE).

 2. Phosphate-buffered saline with Tween-20 (PBST): 1× PBS, 
0.1% (v/v) Tween-20.

 3. Blocking solution: 5% (w/v) skim milk in PBST.
 4. Antibody diluting solution: 5% (w/v) skim milk in PBST.
 5. Primary antibody: Mouse anti-V5 1:5000 (Thermo Fisher).
 6. Secondary antibody: Anti-mouse conjugated to horseradish 

peroxidase (HRP).
 7. Immobilon™ Western Chemiluminescent HRP Substrate 

detection system (ECL, Millipore) or equivalent reagent.
 8. LAS 500 Western imaging system (GE Healthcare) or equiva-

lent imaging equipment.

2.1 Microsomal 
Harvest

2.2 PEGylation

2.3 Western Blotting

Protein Topology Using PEGylation
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 1. ImageJ software package (imagej.nih.gov/ij).

3 Methods

 1. Using a plasmid containing the protein of interest (see Note 2), 
clone out any native cysteine residues and generate a cysteine- 
free mutant (see Note 3).

 2. Use this cysteine-free mutant as a backbone to introduce sys-
tematic single cysteine substitution mutations at desired posi-
tions along the protein (see Note 4 and Fig. 2).

 1. Culture mammalian cells in a 14.5 cm dish (see Note 5).
 2. After 24 h, transfect cells with plasmids encoding the single- 

cysteine- containing protein of interest.
 3. After a further 24 h, remove media from cells and wash cells 

twice with cold PBS (see Note 6).
 4. Harvest cells by scraping into 20 mL of cold PBS (see Note 7). 

Transfer to a 50 mL centrifuge tube (see Fig. 3 for steps 4–11).
 5. Pellet cells by centrifugation at 1300 × g for 5 min.
 6. Remove supernatant. Resuspend pellet in 750 μL of cold 

Buffer A supplemented with PI.
 7. Vigorously pass the cell lysate through a blunt 18G needle 50 

times using a 1 mL syringe (see Note 8).

2.4 Densitometry 
and Data 
Interpretation

3.1 Create a Plasmid 
Library

3.2 Cell Culture 
and Microsomal 
Harvest

Fig. 2 Workflow of substituted cysteine mutagenesis. 1. Native cysteines (blue) are mutated to the chemically 
similar serine (purple), giving a cysteine-free mutant backbone. 2. This backbone is used to systematically 
mutate individual serines and threonines (green) to cysteine, producing a series of single cysteine mutants 
whose cytosolic accessibility can then be screened using PEGylation

Vicky Howe and Andrew J. Brown
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 8. Transfer lysate to a 1.5 mL centrifuge tube. Centrifuge at 
1300 × g for 10 min at 4 °C.

 9. Transfer the resulting post-nuclear supernatant to a siliconized 
1.5 mL centrifuge tube (see Notes 9 and 10).

 10. Pellet microsomes by centrifugation at 20,000 × g for 30 min 
at 4 °C.

 11. Remove all the supernatant and resuspend the microsomal pel-
let in 200 μL of Buffer A supplemented with PI using a silicon-
ized tip (see Note 11).

 12. Quantify protein using a protein quantification assay, e.g., 
bicinchoninic acid (BCA) assay (see Note 12).

 1. In 1.5 mL centrifuge tubes, resuspend 40 μg of microsomal 
protein in a final volume of 54 μL of Buffer A (supplemented 
with PI) with or without 1% (v/v) Triton X-100 (5.4 μL of 

3.3 PEGylation

Fig. 3 Workflow for microsomal fractionation (Subheading 3.1, steps 4–10). Step numbers corresponding to 
Subheading 3.1 are indicated, with centrifugation steps indicated in italics

Protein Topology Using PEGylation
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10% v/v stock) detergent and with or without 5 mM mPEG 
(1.35 μL of 200 mM stock) (see Notes 13 and 14).

 2. Mix by vortexing and spin tubes down.
 3. Incubate for 30 min at the required temperature (see Note 15).
 4. Quench the reaction with 10 mM DTT (see Note 16).
 5. Vortex and spin tubes down.
 6. Incubate for 10 min at room temperature.
 7. Add 5× Laemmli buffer to a final concentration of 1× Laemmli 

buffer (see Note 17).

 1. Boil samples for 5 min at 95 °C before loading (see Note 18).
 2. Load 30 μL of sample to 12% (w/v) polyacrylamide gels for 

SDS-PAGE (see Note 19).
 3. Transfer proteins to a nitrocellulose membrane using a stan-

dard Western blotting transfer technique.
 4. Block the membrane in blocking solution with gentle rocking 

for 1 h (see Note 20).
 5. Incubate with the primary antibody (in our case, anti-V5) with 

gentle rocking for 1 h (see Note 21).
 6. Wash three times for 10 min in PBST with rocking.
 7. Incubate with the secondary antibody (anti-mouse) with gen-

tle rocking for 1 h.
 8. Wash three times for 10 min in PBST with rocking.
 9. Visualize using ECL and LAS 500 imaging system (see Note 

22). An example of the results from this method can be found 
in Fig. 4.

 1. Quantify PEGylated bands using ImageJ, or any other suitable 
densitometric software.

 2. In ImageJ, open the Western blot image file.
 3. Convert the image to 8-bit by clicking on Image -> Type -> 

8-bit.
 4. Select Analyze -> Calibrate -> Uncalibrated OD.
 5. Draw a rectangle around the PEGylated band to be analyzed, 

ensuring the same sized rectangle fits all bands while fitting as 
tightly as possible.

 6. Use the same rectangle to take a blank measurement in a clean 
area of the blot above or below the PEGylated band to be 
measured.

 7. Measure the PEGylated band.
 8. Repeat for all remaining PEGylated bands, taking a blank mea-

surement for each lane.

3.4 Western Blotting

3.5 Densitometry 
and Data 
Interpretation

Vicky Howe and Andrew J. Brown
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 9. Subtract the blank measurement from all corresponding bands.
 10. Normalize measurements to the detergent-treated condition 

for each mutant, which is set to 1.
 11. Values approximately equal to 1 indicate that a residue is 

cytosolically-exposed. Values approaching zero indicate that a 
residue is membrane-buried or luminally-exposed. Intermediate 
values may indicate that a residue is on the cytosol-membrane 
interface (see Fig. 4).

4 Notes

 1. mPEG should be prepared by dissolving in anhydrous solvent 
(we use dimethylsulfoxide, DMSO) and stored in single-use 
aliquots under an inert gas such as nitrogen or argon, as mPEG 
is reactive to water and sensitive to freeze-thaw cycles. Our 
200 mM stock was prepared by dissolving 100 mg (density 
1.02 g/mL, therefore 90.8 μL) in 121 μL anhydrous DMSO 
at 37 °C, vortexed periodically to dissolve, then frozen at 
−20 °C in 20 μL aliquots.

 2. We used a pcDNA3.1-V5-His TOPO vector (Invitrogen) con-
taining the first 100 amino acids of squalene monooxygenase 
fused to GFP [5].

Fig. 4 Example Western blots and densitometry for a PEGylation assay using squalene monooxygenase. (a) 
Residues with no accessibility or complete accessibility to mPEG are easily identified, as is the case for residue 
31C (buried) and 67C (cysosolically-exposed). (b) Densitometry of the PEGylated bands in (a). PEGylation is 
given relative to the Triton X-100 condition, which is set to 1. (c) Residues on a cytosol-membrane interface, 
such as 18C, are intermediately PEGylated relative to Triton X-100 and are differentially PEGylated at varying 
temperatures. (d) Densitometry of the PEGylated bands in (c). The extent of PEGylation is given relative to the 
Triton X-100 condition, which is set to 1

Protein Topology Using PEGylation
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 3. We use site-directed mutagenesis to substitute native cysteine 
residues with the chemically similar serine residue. Any cloning 
method should work. We used a megaprimer method [6] with 
mutagenic forward primers and a generic reverse primer.

 4. We used site-directed mutagenesis to systematically replace all 
serine and threonine residues with cysteine, due to their chem-
ical similarity to cysteine, minimizing the likelihood of struc-
tural disruptions. We also substituted other amino acids for 
cysteines at strategic positions predicted to border membrane- 
spanning regions.

 5. We use Chinese hamster ovary-7 (CHO-7) cells cultured in 
DF-12 medium supplemented with 5% (v/v) lipoprotein defi-
cient serum.

 6. If microsomes are to be treated with sterols, further pretreat 
cells with compactin (5 μM) and mevalonate (50 μM) over-
night (~16 h) in media supplemented with lipoprotein defi-
cient serum prior to harvest to lower their sterol status.

 7. Keep cells and cell lysates on ice as much as possible to ensure 
microsomes remain intact.

 8. Be as vigorous as possible without losing lysate through splash-
ing. This is best achieved by pulling the plunger upward in a 
rapid motion and then pushing the plunger down gently. 
Vigorous needling is required to adequately break up cells to 
ensure a maximal microsomal yield.

 9. A sticky, membranous film may be present on the top of the 
solution. Be sure not to take this with the supernatant as this 
fraction is insoluble and can interfere with protein quantifica-
tion. The film can be pushed aside using a 1 mL pipette tip, 
then a clean tip can be used to remove the supernatant. If nec-
essary, the 1300 × g centrifugation can be repeated to remove 
this fraction.

 10. Siliconized tubes and tips should be used to obtain the micro-
somal fraction and resuspend the microsomal pellet as siliconized 
surfaces have lower affinity for the hydrophobic microsomes.

 11. A larger volume may be required if the microsomal yield is high.
 12. Keep microsomes on ice for immediate use or store at −20 °C 

for future use. It is not recommended that microsomes are 
stored for long periods of time (less than one month is best).

 13. We found 5 mM to be an optimal concentration of mPEG; 
however, you may wish to test a range of concentrations as the 
amount of cysteines in a sample will depend on the quantity of 
total cysteine-containing proteins present.

Vicky Howe and Andrew J. Brown
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 14. mPEG should be added last and should be added to all tubes 
as quickly as possible. The reaction is both temperature- and 
time-dependent.

 15. You may wish to pilot the experiment using a range of tempera-
tures, such as 4 °C, room temperature and 37 °C. Residues 
bordering membrane/extramembrane interfaces or in dynamic 
regions of the protein may be differentially PEGylated at lower 
versus higher temperatures. Residues on this interface may be 
PEGylated at 37 °C but not at 4 °C due to lowered protein 
dynamics at 4 °C, indicating residues close to a sterically shielded 
interface. Important information may therefore be missed if 
PEGylation is only performed at higher temperatures.

 16. DTT must be in excess of mPEG. If > 5 mM mPEG is used, a 
proportionally higher concentration of DTT will be required 
to quench the reaction.

 17. Samples can be stored at −20 °C or used immediately for 
Western blotting.

 18. Some proteins are prone to aggregation upon boiling. If your 
protein of interest is prone to such aggregation, heat samples 
at 37 °C for 30 min prior to loading to increase protein solu-
bility, which makes it easier to load onto the gel and improves 
the band resolution.

 19. 12% (w/v) SDS-PAGE gels should be run for sufficient time 
to separate the PEGylated and unPEGylated bands, noting 
that the band shift is only 2.3 kD. Our protein is 
42 kD. Separation of the two bands required 12% polyacryl-
amide gels to be run in the separating gel for 1 h 45 min at 
150 V. Running gels at a lower voltage, or at a lower tempera-
ture (e.g., in a 4 °C cold room) can aid in obtaining high-
resolution gels. Excess detergent can also give poor-resolution 
gels. If this is a problem, consider loading less sample or dilut-
ing samples in Buffer A.

 20. Blocking can be done overnight at 4 °C.
 21. Weaker antibodies may require overnight incubations or higher 

concentrations of antibody.
 22. Alternative imaging technologies can also be used, however if 

quantification is required then a digital imaging technique is 
preferred to using film exposure due to the greater sensitivity 
and linearity of response achieved through digital imaging. 
Film images should be scanned at 1200 dpi. Care should be 
taken to avoid over-exposure of the bands when quantifica-
tion is required as over-exposed bands will give nonlinear 
results.

Protein Topology Using PEGylation
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Chapter 16

Measuring Activity of Cholesterol Synthesis Enzymes 
Using Gas Chromatography/Mass Spectrometry

Anika V. Prabhu, Winnie Luu, and Andrew J. Brown

Abstract

The development of gas chromatography/mass spectrometry (GC/MS) technology has improved the 
ease and efficiency with which sterols in biological samples can be analyzed. Its advantages include that it 
needs only a small amount of sample, a short analysis time, and has enhanced specificity over traditional 
methods. Furthermore, a major benefit is its nonselective properties, which means that a complete scan of 
the sample will display the relative abundance of every sterol in the sample. This property has made it pos-
sible to define the abnormal, but distinctive, sterol profiles in a number of inborn errors of cholesterol 
synthesis. Here, we describe a semiquantitative method to determine relative activity of cholesterol synthe-
sis enzymes. As an example, we measure the relative abundance of the substrate and product sterols of a 
cholesterol synthetic enzyme, 24-dehydrocholesterol reductase (DHCR24), which is defective in the 
hereditary developmental disease desmosterolosis.

Key words Lipids, Deuterated sterols, GC/MS, Enzyme activity

1 Introduction

Cholesterol synthesis is a complex and highly regulated process that 
involves more than 20 enzymatic steps in the mevalonate pathway. In 
addition to cholesterol synthesis, the pathway also produces vitamin 
D, isoprenoids, and ubiquinones. Changes in the activity of choles-
terol synthesis enzymes can have significant consequences for levels 
of cholesterol, sterol intermediates, and products in the interacting 
pathways. Changes in the levels of these intermediates can affect 
cellular homeostasis, and thus their measurement can be crucial to 
studies exploring cholesterol and related pathways. Notably, a num-
ber of diseases causing human malformations have been identified as 
the result of inborn errors of cholesterol metabolism [1]. Specifically, 
mutations in many cholesterol synthetic enzymes are linked to fetal 
disorders, such as 7- dehydrocholesterol reductase (DHCR7) and 
24- dehydrocholesterol reductase (DHCR24), causing Smith–Lemli–
Opitz syndrome or desmosterolosis, respectively [2, 3].

Ingrid C. Gelissen and Andrew J. Brown (eds.), Cholesterol Homeostasis: Methods and Protocols, Methods in Molecular Biology, 
vol. 1583, DOI 10.1007/978-1-4939-6875-6_16, © Springer Science+Business Media LLC 2017
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As well as identifying such disease states, measurement of 
enzyme activity provides further insight into the biochemistry of 
cholesterol metabolism. We have recently uncovered novel aspects 
of the cholesterol synthetic pathway, and interacting pathways, by 
measuring the activity of the terminal enzymes DHCR7 and 
DHCR24 [4–6] via gas chromatography/mass spectrometry 
(GC/MS). This approach has superseded traditional biochemical 
methods such as radio-thin layer chromatography, which can often 
be limiting in its specificity and sensitivity, and requires the use of 
radioactive substrates. GC/MS offers a more precise and easily 
quantifiable methodology, where hazardous radioactive materials 
have been replaced with substrates specifically labeled with 
deuterium.

The general principles of GC/MS have been outlined previ-
ously [7]. Here, we describe our semiquantitative approach to spe-
cifically measure activity of cholesterol synthetic enzymes, using 
labeled sterol intermediates and measuring substrate conversion 
levels to determine relative enzymatic activity (see Note 1).

2 Materials

 1. Deuterated sterol (e.g., [2H6]-desmosterol from Avanti Polar 
Lipids) complexed to cyclodextrin (see Note 2).

 2. 0.1 M sodium hydroxide (NaOH). Add 0.2 g NaOH per 
50 mL ultrapure water.

 3. 1 mg/mL 5α-cholestane in chloroform (see Note 3).
 4. Absolute ethanol.
 5. 75% (w/v) potassium hydroxide (KOH). Add 37.5 g KOH 

per 50 mL ultrapure water.
 6. 20 mM butylated hydroxytoluene (BHT). Make a 0.2 M stock 

(0.22 g BHT per 5 mL ultrapure water) and dilute to reach 
20 mM.

 7. 20 mM ethylenediaminetetraacetic acid (EDTA). Make a 
0.2 M stock (0.58 g EDTA per 10 mL ultrapure water) and 
dilute to reach 20 mM.

 8. 95% (or analytical grade) n-hexane.
 9. N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA).
 10. Nitrogen gas tank or vacuum centrifuge.
 11. Heat block.
 12. Pyrex glass tubes with polytetrafluoroethylene (PTFE)-lined 

caps (see Note 4).
 13. Glass vials with fixed insert.
 14. PTFE lids for glass vials.

Anika V. Prabhu et al.
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 15. Acetonitrile.
 16. Protein assay that is compatible with cell lysates in NaOH, 

e.g., bicinchoninic acid (BCA) assay.
 17. GC/MS equipment—the system at our institution includes 

the TRACE TR-50MS GC column (Thermo Fisher Scientific), 
which uses helium as a carrier gas and is 60 m × 0.25 mm with 
0.25 μm film thickness. In addition, the TriPlus RSH™ 
Autosampler, Thermo Trace™ gas chromatograph and Thermo 
DSQ™ II mass spectrometer are used. Thermo Xcalibur soft-
ware (version 2.2) is used for analysis of data. The conditions 
described in this method are optimized for this system.

3 Methods

 1. Seed cells in a 6-well plate at 60–80% confluence.
 2. Label cells with 1 μg/mL deuterated sterol–cyclodextrin 

complex per mL of media (see Note 2), adding additional 
treatments to the media if needed.

 3. Swirl the plate to mix and incubate at 37 °C for 4 h (see Note 5).

 1. Wash cells with PBS using 1 mL per well.
 2. Add 500 μL of 0.1 M NaOH per well.
 3. Rock plate for 5–10 min and tap plate to allow cell lysate to 

collect.
 4. Add cell lysate solution to the Pyrex glass tubes.
 5. Rinse well with 500 μL ultrapure water to collect remaining 

lysate, and add to the Pyrex glass tube. A final concentration of 
0.05 M NaOH in the samples is obtained.

 6. Vortex the tubes vigorously.
 7. Store samples at −20 °C, or proceed with normalization.

 1. Measure the protein concentration using 20 μL of each sam-
ple, performed in duplicate (see Note 6).

 2. Normalize samples to the least concentrated sample by using 
the equation below, where total volume refers to the 960 μL 
sample solution (see Note 7):

 

Volume Discard

Total Volume
Total Volume Lowest AverageAbsor
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= -
´ bbance

AverageAbsorbanceof theSample
é

ë
ê

ù

û
ú  

 3. Adjust the volume of all samples (apart from the sample with 
the lowest protein concentration) with 0.05 M NaOH to a 
final volume of 960 μL.

3.1 Cell Culture

3.2 Harvest

3.3 Normalization

Activity of Cholesterol Synthesis Enzymes
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 4. Make a master mix of 40 μL 0.05 M NaOH and 0.2 μL 1 mg/mL 
5α-cholestane (internal standard) for each sample and add 
40.2 μL to each tube (see Note 8).

 5. Store samples at −20 °C, or proceed with lipid extraction.

 1. Add 1 mL absolute ethanol (see Note 9), 500 μL 75% (w/v) 
KOH (for saponification), 1 μL 20 mM butylated hydroxytol-
uene (BHT), and 20 μL 20 mM EDTA to each sample (see 
Note 10).

 2. Vortex well.
 3. Saponify mixture by heating samples to 70 °C on a heat block 

for 1 h.
 4. After cooling, add 1 mL absolute ethanol to each sample and 

vortex briefly.
 5. Add 2.5 mL 95% n-hexane in a fume cupboard and vortex on 

high speed for 30 s (see Notes 9 and 11).
 6. Centrifuge at high speed (4000 × g) for 5 min (see Note 12).
 7. Transfer 2 mL of the n-hexane layer (top layer) into a new 

Pyrex glass tube (see Note 13).
 8. Using nitrogen (or another inert) gas, or a vacuum centrifuge, 

to evaporate the hexane to dryness (see Note 14).
 9. Store dried samples at −20 °C, or proceed to derivatization step.
 10. Allow BSTFA derivatizing agent to reach room temperature, 

and add 50 μL BSFTA to each sample in fume cupboard 
(see Note 15).

 11. Vortex samples and derivatize at 60 °C on a heat block for 1 h.
 12. After cooling, transfer samples to glass vials with fixed insert 

and attach PTFE lids, for GC/MS analysis.

 1. Run two acetonitrile blanks prior to running samples to flush 
the column (see Note 16 for suggestions of controls).

 2. Run standards in scan (total ion chromatogram, TIC) mode 
using the Thermo Trace™ gas chromatograph coupled with 
the Thermo DSQ™ II mass spectrometer and Thermo TriPlus 
RSH™ Autosampler (see Note 17). To generate a standard, 
add ~0.1 μg of a known sterol of interest to a tube (in a small 
amount of ethanol for convenience). Dry sample, and deriva-
tize as described in Step 11 (Subheading 3.4). An example 
chromatogram for a sterol standard (in this case, cholesterol) is 
provided in Fig. 1a, with the spectrum of the highest peak 
shown in Fig. 1b.

 3. Identify retention times and ions (confirmation and molecular) to 
set up a single-ion monitoring (SIM) method (see Note 18). 
The ions selected align with the retention time of the chro-
matographic peak for the sterol of interest (Fig. 1c). As shown 

3.4 Lipid Extraction 
and Derivatization

3.5 Sample Run 
and Data Analysis
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in Fig. 2, the SIM method should monitor specific ions 
(see Note 19) over a specific time range when the sterol is 
known to be eluted.

 4. Run samples in the newly established SIM mode. Example 
chromatograms of samples labeled with [2H6]-desmosterol 
and treated with and without a DHCR24 inhibitor are shown 
in Fig. 3. DHCR24 inhibition prevents the conversion of 
[2H6]-desmosterol to [2H6]-cholesterol.

 5. Using Thermo Xcalibur software (version 2.2), identify the 
area under the curve for chromatographic peak of each sterol 
based on the confirmation ion (see Fig. 3a and b).

 6. Calculate the product to substrate ratio to identify enzymatic 
activity relative to other samples. An example of the relative 
decrease in enzymatic activity with inhibition is provided in 
Fig. 3c.

Fig. 1 Identifying confirmation and molecular ions in scan mode. A standard sample containing ~0.1 μg of the 
sterol of interest (in this case, cholesterol) was run in scan mode. (a) The total ion chromatogram (TIC) produced 
of the sample, with the highest peak corresponding to the sterol of interest, cholesterol. (b) The mass spectrum 
for the highest peak, with the confirmation ion (329.34) and molecular ion (458.41) marked. (c) Chromatograms 
monitoring only the confirmation or molecular ions, which appear at the correct retention time as cholesterol

Activity of Cholesterol Synthesis Enzymes
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4 Notes

 1. The method presented here is semiquantitative, to allow com-
parison between samples and measure relative differences in 
the abundance of sterols. To achieve absolute quantification, 
standard curves for each sterol of interest must be created to 
measure exact amounts.

Fig. 2 Setting up a selected-ion monitoring (SIM) method for sterols of interest. (a) Retention times and ions for 
sterols of interest identified by running standards in scan mode. Note that certain information can be predicted 
for sterols that are not available (see Note 19). A specific range of retention times at which a particular sterol of 
interest appears is selected, and corresponding ions are measured during that time. Unlabeled, endogenous 
cholesterol is excluded from this SIM method. (b) Screenshot of the setup of SIM parameters, using Thermo 
Xcalibur software (version 2.2). Note the time ranges and corresponding ions that are inputted from (a)

Anika V. Prabhu et al.
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 2. The process of complexing sterols to cyclodextrin has been 
described previously [8]. Briefly, 15 mg/mL of the indicated 
sterol dissolved in 100% ethanol is added in five 10 μL aliquots 
to a stirring solution of 5% (w/v) methyl-β-cyclodextrin at 
80 °C until a clear solution is achieved. The solution is lyophi-
lized and the dried complex reconstituted in 375 μL ultrapure 
water to achieve a sterol–cyclodextrin complex at a concentra-
tion of 2 mg/mL.

 3. 5α-cholestane can be used as an internal standard. As it is solu-
bilized in chloroform, it is volatile and evaporation must be 
minimized to avoid dramatic changes in concentrations by 
using aliquots and sealing with parafilm during storage at 
−20 °C. Working concentrations of 5α-cholestane in heptane 
or ethanol can also be used.

 4. Glass tubes are preferred for GC/MS as plastic can leach into 
samples and lipids can remain attached to the plastic. For this 
method, Pyrex glass tubes that can hold ~8 mL volume are 
used.

 5. Concentration and time of labeling with deuterated sterol may 
require optimization. For instance, if enzymatic activity is very 
high, increasing the concentration or reducing labeling time can 
decrease substrate conversion, allowing differences in activity to 
be observed. When measuring the activity of a non- terminal 
enzyme, other sterol intermediates further downstream can also 
accumulate and may need to be measured. Efficient inhibition of 
enzymes downstream can be used to allow accumulation of the 
sterol product of the enzyme of interest.

 6. A standard curve is not required for protein quantification 
since samples are being normalized relative to the sample with 

A. Control
150000

100000

50000

150000

100000

50000

00
* *

33 34 35

Retention Time (min)

[2H6]-Product

[2H6]-Substrate

AA: 155474 [2H6]-Product
AA: 17098

AA: 349965

[2H6]-Substrate
AA: 784411

Retention Time (min)

Control Inhibitor

R
el

at
iv

e 
A

bu
nd

an
ce

R
el

at
iv

e 
A

bu
nd

an
ce

36 37 33 34 35 36 37
0.0

R
el

at
iv

e 
E

nz
ym

e 
A

ct
iv

ity

0.5

1.0

1.5
B. Inhibitor C. Activity

Fig. 3 Quantification of relative enzyme activity. (a, b) Cells were labeled with a deuterated substrate 
([2H6]-desmosterol, in this case) for 4 h with or without an inhibitor of DHCR24, and lipids were extracted, 
derivatized, and subjected to GC/MS using the established selected-ion monitoring (SIM) method to monitor 
the confirmation and molecular ions of the deuterated substrate and product. (c) Relative enzymatic activity of 
(a, b) was calculated using the chromatographic peak analyte areas (AA) of the confirmation ion measured for 
[2H6]-product ([2H6]-cholesterol) and [2H6]-substrate ([2H6]-desmosterol), expressed as the ratio of product to 
substrate, and normalized to the control condition (set to 1). * indicates unlabeled, endogenous cholesterol 
which was not measured in this SIM method
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the lowest concentration. However, inclusion of a standard 
curve can help during troubleshooting if a comparison of 
protein levels between experiments is needed.

 7. As 40 μL was used for the protein assay, 960 μL of the sample 
remains. Discarding the sample and later replacing with 0.05 M 
NaOH minimizes sample loss and number of tubes required 
per experiment.

 8. Make a master mix to avoid inaccuracy with addition of small 
volumes of volatile 5α-cholestane. Additionally, the amount of 
5α-cholestane can be optimized, so that it remains the tallest 
peak in the trace for each sample.

 9. To avoid evaporation of all volatile substances, such as ethanol- 
based solutions or n-hexane, minimize the opening of tubes, 
and improve accuracy of pipetting by pre-wetting the tip with 
the solution prior to dispensing.

 10. The saponification step can be omitted in some circumstances 
by replacing the 75% (w/v) KOH with ultrapure water and skip-
ping Step 3 (Subheading 3.4). Certain metabolites (such as vita-
min D3) may be negatively affected by saponification, which 
may warrant removal of this step. However, we have found that 
saponification has no effect on vitamin D3 extraction.

 11. 95% n-hexane is highly volatile and toxic, and hence it should 
always be used in a fume cupboard behind a shield.

 12. Take precautions to ensure that if the glass tube breaks during 
centrifugation, hexane vapor will not be inhaled. Distinct layers 
should be visible, but avoid disrupting the interphase.

 13. Although 2.5 mL hexane was added, remove a conservative 
2 mL of hexane to avoid including contaminants from the 
interphase.

 14. Specific vacuum centrifuges with solvent traps can also be used 
to safely dry down the hexane solution. Additionally, certain 
sterols such as 7-dehydrocholesterol are highly labile and readily 
oxidized to other products. A fast-drying method is preferable 
compared to drying by exposure to the air overnight or over 
several days.

 15. After derivatization, any cloudiness or precipitate is indicative 
of contamination. Common causes include that the hexane or 
the glass tubes are not clean, or that the interphase was 
disrupted. Glass tubes and lids can be reused but need to be 
cleaned well with detergent and rinsed with acetone prior to 
reuse.

 16. To test for any interference, run samples where the same harvest 
method is applied to an empty well (to account for any inter-
ference from the plastics used) and to unlabeled cells (to account 
for endogenous sterol levels).

Anika V. Prabhu et al.
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 17. Sample introduction involves a 1 μL injection via a splitless 
inlet heated to 290 °C into a Thermo Scientific™ TRACE 
TR- 50MS GC column. Further details of GC/MS conditions 
have been outlined previously [4].

 18. The confirmation ion typically appears with the highest relative 
intensity. The molecular ion corresponds to the molecular 
weight of the sterol of interest. Note that the addition of the 
BSTFA derivatizing agent forms trimethylsilyl (TMS) deriva-
tives that give molecular ions that are 72 mass units above the 
molecular weight of the original compounds. Measuring the 
relative abundance of the confirmation and molecular ions 
only can help to determine whether they are appropriate ions 
to monitor.

 19. Although not recommended, peak retention time or the mass to 
charge ratio (m/z) of the ions can be predicted, if the standard 
is not available. Moreover, deuterated versions of sterols typi-
cally have retention times very similar to the unlabeled counter-
parts, typically eluting marginally faster (e.g., the difference in 
retention time between cholesterol and [2H6]-cholesterol shown 
in Fig. 2a). Note that cells typically have high levels of endoge-
nous cholesterol, which should be excluded from SIM methods 
to easily observe other sterols of interest. Furthermore, if the 
sterol of interest is labeled with six deuterium molecules [2H6], 
the mass units of the ions increase by six mass units (compare 
selected ions for Sterol Product and [2H6]-Sterol Product in Fig. 
2a). In addition, molecular ions can be predicted based on the 
molecular weight (see Note 18).
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Chapter 17

Sterol Analysis by Quantitative Mass Spectrometry

Andrew M. Jenner and Simon H.J. Brown

Abstract

Analysis of sterols by mass spectrometry is a fundamental technique allowing for both qualitative and quan-
titative characterization of sterol molecular lipid species. Lipids are isolated from matrix or matrices by 
homogenization and solvent extraction, and converted into species amenable for ionization either by 
derivatization or adduct formation. Chromatogaphy (either gas or liquid phase) can assist with the resolution 
of sterols. Tandem mass spectrometry allows the precise identification of sterol lipid species, while compari-
son to internal standards added during extraction enables accurate quantification.

Key words Sterol, GC-MS, LC-MS, Tandem mass-spectrometry, Electrospray

1 Introduction

Cholesterol synthesis and metabolism is significantly altered in 
several degenerative diseases including atherosclerosis, Alzheimer’s, 
Huntington’s, and Parkinson’s disease and is believed to play an 
important role in development of pathophysiology [1–4]. 
Cholesterol is by far the most abundant sterol in animals (approxi-
mately 103 fold greater than other sterols). Plants generate phytos-
terols that are absorbed quite poorly by animals from their diet, 
but can be incorporated to a limited extent into tissues, together 
with other endogenous cholesterol synthetic intermediates and 
metabolites. Cholesterol also represents a major target for oxida-
tive damage, and oxysterols generated by reactive oxygen species 
attack can be used as biomarkers of oxidative stress and lipid per-
oxidation [4].

In order to fully examine the importance of the multiple sterol 
mechanisms and pathways, there is an urgent need to develop effi-
cient and reliable methods to measure sterols in different tissues by 
high-throughput lipidomic approaches. Sterols often share a very 
similar chemical structure and vary widely in tissue concentrations. 
Therefore, reliable measurement requires careful analytical method 
development and many methods have been established in different 
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laboratories, reviewed by [5]. Recent advances in mass spectrom-
etry (MS) have greatly improved analytical throughput, while ever- 
improving sensitivity of instrumentation has rapidly increased the 
number of analytes routinely monitored. However, quantitative 
analysis of sterol molecular lipid species still presents unique chal-
lenges for analysis by MS, including relatively poor ionization and 
background cholesterol in great excess. In addition, oxysterols are 
thermally labile, poorly soluble in aqueous solvents and are weak 
chromophores.

Two approaches for quantitative characterization of sterols will 
be described here, a gas chromatography (GC) coupled to tandem 
mass spectrometry (GC-MS/MS) approach for sterols and oxys-
terols and direct-infusion (DI) tandem mass spectrometry (DI- 
MS/MS) technique for free cholesterol and cholesteryl esters.

Both approaches are based on identification of ionized lipids in 
the mass spectrometer by mass and collision-induced fragmenta-
tion, using a triple quadrupole instrument (Fig. 1). Lipid extrac-
tion is a crucial step in sterol analysis, and in both protocols 
described herein, the extractions have been optimized to balance 
efficiency and the purity of final extracts. In both cases internal 

Fig. 1 Simple schematic of triple quadrupole analyte detection. Analytes entering the mass spectrometer are 
ionized in the ion source and then focused by a series of three quadrupoles before they reach the detector. 
During selective reaction monitoring (SRM), a precursor ion with an m/z specific to the analyte is initially 
selected by the first quadrupole, Q1. The ion then enters the collision cell Q2, where a product ion with a 
smaller m/z is produced after energetic impact with a collision gas molecule in a process of collision induced 
dissociation (CID). The final quadrupole Q3 selects the product ion for detection. Therefore, only ions that have 
the selected precursor mass and fragment into the selected fragment mass reach the detector. In contrast, 
single quadrupole MS have only Q1 and select the precursor ion for direct detection Selective reaction moni-
toring (SRM) has much higher discrimination against background signals and noise compared to SIM, which 
enhances analyte detection specificity and promotes sensitivity, provided that an abundant precursor ion and 
an efficient collision induced fragmentation can be determined.
In DI lipidomics, the tandem mass spectrometer is used to perform precursor-ion scans (PIS). In this mode, Q1 
operates in scan mode and is not selective. Q3 acts as a filter to select a specific product ion produced after 
CID in Q2 (in this case a dehydrated cholesterol ion) fragment. From the Q1 full scan data, the Q1 precursor 
molecular ion species that generated the Q3 product ion is identified.
Quadrupole ion filtering can be controlled with very short time delays. Many SRM or PIS can be monitored with 
high frequency and sensitivity.

Andrew M. Jenner and Simon H.J. Brown
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standards are added at the first step of the lipid extraction to 
normalize both the extraction steps and the MS analysis. 
Comparison of analyte peak areas to internal standard peak areas 
allows for accurate and reliable quantification.

GC fundamentally separates lipids by vapour pressure in a gas 
mobile phase over a liquid stationary phase prior to their ionization 
and characterization by MS. GC-MS in the electron ionization 
(EI) mode using a single quadrupole and selected ion monitoring 
(SIM) of a specific ion provides a robust and sensitive method for 
sterol analysis that was utilized early in sterol research. This tech-
nique still remains invaluable for sterol analysis today and has lead 
to the development of the GC-MS/MS (EI mode) protocol 
described in this chapter. The GC retention time, precursor ion 
mass and CID fragmentation allow for lipid identification. Through 
the use of single reaction monitoring (SRM), highly sensitive mea-
surement of lipid molecular species is achieved (Fig. 1).

DI lipidomic approaches do not utilize a chromatographic 
step, and instead lipid extracts are directly infused into the 
MS. Lipids are ionized by electrospray ionization (ESI) and char-
acterized by MS/MS. In this DI method, a MS/MS technique 
termed precursor-ion scanning is used to identify cholesterol- 
containing lipids (Fig. 1).

2 Materials

Use the highest quality solvents (LC-MS/MS grade when avail-
able), chemicals, and ultrapure water (prepared by purifying deion-
ized water to attain a sensitivity of 18 MΩ cm at 25 °C). Prepare 
and store all reagents at room temperature (unless indicated other-
wise). Carefully follow all health and safety and waste disposal reg-
ulations and procedures.

 1. Desmosterol-d6, 14-demethyl-lanosterol-d6, zymosterol-d5, 
14-demethyl-lanosterol (t-MAS or testis meiosis activating 
 sterol), zymosterol, and lanosterol-d6 (Avanti Polar Lipids).

 2. Campesterol-d3, 7α-hydroxycholesterol-d7, 7β-hydroxycho-
lesterol-d7, β-sitosterol-d7, lathosterol-d4, 7- ketocholesterol-d7, 
and 4-cholesten-3-one-d5 (CDN Isotopes, Quebec, Canada).

 3. 27-hydroxycholesterol-d5, 24-hydroxycholesterol, and 24- 
hydroxycholesterol-d7 (Medical Isotopes, Inc., Pelham, USA).

 4. Squalene-d6, 7-dehydrocholesterol-d7, 4β-hydroxycho-
lesterol-d6, 25-hydroxycholesterol-d6, and 24,25-dihydrola-
nosterol-d6 (TRC, ON, Canada).

 5. Cholesterol, α-cholestane, squalene, 7α-hydroxycholesterol, 7β- 
hydroxycholesterol, 7-dehydrocholesterol, 25-hydroxy choles-
terol, and 7-ketocholesterol (Sigma, St. Louis, USA).

2.1 GC-MS/MS

2.1.1 Sterol Analytical 
Standards

Sterol Analysis
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 6. Lathosterol, lanosterol, desmosterol, 27-hydroxycholesterol, 
4β-hydroxycholesterol, coprostanol, epi-coprostanol, 
α-cholestanol, β-sitosterol, campesterol, stigmasterol, cyclo-
artenol, fucostanol, 24,25-dihydrolanosterol, 4-cholesten- 3-
one, and β-sitostanol (Steraloids, Newport, USA).

 1. Acetonitrile (100% anhydrous)
 2. Toluene (100%)
 3. n-hexane (99%)
 4. Methanol (0.005% BHT): In a fume cupboard, add 15 mg of 

BHT (butylated hydroxytoluene) to a volume of 300 mL 
methanol and store at 4 °C.

 5. Sodium hydroxide (10 M): In a fume cupboard, add 40 g of 
NaOH to 100 mL of water.

 6. Sodium hydroxide (1 M): In a fume cupboard, slowly add 
water to 100 ml of 10 M NaOH to a final volume of 
1000 mL.

 7. Formic acid (1 M): In a fume cupboard, add 9.3 g of 99% for-
mic acid (approximately 38.1 mL) to water to make a final vol-
ume of 200 mL.

 8. Formic acid (0.13 M): Add water to 65 mL 1 M formic acid to 
make a final volume of 500 mL.

 9. Formic acid (40 mM, pH 4.5): Add 2 mL formic acid (1 M) 
with water to make a final volume of 50 mL and adjust the pH 
with a few μL of NaOH (10 M).

 10. Formic acid (40 mM, pH 4.5, 40% v/v methanol): Add 
300 mL of 40 mM formic acid (pH 4.5) to 200 mL of 
methanol.

 11. Hexane–MTBE (1:1 v/v): Add 250 mL of n-hexane to 
250 mL MTBE (methyl tert-butyl ether, HPLC grade 
99.9%).

 12. Mixed mode SPE columns: C8/anion exchange quaternary 
amine, Clean-up 3 mL (UTC).

 13. BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) containing 
1% (v/v) TMCS (trimethylchlorosilane).

 14. 0.5 mL bead-beater homogenization tubes (tough-tubes).
 15. 1.4 mm ceramic beads.
 16. 5.0 mL screw top glass vials with PTFE/silicone lid inserts.
 17. 2.0 mL glass auto sample vials auto sampler vials with PTFE/

silicone lid inserts.
 18. Narrow glass vial inserts.

2.1.2 Solid Phase 
Extraction (SPE) 
and Derivatization

Andrew M. Jenner and Simon H.J. Brown
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All standards obtained are of the highest purity (>95%).
 1. Heavy isotope cholesterol (D7) (Cambridge Isotope 

Laboratories,Tewksbury, USA).
 2. Cholesteryl esters (Nu-Chek-Prep, Waterville, USA).

 1. MTBE (HPLC grade 99.9%).
 2. Methanol (0.01% BHT): In a fume cupboard, add 30 mg of 

BHT to a volume of 300 mL methanol (LC-MS grade 99.9%).
 3. 0.15 M ammonium acetate: Add 5.8 g ammonium acetate 

(LC-MS grade; 99.0%) to a volume of 500 mL ultrapure water 
in a glass bottle and dissolve. Store at 4 °C.

 4. 1 M ammonium acetate: Add 7.7 g ammonium acetate 
(UHPLC-MS grade; 99.0%) to a volume of 100 mL ultrapure 
water in a glass bottle and dissolve. Store at 4 °C.

 5. 2:1 (v/v) methanol–chloroform including 5 mM ammonium 
acetate: Add 200 mL methanol and 100 mL chloroform to a 
500 mL glass bottle. Add 1.5 mL of 1 M ammonium acetate.

 6. 2.0 mL bead-beater homogenization tubes (tough-tubes).
 7. 1.4 mm ceramic beads.
 8. 2.0 mL glass vials with PTFE/silicone lid inserts.
 9. 2.0 mL centrifuge tubes.
 10. 96-well plate (Eppendorf Twin-Tec).

3 Methods

The GC-MS/MS method described in this paper (outline in Fig. 2) 
follows from GC methods developed in previous work that use 
GC-EI single quadrupole MS to analyze trimethysilyl (TMS) sterol 
derivatives. We have utilized faster, high-resolution GC capillary 
columns coupled with higher sensitivity triple quadrupole MS to 
improve routine, high-throughput sensitive measurement of ste-
rols (listed in Table 1) that is often required for large lipidomic 
studies.

Carry out all procedures at room temperature unless otherwise 
specified. The GC-MS/MS instrument should be prepared so that 
it is in the EI mode ready for sterol analysis. The EI source should 
be installed and any GC or MS maintenance performed several 
days prior to sample analysis so that the instrument can be fully 
checked and validated with quality control samples.

 1. Accurately and quickly weigh frozen tissue (5–20 mg depending 
on tissue) into a plastic homogenization tube containing 5 
ceramic beads and add 150 μL methanol (0.005% BHT) (4 °C). 

2.2 DI-MS/MS

2.2.1 Standards

2.2.2 Extraction 
and Sample Preparation

3.1 GC-MS/MS

3.1.1 Tissue 
Homogenization and Lipid 
Base Hydrolysis

Sterol Analysis
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Add 20 μL of the internal standard mix, containing heavy 
isotopes (Table 2) in isopropanol (see Note 1). Cap the tube 
and homogenize for 2 × 20 seconds at 5000 rpm (4 °C) using 
a bead beater (see Note 2).

 2. Transfer the homogenate to a clean 5 mL screw top glass vial 
and wash the tube with 100 μL methanol (0.005% BHT), then 
add the wash to the glass vial. Add 250 μL sodium hydroxide 
(1 M) to the homogenate and hydrolyze overnight for 16 h, 
rocking gently at room temperature in the absence of light 

Fig. 2 Schematic overview of GC-MS sterol analysis in biological tissues

Table 1  
Sterol analytes and their sources measured by GC-MS/MS

Cholesterol synthetic 
precursors Cholesterol metabolites

Cholesterol oxidative 
damage biomarkers

Phytosterols 
(from diet)

lathosterol 24-hydroxycholesterol 7β-hydroxy cholesterol campesterol

7-dehydrocholesterol 27-hydroxycholesterol 7-keto cholesterol β-sitosterol

desmosterol 4-cholesten-3-one stigmasterol

14-dimethyl-lanosterol 
(t-MAS)

25-hydroxycholesterol brassicasterol

zymosterol 7α-hydroxycholesterol cycloartenol

24,25 dihydrolanosterol 4β-hydroxycholesterol β-sitostanol

lanosterol coprostanol fucosterol

squalenea α-cholestanol

epicoprostanol
aSqualene is not a sterol, but it is a major isoprenoid cholesterol precursor formed at the end of the mevalonate pathway
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(see Notes 3 and 4). For plasma samples, 250 μL of methanol 
(0.005% BHT) and 25 μL 10 M sodium hydroxide is added to 
225 μL plasma containing heavy (deuterated) internal stan-
dards before overnight hydrolysis.

 3. The following morning, add 2.5 mL of 0.13 M formic acid to 
make a final volume of 3 mL (final pH 4.5, approx. 8% methanol) 
(see Note 5).

 1. Precondition the SPE column with 2 mL methanol followed 
by 2 mL 40 mM formic acid (pH 4.5). Load the sample and 
allow it to flow down the column under gravity (see Note 6).

3.1.2 Solid Phase 
Extraction (SPE) of Sterols

Table 2  
Internal standards for GC-MS/MS analysis

Internal standard

Content per 
5–12 mg brain 
sample (ng)

Individual stock 
concentration (mg/ml)

Volume of individual stock 
in final 4 ml mix (μl)

7α-hydroxycholesterol-d7 10 0.1 20

7β-hydroxycholesterol-d7 10 0.1 20

4β-hydroxycholesterol-d6 10 0.1 20

27-hydroxycholesterol-d5 10 0.1 20

7-ketocholesterol-d7 20 0.1 40

7-dehydrocholesterol-d6 40 0.1 40

lanosterol-d6 10 0.1 20

24,25 dihydrolanosterold6 10 0.1 20

squalene-d6 40 0.1 80

25-hydroxycholesterol-d6 10 0.1 20

24-hydroxycholesterol-d7 200 1.0 40

desmosterol-d6 100 1.0 20

lathosterol-d4 100 1.0 20

zymosterol-d5 10 0.1 20

4-cholesten-3-one-d5 40 0.1 80

campesterol-d3 100 1.0 20

β-sitosterol-d7 100 1.0 20

14-demethyl- lanosterol-d6 10 0.1 20

α-cholestane 200 1.0 40

Individual sterol stock solutions (0.1 or 1.0 mg/mL in isopropanol) were combined in relatively different volumes to 
achieve the desired amount in 20 μL internal standard mix
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 2. Wash the column with 2 mL 40 mM formic acid (pH 4.5) 
containing 40% methanol. Preconditioning, loading, and 
washing eluates are discarded and the SPE column is then 
dried for 1–2 min by the flow of dry N2 gas.

 3. Elute the sterols into a clean glass tube with 2 mL hexane, fol-
lowed by 2 mL hexane/MTBE 1:1 and dry this solvent frac-
tion to approximately 1.5 mL using dry N2 gas. Transfer the 
sterol solution to a 2 mL glass auto sample vial and dry using 
dry N2 gas until all solvent has been removed (see Note 7).

 4. In glass auto sample vials, pipette 5 or 6 different calibrations of 
sterols (triplicate) from a standard sterol mix in isopropanol 
(Table 3), using a range appropriate for the tissue samples. Also 
separately prepare cholesterol calibrations (triplicate) within the 
range 7.5–150 μg depending on the tissue to be analyzed. To all 
calibration samples, add 20 μL of the internal standard mix 
(Table 2) in isopropanol and dry using dry N2 gas.

Once dry, 20 μL BSTFA + 1% (v/v) TMCS and 20 μL acetonitrile 
are added to the glass vial (samples and calibrations), capped and 
left to react for 1 h at 50 °C to generate trimethylsilyl ether deriva-
tives (Fig. 3) (see Notes 8 and 9). The derivative mixture is dried 
briefly with dry N2 gas and then reconstituted with 40 μL toluene 
and transferred into a narrow glass vial insert for GC-MS analysis.

 1. Derivatized samples are analyzed by an Agilent 7000B triple 
quadrupole mass selective detector interfaced with an Agilent 
7890A GC system gas chromatograph, equipped with an auto-
matic sampler and a computer workstation. The injection port 
and GC-MS interface are kept at 280 and 300 °C respec-
tively. Separations are carried out on a fused silica capillary col-
umn (20 m × 0.18 mm i.d. × 0.18 μm film thickness; Rxi-5Sil 
MS Restek, Bellefonte, USA) (see Note 10). Helium is the 
carrier gas with a flow rate of 0.8 mL/min (average velocity = 
59 cm/sec). Selected- reaction monitoring (SRM) is performed 

3.1.3 Sterol 
Derivatization

3.1.4 GC-MS 
Quantitation of Oxysterols 
and Sterols

Table 3  
Concentration of different sterols (ng content) in calibration standards for brain samples

Calibration Level (ng) L 1 L 2 L 3 L 4 L 5 L 6

“Low” abundance sterols 0.0375 0.15 0.6 2.25 7.5 22.5

“High” abundance sterols 0.375 1.5 6 22.5 75 225

Very high (24-hydroxycholesterol for brain samples) 1.5 6 24 90 300 900

Volume of final calibration std. mix to add (μl) 1 4 16 60 200 600

L1 to L6 are 6 levels of a calibration range. The two subjective categories “Lower” and “Higher” abundant sterols 
reflect the relatively different amounts of specific sterols in a variety of brain regions. “Higher” abundant sterols include 
squalene, 7-dehydrocholesterol, desmosterol, campesterol, β-sitosterol, lathosterol. 24-hydroxy cholesterol, a major 
brain cholesterol metabolite is at the highest calibration level
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using the EI mode (60 eV) and nitrogen as the Q2 collision 
gas (1.5 mL/min) with 2.25 mL/min atomic He in the colli-
sion cell to reduce chemical noise from metastable He. The ion 
source is maintained at 280 °C and the quadrupoles at 
150 °C. Target sterols, GC retention time and SRM transitions 
are listed in Table 4.

 2. For sterol and oxysterol analysis, derivatized samples (1 μL) are 
injected split-less into the GC injection port. The column tem-
perature is increased from 200 °C to 275 °C at 50 °C/min 
after 0.75 min at 200 °C, then temperature is raised to 300 °C 
at 2.5 °C/min with a final hold at 300 °C for 4 min. For cho-
lesterol analysis, derivatized samples (0.4 μL) are injected with 
a 30:1 split into the GC injection port (270 °C). Column tem-
perature is increased from 240 °C to 300 °C at 40 °C/min 
after 1 min at 240 °C, and then held at 300 °C for 7 min.

 3. Quantification of oxysterols is calculated by comparison of spe-
cific SRM transitions with their heavy isotopes (Fig. 4). Where 
heavy isotopic standards are unavailable, analytes were com-
pared to other heavy labeled standards. Cholesterol is  quantified 
using α-cholestane. Relative molar response factors (RMRF) of 
all analytes are calculated from calibration curves constructed 
from different concentrations in triplicate that show good lin-
earity (r2 > 0.99) (see Note 11).

The DI-MS/MS extraction and MS analysis methods described 
herein was developed as part of a larger lipidomics platform. 
Cholesteryl ester (CE) MS approaches are based on published tan-
dem MS methods [6], with optimized MS settings for instrumen-
tation used in our group [7].

 1. Accurately and quickly weigh frozen tissue (between 5 and 
50 mg) into plastic homogenizing tubes containing ceramic 

3.2 DI MS/MS 
for Cholesterol 
and Cholesteryl Esters

3.2.1 Lipid Extraction

Fig. 3 Derivatization of 24-hydoxycholesterol forming a TMS ether. Trimethylsilylating reagents react with polar 
groups to form volatile, less polar derivatives suitable for GC
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Table 4  
GC–MS triple quadrupole (MS/MS) analysis of squalene and sterols—analyte retention time, target 
and qualifier transitions

Name
Retention 
time (min)

Target SRM 
transition

Target collision 
energy

Qualifier SRM 
transition

Qualifier 
collision energy

squalene-d6 5.00 416→ 373 5 416→ 401 8

squalene 5.06 410→ 367 5 410→ 395 8

5α-cholestane 5.53 217→ 121 4 217→ 135 4

coprostanol 6.93 370.→ 215. 8 370→ 355 8

α-cholestanol 7.04 355→ 186 12 460→ 355 12

epicoprostanol 7.07 370→ 215 8 257→ 175 8

7α-hydroxycholesterol-d7 7.24 463→ 233 20 463→ 209 20

7α-hydroxycholesterol 7.31 456→ 233 20 456→ 209 20

cholesterol-d7 7.82 463→ 449 8 463→ 373 8

cholesterol 7.90 458→ 443 8 458→ 368 8

7-dehydrocholesterol-d7 8.05 463→ 211 20 463→ 448 10

desmosterol-d6 8.09 447→ 357 2 447→ 315 2

7-dehydrocholesterol 8.10 456→ 209 20 456→ 441 10

desmosterol 8.15 441→ 351 2 441→ 309 2

brassicasterol 8.19 380→ 255 4 470→ 365 10

lathosterol-d4 8.33 462→ 216 12 462→ 233 2

zymosterol-d5 8.36 446→ 356 3 461→ 371 4

lathosterol 8.39 458→ 213 12 458→ 229 2

zymosterol 8.43 441→ 351 3 456→ 366 4

7β-hydroxycholesterol-d7 8.58 463→ 233 20 463→73 40

7β-hydroxycholesterol 8.65 456→ 233 20 456→ 73 40

campesterol-d3 8.76 385→ 255 2 475→ 385 2

campesterol 8.80 382→ 255 2 472→382 2

4-cholesten-3-one-d5 8.84 345→ 232 7 345→ 260 7

4β-hydroxycholesterol-d6 8.86 373→ 158 10 424→ 334 4

4-cholesten-3-one 8.89 342→ 229 7 342→ 257 7

4β-hydroxycholesterol 8.90 366→ 158 10 417→ 327 4

14-demethyl- 
lanosterol-d6

9.06 385→ 181 8 400→ 247 12

(continued)
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beads. Add 300 μL methanol (0.01% BHT; 4 °C) and internal 
standards (see Note 12). Also include 3 extraction blanks with 
no tissue in homogenizing tubes. Cap the tubes and homoge-
nize at 2 × 40 s at 6 m/s (see Note 13).

 2. Transfer the homogenate to a clean 2 mL centrifuge tube and 
wash the homogenizing tube with 200 μL methanol (0.01% 
BHT) that is also added to the centrifuge tube (see Note 14). 

Table 4
(continued)

Name
Retention 
time (min)

Target SRM 
transition

Target collision 
energy

Qualifier SRM 
transition

Qualifier 
collision energy

stigmasterol 9.07 394→ 255 8 394→159 15

14-demethyllanosterol 9.13 379→ 175 8 394→ 241 12

24,25 
dihydrolanosterol-d6

9.26 492→ 402 4 402→ 187 15

24,25 dihydrolanosterol 9.30 485→ 395 4 395→ 187 15

β-sitosterol-d7 9.71 403→ 255 2 493→ 403 2

lanosterol-d6 9.73 489→ 399 4 504→ 399 10

fucosterol 9.75 386→ 281 15 386→ 296 5

lanosterol 9.80 483→ 393 4 498→ 393 10

β-sitosterol 9.81 396→ 255 2 486→ 396 2

sitostanol 9.92 473→ 383 2 488→ 215 10

24-hydroxycholesterol-d7 10.37 334→ 95 25 448→ 75 30

24-hydroxycholesterol 10.46 327→ 95 25 441→ 75 30

cycloartenol 10.6 408→ 393 6 408→ 365 6

25-hydroxycholesterol-d6 10.71 462→ 137 10 447→ 295 4

25-hydroxycholesterol 10.78 456→ 131 10 441→ 295 4

7-ketocholesterol-d7 10.86 479→ 462 7 374→ 159 20

7-ketocholesterol 10.96 472→ 455 7 367→ 159 20

27-hydroxycholesterol-d5 11.49 461→ 255 3 422→ 95 20

27-hydroxycholesterol 11.54 456→ 255 3 417→ 95 20

Note 1: Since collision cells between GC-MS/MS vendors are designed to different specification, optimal SRM and 
collision energies may vary between different manufacturers’ instruments
Note 2: cholesterol SRM transitions are not measured during analysis of other sterols, but their details are included to 
illustrate cholesterols relative RT in this temperature program
Cholesterol is quantitated in the same sample, but using a different split injection and faster GC temperature gradient 
method (RT cholesterol = 4.10 min, 5α-cholestane = 3.21 min) as described in methods. GC-MS single quadrupole 
protocols may select different precursor ions to those described here for optimal sensitivity and specificity and these are 
reported in the scientific literature
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Add 1000 μL MTBE to the homogenate and vortex for 1 h 
at 4 °C (see Note 15). Add 300 μL 150 mM ammonium acetate 
and vortex for a further 15 min at 4 °C.

 3. Transfer the tubes to a microcentrifuge and spin for 5 min at 
20,000 × g. Remove the tubes and use a pipettor to remove 
the organic upper phase to a new glass vial without disturbing 
the aqueous phase (see Note 16). Cap the glass vials and store 
at −80 °C until MS analysis.

 1. Dilute extracts 200-fold into 2:1 methanol–chloroform includ-
ing 5 mM ammonium acetate, for a total lipid content of 
approximately 10 μM (see Note 17).

 2. Place a 96-well plate into a chiller block and rapidly load 40 μL 
of each sample into wells. Once samples and controls are 
loaded, seal the plate with heat-seal foil by heating for 2 s. 
Keep the 96-well plate in the chiller block until the plate 
returns to room temperature after sealing.

 3. Bring the plate to the mass spectrometer and load into the 
appropriate location. Mass spectra are acquired using a chip 

3.2.2 DI-MS/MS Analysis

Fig. 4 Measurement of 24-hydroxycholesterol in mouse brain using GC-triple 
quadrupole (MS/MS) analysis and heavy isotope dilution. Quantification of sterols 
is calculated by comparison of specific SRM transitions with their corresponding 
heavy isotope internal standards
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based nano-electrospray ionization source (TriVersa 
Nanomate®, Advion, Ithaca, USA) coupled to a hybrid linear 
ion trap-triple quadrupole mass spectrometer (QTRAP® 5500, 
Sciex, Foster City, USA). 10 μL of extract is aspirated from the 
sealed 96-well plate and delivered into the mass spectrometer 
via a nano-electrospray ionization (ESI) chip with an orifice 
diameter of 4.1 μm. The delivery gas is N2 at a pressure of 
0.4 psi and a spray voltage of 1.15 kV is used for positive ion 
acquisition.

A summary of MS settings is shown in Table 5. MS scan 
parameters and target lipids are shown in Tables 6 and 7, respec-
tively. Mass spectra are averaged over 30–150 scans, dependent on 
the time available per sample and the abundance of cholesteryl 

Table 5  
DI-MS/MS general MS parameters

Setting Value Definition Notes Alternate names

Scan speed 200 m/z s−1 Mass ramping speed of the 
spectrometer.

Trade-off between 
speed and sensitivity

May be defined as 
scan time

Curtain gas 20 Stream of inert gas that aids 
in solvent evaporation.

Aids to keep front end 
of instrument clean

Counter- current 
gas

De-clustering 
potential

100 Potential difference between 
the orifice and the skimmer 
in volts.

Prevents ions from 
clustering together.

n.a.

Entrance 
potential

10 Energy imparted on ion as 
they enter Q0

Instrument specific n.a.

CAD pressure med Inert gas pressure in Q2 Some instruments have 
pressure setting

CID gas

Instrument parameter settings utilized for DI-MS/MS on a Sciex 5500 Qtrap instrument. A brief definition of each 
parameter and notes about the effects resulting from changes are supplied. These settings may have alternate names on 
different instruments and some alternates are noted

Table 6  
DI-MS/MS tandem MS parameters

Lipid Scan Fragment mass (Q3) Range Collision energy

Cholesteryl ester Precursor ion 369.3516 590–730 20

Free cholesterol Precursor ion 369.3516 400–420 12

d7 Free cholesterol Precursor ion 376.3961 400–420 12

Parameters for three precursor-ion scans used for DI-MS/MS characterization of CE. Fragments masses are listed to 
high accuracy, although quadrupole instruments will not be capable of this high precision. The collision energy used in 
the Sciex 5500 Qtrap is listed; this will need to be optimized for other instruments
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esters in the sample. Data are analyzed with LipidView® (Sciex) 
software, including smoothing, identification, removal of 
isotope contribution from lower mass species, and correction for 
isotope distribution. Ionized lipids detected with a signal-to- noise 

Table 7  
Common cholesterol esters detected by DI-MS/MS

Cholesteryl 
ester

Mass (NH4
+ 

adduct)
Isotope correction 
(of lipid)

Abundance (human 
plasma) nmol/mL [10]

14:0 614.5870 1.5928 80

14:1 612.5714 1.5925 30

15:0 628.6027 1.6108 30

15:1 626.5870 1.6105 30

16:0 642.6183 1.6291 190

16:1 640.6027 1.6287 111

16:2 638.5870 1.6284 31

17:0 656.6340 1.6475 32

17:1 654.6183 1.6472 31

18:0 670.6496 1.6662 59

18:1 668.6340 1.6658 533

18:2 666.6183 1.6655 1820

18:3 664.6027 1.6652 147

20:0 698.6809 1.7041 32

20:1 696.6653 1.7038 30

20:2 694.6496 1.7034 34

20:3 692.6340 1.7031 32

20:4 690.6183 1.7028 237

20:5 688.6027 1.7024 n.d.

22:0 726.7122 1.7429 23

22:1 724.6966 1.7426 10

22:2 722.6809 1.7422 10

22:3 720.6653 1.7419 n.d.

22:4 718.6496 1.7415 n.d.

22:5 716.6340 1.7412 n.d.

22:6 714.6183 1.7408 32

Common CE lipids that are detected in mammalian tissues. Isotope correction that is 
needed for accurate quantification is listed. The abundance in human plasma as deter-
mined by [10] is included
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ratio (s/n) over 10 are included in the analysis. Quantification 
was achieved in LipidView® software by comparison of the peak 
area of individual lipids to their internal standards after isotope 
correction (see Notes 11 and 18).

4 Notes

 1. Internal standards are added at the very first extraction step. 
Whenever possible heavy labeled internal standards should be 
utilized to enable accurate quantitation using heavy isotope 
dilution. Table 2 illustrates the concentration of internal stan-
dards utilized for 5–12 mg brain tissue. To optimize analytical 
precision and accuracy, the level of internal standards should 
match as close as possible to the expected levels contained in 
the extracted tissue. Since different tissues contain relatively 
different proportions of sterols the amounts of internal stan-
dard added should be adjusted whenever possible for tissues 
with significantly dissimilar levels. This method also can be 
used to analyze plasma and serum (225 μL) as well as cultured 
cell pellets (containing ≈5 × 105 cells) with minor adjustments 
in internal deuterated standard concentrations and GC-MS 
injection conditions.

 2. In our experience, multiple sample bead beaters offer great 
advantages of convenience, speed, efficiency, temperature con-
trol, and reliability of complete homogenization. They also 
improve sample handling and analytical reliability. Typically in 
our laboratory we extract batches of 20–40 samples at a time.

 3. The majority of laboratories commonly measure total sample 
sterols (free sterols + esterified sterols) after lipid hydrolysis 
(saponification). The proportion of fatty acid esterified sterols 
varies widely between tissues. In non-hydrolyzed samples, 
GC-MS can detect fatty acid:sterol esters. However their larger 
molecular weight means higher, prolonged temperature gradi-
ents are necessary and longer columns that are resilient to higher 
temperatures are recommended. Longer columns and therefore 
more time is needed to resolve different steryl esters and EI mass 
spectra of steryl esters are typically predominated by the sterol 
ion so that sensitive identification of the fatty acid moiety is 
more challenging. For specific analysis of cholesterol esters, 
DI-MS/MS (described in this chapter) or LC-MS analysis using 
ESI is recommended. Alternatively, the sample can be split accu-
rately into two parts with one hydrolyzed and one not and the 
proportion of steryl esterification estimated by the difference in 
sterol levels. In the latter method, specific identification of the 
fatty acid moiety in the sterol ester is not possible.

 4. In the majority of lipid laboratories, hydrolysis is carried out at 
higher temperatures and shorter time periods, typically 
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50–70 °C for 30–60 min. Overnight processing allows tissue 
weighing and homogenization to be performed in the late 
afternoon of day 1 allowing the subsequent steps to proceed 
on day 2. This enables complete hydrolysis, while reducing 
degradation of certain sterols that are reported to be unstable 
at higher hydrolysis temperatures [8]. It also allows the GC-MS 
operator plenty of time to check that GC-MS sterol analysis is 
within analytical expectations and ready to immediately analyze 
samples on day 2.

 5. Upon acidification, a cloudy mix may form with some tissues 
due to protein precipitation. Heavy precipitation can clog SPE 
frits and should be removed using either filtration or centrifu-
gation. SPE equipment and buffers should be prepared as 
much as possible the day before.

 6. Many laboratories extract sterols and oxysterols using simple 
liquid/liquid extraction by direct addition of organic solvents 
to the homogenate. SPE has the advantage of convenience, 
speed, extraction efficiency, and reduced use of organic sol-
vents. It does require extra SPE columns and apparatus. SPE 
also allows us to fractionate more polar lipid classes from the 
same sample for separate targeted analysis [9].

 7. Lipid classes of greater polarity (such as fatty acids and isopros-
tanes [9]) remain on the SPE column and can be eluted using 
increasing polarity solvent mixtures for extra analysis.

 8. GC-MS requires a derivatization procedure in order to convert 
polar groups in the chemical structure of sterols and internal 
standards to volatile, thermally stable derivatives that possess 
characteristic mass spectra. Trimethylsilylation is the most widely 
used derivatization procedure for GC analysis, forming trimeth-
ylsilyl (TMS) derivatives (see Fig. 3). Different GC-MS laborato-
ries have individually optimized TMS derivatization using a 
variety of trimethylsylating reagents and temperatures.

 9. Tissue samples should be extracted, derivatized, and analyzed in 
a continuous process. If the GC-MS is unexpectedly not ready 
for sample analysis then sterol SPE extracts should not be deriva-
tized, since sterol TMS derivatives will degrade over time, cata-
lyzed by exposure to moisture and derivatized samples also 
slowly evaporate. If unavoidable then derivatized sample analyti-
cal viability can be prolonged by capping with new sealed septa 
and cooling in the absence of moisture. Sterol SPE eluted frac-
tions can be dried in autosampler vials, capped and stored frozen 
for several weeks until derivatization and GC-MS analysis. They 
should be accompanied by appropriate calibrations.

 10. In order to maintain high sensitivity, while increasing sample 
throughput we select shorter, narrower and thinner phase cap-
illary column than the most common GC column used for 
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routine sterol quantitation (30 m × 0.25 mm × 0.25 μm). 
The smaller diameter and thinner stationary phase provide the 
equivalent number of chromatographic plates and resolving 
power of the 30 m column dimensions, with the advantage of 
shorter retention times. Optimization of the temperature gra-
dient and GC-MS conditions provide similar high chromato-
graphic resolution compared to previous analysis in our lab 
using 30 m columns. Sterols with close or overlapping peaks 
can be specifically measured by monitoring their unique SRMs. 
Longer columns exceeding 30 m can be utilized for improved 
sterol resolution, but suffer the disadvantage of extended run 
times. Since the 0.18 mm diameter column used has approxi-
mately 30% capacity of the common 0.25 mm column, sample 
overload was prevented by reducing the mass of tissue for lipid 
extraction and not exceeding the GC-MS injection volume. 
Good symmetrical peak shape and highly consistent retention 
times enabled easy and reliable integration of all sterols, except 
cholesterol, which exhibited large, skewed peak shape due to 
its high concentration. Consequently the MS ionization 
source and detector were routinely switched off during this 
chromatographic time period to safeguard MS long-term sen-
sitivity. Accurate quantitation of cholesterol was performed 
using a separate shorter chromatographic run separate using a 
split injection.

 11. It is outside the scope of this chapter to discuss all the analyti-
cal quality control protocols for collecting reliable sample data, 
since each analytical laboratory will have slightly different 
instruments, maintenance schedules, and quantitative strate-
gies. It is the responsibility of each analyst to verify the perfor-
mance of their MS and the reliability, reproducibility, and 
sensitivity of the sample analysis. The analyst should also 
become familiar with the integration parameters of the spectral 
and/or chromatographic peaks and MS signal data that con-
firm sterol peak authenticity and influence accuracy and preci-
sion. There are many available options for analysis of MS data, 
often supplied by the MS vendor. Our GC-MS/MS data is 
integrated using Agilent Masshunter to obtain sample sterol 
levels. DI-MS/MS data is processed using Lipidview to obtain 
cholesteryl ester and free cholesteryl levels (see Note 18). Data 
are then exported to Microsoft Excel for calculation of tissue 
contents and statistical analysis.

 12. In our analytical protocol, internal standards are added at the 
very first extraction step to enable accurate quantification. 
Heavy isotope (D7) cholesterol and non-endogenous (C13 
and C22:1) cholesteryl esters are used here. However, if these 
esters are already present in samples, then other chain lengths 
will need to be selected for standards. Alternately deuterated 
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cholesteryl esters can be used for internal standards. The C13 
ester is used to quantify short chain, saturated CE, while the 
C22:1 ester is used to quantify longer chain unsaturated 
CE. Internal standards are purchased individually from Nu 
Chek Prep (Waterville, MN) as pure solids and/or liquids. 
Each is dissolved individually into chloroform (including 
0.01% BHT) at concentrations of approximately 1–10 mM to 
create bulk stocks and stored at −20 or −80 °C. For each set of 
samples, a mix of the appropriate internal standard is made at 
~100 μmol concentration, and diluted into methanol before 
extraction. This dilution step is performed in bulk to improve 
accuracy of per sample addition.

 13. As mentioned in Note 2, bead beaters offer many advantages 
for homogenization. The settings herein are described to pro-
cess tissue (brain, liver muscle, heart) on an MPBio Fastprep 
homogenizer. We add approximately 20 beads to a 2 mL tough 
tube using a small scoop.

 14. To rinse the homogenizing vials, briefly pulse on a vortex after 
adding the second aliquot of methanol. When removing liquid 
from the vials, the beads will retain some methanol. As  internal 
standards have been added to the sample prior to this step, this 
retention does not affect quantification.

 15. A 24-place vortex device in the cold room is used for this step. 
It is also possible to rotate the tubes gently overnight. MTBE 
is utilized in this step as it is less dense than the aqueous phase, 
and therefore the subsequent removal of the organic phase can 
be performed with less contamination [6].

 16. As mentioned in Note 15, the MTBE organic phase is less 
dense and is therefore the upper phase, a benefit of the MTBE 
extraction. As internal standards have been added, the removal 
of the upper phase does not need to be complete, and often a 
few hundred microliters are left with the aqueous phase for 
speed and prevention of contamination.

 17. Allow the extracts to come to room temperature before dilu-
tion, and vortex each vial to be sure the sample is dissolved and 
homogenized. Samples can also be diluted a few days prior and 
stored at −20 or −80 °C until MS analysis. The 200× dilution 
is based on 20 mg of liver tissue. Dependant on tissue quantity 
extracted and the relative sterol levels, it is helpful to test a few 
samples at different dilutions on the MS, and optimizing the 
dilution by optimal MS ion counts, before diluting a large 
batch for analysis. Additionally, it is very important to maintain 
total lipid content below 10 μM in the diluted samples for 
DI-MS/MS.

 18. Lipidview is a commercial software that performs smoothing, 
identification, removal of isotope contribution from lower 
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mass species, and correction for isotope distribution. The sec-
ond two steps are critical for accurate quantification. At the 
unit mass resolution of the mass spectrometers described here, 
for a lipid with Z double bonds, the (Z + 1) double bond vari-
ant of the same lipid will have an M + 2 isotope, which overlaps 
with the original lipid. The contribution of the M + 2 isotope 
must be calculated and subtracted (removal of isotope contri-
bution from lower mass species). In addition, the total quanti-
fication of any given lipid must be the sum of all isotopes. This 
is calculated based on isotope abundance and peak areas 
adjusted (correction for isotope distribution). Isotope correc-
tion for common CE is shown in Table 7. As free cholesterol 
and D7 have nearly identical isotope distributions, this step is 
not necessary.
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Chapter 18

Measurement of Rates of Cholesterol and Fatty Acid 
Synthesis In Vivo Using Tritiated Water

Adam M. Lopez, Jen-Chieh Chuang, and Stephen D. Turley

Abstract

Every organ in the body is capable of synthesizing cholesterol de novo but at rates that vary with a constellation 
of factors. A significant proportion of the hydrogen atoms present in cholesterol that is synthesized in the 
body are derived from water. Thus, although water ordinarily makes up the bulk of body mass, the acute 
enrichment of the body water pool with a sufficiently large amount of tritiated water over a short interval 
of time (usually 1 h) yields measurable rates of incorporation of the labeled water into newly generated 
cholesterol and also fatty acids. Such data can provide a quantitative measure of how specific genetic, 
dietary, and pharmacological manipulations impact not just the rate of cholesterol synthesis in particular 
organs but also rates of whole-body cholesterol production and turnover.

Key words Liver, Intestine, Brain, Extrahepatic, Digitonin-precipitable sterols, Lipogenesis

1 Introduction

In lean, healthy, young adult humans, the whole-body cholesterol 
content is about 140 g which equates to an average concentration 
throughout the body of ~2 mg /g wet weight of tissue [1]. 
Ultimately, this cholesterol, as is the case in the bodies of all mam-
mals, derives from both endogenous (de novo synthesis within tis-
sues), and exogenous (the diet) sources. In adult humans 
consuming a typical Western diet, the average amount of choles-
terol ingested is ~5 mg/day/kg body weight [2], but on average 
only about half of this cholesterol is absorbed [3]. Hence, unless 
an individual hyper-absorbs cholesterol, the amount of exogenous 
cholesterol entering the body pool is generally less than the total 
quantity of cholesterol synthesized by the body each day. The latter 
figure, which in past years was arrived at using mainly the sterol 
balance technique, averages about 8–10 mg/day/kg body weight 
for adults, although this rate varies with a number of factors [4–6]. 
Methodology is now well established for measuring cholesterol 
synthesis rates in humans using deuterated water [7, 8].



242

There has long been an interest in determining what the 
principal sites of cholesterol synthesis in the body are, and also the 
association between cholesterol synthesis rates and the pathogen-
esis of various diseases. This question has been explored largely 
through the use of a range of animal models and a number of dif-
ferent techniques. Out of the multitude of publications on this 
topic has emerged a consensus that the rate of incorporation of 
tritiated water into cholesterol, in vivo, provides a reliable gauge 
for assessing the impact of specific dietary, pharmacological, and 
genetic manipulations on the rate of sterol synthesis in individual 
organs, and the body as a whole. This method has been used most 
extensively in mouse models whose cholesterol and/or fatty acid 
metabolism has been genetically altered. Thus, there are numerous 
examples in the literature of how application of the [3H]-water 
technique in such models has greatly expanded our knowledge of 
the regulation of cholesterol metabolism in health and disease in 
multiple organ systems, especially the brain [9–12], small intestine 
[13–15], and liver [16–19].

Previous publications have discussed at length why the rates of 
cholesterol synthesis measured using [3H]-water vs [14C]-labeled 
substrates, either in vivo or in vitro, provide data that more closely 
reflect the true rate of synthesis in the intact animal [20–22]. Such 
in vivo data obtained using [3H]-water can be converted into mg 
of sterol synthesized. This allows for the calculation of rates of 
whole-body cholesterol synthesis. These data are of particular value 
when the rates of cholesterol absorption, catabolism, and excretion 
are also measured in vivo in matching sets of animals because this 
gives an insight into how perturbations in any of these major path-
ways impacts whole-body sterol turnover [23, 24].

The major impediment to using the [3H]-water method lies in 
the prohibitively high doses of radioactivity required. In adult mice 
with a normal body composition, water represents almost 60% of 
the body mass [25]. Thus, to achieve detectable incorporation 
rates into newly generated cholesterol, milliCurie amounts of 
[3H]-water must be delivered into, and quickly equilibrated with, 
the body’s pool of water. Another limitation of the method is that 
there is rapid transport of some newly generated [3H]-cholesterol 
from the liver into the circulation, and therefore into the periph-
eral organs. There is also some movement of newly synthesized 
cholesterol from the liver through the bile into the lumen of the 
small intestine. While the amount of [3H]-sterol leaving the liver 
through these routes is small compared to the rate at which it is 
being generated in the liver as a whole, this process nevertheless 
has to be taken into account when interpreting small differences 
between treatment groups in the rate of cholesterol synthesis 
determined for various extrahepatic organs. This subject has been 
dealt with in detailed studies in rats [21, 22, 26]. Clearly, the 
 magnitude to which rates of cholesterol synthesis in specific 
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extrahepatic organs is impacted by “contamination” with liver-
derived cholesterol will vary with factors such as the vasculature of 
each organ, but most of all by the rate of synthesis in the liver of 
each type of model (see Note 1).

2 Materials

 1. Tritiated water (see Note 2): Stock [3H]-water should be 
stored at about 4 °C, not frozen. After dilution in a graduated 
sterile polyallomer tube using sterile normal saline (sodium 
chloride 0.9% w/v), store the [3H]-water at about 4 °C and 
bring slowly to room temperature before loading syringes for 
injection into the animal. Every effort should be made to keep 
the solution sterile.

 1. Ethanolic KOH: Prepare aqueous KOH at ~9 N. Mix this 
solution with ethanol in the ratio of 3:47. Prepare fresh for 
each experiment and pipette 5 mL into tubes, noted below.

 2. Glassware: 50 mL Kimax glass culture tubes (25 × 150 mm). 
These are supplied with black caps made of a phenolic resin, 
which should be replaced with polypropylene caps fitted with a 
polyvinyl liner (e.g., Wheaton Cat No 239201 or equivalent).

 3. An electronic balance with tissue weight recording capability 
that measures to the third decimal place and is covered by a 
plexiglass shield to counter the effects of air flow under the 
fume hood.

 4. Water bath.

 1. Glass distilled water
 2. Petroleum ether (ACS grade; boiling point range: 35–60 °C)
 3. Hexane (hexanes; ACS grade)
 4. HCl 37% (ACS grade)

 1. Acetone–ethanol (1:1 v/v). Prepare using ACS grades of both 
solvents.

 2. Digitonin (see Note 3): Dissolve 5 g of digitonin in 1000 mL of 
ethanol–water (1:1) with vigorous mixing and warming at 
~45 °C if necessary to achieve solubilization. If pure digitonin is 
used, heating should not be required and the solution will remain 
clear for many weeks at room temperature. At a concentration of 
0.5% w/v, 3 mL of the digitonin solution (the amount used per 
sample) contains 15 mg (12.2 μmol) of digitonin.

 3. Carrier cholesterol (see Note 4): Prepare a solution of highly 
pure cholesterol in ethanol (~10 mg/mL) and store at ~4 °C.

2.1 Animal Labeling

2.2 Tissue Digestion 
and Saponification

2.3 Extraction 
of [3H]-Sterols  
or/and [3H]-Fatty Acids

2.4 Preparation, 
Washing, and Splitting 
of Sterol–Digitonin 
Precipitates 
(Digitonides)
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 4. Aluminum chloride (hexahydrate) (10% w/v): Dissolve 100 g 
in a final volume of 1000 mL water.

 5. 1 N hydrochloric acid.
 6. Acetone (ACS grade).
 7. Diethyl ether (anhydrous, ACS grade).
 8. Pyridine (ACS grade).
 9. Glassware: 12 mL thick wall glass centrifuge tubes (Pyrex or 

equivalent).
 10. Glass stirring rods that are ~200 mm length × 3.2 mm thick 

(these can be prepared from longer lengths of commercially 
available product).

 11. Centrifuge (floor model with swinging bucket rotor), e.g., a 
Damon IEC model CRU-5000 centrifuge fitted with an IEC 
model 253 swinging bucket rotor (12 place) at 2000 rpm, 
which equates to 800 × g.

 12. Vacuum oven.

 1. Methanol (ACS grade).
 2. Scintillation cocktail suitable for efficient detection of 3H.
 3. Liquid scintillation counter.

3 Methods

Carry out all procedures under well-ventilated fume hoods.

Depending largely on the species and body mass of the animal, the 
[3H]-water is administered either intravenously (iv) or intraperito-
neally (ip). For iv delivery, this is best done through an indwelling 
catheter, but in species like the Golden Syrian hamster, direct injec-
tion into an exposed femoral vein (using a 30 G, 0.5 in. needle) is 
an alternative. This requires anesthesia followed by analgesics. In 
the case of adult rats, iv administration can be facilitated via a cath-
eter in a tail vein, or by direct injection into a tail-vein or through 
an exposed femoral vein. Intraperitoneal injection works well for 
rats, especially at young ages when administration via a tail vein is 
more challenging. Certainly, in the case of virtually every mouse 
model, ip delivery is the most widely used route. As noted 
 elsewhere, the formula for calculating the plasma water specific 
activity (a critically important term in the equation used to deter-
mine the rate of sterol or fatty acid synthesis) differs depending on 
how the [3H]-water was administered. Irrespective of the route of 
delivery, the exact amount of [3H]-water given to the animal is not 
needed except for record keeping on the total amount used in any 

2.5 Drying 
and Counting 
of [3H]-Sterols  
or/and [3H]-Fatty Acids

3.1 Administration 
of Tritiated Water
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experiment. All procedures, including injection of the [3H]-water 
into the animals and subsequent exsanguination and organ resection 
and processing must be carried out under well-ventilated hoods. 
After injection, the animals should be placed in a comfortable, 
secure holding cage, covered by a thick fabric to reduce the effects 
of the hood air flow on body temperature. During the 1 h period 
between injection and exsanguination, no food or drinking water 
are provided.

The procedures followed here will again vary with the study objec-
tives, animal model and organs of interest but nevertheless are 
broadly oriented towards experiments involving adult mice. 
Irrespective of the model used, successful exsanguination of the 
animal is of key importance, not only for ensuring there is suffi-
cient plasma for measurement of its water specific activity, but also 
to reduce the amount of residual blood in extrahepatic organs that 
contains [3H]-cholesterol generated in and exported from the 
liver. In animal models where a dramatic increase in hepatic sterol 
synthesis is anticipated, the [3H]-sterol content of the whole blood 
should be determined for potential use in assessing the extent to 
which the [3H]-sterol content in some extrahepatic organs may 
significantly reflect the presence of labeled sterol of hepatic origin. 
This is done by taking an aliquot of whole blood (usually 0.1 mL) 
before centrifugation to obtain plasma for the water specific activ-
ity measurement. This aliquot of blood is treated in the same way 
as small organs and pieces of liver for digestion, extraction and 
sterol isolation.

 1. Collect the target organs and rinse thoroughly in normal saline 
followed by blotting on filter paper.

 2. Add small organs, with a total weight of less than 350 mg, after 
being weighed, (or plasma samples) directly to tubes contain-
ing 5 mL of ethanolic KOH solution.

 3. Weigh larger organs such as the liver, and after weighing, cut 
into smaller sections on filter paper. An aliquot of combined 
sections weighing up to 350 mg should be treated as above.

 4. If the rate of sterol synthesis is needed only for the liver and a 
few small extrahepatic organs, then the remaining animal car-
cass can be discarded (see Note 5). Should cholesterol synthe-
sis rates in one or more regions of the gastrointestinal tract be 
needed, then remove the entire organ and rinse out the lumi-
nal contents of the stomach, small intestine and large intestine, 
blot gently on filter paper and record weight. Except for the 
small intestine, which typically weighs about 1 g or more in an 
adult mouse, the other regions of the gastrointestinal tract 
(stomach, cecum, colon) can each be added to 5 mL of etha-
nolic KOH. The entire small intestine should, after weighing, 

3.2 Exsanguination, 
Organ Resection, 
and Handling 
of Tissues
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be added to ~25 mL of ethanolic KOH in a sturdy 100 mL 
glass beaker, which is then firmly sealed with aluminum foil.

 5. In those studies requiring measurement of whole-animal cho-
lesterol synthesis, place the residual carcass, after weighing, on 
about 10 g of KOH crystals in the bottom of a sturdy 200 mL 
glass beaker followed by the addition of ~180 mL ethanol. 
Cover firmly with aluminum foil.

 6. Keep those tissue aliquots contained in 5 mL alcoholic KOH 
in a water bath at about 70 °C with intermittent vigorous mix-
ing until complete digestion is achieved. Depending on the 
tissue type and mass, the digestion step can take up to ~3 h.

 7. Small intestine and carcass samples are best left for several days 
at room temperature before being placed on a steam bath or 
warming plate to achieve complete digestion. When that has 
occurred, the tissue extracts should be filtered through several 
layers of gauze cloth with rinsing into a volumetric flask (50 mL 
for the small intestine, 100 mL for the carcass).

 1. Add 100 μL of plasma (or smaller known volume if necessary) 
in a 100 mL volumetric flask containing water and bring vol-
ume to 100 mL. Invert flask at least 30 times.

 2. Pipette exactly 1.0 mL of this solution into another volumetric 
flask containing 99 mL of methanol and invert 30 times.

 3. Pipette duplicate 1.0 mL aliquots of the methanolic solution 
into counting vials and quickly add 15 mL of a liquid scintilla-
tion cocktail suitable for 3H detection. Mix well and count.

 4. The plasma water specific activity is then calculated using the 
following equation (see Note 6):

 

cpm ml

ml ml ml

3 0 87

0 92

H plasma

nmol water water water pl

/ .

/ . /
( )( )

( ) aasma( )  

For the particular organs that labeled sterol isolation will be per-
formed on, review published data for the species your project is 
using to estimate the likely amount of cholesterol mass present in 
the tube or flask containing the digested tissue. This is essential for 
determining what proportion of the petroleum ether extract is 
appropriate for preparing a workable sterol–digitonin precipitate, 
and whether or not the addition of some carrier cholesterol is 
necessary to achieve this objective.

 1. In the majority of cases involving mouse organs, or portions 
thereof, the digested tissue is contained in 5 mL of ethanolic 
KOH in a 50 mL glass Kimax culture tube. For the whole 
small intestine or residual carcass, duplicate 5 mL aliquots are 
taken. Add add 5 mL of glass distilled water to all tubes, vortex 

3.3 Measurement 
of Plasma Water 
Specific Activity

3.4 Preparation 
and Processing 
of Sterol–Digitonin 
Precipitates
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for 10 s, then add exactly 15 mL of petroleum ether. Cap tubes 
tightly and manually shake vigorously for at least 1 min. Let 
tubes stand for at least 15 min until a clear separation of the 
organic and aqueous phases is evident.

 2. In the next step, portions of the organic phase are pipetted 
directly into 12 mL thick-walled glass centrifuge tubes. In the 
case of very small organs like adrenal glands or spleen, or in 
bulkier tissues that have an inherently low cholesterol content 
(such as skeletal muscle), a single aliquot of 10/15 mL of the 
organic phase should be taken. In most cases like this, addi-
tional carrier cholesterol will need to be added directly to this 
10 mL of extract to ensure there is enough cholesterol to facili-
tate the development of a workable sterol–digitonin precipitate 
(see earlier text for carrier cholesterol). When it is determined 
there is likely to be <0.5 mg of tissue derived cholesterol in 
10/15 mL of organic phase, add ~1 mg of carrier cholesterol 
(10 mg/mL in ethanol as described earlier). For other tissues 
like the adult brain, or liver from cholesterol-fed animals, 
duplicate or triplicate aliquots of the organic phase (i.e., 3/15 
or 4/15 mL) can be taken for the digitonide formation step 
because of their comparatively high inherent cholesterol con-
tent. Ideally, the total amount of cholesterol in the centrifuge 
tube should be in the range of 1.0–1.5 mg (2.6–3.6 μmol). 
Amounts above 2 mg will result in copious digitonides that are 
slower to carry through the post-precipitation steps.

 3. Dry aliquots of organic extracts under a gentle stream of air 
in a water bath at 38–40 °C. Then add 6 mL of acetone–
ethanol (1:1 v/v) and place in a water bath at 45–50 °C for 
5 min.

 4. Add one drop of HCl (1 N) and mix tube contents briefly with 
a glass stirring rod. Then add 2 mL of AlCl3 and 3 mL of digi-
tonin to each tube (see Note 7). Mix with stirring rods.

 5. Place tubes in water bath at 45–50 °C for 30 min (or 40 min if 
a large digitonin precipitate is likely to form as is usually the 
case in adult brain extracts). Leave the rods in tubes during 
incubation so tube contents can be stirred intermittently.

 6. Set labeled stirring rods upright in a suitable holder and trans-
fer tubes into a swinging bucket rotor that fits a refrigerated 
floor-model centrifuge. Ideally, this should be positioned 
immediately adjacent to a well-ventilated fume hood. 
Centrifuge the tubes at 800 × g for 30 min.

 7. Draw off the clear phase down to ~0.5 cm above the surface of 
the digitonide and discard.

 8. Wash the precipitates with 5 mL acetone. After adding the 
acetone, mix the precipitate with the stirring rod so that it 
breaks up into a powder.

Measurement of Rates of Cholesterol and Fatty Acid Synthesis In Vivo Using…
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 9. Centrifuge tubes at 800 × g for 10 min, followed by aspiration 
and disposal of the acetone wash. Then repeat this wash 
step once.

 10. After removal of the second acetone wash, add 5 mL of diethyl 
ether to the digitonide pellet and mix with stirring rod to yield 
an even suspension.

 11. Centrifuge at 800 × g for 5 min, aspirate and discard most of 
the diethyl ether wash. Leave at least 0.5 cm of the diethyl 
ether on top of the pellet. Vortex so as to create a slurry and 
then roll the tube on a towel so as to spread the digitonide 
around the wall of the lower half of the tube.

 12. Allow tubes to dry under hood for at least 20 min until no 
trace of ether is detectable.

 13. The next step is to split the digitonides using pyridine. Place 
tubes in a metal rack in a vacuum oven at ~80 °C and under a 
vacuum of 15 mmHg for ~20 min.

 14. Remove and quickly add ~1.0 mL of pyridine while the tubes 
are still warm.

 15. Vortex vigorously until the digitonides have completely dissolved. 
Allow the tubes to stand ~20 min to ensure that splitting of the 
digitonide is complete (pyridine will be clear).

 16. Add 5 mL diethyl ether, mix thoroughly with stirring rod and 
centrifuge at 800 × g for 10 min.

 17. Carefully pour over supernatant into glass counting vial, gently 
turning the lip of the tube on that of the vial during the 
transfer.

 18. Repeat extraction step with another 5 mL of diethyl ether and 
combine this extract with the first one.

 19. Place vials in rack under hood with sash in a low position to 
strengthen air flow over the vial contents. Complete drying of 
the vial contents will take 6–18 h depending partly on the 
strength of the air flow.

 20. When vials contain only crystals with no residual pyridine 
odor, place them in a metal tray inside a vacuum oven at 
~80 °C at 15 mmHg pressure for 45 min. This step is critical 
as it eliminates any unreacted [3H]-water adherent to the ste-
rol crystals.

 21. Remove vials from oven, allow to cool, then add 1.0 mL meth-
anol followed immediately by 15 mL of the same counting 
cocktail used for the plasma water specific activity measure-
ment. Mix well.

 22. Add two vials with only methanol and scintillant cocktail to 
serve as blanks.

Adam M. Lopez et al.
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 1. Calculate the “rate” of sterol synthesis using the following 
equation, with the units of nmol of water incorporated into 
sterol per hour per gram wet weight of tissue (nmol/h per 
gram).

 

cpm ml3 15H sterol of extract

weight of organ or tissue 

éë ùû( )/

aaliquot g plasma water specific activity nmol( )´ ( )( )cpm / .
 

Note that for the small intestine, a further multiplication 
by 10 is needed to account for the use of only 5/50 mL of the 
digested organ for the sterol–digitonin precipitate preparation. 
Likewise, for the carcass, where 5/100 mL was taken for assay, 
use a multiplication factor of 20. In most cases, investigators 
require just the rate per gram of tissue for the liver and a few 
extrahepatic organs.

 2. Other calculations that can be done, depending on the study 
objectives, include whole-organ and whole-body rates of syn-
thesis. A focus on “whole-organ” rates becomes more impor-
tant for animal models with various types of organomegaly 
[17, 19]. These various types of data are illustrated for a mouse 
model (Cyp27A1 knockout) in Fig. 1 (derived from Ref. 27). 
In Fig. 1A, the rates of sterol synthesis for multiple organs, 
including the small intestine and residual carcass, are shown as 
nmol/h per g wet weight of tissue. In Fig. 1B, these rates have 
been expressed in terms of the whole organ, normalized to 
100 g body weight (μmol/h/organ per 100 g body weight). 
Summation of all the organ contents yields a “whole animal” 
[3H]-sterol content, which is taken as a measure of the choles-
terol synthesis rate in the body as a whole (inset in Fig. 1B).

 3. An additional set of calculations is needed to convert the rates 
of water incorporation into sterol to milligrams of cholesterol 
generated per organ, or per whole animal. Of the various terms 
in the equation for making this calculation, one in particular 
has a complex derivation and remains somewhat hypothetical. 
This term is the 3H/C incorporation ratio, the experimental 
determination of which has been discussed in detail elsewhere 
(see Table 1 in Ref. 22). The equation for calculating the 
whole- body sterol synthesis rate per day per kg body weight 
(bw) is as follows:

 

mmol of water incorp d into sterol h¢ ´ ´
´

/ / .
.

kg bw 0 387 24
18 0 69  

0.387 converts μmol to mg; 24 converts the hourly rate to a 
daily rate; In the denominator, two values are used; 18 represents 
the number of acetyl CoA units utilized to synthesize one molecule 
of cholesterol, while 0.69 represents the “experimentally 

3.5 Calculation 
of Sterol Synthesis 
Rates
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determined” number of 3H atoms found in cholesterol per atom of 
carbon that enters the biosynthetic pathway as acetyl CoA.

An example of the application of the tritiated water method in 
a much larger model was the determination of absolute rates of 
cholesterol synthesis in the major organs of a primate model that, 
like humans, exhibited marked individual variability in its choles-
terolemic response to a lipid-rich diet [16]. As shown in Fig. 10 of 
this publication [16], irrespective of the animal’s phenotype, the 
rates of synthesis for all organ compartments combined were in the 
range of 10–12 mg/day per kg body weight, which is comparable 
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Fig. 1 Rates of sterol synthesis in the liver and extrahepatic organs of Cyp27A1+/+ 
and Cyp27A1−/− mice. The rates of synthesis expressed per gram of tissue (A) 
were multiplied by respective whole organ weights to obtain whole-organ syn-
thesis rates normalized per 100 g body weight (B). These whole-organ rates 
were added to give values for animal sterol synthesis per 100 g body weight 
(inset of B). Values represent the mean ± 1 S.E. of data from 4 to 7 mice of each 
genotype for all organs except the liver in which case measurements were made 
in 9 Cyp27A1+/+ and 9 Cyp27A1−/− mice. Whole-animal sterol synthesis rates 
were determined in five mice of each genotype., p < 0.05 compared with value 
for Cyp27A1+/+ animals. This research was originally published in Journal of 
Biological Chemistry. Repa JJ, Lund EG, Horton JD, Leitersdorf E, Russell DW, 
Dietschy JM, Turley SD (2000) Disruption of the sterol 27-hydroxylase gene in 
mice results in hepatomegaly and hypertriglyceridemia: reversal by cholic acid 
feeding. J Biol Chem 275:39685–39692. © [27]
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to that found for adult human subjects using the sterol balance 
technique [4–6].

The numerous steps described for this method have not specifi-
cally included instructions on how to correct for procedural losses. 
Even with great care at every step, there will, on average, be a cumu-
lative loss of labeled sterol of about 8%. Rather than  introducing a 
radiolabeled internal standard like [14C]-cholesterol into all samples 
at the tissue digestion step, it is better for each set of assays to run in 
parallel with the tissue samples quadruplicate [3H]-cholesterol stan-
dards that contain sufficient carrier cholesterol. The percent recov-
ery from these can be used to correct all the tissue [3H]-sterol 
content data for an “average” procedural loss.

At least in mouse models, the two organs in which rates of fatty 
acid and sterol synthesis are most frequently determined are the 
liver and small intestine. The [3H]-fatty acids are isolated and 
quantitated as follows:

 1. Using the same tissue samples that were extracted for measure-
ment of [3H]-sterol content, aspirate the remaining organic 
phase and discard, unless needed for other purposes such as the 
determination of the cholesterol concentration in the organs 
for which rates of sterol synthesis were determined.

 2. Acidify the lower phase containing the [3H]-fatty acids with 
~1.0 mL of conc. HCl and vortex for ~30 s.

 3. Add 15 mL of hexane and shake vigorously for 1 min. To achieve 
rapid phase separation, centrifuge tubes at ~200 × g for ~20 min.

 4. Pipette duplicate 2.0 mL aliquots of the hexane phase into 
counting vials, dry under hood, and place in vacuum oven for 
30 min.

 5. After cooling, add 1.0 mL methanol, 15 mL counting cocktail, 
cap and shake well.

 6. Calculation of rate of fatty acid synthesis. Use the same expres-
sion as for determining the rate of sterol synthesis except, for 
tissues like liver and small intestine, which have very high rates 
of fatty acid synthesis. For these, divide rate by 1000 to con-
vert from nmol to μmol. Examples of such data can be found 
in refs. 14 (Fig. 3) and 27 (Fig. 9).

4 Notes

 1. Apart from the restrictions that arise with this method because 
of the very large amounts of [3H]-water that are required, 
there is also the problem of rapid movement of [3H]-sterol 

3.6 Determination 
of Tissue [3H]-Fatty 
Acid Content
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from the liver to extrahepatic organs, particularly those with a 
pronounced vasculature like the spleen, kidneys, and lungs. 
This however is not a significant problem in animal models 
where cholesterol synthesis in the liver has been largely sup-
pressed through dietary or genetic manipulation. For those 
models where this is not the case, there are sufficient published 
data for the residual blood volumes in a range of organs in vari-
ous models including the mouse [28, 29] and rat [30]. When 
the [3H]-sterol content in whole blood is determined, this 
value, together with the residual blood volume (μL/g wet 
weight tissue), can be used to calculate the amount of 
[3H]-sterol that needs to be subtracted from the total 
[3H]-sterol content found per gram of spleen, lung, or adrenal 
(or other organs of interest) to obtain a measure of the true 
rate of sterol synthesis in that organ. This correction procedure 
for numerous extrahepatic organs in the rat has been described 
in detail [30]. An alternate or adjunctive approach to deter-
mining how an experimental treatment impacts cholesterol 
synthesis specifically in organs like the lungs, kidneys, adrenals, 
and spleen is to measure the synthesis rate in vitro using 
[3H]-water. This approach is beyond the scope of this chapter 
but has been described in earlier publications [30, 31]. When 
this is done, very high amounts of [3H]-water have to be added 
to the incubation flasks to get clearly detectable rates of incor-
poration of the labeled water into new sterol because the rate 
of synthesis in any tissue under in vitro conditions is apprecia-
bly less than it is in vivo [31].

 2. The amount and specific activity of the [3H]-water to be 
acquired for any project will depend on multiple considerations 
including not only the species and study design, but also on 
governmental and institutional regulations. Even if the inten-
tion is to use the [3H]-water only for cholesterol synthesis 
measurements in those organs of a small animal model that 
characteristically manifest high rates of sterol synthesis, it is still 
best to acquire the stock [3H]-water at a concentration of 5 Ci 
in 1.0 mL of water. This allows for portions of the stock mate-
rial to be diluted in sterile saline to fit the objectives of each 
experiment. For example, dilution of 1 Ci in a final volume of 
5 mL (saline) yields an activity of ~200 mCi/mL. This is 
appropriate for most animal studies. Typically, for experiments 
with mouse models, the total amount of [3H]-water adminis-
tered per animal is around 40–50 mCi (ie 1.6–2 mCi/g body 
weight). The injection volume need not be identical for every 
mouse of the same body weight because it is the plasma water 
specific activity, and not the amount of [3H]-water adminis-
tered that is needed for calculating the cholesterol or fatty acid 
synthesis rates. There may be instances where the total amount 
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of [3H]-water given per mouse needs to be significantly out-
side the range of 40–50 mCi. For example, if the only param-
eter of interest is the rate of hepatic fatty acid synthesis, then a 
total dose of about 5 mCi will suffice. On the other hand, if 
one needs to determine rates of cholesterol synthesis in differ-
ent regions of the brain of mature mice, it will require that at 
least 150 mCi per mouse be used in order to get detectable 
levels of tritiated sterol in all regions. Clearly, in these special 
instances, the stock [3H]-water should be diluted appropri-
ately, given that the volume injected into each mouse should 
not exceed 0.1 mL per 10 g body weight.

Although [3H]-water is available from several companies, a 
number of factors apart from cost need to be considered. 
Depending on the vendor, orders involving Curie amounts will 
likely require a custom synthesis as these are rarely available as 
stock items. Another key consideration is the type of container 
the [3H]-water is supplied in. Although still commonly used, 
sealed glass ampoules do not provide the same level of safety 
and ease of handling as does the specially designed NENSure 
vial used by PerkinElmer Life Sciences. Our laboratory has 
routinely purchased custom made [3H]-water (5.0 Ci/mL) 
from this supplier and found it to be of the highest quality.

 3. The isolation and quantitation of cholesterol and several 
related sterols using digitonin has a long history [32]. A key 
discovery was that cholesterol, but not cholesteryl ester, forms 
a stable 1:1 molecular complex with digitonin [33]. Besides 
cholesterol, most naturally occurring sterols having a 
3β-hydroxyl group are precipitable with digitonin. This 
includes several precursors of cholesterol in its biosynthetic 
pathway [34]. Thus, an argument can be made for presenting 
data as rates of sterol synthesis or, more precisely, incorpora-
tion rates of [3H]-water into digitonin- precipitable sterols 
(DPS). Digitonin is available from multiple vendors but the 
purity and solubility varies from one source to another. 
Digitonin that is of 100% purity dissolves quickly and com-
pletely. To ensure that complete precipitation of all the choles-
terol and its precursors extracted from tissues is achieved, only 
digitonin of high purity should be used.

 4. Depending largely on the species studied, the amount of tis-
sue cholesterol contained within an entire organ will often not 
be sufficient to facilitate the formation of a large enough ste-
rol–digitonin complex needed for quantitative recovery of all 
the [3H]-sterols present in that organ. In studies using mice, 
this is mainly a problem for organs like the adrenal glands, 
ovaries, and spleen, whose entire cholesterol content is less 
than the minimum amount needed (ideally 1.2–1.5 mg, 3.1–
3.9 μmol). This mass of sterol is necessary to permit the 
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washing and splitting steps to be carried out without incur-
ring significant and unknown loss of the labeled sterols in that 
organ. A solution of highly pure cholesterol in ethanol 
(~10 mg/mL) should be kept at ~4 °C for addition to those 
tissue extracts that are projected to contain sub-optimal levels 
of cholesterol as detailed later.

 5. The majority of studies using this method will probably not 
need “whole animal” cholesterol synthesis rates. Therefore, 
the “residual” carcass will be discarded after the organs of 
interest have been harvested. However, when this is not the 
case, what defines “carcass” will be determined by which 
organs are taken for separate analysis. Thus, in studies with a 
focus on the liver and small intestine but which also require a 
“whole-animal” sterol synthesis rate, the carcass will contain 
not only the bulk organs of skin and muscle but numerous 
extrahepatic organs as well. An example of where the opposite 
situation applied can be seen in the data for the Cyp27A1 
knockout mouse in Fig. 1.

 6. The term 0.87 corrects the specific activity of plasma water 
determined at 1 h after injection of [3H]-water to the mean 
specific activity of body water present throughout the 1 h 
period of time. Note that the factor of 0.87 applies when the 
[3H]-water is given ip. If given iv, then this term should be 
1.09 as described earlier [21]. The term 0.92 corrects the cal-
culation for the concentration of water present in 1.0 mL of 
plasma from normolipidemic animals. Some investigators use a 
slightly higher value [26]. If the animal model has hyperlipid-
emia, then its plasma water content will likely be less than 92%. 
The water content can be determined by taking a precisely 
measured aliquot of plasma to dryness under a fume hood, fol-
lowed by a ~30 min drying period in a vacuum oven. Typically, 
a plasma water specific activity in the range of 25–30 cpm/
nmol will be sufficient to give detectable incorporation rates of 
[3H]-water into newly synthesized sterols in all tissues. If rates 
of hepatic fatty acid synthesis are all that is required, then a 
plasma water specific activity of around 5 cpm/nmol will be 
sufficient.

 7. At a concentration of 0.5% w/v, 3 mL of digitonin contains 
12.2 μmol, which corresponds to about three times the amount 
of cholesterol it is to precipitate.
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Chapter 19

Methods for Monitoring ABCA1-Dependent Sterol Release

Yoshio Yamauchi, Shinji Yokoyama, and Ta-Yuan Chang

Abstract

Releasing sterols to the extracellular milieu is an important part of sterol homeostasis in cells and in the 
body. ATP-binding cassette transporter A1 (ABCA1) plays an essential role in cellular phospholipid and 
sterol release to lipid-free or lipid-poor apolipoprotein A-I (apoA-I), the major apolipoprotein in high- 
density lipoprotein (HDL), and constitutes the first step in the formation of nascent HDL. Loss-of- 
function mutations in the ABCA1 gene lead to a rare disease known as Tangier disease that causes severe 
deficiency in plasma HDL level. Mammalian cells receive exogenous cholesterol mainly from low-density 
lipoprotein. In addition, they synthesize cholesterol endogenously, as well as multiple precursor sterols 
that are sterol intermediates en route to be converted to cholesterol. HDL contains phospholipids, cho-
lesterol, and precursor sterols, and ABCA1 has an ability to release phospholipids and various sterol mol-
ecules. Recent studies using model cell lines showed that ABCA1 prefers to use sterols newly synthesized 
endogenously as its preferred substrate, rather than cholesterol derived from LDL or cholesterol being 
recycled within the cells. Here, we describe several methods at the cell culture level to monitor ABCA1- 
dependent release of sterol molecules to apoA-I present at the cell exterior. Sterol release can be assessed 
by using a simple colorimetric enzymatic assay, and/or by monitoring the radioactivities of radiolabeled 
cholesterol incorporated into the cells, and/or of sterols biosynthesized from radioactive acetate, and/or 
by using gas chromatography–mass spectrometry analysis of various sterols present in medium and in cells. 
We also discuss the pros and cons of these methods. Together, these methods allow researchers to detect 
the release not only of cholesterol but also of other sterols present in minor quantities.

Key words ABCA1, ApoA-I, Cholesterol, GC-MS, Lanosterol, HDL, Thin-layer chromatography

1 Introduction

Sterol is an essential lipid for the growth and maintenance of all 
eukaryotic cells. In mammalian cells, various elaborate regulatory 
mechanisms operate cooperatively to assure the ample supply of 
cholesterol, and to prevent the toxic accumulation of cholesterol in 
membranes [1, 2]. Within a single cell type, the release of cellular 
cholesterol to the extracellular milieu constitutes a critical step in 
optimizing cellular cholesterol level. Several ATP-binding cassette 
transporters including ABCA1, ABCG1, and ABCG4 all have the 
ability to release cholesterol from cells [3, 4]. ABCA1 plays a 
unique role in this step, being required for apolipoprotein- mediated 
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cholesterol and phospholipid release, which generates nascent 
HDL particles [5, 6]. Loss-of-function mutations in the ABCA1 
gene causes severe HDL deficiency, known as Tangier disease [7–9]. 
Patients with this disease display a higher risk for premature cardio-
vascular heart disease.

Mammalian cells acquire cholesterol from uptake of extracel-
lular lipoproteins including low-density lipoprotein (LDL) [2]. In 
addition, almost all cells in the body synthesize cholesterol endog-
enously. The late stage of cholesterol biosynthesis occurs at the 
endoplasmic reticulum (ER), and involves the biosynthesis of a 
series of intermediate sterols (hereafter referred to as precursor ste-
rols) as the cholesterol precursors (Fig. 1). These precursor sterols, 
with lanosterol being the first biosynthesized sterol, have struc-
tures similar but distinct from that of cholesterol; some of them 
display distinct roles from those of cholesterol. When their con-
tents exceed certain threshold value, the precursor sterols are also 
toxic to cells [10]. For example, in humans, genetic defects in the 
conversion of precursor sterols to cholesterol are known to cause 
several malformation syndromes [11]. At the cell culture level, 
early results showed that certain precursor sterols including lanos-
terol, are transported to the plasma membrane (PM) shortly after 
their synthesis at the ER [12–15]. After arriving at the PM, choles-
terol and various precursor sterol molecules immediately become 
available for ABCA1-dependent sterol release [16]. Alternatively, 
they are rapidly transported back to the ER for the conversion to 
cholesterol [15]. Our recent study [16] showed that ABCA1 pre-
fers to use sterols newly synthesized endogenously, not cholesterol 
derived from LDL, or cholesterol being recycled within the cells, 
as its preferred substrates. HDLs are known to contain small but 
significant amounts of precursor sterols in addition to choles-
terol [17]. Together, these studies suggest that ABCA1 mediates 
the release of phospholipids and not only cholesterol but also 
other structurally different sterols to apoA-I to generate nascent 
HDL. In addition to its well-known function of mediating the 
release of phospholipids and sterols to apoA-I present in the 
extracellular milieu, we have recently shown that ABCA1 also 
participates in retrograde sterol movement; lack of ABCA1 
impairs sterol internalization from the PM and leads to a defect 
in sterol sensing at the ER [18].

In this chapter, we describe several methods used to monitor 
ABCA1-dependent sterol release. The first method is to measure 
cholesterol released into apoA-I by using a colorimetric enzyme 
assay. This method is based on the generation of H2O2 and cho-
lestenone from cholesterol by the enzyme cholesterol oxidase. 
The second method is to feed cells with radiolabeled cholesterol 
and monitor the release of labeled cholesterol from cells. 
Third, we describe a method that uses radiolabeled acetate  
(a biosynthetic precursor of sterols) to produce radiolabel sterols 
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endogenously, and uses thin layer chromatography (TLC) to 
separate the  radiolabeled sterols. This TLC method allows one to 
detect not only cholesterol but also precursor sterols with one or 
two methyl group(s) located at the steroid ring A. Finally, we 

Fig. 1 Cholesterol biosynthetic pathway. Cholesterol biosynthesis proceeds through either the Bloch pathway 
or the Kandutsch-Russell pathway. The side-chain double bond at C24 position is reduced by the 
24- dehydrocholesterol reductase DHCR24. The substrate for this enzyme may vary in a tissue/cell type- 
specific manner. The total number of carbons in each sterol is shown on the left
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describe a method to identify sterol molecules by using gas chro-
matography-mass spectrometry (GC-MS). We also discuss the 
pros and cons of these methods.

2 Materials

 1. [3H]-cholesterol and [3H]-acetate are obtained commercially. 
[14C]-cholesterol or [14C]-acetate can be used instead.

 2. Sterol standards for TLC and GC-MS: Epicoprostanol, choles-
terol, lathosterol, desmosterol, zymosterol, and lanosterol, 
which are commercially available, are dissolved in chloroform 
at a concentration of 10 mg/mL. The stock solutions can be 
stored at −20 °C.

 3. Sigma-Sil-A can be obtained from Sigma-Aldrich.
 4. The BCA protein assay is commercially available.

 1. Phosphate-buffered saline (PBS): Dissolve 8 g of sodium 
chloride (NaCl), 0.2 g of potassium chloride (KCl), 1.15 g of 
disodium hydrogen phosphate (sodium phosphate, dibasic, 
anhydrous; Na2HPO4), and 0.2 g of potassium dihydrogen 
phosphate (potassium phosphate, monobasic, anhydrous; 
KH2PO4) in 1 L of deionized/distilled water (ddH2O). After 
autoclaving, this solution is stable at room temperature.

 2. 10% (w/v) bovine serum albumin (BSA): Dissolve 1 g of fatty 
acid-free BSA in 10 mL of sterile PBS. After filtration by using 
a 0.2 μm (or 0.45 μm) filter, the 10% stock can be stored at 
4 °C for at least several months.

 3. 0.1 M sodium hydroxide (NaOH): Dissolve 0.4 g of NaOH in 
100 mL of ddH2O. This solution is stable at room temperature.

 4. 10 M potassium hydroxide (KOH): Dissolve 56.1 g of KOH 
in 100 mL of ddH2O. This solution is stable at room 
temperature

 5. 3% (w/v) sodium hydrogen carbonate (NaHCO3) saturated 
with chloroform: Dissolve 3 g of NaHCO3 in 100 mL of 
ddH2O, and add 10–20 mL of chloroform. After vigorously 
mixing, use the top aqueous phase. This solution is stable at 
room temperature for only a few days.

 6. ddH2O saturated with chloroform: Add 10–20 mL of chloro-
form in 100 mL of ddH2O and mix vigorously. This solution is 
stable at room temperature.

The following media are used for experiments. All media listed 
below contain 100 U/mL of penicillin and 100 μg/mL of 
streptomycin.

2.1 Radioisotopes, 
Sterols, and Other 
Reagents

2.2 Solutions

2.3 Cell 
Culture Media
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 1. Medium A: appropriate medium containing 10% (or 7.5%) 
fetal bovine serum (FBS).

 2. Medium B: appropriate medium containing 0.1% fatty acid-
free BSA (unless specified otherwise; from the 10% stock).

 3. Medium D: appropriate medium containing 5% delipidated 
FBS [19] or lipoprotein-deficient FBS (LPDS; commercially 
available) (see Note 1).

 4. Medium F: appropriate medium without any supplements.

Lipid-free apoA-I is isolated/purified from human plasma as 
described [20]. Bacterially expressed recombinant apoA-I can also 
be utilized in the ABCA1-dependent lipid release assay [21–23]. 
ApoA-I and recombinant apoA-I can be obtained from commer-
cial sources. All apoA-I forms are essentially devoid of lipids. 
Lyophilized apoA-I should be solubilized to obtain a homoge-
neous solution by dissolving in PBS for 1 h at room temperature 
followed by warming at 37 °C for 1 h [20]. After filtration by using 
a 0.22 μm filter, determine the protein concentration by using a 
protein assay and adjust to the concentration of 1 mg/mL with 
sterile PBS. The solution should be kept at 4 °C and can be used 
for at least a few months.

All organic solvents used are of analytical grade.

 1. Chloroform–methanol (2:1). Mix 200 mL of chloroform and 
100 mL of methanol, and store in a dark glass bottle. The mix-
ture is stable at room temperature.

 2. Hexane–2-propanol (3:2): Mix 150 mL of hexane and 100 mL 
of 2-propanol, and store in a dark glass bottle. The mixture is 
stable at room temperature.

 3. Ethanol–benzene–water (80:20:5): Mix 80 mL of ethanol, 
20 mL of benzene, and 5 mL of ddH2O, and store in a dark 
glass bottle. The solution can be stored at room temperature 
for months.

 4. Hexane–ether–acetic acid (260:80:3): Mix 45 mL of hexane, 
20 mL of ether, and 0.75 mL of ddH2O. Prepare this mixture 
just before the TLC analysis.

 5. Methylene chloride–ethyl acetate (97:3): Mix 97 mL of meth-
ylene chloride and 3 mL of ethyl acetate. Prepare this mixture 
just before the TLC analysis.

 1. Determinar L FC (available from Kyowa Medex). Mix R-1 and 
R-2 reagents at the ratio of 3:1. Prepare mixture just before 
the assay (see Note 2).

 2. An alternate kit that can be used is the Free Cholesterol E 
(available from Wako). Reconstitute appropriate amounts of 

2.4 ApoA-I

2.5 Organic Solvents

2.6 Colorimetric 
Enzymatic Cholesterol 
Assay Kits
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the lyophilized powder in appropriate volume of buffer provided 
in the kit. Reconstitute just before the assay (see Note 3).

 3. Cholesterol standard: The Cholesterol stock solution can be 
prepared in chloroform as described in Subheading 2.1. Free 
Cholesterol E (Wako) provides a 2 mg/mL cholesterol stock 
solution.

 4. Cholesterol esterase (if total amount of cholesteryl esters is also 
required): Dissolve in PBS at the final concentration of 10 U/
mL. This solution can be stored at −20 °C.

 1. Evaporator with heater connected to nitrogen gas system.
 2. Microplate reader with appropriate filters.
 3. Channeled 20 cm × 20 cm thin layer chromatography (TLC) 

plates (Silica Gel 60 Å, 250 μm layer thickness) can be obtained 
from Analtech.

 4. TLC developing tank.
 5. Iodine TLC tank to visualize lipids. Add iodine to the tank for 

developing.
 6. 80 °C oven.
 7. GC-MS equipment; for example in our lab we use a Shimadzu 

GC-17A gas chromatograph connected to a Shimadzu 
QP5000 mass spectrometer and equipped with an XTI-5 
(30 m × 25 μm × 0.25 mm) capillary column

3 Methods

Typically, seed cells into a 6-well plate and grow in Medium A 
essentially to a confluent stage at 37 °C with 100% humidity and 
5% CO2. Lipid extraction and analysis are performed at room tem-
perature unless specified otherwise (see Notes 4 and 5).

 1. Seed cells into 6-well plates and grown to confuency in Medium 
A in an incubator with 100% humidity and 5% CO2. Typically, 
cells are seeded at a density of 2–3 × 105 cells/well, and grown 
for 2–3 days (depending on cell lines/types) in Medium A. For 
cells that express low levels of ABCA1 (such as human fibro-
blasts and mouse embryonic fibroblasts), ABCA1 expression 
can be induced transcriptionally by incubating cells overnight 
with a ligand for liver X receptor (LXR) and/or for retinoid X 
receptor (RXR) (see Note 7).

 2. Wash cells with PBS or with Medium F twice to remove FBS.
 3. Incubate cells without or with apoA-I (5–10 μg/mL, 1 mL/

well) in Medium B for 16–24 h at 37 °C in an incubator with 
100% humidity and 5% CO2 (see Notes 8–11).

2.7 Equipment

3.1 Monitoring 
Cholesterol Release 
by Using Colorimetric 
Enzymatic Assay (See 
Note 6)
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 4. Collect medium (~1 mL) into a 1.5 mL tube. Wash cells with 
PBS twice and let them dry.

 5. Spin medium at 10,0000 × g for 5 min to precipitate floating 
cells and cell debris.

 6. Transfer 0.9 mL of supernatant to a glass tube.
 7. Add 4 vol (3.6 mL) of chloroform–methanol (2:1) into the 

glass tube and vortex vigorously.
 8. Wrap the glass tube with aluminum foil and leave at 4 °C 

overnight.
 9. Vortex again and spin the glass tube at 1000 × g for 10 min at 

room temperature.
 10. Suck off the aqueous phase.
 11. Add 1 mL of ddH2O and vortex (see Note 12).
 12. Spin the glass tube again at 1000 × g for 10 min at room 

temperature.
 13. Suck off the aqueous phase.
 14. Blow-dry the organic phase under nitrogen gas at 40–50 °C 

using a heat block (or a water bath).
 15. Transfer extracted lipids into a well of 96-well plate with 

2 × 100 μL of chloroform–methanol (2:1) to solubilize 
the dried lipid samples. Load onto a single well per sample 
(see Note 13).

 16. Lipids present in the cells dried in the tissue culture wells 
(see step 4) can be extracted as follows: Add 1 mL of hexane–
2-propanol (3:2) to a well, place for 1 h at room temperature, 
and transfer to a glass tube.

 17. Extract cell lipids again by adding 1 mL of hexane–2-propanol 
(3:2) to a well, place for 30 min at room temperature, and 
transfer to a glass tube to combine with the first extract.

 18. Blow-dry as describe above (see step 14).
 19. Add 400 μL of chloroform–methanol (2:1) to a tube, vortex, 

and transfer a quarter (100 μL) of the extract (cell lipids) to a 
well of a 96-well plate.

 20. Blow-dry the organic solvent in a 96-well plate using a hair 
dryer or under nitrogen gas.

 21. Add the cholesterol standard (0–20 μg, typically 20, 10, 5, 2.5, 
1.25, 0.625, 0.3125, 0 μg of cholesterol) into separate wells 
(see Notes 14 and 15).

 22. Add 20 μL of 2-propanol into each well (both samples and 
standards) to dissolve lipids.

 23. Add 150 μL of reaction mixture into each well and place the 
plate at 37 °C for 60 min.
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 24. Measure absorbance at 550–600 nm (optimal absorbance is 
555 nm for Kyowa-Medics Kit, or at 600 nm for Wako kit; 
reference filter of 700 nm), and calculate cholesterol contents 
based on the standard curve. To obtain the calculated choles-
terol contents in a sample, divide the values by 0.9 for medium 
extracts, or multiply the values by 4 for cell extracts.

 25. Add 1 mL of 0.1 M NaOH into a well and place at 4 °C over-
night to extract cell protein. This can be done after the cellular 
lipids are extracted. After cellular lipid extraction, the lipid free 
cell proteins remain in the well and can be measured by BCA 
protein assay after solubilization by using 0.1 M NaOH.

 26. Normalize cholesterol content in the medium by using cell 
protein or cell cholesterol as the denominator (see Notes 16 
and 17).

 1. Seed and grow cells as above (see step 1 of Subheading 3.1).
 2. Wash cells with PBS or Medium F twice.
 3. Incubate cells with [3H]-cholesterol (without adding nonra-

dioactive cholesterol as carrier; 0.1 μCi/mL, 1 mL/well) in 
Medium A overnight (Fig. 2a, Condition IV).

 4. After washing cells with PBS or Medium F twice (to remove 
unincorporated labeled cholesterol), incubate cells in Medium 
A to equilibrate [3H]-cholesterol in cells.

 5. After washing cells with PBS or Medium F twice, incubate cells 
without or with apoA-I in Medium B for up to 24 h (see also 
Subheading 3.1).

 6. Collect the medium (~1 mL) into a 1.5 mL tube. Wash cells 
with PBS twice and let them dry.

 7. Spin medium at 10,0000 × g for 5 min to precipitate floating 
cells and cell debris.

 8. Transfer 0.9 mL of supernatant to a glass tube.
 9. Add 4 volumes (3.6 mL) of chloroform–methanol (2:1) into 

the glass tube, and vortex vigorously.
 10. Wrap the glass tube with aluminum foil and leave at 4 °C 

overnight.
 11. Vortex again, and spin the glass tube at 1000 × g for 10 min at 

room temperature.
 12. Suck off the aqueous phase.
 13. Blow-dry the organic phase under nitrogen gas at 40–50 °C 

using a heat block (or a water bath).
 14. For cellular [3H]-cholesterol analysis, extract cellular lipids as 

described above (see steps 16 and 17 of Subheading 3.1).

3.2 Monitoring 
the Release 
of Radiolabeled 
Cholesterol Added 
Exogenously
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Fig. 2 Monitoring the ABCA1-dependent release of radiolabeled endogenously synthesized sterols in normal 
and mutant NPC cells. (a) Procedures used in pulse-chase experiments using radiolabeled-acetate or 
radiolabeled- cholesterol (Assay I–IV). Cells were labeled with either [3H]-acetate (3H–Ac) or [3H]-cholesterol 
(3H–Chol). (b–e) ABCA1-dependent release of labeled sterols in normal and NPC human skin fibroblasts (HSFs) 
evaluated under various conditions. HSFs from normal subjects (NL1 and NL2), and NPC patients (mutated in 
either NPC1 or NPC2 gene) were seeded in 6-well plates and grown in medium A to almost confluency. Cells 
were then subjected to the assay I, II, III, or IV by labeling cells with [3H]-acetate or [3H]-cholesterol as indicated 
below. For panel (b), cells pretreated with TO901317 (1 μg/mL) for 18 h were incubated with or without apoA-I 
(10 μg/mL) during the 8 h [3H]-acetate (40 μCi/mL) labeling period in the presence of TO901317. For panel (c), 
cells were labeled with [3H]-acetate (40 μCi/mL) for 2 h followed by washing off the label and incubation with 
or without apoA-I (10 μg/mL) in the presence of TO901317 for 8 h. For panels (d) and (e), cells were labeled 
with [3H]-acetate (20 μCi/mL) for 16 h in Medium D (D) or with [3H]-cholesterol (0.1 μCi/mL) in Medium A (e), 
followed by washing off the label and incubation with Medium D or Medium A for 24 h with TO901317 present. 
The cells were then incubated with or without apoA-I (10 μg/mL) for 8 h in the presence of TO901317. Sterols 
were analyzed by TLC. Data shown are means ± SD (n = 3). **P < 0.01, ***P < 0.001 by Student’s t-test. This 
research was originally published in J. Lipid Res. Yamauchi et al. (2016) ABCA1-dependent sterol release: 
sterol molecule specificity and potential membrane domain for HDL biogenesis, J Lipid Res 57:77–88. © The 
American Society for Biochemistry and Molecular Biology [16]
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 15. The extracted lipids (both from medium and cells) can directly 
be subjected to scintillation counting to determine radioactivity 
of [3H]-cholesterol in medium and cells. For more detailed 
analysis, the extracted lipids are run on TLC with a solvent sys-
tem of hexane–ether–acetic acid (260:80:3), which separates 
cholesterol and cholesteryl ester from other lipids. Cholesterol 
and cholesteryl ester fractions are scraped and their radioactivi-
ties are counted by a liquid scintillation counter.

 16. Calculate % release of [3H]-cholesterol by the following equa-
tion: counts in medium/(counts in medium + cell) × 100.

 1. Seed and grow cells in 6-well plates as above (see step 1 of 
Subheading 3.1).

 2. Wash cells twice with PBS or Medium F.
 3. Incubate cells with [3H]-acetate (20–40 μCi/mL, 1 mL/well) 

for 2–16 h in Medium B or in Medium D according to Fig. 2a 
(Condition I–III) (see Note 18).

 4. After washing cells twice with PBS or Medium F, incubate cells 
without or with apoA-I for up to 24 h (typically 6–24 h) in 
Medium B.

 5. Collect medium (~1 mL) into 1.5 mL tube. Wash cells twice 
with PBS and let them dry.

 6. Spin medium at 10,0000 × g for 5 min to precipitate floating 
cells and cell debris.

 7. Transfer 0.9 mL of supernatant to a glass tube.
 8. Add 4 vol (3.6 mL) of chloroform–methanol (2:1) into the 

glass tube and vortex vigorously.
 9. Wrap the glass tube in aluminum foil and leave at 4 °C 

overnight.
 10. Vortex again, and spin the glass tube at 1000 × g for 10 min at 

room temperature.
 11. Suck off the aqueous phase.
 12. Cell lipids are extracted as above (see steps 16 and 17 of 

Subheding 3.1).
 13. Blow-dry sample under nitrogen gas at 40–50 °C using a heat 

block (or a water bath).
 14. Saponify lipids (extracted from medium and from cells respec-

tively) as follows (steps 14–16): Add 3 mL of ethanol–
benzene–water (80:20:5) and 0.33 mL of 10 M KOH (final 
concentration 1 M), and vortex.

 15. Wrap the glass tube with aluminum foil.
 16. Incubate the glass tube at 80 °C for 2 h in an oven.
 17. Blow-dry under nitrogen gas at 40–50 °C using a heat block 

(or a water bath) to a final volume of ~0.1 mL.

3.3 Monitoring 
the Release 
of Radiolabeled 
Sterols Synthesized 
Endogenously
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 18. Add 1 mL of ddH2O and vortex.
 19. Extract sterols by adding 3 mL of hexane and vortex.
 20. Spin the glass tube at 1000 × g for 10 min at room temperature.
 21. Collect organic (upper) phase (containing sterols) and transfer 

to a glass tube (see Note 19).
 22. Repeat steps 19–21 four times in total.
 23. Blow-dry the organic phase to 3 mL.
 24. Add 1 mL of 3% NaHCO3 saturated with chloroform and vortex.
 25. Spin the glass tube at 1000 × g for 10 min at room temperature.
 26. Remove aqueous phase from the bottom using a glass Pasteur 

pipette.
 27. Add 1 mL of water saturated with chloroform to the organic 

phase, and vortex.
 28. Spin the glass tube at 1000 × g for 10 min at room 

temperature.
 29. Remove aqueous phase from the bottom using a glass pasteur 

pipette.
 30. Blow-dry the organic phase.
 31. Add 40 μg of lanosterol and 60 μg of cholesterol as internal 

markers and 100 μL of chloroform to each tube, then vortex.
 32. Spot onto a channeled 20 cm × 20 cm TLC plate and run in a 

TLC tank with 30–50 mL of methylene chloride/ethyl ace-
tate (97:3).

 33. Visualize cholesterol and lanosterol by iodine and mark the 
bands by a pencil.

 34. Scrape off the corresponding bands (cholesterol band, C27 
sterols; lanosterol band, C29 and C30 sterols; space between 
cholesterol and lanosterol bands, C28 sterols) and put into a 
scintillation vial.

 35. After adding 3 mL of scintillation cocktail, count the radioac-
tivity with a liquid scintillation counter.

 36. Calculate % release of [3H]-sterols as described earlier, using 
total (cell plus medium) [3H]-sterols as the denominators 
(see Subheading 3.2).

 1. Seed cells into two 100-mm dishes.
 2. Incubate cells with apoA-I in Medium B for 24–48 h 

(6 mL/dish).
 3. Collect and centrifuge medium at 10,0000 × g for 5 min to 

precipitate floating cells and cell debris.
 4. Extract lipids as described earlier using chloroform–methanol 

(2:1) (see Subheading 3.1).

3.4 Monitoring Sterol 
Release by GC-MS
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 5. Saponify lipids as described earlier (see Subheading 3.3, steps 
14–18).

 6. Extract non-saponified fraction (containing sterols) using hex-
ane four times (see Subheading 3.3, steps 19–30).

 7. Add 20 μg of epicoprostanol (as an internal standard) and 
0.25 mL of Sigma-Sil-A to the tube and incubate at 60 °C for 
30 min to achieve trimethylsilyl (TMS) derivatization of the 
sterols.

 8. Blow-dry under nitrogen gas at 40–50 °C.
 9. Resuspend in 50 μL of chloroform and transfer to a fresh glass 

vial with screw cap.
 10. Inject appropriate amounts (typically 1–2 μL) of derivatized 

sterols into a GC-MS (see Note 20).
 11. Analyze the GC profile (Fig. 3) with MS spectra of each peak 

(see Note 21).

Fig. 3 GC-MS analysis of ABCA1-dependent sterol release. (a) HEK293 cells stably expressing human ABCA1- 
GFP (HEK/hABCA1) grown as a monolayer at subconfluency in two 100 mm dishes in Medium D were incu-
bated with apoA-I (5 μg/mL) for 48 h in Medium B. Lipids were extracted from the medium, saponified, and 
analyzed by GC-MS. The peaks of epicoprostanol (internal standard, I.S.), cholesterol (Chol, peak 1), and lanos-
terol (Lan, peak 6) are indicated by arrowhead. Other minor peaks (2–5 and 7) are shown in the inset. This 
research was originally published in J. Lipid Res. Yamauchi et al. (2016) ABCA1-dependent sterol release: 
sterol molecule specificity and potential membrane domain for HDL biogenesis. J Lipid Res 57:77–88. © the 
American Society for Biochemistry and Molecular Biology [16]. (b) Identification and quantification of sterols 
released to apoA-I. Based on the GC-MS profile shown above, the identity of each peak and contents of each 
sterol were determined. The results are reproduced from Yamauchi et al. [16] with modification
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4 Notes

 1. The primary purpose to incubate cells in Medium D is to acti-
vate sterol regulatory element binding proteins and to upregu-
late sterol biosynthesis. Depending on cell types used, the 
concentration of delipidated FBS or LPDS may be reduced to 
1 or 2%, but optimization is required.

 2. Determinar L FC from Kyowa Medex is available only in certain 
Asian countries including Japan and China. Researchers who live 
in other countries can employ Free Cholesterol E (Wako).

 3. Free Cholesterol E is supplied as lyophilized powder. If reconsti-
tuted all at once as described in the manufacture’s instruction, the 
solution can be stored at 4 °C for up to 2 weeks only. To lengthen 
the usage time of the kit, we recommend that one measures a 
portion of the powder needed for a single experiment, and recon-
stitutes the powder in the buffer proportionally.

 4. Not all cell lines express ABCA1. It is important to select cor-
rect cell lines/cell types to study ABCA1-dependent sterol 
release. With cells not expressing ABCA1 (such as HEK293 
cells, HeLa cells, and COS-7 cells), sterol release to apoA-I 
cannot be detected. Cells that express ABCA1 include human 
fibroblast cell lines WI-38 and MRC-5, HepG2 cells, differen-
tiated THP-1 cells, mouse embryonic fibroblasts, BALB/3 T3 
cells, RAW264.7 cells treated with cAMP, and Chinese ham-
ster ovary (CHO) cells [16, 24–26].

 5. Niemann–Pick type C (NPC) disease is a lysosomal storage 
disease accompanied by severe neurodegeneration that often 
leads to death in affected patients before adulthood. NPC dis-
ease is caused by a mutation either in the NPC1 or NPC2 
gene. Both NPC1 and NPC2 proteins bind cholesterol and 
function in transporting cholesterol out from the late endo-
some and lysosome [2]. In NPC1- or NPC2-deficient human 
fibroblasts and CHO cells, cholesterol and other lipids accu-
mulate within the late endosome and lysosome compartments 
and fail to reach other membrane compartments. Mutant NPC 
cells serve as effective tools to study cholesterol transport path-
ways (see Fig. 2).

 6. One needs to keep in mind that in addition to cholesterol, the 
colorimetric enzymatic assay described in this chapter may 
detect precursor sterols that can be the substrates of choles-
terol oxidase.

 7. ABCA1 expression is highly regulated at the transcriptional 
level. Treating cells with LXR and/or RXR ligands induces 
ABCA1 expression and significantly increases sterol release 
[27]. Several synthetic and natural LXR ligands including 
TO901317 and 22(R)-hydroxycholesterol, respectively, are 
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commercially available. The RXR ligand 9-cis retinoic acid is 
also commercially available. However, one needs to keep in mind 
that the colorimetric enzymatic assay described in this chapter 
can detect oxysterol used to induce ABCA1 expression.

 8. When incubating with or without apoA-I, the BSA concen-
tration in Medium B can be reduced to 0.02% instead of 
0.1% (w/v).

 9. ApoA-I is the most physiologically relevant lipid acceptor to 
assess ABCA1-dependent lipid release because apoA-I is the 
major apolipoprotein of HDL. However, other α-helix contain-
ing apolipoproteins such as apoA-II and apoE [28], and syn-
thetic α-helical peptides [29, 30] can also induce lipid release in 
an ABCA1-dependent manner. In addition, sodium taurocho-
late can also mediate ABCA1-dependent lipid release [31].

 10. Approximately 80% or 90–100% of lipid release ability can be 
observed by using 5 or 10 μg/mL of apoA-I, respectively.

 11. A shorter incubation time can be used. In this case (for exam-
ple; 6–8 h incubation with apoA-I), lipids extracted from two 
or more wells per assay may be required in order to exceed the 
detection limit of the assay employed.

 12. This step is required to remove phenol red. When cholesterol 
contents are determined by using a colorimetric enzymatic 
assay, phenol red present in medium causes overestimation due 
to its color.

 13. A 96-well plate used here should be resistant to organic sol-
vent. Corning® Polypropylene Flat Bottom 96 Well Microplate 
is recommended.

 14. 0.08–20 μg per well of cholesterol can be quantitatively mea-
sured by this method [26].

 15. We use the cholesterol standard aqueous solution obtained 
from Wako. A cholesterol standard can also be prepared by dis-
solving cholesterol in chloroform–methanol. In this case, this 
step should be performed before step 20.

 16. The same procedure can be applied to measure phospholipid 
content. In this case, Phospholipids B (Wako) or Determiner L 
PL (Kyowa Medex) kit is used as a colorimetric enzymatic 
assay. Because these assay kits are based on the use of choline 
oxidase, only choline-containing phospholipids (including 
phosphatidylcholine and sphingomyelin) are detected. The 
detection range is 0.15–20 μg per well.

 17. When determining cell cholesterol levels, measuring both free 
cholesterol and total cholesterol (free cholesterol and choles-
teryl esters) is recommended, which allows one to calculate the 
amounts of cholesteryl ester by subtracting free cholesterol 
from total cholesterol. Total cholesterol can be measured by 
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adding cholesterol esterase (at final concentration of 0.1 U/
mL; available from Wako) to the free cholesterol assay reagent.

 18. In order to monitor the fate of endogenously synthesized ste-
rols, the labeling conditions are critical. The half-life of various 
precursor sterols is less than 1 h. Thus, ABCA1-dependent 
release of [3H]-precursor sterols can only be detected under 
condition I (Fig. 2a). Even under condition II, it is difficult to 
detect the release of [3H]-precursor sterols, due to their rapid 
conversion to cholesterol.

 19. The bottom fraction contains saponified fatty acids. This fraction 
should not be discarded if fatty acid analysis is required. For fatty 
acid analysis, acidify the saponified fraction by adding 0.3 mL of 
12 M hydrochloric acid (HCl). Extract fatty acids by 2 mL of 
hexane or petroleum ether 4 times as described in steps 19–22. 
Concentrate the hexane extract to ~3 mL under nitrogen gas, 
wash once with 1 mL of 5 mM HCl and once with 1 mL of 
ddH2O. After blowing the sample to dryness under nitrogen gas, 
add oleic acid (40 μg/tube) as an internal standard, spot samples 
onto a TLC plate and run in a TLC tank with petroleum ether–
ether–acetic acid (90:10:1). Afterwards, the fatty acid bands are 
identified by iodine staining, scraped and their radioactivities are 
counted in a liquid scintillation counter.

 20. We use a Shimadzu GC-17A gas chromatograph connected to 
a Shimadzu QP5000 mass spectrometer and equipped with an 
XTI-5 (30 m × 25 μm × 0.25 mm) capillary column. For this 
system, the injector port is set at 290 °C. The temperature pro-
gram for the column is as follows: the initial temperature of the 
oven is 110 °C and the temperature is increased at a rate of 
15 °C/min to 290 °C and held for 10 min (total run time 
22 min). Helium flow is maintained at a constant rate of 
1.3 mL/min.

 21. The sterol masses are quantified using epicoprostanol (as an 
internal standard) by comparing the relative areas of the individ-
ual peaks from the chromatogram. The mass spectrometer is 
operated in scan mode to observe both the molecular ions and 
the fragmentation patterns for the individual sterol derivatives. In 
our experiments, TMS-derivatives of five standard sterols, epico-
prostanol, cholesterol, lathosterol, desmosterol, zymosterol, and 
lanosterol, were clearly separated under this condition. The 
GC-MS procedure also allowed us to identify TMS-derivatives of 
the following 10 cellular sterols; lanosterol (C30), monounsatu-
rated 4,4-dimethyl sterol (C29), diunsaturated 4,4-dimethyl ste-
rol (C29), two monounsaturated monomethyl sterols (C28), 
desmosterol (C27), 5α-cholesta- 7,24-dien-3β-ol (C27), zymo-
sterol (C27), lathosterol (C27), and cholesterol (C27) [15]. 
Also, refer to earlier works [32, 33].
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Chapter 20

ABC-Transporter Mediated Sterol Export  
from Cells Using Radiolabeled Sterols

Alryel Yang and Ingrid C. Gelissen

Abstract

Cholesterol export from cells to extracellular acceptors represents the first step of the reverse cholesterol 
transport process and is an essential part of the multifaceted pathway for cells to control their cholesterol 
levels. Malfunction of this pathway leads to cholesterol accumulation in cells such as macrophages, which 
can form the basis of conditions like atherosclerosis. A number of ATP-binding cassette (ABC) transporters, 
namely ABCA1, ABCA7, ABCG1, and ABCG4, play an essential role in this process. In this chapter, we 
describe methods utilizing radiolabeled sterols for measuring ABC-transporter mediated sterol export, 
utilizing endogenously expressed transporters as well as overexpression systems.

Key words Cholesterol export, ABC-transporter, Reverse cholesterol transport, ABCA1, ABCG1, 
ABCA7, ABCG4

1 Introduction

Cells have multifaceted control mechanisms for regulating their 
cholesterol levels, of which ABC-transporter mediated cholesterol 
export is an important part. Humans express 48 ABC transporters, 
which transport a variety of substrates across cellular membranes, a 
process that depends upon ATP binding and consumption to facil-
itate transport. A number of family members have been implicated 
in the direct export of cholesterol and other sterols from cells, 
including ABCA1, ABCA7, ABCG1, and ABCG4 [1–4]. ABCA1 
and ABCA7 are both part of the A-subfamily of ABC transporters 
and classified as full-transporters, containing two ATP-binding 
cassettes and two multipass transmembrane spanning domains. 
These two transporters are both localized on the plasma membrane 
[5, 6] and display significant amino acid sequence homology 
(~54% in humans; [7]); however, their cellular expression pattern 
and regulation are somewhat different. ABCA1 is ubiquitously 
expressed and associated with the regulation of lipid homeostasis 
in various cell types, including macrophages and other immune 
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cells, insulin- secreting β-cells and neurons [8–10]. Its function has 
been  investigated extensively in the setting of atherosclerosis and 
other inflammatory conditions associated with lipid dysregulation 
(for recent reviews, see 11–13). ABCA1 is regulated by the liver 
X-receptor (LXR) family of transcription factors that upregulate a 
number of cholesterol-related genes, including ABCA1, ABCG1, 
and apolipoprotein E, in response to an increase in cellular choles-
terol levels [14, 15]. On the other hand, ABCA7 is highly expressed 
in brain, lung, and hematopoietic tissues [5, 7, 16], and is thought 
to be important in the regulation of macrophage phagocytosis and 
regulation of lipid homeostasis in the brain [17]. ABCA7 expres-
sion has been shown to be regulated by cellular cholesterol levels 
via the sterol regulatory element-binding protein-2 (SREBP-2) 
pathway [18], whereby upregulation of ABCA7 was brought on 
by a depletion of cellular cholesterol, as opposed to ABCA1. In 
addition, inhibitors of 3-hydroxy-3-methylglutaryl-CoA (HMG- 
CoA) reductase, commonly known as statins, have been shown to 
upregulate expression of ABCA7 [19].

The other aforementioned pair of ABC family members associ-
ated with cholesterol transport, i.e., ABCG1 and ABCG4, share an 
even more significant amino acid sequence homology (~84% in 
humans; [20]). Unlike their ABCA-family members, ABCG1 and 
ABCG4 are part of the G-subfamily of half-transporters that 
require homodimerization or heterodimerization to form a func-
tional transporter [8, 21]. Like ABCA1, ABCG1 has been pre-
dominantly investigated with regard to its role in macrophage lipid 
homeostasis while ABCG4 is thought to function predominantly 
in cells in the brain [4, 8]. As mentioned, ABCG1 is also regulated 
via the LXR pathway. However, it is less well established whether 
this is the case for ABCG4 in all cell types in brain, with reports of 
negligible or only modest upregulation of this transporter by LXR 
agonists [22–24]. The intracellular localization of these half- 
transporters may potentially differ from ABCA1 and ABCA7, with 
ABCG1 reported on the plasma membrane as well as exclusively 
intracellular [25].

Despite the differences in regulation, cellular expression, and 
localization described above, transport assays can be adapted to 
any cell type of interest, in particular when overexpression systems 
are used, as the end result of transporter activity is the same, 
i.e., cholesterol export to extracellular acceptors. A number of 
extracellular acceptors can stimulate ABC-transporter mediated 
cholesterol release, with apolipoprotein A-I (apoA-I) being the 
most physiologically relevant acceptor for ABCA1 and high density 
lipoprotein (HDL) subclasses for ABCG1 [8]. In this chapter, we 
describe a protocol for measuring cholesterol export from cells 
overexpressing ABCA1 or ABCG1, as well as cells that express 
the endogenous transporters, THP-1 macrophages. Cells can be 
preloaded with cholesterol if required by various means that are 
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included in the methodology. In addition, export of sterol substrates 
other than cholesterol, for example oxysterols, can also be measured 
utilizing these protocols.

2 Materials

Please follow your institute’s radiation policy for storage, use and 
disposal of liquid and solid isotope contaminated materials. Note 
that this assay requires cell culture facilities that are approved for 
the use of [3H]-containing reagents and cells.

 1. Cells of interest: CHO-K1 cells and THP-1 monocytes (see 
Note 1).

 2. Culture media for CHO-K1: Ham’s F12, containing 10% 
(v/v) fetal bovine serum (FBS), l-glutamine (2 mM), penicil-
lin (100 U/mL), and streptomycin (100 μg/mL).

 3. Zeocin (or other selection antibiotic) for selection of stable 
expressors in CHO-K1 cells.

 4. Culture media for THP-1 monocytes: RPMI 1640 medium 
containing 10% (v/v) FBS, l-glutamine (2 mM), penicillin 
(100 U/mL), and streptomycin (100 μg/mL).

 5. 24-well cell culture dishes.
 6. Phorbol myristate acetate (PMA): Prepare a 500 μg/mL stock 

solution in DMSO and store aliquots at −20 °C. Prepare a 
1:10 dilution in ethanol to achieve a 50 μg/mL stock and store 
at −20 °C.

 7. Fatty acid-free bovine serum albumin (BSA): Prepare a 1% 
(w/v) BSA stock solution in the appropriate serum-free media, 
supplemented with antibiotics/l-glutamine. Filter-sterilize 
using a 0.22 μm syringe filter and store at 4 °C until use (see 
Note 2).

 8. [1, 2-3H(N)]-cholesterol: A stock of at least 1 μCi per μL in 
ethanol is required to achieve the necessary sensitivity (see 
Note 3).

 9. Sterile phosphate-buffered saline (PBS).
 10. TO-901317 (a synthetic LXR ligand): Prepare a 10 mM stock 

solution in DMSO and store at −20 °C.
 11. ABC transporter overexpression constructs (see Note 4).

All of the following reagents require filter sterilization through a 
0.22 μm or 0.45 μm (in the case of lipoproteins) syringe filter 
before addition to cells.

 1. Cholesterol/cyclodextrin (Chol/CD): Either prepare in-house 
[26] or purchase commercially (may be listed by suppliers as 
“water-soluble cholesterol”).

2.1 Cells and Cellular 
Labeling

2.2 Cellular 
Cholesterol 
Enrichment 
and Acceptors 
for Efflux
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 2. Low-density lipoprotein (LDL): Prepare from human plasma 
as described by ultracentrifugation according to Chung et al. 
[27] or Sattler et al. [28] or purchase commercially (see Note 
5).

 3. Lipid-free apoA-I: Commercially available or isolate from 
HDL as described by Rye et al. [29].

 4. HDL, either whole or subclasses such as HDL2 or HDL3: 
Prepare from human plasma via ultracentrifugation according 
to Rye et al. [29] or purchase commercially.

 1. 1.5 mL tubes.
 2. Cell lysis buffer: 0.2 M NaOH in PBS or 0.1% (v/v) Triton 

X-100 in PBS.
 3. Scintillation fluid (see Note 6).
 4. Glass or plastic scintillation vials.
 5. Scintillation counter for tritium-containing samples.
 6. Non-refrigerated benchtop centrifuge for spinning 1.5 mL 

tubes that contain radiolabeled contents (10,000 × g for pellet-
ing any non-adherent cells).

3 Methods

 1. Prepare media as follows: Media A (Ham’s F12 supplemented 
with 10% FBS, penicillin/streptomycin, and glutamine) and 
Media B (serum-free Ham’s F12 supplemented with penicil-
lin/streptomycin and glutamine, as well as 0.1% (w/v) BSA by 
diluting the 1% BSA stock solution 1:10 with media).

 2. On day 1, plate cells stably overexpressing ABCA1 or ABCG1 
as well as CHO-K1 parental cells (for background subtraction) 
in 24-well plates in Media A (plus your selection antibiotic) at 
an appropriate density that assures that the cells are approxi-
mately 90% confluent at the end of the experiment. For CHO-
K1 cells, 4 × 104 per well is a suitable density. Each condition 
should be set up at least in triplicate wells (or more), while a 
control condition (also in triplicate or more) to measure back-
ground efflux to Media B alone (without acceptor) should be 
included. Alternatively, if transporters are transiently expressed, 
plate CHO-K1 on day 1 and transfect on day 2 using standard 
transfection protocols and including a  mock- transfected condi-
tion. This adds an extra day to the protocol described here, 
and hence plating densities should be adjusted.

 3. On day 2, change media to 0.5 mL/well of fresh Media A with the 
addition of 1 μCi/mL of [1, 2-3H(N)]-cholesterol, assuring 

2.3 Cellular 
Harvesting 
and Scintillation 
Counting

3.1 Cell Culture 
and Labeling: CHO-K1 
Cells Overexpressing 
ABCA1 or ABCG1
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that the concentration of ethanol does not exceed 0.1% (v/v). 
If using stable overexpressors, include the selection antibiotic 
at suitable concentrations.

 4. On day 3, remove media containing radiolabeled cholesterol, 
wash cells once with sterile PBS and incubate with 0.5 mL/
well of Media B for 30 min to equilibrate (see Note 7).

 5. After the 30 min equilibration period, remove media and wash 
cells twice with sterile PBS.

 6. Add efflux media (0.5 mL/well), containing Media B with the 
required concentration of apoA-I, HDL or other acceptor and 
return cells to incubate for the remainder of the efflux period 
(see Notes 8 and 9).

 7. At the end of the efflux period, collect media in pre-labeled 
1.5 mL eppendorf tubes and spin immediately at 3000 × g to 
pellet any floating cells. Transfer 300–400 μL into a new pre- 
labeled 1.5 mL tube. Freeze at −20 °C until ready to process 
for scintillation counting.

 8. Wash cells twice carefully with PBS, making sure that the last 
wash is removed completely.

 9. Add 0.5 mL of cell lysis buffer to each well and freeze over-
night (see Note 10).

 10. Defrost cells and pipette lysis buffer up and down at least ten 
times, to create a homogenous sample. Transfer the cell lysate 
to pre-labeled 1.5 mL tubes, and add 50 μL to a pre-labeled 
scintillation vial. Store any unused cell lysate at −20 °C.

 11. Defrost media and transfer 50 μL to a pre-labeled scintillation 
vial. Store any unused media at −20 °C.

 12. Add the required amount of scintillation fluid to the scintilla-
tion vials and count (see Note 11). Make sure to include a 
blank sample (i.e., one sample containing background media B 
and one containing cell lysis buffer only) and subtract this from 
the counts in each of your respective samples.

 13. Calculate % efflux for a particular condition as follows:

 

Counts in media

Counts in media Cou

´ ( )´
´ ( )( ) +

500 50 100

500 50

/

/ nnts in cells´ ( )( )500 50/  

 14. If an intermediate time point was collected and counted, % 
efflux for this particular time point (indicated as t = a, with the 
final time as t = f) can be calculated as follows: Firstly, adjust 
the counts for time point t = a by multiplying your value from 
scintillation counting with the amount collected (e.g., 50 μL) 
over the amount counted (e.g., 30 or 40 μL). % Efflux for this 
time point is then calculated as follows:
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Counts in media a co

t

t

=( )´ ( )´
=( )( ) +

500 50 100/

uunts in media f

Counts in cells

t =( )´ ( )( )
+ ´ ( )( )

450 50

500 50

/

/
 

while calculation of efflux at the final time points is as follows:

 

Counts in media a counts in media ft t=( )( ) + =( )´ ( )( )´450 50 100/

CCounts in media a counts in media f

Co

t t=( )( ) + =( )´ ( )( )
+

450 50/

uunts in cells´ ( )( )500 50/  

 15. To calculate ABC transporter specific efflux to a particular 
acceptor, subtract the average % efflux of the parental non- 
expressing line from the cell line that overexpresses a particular 
transporter. Figure 1 shows an example of the % efflux calcu-
lated from CHO-K1 cells compared to cells overexpressing 
ABCG1.

Fig. 1 Percentage cholesterol efflux from THP-1 macrophages, CHO-K1 cells and 
CHO-K1 cells overexpressing ABCG1. THP-1 monocytes were differentiated into 
macrophages (THP-1 mac) as described under Subheading 3.2 and loaded with 
Chol/CD at 5 μg/mL at the same time as [3H]-cholesterol labeled. Efflux was 
performed for 8 h, to BSA alone or with apoA-I (20 μg/mL) or HDL2 (20 μg/mL). 
CHO-K1 parental as well as cells overexpressing ABCG1 (CHO-K1/ABCG1) were 
cultured as described under Subheading 3.1. Efflux was performed for 6 h, to 
BSA alone or with apoA-I (20 μg/mL) or HDL2 (10 μg/mL)
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The protocol described here is an example and can be adjusted to 
other cell types and cholesterol loading conditions. We have used 
THP-1 monocyte-derived macrophages as our example as these 
are utilized extensively for ABC transporter mediated cholesterol 
export studies. The LXR agonist TO-901317 can be used to 
upregulate ABCA1 and ABCG1 expression when baseline levels 
are low, and can be replaced with other synthetic or endogenous 
LXR ligands, such as GW-3965 or oxysterols, respectively [30].

 1. Prepare Media A and Media B (as described under Subheading 
3.1, step 1, for CHO-K1 cells) for THP-1 monocytes.

 2. Plate THP-1 monocytes in the presence of PMA (50 ng/mL) 
for 3 days to differentiate into macrophages (see Note 12). 
Plating densities for THP-1 cells in 24-well plates are 0.5 × 106 
per well in 0.5 mL of media. Make sure to include a condition 
that has vehicle-only treatment in case an LXR ligand is used 
and Media B-only efflux (no acceptor).

 3. In the case that cells require cholesterol-loading with native/
modified LDL, this should preferably be done prior to labeling 
with [3H]-cholesterol and in the case of LDL, requires a 24 h 
incubation for the cells to process the lipoproteins (hence this 
may add an additional day to the protocol; see Note 13).

 4. On day 4, change media to 0.5 mL/well of fresh Media A with 
the addition of 1 μCi/mL of [1, 2-3H(N)]-cholesterol, as well as 
TO-901317 (10 μM) if required, ensuring that the concentra-
tion of ethanol and/or DMSO does not exceed 0.2% (v/v).

 5. On day 5, remove media containing radiolabeled cholesterol, 
wash cells once with sterile PBS and incubate with 0.5 mL/well 
of Media B (in the presence of PMA at 50 ng/mL) for 30–60 min 
to equilibrate (preferably longer if cells are preloaded with lipo-
protein-derived cholesterol as the [3H]-cholesterol is required to 
equilibrate into cholesteryl ester pools).

 6. After equilibration, remove media and wash cells twice with 
sterile PBS.

 7. Add efflux media (0.5 mL/well), containing Media B with the 
required concentration of apoA-I, HDL or other acceptor and 
return cells to incubate for the remainder of the efflux period 
(see Note 14).

 8. Process media and cells as described from Subheading 3.1, 
step 7, onwards.

4 Notes

 1. CHO-K1 and HEK293 cells are often used for cellular sterol 
export studies that utilize overexpressed ABC transporters. 
These cells can be transiently transfected with high efficiency 

3.2 Cell Culture 
and Labeling: 
Macrophages that 
Express Endogenous 
ABCA1 and ABCG1
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while the generation of stable expressors is also easily successful. 
THP-1 (a human monocytic cell line) and J774 murine 
macrophages are commonly used macrophage models, where 
upregulation of ABCA1 and ABCG1 can be easily achieved, 
either by cholesterol loading or incubation with a synthetic 
LXR agonist. Please note that J774 murine macrophages 
require treatment with cAMP to induce ABCA1 expression as 
the regulation of ABCA1 differs between human and murine 
cells [31].

 2. Any BSA preparations need to be tested beforehand for back-
ground efflux as there can be considerable differences in back-
ground efflux between BSA from various suppliers. Although 
there will always be a small amount of cholesterol efflux 
expected to BSA alone, some preparations produce a larger 
than acceptable background due to leftover lipids in the BSA 
preparation. Concentrated BSA solutions can be stored for 
longer at −20 °C until needed.

 3. Export of other sterols such as [1, 2-3H(N)]-7-ketocholesterol 
can also be tested. If the sterol is in a different solvent that is 
toxic to cells, this may be removed by evaporation and replaced 
with ethanol.

 4. ABCA1 and ABCG1: These can be transiently overexpressed in 
cells such as CHO-K1 or HEK293 cells; however, in our experi-
ence it is better to prepare stable overexpressors and in the case 
of ABCA1, inducible overexpression systems in the case when 
constructs are driven by strong promotors (e.g., CMV) as very 
high levels of ABCA1 overexpression can be toxic to cells.

 5. The latter reference describes a protocol based on much smaller 
volumes of plasma and, subsequently, lipoproteins. Besides 
native LDL, acetylated or oxidatively modified LDL can be 
used to enrich macrophages with cholesterol that also leads to 
more extensive cholesterol but also cholesteryl ester accumula-
tion as these will be internalized via scavenger receptor uptake. 
Methods for these modifications are described in Brown et al. 
[32] and Kritherides et al. [33].

 6. The scintillation fluid needs to be compatible with the cell 
lysis buffer used as well as the media used for the efflux assay. 
This can be tested by performing a standard curve with a small 
consistent amount of [1, 2-3H(N)]-cholesterol added to 
 increasing amounts of cell lysis buffer or background media to 
test whether these quench the tritium signal.

 7. All media and washes from now on need to be collected and 
processed as radioactive waste according to your institution’s 
radiation control procedures.

 8. To achieve maximal cholesterol efflux, 10 μg/mL of apoA-I is 
generally sufficient for CHO-K1 cells overexpressing ABCA1, 
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while 10 μg/mL of HDL2 is sufficient for CHO-K1 cells over-
expressing ABCG1. If other cell types or transporters are uti-
lized, an acceptor concentration curve might first be performed 
to make sure that the acceptor concentration is not limiting.

 9. Apart from measuring total efflux at the final time point, sam-
ples can be collected at intermittent time points. As the total 
efflux volume is 500 μL, we recommend that a maximum of 
two time points of 50 μL volume can be collected without 
reducing the media volume to levels that will affect cell viabil-
ity. These intermediate samples can be collected, spun immedi-
ately to remove non-adherent cells and 30–40 μL counted for 
[3H]–cholesterol release. Considering that [3H]-counts may 
be low, it might be necessary to increase the amount of 
[3H]-cholesterol that is used to label the cells.

 10. We found that an overnight freeze makes it easier to harvest all 
the cellular materials without the need for scraping (which is 
not feasible in the small wells).

 11. In our lab, we have scaled down this procedure and only use 
5 mL of scintillation fluid in 7 mL plastic scintillation vials.

 12. PMA should be included during the entire experiment at the 
same concentration but should be left out during the efflux 
phase (without the cells floating off) as any ethanol or other 
carriers can interfere with the acceptors.

 13. Chol/CD loading at a low concentration (e.g., 5 μg cholesterol/
mL) can be done simultaneously with the labeling (see Fig. 1 
for example data).

 14. Generally, concentrations of apoA-I and HDL needed to 
induce maximum cholesterol efflux may be higher for THP-1 
cells compared to other cell lines, while efflux time required is 
generally longer compared to cells overexpressing the trans-
porters (e.g., 6–24 h).
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Chapter 21

Measurement of Macrophage-Specific In Vivo Reverse 
Cholesterol Transport in Mice

Wendy Jessup, Maaike Kockx, and Leonard Kritharides

Abstract

Reverse cholesterol transport (RCT) is one of the main processes that is thought to protect against cardio-
vascular disease. RCT constitutes the removal of cholesterol from peripheral sites, its transport through the 
plasma compartment for delivery to the liver for excretion. Here, we describe an in vivo RCT method that 
incorporates these steps, measuring movement of cholesterol from macrophages to the plasma, the liver, 
and finally to the feces in mice.

Key words Reverse cholesterol transport, In vivo RCT, Macrophage-specific RCT

1 Introduction

Reverse cholesterol transport is the process whereby cholesterol is 
removed from peripheral tissues and transported through the 
blood to the liver, where it is excreted via the bile into the feces. 
RCT is thought to be one of the most important mechanisms for 
removal of excess cholesterol from foam cell macrophages in the 
arterial wall, leading to inhibition of atherosclerotic plaque forma-
tion and progression. Although in vitro protocols can be used to 
investigate aspects of RCT, such as which transporters are involved 
in cholesterol efflux from macrophages, the overall process of RCT 
requires a whole animal. In 2003, a model to study macrophage 
RCT in vivo in mice was developed in the laboratory of Daniel 
Rader [1]. This chapter describes the in vivo RCT model as used in 
our laboratory and is based on the previously reported method of 
Zhang et al. [1].

The method is summarized in Fig. 1. [3H]-cholesterol- 
enriched macrophages are prepared in advance. This involves (1) 
preparation of L929-conditioned medium as a source of m-CSF 
for macrophage cell survival, (2) isolation and culture of primary 
bone marrow derived macrophages (BMDM) (see Note 1), and 
(3) preparation of acetylated LDL (AcLDL) to cholesterol-enrich 
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the macrophages. The [3H]-cholesterol-enriched macrophages are 
injected into the peritoneum of a mouse. Small blood samples are 
taken at intervals before euthanasia of the mice. Blood, liver, and 
fecal samples are collected after euthanasia and radioactivity is 
determined in all samples to trace movement of [3H]-cholesterol.

2 Materials

 1. Class II Biological Safety Cabinet (BSCII).
 2. Water bath set at 37 °C.
 3. 37 °C and 5% CO2 cell incubator.
 4. 150 cm2 tissue culture flasks (T150).
 5. L929 medium: Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing 10% (v/v) heat-inactivated fetal calf 
serum (FCS), 2 mM L-glutamine, 50 U/mL penicillin, 50 μg/
mL streptomycin.

 6. Sterile phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM 
KCl, 4.3 mM Na2HPO4; 1.47 mM KH2PO4).

 7. 0.25% (w/v) trypsin with 5 mM EDTA in PBS.
 8. Hemocytometer.

2.1 Preparation 
of [3H]-cholesterol-
Enriched Macrophages

2.1.1 L929- 
conditioned Medium

Fig. 1 Schematic of reverse cholesterol transport experiment. After isolation of bone marrow-derived mono-
cytes (BMDM) are cultured in 20% L929-conditioned medium for differentiation into macrophages. Cells are 
then cholesterol-enriched by incubation with acetylated LDL containing [3H]-cholesterol as a tracer. Cells are 
harvested and intraperitoneally injected into mice. Movement of [3H]-dpm into plasma, liver, and feces is 
traced over time. Alternatively, J774 cells can be used instead of BMDM

Wendy Jessup et al.
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 9. L929 murine fibroblast cell line (American Type Culture 
Collection).

 10. 50 mL sterile capped tubes.

 1. Isolated human LDL [2].
 2. Magnetic stirrer.
 3. Small stir bars.
 4. 3–5 mL containers with flat bottom.
 5. Ice bucket with ice.
 6. Saturated sodium acetate solution in nanopure water.
 7. Acetic anhydride.
 8. Dialysis tubing with 10 kDa molecular weight cutoff.
 9. Dialysis buffer: PBS containing 0.01% (w/v) chloramphenicol 

and 0.1% (w/v) Chelex-100 (sodium form, 50–100 mesh) (see 
Note 2).

 10. 0.45 μm sterile syringe filter.
 11. Bicinchoninic acid assay (BCA) reagents and equipment for 

protein assay.
 12. SAS-MX lipoprotein Kit for gel electrophoresis (Helena 

Laboratories).

 1. Surgical scissors and forceps (blunt and sharp).
 2. 70% (w/v) ethanol.
 3. Tray for mouse dissection.
 4. CO2 to euthanize animals or equivalent method.
 5. Sterile 5 mL tube.
 6. Ice.
 7. RPMI 1640 medium without additions.
 8. Complete medium: RPMI 1640 containing 10% (v/v) heat- 

inactivated fetal calf serum, 20% (v/v) L929-conditioned 
medium, 10 mM HEPES, 2 mM L-glutamine, 50 U/mL pen-
icillin, and 50 μg/mL streptomycin.

 9. Class II Biological Safety Cabinet (BSCII).
 10. Water bath set at 37 °C.
 11. 37 °C and 5% CO2 cell incubator.
 12. Sterile plastic petri dishes (10 mm).
 13. Sterile PBS.
 14. Timer.
 15. 50 mL sterile capped tubes.
 16. 70 μm nylon filter fitted for 50 mL tube.

2.1.2 Acetylation of Low 
Density Lipoprotein (LDL)

2.1.3 Materials for Bone 
Marrow Isolation

In vivo Reverse Cholesterol Transport
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 17. 20 mL syringe fitted with 25 G needle.
 18. Containers to hold surgical tubes.
 19. Centrifuge to spin 50 mL tubes.
 20. Tris buffered ammonium chloride (TBAC): Mix 90 mL 

0.16 M NH4HCL and 10 mL 0.17 M Tris–HCL (pH 7.2). 
Adjust pH to 7.2 and filter-sterilize (0.22 μm membrane).

 21. 150 cm2 sterile petri dishes.
 22. Hemocytometer.
 23. Trypan Blue.
 24. 5, 10, and 25 mL pipettes.
 25. [1,2-3H(N)]-cholesterol in ethanol (e.g., from PerkinElmer).
 26. Loading medium: RPMI 1640 containing FCS, L929, HEPES, 

2 mM L-Glutamine, 50 U/mL penicillin and 50 μg/mL 
streptomycin, 2 μCi/mL [3H]-cholesterol, and 25 μg/mL 
AcLDL (see Subheading 2.1.2).

 27. Fatty acid free bovine serum albumin (BSA): 1% (w/v) stock in 
RPMI 1640 medium, filter-sterilized with 0.22 μm filter.

 28. Synthetic LXR ligand T0901317 (T09): 1 mM Stock in 
DMSO

 29. Equilibration medium: RPMI 1640 containing HEPES, 0.1% 
(w/v) BSA and 1 μM T09.

 30. Lidocaine–EDTA solution: 4 mg/mL Lidocaine, 10 mM 
EDTA in PBS.

 1. Metabolic cages or cages that will ensure all feces can be accu-
rately harvested (see Note 3).

 2. 26 G needles and 1 mL syringes for intraperitoneal injection 
and cardiac puncture.

 3. 23 G needles and 20 mL syringes for perfusion.
 4. Blood taking capillaries.
 5. PBS.
 6. Tubes for liver storage.
 7. Container with liquid nitrogen.
 8. Microcentrifuge tubes.
 9. Anticoagulant tubes (optional).
 10. Microcentrifuge with temperature control.
 11. Glass scintillation vials.
 12. Solvable (PerkinElmer) or equivalent solubilizer.
 13. Isopropanol.
 14. Hydrogen peroxide (H2O2; 30% v/v).
 15. Scintillation fluid and vials.

2.1.4 In vivo Reverse 
Cholesterol Transport (RCT)

Wendy Jessup et al.
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 16. Scintillation counter.
 17. 60 °C incubator with shaking option.

3 Methods

It is important that all procedures involving mice are approved by 
local animal ethics committees. In addition, all steps involving radi-
ation (including waste disposal) should be carried out according to 
institutional radiation safety guidelines.

Macrophages need m-CSF to adhere and differentiate. L929 mouse 
fibroblast-conditioned medium is used as a source of m-CSF.

 1. Plate L929 cells at 0.3 × 106 in 150 mL of L929 medium in 
each of 4 × T150 flasks.

 2. Incubate in a 37 °C and 5% CO2 cell incubator.
 3. After 7 days, remove the medium from the flasks to 50 mL 

sterile capped tubes. Replace flasks with fresh medium.
 4. Centrifuge the collected medium for 10 min at 1500 × g to 

remove any detached cells and collect the supernatant. Repeat 
after 7 days with the second batch of media.

 5. Pool the two batches of medium.
 6. Store the collected medium in aliquots at −80 °C (see Note 4).

Chemical modification of human LDL by acetylation promotes 
efficient uptake by macrophages and cholesterol ester accumula-
tion. Isolation of LDL is described in detail elsewhere (Schumaker 
and Puppione [2]). The AcLDL concentration should preferably 
be >1 mg/mL, to prevent excessive dilution of the loading 
medium. Therefore the starting LDL concentration should be 
>2 mg/mL (see Note 5).

 1. Calculate the amount of LDL protein required to treat cells 
with 25 μg protein/mL AcLDL (see Note 6).

 2. Calculate the volume of acetic anhydride required (multiply 
micrograms of LDL protein by 6: e.g., for 1 μg protein, 6 μl of 
acetic anhydride is required).

 3. Add required amount of LDL to a small flat bottom tube on 
ice over a magnetic stirrer (see Note 7).

 4. Add a similar volume of saturated sodium acetate (see Note 8).
 5. Add small magnetic stirrer bar to each tube and ensure that the 

bars are moving slowly (see Note 9).
 6. Add the calculated volume of acetic anhydride to each tube in 

2 μl aliquots every 10 min with constant gentle stirring, until 
the total amount has been added.

3.1 Preparation 
of L929- 
condition Medium

3.2 Preparation 
of Acetylated LDL

In vivo Reverse Cholesterol Transport
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 7. Transfer the acetylated LDL to a dialysis tube and dialyze 
against 100 volumes of dialysis buffer, protected from light at 
4 °C. Refresh dialysis buffer four times over a 24 h period.

 8. Filter-sterilize the AcLDL using a 0.45 μm filter (see Note 10).
 9. Determine the protein concentration using a BCA protein 

assay as per manufacturer’s instruction (see Note 11).
 10. Confirm the successful acetylation by agarose gel electropho-

resis using SAS-MX agarose gels. Load 2 μl LDL and 4 μl 
AcLDL per lane. Typically the mobility of AcLDL is threefold 
greater than unmodified LDL.

 11. Store AcLDL at 4 °C wrapped in foil, stored under nitrogen 
and use within 1 month (see Note 12).

Typically, 4–6 × 106 cells containing 4–6 × 106 dpm are injected 
per mouse. To achieve this, use 1 donor mouse for 8–10 recipient 
mice.

 1. Add 5 mL of RPMI 1640 with no additions to a sterile tube 
and keep on ice.

 2. Euthanize mouse using CO2 or other local approved 
protocol.

 3. Pin mouse out on a surgical board securing each leg.
 4. Spray mouse with 70% ethanol.
 5. Remove the skin from each leg, from backbone to foot, exposing 

the muscles.
 6. Remove muscles and tissue around the hip joint until the top 

of the femur (upper leg bone that looks like a white ball) is 
visible and cut through the joint to remove the leg.

 7. Cut the ligaments at the ankle (see Note 13).
 8. Separate the fibula from the tibia and remove the fibula (see 

Note 14).
 9. Leave top (femur) and bottom leg attached and remove all 

external muscle tissue from the bones, using a scalpel and sharp 
scissors (see Note 15).

All steps from this point should be performed under sterile condi-
tions (in BSCII cabinet).

 1. Prepare Complete medium and warm to 37 °C.
 2. Sterilize blunt forceps and scissors in 70% ethanol and rinse in 

sterile PBS.
 3. Prepare three petri dishes: one containing 70% ethanol and 

two containing sterile PBS.

3.3 Isolation 
and Preparation 
of BMDM

3.3.1 Dissection 
of Hind Legs

3.3.2 Harvest 
of Bone Marrow

Wendy Jessup et al.
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 4. Prepare a 20 ml syringe containing cold RPMI 1640 with no 
additions and a 25 G needle.

 5. Dispense the bones onto the upturned lid of a sterile petri dish.
 6. Using the sterile forceps, transfer the bones into the prepared 

petri dishes, first with 70% ethanol and then two sequential 
dishes with PBS, leaving them for 1 min in each dish.

 7. Using forceps to hold the bone, cut at the knee to separate the 
upper and lower leg.

 8. Holding each leg section, cut off the bottom and top as close 
to the knuckle as possible.

 9. Flush the interior of the bone with 5 mL RPMI (using the 
20 mL syringe with a 25 G needle) onto a clean sterile petri 
dish (see Note 16).

 10. Repeat with the remaining bones.
 11. Filter the pooled cell suspension through a 70 μm filter fitted 

onto a 50 mL tube.
 12. Using the plunger of a 3 mL syringe, separate cell clumps that 

are lodged on the filter.
 13. Rinse the petri dish and filter with 10 mL RPMI 1640 and add 

to the 50 mL tube.
 14. Spin the cell suspension at 335 × g for 10 min.
 15. Discard the supernatant and resuspend the pellet in 5 mL 

TBAC; incubate for 6 min to lyse red blood cells
 16. Dilute TBAC with 10 mL RPMI 1640
 17. Spin at 335 × g for 5 min.
 18. Wash cell pellet three times in RPMI 1640, centrifuging 

between each wash (see Note 17).
 19. Dilute 10 μL of cell suspension 1:1 in trypan blue and count 

the number of live cells (i.e., those that are not blue) using a 
hemocytometer.

 20. Plate cells at 15–17 × 106 cells per 150 mm2 dish in 25 mL 
complete medium. Incubate at 37 °C in a CO2 incubator for 
3 days (see Notes 18 and 19).

 21. After 3 days, add an extra 25 mL of fresh pre-warmed complete 
medium to each plate (see Note 20).

 22. After another 2 days, remove old medium and replace with 
fresh complete medium (see Note 21).

 23. By day six, the cells should be almost confluent and can be 
enriched with cholesterol. Remove medium and replace with 
25 mL loading medium (see Note 22).

 24. After 48 h, remove the loading medium and wash the cells 
twice with warm PBS.

In vivo Reverse Cholesterol Transport
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 25. Incubate cells in equilibration medium for 16 h (see Note 23).
 26. Wash the cells twice with cold (4 °C) PBS
 27. Add 10 mL of cold (4 °C) lidocaine–EDTA solution and incubate 

for 10 min to detach the cells.
 28. Using a 10 mL pipette, vigorously pipette the lidocaine/

EDTA solution up and down the plate to dislodge all of the 
cells from the plate surface.

 29. Transfer the cell suspension to 50 mL tubes.
 30. Rinse the plates with 15 mL RPMI and add this to the 50 mL 

tubes.
 31. Centrifuge at 335 × g for 5 min.
 32. Resuspend the pellet in the required amount of RPMI 1640 

with no additions (500 μl per mouse).
 33. Use a small aliquot to determine the cell number injected as 

described in step 20.
 34. Count 5 μl cell of suspension on a scintillation counter to 

determine the total amount of [3H]-dpm injected.
 35. Separate the cell suspension into 500 μl aliquots (one aliquot 

per mouse) into the appropriate number of sterile microcentri-
fuge tubes.

 36. Keep aliquots on ice until injection.

Acclimatize mice to RCT cages (one mouse per cage) 48 h before 
initiation of the RCT experiment. It is preferable to use see- 
through cages placed close together, as this reduces the stress of 
separation.

 1. Weigh mice (record weight) and assign to the various treat-
ment groups, ensuring mice are equally distributed.

 2. Using a 25 G needle, slowly inject the 500 μl cell suspension 
into the peritoneal cavity. Record the time of injection (see 
Note 24).

 3. At allocated time points, take a small amount of blood by 
orbital puncture. Alternatively, blood can be taken from a small 
tail cut.

 4. Use a small aliquot (approx. 10 μl) to determine radioactivity 
released by scintillation counting (see Notes 25 and 26).

 5. At the final time point, anaesthetize the mouse according to 
institutional guidelines, perform a cardiac puncture and store 
blood on ice.

 6. Cut through the spine and the abdominal aorta at the base of 
the tail. Perfuse mouse via the left ventricle with at least 12 mL 
of PBS using a 20 mL syringe with 23 G needle and harvest the 

3.4 In vivo RCT

3.4.1 RCT

Wendy Jessup et al.
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liver. Rinse liver in PBS to remove external blood, record 
weight, and snap-freeze in liquid nitrogen. Livers can then be 
stored at −80 °C until analysis (see Note 27).

 7. Collect all feces for each mouse in a separate tube. Store at 
room temperature.

 1. Prepare plasma (centrifuge 20 min, 2100 × g at 4 °C) or serum 
(leave at room temperature for 15 min) and transfer to a 
clean tube.

 2. Transfer an aliquot to a scintillation vial.
 3. Add 5 mL of scintillant.
 4. Determine counts on scintillation counter.
 5. Determine the amount of [3H]-dpm in the total plasma com-

partment by using formula 1 [3].
Formula 1: Plasma volume = 0.04706 × gram body weight

 1. Pipet 1 mL of Solvable into a glass scintillation vial.
 2. Accurately weigh a piece of liver of 20 mg or less and add to 

the vial.
 3. Shake for 2 h at 60 °C.
 4. Cool and add 10 mL of scintillant.
 5. Determine counts on scintillation counter.
 6. Based on weight of the piece used, the amount of [3H]-dpm 

for the total liver from each mouse can be determined (see 
Note 28).

 1. Weigh all uncapped tubes (each containing all fecal pellets 
from a single mouse) and place all tubes uncapped in a 60 °C 
oven to desiccate. Weigh every 24 h until a stable (dry) weight 
is reached. This generally takes 2–3 days.

 2. Place the dried feces from a single mouse in a small zip-locked 
plastic bag and pulverize with a hammer to a fine powder.

 3. Using a sheet of paper folded into a cone, transfer pulverized 
feces to a clean pre-weighed tube.

 4. Record the weight of the feces.
 5. Transfer an accurately weighed sample of 20 mg or less of feces 

powder to a clean glass scintillation vial.
 6. Add 100 μl of ultrapure water and leave at room temperature 

for 30 min (see Note 29).
 7. Add 1 mL of Solvable.
 8. Shake for 90 min at 50–60 °C.
 9. Add 1 mL of isopropanol.

3.4.2 Plasma Analysis

3.4.3 Liver Analysis

3.4.4 Analysis of Feces.

In vivo Reverse Cholesterol Transport
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 10. Shake for 2 h at 50–60 °C.
 11. Add 200 μl of 30% H2O2.

 12. Mix and leave at room temperature for 30 min.
 13. Cap tightly and incubate overnight at 50–60 °C.
 14. Add 10 mL of scintillant.
 15. Determine counts on scintillation counter.
 16. Based on weight of feces powder used, the amount of [3H]-dpm 

for the total feces excreted from each mouse can be determined.

Express [3H]-dpm in plasma, liver, and feces as % of injected 
[3H]-dpm. In general 1–2%, 4–6% and 1–2% of total injectable dpm 
will be recovered in plasma, liver, and feces, respectively (Fig. 2).

4 Notes

 1. Alternatively the macrophage cell line J774 can be used [1]. 
J774 cells are more readily available and easier to use; however, 
they lack expression of certain proteins (some of which affect 

Fig. 2 C57Bl6/J mice were injected with [3H]-cholesterol labeled macrophages. 
Appearance of [3H] in plasma over time (a) and in plasma, liver, and feces during 
the first and second 24 h. time intervals (b) is shown. Data is mean ± SEM from 
5 mice and is depicted as % of injected dpm

Wendy Jessup et al.
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cholesterol efflux) such as apolipoprotein E. Importantly, 
BMDM can be isolated from knockout mouse models, providing 
the ability to investigate involvement of specific proteins in 
RCT from macrophages.

 2. Chelex-100 chelates trace free metals, protecting the LDL 
from oxidation.

 3. Standard cages fitted with a grate can be used.
 4. The amount of medium prepared can be scaled up or down 

depending on needs. The frozen medium is stable at −80 °C for 
at least a year.

 5. Alternatively, if AcLDL concentration <1 mg/mL, the AcLDL 
can be concentrated using centrifugation filter units (Amicon® 
Ultra-10).

 6. For each mg of AcLDL protein required, it is necessary to 
acetylate at least 3 mg of LDL, to account for losses during the 
procedure.

 7. Depending on the amount of LDL that is acetylated it may be 
faster to divide the LDL between multiple tubes, each contain-
ing 1 mL of LDL. Add an equal volume of saturated sodium 
acetate solution.

 8. Add sodium acetate slowly in drops along the side of the tube; do 
not vortex.

 9. Fast spinning as well as vortexing can cause aggregation of LDL.
 10. Filtering through a 0.22 μm filter will reduce the yield 

substantially.
 11. Incubate at 56 °C rather than 37 °C to allow for efficient 

dissociation of protein and lipids.
 12. If final AcLDL concentration is below 1 mg protein/mL, 

concentrate using a 10 kDa Amicon® Ultra-15 filter device, to 
avoid excessive dilution of the cell loading medium.

 13. It is easier to cut through the joint by moving the lower leg 
towards the foot.

 14. The fibula is the very thin bone.
 15. The cleaner the bones, the easier it is to isolate the bone marrow. 

Place the bones in a tube containing ice-cold RPMI 1640.
 16. The flushed cell suspension is slightly brown. Occasionally, 

cells may come out as a long “string”.
 17. Cells will be lost with every wash. When isolating cells from 

less than 3 mice wash only twice.
 18. Do not disturb the cells during the first 3 days.
 19. Cells will adhere less firmly to petri dishes than tissue culture 

plastic and are therefore easier to dislodge from the plate when 
harvesting.

In vivo Reverse Cholesterol Transport
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 20. Do not remove the old medium. At this stage some monocytes 
will have adhered but they are still easy to detach. They have a 
stretched fibroblast-like appearance. There will also be many 
non-adherent cells.

 21. The cells should be dividing now.
 22. If the plates are very confluent, the medium will be depleted of 

nutrients within 24 h and the cells will round up. Replace with 
fresh loading medium when this occurs. Also, please note that 
cells and media now contain [3H]-cholesterol, and hence 
Institutional guidelines regarding disposal of radioactive waste 
need to be observed.

 23. The addition of LXR agonist maximizes upregulation of expres-
sion of the cholesterol transporters ABCA1 and ABCG1.

 24. The cells will sediment whilst sitting on ice. Before preparing 
the injection syringe, gently resuspend the cells by tapping the 
microfuge tube; do not use the syringe and needle to resuspend, 
as this may shear some cells.

 25. The maximum blood volume taken at each time point will 
depend on the number of time points needed.

 26. The blood will contain [3H]-radioactivity. If mice are bleeding, 
take care to contain contamination of equipment and containers.

 27. It is very important the liver is sufficiently perfused, as any 
remaining blood will affect the determination of liver- associated 
[3H]-cholesterol.

 28. Ensure that the liver piece is totally dissolved. If undissolved 
chunks persist after 2 h in Solvable, ensure they are submerged 
and incubate for longer period or overnight.

 29. Add water directly on top of the fecal powder, not on the sides 
of the vial.
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